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Abstract

Unilateral spatial neglect (USN) is a failure to respond or orient to stimuli in contralesional space, not explained by
primary sensory or motor deficits. It affects up to two-thirds of right hemisphere stroke survivors and significantly
impacts rehabilitation and functional outcomes. Recent advances in three-dimensional (3D) technologies, such as
virtual reality (VR) and robotics, offer promising tools for assessment and treatment, providing realistic scenarios
and precise clinical stimulation. This systematic review explores the current use of 3D technologies in USN,
focusing on their features, level of development, and reported outcomes. A structured search of four databases
using the PICO format identified 37 relevant studies out of 2891. The most frequently employed technologies
were immersive and non-immersive VR, augmented and mixed reality, and robotics. However, these tools are still
in early experimental phases. Among the studies, 15 addressed assessment, 17 focused on treatment, and 5 were
technical in nature. Key challenges include methodological variability and the lack of standardized protocols. Due
to the heterogeneity of technologies and outcomes, a meta-analysis was not feasible. Future studies should adopt
rigorous designs to validate these approaches and support their integration into clinical practice.
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Background

Stroke is a major cause of disability worldwide, with an
estimated 15 million people affected annually [1]. Among
the various neurological deficits that result from stroke,
unilateral spatial neglect (USN) is a disorder of contral-
esional space awareness that negatively impacts prog-
nostic recovery [2]. USN is a disabling condition that
typically occurs after unilateral brain damage, particu-
larly in the right hemisphere. It can result from various
pathological conditions but is most commonly associ-
ated with cerebral infarction or hemorrhage, affecting up
to two-thirds of survivors with acute right hemisphere
stroke [2]. USN is defined as a failure to report, respond,
or orient to stimuli in contralesional space after brain
injury that is not explained by primary sensory or motor
deficits [3, 4]. It may affect personal, peripersonal and/
or extrapersonal space, and it may significantly impact
rehabilitation efforts and functional recovery [5], result-
ing in diminished quality of life (QoL) [6]. Patients with
USN frequently fail to notice or acknowledge items on
their contralesional side (typically the left side for those
with right hemisphere damage) and instead focus on
items located on their ipsilesional side. This neglect can
be so severe that individuals may remain unaware of large
objects or even people in extrapersonal space [7]. USN
may also affect or be confined to personal space, with
patients failing to acknowledge their contralesional body
parts during daily activities [6]. In some cases, patients
exhibit “motor neglect’, where they fail to use their con-
tralesional limbs despite minimal or no weakness [8—10].
Some patients with USN also show anosognosia, a lack of
awareness of their deficits, and may even fail to recognize
or acknowledge their difficulties in perception or motor
control [11]. Studies have shown that people with USN
may experience more severe disability, slower recov-
ery, and lower rates of return to independent living than
people with stroke without USN [12, 13]. The QoL in
stroke survivors is influenced by various factors, includ-
ing the severity of physical and cognitive impairments,
emotional well-being, and the ability to perform daily
activities [14]. Many patients with USN following stroke
improve within a few weeks, but some continue to show
persistent neglect and are likely to require rehabilitation
input [15].

While significant strides have been made in post-stroke
rehabilitation, addressing complex deficits such as USN
remains a challenge. USN is a multifaceted, heteroge-
neous condition that often requires long-term, targeted
interventions to complement spontaneous recovery [16].
In current clinical practice, different members of the
interdisciplinary rehabilitation team may adopt varied
therapeutic approaches. Broadly, these can be grouped
into three main families of strategies:
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—  Restorative (or restitutive) strategies aim to directly
restore impaired brain functions by stimulating the
affected spatial systems through visual, tactile, or
auditory cues. These cues are progressively reduced
and eliminated as recovery progresses [17].

—  Compensatory strategies focus on adapting the
environment or behavior to work around the
impairment. This can include simplifying the visual
field, providing external aids, or educating the
patient and caregivers about safety and adaptation
techniques. An example of treatment is the Visual
scanning training [18].

—  Vicarious strategies attempt to recruit alternative
or adjacent brain networks that can take over some
of the lost functions. This may involve engaging tasks
designed to increase activation in spatial cognitive
areas not directly damaged by the stroke, for example
through a Non-invasive brain stimulation (rTMS /
tDCS) [19].

In some cases, pharmacological treatments (e.g., stimu-
lants to improve arousal) may be considered either
restorative or compensatory, depending on the thera-
peutic goal [20, 21]. Despite the wide range of available
interventions—from visual scanning training to non-
invasive brain stimulation [15, 22] it remains unclear
which combination of strategies is most effective. This
uncertainty reflects the complex and dynamic nature of
USN, as well as the variability in how it is assessed. Some
methods target body function impairments using bottom-
up tasks (e.g., line bisection), while others focus on activ-
ity limitations via top-down evaluations of real-world
tasks. Similarly, treatment strategies differ in orientation,
with bottom-up approaches (e.g., prism adaptation [23,
24]), stimulating sensory input, and top-down methods
enhancing goal-directed behavior through feedback and
task relevance.

