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Abstract

Purpose

We conducted a systematic review and meta-analysis to understand the impact of traumatic
brain injury (TBI) on visual attention and whether different components and processes of
visual attention (such as selective, sustained, divided, and covert orientation of visual atten-
tion) are affected following brain injury.

Methods

A literature search between January 1980 to May 2021 was conducted using Medline, Sco-
pus, PubMed, and Google Scholar databases was undertaken for studies that assessed
visual attention using different tasks that target specific or multiple components of visual
attention. Three hundred twenty-nine potentially relevant articles were identified, and 20
studies met our inclusion criteria.

Results

A total of 123 effect sizes (ES) were estimated from 20 studies that included 519 patients
with TBI and 530 normal participants. The overall combined ES was statistically significant
and large (ES = 0.92), but with high heterogeneity (Q = 614.83, p < 0.0001, I? = 80.32%).
Subgroup analysis showed that the impact of TBI severity, with the ES for moderate-severe
TBI significantly higher than mild TBI (t (112) = 3.11, p = 0.002). Additionally, the component
of visual attention was differentially affected by TBI (F (2, 120) = 10.25, p<0.0001); the ES
for selective attention (ES = 1.13) and covert orientation of visual attention (ES = 1.14) were
large, whilst for sustained attention, the ES was medium at 0.43. A subgroup analysis com-
paring outcome measures showed that reaction time (ES = 1.12) was significantly more
affected compared to performance accuracy (ES = 0.43), F (1, 96) = 25.98, p<0.0001).

Conclusion

Large and significant deficits in visual attention was found following TBI which can last for
years after the initial injury. However, different components of visual attention were not
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affected to the same extent, with selective visual attention and orientation of visual attention
most affected following TBI.

Introduction

Traumatic brain injury (TBI) is a form of induced structural brain damage that is typically
caused by an external force sufficient to disrupt normal brain function [1, 2]. It is estimated
that 69 million people sustained a TBI annually worldwide, and this injury may result in death
and disability depending on the severity and type of injury [3]. Although the improvement of
medical care has increased, many individuals with TBI continue to experience a variety of dis-
abilities that affect their daily living such as driving, reading, and quality of life [4].

TBI is frequently associated with a myriad of cognitive deficits, particularly affecting atten-
tion and memory processes [5, 6]. Commonly, cognitive processes have been assessed using
visual tasks and stimuli because of the ease with which visual attention can be manipulated
and measured. Additionally, established models have been proposed that have accounted for
how visual attention operates detect and process of information [7, 8]. Visual attention typi-
cally refers to a set of different cognitive mechanisms/processes that allow the brain to selec-
tively attend to and process information within the visual scene [9]. Particularly, visual
attention aids in the selection of relevant information and inhibition of other irrelevant
information.

Visual attention can be goal driven (endogenous/ top-down) in which there is a voluntary
direction of attention to a specific location in the visual field (for review see: [10], or stimulus
driven (exogenous/bottom-up) in which salient components of the stimulus (such as colour,
contrast) attracts attention [11, 12]. The operation of visual attention has been traditionally
described as a moveable spotlight or zoom lens which allows the brain to focus or attend to a
small spatial area (space-based) within the visual field [13], or it can be selective for object fea-
tures (object-based) that are not specific to a location [14, 15]. Visual attention, based on object
features can be driven by stimulus properties such as colour and shape or reflect Gestalt princi-
ples such as object grouping and good continuation [16, 17].

While the definition of visual attention is still debatable, there is agreement regarding the
multiple categories/components of attention which accounts the ways in which attention can
be utilised/deployed to acquire information [18, 19]. For example, visual attention can be
directed so that it is selective for certain information, divided across multiple objects, sustained
over a period or oriented towards a specific location. Selective visual attention describes the
ability to choose relevant visual information whilst simultaneously ignoring irrelevant infor-
mation. This component of visual attention can be achieved by directing visual attention to
specific object/objects in the environment [15]. Divided visual attention refers to the ability to
attend to two or more stimuli at the same time [20]. Sustained visual attention relates to the
ability to maintain attention to a specific visual stimulus/stimulus over time without fluctua-
tion in performance [18, 19]. Finally, the orientation of visual attention refers to the ability to
direct/allocate attention to specific spatial location in the visual field [21]. It is important to
note that these different components of attention do not operate independently, but frequently
in combination to acquire relevant information.

Evidence for deficits in attention following TBI has been observed for selective visual atten-
tion [21-24], divided visual attention [23], sustained visual attention and orientation of visual
attention [25-28]. However, other studies have failed to find evidence for any deficits in visual
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attention [29-32]. Differences in outcomes between studies might be because of two main rea-
sons. First, studies have assessed visual attention using patients with different TBI severities
(e.g., mild, moderate, and severe), and have not considered the possible impact of TBI severity
on visual attention. It is possible that deficits in visual attention are more pronounced in more
severe cases of TBI, but that remains to be empirically and clearly established. Second, it is dif-
ficult to judge the impact of different methods and approaches employed to investigate visual
attention processes in TBI patients on study outcomes. It is possible that methodological con-
siderations such as task difficulty construct validity and stimulus design which is not equated
across different studies may mean that some methods may be more effective in detecting visual
attention deficits in TBI. For example, selective visual attention has been assessed using multi-
ple tasks, including visual search, Useful field of view test (UFOV), and cancelation tasks [21-
24, 30, 33], and the findings of these studies are mixed in regard to whether visual attention is
affected following TBI. Indeed, our recent systematic review (see Walz et al.) has suggested
that methodological approaches are a source of heterogeneity in studies that have examined
attentional deficits following TBI.

