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Introduction 
Attentional impairments are among the most pervasive 

deficits following traumatic brain injury (TBI). At any one 
time, we are exposed to far more sensory information than 
the brain can process. Attention allows us to actively select 
and enhance elements of this information that are im-
portant to us, and are required for further processing from 

that which is irrelevant and can be filtered out (James, 
1890). TBI patients may suffer from mental slowness 
(Spikman, van Zomeren, & Deelman, 1996) or report 
problems in performing more than one task at a time 
(Brouwer, Verzendaal, van der Naalt, Smit, & van Zo-
meren, 2001; Withaar & Brouwer, 2003). They may dis-
tract easily over time or having problems in planning or 
switching between tasks (Mateer, Sohlberg, & Youngman, 
1990; Spikman, Deelman, & van Zomeren, 2000). This 
suggests attention as a multidimensional phenomenon 
which can be divided into specific aspects (Ponsford & 
Kinsella, 1992).  

For more than a decade, action video game playing has 
been used as a novel technique to improve various aspects 
of attention in healthy young adults (Dye & Bavelier, 
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2010; Green & Bavelier, 2003, 2006a; Mack & Ilg, 2014; 
Oei & Patterson, 2013; Wu & Spence, 2013) and in groups 
such as the elderly (Anguera et al., 2013; Belchior et al., 
2013), people with stroke (Larose, Gagnon, Ferland, & 
Pépin, 1989), children with dyslexia (Franceschini et al., 
2013) and amblyopia (Jeon, Maurer, & Lewis, 2012; Li, 
Ngo, Nguyen, & Levi, 2011). TBI patients may benefit 
similarly.  

According to the American Congress of Rehabilitation 
Medicine on Brain Injury, remediation of attention prob-
lems should take place during the post-acute period fol-
lowing a TBI, and should include both direct attention 
training and meta-cognitive training to promote recovery 
of damaged neural circuits, boost compensatory strategies 
and facilitate transfer to everyday life tasks (Cicerone et 
al., 2005; Cicerone et al., 2011). While direct attention 
training explicitly addresses attentional impairments 
through a range of graded exercises (Sohlberg et al., 2003), 
meta-cognitive training involves self-monitoring through 
performance feedback and encouragement of effort and 
motivation (Cicerone et al., 2005).  

During action game playing, one may practice various 
visual attention tasks simultaneously, including fast moni-
toring of all the display for upcoming events, multiple ob-
jects tracking and distractor rejection. As a trainee pro-
gresses through the game, the level of game difficulty in-
creases, and a variety of new tasks are encountered. In 
short, the stimuli that a trainee encounters might be con-
sidered as graded exercises, consistent with direct attention 
training. Moreover, at any level feedback is provided to the 
player by showing the scores that the player has obtained, 
the number of lives, deaths and the gun supplies. In some 
cases, when the player reaches a certain score, extra scores 
are given as a bonus, possibly increasing the player’s mo-
tivation and desire to continue play. Progressing through 
the game gradually would involve the player in the game, 
leading to increase in arousal and motivation, both known 
to facilitate the process of learning and acquiring new 
skills (Green & Bavelier, 2008; Koepp et al., 1998; Segal 
& Dietz, 1991). This may act as a way similar to the met-
acognitive training (Cicerone et al., 2005). Playing an ac-
tion video game as a rehabilitative strategy is more engag-
ing and appealing for trainees than current methods of cog-
nitive training based on perceptual learning with typically 
simple, repetitive and boring tasks with low compliance 
rate (Achtman, Green, & Bavelier, 2008).  

To explore the potential of action video game playing 
as a therapeutic tool, Vakili and Langdon (2016) examined 
performance in two TBI groups. The experimental group 
participated in 2 hour training sessions over 8 weeks (90 
minutes of playing the game “Medal of Honor” and 30 
minutes to do a psychoeducational program). The control 
group received no intervention. Participants were tested on 
the attentional blink task (AB) (Shapiro, Raymond, & 
Arnell, 1997) and the Test of Everyday Attention (TEA) 
(Robertson, Ward, Ridgeway, & Nimmo-Smith, 1994). 
The AB task is commonly used in evaluating visuo-tem-
poral processing of information and the TEA comprises 8 
subsets which assesses three aspects of attentional func-
tioning including selective attention, sustained attention 
and mental shifting. An enhancement in game perfor-
mance and in AB (reduction in AB in all time lags) from 
pre- to post-training in the action video game training 
group was revealed, while the control group did not show 
a change. In TEA, the experimental group showed en-
hancement in three categories of the test; however, it was 
accompanied with a deterioration on control group perfor-
mance, unlike expected. Nevertheless, they found a posi-
tive correlation between game performance (fewer deaths) 
and attentional outcome measure in TEA (elevator count-
ing with distraction) in the experimental group. Taking 
into account the limitations of the study, including having 
no active control group, and having two modes of training, 
authors proposed action video game training as an eco-
nomically viable option for brain injury rehabilitation 
units.  