Overall, traditional assessment and treatment meth-
ods predominantly rely on two-dimensional (2D) repre-
sentations of space. These instruments have long been
central to the clinical and theoretical understanding
of USN, offering robust and widely validated measures
of spatial attention. Yet, because they mainly oper-
ate within planar environments, they may only partially
reflect the complexities of three-dimensional (3D) spa-
tial interactions that are critical for real-world function-
ing. This limitation is particularly important given that
USN manifests in both peripersonal and extrapersonal
spaces, often extending beyond the 2D plane into the
dynamic, 3D environments encountered in daily life
[16]. In addition to their predominantly 2D nature, tra-
ditional USN interventions have other limitations: low
ecological validity and poor generalization to real-world
contexts, limited multisensory integration, short-lived
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effects, reduced motivational engagement, and poor pro-
tocol customization. These constraints justify the interest
in neuroengineering technologies such as virtual reality
and robotics, which are capable of offering immersive
environments, multisensory feedback, and more eco-
logical and adaptive training [25]. 3D technologies act
through multisensory and motor engagement, fostering
body-space integration. In personal neglect, body-cen-
tered or avatar-based feedback enhances awareness of
the contralesional side; in peripersonal neglect, interac-
tive 3D reaching tasks strengthen visuo-motor coupling
and spatial attention within near space; in extrapersonal
neglect, 3D navigation supports reconstruction of far-
space representations. VR systems can integrate visual,
motor, and attentional feedback, promoting spatial adap-
tation in contexts closer to real-world environments
[25]. Overall, immersive environments promote spatial
recalibration across domains more effectively than 2D
methods. The main features of the technologies consid-
ered in this review (VR and robotics) were analyzed and
reported (Table 2). Although 3D measures exist in lit-
erature [26], it remains a little-considered aspect in the
evaluation of USN symptoms. Despite the existence of
national guidelines [27] on conventional USN assess-
ment and treatment, there is still no specific consen-
sus on approaches, nor innovative technologies such as
robotic rehabilitation or virtual reality (VR) considered.
These emerging healthcare technologies are reshaping
stroke management by offering personalized and engag-
ing therapy modalities that leverage neural plasticity to
enhance recovery [28]. Additionally, these technologies
are more often embedded with wearable sensors, able to
objectively assess high-resolution users’ functionalities
[29, 30]. As an example, VR provides promising alterna-
tives for USN assessment and treatment by enabling pre-
cise control of visual stimuli (and in some cases auditory)
in 3D environments, an advantage over traditional 2D
tools [31]. Similarly, robot-assisted arm training (RAT),
by offering repetitive movement of the upper limbs in
multiple control modalities (e.g., assistive, assist-as-
needed, resistive [32]), can generate motor stimuli for the
USN treatment and assessment [33]. These technological
advancements not only enhance motor recovery but also
offer innovative solutions for addressing cognitive defi-
cits [34], including USN [35]. By integrating immersive
3D environments and adaptive interventions, they hold
the potential to improve the precision of assessments,
the effectiveness of treatments, and consequently, patient
recovery.

Within this framework, the objective of this system-
atic review is to analyze the state-of-the-art technologies
for the 3D assessment and/or treatment of post-stroke
survivors affected by USN. More specifically, details on
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the characteristics, level of readiness, and reference out-
comes of these technologies will be investigated.

Methods

Study design

This systematic review has been performed following the
Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) guidelines [36]. The protocol
was registered on PROSPERO (ID CRD42023464275).

Selection criteria

The selection criteria for this systematic review followed
the Population, Intervention, Comparison, and Outcome
(PICO) framework [37]. More specifically, the selection
criteria were formulated as follows.

Population criteria

In this study, we included adult patients (age=>18)
affected by stroke and with USN of any kind. USN sub-
types were defined across three categories:

— Spatial domains: Personal, peripersonal and
extrapersonal space [38]. Personal neglect is defined
as a lack of exploration or awareness of the side
of the body opposite the brain lesion, as seen for
example in dressing only one side of the body.
Peripersonal neglect refers to neglect behaviors
occurring within reaching distance (near space),
such as failing to eat food on one half of a plate.
Extrapersonal neglect refers to neglect behaviors
occurring in far space, for instance inadvertently
contacting obstacles like doorways when walking.

—  Frames of reference [39]: Egocentric and allocentric
neglect [40]. Egocentric neglect relates to a self-
centered (viewer-centered) frame of reference,
where stimuli on the contralesional side of space
relative to the body are ignored. Allocentric neglect
refers to a failure to attend to the contralesional side
of individual objects, independent of their spatial
location (object-centered or object-based frame).

—  Sensory modalities: visual, tactile, and auditory
neglect [38]. Visual neglect involves failure to attend
to visual stimuli on the contralesional side, tactile
neglect refers to reduced awareness of tactile stimuli
on the contralesional side of the body, and auditory
neglect to impaired perception or localization of
sounds coming from the contralesional side.

Patients were included independently of the type of
stroke, time post-onset, and side of the lesion. Addition-
ally, no criteria were imposed on the presence and level
of hemiplegia of the patients. In cases where no patient
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Table 1 Search string for each database

(2026) 23:35

Database Search string

Pubmed ((stroke [Mesh] OR ((cerebr* OR brain OR intracran®)
AND (ischem* OR hemorr* OR haemorr*))) AND
(neglect OR hemispat* OR neglig* OR inatt* OR
hemineg* OR visuosp* OR attent* OR visuopercept*))
AND ((technology [Mesh] OR technol* OR instrum*
OR device) OR (exos* OR end-effector OR robot* OR
suit OR robotics [Mesh] OR mechatron* OR electric*)
OR (wearab* OR IMU OR acceleromet* OR inertial
OR wearable electronic devices [Mesh] OR sens*) OR
(reality AND(augmented OR virtual OR mixed)) OR
virtual OR immersive OR VR OR virtual reality [Mesh]
OR visor* OR visual stim* OR computer-assist* OR
game* OR gami*) AND (3D OR ((three OR 3) AND
dimension* ) OR spat* OR space OR depth OR envi-
ronment* OR stereo*)

Web of Science  TS=(((stroke OR ((cerebr* OR brain OR intracran*)
AND (ischem* OR hemorr* OR haemorr*))) AND
(neglect OR hemispat* OR neglig* OR inatt* OR
hemineg* OR visuosp* OR attent* OR visuopercept®))
AND ((technology OR technol* OR instrum* OR de-
vice) OR (exos* OR end-effector OR robot* OR suit OR
robotics OR mechatron* OR electric*) OR (wearab*
OR IMU OR acceleromet* OR inertial OR wear-
able electronic devices OR sens*) OR (reality AND
(augmented OR virtual OR mixed)) OR virtual OR
immersive OR VR OR virtual reality OR visor* OR visual
stim* OR computer-assist* OR game* OR gami*) AND
(3D OR ((three OR 3) AND dimension*) OR spat* OR
space OR depth OR environment* OR stereo®))

(((stroke OR ((cerebr* OR brain OR intracran®*) AND
(ischem* OR hemorr* OR haemorr*))) AND (neglect
OR hemispat* OR neglig* OR inatt* OR hemineg*

OR visuosp* OR attent* OR visuopercept*)) AND
((technology OR technol* OR instrum* OR device) OR
(exos* OR end-effector OR robot* OR suit OR robotics
OR mechatron® OR electric*) OR (wearab* OR IMU
OR acceleromet* OR inertial OR wearable electronic
devices OR sens*) OR (reality AND( augmented OR
virtual OR mixed)) OR virtual OR immersive OR VR OR
virtual reality OR visor* OR visual stim* OR computer-
assist* OR game* OR gami*) AND (3D OR ((three OR
3) AND dimension* ) OR spat* OR space OR depth
OR environment* OR stereo®))