Overall, it is possible that methodological differences, severity as well as factors such as
post-injury period, age, and educational level between studies may be contributing factors in
increase in the difficulty in understanding whether and how visual attention is affected by TBI
[34, 35]. Additionally, the type of outcome measure may also be differentially affected by TBI.
Previous studies have measured TBI patients on dependent variables such as performance
accuracy, reaction time, completion time, and composite scores using an aggregate of numer-
ous other measures (see [5, 28]). Importantly, it remains to be established whether these differ-
ent outcome measures are affected by TBI to the same extent, and a source of variability
between studies that employ different outcome measures.

Though previous studies have investigated visual attention following TBI, there is at present
little consensus regarding the extent of this deficit and whether experimental factors such as the
type of visual attention task, the component of visual attention investigated, and dependent var-
iable(s) measured differentially affects study outcomes. In the present review, we conducted a
qualitative and a meta-analysis to quantify the effect size relating visual attention deficits accom-
panying TBI, and how factors such as the component of visual attention, injury severity, out-
come measure and post injury period contribute to the impact of TBI on visual attention deficit.

We conducted a comprehensive search for articles in which both patients with TBI and
matched controls completed a visual attention task. Patients with TBI were defined and classi-
fied based on the Glasgow Coma Scale (GCS) and duration of post-traumatic amnesia (PTA).
On GCS scale, the patient with the score between 13-15, loss of consciousness (LOC) less than
30 minutes, and PTA less than 24 hours is considered having mild TBI while a patient with the
score between 9-12, LOC between 30 minutes and 24 hours, and PTA between 1 and 7 days is
considered as moderate TBI. A patient is considered having severe TBI if the GCS score
between 3-8 and LOC greater than 24 hours and PTA greater than 7 days [2, 36]. Studies that
have assessed visual attention can be categorized into one of four components based on the
theoretical distinctions in the visual attention literature. This categorization includes selective
visual attention, divided visual attention, sustained visual attention, and covert orientation of
visual attention [19, 20, 37].

Methods
Literature search and inclusion criteria

A comprehensive literature search was undertaken using electronic databases, including Med-
line, Scopus, PubMed, and Google Scholar databases. The search terms that were used to
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attention”, “sustained visual attention”, “covert orientation of visual attention”, “attention allo-
cation”, “traumatic brain injury”, “concussion” in various combinations. Search terms and
strategy can be found in Table 1. Studies published between January 1980 to May 2021 that
examined visual attention following TBI were included. A backward search was performed
from the reference list of eligible studies to avoid any missing relevant article. This review was
conducted according to PRISMA guidelines for reporting systematic review and meta-analysis
[38] The study protocol was registered with PROSPERO (CRD42020199419).

Studies were included if they met the Population-Intervention-Comparison-Outcome
(PICO) principle, as shown in Table 1 [39]. The meta-analysis was conducted using data only
from published studies that fulfil the following criteria: (a) published in a peer-reviewed jour-
nal; (b) published in English language; (c) case-control study design; (d) if injury severity and
post-injury period were provided; (e) studies that measured accuracy and/or reaction time as a
performance measure of visual attention and (f) if study results were reported in an extractable
format (means and standard deviations). Fig 1 shows the selection procedure for studies
included for analysis. All studies included in this meta-analysis assessed visual attention using
visual stimuli and those studies that used other sensory stimuli, such as auditory stimuli, were
excluded. Case reports, case series, animal studies, systematic reviews, studies conducted on
children and studies that used dual-task paradigm where participants perform two tasks simul-
taneously or used visual attention tasks that involve inhibitory control were also excluded.
Studies adopting a dual-task paradigm was excluded in this review because they assess execu-
tive functions such as inhibition and switching which is known to be impaired following TBI
[40-42], and typically both visual and auditory stimuli are used which does not meet the inclu-
sion criteria of the review which included only studies that focussed only on vision.

Table 1. PICO principles and Medline search strategy employed in the present review and in accordance with the
PRISMA statement.
“PICO” principles

Population (P) | Adults over 18 years and over who have had a traumatic brain injury TBI (mild, moderate, or
severe). Patients with TBI were defined and classified based on the score of a common scaling
system known as Glasgow Coma Scale (GCS) and duration of post-traumatic amnesia (PTA).
Studies that recruited participants under 18 years, participants who diagnosed with other
neurologic conditions or non-human studies were excluded.

Intervention (I) | Human participants with TBI with no intervention versus healthy controls

Comparison Control participants with comparable age, gender, and IQ
©

Outcome (O) | Percentage accuracy and/or reaction time as measures of performance on the visual attention task
Search strategy used in Medline database

Traumatic brain injury or TBI

Head injury

Concussion

Visual attention

Selective visual attention

Divided visual attention

Sustained visual attention

Covert orientation of visual attention

O [0 [N [N W N =

Attention allocation

—_
(=}

lor2or3

—
—

4or5o0r6or7or8or9
12 10and 11

https://doi.org/10.1371/journal.pone.0268951.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0268951 June 9, 2022 4/20


https://doi.org/10.1371/journal.pone.0268951.t001
https://doi.org/10.1371/journal.pone.0268951

