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Abstract

Objectives: The objective of this pilot study was to determine if a 3-dimensional multiple object tracking training (3D-MOT) intervention could improve
performance on measures of attention, psychomotor speed, and cognitive flexibility in healthy older adults.

Methods: Forty-six individuals aged 63-87 years old participated in the study. Twenty-five participants in the intervention group completed the Stroop
task before and after intervention that consisted of seven training sessions with the Neurotracker, a 3D-MOT software program. Stroop test scores were
examined for changes in selective attention, cognitive flexibility (CF), as well as psychomotor speed pre- and post-intervention. The 21 individuals in the
control group completed the Stroop test at the pre-post interval, without completing the Neurotracker intervention.

Results: The Neurotracker training intervention group showed significant improvements in both cognitive flexibility (M = 5.01, SE = 1.44, p = 0.002),
and psychomotor speed and selective attention (M = 4.90, SE = 1.44, p = 0.002). Significant changes were also detected in a condition that measured
psychomotor speed and cognitive flexibility together (M =9.39, SE = 1.74, p < 0.001). No significant changes were detected in the control group.

Conclusion: The current results suggest that the Neurotracker may be an effective tool for improving selective attention, cognitive flexibility, and
psychomotor speed in healthy older individuals.

Introduction prefrontal and parietal cortices [15-17] and the anterior cingulate

" . - . i | acing b cortex [16,18]. Despite these structural and functional changes, the
Changes in cognitive performance with normal aging have been continued plasticity of the aging brain has been well-documented

well documented [1,2]. In particular, older adults are known to have [19-21]. As a result, interventions for older adults have been a focus of

r information pr in n lines in executi . .
educed information processing speed and declines executive emerging age-related research. However, current pharmacological and

functions (EF) [3,4]. Although EF captures many cognitive processes behavioral interventions to reduce age-related cognitive declines are

(e.g. complex attention, cognitive inhibition, working memory, and limited in their efficacy. Therefore, increasing attention has been paid

cognitive flexibility), changes in complex attention and cognitive
flexibility are most frequently reported [3-5]. Specifically, complex
attention includes divided attention, or the ability to attend to multiple
stimuli simultaneously [6], while cognitive flexibility captures
the mental ability to switch attention between multiple concepts.
Therefore, such changes in EF may reduce an individuals’ capacity to
behaviorally adapt to changing environment, and may help explain
some of the difficulties experienced by older adults from tasks such as
driving [1,2,7-10 ].

Age-related impairments in EF have been linked to structural
alterations in the prefrontal cortex (PFC) in normal aging [4,11-13].
Additional changes, linked more specifically to declines in attention,
include cortical thinning in the PFC [14], and decreased functional
magnetic resonance imaging activation across the dorsolateral
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to the use of cognitive interventions as tools to improve cognition in
older adults because they are readily available and easy to administer.

Three-dimensional multiple object tracking (3D-MOT) is a
video game technology has been previously used to study attentional
enhancement [22,23]. Specifically, 3D-MOT is thought to stimulate
brain networks essential to executive functions, such as attention,
cognitive flexibility and working memory [24]. As a result, 3D-MOT
has been investigated as an emerging tool used to enhance perceptual
cognitive abilities in both elite athletes [24-26] and the general
population [27-30]. The video game requires subjects to follow a
discrete number of moving sub-targets from an array of identical
targets [31]. One of the major cognitive skills used in 3D-MOT is
attention, including sustained, selective, and divided attention, as
well as inhibition and reaction time [30]. Flexibility is conditioned
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by training the participant to allocate the correct attentional resource
while tracking multiple objects [32,33]. Generally, individuals are
able to track three to five targets efficiently; however, with age and
associated cognitive decline, the ability to track multiple objects
decreases [28]. Trick, Perl, and Sethi [34] assessed MOT performance
in groups of young (M = 19 years old)and older adults (M = 73 years
old), finding that young adults were able to efficiently track four items
simultaneously, while older adults could effectively track three items.
These results may be attributed to a general decline in attentional
capacity: specifically, a decreased activation of the dorsal attentional
network [35] that accompanies normal aging.