TITLE-ABS-KEY (((stroke OR ((cerebr* OR brain OR in-
tracran®) AND (ischem* OR hemorr* OR haemorr*)))
AND (neglect OR hemispat* OR neglig* OR inatt* OR
hemineg* OR visuosp* OR attent* OR visuopercept*))
AND ((technology OR technol* OR instrum* OR de-
vice) OR (exos* OR end-effector OR robot* OR suit OR
robotics OR mechatron® OR electric*) OR (wearab*
OR IMU OR acceleromet* OR inertial OR wear-

able electronic devices OR sens*) OR (reality AND(
augmented OR virtual OR mixed)) OR virtual OR
immersive OR VR OR virtual reality OR visor* OR visual
stim* OR computer-assist* OR game* OR gami*) AND
(3D OR ((three OR 3) AND dimension* ) OR spat* OR
space OR depth OR environment* OR stereo*))

CENTRAL

Scopus
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sample was included, eligibility criteria were based on the
target population for which the technology was designed.
Preliminary studies involving healthy participants were
also included to explore feasibility and initial efficacy.

Intervention criteria

Any technology (exclusively electrical, electro-mechani-
cal, or based on mechatronics) developed for assessment
and/or treatment purposes, exploring space (three-
dimensional -3D), was included. Technologies were
considered only when utilizing the 3D movement for the
intervention or assessment. Regarding digital representa-
tion, 3D ones were included, with edge cases involving
3D representations displayed on planar screens. Tech-
nologies limited to neurophysiopathological assessment
and/or stimulation (e.g., electroencephalography or elec-
tro-magnetic stimulations) were also excluded from the
study to reduce the heterogeneity across technologies.

Comparison criteria
None or any comparison was included.

Outcome criteria
Any outcome measure was considered.

Type of studies

In this review, we considered only primary studies,
excluding reviews, overviews, study protocols, and
abstract proceedings. Additionally, no restriction was
applied on the publication date of the studies; however,
only studies in English and with available full text were
screened.

Search method for the identification of the studies

The search was conducted on the 18th of September 2023
on four different databases, namely CENTRAL, PubMed,
Web of Science, and Scopus.

The search string was designed following the PICO
framework [37], utilizing keywords such as “Stroke’,
“Technology’, “Robotics’, “Wearable electronic devices’,
and “Virtual reality” (Table 1).

Once the records were retrieved from the databases,
a check of duplicates and screening were performed on
Covidence [41]. The screening was performed first at the
title and abstract level, and subsequently at the full-text
level. For the title and abstract screening, three couples
of independent reviewers were involved, while during
the full-text screening, only two couples of independent
reviewers were involved. In both cases, in the presence
of conflict over the inclusions, another reviewer was
involved.

Data collection
The data extracted from the included studies concerned:
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— Source of data: authors, study design, year of
publication, DOI;
— Study population and intervention:

— Participants’ characteristics: number of
participants, diagnosis, age, time from stroke, type
of USN;

— Methodology description: type of technology
used, dose and frequency of the intervention (if
present), readiness of technology;

— Control description: presence and type of control
treatment or assessment;

— Study outcomes and performances:

— Outcome description: outcome type, measure,
and timing;

— Technology performance: type of analysis
performed and results obtained.

Risk of bias assessment

Given the inclusion of both technologies for treatment
and assessment of USN, a high heterogeneity of study
designs was present among the included studies. For
this reason, three different risk of bias (RoB) tools were
used, depending on the design of the evaluated study; in
particular:

The Risk of Bias 2 (ROB2) [42] was used for

Randomized Controlled Trials (RCTs);

—  The Risk Of Bias In Non-randomized Studies - of
Interventions (ROBINS-I) [43] was used for Non-
Controlled (NCT) and Non-Randomized Controlled
Trials (NRCT);

—  The Risk Of Bias In Non-randomized Studies
- of Exposures (ROBINS-E) [44] was used for
observational studies;

—  Technical studies (TS) were excluded from this

analysis, as they did not include experiments on

human data.

Data synthesis

To ensure clarity and coherence, the section of results
is structured as follows. First, we provided a description
of the study design, with a distinction between technical
studies (TS) and clinical studies. TS were excluded from
the analysis as they do not provide clinically relevant out-
comes for the target population but were included in the
systematic review for their methodological and techno-
logical contributions, which help contextualize findings
and inform future clinical studies. Clinical studies are
evaluated based on RoB, study population and interven-
tions, and study outcomes and performances. The results
are first presented as a whole to provide an overall view,
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followed by a distinction between studies focusing on
assessment and those addressing treatment technologies.

Due to the heterogeneity of the selected studies, in
terms of technologies used and outcomes assessed,
a meta-analysis was not performed. Instead, a qual-
ity analysis, based on the data extracted from the sys-
tematic search, and a narrative synthesis of the selected
papers were conducted. Studies were categorized and
analyzed based on the technology employed, either for
USN assessment or treatment. TS without patients were
excluded from the analysis, since, while providing valu-
able insights into the technological readiness and poten-
tial applicability of 3D systems, these studies fall outside
the scope of the present analysis.

Firstly, a clinical description of the population was pro-
vided, including a characterization of age, time since the
event and type of stroke (acute, sub-acute and chronic),
and details regarding the presence and characteristics of
USN [38-40].

Then, the relationships between sample size, study
design, and the use of treatment and assessment tech-
nologies in the included studies were examined. Analysis
also examined the prevalence of technology macro-types,
the use of robotics, wearable sensors, non-physiological
stimulations, and the level of technological readiness
(fully commercial, prototypical software integration of
commercial devices, and fully prototype), as well as the
degree of immersivity of VR utilized.

With regard to the outcomes, a classification was
performed (Supplementary Table 1; Additional file 1)
according to the International Classification of Function-
ing, Disability, and Health (ICF) framework [45]. For each
outcome measure, the ICF classification was provided in
terms of domains (e.g., b: “Body functions” - letter) and
categories (e.g., b110: “Consciousness functions” - digits).
Then, outcome measures were aligned with the major
ICF domain (letter)-category (digit) pair (letter and first
digit) to ensure a structured and consistent analysis.