PLOS ONE

Visual attention following TBI

_5 Recodes identified through database Additional recodes idertified through
§ search reference lists of selected articles
= n=329 n=8
§ ( ) l l (n=8)
Recodes after duplication removed
— (n=337)
; ]
= Number of records excluded as
@ Records screened irrelevant research question or
& (n=337) " not comply with the inclusion
criteria
— l (n=268)
Full text articles assessed N Ber o arti des aiiveed
for eligibility "
= (n=35)
£ (n=55)
® l = Non-extractable data
= (=2)
Articles included for the = Nocontrol group (r=1)
_ qualitative synthesis = Review papers (n=3)
(n=20) = Irrelevant experiment
G paradigms (n=16)
l Irrelevart research
E Articles included for the question (n=13)
3 quantitative synthesis
£ (Meta-analysis)
(n =20)
)

Fig 1. A schematic representation of the search and selection process for studies that were excluded and included
in the present study.

https://doi.org/10.1371/journal.pone.0268951.g001

Relevant articles were identified through the literature search by the first author (MA) and
studies that met the inclusion criteria were extracted. The first author screened title and
abstracts and consulted the last author (SKK) regarding the suitability of the articles for the
study and for articles that involve complex visual attention tasks or articles that did not clearly
report the component of visual attention that was investigated. The text was reviewed for eligi-
ble studies and data were extracted for further analysis.

Data extraction and preparation

Data were extracted and collated into an electronic spreadsheet. The following information
was extracted: name of the first author, year of publication, mean age of participants, mean
and standard deviation (SD) of performance on the visual attention tests (accuracy or reaction
time or both), TBI severity, post-injury period and sample sizes of cases and controls. The data
was extracted using WebPlot Digitizer in studies that reported the mean and SD on graphs
[43]. If the standard error of the mean (SEM) was reported in the graph, the SEM was con-
verted to SD by multiplying SEM by the square root of the sample size. All studies included in
the meta-analysis had complete datasets and reported descriptive statistics (i.e., means, SD,
SEMs, and sample sizes) suitable for effect size calculations, and there were no missing data.

The Joanna Briggs Institute (JBI) appraisal for systematic reviews was used to assess the risk
of bias for each individual study [44]. This tool is used for quality assessment, including meth-
odological quality and possibility of bias in its design, conduct and analysis. The majority of
included studies met the checklist requirements as shown in Table 2, and therefore, the risk of
bias was low.

Effect size calculations

Hedges’ g (Hedges, 1985) effect sizes were calculated for all visual attention performance
results (accuracy or reaction time) by dividing the difference between the mean of the visual
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Table 2. The outcomes of an assessment of risk of bias of published studies included in the qualitative and quantitative analyses of the present review.

Author and Were the | Were cases and | Were the same Was Was Were Were Were Was the Was
year groups controls criteriaused | exposure | exposure | confounding | strategiesto | outcomes exposure appropriate
comparable matched for measured | measured factors deal with | assessedin | period of statistical
other than | appropriately? | identification ina in the same | identified? | confounding |a standard, | interestlong analysis
the presence of casesand | standard, | way for factors valid and | enough to be used?
of disease in controls? validand | cases and stated? reliable | meaningful?
cases or the reliable | controls? way for
absence of way? cases and
disease in controls?
controls?
Robertson Yes Yes Yes Yes NA Yes No Yes Yes Yes
etal. (2017)
Schmitter- Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
Edgecombe
et al. (1998)
Malojcic Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2008)
Mclntire Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2006)
Cremona- Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
Meteyar
etal. (1992)
Bate et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(2001)
Donkelaar Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2005)
Crenona- Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
Meteyar
et al. (1994)
Hills et al. Yes Yes Yes Yes NA Yes No Yes Yes Yes
(1998)
Pavlovskaya Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2007)
Ponsford Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (1992)
Heinze et al. Yes Not clear Not clear Yes NA Yes Yes Yes Yes Yes
(1992)
Halterman Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2006)
Ziino et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(2006)
Slovarp et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(2012)
Wu et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(2020)
Stuss et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(1989)
Kim et al. Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
(2009)
Hill-Jarrett Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
etal. (2015)
Willmott Yes Yes Yes Yes NA Yes Yes Yes Yes Yes
et al. (2009)
Note: Yes: Low risk of bias, No: high risk of bias; NA: Not applicable.
https://doi.org/10.1371/journal.pone.0268951.t002
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attention performance results of cases and controls by the pooled standard deviation (SD)

[45]. The effect size 95% confidence interval (CI) was calculated following the method
described by Hedges and Olkin [46]. Hedges’ g was used to estimate effect size (and not
Cohen’s d) because a number of studies (8 out of 20) included in the present study had small
or unequal sample sizes, which statistic takes into consideration. According to Cohen’s criteria,
a small effect was defined if g<0.3, a moderate effect if g is 0.3-0.5, and a large effect g>0.5
[47]. A positive Hedges’ ES indicates the TBI group performed poorer than the control group,
while a negative Hedges’ ES indicates TBI group performed better than the control group.

Statistical analysis

Data were entered into Excel and analyses were performed using Excel workbooks provided
by Meta-Essentials and Graph Pad Prism 8 Software [48]. The random effect model was used
to determine the combined ES and standard error for eligible studies [49]. The same method
was used to determine the combined effect size for the different components of visual attention
(selective visual attention, sustained visual attention, and covert orientation of visual atten-
tion), TBI severity (mild and moderate-severe), and the type of outcome measures (accuracy
and reaction time). To determine whether the combined ESs were statistically significant, one
sample t-tests were conducted to determine if they were significantly different from zero.
Unpaired t-test (parametric) were used to compare the combined ES for each severity and out-
come measure. One-way ANOVA was used to compare the combined ESs of the different
components of visual attention following TBI. Tukey’s post-hoc comparison tests were used
for significant effects. Two-way ANOVAs were used to determine whether the combined ES
for each outcome measure (accuracy and reaction time) is dependent on TBI severity (between
mild and moderate-severe TBI) or component of visual attention (selective, sustained, and
covert orientation of visual attention). Post-hoc analyses were conducted on significant effects
using Sidak’s test for multiple comparisons.

