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Abstract

Introduction: Visual field defects (VFDs) represent a debilitating poststroke complica-
tion, characterized by unseen parts of the visual field. Visual perceptual learning (VPL),
involving repetitive visual training in blind visual fields, may effectively restore visual
field sensitivity in cortical blindness. This current multicenter, double-blind, random-
ized, controlled clinical trial investigated the efficacy and safety of VPL-based digital
therapeutics (Nunap Vision [NV]) for treating poststroke VFDs.

Methods: Stroke outpatients with VFDs (>6 months after stroke onset) were random-
ized into NV (defective field training) or Nunap Vision-Control (NV-C, central field
training) groups. Both interventions provided visual perceptual training, consisting of
orientation, rotation, and depth discrimination, through a virtual reality head-mounted
display device 5 days a week for 12 weeks. The two groups received VFD assessments
using Humphrey visual field (HVF) tests at baseline and 12-week follow-up. The final
analysis included those completed the study (NV, n = 40; NV-C, n = 35). Efficacy mea-
sures included improved visual area (sensitivity >6 dB) and changes in the HVF scores

during the 12-week period.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | INTRODUCTION

Visual field defects (VFDs), characterized by unseen parts of the visual
field, affect 20%-57% of people who experience a stroke (Pollock et al.,
2019; Saionz et al., 2022). A VFD is usually unilateral, homonymous,
and present as hemianopia (loss of one-half of the visual field) or quad-
rantanopia (loss of one-quarter of the visual field) depending on the
lesion location (Pollock et al., 2019; Saionz et al., 2022). Most VFD
recoveries occur within the first 3 months after injury, and spontaneous
improvement is unlikely after 6 months without addressing the under-
lying disorders (Kim et al., 2019; Zhang et al., 2006). VFDs can hinder
daily activities and diminish the overall quality of life (Gall et al., 2010;
Papageorgiou et al., 2007). Despite the heavy burden of disability, there
are scarce options for rehabilitation and recovery from VFDs (Sabel,
2006; Sagi, 2011).

Treatment and management approaches for people with VFDs can
be described as compensation, substitution, and restitution (Kerkhoff,
2000; Pollock et al., 2019). Previous studies reported limited evidence
of benefits from compensatory scanning and substitutive interventions
(prisms); however, these interventions do not improve visual function
in the defective field per se (Sabel, 2006; Sagi, 2011). Prism facilitates
perception through refraction from a defect to an intact visual field;
ocular training induces patients’ eyes to point to a defective visual field
(de Haan et al., 2016; Rowe et al., 2017). Conversely, restitutive inter-
vention, inducing visual field improvement by training, aims to regain
visual perception in the defective field. Previous studies testing visual
restitution training after a brain lesion indicated controversial results
(Kasten et al., 1998; Reinhard et al., 2005).

Recently, an alternative approach was attempted by employing
the principles of visual perceptual learning (VPL), which is defined as
a long-term improvement in performance on a visual task resulting
from repeated visual training (Sagi, 2011; Sasaki et al., 2010). These
studies revealed training performance improvement in the defective
field and increased sensitivity in the perimetry (Cavanaugh & Huxlin,

2017; Huxlin et al., 2009). However, due to the small sample size and
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learning transfer effects.
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Results: With a high compliance rate, NV and NV-C training improved the visual areas
in the defective hemifield (>72 degrees?) and the whole field (>108 degrees?), which
are clinically meaningful improvements despite no significant between-group differ-
ences. According to within-group analyses, mean total deviation scores in the defective
hemifield improved after NV training (p = .03) but not after NV-C training (p =.12).

Conclusions: The current trial suggests that VPL-based digital therapeutics may
induce clinically meaningful visual improvements in patients with poststroke VFDs.
Yet, between-group differences in therapeutic efficacy were not found as NV-C train-

ing exhibited unexpected improvement comparable to NV training, possibly due to

chronic stroke, digital therapeutics, visual field defects, visual perceptual learning

non-randomized nature of the studies, visual restitutive interventions
remain unsupported by extensive evidence (recommendation class Ilb,
level of evidence C) (Winstein et al., 2016). Accordingly, larger sized
randomized trials are warranted to establish the efficacy of visual
perceptual training in patients with stroke-induced VFDs.

Ongoing debate surrounds the effectiveness of vision restora-
tion methods, particularly in optimizing the VPL approach, including
whether to prioritize detection or discrimination tasks, select types
of stimuli, and target normal or blind areas (Lu & Dosher, 2022; Sagi,
2011; Saionz et al., 2022). It has been suggested that VPL with basic
visual features (e.g., orientation and rotation) and location specificity
involves early visual processing (e.g., primary visual cortex), whereas
complex motion and depth discrimination tasks require visual decision-
making of higher order regions (e.g., MT, middle temporal area; LIP,
lateral intraparietal area) (Gilbert et al., 2001; Sagi, 2011; Sasaki et al.,
2010). Orientation-motion discrimination tasks, sharpening tuning
specificity of the primary visual cortex (V1), have mostly been applied in
cortical blindness (Cavanaugh & Huxlin, 2017; Das et al., 2014; Huxlin
et al., 2009). In previous studies, poststroke VFDs recovered after dual
(peripheral orientation-central character) visual discrimination train-
ing, allowing central fixation (Lee et al., 2023; Namgung et al., 2024).
Leveraging virtual reality (VR) can enhance the delivery, engagement,
and performance of VPL (e.g., depth training) by offering immersive
and controlled environments with customizable stimuli and interac-
tive feedback (Godinez et al., 2021; Lin et al., 2022; Wilson & Soranzo,
2015).