To further explore the influence of action video game 
training on attention, this exploratory study examined its 
effectiveness by assessing eye movements using a simple 
self-paced saccade task (Mulhall, Williams, & Abel, 1999) 
and a visual search paradigm (Azizi, Abel, & Stainer, 
2017). One of the fundamental functions of visual atten-
tion is selecting regions that contain useful information for 
programming of saccadic eye movements to land on that 
region (Hoffman & Subramaniam, 1995; Kowler, Ander-
son, Dosher, & Blaser, 1995; Van der Stigchel & Nijboer, 
2011). A shift in the line of sight (i.e. a saccade) represents 
an overt shift of attention. Participants show better percep-
tual identification of the target at the saccade goal than 
elsewhere and when attention is allocated towards a target, 
saccade reaction times are shorter towards that target 
(Hoffman & Subramaniam, 1995; Kowler et al., 1995). Di-
rectly measuring saccadic eye movements enables us to 
monitor shifts of attention.  
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Saccadic eye movements are generated and controlled 
by areas in the frontal lobe (such as prefrontal cortex, 
frontal eye field and supplementary motor area), superior 
colliculus, pons and medulla (McDowell, Dyckman, Aus-
tin, & Clementz, 2008; Sparks, 2002). Focal lesions in the 
frontal lobe commonly occurs after a TBI (Bohnen, Jolles, 
& Twijnstra, 1992; Levin, Williams, Eisenberg, High, & 
Guinto, 1992). Diffuse brain damage also occurs through-
out subcortical white matter, particularly in the corpus cal-
losum and brainstem, over the course of hours or days after 
the injury (Smith, Meaney, & Shull, 2003). Perhaps not 
surprisingly, saccadic eye movements are often impaired 
following a TBI (Heitger et al., 2009; Heitger, Macaskill, 
Jones, & Anderson, 2005; Williams et al., 1997). Studies 
have found deficits in the generation of volitional sac-
cades. For patients with various severities of TBI, these 
deficits include prolonged antisaccade latencies, higher er-
ror rates for antisaccades and memory guided saccades, 
poorer accuracy for antisaccades (Heitger et al., 2004; 
Kraus et al., 2007), and fewer self-paced saccades within 
a limited time frame (Williams et al., 1997). Studies have 
demonstrated the potential utility of self-paced saccade 
task in the diagnosis of different severities of TBI and in 
post-concussion syndrome (Hunfalvay et al., 2019; Tagh-
diri et al., 2018). Decreased number of self-paced saccades 
was associated with reduced white matter integrity and 
higher symptom burden following post-concussion syn-
drome (Taghdiri et al., 2018). Hunfalvay et al. (2019) 
demonstrated a sensitivity of 0.77 and specificity of 0.78 
of self-paced saccades in the diagnosis of different severi-
ties of TBI. They even proposed it as a test to monitor the 
rehabilitation progress following TBI. 

Present study 
A multiple baselines single case experimental design 

(SCED) was used to evaluate the effectiveness of action 
video game training on improving visual attention exam-
ined by assessing eye movements in three severe TBI pa-
tients. SCEDs play a significant role in clinical research, 
especially in rehabilitative studies (Krasny-Pacini & Ev-
ans, 2018; Kratochwill & Levin, 2015; Romeiser-Logan, 
Slaughter, & Hickman, 2017). In this design, subject’s be-
havior is repeatedly measured in absence and presence of 
an intervention, so each participant act as their own con-
trols. Moreover, any intervention effect can be detected 
even via the large variability of the subject due to pain or 
fatigue, which is not considered in group design studies 
(Krasny-Pacini & Evans, 2018). SCEDs are especially 

useful in populations such as TBI (Vassallo & Douglas, 
2021) with patients differing in severity, site of injury, 
time since injury and level of functioning.   

