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Abstract

AU : Pleaseconfirmthatallheadinglevelsarerepresentedcorrectly:Visual problems are common in people who have neurological injury or disease, with deficits

linked to postural control and gait impairment. Vision therapy could be a useful intervention

for visual impairment in various neurological conditions such as stroke, head injury, or Par-

kinson’s disease. Stroboscopic visual training (SVT) has been shown to improve aspects of

visuomotor and cognitive performance in healthy populations, but approaches vary with

respect to testing protocols, populations, and outcomes. The purpose of this structured

review was to examine the use of strobe glasses as a training intervention to inform the

development of robust protocols for use in clinical practice. Within this review, any studies

using strobe glasses as a training intervention with visual or motor performance–related out-

comes was considered. PubMed, Scopus, and ProQuest databases were searched in Janu-

ary 2023. Two independent reviewers (JD and RM) screened articles that used strobe

glasses as a training tool. A total of 33 full text articles were screened, and 15 met inclusion/

exclusion criteria. Reported outcomes of SVT included improvements in short–term mem-

ory, attention, and visual response times, with emerging evidence for training effects trans-

lating to balance and physical performance. However, the lack of standardisation across

studies for SVT protocols, variation in intervention settings, duration and outcomes, and the

limited evidence within clinical populations demonstrates that further work is required to

determine optimal strobe dosage and delivery. This review highlights the potential benefits,

and existing research gaps regarding the use of SVT in clinical practice, with recommenda-

tions for clinicians considering adopting this technology as part of future studies in this

emerging field.

Author summary

Visual problems are common in people who have neurological disease and can affect bal-

ance and walking. Vision therapy could be a useful intervention for visual problems in

various neurological conditions such as stroke, head injury, or Parkinson’s disease. Stro-

boscopic visual training (SVT) is a type of visual training that involves the use of specialist
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S, Morris R (2023) Stroboscopic visual training:

The potential for clinical application in neurological

populations. PLOS Digit Health 2(8): e0000335.

https://doi.org/10.1371/journal.pdig.0000335

Editor: Danilo Pani, University of Cagliari:

Universita degli Studi Di Cagliari, ITALY

Published: August 23, 2023

Copyright: © 2023 Das et al. This is an open access

article distributed under the terms of the Creative

Commons Attribution License, which permits

unrestricted use, distribution, and reproduction in

any medium, provided the original author and

source are credited.

Funding: This work forms part of a PhD study

being undertaken by JD and has been funded by a

Northumbria University PhD studentship in

collaboration with Senaptec Inc. (Beaverton,

Oregon, USA) (PIs: RM and SS). This work was

also supported by a British Geriatric Society

Movement Disorder Research Grant (PI: SS). SS

(co-author) is supported, in part, by a Parkinson’s

Foundation Post-doctoral Fellowship for Basic

Scientists (PF-FBS-1898-18-21) and a Clinical

Research Award (PF-CRA-2073). The funders had

no role in study design, data collection and

analysis, decision to publish, or preparation of the

manuscript.

https://orcid.org/0000-0001-7006-6695
https://orcid.org/0000-0001-7128-9452
https://doi.org/10.1371/journal.pdig.0000335
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pdig.0000335&domain=pdf&date_stamp=2023-08-23
https://doi.org/10.1371/journal.pdig.0000335
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


glasses equipped with liquid crystal technology lenses. These lenses regulate visual infor-

mation by producing an intermittent clear and opaque flicker effect without light or flash

being used. Training with these glasses has been shown to improve aspects of visuomotor

and cognitive (thinking) performance in healthy populations, but approaches to training

vary. Here, we examine the use of strobe glasses as a training intervention with the aim to

help develop protocols for use in clinical practice. We found evidence that SVT can

improve visual skills, with the potential to enhance aspects of physical performance such

as balance. However, we also found a lack of standardisation across studies for SVT proto-

cols, and there was limited evidence for use of SVT within clinical populations. Our

review not only highlights the potential benefits of using SVT in clinical practice but also

emphasises where there are gaps in the current research. Based on our finding, we have

made recommendations to help guide future research in this emerging field.

1. Introduction

The concept of visual training (also known as vision therapy) as a noninvasive intervention for

visual impairment has been around for almost a century. Unlike lenses, prisms, filters, and

occluders, which compensate for vision problems, or eye surgery that alters the anatomy of the

eye or surrounding muscles, visual training uses sensory-motor-perceptual stimulation to

enhance visual skills (such as eye movement control and eye coordination) as well as visual

processing [1–4]. Vision training has also been used to enhance visual performance in healthy

individuals [5,6], where oculomotor exercises or interruption of normal visual input have been

associated with changes in motor function and improved physical performance [7–9]. Strobo-

scopic visual training (SVT) is a form of vision training aimed at improving aspects of visual

and cognitive-perceptual performance [1]. SVT has taken a number of different forms since its

first use over 20 years ago from the application of strobe lights in dark settings to digitally con-

trolled eyewear [7,10]. Research has indicated that SVT may result in improved visual–motor

actions such as driving performance [11], as well as reductions in symptoms that result from

visual–motor conflict, such as motion sickness [12,13].

Interest in the use of SVT as a sports training tool began a decade ago following the findings

of a study by Appelbaum and colleaguesAU : Pleasenotethatallinstancesof }etal:}inthemaintexthavebeenchangedto}andcolleagues; }asperPLOSstyle:, which showed improved attention and motion detec-

tion following SVT in cohorts of university team–based athletes [9]. Subsequent studies using

SVT in healthy individuals have shown promising results in improving visual acuity [14],

visual attention [15], and visuomotor performance [16–18]. While research has yet to identify

the exact mechanisms of action driving SVT, the approach is based on the basic premise that

by intermittently disrupting vision, individuals reduce their reliance on visual feedback. This

may lead to increased sensitisation and better visual skills when they return to normal visual

conditions, as well as resulting in more effective utilisation of other sensory modalities, such as

kinaesthetic awareness and auditory information [1]. Indeed, stroboscopic visual perturbation

has been shown to be a valid assessment method for sensory dependence, promoting sensory

reweighting and improving balance control [19–21].