Thus, based on previous findings (Lee et al., 2023; Namgung et al.,
2024), we developed a new VR-based visual perceptual training soft-
ware (Nunap Vision [NV]), a digital therapeutics aimed at recovering
VFDs poststroke. Using the VR device, which minimizes the poten-
tial effects of head movement, central and peripheral stimuli were
simultaneously presented at a constant distance (Godinez et al., 2021;
Lin et al., 2022; Wilson & Soranzo, 2015). Given the damaged visual
pathway and occipital lobe in poststroke VFDs, orientation-rotation-

depth discrimination training was chosen to facilitate task-specific
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reweighting between basic visual representation and higher decision-
making stages (Dosher & Lu, 1998; Law & Gold, 2008). Considering
the attention on defective fields (Ahissar, 2001; Schoups et al., 2001),
we hypothesized and aimed to evaluate whether NV (defective field
VPL with larger stimuli) can improve sensitivity in the defective field,
measured by standard automated perimetry, in patients with chronic
stroke-induced VFDs compared to a matching Nunap Vision-Control
(NV-C) (central field VPL with smaller stimuli).

2 | METHODS
2.1 | Participants and study design

This multicenter, double-blind, randomized, controlled clinical trial
(NCT04102605) was conducted from October 17, 2019 to May
31, 2021, in accordance with appropriate guidelines (Supplementary
Material). A total of 88 outpatients with a VFD 6 months after stroke
onset were recruited from 5 South Korean hospitals. A board-certified
ophthalmologist (H-T.L) defined deficit visual fields according to the
total deviation probability of <5% and VFD side and type based on the
Humphrey visual field (HVF, 24-2, SITA standard) test results (Acton
et al, 2012; Barkana et al.,, 2021; Meditec, 2010). Written informed
consent was obtained from the participants or their legally authorized
representatives. As presented in Figure 1, eight patients were excluded
after being screened for eligibility (n = 5, 5.68%) or withdrew (n = 3,
3.41%). One NV training group patient withdrew before receiving a
training device. The detailed participant enrollment criteria and study
design are described in Table S1.

2.2 | Randomization and intervention

Within 1 month of signing the informed consent, the enrolled patients
were randomized in a 1:1 ratio to NV (n = 41) or NV-C (n = 38)
using the randomization codes based on the computer-generated
permuted blocked procedure created by an independent contract
research organization per clinical center.

The intervention in both training groups (384 trials per day, 64
trials x 6 blocks per day, 5 days a week for 12 weeks, 60 sessions)
was delivered at home using software providing VPL through a VR
head-mounted display (Oculus Go, Meta Inc., released May 2018;
resolution per eye = 1280 x 1440 pixels, refresh rate = 60 Hz,
field-of-view = 89 x 90 degrees) developed by Nunaps Inc. (Figure 2).

Both trainings provided the three types of visual perceptual train-
ing: orientation, rotation, and depth perception. Patients were asked
to select any of the three types of training without specific rules. For
each task, patients were presented with a middle-gray blank with a
beep sound (700 ms), visual stimuli located simultaneously in the cen-
tral and peripheral quadrants (150 ms), and a response blank (3000 ms).
The peripheral stimulus was presented randomly in each quadrant,
and patients were required to press a button to indicate whether
the central and peripheral stimuli had the same orientation, rotation,
and depth (Figure 2). Auditory feedback for correct and incorrect
responses was provided. Patients could choose practice sessions for
any three training types before training began.

Gabor cylinders were used for orientation and rotation in the
peripheral stimulus, whereas the depth training used white spheres.
The NV-C training group received the same instructions as the
NV group. However, for the NV-C training, the smaller periph-
eral stimuli were presented closer to the central field and 4.3
times more frequently in the intact hemifield compared to the
NV training. The detailed parameters in the VPL protocol are
described in Table S2. All data were initially stored locally and trans-
ferred to a server through a wireless network connection. Once
the training was completed, research personnel could access the

analysis.

2.3 | Outcome measures

The primary outcome measure was the visual area measured using
the HVF (24-2, SITA-standard), where sensitivity increased by 6 dB
or more relative to baseline in the defective hemifield or whole field
(Figure S1). Automated perimetry with the HVF is the gold standard in
ophthalmology for accurately quantifying visual field sensitivity while
controlling for fixation (Cavanaugh & Huxlin, 2017; Cavanaugh et al.,
2021). We considered a visual sensitivity increase of 6 dB a significant
change due to interventions, which roughly doubles the HVF test-to-
test variability (Cavanaugh & Huxlin, 2017; Cavanaugh et al., 2021;
Saionzetal., 2020), with a normal threshold of 30 dB for total deviation.

The secondary outcome measure was changes in the mean total
deviation (MTD) scores relative to the baseline between and within the
two training groups: MTD scores indicate differences in light detection
results compared to age-normative values.

We used the binocular-integrated visual field method for the pri-
mary and secondary outcome measures: We constructed a single visual
field map for each patient by selecting the highest sensitivity value
from the visual fields of both eyes (Asaoka et al., 2011; Crabb et al.,
2004).

2.4 | Statistical analyses

Data normality was first tested using Shapiro-Wilk tests. Appropriate
statistical analysis was performed according to the normality of the
data.

The demographic and clinical characteristics of the study partici-
pants were compared between the two training groups using Mann-
Whitney U tests for continuous variables and Pearson’s chi-square
tests or Fisher’s exact tests for categorical variables.

Data analyses were conducted on an intent-to-treat basis, but the
four patients (NV, n = 1; NV-C, n = 3) who were dropped-out without
completing the 12-week HVF test were excluded from the final sta-
tistical analysis. The primary and secondary outcome measures were
performed on the patients who completed the trial (NV, n = 40; NV-C,
n=235).

The primary outcome measures were tested between the NV and
NV-C groups using Mann-Whitney U tests (Figure 3). For within-

group analysis on the secondary outcome measures, the pre- and
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88 Entered screening for

eligibility
8 Excluded
> 5Did not meet study criteria
3 Refused to participate
y
80 Randomly assigned to
treatment

1 Excluded

1Withdrew before training

79 Enrolled in intent-to-
treat study group

y

41 Assigned to
Nunap Vision treatment

v

1 Cumulative dropouts

1 Unreliable HVF test

v

40 Completed the study
and were included in the
final analysis

b

38 Assigned to
Nunap Vision—C treatment

v

3 Cumulative dropouts

1 Conset withdrawal
1 Unreliable HVF test
1 Adverse event

.