Finally, we provided a description of the technology
performances for all study types except for TS. In this
part, the point of view of the analysis transitions from a
study-specific perspective to an outcome-specific per-
spective, offering a detailed analysis of the data. Specifi-
cally, for studies involving assessment technologies, the
examined performance metrics were those related to the
analyzed psychometric properties. For the studies involv-
ing treatment technologies, performances were classified
into three categories: descriptive analysis, usability analy-
sis, and inferential and effect analysis. The first concerned
the statistical description of the sample undergoing the
intervention; the second involved the use of dedicated
usability tools, and the third included correlations or
associations between the technologies and the compari-
son of the effects of the intervention group with respect
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to a control. For both cases, a specification of the number
of analyses, number of studies, and metrics used was also
provided.

Results

Study design

In this study, a total number of 37 papers was included
out of 2891 (Fig. 1). Among the eligible 197 papers, the
main reason for exclusion was related to intervention
(no technology [46, 47], neurophysiological [48, 49], only
mechanical [50, 51], no 3D [52-54]).

Analysis included 15 assessment-focused papers
[55-69] and 17 treatment-focused [70—86]. The remain-
ing five studies were identified as TS [87-91]. With no
temporal constraints applied to the string search, the
included papers were published between 2004 and 2023,
with a median publication year of 2018. For what con-
cerns the study design, a variety of designs were observed
among the selected studies. Most papers included in the
analysis are either longitudinal studies focused on treat-
ment or cross-sectional studies focused on assessment.
Only Eskes et al. [71] is a cross-sectional study that
focuses on the feasibility of functional electrical stimula-
tion (FES), and this is therefore classified as a treatment-
focused paper.

The majority were observational studies (ObS), total-
ing 15 papers [55-69]. These were followed by NCTs,
which accounted for five studies [70-74]. RCTs and
NRCTs both represented the smaller fractions, with a
total of nine studies (five RCTs [75-79] and four NRCTs
[80-83]). A minor subset of three papers employed a case
study design with an intervention (CSInt: three stud-
ies [84—86]). Further information on each interventional
study is available in Supplementary Table S2 (Additional
file 2), which details the intervention protocols, outcome
measures (and corresponding ICF domains), statistical
methods, and main findings. Focusing on the five RCTs,
we analyzed the differences in improvement between
groups to determine the specific effect of technology-
based interventions compared with conventional therapy.
Regarding outcomes measured with clinical and func-
tional scales, results were inconsistent across studies.
Most trials that used the Catherine Bergego Scale (CBS)
and the Modified Barthel Index reported no significant
between-group differences [76-78], with the only excep-
tion of one study showing an effect on the CBS [79].
Other scales, such as the Fugl-Meyer Assessment for
the Upper Extremity and the World Health Organiza-
tion Disability Assessment Schedule, showed significant
between-group effects difference in one study [76].

For performance-based paper-and-pencil measures,
significant between-group differences in favor of the
intervention group were more frequently reported.
Improvements were found in tests of visual search and
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spatial exploration, including cancellation tasks (e.g.,
Star, Letter, and Bells Cancellation Tests) and the Behav-
ioral Inattention Test [75, 76, 79], although no significant
between-group difference was reported for the Star Can-
cellation Test in Shin et al. (2023). Results for the Line
Bisection Test, which evaluates spatial bias rather than
active visual search, were less consistent, showing no sig-
nificant between-group differences in some studies [75,
79], but significant effects in others [77, 78].

Overall, the small number of RCTs and the heteroge-
neity of outcome measures make direct comparison diffi-
cult and prevent firm conclusions about the effectiveness
of the interventions.

Technical studies

TS are characterized by a cross-sectional design and
focus on assessment technologies. All the studies (5
in total) employed electrical technology and involved
groups of healthy participants. Among these studies, 4
out of 5 employ completely immersive VR systems [88—
91], 3 studies incorporate wearable sensors [87, 88, 90]
and only 1 study involves the use of physiological stimu-
lations [90].

Clinical studies

Risk of bias results

The analysis of the RoB contextualizes the reliability and
validity of the results, offering insights into the included
studies (Fig. 2). In this review, five RCTs were evalu-
ated using ROB2, a tool designed to assess the RoB in
randomized trials. A total of 12 non-randomized stud-
ies were assessed with the ROBINS-I, which is suited
for studies evaluating interventions in non-randomized
settings. The remaining 15 observational studies were
evaluated using the ROBINS-E, a tool designed for non-
interventional studies that explore associations between
exposures and outcomes. Among the five RCTs assessed
using the ROB2 tool, 3 (60%) were classified as having a
“low” RoB [76-78], while two was classified as having a
“moderate” RoB [75, 79]. For the studies with moderate
risk, the main concerns were related to Domain 4 (bias
in the measurement of the outcome). Regarding the 12
non-randomized studies evaluated with ROBINS-I, four
(33.3%) studies were classified as having a “low” RoB [72,
80, 82, 84]. Eight (66.7%) were categorized as having a
“moderate” RoB [70, 73, 74, 81, 83, 85, 86], primarily due
to the lack of control for confounding factors, and bias
in the selection of the reported results. Lastly, one work
(8.33%) had a “high” overall RoB [71], largely due to insuf-
ficient control of confounders and potential measure-
ment biases. Of the 15 observational studies assessed
using the ROBINS-E tool, eight (53.3%) were classified
as having a “moderate” RoB [57, 60-62, 66—69], while the
remaining seven (46.7%) were classified as having a “low”
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exclusively of patients, without the involvement of
healthy participants. Studies without patients, involving
only healthy control groups, were classified under the TS
category. Enrolled cohorts ranged from 1 to 41 patients
per study (Supplementary Table S3; Additional file 3).
The median age [interquartile range (IQR)] for the group
of patients in all studies is 60.0 [7.9].

Assessment studies have a population with a median
age [IQR] of 60.1 [6.0], instead treatment studies have
a median age [IQR] of 61.9 [13.1]. Regarding the time
from the event, most papers considered chronic patients
[55-58, 61, 62, 66, 69-72, 74, 79, 82]. Four assessment
studies and three treatment studies did not report the
stroke phase but instead provided only the timing after
the stroke. Additionally, two papers from the last group

—

—
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did not report either the stroke phase nor the time from
the event. Fordell et al. [60] reported assessments from 1
to 20 weeks post-stroke; Kim et al. [63] assessed patients
with hemispatial USN at 3.9 + 3.2 months and those with-
out USN at 2.2 + 1.7 months post-stroke; Ogourtsova et
al. [67] assessed patients with USN at 1.6 + 1.0 months
and those without USN at 2.0 + 2.1 months and Ulm et
al. [68] between 2 weeks and over 3 months.