The heterogeneity across studies was examined using the Q and I” statistics [48]. The p-
value was calculated using Q-statistics in which the null hypothesis of homogeneity is rejected
if Q is significant. The degree of heterogeneity was estimated using the I? in which values of
25%, 50% and 75% are considered to be low, medium and high heterogeneity respectively [50].

Results

The literature search resulted in 329 potentially relevant articles. There were 55 abstracts that
met the inclusion criteria. Fig 1 shows the selection process and search outcomes of the current
meta-analysis [51]. A detailed review of the full text revealed a total of 20 articles that met the
inclusion criteria [21, 22, 24-29, 31, 32, 52-61]. Studies that used visual attention tasks and
involved inhibitory control, such as the Stroop and go-no-go task, dual attention and studies
that report the performance as a composite score were excluded based on our exclusion crite-
ria. One study was also excluded because the TBI group was significantly older than the control
group [23].

Qualitative analysis

Table 3 lists the 20 studies that were included in the systematic review and meta-analysis,
along with a summary of participants, TBI severity, post-injury period, task used, outcome var-
iables, and results.

Diagnostic criteria for TBI. The diagnostic criteria for classification of patients with TBI
varied among included studies. The majority of studies have classified the severity of TBI
based on either GCS scores, LOC, PTA, or a combination of these measures. Three studies
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Table 3. Participant summary, task characteristics, and results for the 20 reported articles.

First author Year | TBI | Control | TBIseverity | Postinjury | Meanage (SD) | Visual attention task Stimuli Outcome ES and
n n period (days) | g1 | Control variables significance
Robertsonetal. | 2017 | 30 30 Moderate- 12-89 30.4 29.8 | Visual search Shapes RT 1.17
Severe (13.5) (12.8)
Schmitter- 1998 | 20 20 Moderate- >365 33.1 | 32.4(9.1) | Visual search Letters RT 1.66
Edgecombe et al. Severe (10.1)
Malojcic et al. 2008 | 37 63 Mild 80 313 36.0 | Continuous Letters RT 0.95
(11.2) (12.1) | performance task
Mclntire et al. 2006 | 17 17 Mild 2 22 22(3.9) | RSVP task Letters Accuracy 0.17
(4.2)
Cremona- 1992 | 11 9 Moderate- 365 29.3 | 30.1(9.4) | Posner cueing task Red light RT 1.38
Meteyard et al. Severe (10.5) flash
Bate et al. 2001 | 35 35 Severe 843 28.9 30.2 | Posner cueing task Red LEDs RT 0.25
(11.5) | (10.3)
Donkelaar etal. | 2005 | 20 20 Mild 2 21 21(1.8) | Attention network test | Arrows RT 0.56
(1.7) (ANT)
Cremona- 1994 | 9 12 Mild 14 23 | 22.1(3.9) | Posner cueing task Red light RT 0.19
Meteyard et al. (4.2) flash
Hills et al. 1998 | 20 21 Severe 92 314 31.6 | Cancellation task Lettersand | RT 1.08
(9.8) (12.0) shapes
Pavlovskaya et al. | 2007 | 21 9 Severe 60-150 18-47 | 23-47° | Posner cueing task Simple RT 0.14
* Figurers
Ponsford et al. 1992 | 47 30 Severe 112 23.4 | 25.4(5.9) | Cancellation task Letters RT 1.01
(7.4) Accuracy 0.02
Heinze et al. 1992 | 11 20 Severe >730 NA NA Visual search Shapes RT 2.49
Accuracy 0.65
Halterman etal. | 2006 | 20 20 Mild 2 21 21.6 | Attention network test | Arrows RT 1.65
(1.74) | (1.81) | (ANT)
Ziino et al. 2006 | 46 46 Mild-Severe 240.3 353 34.1 | Complex Selective Lettersand | RT 0.98
(13.1) (10.4) | Attention Task Numbers
Slovarp et al. 2012 | 9 9 Severe 1314 42.1 38.8 | digit cancellation test | Letters RT 7.2
(12.2) (11.5) Accuracy 0.24
Wu et al. 2020 | 45 50 Mild 7 43.8 43.9 | Cancellation task Digits RT 1.31
(152) | (15.2) ER -0.37
Stuss et al. 1989 | 26 26 Mild-Severe 900 30.9 29.7 | Simple/Multiple Shapes RT 0.62
(11.9) (12.4) | Choice Reaction Time
Tests
Kim et al. 2009 | 17 15 Moderate 430 27.8 | 25.1(3.1) | Posner cueing task Shapes RT 4.89
©-8) Accurac 0.84
Y
Hill-Jarrettetal. | 2015 | 12 12 Moderate-to- 2100 28.7 | 25.1(9.8) | Attention network test | Arrows RT 0.86
severe (9.5) (ANT) Accuracy 0.83
Willmott et al. 2009 | 40 40 Moderate to 47 26.3 28(9.8) | Selective Attention Lettersand | RT 1.00
severe 9.1) Task (SAT). Numbers