35 Completed the study
and were included in the
final analysis

FIGURE 1 Flowdiagram of study participants. Loss to follow-up and withdrawal of consent was reasons for discontinuation. The dropout rates
did not indicate significant differences between the two training groups. A total of 75 patients (94.9%) completed the trial. HVF, Humphrey visual

field test; NV-C, Nunap Vision-Control.

post-training MTD scores in the defective hemifield were compared
within the NV training group using the Wilcoxon signed-rank test
(Figure 4a). Paired t-tests were used for other within-group analyses
on the defective hemifield within the NV-C group and the whole field
within both groups (Figure 4b-d). Changed MTD scores in the defec-
tive hemifield were compared between the NV and NV-C groups using
the Mann-Whitney U test for the defective hemifield (Figure 5a) and
the independent t-test (Figure 5b) for the whole field.

3 | RESULTS

3.1 | Participant characteristics

The baseline demographic and clinical characteristics of the partici-
pants revealed no significant differences between the NV and NV-C

groups (Table 1). The reasons for discontinuation were as follows
(Figure 1): unreliable HVF test results (NV, n = 1, 2.44%; NV-C,n = 1,

2.63%), consent withdrawal (NV-C, n = 1, 2.63%), and adverse event
(NV-C,n=1,2.63%). The dropout rates indicated no significant differ-
ences between the two groups (NV, n = 1, 2.44%; NV-C, n = 3, 7.89%;
p =.35); 75 patients (94.9%) completed the trial.

3.2 | Primary outcome measures

After 12 weeks of training, the mean (SD) improved area (luminance
detection sensitivity >6 dB) in the defective hemifield was 100.8
(104.7) degrees? in the NV group and 94.6 (92.0) degrees? in the NV-
C group, indicating no significant between-group differences (p =.91;
Figure 3A). The improved area in the whole field was 111.6 (117.5)
degrees? in the NV group and 116.2 (126.0) degrees? in the NV-C
group, indicating no significant between-group differences (p = .90;
Figure 3B). Both groups exhibited clinically significant improvements
in the defective hemifield (>2 HVF points, 72 degrees?) and whole field
(>3 HVF points, 108 degrees?).
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(a) (b)
- o Nunap Vision-C

Screening  Pre-training Post-training

| 3l |
| '| Virtual reality-based visual perceptual learning 7
Basaline (384 trials/day, 5 days/week x 12 weeks) 3 month .
Nunap Vision (defective field VPL) )
Nunap Vision-C (central field VPL)
E‘ Trained location
(c) [ Defective hemifield )
2 . 5
S % » N .
Nunap Vision-C

FIGURE 2 Study design and task procedures. (a) Schematic flow of study design. Patients were randomized into the Nunap Vision or Nunap
Vision-C training groups for 12 weeks. Visual field defects were assessed using Humphrey visual field tests at pre- and post-training. (b) Schematic
representation of the Nunap Vision (defective field training) and Nunap Vision-C (central field training), which comprise orientation, rotation, and
depth training using a virtual reality head-mounted display. (c) Representation of peripheral stimuli presentation (trained location, green box) in
the defective hemifield (blue box) in relation to the intact hemifield. Data for orientation discrimination training were visualized for two exemplary
patients in the Nunap Vision and Nunap Vision-C training groups. The darker visual points indicate lower sensitivity with more visual deficits
measured using Humphrey visual field tests. The green box thicknesses indicate the frequency of the stimuli presentation in the four quadrants,
with thicker boundaries indicating more frequent presentation. The Nunap Vision training visualized peripheral stimuli, Gabor cylinder

(10 deg x 10 deg x 0.6 deg), in the defective hemifield 4.3 times more frequently than in the intact hemifield, whereas the Nunap Vision-C training
visualized it (0.6 deg x 0.6 deg x 0.6 deg) in in the intact hemifield 4.3 times more frequently than in the defective hemifield. deg, degrees; HVF,
Humphrey visual field test; NV-C, Nunap Vision-Control; VPL, visual perceptual learning.
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FIGURE 4 Secondary outcome measures: within-group differences. The Wilcoxon signed-rank test compared the mean total deviation scores
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in (a) the defective hemifield between pre- and post-training within the Nunap Vision training group. Paired t-tests were used for other

within-group analyses on (b) the defective hemifield within the Nunap Vision-C training group and on (c, d) the whole field within both groups The

mean and standard error averaged for each group are indicated as the circles and error bars on the top panels (Nunap Vision, black; Nunap

Vision-C, white). The redline indicates the patients who improved after the training, and the black line demonstrates those who did not improve

after the training. MTD, mean total deviation; NV-C, Nunap Vision-Control.
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TABLE 1 Demographic and clinical characteristics of study participants.

Total
(h=75)
Age (years) 52.01+15.02
Male 44 (58.67)
Type of stroke
Ischemic stroke 70(93.3)
Hemorrhagic stroke 5(6.67)
Hemifield of visual field defect
Left hemifield 42(56.0)
Right hemifield 33(44.0)
Type of visual field defect
Homonymous hemianopia 40(53.33)
Quadrantanopia 35(46.67)
Follow-up from onset (years) 415+ 3.93

Note: Data are presented as mean =+ standard deviation and number (percentile).

2Mann-Whiteney U test
bPearson’s chi-square test.
CFisher’s exact test.

3.3 | Secondary outcome measures

3.3.1 | HVF changes in the defective hemifield and
the whole field within the training groups

After the 12-week training, the MTD scores significantly increased
in the defective hemifield compared to the baseline within the NV
group (pre, —20.0 + 9.32; post, —19.3 + 9.09; p = .03; Figure 4A).
However, the MTD scores in the defective hemifield did not sig-
nificantly change within the NV-C group (pre, —17.8 + 8.48; post,
—17.2 + 8.24; p = .12; Figure 4B); 28 participants in the NV group
demonstrated training-induced-improved MTD scores in the defective
hemifield (70%; Figure 4A), with 18 (51.4%; Figure 4B) in the NV-C
group.