Visual problems are common in people who have neurological injury or disease, such as

stroke and traumatic brain injury or Parkinson’s disease [22], with deficits linked to postural

control and locomotion impairment [23]. Vision therapy, particularly SVT, could be a useful

intervention for visual impairment in various neurological conditions. Indeed, vision therapy

has been used for treatment of binocular and accommodative dysfunctions, strabismus,

amblyopia, oculomotor dysfunctions in acquired brain injury and mild traumatic brain injury

(concussion) and visual information processing disorders [4,24]. However, it is unclear how to
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implement visual training to intervene in visual impairment within clinical populations. For

example, within mild traumatic brain injury, visual training duration varies depending on the

diagnosis and the patient, typically ranging from several months to longer periods of time [4].

Clinicians or researchers who wish to use or investigate visual training methods are left with-

out any clear guidance on how to implement such methods. Therefore, a structured review

with recommendations on specific visual training methods is warranted. A previous review of

the impact of SVT showed initial efficacy of SVT in improving visual performance in healthy

individuals [1], but little information about the SVT methodology was reviewed. In order to

develop robust interventional protocols, it is important to understand how SVT has been effec-

tively deployed, such as what cohorts it has been used in (healthy, clinical, etc.), duration of

training, strobe frequency, type of SVT device, exercises coupled with SVT, etc.

The purpose of this review is to identify all previously peer-reviewed research that has

investigated the use of strobe glasses as a training intervention with a visual or motor perfor-

mance related outcome in healthy and clinical populations. The review aimed to (1) examine

the methods involved in SVT; (2) present the commonly reported outcomes and explore how

SVT influences these; and (3) provide clinical and future research recommendations.

2. Methods

2.1 Search strategy

An initial online search of 3 databases (PubMed [PM], Scopus [S], and ProQuest [PQ]) was

carried out in January 2023 using the search terms shown in Fig 1. The search was limited to

full journal articles written in the English language published from 1950 to January 2023.

Duplicates were deleted and an initial title screen was performed by the reviewer (JD). After

the initial title screen, abstracts were uploaded to the Rayyan application (https://www.rayyan.

ai/) and reviewed by 2 independent reviewers (JD and RM). Full text screens were carried out

if it was not clear from the title or abstract whether the study met the review criteria.

2.2 Inclusion and exclusion criteria

Articles were included if they reported use of stroboscopic vision (SV) as a training interven-

tion. Only original research articles using human participantsAU : PleasenotethatasperPLOSstyle; donotusethewordsubjectsforhumans:Hence; }subjects}hasbeenchangedto}participants}inthesentence}Onlyoriginalresearcharticlesusinghumanparticipantswereincluded; utilising:::}were included, utilising

Fig 1. Search strategy used to screen for relevant articles included in this review. This illustrates the key terms used

for this review.

https://doi.org/10.1371/journal.pdig.0000335.g001
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stroboscopic eyewear during a defined training period to produce intermittent vision and

impact on visual and/or motor performance. Studies were excluded if they investigated the

immediate influence of SV on task performance [19–21,25–31], if SVT was applied as part of a

multifaceted visual training intervention [32–34], if the study used alternative methods of

delivering strobe effects (e.g., vertical cyclinders) [35], or if it investigated effects on motion

sickness without a visual or functional motor outcome [12]. Three studies were excluded on

the basis that they were theses generated from graduate projects and not fully peer reviewed

[14,36,37]. A further 2 studies were excluded on the basis that they were exploring changes in

cortical activation as a result of SVT [38,39]. Any abstracts, commentaries, discussion papers

or review articles, or conference proceedings were also excluded.

2.3 Data extraction

Data were extracted and synthesised into table format by the reviewer (JD), and a second

reviewer (RM) confirmed the entered data (Tables 1–4). Information included participant

groups and characteristics, type of eyewear used (including strobe settings where available),

study protocols, and key findings.

3. Results

3.1 The evidence base

The search strategy generated a total of 217 papers (Fig 2). After duplicates, a total of 185

papers were yielded from the search. An initial title/abstract screening by the first reviewer

(JD) resulted in 33 articles of interest plus an additional 3 papers identified from separate

sources. Four papers were excluded following the abstract screen leaving 32 papers requiring

full text review by the first and second reviewers (JD and RM). A consensus was made for

inclusion of 16 articles for review by the study team. Two papers by Hülsdünker and colleagues

reported separately on the same sample of 32 elite badminton athletes and are therefore con-

sidered as a single study for the purposes of this review [40,41].

3.2 Study populations

3.2.1 Participants. Recruitment was predominantly through university student cohorts

or professional/elite sports teams, with participants aged in their late teens or twenties; 2 of

these studies involved participants with a history of ankle injury, but participants were other-

wise fit and healthy. One study explored the immediate effect of SVT on people with a neuro-

logical condition (multiple sclerosis; MS) [42]. Both male and female were recruited to the

majority of studies (n = 12) except for 3 studies that recruited only male participants

[18,43,44]. Three papers did not report specific gender characteristics [9,15,45]. (Table 1).

3.2.2 Eligibility criteria. Seven studies recorded no exclusion criteria for their partici-

pants [15,43,44,46–49]. The remaining 8 studies identified seizures/epilepsy, migraines, and/

or a history of neurological disorder as reasons for individuals not to take part (Table 1). Inclu-

sion criteria were generally focused on level of sporting ability except in the case of the later

studies where participants were recruited based on an underlying health condition [42] or a

musculoskeletal injury [50].

3.3 Cohort structure

3.3.1 Sample size. Participant sample sizes varied greatly between the studies with num-

bers ranging from a pilot study of 3 [44] to the earliest study by Appelbaum and colleagues

who had 157 participants [9].
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Table 1. Participant characteristics, diagnosis, eligibility criteria and design, and aims of the reviewed studies.

Author Participants Diagnosis Inclusion Criteria Exclusion Criteria Study Design and Aims

Appelbaum et al.