Concerning the treatment studies, Ansuini et al. [83]
presented patients with a dorsal fronto-parietal lesion at
59 days post-stroke and patients with a ventral temporo-
parietal group at 58 days; Shin et al. [78] included indi-
viduals with chronic stroke (12.0 + 15.5 months after the
stroke), and Stammler al. [75] included individuals at
138.4 + 192.1 days post-stroke.

For what concerns the USN specification, few stud-
ies reported the type of USN observed in patients. Spe-
cifically, only 11 studies identified the type of neglect
domains, with the majority of these papers focusing on
the extrapersonal domain [62, 63, 71, 73, 75, 81] (two for
assessment and four for treatment). The largest category
within the frames of reference is the allocentric domain,
with five papers employing treatment technology [70,
72, 74, 80, 81]. Finally, regarding the modalities of sen-
sory neglect, the most studied category across the papers
is the visual domain, with seven papers in total (five
employing treatment technology [70, 80, 82—84] and two
focused on assessment [55, 67]).

The analysis of the technologies revealed distinct
trends in the types of technologies employed across the
reviewed studies, with notable differences between treat-
ment and assessment ones (Fig. 3). In general, only four
studies employed electro-mechanical technologies [72,
73, 76, 82], each characterized by a longitudinal design
and a treatment focus; however, all other studies relied
on electrical technology. In particular, only Kang et al.
[74] uses an electro-mechanical technology but without

Non/semi-immersive VR

oy, 6%

(a) (b)
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robotics. In general, robotics is rarely used, with only
the end-effector being employed in two studies that use
treatment technologies [72, 82]. Regarding technological
readiness, the prototypical software integration of com-
mercially available hardware solutions appears to be the
most common solutions [57-63, 65, 68-71, 73, 75-77,
80, 83, 85, 86], both for assessment and treatment. The
other works employs fully commercial devices [55, 56, 64,
66, 67,72, 74,78, 79, 81, 82, 84], both for assessment and
treatment.

Physiological stimulations were used in a few stud-
ies and all of these focused on treatment [71, 72, 78].
Completely immersive and non-immersive VR were
the most frequently employed types of virtual reality
across both treatment and assessment studies. In con-
trast, other types of VR, such as augmented [57-59,
75] and mixed reality [83, 85], were used exclusively in
treatment-focused studies. Details about technical solu-
tions adopted in all analyzed studies are provided (Sup-
plementary Table S4; Additional file 4), and a schematic
representation illustrating the working principle of the
different technologies is presented in Fig. 4.

Study outcomes and performances

All types of outcomes were included in the analysis, cat-
egorized based on the technology used for assessment
and treatment. Specifically, the clinical or functional
aspects of neglect addressed by each outcome were cat-
egorized into the domains b, d, and NoICF (Fig. 5). Then,
a further itemization was performed within the b and d
domains, dividing them into their main categories. For
domain b, the categories included bl, b2, b7, and the
combined categories b1-b2 and b1-b7. For domain d, the
categories included d1, d2, d4, d5, and the combinations
d1-d4 and d4-d5. In treatment studies, outcomes classi-
fied under the b domain accounted for 41.6%, whereas in
assessment studies they represented 28.9%. In both cases,

TA 15.6% U

TA 15.6%
® & Completcly immersive VR &\ @0 Non-wearable 31.3% 4 ® o Fully commercial solution
® & Non-immersive VR gt © Wearable ] Prototypical integration of
®© Augmented reality = - ] commercial devices
®® Mixed reality

28.2% ® © No virtual reality 0
® & Semi-immersive VR 31.2% 31.2%

(©

TA
® @ Non-physiological
Physiological

46.9%

Fig. 3 Pie charts showing the distribution of technological characteristics in treatment and assessment studies. a virtual reality types; b sensors; c levels
of technological readiness; d robotics; e stimulations. A Assessment, T Treatment, VR Virtualreality
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Fig. 4 Schematic representation of the components and working principles of technologies. Each panel represents the typical setup and mode of inter-
action for patients, with corresponding references to the studies included in the review: a non-immersive VR: screen-based tasks with limited interaction,
b semi-immersive VR: projection or large-screen environments with interaction and sensory feedback, ¢ immersive VR: head-mounted display for full
3D immersion, d mixed reality: combination of real and virtual stimuli, @ augmented reality: real environment enhanced with digital cues, f end-effector
robotics: robotic device guiding upper limb movements, and g exoskeleton-based systems: wearable robotic support for upper limb movements

the b domain was the most frequently represented. The
domain d accounted for 24.9% overall, with a predomi-
nance of 13.9% observed in assessment-focused articles.
In addition, 4.6% of the outcomes fell outside the ICF
framework (usability, acceptability, not validated tools).

For the main categories within domain b, the most fre-
quent is bl, primarily associated with treatment tech-
nologies (46.7%), followed by assessment technologies
at 35.2%. In contrast, within domain d, nearly half of the
outcomes fall under category d1, predominantly linked to
assessment technologies (46.4%), followed by category d5
from treatment technologies (25.5%).

Detailed insights into the performance of the selected
studies, organized by the types of analysis for treatment
studies (Supplementary Table S5A; Additional file 5) and
psychometric properties (only validity) for assessment
studies (Supplementary Table S5B; Additional file 6) are
available in supplementary materials.

Assessment studies (Supplementary Table S5B; Addi-
tional file 6) exclusively focused on evaluating the valid-
ity of the tools used. They examined construct, criterion,
and face validity through a range of statistical methods,
such as Analysis of variance (ANOVA) for construct
validity, Bland-Altman plots for criterion validity—both
concurrent and predictive—and usability or percep-
tion questionnaires for face validity. Treatment studies

(Supplementary Table S5A; Additional file 5) employed
pilot analyses, focusing on descriptive statistics (means,
standard deviations), to assess sample characteristics
and usability. Then, the inferential and effect analyses
included statistical tests such as ANOVA, Wilcoxon,
paired t-tests, and correlation measures, commonly
reporting means, standard deviations, p-values, and
effect sizes for pre- and post-treatment or interventional
and control groups comparisons.