After the 12-week training, the MTD scores did not significantly
change in the whole field compared to the baseline within the NV group
(pre, —10.1 + 4.90; post, —9.61 + 4.74; p = .08; Figure 4C). More-
over, the MTD scores in the whole field did not significantly change
within the NV-C group (pre, —9.09 + 4.28; post, —8.77 + 4.05; p = .22;
Figure 4D); 25 participants in the NV group demonstrated training-
induced-improved MTD scores in the defective hemifield (62.5%;
Figure 4C), with 19 (54.3%; Figure 4D) in the NV-C group.

3.3.2 | HVF changed scores between the training
groups

The NV and NV-C groups exhibited no significant differences in the
training-induced changes in the MTD scores in the defective hemifield

Nunap Vision-C

Nunap Vision training training p
(n=40) (n=35)
50.70 + 14.29 53.51+15.88 .322
26 (65.00) 18(51.43) 230
>.99¢
37(92.50) 33(94.29)
3(7.50) 2(5.71)
.85°
22(55.00) 20(57.14)
18 (45.00) 15(42.86)
26(57.78) 19 (42.22) .35P
14 (46.67) 16 (53.33)
3.90+3.72 445 +4.20 482

(NV =.73 + 2.78, NV-C = .54 + 2.04; p = .45; Figure 5A) and whole
visual field (NV =.50 + 1.77,NV-C =.32 + 1.54; p = .65; Figure 5B).

3.3.3 | VPL performance and safety measures

During the 12-week training, VPL showed overall improvement in ori-
entation (p <.001), rotation (p <.001), and depth (p = .03) dimensions
despite fewer completions of the depth training (Table S3). The magni-
tude of overall improvement in the orientation training was greater for
the NV group than for the NV-C group (p < .001, Table S4). During the
12-week training, the increased correct responses in the orientation
training were positively associated with improved defective hemifield
only in the NV group (p = .046). All reported adverse events are
presented in Table S5.

4 | DISCUSSION

This study aimed to provide evidence for the safety and efficacy of
newly developed digital therapeutics based on visual perceptual train-
ing for stroke-induced VFDs, which required proven training strategies.
NV (targeting defective visual field) and NV-C (targeting central visual
field) training demonstrated high compliance rates. The MTD scores in
the defective field improved only after the NV training compared to
pre-training and not after the NV-C training. Unexpectedly, the NV-C
training led to clinically significant improved areas (sensitivity >6 dB)
comparable to the NV training, potentially due to learning transfer
effects.
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Given the chronicity of poststroke VFDs in this study and the
significant worsening, defined as <3 HVF points in glaucoma (Leske
et al,, 1999), the NV and NV-C groups exhibited clinically meaning-
ful improvement in the whole field (>3 HVF points, 108 degrees?).
MTD scores in the defective hemifield improved only after the NV
training, and increased correct responses in the orientation train-
ing were positively associated with the improved defective hemifield
only in the NV group. Therefore, frequent visualization of Gabor
for orientation discrimination tasks within defective visual fields (NV
training) may enhance tuning specificity in lesioned V1 cells, result-
ing in targeted improvement within the defective hemifield (Sasaki
et al., 2010; Schoups et al., 2001). The greater improvement in the
orientation training in the NV group further supports this. Despite vari-
ations in methodology between research studies, the magnitude of
visual improvement after the NV training was superior to prior con-
trol conditions (no-training) and comparable to previous defective field
training (Bergsma & Van der Wildt, 2010; Cavanaugh & Huxlin, 2017;
Cavanaugh et al., 2021; Sahraie et al., 2006). The VFD improvement
within the defective area resembled that in the defective hemifield,
implying that VPL and VFD improvements extend across visual fields,
encompassing defective areas and boundaries between normal and
defective areas (Cavanaugh et al., 2015; Das et al., 2014; Huxlin et al.,
2009; Sabel & Kasten, 2000).

As a noninvasive VR-based VPL software, NV was designed to tar-
get the neuroplasticity of the V1 through interactive bottom-up and
top-down mechanisms (Sasaki et al., 2010; Urbanski et al., 2014): VPL
results from task-specific changes in the strength of neural connections
between low-level visual representation and higher decision-making
stages (Dosher & Lu, 1998; Law & Gold, 2008). First, the orientation
discrimination task of Gabor with spatial frequency may reshape early
visual processing, including the tuning properties of the V1 retino-
topically corresponding to the trained stimulus location (Sasaki et al.,
2010; Schoups et al., 2001). Neural representations of visual stimuli
may be enhanced through synaptic strengthening and dendritic remod-
eling (Gilbert et al., 2001; Karmarkar & Dan, 2006). Second, VPL affects
connectivity between the visual cortex and higher regions involved in
decision-making, including MT and LIP, through top-down cognitive
modulation (Dosher & Lu, 1998; Law & Gold, 2008). After NV train-
ing, the damaged V1 and higher visual regions (MT and LIP) involved
in depth discrimination and decision-making may be effectively stim-
ulated, inducing visual restoration (Dosher & Lu, 1998; Law & Gold,
2008). Previously, VFD showed improvement by modifying the connec-
tivity of the lesioned visual cortex with contralateral visual cortex and
temporal regions (Kang et al., 2018; Kim et al., 2015; Namgung et al.,
2024).

This study is the largest clinical trial using a multicenter, double-
blind, randomized, controlled design capable of minimizing potential
biases. We included VFD patients who had a stroke more than 6
months previously to minimize the potential effects of spontaneous
VFD recovery, mostly occurring within the first 3 months. Sampling
bias was minimized using strict randomization and recruiting patients
from multiple medical centers. Being blinded to treatments was main-

tained using identical instructions and user hardware and software

NAMGUNGET AL.

interfaces on both training devices. Furthermore, an alternative (NV-C)
to sham training was used as the control, resulting in high training com-
pliance and lower dropouts. Moreover, comparing the outcomes of the
two training approaches, which target the defective and central fields,
could provide valuable insights into optimizing VPL protocols, includ-
ing the location and visual stimuli sizes. From an ethical standpoint,
this approach aligns with the aim of the trial, which was to develop
safe and effective VPL-based training for stroke-related VFDs. Using
the VR head-mounted display at home maximized accurate localiza-
tion of the briefly presented visual stimuli with a constant viewing
distance, potentially offering highly controlled and realistic training
environments.