(2011)

157 participants

University students

and athletes

None: healthy

population

Not recorded H/O Seizures

Migraines

Sensitivity to light

• Pretest posttest study

• Effects of SVT on:

1. Motion sensitivity

2. Peripheral vision and dual-

task attention

3. Sustained attention

Appelbaum et al.

(2012)

Experiment 1:

77 university students

SVT group (n = 40)

Control group (n = 37)

Experiment 2:

33 university students

None: healthy

population

Not recorded Not recorded • Pretest posttest study

1. Immediate effect of SVT on

visual memory

2. 24-hourAU : Pleasenotethatallunitsoftimehavebeenfullyspelledouttoenforceconsistencythroughoutthetext:retained effect of

SVT on visual memory

Bennett et al.

(2018)–Experiment

2*

52 adults

- mean age 22.3 years

3 experimental groups:

Normal vision

Vapor Strobe

PLATO

1 control group (no

practice)

None: healthy

population

Normal/corrected to normal

vision

>7,500 hours playing computer

games

• Experiment 2 of a pretest

posttest study

• Effect of SVT on acquisition

of multiple object avoidance

task

Braly and DeLucia

(2020)

Experiment 1:

60 university students

(30 M, 30 F)

- age range: 18–41

years

Experiment 2:

60 university students

(30 M, 30 F)

- age range: 18–35

years

None: healthy

population

• Normal/corrected to normal

vision

Not recorded • Pretest posttest study

• Effects of SVT on:

1. Time-to-collision

judgements of approaching

objects

2. Time-to-collision

judgements of laterally moving

objects

Ellison et al. (2020) 62 male mixed ability

sports participants

- age 19–25 years

SVT group (n = 31)

Control group (n = 31)

None: healthy

population

Novice to the eye–hand

coordination task

Epilepsy • Pretest posttest study

• Effects of SVT on eye–hand

coordination

Hülsdünker et al.

(2019)

10 top level badminton

players (1 M, 9 F)

- mean age: 23 years

SVT group (n = 5)

Control group (n = 5)

None: healthy

population

Regular participation in national

and international badminton

tournaments

Visual acuity: = 20/20+ (on

Landolt test)

H/O migraine

Epileptic seizures

Any neurological disorder (not

specified) that would

contraindicate SVT

• Longitudinal pretest posttest

study

• Effects of SVT on visuomotor

performance and neural visual

function

Hülsdünker et al.

(2021): Part 1 and

Part 2

32 young elite

badminton athletes (21

M, 11 F)

- Mean age: 13.7 years

SVT group (n = 16)

Control group (n = 16)

None: healthy

population

Competitive at national-level

badminton

History of epilepsy, migraine

History of neurological or

psychiatric disorder

• Longitudinal pretest posttest

study

• Part 1: Short- and long-term

effects of SVT on reaction

speed in elite athletes

• Part 2: Effect of SVT on

reaction time

Kim et al. (2021) 73 adults (42 M, 31 F)

- Mean age: 28.9 years

Balance training group

(n = 26)

SVT group (n = 26)

Control (n = 26)

CAI International Ankle Consortium

inclusion criteria

recommendations

Mental and physical autonomy

History of other MSK in lower

limbs

Self-reported vestibular or

balance dysfunction

Acute ankle sprain within last 6

weeks

Recent surgery

Epilepsy or history of seizures

• Pre-test post- test single-blind

randomised controlled study

• Effects of SVT on dynamic

balance

(Continued)
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3.3.2 Control groups. All 15 studies included a control group. In an attempt to reduce

bias, 4 of these studies had control participants wearing stroboscopic eyewear with the lenses

in a permanently transparent (nonstrobing) state [9,15,46] and 1 study used lens-free glasses

[42]. Wilkins and Gray applied a constant fast strobe setting to their control group participants

in an attempt to combat the potential for differing motivation and effort levels compared to

the variable SVT group [48].

Table 1. (Continued)

Author Participants Diagnosis Inclusion Criteria Exclusion Criteria Study Design and Aims

Mitroff et al. (2013) 11 male ice hockey

players

- age range: 20–27

years

SVT group (n = 6)

Control group (n = 5)

None: healthy

population

Professional ice hockey players Not recorded • Pilot pretest posttest study

• Effects of SVT on ice hockey

puck placement

Shalmoni and

Kalron (2020)

26 PwMS (10 M, 16 F)

- mean age: 47.9 years

Multiple

Sclerosis (MS)

Diagnosed with MS

Age: 25–55 years

EDSS+: 2.0–5.5

Ability to understand and

execute simple instructions

H/O migraine

Epileptic seizures

Contraindication to physical

activity

Cognitive impairment

Pregnancy

Severe uncorrected visual

deficits

MS relapse /corticosteroid/

disease modifying treatment

within 90 days

Depression

Participating in other cognitive

impairment trial

• Pretest posttest single-blind

randomised cross-over study

• Effects of SVT on cognitive

function, gait, and static

balance performance in PwMS.

Smith and Mitroff

(2012)

30 university

participants (12 M, 18

F)

SVT group (n = 15)

Control group (n = 15)

None: healthy

population

First come first served Not recorded • Pretest posttest study

• Effects of SVT on anticipatory

timing

Symeonidou and

Ferris (2022)

40 adults (20 M, 20 F)

- Mean age: not

recorded

SVT group (n = 20)

Control group (n = 20)

None: healthy

young adults

None specified Neurological, orthopaedic, or

musculoskeletal condition

Lower limb surgery

• Longitudinal pretest posttest

randomised parallel group trial

• Effects of SVT on balance

Wilkins and Gray

(2015)

30 undergraduate

athletes (18 M, 12 F)