The tasks used were self-paced saccades and abstract 
conjunctive visual search. Self-paced saccade task con-
tains voluntarily constant moving the eyes from one target 
to the other over a fixed period of time (Abel & Douglas, 
2007). Voluntary saccades are part of  continuous atten-
tional programming and attentional rhythm controls mak-
ing or not making voluntary motor behavior (Hogendoorn, 
2016). A pathway from the frontal eye field (FEF) and the 
dorsolateral prefrontal cortex (DLPFC) to the superior col-
liculus is crucially involved in generating self-paced sac-
cades (Lobel et al., 2001; Petit et al., 1996), although a role 
for the anterior cingulate cortex in sustaining motivation 
for performing self-paced saccades has also been reported 
(Taghdiri et al., 2018). If gaming is accompanied by an 
improvement in the shifting of attention, the rate of self-
paced saccades should increase post training.    

Visual search is a popular method for studying alloca-
tion and efficiency of visual attention; however, it can also 
investigate the performance of a subject and the interven-
tion effect in more real situations. If one can search faster 
for a letter among distractors, it might generalize to search-
ing for a brand of tuna in a super market shelves or search 
a friend in a crowd to name as examples. In visual search 
task, two variables were assessed: mean search time and 
mean fixation duration. Visual information is acquired 
during periods of fixation due to reduced sensitivity during 
a saccade (Henderson, Williams, Castelhano, & Falk, 
2003). If gaming is accompanied by an improvement in the 
ability to efficiently resolve visual information i.e. en-
hanced information processing, duration of fixations and 
search time should reduce post training (Kroll, Mak, & 
Samochowiec, 2016).      

Methods 
Participants 
Three patients with a history of severe TBI were re-

cruited through advertisements on the Brain Injury Aus-
tralia Facebook page and the University of Melbourne 
online student notices. Volunteers were interviewed using 
the Ohio State University TBI interview form to determine 
whether or not there had been a TBI and then to determine 
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severity of the injury (Corrigan & Bogner, 2007). Inclu-
sion criteria were: (a) age between 15-50 years, (b) history 
of severe TBI (Glascow coma scale, GCS < 9, Loss of con-
sciousness, LOC>24 hours), (c) at least 6 months post in-
jury, (d) no history of video game playing for at least one 
year prior to participation, (e) no history of any ocular mo-
tor or neurological condition before the injury, (f) intact 
motor abilities in both hands, enabling them to play a fast 
paced video game on a laptop using a keyboard and mouse. 

Patient 1: 
Patient 1 was a 22-year old male involved in a motor 

vehicle accident 8 months prior to participation. He sus-
tained a severe TBI [initial GCS score 3, increased to 7 in 
the emergency department, loss of consciousness (LOC) 
10 days, post-traumatic amnesia (PTA) 1 month]. A Com-
puted Tomography (CT) scan showed subdural hematoma, 
haemorrhagic contusions in the right frontal and left tem-
poral lobes, a significant right to left midline shift and mild 
hydrocephalus. Prior to participation in this study he had 
completed rehabilitation for mobility and personal activi-
ties of daily living. 

Patient 2: 
Patient 2 was a 45-year old female involved in a motor 

vehicle accident 10 years prior to participation. She sus-
tained a severe TBI (GCS score 4, LOC 2 months, PTA 2 
months), fractured pelvis, fractured right tibia and fibula 
and a dislocated left knee. She spent several weeks in in-
tensive care and was subsequently transferred to a rehabil-
itation center, where she spent several months to improve 
her cognitive and physical functioning. At the time of par-
ticipating in this study, her ongoing problems included dis-
comfort in her legs, slowed thought processing and poor 
balance and co-ordination affecting her gait, which was 
slow, wide-based and generally unsteady. She was living 
with her father who assisted her in all aspects of her daily 
life. As her accident occurred overseas, medical reports 
were not available, but she reported damage primarily in-
volved frontal and temporal lobe regions. 