Discussion

This study examines the potential of 3D technologies
to tackle USN, a condition that significantly impacts
post-stroke recovery and QoL [2, 6]. Conventional 2D
assessment methods remain effective and foundational;
innovative approaches—such as robotic rehabilita-
tion and virtual reality could play a complementary role
by addressing aspects less readily captured in 2D tasks.
These technologies have the potential to harness neu-
ral plasticity to enhance recovery [28]; in particular,
VR provides promising alternatives for USN assess-
ment and treatment by enabling precise control of
visual stimuli (and in some cases auditory) in 3D envi-
ronments, an advantage over traditional 2D tools [31].
Similarly, RAT, by offering repetitive movement of the
upper limbs in multiple control modalities (e.g., assistive,
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assist-as-needed, resistive), can generate motor stimuli
for USN treatment and assessment [32, 33]; both classes
of systems can be integrated with wearable sensors for
high-resolution assessments [29] that may offer personal-
ized and engaging approaches suited to the 3D nature of
USN. At the neurophysiological level, immersive 3D par-
adigms may modulate attentional circuits (e.g., fronto-
parietal dorsal/ventral attention networks) and facilitate
interhemispheric plasticity through controlled visuo-
motor stimuli. The integration of sensorimotor feed-
back in 3D may engage multisensory convergence zones
(e.g., posterior parietal cortex), thereby strengthening

connections between sensory input and motor planning
(sensorimotor integration) [92]. From a cognitive per-
spective, 3D interventions may enhance top-down spatial
attention by promoting voluntary reorientation toward
the contralesional side and reducing ipsilesional bias.
Immersive and interactive tasks foster active sensorimo-
tor integration, linking visual, proprioceptive, and motor
inputs to rebuild coherent body—space representations
[93]. These experiences also encourage adaptive learning
through continuous feedback and increase body aware-
ness via avatar-based or embodied feedback. Together,
these mechanisms facilitate spatial recalibration and
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attentional redistribution in patients with USN [92]. This
review emphasizes their ability to improve assessment
precision and therapeutic outcomes [28, 31], and exam-
ines state-of-the-art 3D technologies for the assessment
and treatment of post-stroke survivors with USN.

The heterogeneity in study designs reflects the different
approaches used to investigate the 3D technologies for
USN. About half of the clinical studies included are stud-
ies of intervention (17). Among the observational stud-
ies (focusing on neglect assessment, 15), 14 studies are
cross-sectional. Only the study by Dvorkin et al. adopts
3D technologies in monitoring neglect in a follow-up
study after 10 months on a reduced pool of two patients
[58]. Although no quantitative analysis was conducted,
this qualitative assessment of RoB allowed us to system-
atically appraise the methodological rigor of the included
studies. This approach was consistent with the aims of
our review, which focused on providing a comprehensive
and descriptive synthesis of the available evidence rather
than a meta-analytic evaluation. Through this qualitative
approach, we were able to identify common methodolog-
ical limitations and patterns across studies, which offered
valuable insights into the strengths and weaknesses
of current research in this field. At the same time, it is
important to recognize that many of the studies included
in this review were conceived as proof-of-concept inves-
tigations. These exploratory designs aim to demonstrate
feasibility, usability, and the potential value of 3D tech-
nologies in neglect assessment and rehabilitation, rather
than to provide definitive evidence of efficacy through
RCT methodology. Such studies play a foundational role
in innovation, generating preliminary data that inform
and justify larger, controlled trials.

The analysis of the RoB revealed that controlled stud-
ies with high RoB primarily faced challenges in the
domain of outcome measurement, due to non-blinded
assessors or inconsistencies in evaluation protocols.
These factors may impact the reliability and validity of
the results, underscoring the importance of standardiz-
ing assessment procedures to minimize potential biases
[94]. Non-controlled and observational studies exhibited
variability in the RoB, particularly concerning confound-
ing (Domain 1). As a result, observed differences in out-
comes may reflect not the intervention itself but rather
pre-existing participant characteristics, environmental
factors, or other external influences. In non-controlled
studies, the high level of confounding is largely attributed
to small sample sizes (e.g., Chen et al. [70]). The lack of
a control group further complicates the interpretation of
improvements in spatial neglect, as it becomes unclear
whether these improvements are due to the proposed
technology or are influenced by factors such as sponta-
neous recovery, placebo effects, or concurrent rehabilita-
tion activities. Another limitation of longitudinal studies

(2026) 23:35

Page 12 of 18

lies in the long intervals between assessments, which may
hinder the ability to directly link patient performance to
the presence or severity of USN. Given that USN-related
behaviors can fluctuate over short periods, delayed mea-
surements may not accurately reflect the dynamic nature
of the condition. In the study by Morse et al. [66], the
authors highlight the potential for selection bias due to
participant recruitment that may not be representative
of the broader stroke survivor population. This could
introduce confounding variables related to participant
engagement and support, potentially affecting both their
responses and the study outcomes. Additionally, in this
observational study, the authors acknowledge the small
sample size and lack of randomization as limitations that
may impact the generalizability of their findings. Addi-
tionally, moderate risks were observed in the domain
of outcome measurement, indicating that the reliability
of the outcomes could be improved and some concerns
were presented regarding selective reporting. This sug-
gests that there may be variability in how results are
selected or presented, raising questions about the com-
pleteness of reporting in the literature. Such factors could
influence the interpretation of findings and underscore
the need for more comprehensive reporting in future
studies to provide a clearer and more balanced view of
the evidence [95].