- mean age: 22.5 years

None: healthy

population

Normal/corrected to normal

vision

Member of a sports club/team

Between 5–20 years sport

experience

No exclusion criteria • Pretest posttest study

• Effects of SVT on visual

attention, motion perception,

and catching performance

Wilkins et al. (2018) 3 male elite youth

football keepers

3 matched controls

- age range: 16–19

years

None: healthy

population

Elite level

In full-time football training

Not recorded • Pilot mixed methods case

study

• Effects of SVT on visual and

perceptual skill

• Qualitative exploration of

participant experience of SVT

Zavlin et al. (2019) 22 adult medical

students (14 M, 8 F)

- mean ages 23.6–24.2

years

SVT group (n = 11)

Control group (n = 11)

None: healthy

population

Enrolled medical students

No prior surgical experience

Not recorded • Pretest posttest study

prospective randomised-

control trial

• Effects of SVT on proficiency

of surgical task

*Study reported 2 experiments. Experiment 1 examined effects of SV on performance of a multiple object tracking task and did not meet the eligibility criteria for this

review; therefore, only findings from Experiment 2 will be considered.
+EDSS, Expanded Disability Status Scale.

https://doi.org/10.1371/journal.pdig.0000335.t001
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Table 2. Stroboscopic eyewear, settings, training protocol, test points, and key findings.

Strobe settings Frequency/duration

of training

Total strobe time

(min)

Intervention/task Key findings

Nike Vapor Strobes

Appelbaum et al.

(2011)

Modulated frequency

Levels 1–6 (6–1.75 Hz)

Modulated frequency

Levels 2–4 (5–3 Hz)

Cohort 1
(In lab)

2 or 4 sessions × 27

minutes

Cohort 2
(Ultimate frisbee)

4 sessions × 20–28

minutes

Cohort 3
(Varsity football)

9 or 10 sessions × 15–

30 minutes

54–300 Catching drills

Throwing drills in stationary and

running situations.

Speed and agility drills

Improved motion detection*
Improved central attention*
No change in sustained

attention

Appelbaum et al.

(2012)

Experiment 1: Fixed frequency

or modulated frequency

depending on drill

Levels 1–6 (6–1.75 Hz)

Experiment 2

Fixed frequency or modulated

frequency depending on drill

Levels 1–6 (6–1.75 Hz)

Cohort 1
(In lab)

2 sessions × 27

minutes

Cohort 2
(Varsity soccer)

6 or 7 sessions ×
15–45 minutes

Cohort 3
(Varsity basketball)

5 or 6 sessions ×
15–40 minutes

(In lab)

2 sessions × 27

minutes

54–315

54

Turn and catching drills

Passing and dribbling drills

Agility and ball handling drills

Turn and catching drills

Improved short-term memory

capacity*
Retention of increased short-

term memory capacity*

Bennett et.al.

(2018)

Fixed frequency

Level 6 (1.8 Hz)

Single session

Time not recorded

ApproximatelyAU : PleasenotethatasperPLOSstyle;donotusethesymbol � inprosetomeanaboutorapproximately:}Hence;allinstancesofthissymbolhavebeenreplacedwith}approximately}throughoutthetext:30

minutes

Computer-based multiple object

avoidance task

Improved acquisition of

multiple object avoidance task*
Ellison et al (2020) Fixed frequency

Level 3 (4 Hz)

Single session × 5–7

minutes

5–7 Electronic light board Improved EHC at all 3 retention

test points*
Mitroff et al.

(2013)

Modulated frequency

Levels 1–8 (1–6 Hz)

16 sessions ×�10

minutes

160 Ice hockey skills on/off ice, e.g.,

skating, passing, balance,

conditioning

Improved passing/shot

accuracy*

Smith and Mitroff

(2012)

Fixed frequency

Level 3 (4 Hz)

Single session ×
5–7 minutes

5–7 Anticipation practice using

Bassin Timer—(participants

press button on wired response

wand)

Improved anticipatory timing

accuracy immediately after

training*
Improved consistency in timing

estimates immediately after

training and 10 minutes later*
Wilkins et al

(2018)

Modulated frequency

Levels 1–8 (1–6 Hz)

7 weeks

14 sessions x 45

minutes; 1 x 5

minutes

635 Tennis ball catching drills

Goalkeeper specific drills using

football

Improved visual response time~

SVT had no effect on attention,

anticipation, and hand–eye

coordination

Senaptec strobes

Hülsdünker et al.

(2021) Parts 1 and

2

Preprogrammed frequency

15–8 Hz (duty ratio: 50%–

70%)

10 weeks

10 sessions × 10–15

minutes

11.1–85.6 Court-based badminton drills

Exercises with ball-machine

Improved visuomotor reaction

time*

Kim et al. (2021) Modulated frequency

Levels 1–8

(1–6 Hz)

6 weeks

18 sessions × 20

minutes

360 Circuit of 6 progressively more

difficult balance exercises

Improved anterior reach*
Improved perceived ankle

stability*
Symeonido and

Ferris (2022)

Fixed frequency of opaque

phase

0.1 Hz

Single session ×
30 minutes

30 Walking on a treadmill mounted

balance beam

Improved dynamic balance (as

indicated by a reduction in step-

offs)*
(Continued)
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Table 2. (Continued)

Strobe settings Frequency/duration

of training

Total strobe time

(min)

Intervention/task Key findings

Zavlin et al.

(2019)

Fixed frequency

Level 4

120 Hz

5 weeks

5 sessions

Time not recorded

Not known Surgical tasks (knot ties, sutures,

stitches)

Improved surgical

performance*

MJ Impulse Strobes

Hülsdünker et al.

(2019)

Modulated frequency

5–6 Hz (duty cycle 50%–70%)

12–20 × 12–15

minutes

108–300 Badminton-specific training

drills

Improved visuomotor

performance*
No effect on neural function.