Patient 3: 
Patient 3 was a 19-year old female with a complicated 

history. Her TBI was not diagnosed at the time of her first 
hospitalization at age 14. According to her mother, she had 
vomited and had a severe occipital headache before falling 
asleep. She was unarousable in the morning and was taken 

to the hospital. A CT scan showed posterior fossa hema-
toma. She underwent occipital craniotomy with evacuation 
of a fourth intraventricular hemorrhage and inter-paren-
chymal hemorrhage. She developed hydrocephalus post-
operation which required an external ventricular drain. She 
was unconscious for 3 days following the craniotomy. It 
took several days until she was able to remember the inci-
dent resulting in her TBI and communicated that she had 
received a hard blow with a soccer ball to the back of her 
head after school. At the time she felt dizzy. After she be-
came medically stable, she began speech therapy. She also 
complained of diplopia and was given an eye patch. After 
all vascular investigations were negative; she was referred 
for comprehensive rehabilitation for mobility, activities of 
daily living, balance and vision. She also reported a second 
head trauma 4 years after the first accident. At this time, 
she suffered a blow to the head as a result of falling down-
stairs. She had headache, double vision and ataxia follow-
ing this incident. Her medical report recorded a GCS score 
of 15 and no other systemic abnormalities. A CT scan and 
magnetic resonance imaging (MRI) revealed stable post-
operative changes from occipital craniotomy associated 
with cerebral encephalomalacia and gliosis. At the time of 
participation in this study, she was attending University 
and living independently in dormitory accommodation. 

 

Apparatus and stimuli 

Self-paced saccades 
Self-paced saccades were recorded using a SensoMo-

toric Instruments (SMI) monocular infrared video-based 
eye tracker (SensoMotoric Instruments, Berlin, Germany), 
that recorded left eye at 200 Hz with a spatial resolution of 
less than 1°. Stimuli were presented on a 20 inch LCD 
monitor (SAMSUNG, 2043BW, with a refresh rate 60 Hz 
and resolution of 1050×680 pixels) with patient sitting  67 
cm from it with head stabilized using a chinrest. A 5-point 
calibration was conducted before recording eye move-
ments and if the x-coordinate spatial accuracy was < 1°, 
eye movement recording (left eye) began. A fixation cross 
was presented in the center of the monitor. While record-
ing, the fixation cross was substituted with two 1º black 
dots at 10º to the left and right side of the center for 30 
seconds. Patient was asked to make volitional saccades be-
tween the two dots as fast and accurately as possible. The 
number of primary saccades was counted. 
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Abstract conjunctive visual search task 
Eye movements throughout the abstract conjunctive 

search (Wolfe, 1994) were recorded using an Eyelink II 
head-mounted eye tracker (SR Research). Viewing was 
binocular, but the left eye only was tracked as there was no 
disconjucacy of the eyes in any subject. Eye position was 
sampled at 500 Hz with spatial accuracy of 0.5°. The 
search task was presented using a short-throw projector 
(NEC, WT610) on a screen at a viewing distance of 130 
cm, resolution of 1024 × 768 and subtended 62.8° × 38.2° 
of visual angle on the screen. Task presentation and eye 
tracking were controlled with SR Research Experiment 
Builder software. The task trials were created by R statis-
tical software (A language and environment for statistical 
computing, R Foundation for Statistical Computing, Vi-
enna, Austria, http://www.R-project.org). Each trial con-
tained 59 red and green letter “d”s with green “b”s as dis-
tractors and one red letter “b” as the target, randomly po-
sitioned on a white background (Figure 1). Each letter sub-
tended approximately 0.6 °× 1° degrees of visual angle.    

A 9-point calibration and validation were performed 
before starting the task and calibration was repeated if the 
spatial accuracy fell above 0.5°. Patient was required to lo-
cate a red letter “b” and press the button box as fast and 
accurately as possible. Each trial stayed on the screen until 
the subject reached his/her decision, indicated by pressing 
a button on a gamepad to end the trial or until an automatic 
time-out of 20 seconds. Ten trials were shown to the par-
ticipant in every day of testing and training.  

 
Figure 1: A trial of abstract conjunctive search. Partic-

ipant’s task was to find a red letter “b” among distractors. 