Contrary to our expectation, improved visual area and training-
induced HVF changes indicated no significant differences between the
NV and NV-C groups; this might be because we compared it against the
central field training instead of the untrained controls or sham training.
The NV-C training, expected to induce minimal changes as the con-
trol, improved the visual area as a less effective intervention than a
true placebo (Cavanaugh et al., 2021; Elshout et al., 2016). Variations
in sample size, HVF test types, and VPL methodology may potentially
explain the differences in the improved visual area reported across
studies (Cavanaugh & Huxlin, 2017; Lee et al., 2023). Alternatively,
learning transfer effects, occurring in an easier and repetitive task,
might have occurred during NV-C training (Bergsma & Van der Wildt,
2010; Cavanaugh & Huxlin, 2017; Cavanaugh et al., 2019). Further-
more, smaller peripheral stimuli were visualized within 5 degrees of the
central visual field and more often in the intact hemifield with an easier
level inthe NV-C than the NV. In the NV-C training, reward-based rein-
forcement may facilitate implicit and task-irrelevant VPL by enhancing
diffusive signals across all stimuli, leading to visual recovery unspecific
to the defective hemifield (Carrasco et al., 2008; Gutnisky et al., 2009).
Conversely, the NV training may lead to task-relevant VPL, particu-
larly in defective fields: sustained attention to the defective hemifield
may enhance task-relevant signals directed to a specific spatial loca-
tion in the brain, while inhibiting task-irrelevant signals (Ahissar, 2001;
Schoups et al., 2001).

NV offers a noninvasive treatment with potential long-term effects
on visual functions but requires extensive time and resources (Lin
et al, 2022; Lu & Dosher, 2022; Wilson & Soranzo, 2015). Other
treatment options, including visual prosthetic devices and noninvasive
neuromodulation, may provide immediate restoration by specifically
targeting damaged neural pathways, although they have high costs and
limited generalization (Lu & Dosher, 2022; Sagi, 2011; Saionz et al.,
2022). Adjunctive pharmacology (e.g., selective serotonin reuptake
inhibitors) and noninvasive neuromodulation (e.g., transcranial direct
current stimulation), which have been applied alone or alongside VPL,
lacked consensus on the safety and efficacy across different recovery
stages and optimal usage for chronic cortical blindness (Alber et al.,
2017; Cavanaugh & Huxlin, 2017; Dennis et al., 2019; Saionz et al.,
2022).

Future directions for practical applications of VPL in cortical blind-
ness include (1) optimizing VPL integration into existing rehabilita-

tion programs with maximized therapeutic benefits by extending the
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poststroke-sensitive period and facilitating neuroplasticity; (2) con-
ducting longitudinal studies to track real-world visual functions over
time and elucidating mechanisms underlying skill retention, informing
the development of improved training protocols; (3) exploring cross-
modal training paradigms by combining visual stimuli with auditory
or tactile cues to enhance neural plasticity and sensory process-
ing efficiency; and (4) identifying biomarkers associated with VPL
response, spanning from biological to neuroimaging markers, to facil-
itate the development of personalized intervention strategies through
predictive modeling (Lu & Dosher, 2022; Sagi, 2011; Saionz et al., 2022).

This study has some limitations that need to be considered. First,
training compliance could not be objectively monitored through real-
time feedback because cyber security regulations for digital therapeu-
tics were not established during this trial. However, training compli-
ance, a core element governing the effectiveness of digital therapeu-
tics, was monitored throughout the trial, and feedback was provided
to participants who did not fulfill the guidance. Additionally, hands-on
professional assistance may be limited and inconsistent in our clinical
study testing VPL software using at-home VR devices. Moreover, clin-
ical history, including comorbidity and medication history, could not
be controlled in our study. Despite excluding participants with fixation
loss, false positive, and false negative >20%, potential eye movement
could not be measured without eye trackers. Although we reliably
measured luminance detection using the standard HVF, other visual
performances should be assessed, such as contrast sensitivity, which
is not limited to luminance detection. Future larger studies that pro-
vide eye tracking, objective measures of training and compliance, visual
measures other than luminance detection, and sham training as the
control are warranted for the generalizability of the study findings.

Notably, this multicenter, double-blind, randomized controlled clin-
ical trial is the largest to evaluate the safety and efficacy of VR-based
visual perceptual training for stroke-related VFDs. Along with a high
compliance rate, NV training demonstrated significantly improved
stroke-related VFDs, despite NV-C training unexpectedly improving
sensitivity comparable to NV; this could be due to learning transfer
effects. The current findings may provide insights into developing a
novel visual restitutive strategy based on VPL.

AUTHOR CONTRIBUTIONS

Dong-Wha Kang participated in the study design, had full access to
all the data in the study, and was responsible for the integrity of the
data and the accuracy of the data analysis. Eun Namgung, Sun U. Kwon,
Hyun-Wook Nah, and Dong-Wha Kang drafted the manuscript. Eun
Namgung, Moonju Cho, and Ha-Gyun Choi acquired, analyzed, and
interpreted the data; Moon-Ku Han, Gyeong-Moon Kim, Hahn Young
Kim, and Kwang-Yeol Park provided administrative, technical, or mate-
rial support. Eun Namgung, and Dong-Wha Kang obtained the funding.
Sun U. Kwon, Hyun-Wook Nah, and Hyun Taek Lim supervised the

study. All authors reviewed and approved the manuscript.

ACKNOWLEDGMENTS
This research was supported by a grant from the Korea Health

Technology R&D Project, through the Korea Health Industry Devel-

opment Institute (KHIDI) funded by the Ministry of Health & Wel-
fare (HR18C0016) and a grant from the National Research Foun-
dation of Korea (NRF) funded by the Korean government (MSIT)
(2022R1F1A1060778), Republic of Korea.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflicts of interests.

FUNDING INFORMATION

Korea Health Industry Development Institute (KHIDI) funded by the
Ministry of Health & Welfare (HR18C0016); National Research Foun-
dation of Korea (NRF) funded by the Korean government (MSIT)
(2022R1F1A1060778).