Visionup glasses

Shalmoni and

Kalron (2020)

Fixed frequency

30 Hz

Duty ratio: 50%

2 sessions Separated

by 2-week washout

period

1 × 40–50 minutes

with strobes

1 × 40–50 minutes

normal vision

40–50 Ball catching drills Improved information

processing speedAU : PleaseprovidefootnotestatementforasterisksinTable2orremovethemfromthetablebody:*
No differences in gait and

balance outcomes

PLATO goggles

Braly (2020) Fixed frequency

Level 3 (4 Hz)

Single session

5–7 minutes

5–7 Screen-based task involving

moving objects

No significant effect on time-to-

collision judgements

Wilkins and Gray

(2015)

Modulated frequency

8–1 Hz

8 × 20 minutes

1 × 5 minutes

165 Ball catching drills Improved motion-in-depth

sensitivity

No differences found between

fixed strobe and variable strobe

settings

*indicates a statistically significant improvement compared to control group

~No statistical analysis performed.

https://doi.org/10.1371/journal.pdig.0000335.t002

Table 3. Posttraining test points.

Study Test points

Immediate 10 minutes 24 hours 10 days 2 weeks 4 weeks 6 weeks

Appelbaum et al. (2011) ✓

Appelbaum et al. (2012) ✓ ✓

Braly et al. (2020) ✓

Bennet et al. (2018) ✓

Ellison et al. (2020) ✓ ✓ ✓

Hülsdünker et al. (2019) ✓

Hülsdünker et. al. (2021) ✓ ✓

Kim et al. (2021) ✓

Mitroff et al. (2013) ✓

Shalmoni and Kalron (2020) ✓

Smith and Mitroff (2012) ✓ ✓ ✓

Symeonido and Ferris (2022) ✓ ✓

Wilkins and Gray (2015) ✓

Wilkins et al. (2018) ✓ ✓

Zavlin et al. (2019) ✓

https://doi.org/10.1371/journal.pdig.0000335.t003
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3.4 Study protocols

3.4.1 Stroboscopic devices. Five different commercially available brands of eyewear

device were used to provide stroboscopic visual disruption across the 15 studies (Table 2). The

most common devices to feature in the studies were the Nike Vapor Strobe (NikeAU : PleasenotethatasperPLOSstyle; donotuseInc:; Ltd:; etc:exceptasappropriateintheaffiliations:Hence; }Inc:}hasbeenremovedfromallinstancesof }Nike}throughoutthetext:, Beaverton,

OR) (n = 7) [9,15,18,43,44,49] and the newer version of the eyewear, the Senaptec Strobes

(n = 4) [40,41,47,50,51]. Other devices included the Visionup Strobe glasses (n = 1) [42], Plato

goggles (n = 2) [46,48], and MJ Impulse (n = 1) [16].

3.4.2 Strobe settings. Of the 15 studies, 7 studies used a single fixed frequency to deliver

their stroboscopic training. There were a number of different set frequency settings employed

Table 4. List of measured variables in the 15 studies.

Visual measures Motor performance measures

Symeonido and

Ferris (2022)

Dynamic balance

Kim et al. (2021) Dynamic balance

Hülsdünker et al.

(2021) Part 1

Visual perception and reaction Sport-specific performance task (ball-

racquet)

Shalmoni and Kalron

(2020)

Cognitive function

Verbal/nonverbal memory

Executive function

Visual spatial processing

Verbal function

Attention

Information processing speed

Motor skills

Gait and balance

Walking speed

Stride time

Stride length

Cadence

Static balance

Ellison et al. (2020) Reaction time

Hand–eye coordination

Visual search

Braly et al. (2020) Time-to-collision judgements (of approaching

and laterally approaching of objects)

Zavlin et al (2019) Surgical task performance (suturing)

Hülsdünker et al.

(2019)

Visual processing Sport-specific performance task

(badminton smash defence)

Bennett et al. (2018) Visual attention

Wilkins et al. (2018) Processing speed

Divided attention

Selective attention

Sustained attention

Anticipation

Visual response speed

Hand–eye coordination

Response inhibition

Visual spatial working memory

Wilkins et al. (2015) Motion-in-depth sensitivity

Processing speed

Divided attention

Tennis ball catching

Mitroff et al. (2013) Sport-specific performance task (ice

hockey passing/shot accuracy)

Smith et al. (2012) Eye–hand coordination

Anticipation

Appelbaum et al.

(2012)

Short-term visual memory

Appelbaum et al.

(2011)

Motion sensitivity

Divided attention

Multiple object tracking

https://doi.org/10.1371/journal.pdig.0000335.t004
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in these studies: 4 Hz [18,46,49], 30 Hz (duty ratio: 50%) [42], 1.8 Hz [45], 0.1 Hz [51], and 120

Hz [47] (Table 2). Seven studies adopted a variable frequency approach [9,16,40,43,44,48,50].

Appelbaum and colleagues used both a fixed and a modulated strobe frequency depending on

the drill [15].

3.4.3 Frequency and duration of interventions. Four studies conducted a single, one-off

session of SVT lasting from 5 minutes [18,46,49] to a maximum of 50 minutes [42]. The

remaining studies (n = 11) provided multiple sessions of SVT over periods of up to 10 weeks

with Wilkins and colleagues reporting a maximum accumulated total of 635 minutes of strobe

time [44] (Table 2). There was also significant variability of training duration within studies.

For example, in Appelbaum and colleagues’s study, total strobe time ranged from 54 to 300

minutes [15].

3.4.4 Training intervention. Strobe glasses were worn while undertaking physical tasks

such as throwing and catching drills (n = 4) [9,15,42,48] or sport-specific activities such as

skating and passing drills in ice hockey [43], goalkeeping drills in football [44], or court-based

Fig 2. PRISMA Search Strategy (Search updated January 2023).

https://doi.org/10.1371/journal.pdig.0000335.g002
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badminton drills [16,40,41]. Two studies applied SVT while participants undertook activities

specifically designed to challenge their balance. Kim and colleagues used a multimodal exercise

programme performed over 6 weeks, while Symeonidou and colleagues used a single session

of balance beam walking [50,51]. Four studies had participants undertaking SVT while per-

forming machine or screen-based reaction time tasks [18,45,46,49], and 1 study had partici-

pants practicing surgical tasks under stroboscopic conditions [47] (Table 2).