Given the documented cognitive differences in older adults and
evidence that the 3D-MOT can improve cognitive performance in
other groups, recent research has focused on whether interventions
such as 3D-MOT can improve EF performance in older adults. One
particularly relevant study by Legault et al. [28] examined differences
in performance between ten young (M = 27 years old) and ten
older adults (M = 66 years old) following 5 weeks of training on a
3D-MOT task. Older adults were poorer at tracking pre-intervention;
however, they improved on the 3D-MOT task at the same rate as
the younger group and continued to improve even when the young
adults plateaued. These findings were attributed to the automaticity
of tracking following multiple 3D-MOT training sessions, which
reduced the attentional load necessary for tracking and thus improved
performance. The importance of these findings is the notion that, while
some degree of cognitive decline is unavoidable, cognitive decline may
be delayed, or even improved, with sufficient training. However, there
is debate whether the benefits of these training tools demonstrate far-
transfer effects to more generalized cognitive domains, or whether
the gains are limited to performance on the training tool itself. It
remains unknown how such intervention-based changes may relate
to standard measures of cognitive function. The objective of this pilot
study was to examine the influence of 3D-MOT training on selective
attention, psychomotor speed, and cognitive flexibility in healthy
older adults. It was hypothesized that following 7 training sessions on
the Neurotracker, a 3D-MOT software program, participants would
show improvement in selective attention, cognitive flexibility, and
psychomotor speed, as measured by scores on the Stroop test.

Methods

Participants

Older adults aged at least 60 years were recruited from various
senior activity centers in Victoria, British Columbia. Participants at
these sites were recruited following a brief presentation summarizing
he research project. Additionally, a small subset of the sample
responded to flyers posted at various seniors’ centres and health
facilities. Approval for this project was obtained from the University
of Victoria’s human research ethics board.

Eligibility criteria for inclusion included being aged 60 years or
older, and able to fully complete an eight-week testing/training period.
Age criteria were based on previous research demonstrating that age-
related declines in cognition begin around aged 60 years and older
[4,36,37]. Exclusion criteria included major neurocognitive diseases,
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such as Alzheimer’s disease or vascular dementia, or pronounced
colour blindness, as the current study required participants to
differentiate between colours on both the Stroop test and Neurotracker
(Figure 1 for enrolment process).

Initially, 30 healthy participants were recruited for the intervention
group, and 25 adults between the ages of 63-87 years old (M = 71.44,
SD = 6.04) completed the study. Participants included twelve females
(48%) and thirteen males (52%). Twenty-one healthy participants
were recruited for the control group, which consisted of 5 males
(24%) and 16 females (76%), aged 61-84 years (M = 71.76, SD = 7.47)
(Table 1 for participant education levels).

Table 1. Education obtainment frequencies and percentages of participants in the control
and 3D-multiple object tracking training groups.

Education Control group (n = 21) 3D-MOT training group
level (n=25)
Frequency Percentage Frequency Percentage
(%) (%)
High school 1 5 1 4
College 4 19 4 16
Bachelors 6 29 13 52
Masters/PhD 10 47 7 28

Apparatus and instruments
Neurotracker

The Neurotracker is a computerized 3D-MOT perceptual-
cognitive training system (CogniSens Athletic Inc., Montreal, Canada)
that has been used for training cognitive abilities, including selective
attention and cognitive flexibility [38]. Only participants in the
intervention group completed the Neurotracker. In total, members of
the intervention group completed 21 sessions with the Neurotracker.
Specifically, each participant completed one appointment per week,
and each appointment included three Neurotracker sessions. During
each session, eight yellow projected spheres appeared as targets in a
3D volumetric cube in the screen. Four of the eight spheres briefly
changed to red, and then reverted to yellow. The four target spheres
were to be tracked as they moved in a linear trajectory. Prior to the
first session at intake, participants were given verbal instructions on
how to complete the Neurotracker task. The sessions were based on
a staircase procedure [39], in which an algorithm shifts the speed of
the target spheres in response to the participants’ performance. If all
targets were correctly identified, the speed of the movement of the
spheres increased by 0.05log; with each incorrect response, the speed
decreased by 0.05log (see Figure 2 for Neurotracker procedure).

The Stroop test

The Stroop test was delivered using the EncephalApp, a
smartphone program developed originally to assess cognitive decline
associated with hepatic encephalopathy [40]. The Stroop test has
been supported as a valid and reliable measure of selective attention
and cognitive flexibility [41,42]. In the pencil and paper version, the
Stroop task presents an array of different colour words in two tasks.
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During the first task, the words are presented in a congruent colour
(e.g. RED written in red ink). In the second task, they are presented
in an incongruent colour (e.g. RED written in blue ink). During the
incongruent task, there is a marked increase in response time due to
the additional demands on selective attention and inhibition, and
increased cognitive interference, a phenomenon referred to as the
Stroop effect [43]. The Encephal App adheres to the same mechanism

as the classic version, but presents the words one at a time, rather
than all at once. Additionally, the order and spatial arrangements of
the target words on the screen, and response options at the bottom of
the screen, are randomized upon each administration, which has been
identified as a potential protective measure against learning effects
[44,45].

e Aged 60 years or older

Alzheimer’s disease)
e Presence of colour blindness

Individuals assessed for eligibility (n =51)
Inclusion criteria:

e Able to travel to the University of Victoria Concussion
lab for repeated testing over 8 week period
Exclusion criteria:
e Presence of major neurocognitive diseases (e.g.