Note: n = number, ES = combined effect size, RT = reaction time, NA: No data available,

“age range.

https://doi.org/10.1371/journal.pone.0268951.t003

used the American Academy of Neurology [31, 62]. This categorization system uses both the
alteration of mental state and the period of loss of consciousness to classify TBI. One study
used the Mild Traumatic Brain Injury Committee of the American Congress of Rehabilitation
Medicine diagnoses criteria which is based on measures such as LOC, PTA, alteration in men-
tal state, and the focal neurologic deficits [26, 56]. All included studies in the current meta-
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analysis classified injury severity as either mild, moderate, or severe TBI. Six studies investi-
gated visual attention deficits in mild TBI, one study in moderate TBI, 5 studies in moderate-
severe TBI, 6 studies in severe TBI, and 2 studies in different TBI severity including mild, mod-
erate, and severe TBI.

Tasks used to assess visual attention. Several tasks were used to assess visual attention in
patients with TBI in which each task differently targeted selective, sustained, and the covert
orientation of visual attention. There were insufficient number of studies that investigated
divided visual attention and most of the studies that assessed divided visual attention used dual
task paradigm which did not meet our inclusion criteria.

Covert orientation of visual attention was assessed the most (n = 10), followed by selective
visual attention (n = 7), while sustained visual attention was assessed in 4 different studies. The
Posner cueing task was the most commonly used task to assess covert orientation of visual
attention (n = 8) [25, 27, 28, 52, 54, 55, 62, 63]. Covert orientation of visual attention was also
assessed by 2 studies using a modified Posner Cueing Task which was referred to as the visual
non-search task [22, 29]. In this task, the subject was asked to identify a specific target among
multiple distractors (e.g., an alphabet) and the location of the target is cued.

There were 3 studies that used visual search task to assess selective visual attention [22, 29,
53]. Selective visual attention was also assessed by 4 studies using a cancellation task [21, 24,
60, 64]. Sustained visual attention was assessed in 4 studies using continuous performance
task, digit cancellation test, or rapid serial visual presentation (RSVP) task [31, 56, 58, 59].

Participants. Data from a total of 1049 participants from 20 studies contributed to the
meta-analysis. These studies included 519 patients with TBI and 530 control participants. All
studies included in the current meta-analysis matched both groups based on moderator vari-
ables, such as age, gender, and education level. There were 3 studies who matched participants
based on the IQ scores in addition to age, gender, and education level [27, 28, 52]. One study
matched participants based on their parent’s occupational status [22]. A large number of the
studies recruited TBI patients with different causes, including falls, assaults, and/or motor
vehicle accident [22, 27, 29, 54, 58-61, 64]. Four studies recruited patients with sports related
TBI [31, 26, 52]. Six studies that did not report the cause of TBI injury [21, 24, 25, 28, 55, 61].

Publication bias. Publication bias was assessed by a visual inspection of a funnel plots,
and ESs that were beyond 2 SD from the combined ES were excluded. A large number of stud-
ies did fall outside the 95% error intervals, as shown in Fig 2, which indicates that there is a
bias in the studies included in the meta-analysis. A regression asymmetry test showed that
there was significant asymmetry (Egger’s regression test, p < 0.0001). We attribute the signifi-
cant publication bias to the fact that there were different TBI severity among the included stud-
ies as shown in Fig 2.

Quantitative analysis (Meta-Analysis)

All twenty studies were included in the meta-analysis. Effect size was calculated for each per-
formance outcome measure such as performance accuracy and reaction time and combined
ESs were determined for severity (mild, moderate-severe, and severe TBI), outcome measure
(performance accuracy and reaction time) and component of visual attention (selective, sus-
tained, and covert orientation of visual attention; see Introduction for definitions). Most stud-
ies contributed more than one ES measure, which may represent different task conditions and
different time points. For longitudinal studies in which visual attention was assessed more
than one occasion to measure recovery, only results from the first visit was used, because we
were interested in the initial deficit and not any change due to practice or recovery.
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Fig 2. Funnel plot for publication bias. Funnel plot analysis, indicating potential publication bias. The different
symbols represent the severity subgroups which may account for this bias.

https://doi.org/10.1371/journal.pone.0268951.g002

Visual attention following TBI. Table 4 reports the results of the overall ES and the com-
bined ESs for different components of visual attention, TBI severity, and outcome measures,
and these values are plotted in Fig 3. The 20 studies result in a total of 123 ESs represent differ-
ent components of visual attention and conditions. The overall impact of TBI on visual atten-

tion was significant and was large (ES = 0.92, SE = 0.09, p<0.0001), but with significant

Table 4. Key results from the meta-analysis classified in terms of TBI severity, the component of visual attention and the type of outcome measure.

n Combined ES 95% CI Q r
Lower Upper
Component of visual attention Selective visual attention 38 1.13* 0.90 1.35 154.01* 75.98%
Sustained visual attention 33 0.43"** 0.19 0.67 199.22* 83.94%
Covert orientation of visual attention 52 1.14* 0.91 1.37 225.54* 77.39%
TBI severity Mild 25 0.59** 0.31 0.88 157.82* 84.79%
Moderate—severe 89 1.12% 0.95 1.28 367.85" 76.08%
Task outcome measures Accuracy 34 0.37** 0.23 0.70 91.60* 63.98%
Reaction time 89 1.12% 0.53 1.47 351.07* 79.78%
Overall 123 0.92* 0.79 1.06 614.83* 80.32%
Note: n = number of effect sizes, ES = effect size,
*Significant at 0.001 level,
** Significant at 0.01 level,
*** Significant at 0.05 probability.
https://doi.org/10.1371/journal.pone.0268951.t1004
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Aspect of visual attention

heterogeneity (Q = 614.83, p < 0.0001, I* = 80.32%). Also refer S1 Fig for forest plots of indi-
vidual effect sizes of all components of visual attention.