3.4.5 Posttraining test points. Table 3 demonstrates that across the reviewed studies, 14

posttests occurred immediately after the training with 6 of those studies also recording reten-

tion-test data ranging from delays of 10 minutes [18,49], 24 hours [15], 10 days [18,49], 4

weeks [44], and 6 weeks [40]. Mitroff and colleagues conducted a single posttest 24 hours after

their last training session [43].

3.5 Outcomes

3.5.1 Outcome measures. The majority of studies (n = 11) explored SVT outcomes in

relation to either a specific visual ability such as reaction timing or hand–eye coordination

[18,40,49], visual memory [15], or visual processing [9,16,46,48], or a battery of visual out-

comes [42,44] (Table 4). Of the studies that addressed visual ability, some utilised a stand-

alone unit such as a Bassin Timer to measure a single visuomotor outcome (anticipatory tim-

ing) [49], whereas other studies use computerised software (e.g., MATLAB/Psychophysics

Toolbox/NeuroTrax Mindstreams) [9,15,16,42,45], online assessment tools [44,48] or special-

ist sensory assessment devices [18,40]. Hülsdünker and colleagues used neurophysiologic

investigations (via electroencephalography) to identify modulations in the participants’ visuo-

motor performance and visual perception speed [16].

Of those studies, a further 3 also measured sport-specific performance tasks [16,40,44], and

1 captured gait and balance metrics as a secondary outcome [42]. Four studies included only

motor performance measures; dynamic balance [50,51], precision of puck placement in ice

hockey [43], and performance of suturing task [47] (Table 4).

3.5.2 Interpretation of outcomes. SVT had a positive effect on several different visual

and motor performance outcomes (Table 2), for example, central field motion sensitivity [9],

short-term memory capacity [15], processing speed [48], and eye–hand coordination [18].

Conversely, SVT was found to have no significant effect on outcomes that were based on more

sustained visual stimuli or stimuli appearing in the peripheral visual field [9].

3.6 User experience

Only 2 of the reviewed studies made reference to the participant experience of undertaking

SVT [44,48]. Wilkins and colleagues used a custom-made questionnaire that was administered

prior to the posttesting session to determine if there were any motivational differences between

the fixed strobe and variable strobe training groups [48]. Analysis of these data revealed no sig-

nificant group differences in enjoyment, motivation, or effort. Wilkins and colleagues con-

ducted semistructured interviews with 3 elite footballers and were the only researchers to

include a qualitative component to their data collection [44]. Three themes were identified

through thematic analysis of the interview data: (1) the belief that SVT improved visual and

perceptual skills (notably reactions, judgement, and focus); (2) the belief that SVT improved

on-field goalkeeping performance; and (3) the belief that SVT was both effortful and enjoyable

[44]. No studies explored the participant experience of using stroboscopic glasses with regard

to comfort and wearability, although Shalmoni and Kalron did make reference to their func-

tionality and ease of use [42].
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3.7 Safety and adverse events

Reporting of safety issues or adverse events was not included in the aims of any of the studies

in this review. None of the studies identified any safety issues or adverse events as a result of

participants using strobe glasses.

4. Discussion

This structured review examined 15 studies that reported the use of SVT in healthy and clinical

populations with the aim to summarise the impact of SVT on visual and/or motor perfor-

mance. All research studies identified in this review were conducted since 2011, making SVT a

relatively new area of study. A major strength of SVT compared to other paper or computer-

based visual training tools is that it allows for training to take place in real-world environ-

ments. However, its application in a variety of different training contexts has led to significant

variability between and within interventions. In this review, we sought to determine what

research has been conducted in neurological cohorts, as previous evidence suggests that train-

ing visual skills may benefit symptoms in this population.

4.1 Participants

With the vast majority of studies including only healthy young participants, the generalisability

of findings from this review to older or clinical populations is limited. Recruitment was pre-

dominantly through university cohorts or sports teams (with the exception of the study by

Shalmoni and Kalron, which was based in an MS specialist medical centre) [42] with sample

sizes varying across the studies (i.e., n = 6 to 157). A history of epilepsy/seizures, migraines (or

more broadly “neurological disorder”) were commonly cited exclusion criteria, although 7 of

the reviewed articles made no reference to exclusion criteria, which is perhaps reflective of the

fact that the earlier studies were from nonclinical sporting disciplines involving young and

healthy individuals. Reporting biases in relation to participant demographics also limit cross-

study comparisons. To understand the potential application and efficacy of SVT in clinical

populations, further studies conducted in different clinical cohorts and older populations are

required. Some authors selected to use nonstrobing eyewear for their control group partici-

pants, while others used lens-free glasses or normal vision, but in the absence of a true placebo

or blinding option, it is not possible to determine whether motivational effects exist. Indeed,

the one study that collected qualitative data regarding SVT revealed that participants believed

that their visual, perceptual, and sporting performance all improved as a result of the SVT,

indicating the potential of participant bias in favour of SVT [44]. Research is needed to deter-

mine whether SVT is perceived as positively by participants from clinical populations in order

to identify the most appropriate control methods for future study protocols.

4.2 Protocols

4.2.1 Stroboscopic devices. There was a lack of standardisation of stroboscopic instru-

mentation employed across the studies. The 5 devices used in the studies all had different man-

ufacturer operating levels, so there was no consistent method of reporting the frequency of the

strobe effect or “blink rate.” For example, the Senaptec Strobes operate at a level between 1 and

8, with level 1 representing the fastest/easiest setting at a frequency of 6 Hz (calculated accord-

ing to the number of transparent-opaque cycles per second) and level 8 representing the slow-

est/hardest setting at a frequency of 1 Hz [52]. In comparison, the Visionup strobes are

adjustable by 10 levels whereby level 1 equates to 1 Hz (based on the frequency of the opaque

phase), and level 10 equates to 150 Hz [53]. Even for studies utilising the same strobe device,
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reporting of the strobe setting varied. For example, Kim and colleagues refer to the operating

levels of the Senaptec Strobes (i.e., levels 1 to 8) [50], whereas Hülsdünker and colleagues

record frequency settings (i.e., 15 Hz to 8 Hz) [40].