DATA AVAILABILITY STATEMENT
Following publication, deidentified data can be shared upon reasonable
request and a methodologically sound proposal to the corresponding

author.

ORCID
Dong-Wha Kang " https://orcid.org/0000-0002-2999-485X

PEER REVIEW
The peer review history for this article is available at https://publons.
com/publon/10.1002/brb3.3525.

PATIENT CONSENT STATEMENT
Written informed consent was obtained from the participants or their
legally authorized representatives.

CLINICAL TRIAL REGISTRATION
ClinicalTrials.gov, NCT04102605. Registered September 25, 2019,
https://clinicaltrials.gov/ct2/show/NCT04102605.

REFERENCES

Acton, J. H., Smith, R. T., Greenberg, J. P, & Greenstein, V. C. (2012).
Comparison between MP-1 and Humphrey visual field defects in glau-
coma and retinitis pigmentosa. Optometry and Vision Science, 89(7),
1050-1058.

Ahissar, M. (2001). Perceptual training: A tool for both modifying the brain
and exploring it. Proceedings of the National Academy of Sciences, 98(21),
11842-11843.

Alber, R., Moser, H., Gall, C., & Sabel, B. A. (2017). Combined transcranial
direct current stimulation and vision restoration training in subacute
stroke rehabilitation: A pilot study. PM & R: The Journal of Injury, Function,
and Rehabilitation, 9(8), 787-794. https://doi.org/10.1016/j.pmr}.2016.
12.003

Asaoka, R, Crabb, D. P, Yamashita, T, Russell, R. A,, Wang, Y. X., & Garway-
Heath, D. F. (2011). Patients have two eyes!: Binocular versus better eye
visual field indices. Investigative Ophthalmology & Visual Science, 52(9),
7007-7011. https://doi.org/10.1167/iovs.11-7643

Barkana, Y., Leshno, A, Stern, O,, Singer, R., Russ, H., Oddone, F., Lanzetta,
P, Perdicchi, A., Johnson, C. A., Garway-Heath, D. F,, Rossetti, L. M., &
Skaat, A. (2021). Visual field endpoints based on subgroups of points
may be useful in glaucoma clinical trials: A study with the Humphrey
field analyzer and compass perimeter. Journal of Glaucoma, 30(8),
661-665.

858017 SUOWIWOD SAIERID 3(dedl|dde 8y Aq peussnob afe ssppiie YO ‘8sh Jo sejni 1o} Akeid18Ul|UO AB|IA UO (SUOTIPUOD-PUE-SWBYLO A 1M A1 1pUTIUO//:STY) SUORIPUOD PUe SWie | 81 89S *[1202/50/0£] uo ArigiTauluo A8 * Aisieaiun Buy-Buny - Axuqi Buy-Bunyd Ad Szg €a1a/200T 0T/10p/LI0d A8 1M AIq1 Ul jUO//SdNY WOl papeojumod 'S ‘vZ0Z ‘ZE06.5T2


https://orcid.org/0000-0002-2999-485X
https://orcid.org/0000-0002-2999-485X
https://publons.com/publon/10.1002/brb3.3525
https://publons.com/publon/10.1002/brb3.3525
https://doi.org/10.1016/j.pmrj.2016.12.003
https://doi.org/10.1016/j.pmrj.2016.12.003
https://doi.org/10.1167/iovs.11-7643

Brain and Behavior

100f 11 Wl LEY

Bergsma, D. P, & Van der Wildt, G. (2010). Visual training of cerebral
blindness patients gradually enlarges the visual field. British Journal of
Ophthalmology, 94(1), 88-96.

Carrasco, M., Rosenbaum, A., & Giordano, A. M. (2008). Exogenous atten-
tion: Less effort, more learning! Journal of Vision, 8(6), 1095-1095.

Cavanaugh, M. R, Barbot, A., Carrasco, M., & Huxlin, K. R. (2019). Feature-
based attention potentiates recovery of fine direction discrimination in
cortically blind patients. Neuropsychologia, 128, 315-324.

Cavanaugh, M. R, Blanchard, L. M., McDermott, M., Lam, B. L., Tamhankar,
M., & Feldon, S. E. (2021). Efficacy of visual retraining in the hemianopic
field after stroke: Results of a randomized clinical trial. Ophthalmology,
128(7),1091-1101.

Cavanaugh, M. R,, & Huxlin, K. R. (2017). Visual discrimination training
improves Humphrey perimetry in chronic cortically induced blindness.
Neurology, 88(19), 1856-1864.

Cavanaugh, M. R,, Zhang, R., Melnick, M. D., Das, A., Roberts, M., Tadin, D.,
Carrasco, M., & Huxlin, K. R. (2015). Visual recovery in cortical blindness
is limited by high internal noise. Journal of Vision, 15(10), 9-9.

Crabb, D. P, Fitzke, F,, Hitchings, R., & Viswanathan, A. (2004). A practical
approach to measuring the visual field component of fitness to drive.
British Journal of Ophthalmology, 88(9), 1191-1196.

Das, A., Tadin, D., & Huxlin, K. R. (2014). Beyond blindsight: Properties of
visual relearning in cortically blind fields. Journal of Neuroscience, 34(35),
11652-11664. https://doi.org/10.1523/JNEUROSCI.1076-14.2014

de Haan, G. A., Melis-Dankers, B. J., Brouwer, W. H., Tucha, O., & Heutink,
J. (2016). The effects of compensatory scanning training on mobil-
ity in patients with homonymous visual field defects: Further support,
predictive variables and follow-up. PLoS ONE, 11(12),e0166310.

Dennis, M., Mead, G., Forbes, J., Graham, C., Hackett, M., Hankey, G. J,,
House, A, Lewis, S., Lundstrom, E., Innes, K., Sandercock, P,, & Stephen, C.
(2019). Effects of fluoxetine on functional outcomes after acute stroke
(FOCUS): A pragmatic, double-blind, randomised, controlled trial. The
Lancet, 393(10168), 265-274.