Nonetheless, shifting the focus to the specific technolo-
gies employed in the studies: VR technologies are the
most used, while robotic approaches are comparatively
less represented. Broeren et al. [82], Chen et al. [76], and
Fordell et al. [72] were the only studies employing robotic
technology, and its use was exclusively in treatment-
focused applications. The results indicate that robotics is
always accompanied by VR systems, such as non-immer-
sive, semi-immersive, and completely immersive VR.
Probably, the potential advantage or robotics compared
to other tools, that is the ability to facilitate repetitive
movements and allow actions assisted or against resis-
tance, might not hold significant relevance for this spe-
cific application. In addition, an important advantage of
robotic technologies is that they can enable people with
stroke to respond with their contralesional hemiparetic
arm. By facilitating the active use of both hands, robotic
systems may therefore better support the recovery of
functional skills required in daily activities. However, in
terms of treatment technologies, robotics can certainly
provide valuable insights and offer the opportunity to
implement motor cues. The limited use of robotics in
assessment technologies, although their technical com-
plexity and patient experience are comparable to those of
VR systems, may be attributed to factors such as greater
mechanical complexity, higher costs and space require-
ments [96]. One of the main limitations of robotic sys-
tems lies in the restricted domains they can explore.
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Broeren et al. [82] and Fordell et al. [72] proposed end-
effector solutions for treating USN, while Chen et al. [76]
utilized a rigid exoskeleton. All these technologies con-
tribute to the motor rehabilitation of the upper limbs.
However, the range of motion of these robotic systems
constrains patient movement to their personal space,
making it impossible to explore the potential benefits of
robotic technologies in the extrapersonal space.

A key focus of this review is the assessment and reha-
bilitation of USN in 3D space, where the extrapersonal
space plays a crucial role [55, 56, 60—69]. Although some
studies in the literature have employed robotic systems
for USN treatment, their contributions are largely lim-
ited to the planar case [97]. In this sense, the analysis
of existing VR technologies for assessment and treat-
ment for the USN appears to offer more information, as
VR has been specifically developed to explore 3D tasks.
Assessment tools for USN utilizing VR can provide mul-
tisensory cues, enable precise mapping of deficient spa-
tial areas, and support a wide range of movement, from
personal to extrapersonal space, and offer high accuracy
and sensitivity. Regarding USN treatment, VR systems
are significantly more intuitive for inexperienced users
to learn and operate than robotic systems. Indeed, VR
technologies provide patients with a variety of multisen-
sory cues. For instance, VR headsets, being commercial
systems, already include features that allow for the inte-
gration of these stimuli without the need for additional
modifications. In contrast, the use of an end-effector
robot primarily provides motor cues; incorporating other
types of feedback (e.g., visual or auditory) would require
adding external sensors and adapting the existing tech-
nology, thereby increasing costs and development time.
On the other hand, the use of exoskeletons often requires
a long training period for patients to become accustomed
to the device, further complicating the process. Interest-
ingly, the literature lacks examples of studies using robots
other than exoskeletons or manipulators to assess or treat
USN, such as humanoid robots or social robots. Exam-
ples involving humanoid or animaloid robots could offer
valuable insights into this area [98].

In contrast, VR systems are often more accessible and
user-friendly, facilitating their integration into rehabilita-
tion programs either in person or by adopting a telere-
habilitation system [99, 100]. The use of RAT in the 3D
assessment and rehabilitation of USN remains limited,
although several studies have demonstrated its poten-
tial to support movements constrained to a low-dimen-
sional (2D) space with a limited degree of freedom [35].
While there are a greater number of VR tools available,
a notable gap remains that is worthy of exploration:
the effectiveness of motor cues in the rehabilitation of
USN, a domain that virtual reality cannot address in the
same way. Limb activation has been shown to reduce
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Table 2 Comparison of main characteristics of the studies with
robotics and VR

General features  Assessment Treatment
Robotics - Underutilized - Precise, repetitive
- Always accom- motor training
panied with a VR - Supports assisted/
system resistive movements
- Longer patient - Adapt to degree
training time of difficulty and
- Hard to deploy at patients'motor
home abilities
VR - Widely adopted - Multisensory - 1Itis possible to
- Suitable for tele-  cues (e.g., visual, re-create links be-
rehabilitation and  auditory) tween the affected
home use - Precise map-  and the non-affect-
- Intuitive interface  ping of deficient ed space in
- Limited in provid- areas patients with
ing motor cues - Wide move- neglect
- Less effective ment range - Adapt to degree
for tasks requiring  (from personal  of difficulty and
force feedback or  to extrapersonal patients’cognitive
resistance space) abilities

- Reproduction of
the complexity of
daily life scenarios

- High accuracy
and sensitivity

VR Virtual reality

visuospatial deficits in patients with USN [97, 101-103].
Additionally, somatosensory activation of the contralat-
eral side during limb activation has been demonstrated
to facilitate the neural circuits underlying spatial repre-
sentation, which may help in the rehabilitation of USN
[71, 104]. Moreover, the possibility to deliver both assis-
tive and resistive forces allows therapists to adapt the
level of support or challenge to the patient’s motor abili-
ties, thereby promoting engagement of the affected limb
while preventing compensatory strategies that may rein-
force neglect. These features make robotics a powerful
complement to VR in multimodal interventions: while
VR environments primarily target attentional, percep-
tual, and cognitive components of neglect, robotics can
simultaneously enhance motor rehabilitation and senso-
rimotor integration. From a practical standpoint, VR may
be more suitable for patients with sufficient cognitive
engagement, whereas robotics better serves those with
marked motor impairment or reduced autonomy. Clini-
cal integration should consider safety, cognitive load, and
therapist supervision to tailor technology use to individ-
ual profiles [105].

To clarify the distinction between robotics and VR, the
main characteristics of each are presented (Table 2).

Regarding the readiness, both treatment and assess-
ment technologies display similar levels of maturity, with
almost equal shares of fully commercial and prototypical
software integration of commercial devices. This balance
suggests that while a considerable portion of solutions
has reached commercial availability, many are still in
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the prototypical phase, particularly where integration
and customization are required for neglect treatment/
assessment.

Wearable sensors were utilized in a moderate propor-
tion of studies (31.2%), which reflects their growing rel-
evance in clinical research as non-invasive tools that can
support both assessment and treatment aims. Finally,
the physiological stimulations are also underutilized and
are found exclusively in the group of papers focusing on
treatment technologies.