The illuminance value (i.e., degree of light transmission provided through the lenses; mea-

sured in lux) was only measured by Bennett and colleagues [45], in relation to the Nike Vapor

Strobes and the PLATO goggles, but was not reported in any of the other papers in this

review. . . The Visionup and MJ Strobe glasses have the option to adjust the “duty ratio” (or

level of brightness of the lenses), to create darker conditions and, therefore, a more challenging

visual environment.

Direct comparisons between studies using different brands of eyewear are therefore con-

founded by the variation in functionality of the different devices, description of lens character-

istics, luminance values, and methods of reporting. This was highlighted by Wilkins and Gray

who suggested that their use of PLATO goggles (as opposed to the Nike Vapor Strobes) may

have contributed to the discrepancy in their findings with previous research [48]. It is evident

from this review that more clarity around strobe frequencies and setting levels is required

(both from manufacturers of the devices and researchers themselves) to provide clear under-

standing and accurate interpretation for future clinical application.

4.2.2 Strobe settings. There was a lack of standardisation with regard to (1) the frequency

of strobe settings and (2) the use of fixed versus variable strobe frequency settings. Smith and

Mitroff examined the effect of SVT delivered at a fixed frequency of 4 Hz (Nike Vapor Strobes:

level 3, 100 ms clear: 150 ms opaque) and found that participants in the intervention group

had significantly better anticipation immediately after a single session of SVT [49]. Subsequent

studies have since used these findings to justify their selection of strobe rate settings [18,46].

The most recent study by Symeonido and Ferris applied a much lower fixed frequency visual

perturbation to participants as they walked on a treadmill-mounted balance beam for 30 min-

utes [51]. Balance performance, in number of step-offs of the beam, improved by 78% for the

SVT group on the same day of the training. While the earlier studies in this review support a

link between visual stimuli and motor learning, Symeonidou and Ferris attributed their much

larger training effect to their use of lower frequency strobe settings [51].

For the 8 studies that adopted a variable frequency approach, training protocols generally

started on the easiest (fastest) strobe setting before the strobe rate was reduced in response to

the correct execution of training drills or to increase task difficulty over time. The exact dura-

tion with which participants trained at each strobe level was poorly documented in the major-

ity of studies, making it difficult to extrapolate the findings (Table 2).

The study by Wilkins and Gray was the only one to directly compare training with a fixed

strobe rate and a variable strobe rate [48]. Motion in depth sensitivity significantly improved

posttraining, but no significant differences were found between the fixed and the variable rate

groups. Further work is therefore required not only to determine whether there is an optimal

frequency of strobe setting required for both visual and motor learning to occur but also to

establish whether the effects of SVT are greater (or indeed reduced) if participants remain on a

fixed strobe frequency [1].

4.2.3 Frequency and duration of interventions. This review demonstrates that there was

significant variability regarding the frequency, duration, and number of SVT interventions

carried out within the studies (a finding that has been reported across other forms of vision

therapy) [54,55]. Interventions ranged from a single session of SVT to multiple sessions over

10 weeks (Table 2). Further complicating interpretation in this review is the lack of clarity pro-

vided about the intervention protocols in some papers. For example, Zavlin and colleagues

found that SVT had a significant positive effect on the performance of surgical suturing tasks

by medical students after 5 sessions of training, but no detail is provided on how long each
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training session lasted [47]. This makes it difficult to make comparisons between studies

because the exact duration of SVT is not known.

In this review, immediate visual improvements were reported after a single session lasting

as little as 5 to 7 minutes in some studies [18,49]. This is a significantly lower duration than the

4- to 8-week length of visual training that has been shown to be effective in previous nonstro-

boscopic research involving athletes [5,56,57]. In contrast with the findings of Smith and Mitr-

off and Ellison and colleagues [18,49], however, 5 minutes of SVT was not sufficient to

improve time to collision judgements of approaching objects in Braly and colleagues’ study

[46]. The differing protocols in this review mean that currently no conclusions can be drawn

regarding the optimal frequency and duration of SVT that is necessary for a successful out-

come in any population.

4.2.4 Training interventions. The lack of standardised training interventions across the

studies in this review reflects the fact that SVT allows for training to take place in a variety of

“real-world” contexts in addition to more controlled laboratory-based settings. Furthermore,

the reporting of the precise details of the training interventions were vague in a number of the

studies due to the logistical constraints imposed by using athletic populations, which limits

interpretation of their findings [9,15,43]. While some studies using athletic populations did

provide a detailed description of the SVT intervention (for example, Hülsdünker and col-

leagues described 2 badminton-specific protocols), making inferences on these studies remains

challenging due to the sport-specific nature of the interventions provided.

Nike developed a series of videos showing exercises for SVT in 2010s. These mostly com-

prised variations on simple ball catching tasks (such as the wall-ball catch, the front catch, the

turn and catch, and the power ball drop). These exercises formed the basis of interventions for 3

of the reviewed studies [42,44,48]. Kim and colleagues also used throwing/catching exercises

alongside static and dynamic balance tasks as part of their SVT intervention [50]. Unlike the

study by Shalmoni and Kalron who implemented ball drills intended for athletes in an interven-

tion for people with MS [42], to our knowledgeAU : PleasenotethatasperPLOSstyle; thephrase}toourknowledge}shouldbeaddedifthereisapriorityclaim:Hence; thisstatementhasbeenaddedtothesentence}UnlikethestudybyShalmoniandKalronwhoimplementedball:::}, Kim and colleagues’ study is the first to demon-

strate how SVT might be used to increase the challenge of standardised exercises, thereby

further improving sensorimotor control [50]. Their intervention is supported by the findings of

Symeonido and colleagues, who also used SVT to enhance the effects of balance training [51].

Further work is required to determine how best to proceed with the introduction of strobo-

scopic training protocols in clinical populations. Evidence from this review suggests that one

approach would be to use strobe glasses as an adjunct to existing rehabilitation practices

whereby interventions are composed of standardised exercise programmes performed with

and without stroboscopic glasses.