Dosher, B. A, & Lu, Z.-L. (1998). Perceptual learning reflects external
noise filtering and internal noise reduction through channel reweighting.
Proceedings of the National Academy of Sciences, 95(23), 13988-13993.

Elshout, J. A., Van Asten, F., Hoyng, C. B., Bergsma, D. P, & Van den Berg, A. V.
(2016). Visual rehabilitation in chronic cerebral blindness: A randomized
controlled crossover study. Frontiers in Neurology, 7, 92.

Gall, C., Franke, G. H., & Sabel, B. A. (2010). Vision-related quality of life in
first stroke patients with homonymous visual field defects. Health and
Quality of Life Outcomes, 8(1), 1-14.

Gilbert, C.D., Sigman, M., & Crist, R. E. (2001). The neural basis of perceptual
learning. Neuron, 31(5), 681-697.

Godinez, A., Martin-Gonzalez, S., Ibarrondo, O., & Levi, D. M. (2021). Scaf-
folding depth cues and perceptual learning in VR to train stereovision: A
proof of concept pilot study. Scientific Reports, 11(1), 10129. https://doi.
org/10.1038/s41598-021-89064-z

Gutnisky, D. A, Hansen, B. J,, lliescu, B. F.,, & Dragoi, V. (2009). Attention
alters visual plasticity during exposure-based learning. Current Biology,
19(7),555-560.

Huxlin, K. R., Martin, T., Kelly, K., Riley, M., Friedman, D. I., Burgin, W. S., &
Hayhoe, M. (2009). Perceptual relearning of complex visual motion after
V1 damage in humans. Journal of Neuroscience, 29(13), 3981-3991.

Kang, D.-W., Kim, D., Chang, L.-H., Kim, Y.-H., Takahashi, E., Cain, M. S.,
Watanabe, T., & Sasaki, Y. (2018). Structural and functional connectiv-
ity changes beyond visual cortex in a later phase of visual perceptual
learning. Scientific Reports, 8(1), 1-9.

Karmarkar, U.R., & Dan, Y. (2006). Experience-dependent plasticity in adult
visual cortex. Neuron, 52(4), 577-585.

Kasten, E., Wiist, S., Behrens-Baumann, W., & Sabel, B. A. (1998). Computer-
based training for the treatment of partial blindness. Nature Medicine,
4(9), 1083-1087.

Open Access

NAMGUNGET AL.

Kerkhoff, G. (2000). Neurovisual rehabilitation: Recent developments and
future directions. Journal of Neurology, Neurosurgery & Psychiatry, 68(6),
691-706.

Kim, Y.-H., Cho, A.-H., Kim, D., Kim, S. M., Lim, H. T,, Kwon, S. U, Kim, J. S., &
Kang, D.-W. (2019). Early functional connectivity predicts recovery from
visual field defects after stroke. Journal of Stroke, 21(2), 207.

Kim, Y.-H., Kang, D.-W., Kim, D., Kim, H.-J., Sasaki, Y., & Watanabe, T.
(2015). Real-time strategy video game experience and visual perceptual
learning. Journal of Neuroscience, 35(29), 10485-10492.

Law, C.-T., & Gold, J. I. (2008). Neural correlates of perceptual learning in
a sensory-motor, but not a sensory, cortical area. Nature Neuroscience,
11(4),505-513.

Lee, E. J., Kim, D., Kim, Y. H., Namgung, E., Lee, J. H., Sasaki, Y., Watanabe,
T., & Kang, D. W. (2023). Digital therapeutics with visual discrimination
training for cortical blindness in patients with chronic stroke. Journal of
Stroke, 25(3), 409-412. https://doi.org/10.5853/j0s.2023.00276

Leske, M. C., Heijl, A., Hyman, L., Bengtsson, B., & Group, E. M. G. T. (1999).
Early manifest glaucoma trial: Design and baseline data. Ophthalmology,
106(11),2144-2153.

Lin, Y, Lan, Y., & Wang, S. (2022). A novel method for improving the per-
ceptual learning effect in virtual reality interaction. Multimedia Tools and
Applications, 81(15),21385-21416.

Lu, Z.-L., & Dosher, B. A. (2022). Current directions in visual perceptual
learning. Nature Reviews Psychology, 1(11), 654-668.

Meditec, C. Z. (2010). Humphrey field analyzer Il-i series, user manual. Carl
Zeiss Meditec Inc.

Namgung, E., Kim, Y. H., Lee, E. J,, Sasaki, Y., Watanabe, T.,, & Kang, D. W.
(2024). Functional connectivity interacts with visual perceptual learning
for visual field recovery in chronic stroke. Scientific Reports, 14(1), 3247.
https://doi.org/10.1038/s41598-024-52778-x

Papageorgiou, E., Hardiess, G., Schaeffel, F., Wiethoelter, H., Karnath, H.-O.,
Mallot, H., Schoenfisch, B., & Schiefer, U. (2007). Assessment of vision-
related quality of life in patients with homonymous visual field defects.
Graefe’s Archive for Clinical and Experimental Ophthalmology, 245(12),
1749-1758.

Pollock, A., Hazelton, C., Rowe, F. J., Jonuscheit, S., Kernohan, A., Angilley, J.,
Henderson, C. A., Langhorne, P, & Campbell, P. (2019). Interventions for
visual field defects in people with stroke. Cochrane Database of Systematic
Reviews, 5(5), CD008388.

Reinhard, J., Schreiber, A., Schiefer, U., Kasten, E., Sabel, B., Kenkel, S.,
Vonthein, R., & Trauzettel-Klosinski, S. (2005). Does visual restitution
training change absolute homonymous visual field defects? A fundus
controlled study. British Journal of Ophthalmology, 89(1), 30-35.

Rowe, F. J,, Conroy, E. J, Bedson, E., Cwiklinski, E, Drummond, A,
Garcia-Finana, M., Howard, C., Pollock, A., Shipman, T., Dodridge,
C., Maclntosh, C.,, Johnson, S., Noonan, C., Barton, G., & Sackley,
C. (2017). A pilot randomized controlled trial comparing effec-
tiveness of prism glasses, visual search training and standard
care in hemianopia. Acta Neurologica Scandinavica, 136(4),
310-321.