A one-way ANOVA revealed a significant difference between different components of
visual attention (F (2, 120) = 10.25, p<0.0001). Tukey’s multiple comparisons test revealed
that the estimated combined ES for selective visual attention significantly different from and
larger than the ES for sustained visual attention [mean difference (MD) = -0.70, p = 0.0006]
but not significantly different from covert orientation visual attention [mean difference (MD)
=0.01, p = 0.97]. The estimated combined ES for covert orientation visual attention was also
significantly different from and larger than the ES for sustained visual [mean difference (MD)
=-0.71, p = 0002].

Subgroup analyses: Effect of severity and outcome measure. We examined the com-
bined ESs based on TBI severity. Note that there was insufficient data to further categorise
studies on the components of visual attention. Instead, we simply divided TBI severity into
mild and moderate-severe as per conventional reporting. The combined ES for mild TBI was
significant and moderate (ES = 0.59, SE = 0.15 p < 0.001) but with large heterogeneity
(Q=157.82, p < 0.0001, I = 84.79%). For moderate-severe TBI, the combined ES was signifi-
cant with large (ES = 1.12, SE = 0.08, p < 0.001) and with large heterogeneity (Q = 367.85,

p < 0.0001, I? = 76.08%). An unpaired t-test was used to compare the ES for mild and moder-
ate-severe TBI groups. This analysis showed that both groups were significantly different, and
the moderate-severe group had a larger effect size than the mild TBI group (t (112) = 3.11,

p = 0.002), see Table 4.

The combined ES for each outcome measure (accuracy and reaction time) is shown in
Table 4. The combined ES for accuracy was significant, with a medium ES of 0.37, (SE = 0.12,
p < 0.001). There was significant and moderate heterogeneity among the studies that report
the accuracy of performance (Q = 91.60, p<0.001, I” = 63.98%). The combined ES for reaction

Combined n Q 12
: ES
Selective attention o
Sustained attention o 1.13* 38 135.15* 76.32%
Orientation of attention- —o—
; 0.43* 33 199.22* 83.30%
Overall ES- : Rl
1 | I I 1 1

10 05 00 05 10 15 20
Efect size (ES)

Fig 3. Forest plot showing overall and combined effect size. Forest plot of combined ES, 95% CI, number visual attention tasks (n), heterogeneity
(Q) and the magnitude of heterogeneity (I2) of overall, selective visual attention, sustained visual attention, and the orientation of visual attention.

Note: *p <0.01.

https://doi.org/10.1371/journal.pone.0268951.g003
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time was significant and large with an ES of 1.12, (SE = 0.08, p<0.001) with a large heterogene-
ity (Q = 351.07, p < 0.0001, I* = 79.78%). An unpaired t-test confirmed that reaction times
were significantly more affected by TBI than accuracy (t = 5.026, df = 121, p<0.0001).

We additionally performed a sensitivity analysis to examine the robustness of the results for
each outcome measure (accuracy and reaction time). This aids in determining whether the
combined ES and its p-value for each outcome measure by systematically excluding one study
in turn, to rule out the possibility that the effect is driven by one study. The results of this sensi-
tivity analysis are shown in Tables 5 and 6 for accuracy and reaction time outcome measures.
Importantly, this analysis showed that the ES for both outcome measures remained moderate
and significantly different from 0.

Further analysis was conducted to determine whether the combined ES for each outcome
measure (accuracy and reaction time) was dependent on TBI severity (between mild and mod-
erate-severe TBI) which is shown in Fig 4. A 2-way ANOVA revealed a significant main effect
for TBI severity (F (1, 112) = 16.75, p<0.001) and a main effect for outcome measures (F (1,
92) = 11.45, p = 0.001). No significant interaction was observed (F (1, 112) = 0.1889, p = 0.66).
Sidak’s multiple comparisons post-hoc test showed that the combined ES for reaction time
was significantly more impacted compared to accuracy in both mild TBI (MD = -0.64,

p = 0.043) and moderate-severe TBI (MD = -0.50, p = 0.006).

A subgroup analysis was also conducted to determine whether the combined ES for accu-
racy and reaction time outcome measures was dependent on the component of visual atten-
tion, and these combined ESs are shown in Fig 5. A 2-way ANOV A revealed a significant main
effect of outcome measure (F (1, 116) = 34.19, p<0.0001), and no significant effect regarding
the component of visual attention (F (2, 116) = 3.033, p = 0.052) nor a significant interaction
effect (F (2, 116) = 0.86, p = 0.43). Sidak’s multiple comparisons post-hoc test showed that the
combined ES for reaction time was significantly more impacted compared to accuracy across
all components of visual attention (selective visual attention: MD = -1.01, p = 0.0002; sustained
visual attention: MD = -0.70, p = 0.009; covert orientation of visual attention: MD = -0.60,

p =0.017).