4.2.5 Posttraining test points. Posttests were carried out within 24 hours in all the stud-

ies, providing evidence of the immediate effects of SVT on a range of outcomes. Retention-test

data, which are arguably of more interest in relation to the clinical application of SVT, were

collected in only 4 of the studies, which limits our understanding of the long-term effectiveness

of SVT in any population. Future studies are required to determine whether the effects of SVT

last beyond 4 to 6 weeks and, indeed, whether the duration and frequency of SVT affects

retention.

4.3 Outcomes

Various outcomes were used to assess the efficacy of SVT across the studies, including mea-

sures of visual skills (e.g., reaction time, visual memory, processing speed) and motor perfor-

mance (e.g., balance, sport-specific skills). The paper by Shalmoni and Kalron was one of only

4 studies to include measures of both visual and motor function [42]. They demonstrated
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immediate improvements in information processing speed in people with multiple sclerosis

after a single SVT session lasting between 40 and 50 minutes [42]. Their primary findings were

largely consistent with the other studies in healthy adults, which have reported visual improve-

ments following SVT [9,15,16,48,49]. In contrast with the improvements seen in information

processing speed, however, no differences were observed in gait and balance outcomes after

the single SVT session [42]. However, Symeonido and Ferris found that a single 30-minute ses-

sion of SVT while walking on a treadmill-mounted balance beam was sufficient to enhance

motor performance in young healthy adults [51]. These findings provide strong support for

the beneficial training effects of using SVT for task-specific dynamic balance training at least

in younger adults and highlight the need for future clinical studies to consider their choice of

outcomes in relation to the SVT tasks being provided.

4.4 User experience

None of the studies in this review included any participant feedback with regard to the usabil-

ity of the glasses. A study by Wilkins and colleagues was novel in its inclusion of qualitative

data collection methods, but the small sample size (n = 3) and lack of detail pertaining to the

methodological and analytical processes limits the credibility and transferability of their find-

ings [58]. The lack of work evaluating the acceptability of SVT is perhaps surprising given that

wearable comfort is recognised as a key factor affecting end user adoption [59]. Exploring the

wearability of the strobe glasses and understanding the needs of the user are particularly

important in clinical populations as these are factors likely to influence engagement with SVT

within rehabilitation [60–62].

4.5 Safety and adverse effects

No adverse events were reported in any of the studies in this review, which is somewhat sur-

prising given that prior research suggests that there may be the potential for individuals to

experience irritation or headaches as a result of working under stroboscopic lighting condi-

tions [63,64]. In their methodology, Kim and colleagues did state that “the training session was

stopped if dizziness or any adverse event was observed,” but no further reference was made to

this in the paper so it is not known how many (if any) participants experienced adverse events

as a result of the SVT [50]. Hülsdünker and colleagues reported that “only training drills with-

out head rotation were used” and later recommended that “exercises involving head rotation

movements should be avoided because the vestibulo–ocular information mismatch may

induce discomfort and increase the risk of injuries” [40]. It is unclear how the authors came to

this conclusion, as there was no reporting on adverse events in this paper. Wilkins and Appel-

baum and Carrolla and colleagues both acknowledge the potential for “physical hazards” as a

result of training in conditions of interrupted vision, but this is again an area that has not been

explored in any of the SVT studies to date [1,65].

The potential for experiencing adverse effects such as trips or falls as a result of disrupted

vision, or symptoms of discomfort due to the strobe effect, may be even greater in older indi-

viduals or those living with long-term conditions because of their dependence on visual input

to compensate for sensory or motor losses [66,67]. Future studies therefore need to explore the

feasibility of SVT in clinical populations to determine if individuals are able to safely tolerate

the strobe effect without experiencing discomfort or unsteadiness.

5. Clinical implications

The variation in how SVT research has been carried out means that there is still no consensus

with regard to the optimal length of training with strobes (per session and total length) and the
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most effective strobe frequency at which to train. Furthermore, with all but one study [42]

being conducted in healthy cohorts, there is insufficient evidence to inform decisions about

the use of SVT in areas of clinical practice involving older adults or individuals with long-term

conditions such as Parkinson’s disease, stroke, and MS. Despite these limitations, the findings

of this review suggest that SVT may have a role to play in healthcare. SVT can enhance visual

skills with some evidence for training effects translating to balance and physical performance

in both healthy and clinical populations [42,51]. Although it is still not known whether SVT

can have a functional impact, multiple sessions of training (as opposed to a single session) are

likely to be required to demonstrate any potential effect on outcomes such as balance and gait

in clinical populations [42]. The strobe glasses themselves are lightweight and portable and

therefore have the potential to be used, with supervision, in a variety of different settings,

which has significant implications for clinical practice as rehabilitation becomes more commu-

nity based [68]. However, “buy in” to the strobe glasses by health professionals is likely to be

affected by the current lack of evidence to support their effectiveness in clinical populations as

well as the need to provide one-to-one supervision to individuals while using them [69]. “Buy

in” from patient populations may be limited by the fact that the strobe effect could be disorien-

tating for people with existing visual or balance deficits and because of the extra challenge they

add to performance.

Fig 3. Recommendations for future research in clinical populations.

https://doi.org/10.1371/journal.pdig.0000335.g003
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Conclusions and recommendations for future research

The purpose of this paper has been to review the scientific literature that has tested the impact

of SVT on visual and motor performance in different populations. The functional implications

of SVT beyond sport-specific skill performance remain unclear, and the lack of standardised

approach to studying the effects of SVT limits understanding and application to clinical prac-

tice. Despite these limitations, our review informs this emerging field. Future trials involving

SVT should be adequately powered to ensure that statistically significant effects can be

detected and preregistered prior to data collection to provide transparency about the research

methods used and improve credibility of findings. Fig 3 outlines our recommendations for

future research in this field.
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Morris.

Project administration: Julia Das, Richard Walker, Gill Barry.

Supervision: Richard Walker, Gill Barry, Rodrigo Vitório, Samuel Stuart, Rosie Morris.
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