Excluded (n = 2)
e Did not meet age
requirements (n = 1)

e Sensory deficits
present (n=1)

Individuals who completed baseline testing
and initial assessment (n = 47)

Lost due to attrition (n= 1)

Participants included in final sample (n = 46)

Experimental condition
(n=20)

Age range: 63 — 87

years old (M =72)

Figure 1. Flow diagram outlining participant inclusion process
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Control condition (n = 10)
Age range: 61 — 84 years
old (M =172)
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There are two main tasks in the EncephalApp: the Off task, that were unscored prior to each timed task. Ten words/symbols were
requiring participants to identify the colours of number symbols (#), presented during each timed task. Scores were measured based on the
and the On task, requiring participants to identity the ink colours of time taken to complete a full task without making any errors. If errors
words written in an incongruent colour. There were two practice trials were made, the task would restart (Figure 3).

Figure 2. Procedure for completing Neurotracker sessions: (a) balls highlighted in white indicate the four targets to track; (b) targets will revert back to
yellow and move randomly in 3D space amongst the distractors for eight seconds; (c) balls will stop moving after eight seconds and numbers will appear on
all stimuli; participant uses a keyboard to select the original four targets; (d) the targets will be highlighted once selected (e) once the participant has made
their selection, the correct targets will be shown by an orange highlight; the balls will then resume moving and the participant will continue tracking the
original targets for the remainder of the session.

OffTime 9.8

OnTime (
OffTime+OnTime 9.809s
Total # of runs Stroop Off 2
Total # of runs Stroop On

OnTime minus OffTime ~ -0.800s

(d)

(a) _(b)

Figure 3. Encephal App task. (a) and (b) Stroop effect turned on, where participants select the colour of the ink of the presented word, and not the word itself;
(c) Stroop effect turned off, where participants select the colour of the ink of the presented symbols. Each session presents ten different symbols/words;
sessions will restart when incorrect responses are given; (d) example of data upon completion of Stroop task.

Ageing Sci Ment Health Stud, Volume 3(4): 4-12, 2019
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Three scores were recorded. Off-time scores measured
psychomotor speed and selective attention; On-Time scores measured
psychomotor speed, divided attention, and cognitive flexibility; and
On-Time minus Off-Time scores measured cognitive flexibility
isolated from psychomotor speed [44] (see appendix B for raw data).

Procedure

The study took place at the University of Victoria Concussion
Lab, Victoria, BC. Participants signed up for appointments using
the online scheduling software, Web-Appointments. Members of the
intervention group came in once a week for eight weeks.

During the first appointment, goals and aims of the study were
explained, and participants were asked to read and sign a consent form.
Participants completed a brief intake questionnaire that generated
participant histories regarding neurological diseases, concussion
experiences, and sensory deficits. Demographic measures were also
recorded on the questionnaire, and included age, sex, and years of
completed education. At intake, a baseline Stroop test, and three
sessions with the Neurotracker were completed. The Stroop test was
completed pre- and post-training (i.e. at the first appointment, and
one week after the seventh session). The Neurotracker was performed
at appointments one through seven. Seven appointments with the
Neurotracker were chosen due to time constraints of the study and to
ensure participant adherence.

At the eighth appointment, participants completed the Stroop test
without the Neurotracker. This was required to get a measurement on
the Stroop test that was representative of the conditions under which
it was done at the intake (i.e. without having done the Neurotracker
immediately before, to reduce the effects of mental fatigue from
3D-MOT training).

Members of the control group came in twice, with the
appointments separated by seven weeks. At both appointments,
participants completed the Stroop test only.

All participants were compensated for any travel costs accrued,
including parking and/or bus fare.

Statistical Analyses

The design was a single factor within-group research design. Data
was collected and analyzed using the IBM Statistical Package for the
Social Sciences 23 (SPSS) and Excel. Means and standard deviations
were computed for demographics (sex and age), and the mode was
computed for level of education (i.e. high school/college, Bachelor’s
degree, or Master’s/PhD). A two-tailed paired t-tests were carried out
using SPSS for On-Time minus Off-Time scores (cognitive flexibility)
from the first and eighth appointments. As the sample consisted of
a large number of active bridge players, Spearman’s rho correlations
were computed for bridge players and non-bridge players and Stroop
scores, to examine whether there was a correlation between active
engagement in mentally stimulating activities and performance on
the Stroop test, based on existing research demonstrating increased
cognition in older adults who participate in these activities [46, 47].
Statistical correlations were thus calculated to assess whether this
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was an extenuating variable. Spearman’s rho correlations were also
computed for sex and Stroop scores, and education level and Stroop
scores. Pearson’s correlations were calculated for age groups (62-69
years old, 70-73 years old, and 74 and older) and Stroop scores, to
assess the relationship between advanced ages and the degree of
cognitive improvement following the Neurotracker intervention.