Influence of post-injury period duration. A meta-regression analysis was conducted to
assess the effect of post-injury period on the performance in visual attention for different TBI
severity (i.e., patients with mild or moderate-severe TBI). There was insufficient data to con-
sider this analysis for different components of visual attention. The results of the meta-regres-
sion analyses are presented in Fig 6. A total of 114 effect sizes estimated from the 20 studies
were included for the regression analysis and were grouped based on the TBI severity. In this
analysis, two studies [59, 61] were excluded as they included groups of patients with mixed
TBI severities.

Table 5. Outcomes of a sensitivity analysis of studies in which the combined effect size for task accuracy was estimated.

First author Combined ES 95% CI P
Lower Upper

MclIntire et al. (2006) 0.50 0.20 0.79 P < 0.0001
Ponsford et al. (1992) 0.40 0.17 0.62 P < 0.0001
Heinze et al. (1992) 0.35 0.11 0.13 P =0.001
Slovarp et al. (2012) 0.43 0.12 0.69 P < 0.0001
Wu et al. (2020) 0.39 0.17 0.62 P < 0.0001
Kim et al. (2009) 0.36 0.14 0.58 P < 0.0001
Hill-Jarrett et al. (2005) 0.30 0.08 0.50 P =0.003

https://doi.org/10.1371/journal.pone.0268951.t005
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Table 6. The outcomes of a sensitivity analysis of studies used to estimate the combined effect size for reaction time.

First author Combined ES 95% CI P
Lower Upper

Robertson et al. (2017) 1.11 0.94 1.28 P < 0.0001
Schmitter-Edgecombe et al. (1998) 0.89 0.71 1.07 P < 0.0001
Malojcic et al. (2008) 1.13 0.98 1.28 P < 0.0001
Cremona-Meteyard et al. (1992) 1.10 0.95 1.26 P < 0.0001
Bate et al. (2001) 1.20 1.04 1.35 P < 0.0001
Donkelaar et al (2005) 1.14 0.98 1.29 P < 0.0001
Cremona-Meteyard et al. (1994) 1.16 1.00 1.31 P < 0.0001
Hills et al. (1998) 1.12 0.96 1.28 P < 0.0001
Pavlovskaya et al. (2007) 1.14 0.98 1.29 P < 0.0001
Ponsford et al. (1992) 1.12 0.96 1.27 P < 0.0001
Heinze et al. (1992) 1.07 0.92 1.22 P < 0.0001
Halterman et al. (2006) 1.11 0.95 1.26 P < 0.0001
Ziino et al. (2006) 1.12 0.96 1.27 P < 0.0001
Wu et al. (2020) 1.14 0.97 1.30 P < 0.0001
Stuss et al. (1989) 1.15 0.99 1.31 P < 0.0001
Hill-Jarrett et al. (2015) 1.13 0.97 1.29 P < 0.0001
Willmott et al. (2009) 1.12 0.96 1.27 P < 0.0001

https://doi.org/10.1371/journal.pone.0268951.t006

For mild TBI, the relationship between effect sizes and post-injury period was not signifi-
cant as shown in Fig 6A (R* = 0.00015, p = 0.96). In addition, the regression line intercepts the
X-axis at 5979 days or approximately 16 years, suggesting that the recovery from visual atten-
tion deficits might not occur at least within the first three months following the initial injury
and remains unchanged for longer periods. In contrast, in moderate-severe TBI, the relation-

ship between effect sizes and post-injury period was statistically significant, (R* = 0.1245,

p = 0.003) as shown on Fig 6B, and the regression line intercepts the X-axis at 2167 days or

approximately 6 years indicating improvements in visual attention over time.
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Fig 4. A forest plot showing subgroup analysis based on TBI severity (mild and moderate-severe) for accuracy and

2.0

https://doi.org/10.1371/journal.pone.0268951.g004
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Fig 5. Forest plot showing subgroup analysis of different the components of visual attention. Forest plot of
combined effect size, 95%CI, for accuracy and reaction time for selective visual attention, sustained visual attention,
and the orientation of visual attention.

https://doi.org/10.1371/journal.pone.0268951.g005

Discussion

In the current review, a qualitative and quantitative analysis was undertaken to investigate col-
lectively whether and how visual attention is affected by TBI. In particular, we investigated
whether factors such as the component of visual attention, TBI severity, and visual attention
outcome measures (particularly accuracy and reaction times) differentially affect study out-
comes. The meta-analysis comprised of 123 effect sizes from 20 studies that met the study
inclusion criteria. This analysis showed that visual attention can be greatly impacted by TBI, as
indicated by a large combined effect size (ES = 0.92), but there was significant heterogeneity
(Q =614.83, p < 0.0001, I” = 80.32%), which perhaps suggests the role of a number of factors
contributing to the variability between studies.

The finding of an overall large effect indicates that visual attention can be greatly impaired
in patients with TBIL. Our findings agree with and is supported by previous meta-analyses and
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Fig 6. Meta-regression analyses between effect sizes and post injury period in the two main severity subgroups. Fig 6A shows effect size estimates
for studies of mild TBI and Fig 6B shows that of moderate-to-severe TBI. Each figure includes the line of best fit for each group.

https://doi.org/10.1371/journal.pone.0268951.9006
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systematic reviews that assessed attention following TBI [5, 10, 65, 66]. However, these studies
included studies that assess auditory attention or attention tasks that involve both visual and
auditory stimuli, which were excluded from our analysis. Our findings are unique as they
show adverse effects of TBI on visual attention only, and raise the possibility of using visual
attention tasks in the characterisation of TBI in research and clinical practices.