  

Procedure 
Eligible participants read the study information sheet 

and signed the consent form. They were reimbursed $10 

per session for their participation as well as their public 
travel costs and parking fees. The study was approved by 
the University of Melbourne Human Research Ethics 
Committee (approval number: 1238522.1). Participants 
had normal or corrected-to-normal visual acuity as tested 
with a LogMAR chart at 3 meters and normal color vision 
as tested by the Ishihara test. Each participant was tested 
five times on five consecutive days on the self-paced and 
abstract search task to record baseline data. They subse-
quently began training, using the game Call of Duty, Mod-
ern Warfare II (Infinity Ward) for a total of 10 hours (1 
hour per day for ten days), over a two-week period. Before 
each training session, participants were tested on the sac-
cade and the abstract search tasks. Each session took 1 
hour and 20 minutes to complete. Participants were also 
tested on the saccade and the abstract search tasks on two 
other occasions during the training period, once after 5 
hours of training and once after finishing the training. 
Overall, the study included at least 17 sessions: 5 baseline 
testing sessions, 10 testing plus training sessions, 1 mid-
training testing session, and 1 post-training testing ses-
sion). These took at least 4 weeks for each participant to 
complete and did not include weekends. 

 

Testing procedure 
On the first day of testing, tasks were explained to the 

patient and the experimenter ensured that the patient had 
learned the task by performing practice trials (five in each 
test) before recording. The testing procedure commenced 
with the self-paced saccade task. Following a variable rest 
period, the visual search task was presented to the patient. 

 

Training procedure 
Game training was performed using a 15.5-inch laptop 

(Dell, Latitude E6520) with 1920 × 1080 resolution. The 
monitor subtended 35.3° × 19.6° visual angle, when the 
participant sat 55 cm from the laptop. In the first training 
session, the content and aim of the game, different move-
ments and weapons were explained to the trainee, who 
started playing the game by completing the first level or 
‘mission’, which served as a tutorial. The participants sub-
sequently played the game for 1 hour, taking breaks when 
required. The experimenter sat in the testing room and was 
available to assist and give feedback if needed. Partici-
pants played the single-player mode of the game, which 
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comprised 17 missions. If a participant finished the single 
player mode, they played the advanced Special Ops sec-
tion which consisted of five new levels with new objec-
tives. After finishing the daily training, the participant’s 
achieved level (mission) was recorded. If a mission was 
not completed, the participant started from that uncom-
pleted mission the following day. 

 

Analysis 
To investigate the influence of training on self-paced 

saccade rate and duration of fixation and visual search time 
in abstract search task, we used a procedure called percent-
age of non-overlapping data (PND) (Scruggs, Mastropieri, 
& Casto, 1987). PND is used in single-case analysis stud-
ies as one of the alternatives to visual trend analysis 
(Kazdin & Tuma, 1982). For this technique, the percentage 
of data points during the treatment period which exceeds 
the best performance data within the baseline phase is used 
to index the effectiveness of an intervention. Here, effect 
size is based on the percentage of non-overlapping data be-
tween baseline and treatment phases of the single-case in-
tervention trial: highly effective ≥ 90%, moderately effec-
tive 70-90%, minimally effective 50-70%, ineffective < 
50% (Alresheed, Hott, & Bano, 2013; Scruggs et al., 
1987). 

Results 

In order to compare the patients’ performance with the 
performance of neurologically intact participants, the 
results of the same variables from the healthy non-gamer 
participants (18 subjects, 9 male, mean age: 23.94± 3.56), 
conducted in our laboratory, is also shown in the graphs. 

Game performance 

Patient 1 finished all 17 missions in the single player 
mode of the game and started the Special Ops mode of the 
game. Patients 2 and 3 completed 3 and 15 missions 
respectively. 

Self-paced saccades 

PND analysis showed an effect size of 80% in patient 
1, as 8 out of 10 training values were higher than highest 
baseline value (80 on day 6). Therefore, intervention was 
moderately effective in this patient (PND=80%). For 

patient 2, 7 out of 10 training values were higher than the 
highest baseline value, showing a moderately effective 
result (PND=70%). Patient 3 had 3 data points higher than 
the highest baseline value, thus intervention was 
ineffective in this patient (PND=30%) (Figure 2). 

 

Figure 2: Self-paced saccade rate changes during baseline and 
training sessions (The number of self-paced saccades during 30 
seconds was counted). Solid blue line represents the highest 
baseline value for each patient. Grey dashed lines and grey 
backgrounds show the mean ± standard deviation in healthy non-
gamers participants. The red vertical line separates the baseline 
and training periods. BL = baseline and T= training day.  

 

Abstract visual search 

To investigate the accuracy of responses in visual 
search task, eye movements were manually checked to 
ensure that when patient pressed the button, the last 
fixation before ending the trial was on the location of the 
red letter “b”. 