Sabel, B. A. (2006). Vision restoration therapy and raising red flags too early.
British Journal of Ophthalmology, 90(5), 659-660.

Sabel, B. A, & Kasten, E. (2000). Restoration of vision by training of residual
functions. Current Opinion in Ophthalmology, 11(6), 430-436.

Sagi, D. (2011). Perceptual learning in vision research. Vision Research,
51(13),1552-1566.

Sahraie, A., Trevethan, C. T, MacLeod, M. J., Murray, A. D., Olson, J. A,
& Weiskrantz, L. (2006). Increased sensitivity after repeated stimula-
tion of residual spatial channels in blindsight. Proceedings of the National
Academy of Sciences, 103(40), 14971-14976.

Saionz, E. L., Busza, A., & Huxlin, K. R. (2022). Rehabilitation of visual
perception in cortical blindness. Handbook of Clinical Neurology, 184,
357-373.

858017 SUOWIWOD SAIERID 3(dedl|dde 8y Aq peussnob afe ssppiie YO ‘8sh Jo sejni 1o} Akeid18Ul|UO AB|IA UO (SUOTIPUOD-PUE-SWBYLO A 1M A1 1pUTIUO//:STY) SUORIPUOD PUe SWie | 81 89S *[1202/50/0£] uo ArigiTauluo A8 * Aisieaiun Buy-Buny - Axuqi Buy-Bunyd Ad Szg €a1a/200T 0T/10p/LI0d A8 1M AIq1 Ul jUO//SdNY WOl papeojumod 'S ‘vZ0Z ‘ZE06.5T2


https://doi.org/10.1523/JNEUROSCI.1076-14.2014
https://doi.org/10.1038/s41598-021-89064-z
https://doi.org/10.1038/s41598-021-89064-z
https://doi.org/10.5853/jos.2023.00276
https://doi.org/10.1038/s41598-024-52778-x

NAMGUNG ET AL.

Brain and Behavior

Saionz, E. L., Tadin, D., Melnick, M. D., & Huxlin, K. R. (2020). Functional
preservation and enhanced capacity for visual restoration in subacute
occipital stroke. Brain, 143(6), 1857-1872.

Sasaki, Y., Nanez, J. E., & Watanabe, T. (2010). Advances in visual per-
ceptual learning and plasticity. Nature Reviews Neuroscience, 11(1), 53—
60.

Schoups, A., Vogels, R., Qian, N., & Orban, G. (2001). Practising orienta-
tion identification improves orientation coding in V1 neurons. Nature,
412(6846),549-553.

Urbanski, M., Coubard, O. A, & Bourlon, C. (2014). Visualizing the
blind brain: Brain imaging of visual field defects from early recov-
ery to rehabilitation techniques. Frontiers in Integrative Neuroscience, 8,
74.

Wilson, C. J., & Soranzo, A. (2015). The use of virtual reality in psychology: A
case study in visual perception. Computational and Mathematical Methods
in Medlicine, 2015, 151702.

Winstein, C. J,, Stein, J,, Arena, R., Bates, B., Cherney, L. R,, Cramer, S. C,,
Deruyter, F., Eng, J. J., Fisher, B., Harvey, R. L., Lang, C. E., MacKay-Lyons,
M., Ottenbacher, K. J., Pugh, S., Reeves, M. J,, Richards, L. G., Stiers, W.,
Zorowitz, R.D., & American Heart Association Stroke Council, Council on
Cardiovascular and Stroke Nursing, Council on Clinical Cardiology, and
Council on Quality of Care and Outcomes Research. (2016). Guidelines
for adult stroke rehabilitation and recovery: A guideline for healthcare

WILEY- 2™

professionals from the American Heart Association/American Stroke
Association. Stroke; A Journal of Cerebral Circulation, 47(6), e98-e169.

Zhang, X., Kedar, S., Lynn, M., Newman, N., & Biousse, V. (2006). Natural
history of homonymous hemianopia. Neurology, 66(6), 901-905.

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Namgung, E., Kwon, S. U., Han, M.-K,,
Kim, G.-M,, Kim, H. Y., Park, K.-Y., Cho, M., Choi, H.-G., Nah,
H.-W., Lim, H. T., & Kang, D.-W. (2024). Digital therapeutics
using virtual reality-based visual perceptual learning for visual
field defects in stroke: a double-blind randomized trial. Brain
and Behavior, 14,e3525. https://doi.org/10.1002/brb3.3525

858017 SUOWIWOD SAIERID 3(dedl|dde 8y Aq peussnob afe ssppiie YO ‘8sh Jo sejni 1o} Akeid18Ul|UO AB|IA UO (SUOTIPUOD-PUE-SWBYLO A 1M A1 1pUTIUO//:STY) SUORIPUOD PUe SWie | 81 89S *[1202/50/0£] uo ArigiTauluo A8 * Aisieaiun Buy-Buny - Axuqi Buy-Bunyd Ad Szg €a1a/200T 0T/10p/LI0d A8 1M AIq1 Ul jUO//SdNY WOl papeojumod 'S ‘vZ0Z ‘ZE06.5T2


https://doi.org/10.1002/brb3.3525

	Digital therapeutics using virtual reality-based visual perceptual learning for visual field defects in stroke: A double-blind randomized trial
	Abstract
	1 | INTRODUCTION
	2 | METHODS
	2.1 | Participants and study design
	2.2 | Randomization and intervention
	2.3 | Outcome measures
	2.4 | Statistical analyses

	3 | RESULTS
	3.1 | Participant characteristics
	3.2 | Primary outcome measures
	3.3 | Secondary outcome measures
	3.3.1 | HVF changes in the defective hemifield and the whole field within the training groups
	3.3.2 | HVF changed scores between the training groups
	3.3.3 | VPL performance and safety measures


	4 | DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	ORCID
	PEER REVIEW

	PATIENT CONSENT STATEMENT
	CLINICAL TRIAL REGISTRATION
	REFERENCES
	SUPPORTING INFORMATION