Our review reports (to our knowledge) for the first time how different components of visual
attention are affected following TBI. The combined effect size for tasks that target specific
visual attention, including selective, sustained and the covert orientation of visual attention,
were significant and different from each other (selective attention: ES = 1.13; covert orienta-
tion of visual attention; ES = 1.14; sustained attention; ES = 0.43). The current work findings
suggest TBI leads to large deficits in selective visual attention in which both visual search and
cancelation tasks were used to distinguish performance between TBI patients from normal
controls. TBI also produced clear deficits in the ability to covertly orientate visual attention to
a specific spatial location. Particularly, TBI patients may not benefit from valid spatial cueing
in a Posner cueing task, which is consistent with our recent work that showed a clear deficits
in the visuospatial attention [10]. It is apparent that both selective visual attention and to the
covert orientation of visual attention were similarly affected and this may be due to the fact
that both tasks require the allocation of visual to either a specific visual stimulus/stimulus or to
a specific location, see [67]. In contrast, the magnitude of deficit for sustained visual attention
was less as compared to the other components of visual attention, though this component was
nevertheless significant and moderate.

In our review, we performed a subgroup analysis to determine whether task accuracy and
reaction time outcome measures were equally affected following TBI and for different compo-
nents of visual attention. In general, we found that the combined effect size for reaction time
(ES = 1.12) was significantly larger than the combined effect size for accuracy (ES = 0.37), and
subgroup analyses showed that this trend was the same regardless of the component of visual
attention (see Results). This reduction in the processing speed is a common report in TBI stud-
ies, and may be a primary deficit of brain injury [5]. Our results suggest that reaction time
measures might be more sensitive in detecting subtle change in visual attention compared to
accuracy following TBI.

Subgroup analysis additionally showed that TBI severity also affected visual attention. The
combined effect size for mild TBI (ES = 0.59) was significantly smaller than moderate-severe
TBI (ES = 1.12). TBI patients included in the present review were classified using current sys-
tems, such as GCS score, and highlight their usefulness to assess the initial injury. Their utility
(and in relation to attention) may be due to the fact that the current classification systems typi-
cally involve a behavioural examination of consciousness and awareness, which requires atten-
tion. However, future research is needed to examine further whether the initial GCS score is
associated with performance on different visual attention tasks.

We were unable to subgroup different component of visual attention based on the TBI
severity because of insufficient data. When accuracy and reaction time outcome measures
were examined separately for mild TBI, interestingly, we find a clear deficit in reaction time
(ES = 0.65) but no significant difference in task accuracy (ES = 0.01). This suggest mild TBI
adversely affects processing speed but not necessarily the ability to accurately perform the task.
In contrast, moderate-severe TBI led to deficits in both outcome measures, but the magnitude
was greater for reaction time (ES = 1.30) than task accuracy (ES = 0.30). These findings reiter-
ate that processing speed is more susceptible to brain injury, and task accuracy is affected
when the severity of injury becomes greater.

Our qualitative analysis showed that different visual stimuli were used across the studies
that met our inclusion criteria. It is important to consider the type of visual stimuli because
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previous studies have reported differences in low and high level visual processing in TBI
patients [68-71]. It is important to note that all included studies in our meta-analysis used
visual stimuli that require low-level processing and typically required the detection letters and
shapes, and not higher level visual-processing such as global form or motion detection. Thus,
it is unlikely that differences in study outcomes can be attributed to differences in the stage at
which visual information is processed.

Our meta-regression analysis results showed that deficits in visual attention from TBI did
not improve over time and may last for up to 16 years in individuals with mild TBI (see Fig
6A). Importantly, this result indicated that, whilst it has been reported that mild TBI patients
typically recover 1 to 3 months post injury [72, 73], deficits in visual attention are likely to be
more enduring. In contrast, significant improvement was observed in visual attention for
moderate-severe TBI patients. This might be attributed to the fact that given the severity of
injury patients with moderate-severe TBI may receive early intervention and more medical
attention such as comprehensive neuro rehabilitation compared to patients with mild TBI
[74-76]. Neuro rehabilitation programs have been shown to improve attention and other cog-
nitive function and future studies may wish to compare visual attention performance in TBI
patients who have or have not received neuro rehabilitation treatments or any other therapies
(see [77]), with the possibility that such treatments may improve visual attention deficits. In
the current review, we were unable to investigate whether neuro rehabilitation improves visual
attention since the majority of the studies included in our meta-analysis did not report, or
there was insufficient information regarding the TBI patients received treatment.

Limitations

The meta analysis reported in the present study had a number of limitations. A significant
high heterogeneity between studies was observed which cannot be immediately explained
(I*>75%). Medium to high heterogeneity was still observed after subgroup analyses that con-
sidered the component of visual attention, TBI severity and outcome measures as possible
sources of variation. Additional sources of heterogeneity might be the diagnostic criteria for
TBI which was not consistent across all studies. For example, some studies used only one or
multiple criteria including GCS, LOC, PTA, or other diagnostic tests from the American Acad-
emy of Neurology or Mild Traumatic Brain Injury Committee of the American Congress of
Rehabilitation Medicine. Importantly, these criteria may assess and emphasise different func-
tional categories in the diagnosis of TBI, and which may not reflect those critical to visual
attention. In addition, TBI aetiology was not reported in all studies, which might be another
major source of heterogeneity. Another source of variability is related to differing stimulus
conditions. For example, some studies measured performance across multiple stimulus condi-
tions or time points which is likely to introduce systematic bias.
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