Search time 

As shown in Figure 3, PND for patient 1 was 10%, i.e. 
1 point out of 10 in the training period was shorter than the 
fastest search time in baseline, which is consistent with an 
ineffective training effect. In contrast, data for patient 2 
showed a highly effective result (PND = 100%) with all 
training search times less than the shortest baseline value 
(5697 ms). The post-training time also remained less than 
the shortest baseline value. A minimally-moderately 
effective change was evident for patient 3 with 7 of 10 
(70%) training search times shorter than the shortest 
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baseline search time (2986 ms). The post training time 
remained less than the shortest baseline value. 

 

Figure 3: Manual search time (ms) changes during the baseline 
and training sessions, solid blue line represents the shortest 
baseline value for each patient. Grey dashed lines and grey 
backgrounds show the mean ± standard deviation search time in 
healthy non-gamer participants. The red vertical line separates 
baseline and training periods. BL= baseline, T=training day. 

 

Fixation duration (FD) 

No training effect was evident for patient 1. FD was 
lowest on day three of baseline testing (166.6 ms) and there 
was no data point in the training period less than this value 
(PND= 0%). It is noteworthy that all but one of the 
baseline FD values and all the training FD values for 
patient 1 were within one standard deviation of the mean 
of healthy participants. A minimally effective training 
result (PND= 60%) was evident for patient 2 (6/10 training 
points had shorter FD than the lowest baseline data point 
of 169.2 ms); however, this dropped to baseline value in 
the post-training session. Patient 3 showed a moderately 
effective result (PND =80%) with 8 out of 10 training 
points having a shorter latency than the shortest baseline 
point (149.6 ms). Her baseline performance was even 
shorter than the normal range (Figure 4). 

 

Figure 4: Fixation duration (FD: ms) changes during the 
baseline and training sessions. Solid blue line represents the 
shortest baseline value for each patient. Grey dashed lines and 
grey backgrounds show the mean ± standard deviations of FD 
in healthy non-gamer participants. The red vertical line 
separates baseline and training periods. BL= baseline, 
T=training  

Discussion 
This exploratory experiment investigated the influence 

of action video game training on visual attention in three 
adults with severe TBI, as tested by performance on the 
self-paced saccade and visual search task.  

Self-paced saccade was within one standard deviation 
of normal range in all three participants before the inter-
vention. We observed a consistent increase in the rate of 
self-paced saccades in patients 1 and 2, which indicated 
moderately effective intervention in these patients. Search 
time was almost within normal range in baseline in all sub-
jects, except patient 2 that started the task slowly but be-
came faster at the end of the training. Patients 2 and 3 
showed highly to moderately effective intervention in their 
manual search times, with faster reaction times that re-
mained stable post training. Fixation duration was within 
normal limits in patients 1 and 2, but not in patient 3 
(shorter than normal limits). After the training, there was 
no change in fixation duration in patients 1; however, pa-
tients 2 and 3 showed a minimal and moderately effective 
intervention in duration of fixation. These results might 
suggest a few modifications of visual attention after action 
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video game training. Below, these results will be discussed 
for each patient separately. 

Patient 1 
Patient 1 showed a consistent increase in self-paced 

saccade rate, which suggested a moderate effect of the in-
tervention. However, there was no evidence of interven-
tion on search time and FD in abstract visual search. Self-
paced saccades involve a purely endogenous initiation of 
a saccade without any reflexive trigger. They require a 
quick volitional engagement and disengagement of atten-
tion between two constantly present stimuli (Abel & 
Douglas, 2007). The FEF and DLPFC have been shown to 
be involved in generation of self-paced saccades (Lobel et 
al., 2001). Kuhn et al. (2014) found a positive correlation 
between volume of grey matter in the left FEF and left 
DLPFC and frequency of video gaming. The average 
video gaming experience in their study was 12.6 hours per 
week. While attributing the observed change in our patient 
entirely to the 10 hours of game training might not be pos-
sible, there is evidence that synaptic reorganization includ-
ing dendritic arborization and axonal sprouting can occur 
within minutes (Dinse, Recanzone, & Merzenich, 1993) to 
days and weeks (Donoghue, 1995). Brain mapping studies 
have found that extensive experience with certain skills 
can enlarge brain structures involved in that activity. Mod-
ifications in brain structures in tasks such as keyboard typ-
ing (Cannonieri, Bonilha, Fernandes, Cendes, & Li, 2007), 
musical skills (Elbert, Pantev, Wienbruch, Rockstroh, & 
Taub, 1995) and taxi driving (Maguire et al., 2000) have 
been observed.     