The analysis of outcomes categorized under the ICF
framework [45] highlights expected trends while uncov-
ering insights. Within the b domain, the majority of
outcomes, over three-quarters, focus on mental func-
tions (bl), reflecting the cognitive nature of USN, as
expected. This pattern is consistent across both treat-
ment and assessment technologies. Interestingly, a pro-
portion of the outcomes address neuromusculoskeletal
and movement-related functions (b7), exclusively within
treatment-focused studies. This observation underscores
the non-negligible impact of USN on motor behavior
and supports the integration of robotic systems, target-
ing physical rehabilitation in neglect treatment. For the d
domain, the emphasis on cognitive outcomes diminishes,
with nearly half of the outcomes in this category focus-
ing on learning and applying knowledge (d1), especially
in assessment technologies. At the same time, a notable
proportion of the outcomes target mobility (d4) and self-
care (d5), reflecting their significance in treatment con-
texts. This shift from cognitive functional outcomes to
outcomes regarding activities underlines the importance
of addressing independence and mobility as primary
USN treatment goals. These findings highlight the dual
focus of current technologies in addressing the cogni-
tive function and the activity dimensions of USN. While
the predominance of cognitive outcomes aligns with the
condition’s characteristics, the inclusion of motor and
functional outcomes, particularly in treatment studies,
reflects a broader and more holistic approach to rehabili-
tation. This balance emphasizes the potential of innova-
tive technologies, such as robotics and VR, to address the
multifaceted challenges of USN.

The performance analysis provides insights on the
tests and metrics used across the studies, categorized by
treatment and assessment domains. For the assessment
studies, the focus on psychometric validity reveals sig-
nificant variability in approaches, especially in evaluat-
ing construct, criterion, and face validity [36, 106]. While
construct validity often employs ANOVA to align with
study designs [107], criterion validity relies on methods
like Bland-Altman plots and regression models, though
predictive validity has been examined in only one study.
Additionally, face validity primarily uses usability metrics
(e.g., SSQ), which emphasize descriptive statistics but
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provide limited insights into long-term measure stabil-
ity [108]. Treatment studies predominantly use descrip-
tive statistics to evaluate baseline information, usability
and feasibility, rather than effectiveness, reflecting their
exploratory nature (for pilot analysis). Conversely, infer-
ential methods, such as ANOVA and non-parametric
tests, allow to assess treatment effects, yet advanced
statistical models like mixed-linear models are rarely
utilized. Finally, studies focused on treatment typi-
cally adopted longitudinal designs to assess prolonged
interventions and their effects on recovery. In contrast,
assessment studies were predominantly cross-sectional,
providing momentary evaluations of patient conditions.
However, this reveals a gap in the exploration of psycho-
metric properties—such as reliability, validity, and espe-
cially responsiveness—of the technological measures
employed. Including designs that allow for the evaluation
of responsiveness, for example through repeated mea-
surements over time, could support the identification of
minimal clinically important differences and strengthen
the clinical relevance of assessment tools.

This review presents some limitations, mainly related
to the broad focus of its scope. While this approach has
led to some heterogeneity in the findings, limiting the
ability to perform detailed quantitative analysis, it was
intended to provide a comprehensive view of the current
state-of-the-art. Although this may reduce the speci-
ficity of certain conclusions, it supports a more general
understanding of the different methodologies and appli-
cations of 3D technologies for USN. Moreover, the high
heterogeneity of the included studies posed additional
challenges, limiting the possibility of quantitative syn-
thesis and prompting a narrative approach instead. The
scarcity of studies addressing psychometric properties
beyond validity further complicates the ability to provide
clear recommendations or evaluate the overall robust-
ness of the proposed tools. Validity alone is not sufficient
to establish the soundness of an assessment instrument.

Future research should prioritize the reliability of
assessment technologies, and the clinical effects of treat-
ment technologies, as well as integrate predictive models
for personalized therapy.

Despite its limitations, this review highlights the poten-
tial of 3D technologies, such as VR, robotics, and wear-
able sensors, in addressing the complexities of USN.
These tools offer innovative solutions for real-world 3D
interactions and patient-centered care.

Conclusions

This systematic review highlights the growing potential
of 3D technologies—including VR, robotics, and other
advanced electro-mechanical systems—in the assessment
and rehabilitation of post-stroke survivors with USN.
Collectively, these approaches demonstrate a paradigm
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shift from traditional 2D clinical tools toward immersive,
interactive, and ecologically valid environments that cap-
ture real-world spatial behaviors and enable the integra-
tion of cognitive and motor rehabilitation within a single
framework.

Across the included studies, VR emerged as the most
frequently employed technology, adopted for both assess-
ment and treatment due to its accessibility, multisensory
feedback, and adaptability to home or tele-rehabilitation
settings. Robotic systems were less represented, mainly
applied in treatment protocols, and primarily targeting
upper-limb rehabilitation within personal or periper-
sonal space. Outcome analyses revealed a predominance
of measures related to mental functions (ICF b1l) in both
treatment and assessment studies. Treatment-focused
works also addressed motor (b7) and activity-related
(d4, d5) outcomes, reflecting a gradual shift toward more
holistic rehabilitation goals that integrate cognitive and
functional recovery. However, the field remains charac-
terized by methodological heterogeneity, small sample
sizes, and limited psychometric validation, which con-
strain the comparability and generalizability of results.

From a clinical perspective, technology selection
should be guided by patient characteristics and rehabili-
tation goals. VR-based approaches may be particularly
beneficial for individuals with preserved cognitive capac-
ity and attention, enabling engaging, feedback-rich, and
potentially tele-rehabilitation-compatible interventions.
Conversely, robotic-assisted systems may provide criti-
cal support for patients with more severe motor deficits
or limited autonomy, allowing for safe, controlled, and
quantifiable motor stimulation within both personal and
peripersonal space. Effective implementation of these
tools requires attention to patient safety, cognitive load,
usability, and therapist supervision, ensuring that tech-
nological innovation translates into meaningful clinical
outcomes.

From a research standpoint, most studies to date rep-
resent early-phase or proof-of-concept work, serving
primarily to establish feasibility and preliminary effi-
cacy. These foundational efforts are essential but must
be followed by RCTs to establish standardized protocols,
determine dose—response relationships, and evaluate
long-term functional outcomes. Furthermore, there is a
need to validate 3D spatial performance measures, and
develop shared methodological frameworks that support
comparability across studies.

Looking ahead, the field should prioritize standardiza-
tion, cross-disciplinary collaboration, and the exploration
of hybrid VR-robotic systems that can simultaneously
target cognitive-perceptual and motor domains. The
integration of adaptive algorithms, machine learning,
and real-time biofeedback may further enable personal-
ized, data-driven rehabilitation. Ultimately, by advancing
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methodological rigor and clinical translation, these
technologies hold the promise to deliver more accurate
assessments, individualized interventions, and sustain-
able rehabilitation solutions for individuals with USN,
fostering their recovery, autonomy, and quality of life.
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