In terms of search time, patient’s fastest performance 
occurred on day 5 of baseline, where he showed a very fast 
reaction time, even faster than the normal range; however, 
he returned to normal range limit on day 6 of baseline. As 
PND, considers the fastest baseline performance to inves-
tigate the intervention effect, performance on day 5 might 
have acted as an outlier and have covered any effect of the 
training, 

Patient 2 
This patient showed a moderate effect of game-training 

on the rate of self-paced saccades. As discussed for patient 
1, this increase might have occurred as a result of plastic 
changes in FEF and DLPFC grey matter (Kuhn et al., 
2014). Her performance in the abstract search task showed 

a high intervention effect in search time and minimum in-
tervention effect in FD. She started the task with slower 
reaction times than healthy participants and became faster, 
although still in the normal range, at the end of the training. 
Faster reaction times following game playing have been 
one of the most consistent findings reported in the video 
game studies (Dye, Green, & Bavelier, 2009b; Hubert-
Wallander, Green, Sugarman, & Bavelier, 2011). Playing 
action video games requires fast processing of sensory in-
formation and making very fast decisions to act instantly 
in order to avoid penalties or losing lives. This possibly 
justifies improvement in manual reaction time after action 
game training.  

Patient 2 showed a minimal effect on FD after the train-
ing, but her performance was not constant. She started in 
the range of healthy participants and then became faster 
during training to reach durations even shorter than normal 
participants in four days of the training. However, in the 
post-training session, her FD returned to the baseline 
range. Given that it was a minimal effect and it was not 
maintained at the end of the training, the changes that were 
observed in FD are unlikely to have occurred as a result of 
training. 

Patient 3 
This patient did not show any effect of intervention in 

the self-paced saccade task. However, she showed a mini-
mal to moderate effect of intervention in search time and a 
moderate effect in FD in the abstract visual search. Her 
search time at baseline was already in the lower range of 
healthy participants. However, it became even shorter dur-
ing the training; the amount of change was small, possibly 
because there was little room to improve. This result raises 
the question of whether or not there was any evidence of a 
speed-accuracy trade-off. Investigating her performance 
on abstract search task, we found almost 100% accuracy 
on all days; therefore, her very fast performance is unlikely 
to be due to sacrificing accuracy for speed. Interestingly, 
her FD at baseline was shorter than healthy participants 
and it became shorter during the training; however, the 
amount of change was small, i.e. about 10 ms shorter FD 
than baseline on the last day of the training. The small 
amount of change might be attributed to her shorter than 
normal duration of fixation in baseline, which affords little 
or no room for improvement. The consistently fast perfor-
mance of this patient in search time and FD might arise 
from the possibility that she was exceptionally fast even 
before the brain injury. However, it might also have been 
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as a result of the injury. Impairment or malfunction within 
specific centers of the collicular fixation neurons can bring 
shorter than normal fixation duration in brain injured pa-
tients or even healthy people with the ability to make more 
than 30% express saccades in a standard overlap task 
(Biscaldi, Fischer, & Stuhr, 1996). Shorter FD along with 
faster search time after training might be attributed to the 
game intervention. There is evidence that search time is 
correlated with the number of fixations and duration of fix-
ations (Hooge & Erkelens, 1999; Wienrich, Heße, & Mül-
ler-Plath, 2009). 

 

General Discussion 
Our results suggest different influences of action video 

gaming on different metrics measured in each TBI patient. 
This is not unexpected given the differences in time since 
injury, various sites of the injury, and the time of interven-
tion, indicating the advantage of a SCED. In SCED, each 
subject serves as both control and experimental condition 
by collecting multiple baseline data and a causal or func-
tional relationship between dependent and independent 
variables are investigated (Horner et al., 2005).   

Overall, patient 2 appeared to benefit more than the 
other patients. She had a severe TBI with LOC and PTA 
of 2 months. While she struggled with learning the game 
at the start of the training, her reactions to game events im-
proved during training such that she could complete 3 lev-
els by the end of the intervention.  

In this exploratory study, we employed eye movement 
recording to investigate progress in rehabilitation in TBI 
patients. Self-paced saccade has been recognized as a di-
agnostic marker of TBI (Hunfalvay et al., 2019; Taghdiri 
et al., 2018); however, its application in TBI rehabilitation 
has not been assessed previously. We examined it for the 
first time. Two of our three cases showed improvement in 
the self-paced saccade task after the training. This pilot 
data might justify its potential usage in rehabilitation stud-
ies. However, randomized control trial (RCT) studies are 
required to demonstrate the efficacy of this test as an ob-
jective measure for monitoring of TBI patients in rehabil-
itation process.  

Overall, one might ask how brain injured participants 
were able to play a fast-paced game? This is a valid con-
cern, as finding an interested participant who was also able 
to work with a computer was particularly difficult. Many 

TBI patients (moderate and severe) suffer from motor dis-
abilities involving their hand and arm movements. Moreo-
ver, getting them to play a shooting game that even many 
healthy non-gamer adults might refuse is a challenge. The 
graphical user interface for the commercial shooter games 
might be too demanding for patients with impairments in 
information processing, visual and motor abilities. There 
is no way to adjust the level of difficulty according to each 
patient’s reaction times and information processing abili-
ties in a commercial video game. A custom-made video 
game might compensate for the limitations of a commer-
cial video game including control of the difficulty level in 
a trial by trial manner as well as incorporating some spe-
cific features in a theory-driven manner. Montani, De Gra-
zia, and Zorzi (2014) designed an adaptive video game for 
training attention and executive functions in populations 
such as patients with TBI. Their video game “Labyrinth” 
contains 3 different tasks aimed at training task switching, 
dual tasking and planning, cognitive functions that are of-
ten impaired after a TBI. They validated the game in a 
group of healthy participants by observing the training ef-
fect. Training duration was 40 minutes daily for 14 days. 
One of the most important features of the game, they 
claim, is the continuous process of calibration of difficulty 
level of the game according to the gamers’ performance. 
This feature could control the variability of the perfor-
mance in each patient. Another concern with using an ac-
tion shooter game is the violence theme which might be a 
contraindication in TBI patients. The long term influence 
of playing violent games on promoting aggression and 
emotional changes on normal adults showed no significant 
changes obtained on a large battery of tests (Kühn et al., 
2019); however, this might not be applicable in TBI pa-
tients. To be on the safe side, a custom-made video game 
with no violence theme is recommended. 

The question of whether or not the amount of training 
was enough to achieve optimal results is also valid. Vakili 
and Langdon (2016) applied a first-person shooter game to 
improve attentional abilities, executive functions and qual-
ity of life in 16 TBI patients. They showed improvement 
in an AB task after 10 hours of training. Notably, ten hours 
of game playing has been shown to have positive effects 
on search time (Wu & Spence, 2013), useful field of view 
and attentional blink in healthy participants (Feng, Spence, 
& Pratt, 2007; Green & Bavelier, 2003, 2006a, 2006b). 
However, investigating a longer period of game training in 
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TBI patients is worth examining, as rehabilitation of cog-
nitive domain might require more time in patients with 
more severe injury.  

 

Limitations 
Despite finding some positive changes in eye move-

ments and search time measures, the durability and trans-
ferability of these changes remains unknown. Future stud-
ies should assess changes over a longer period of time and 
also include measures which more directly examine real 
life skills, as the main aim of rehabilitation is to improve 
daily life activities. This study also lacked in using control 
measures related to untrained behavior in the experiment 
which could control for the influence of spontaneous re-
covery, practice effects and general stimulation. Although, 
several baseline testing possibly control for any practice 
effect (Horner et al., 2005), but having an unrelated meas-
ure could have covered for this flaw. At last, one limitation 
of the PND is that the effect size is measured based on only 
one data point in the baseline which makes it vulnerable to 
an outlier if it reaches to floor or ceiling of the score range, 
covering any influence of training. This might be true for 
search time in patient 1. 

 

Conclusion 
This exploratory study investigated the use of commer-

cial action video games to improve attentional abilities in 
patients with TBI measured with eye movement variables. 
Overall, some improvements were observed. These results 
may provide a baseline to design RCT studies using cus-
tom-made video games to validate the usefulness of this 
novel method of cognitive training and further investigate 
eye movements’ measures especially self-paced saccades 
as a marker of rehabilitation process. 
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