A second t-test was performed to test the hypothesis that
psychomotor speed was significantly different following the
intervention, as measured by the Off-Time conditions. Three paired
t-tests were also performed on Stroop scores recorded for the control
group. A paired t-test also demonstrated that there was no significant
difference on Stroop test performance pre-intervention comparing the
experimental group with the control group.

To verify whether Stroop test scores improved after seven sessions
of 3D-MOT training, a two-tailed paired sample t-test was performed
using SPSS. Scores obtained from the Stroop effect Off-Time condition
(i.e. identifying the colour of number signs) represented psychomotor
speed and were analyzed pre- and post-intervention. Scores obtained
from the Stroop effect On-Time condition (i.e. identifying the
ink colour of discordant-coloured stimuli) represented cognitive
flexibility and psychomotor speed, and were analyzed pre- and post-
intervention. Scores obtained from the On-Time minus Off-Time
condition represented cognitive flexibility isolated from psychomotor
speed, and were analyzed pre- and post-intervention.

Results

A Shapiro-Wilk test [48] and a visual inspection of their box
plots showed that the Stroop scores for the On-Time minus Off-Time
condition were normally distributed (p = .181). The skewness value
of -.321 (SE = .464) and kurtosis of -.803 (SE = .902) were conducted
to assess the assumption of normality pre- and post-training. These
values met the criteria outlined by West, Finch, and Curran [49] of
skewness and kurtosis values within + 2 to demonstrated normality.

Pre-Intervention

Prior to 3D-MOT training, the mean Stroop test score for the
intervention group participants was 77.23 (SD = 13.33) for Off-Time,
and 92.05 (SD = 17.35) for On-Time. The mean score for On-Time
minus Off-Time was 14.83 (SD = 9.30).

At baseline, the mean Stroop test scores for the control group
was 80.88 (SD = 11.75) for Off-Time, 90.32 (SD = 24.96) for On-
Time, and 16.36 (SD = 17.90) for On-Time minus Off-Time. There
was no significant difference in Stroop test performance between the
experimental and control group pre-intervention.

Post-Intervention

To test the hypothesis that cognitive flexibility was statistically
different following the intervention, as measured by the On-Time
minus Off-Time conditions, a dependent samples t-test was performed
for both the experimental and control group (Table 2).

On average, the time taken to complete the Stroop test for the On-
Time minus Off-Time condition significantly decreased between the
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initial appointment and final appointment for the experimental group
(M =5.01, SD = 7.19, SE = 1.44, CI [2.04, 7.97]), t(24) = 3.48, p =
.002). Participants who completed 3D-MOT training demonstrated a

140 -
120 -

100 -
80 Experimental Control

33.76% improvement in On-Time minus Off-Time scores, which was
significantly greater than the control group (see figure 4).

Percent difference in Stroop test performance

Off-Time

On-Time On-Time Minus Off-Time

Stroop task

Figure 4. Percent difference in 3 Stroop test tasks between initial appointment and 8 weeks later. The experimental group completed 21
sessions of 3D-multiple object tracking training over a 7-week period. The control group received no intervention.

Table 2. Average Stroop test scores in seconds at baseline and 8 weeks post-intervention.
The Neurotracker group post-intervention scores were measured following 21 training
sessions using 3D-multiple object tracking over 7 weeks. The control group received no
3D-MOT training.

Control (n =21) Neurotracker
group (n =25)

EncephalApp results, baseline (mean
+SD)
Total Off-Time, sec. 80.88 £ 11.75 77.23 £13.33
Total On-Time, sec. 90.32 +24.96 92.5+17.35
Total On-Time minus Off-Time, sec. 16.36 +17.90 14.86 +9.30
EncephalApp results, post-interven-
tion (mean + SD)
Total Off-Time, sec. 79.89 + 11.19 7233 £12.18*
Total On-Time, sec. 82.59 +35.99 82.66 + 12.75%*
Total On-Time minus Off-Time, sec. 25.75+25.73 9.80 + 6.84+

Notes: * =p=.002; **=p <.001; +=p=.006

A Cohen’s d value of 3.06 indicated a large effect size [50]. A
second t-test was performed to test the hypothesis that psychomotor
speed and selective attention were significantly different following the
intervention, as measured by the Off-Time conditions. On average,
the time taken to complete the Stroop test in the Off-Time condition
significantly decreased from the initial appointment (M = 4.90, SD =
7.12, SE = 1.44, CI [1.94, 7.86]), t(24) = 5.41, p = .002. Participants who
completed 3D-MOT training demonstrated a 6.24% improvement
Off-Time scores, which was significantly greater than the control
group (see figure 4).

Athird t-test was performed to test the hypothesis that psychomotor
speed and cognitive flexibility were statistically different following the
intervention, as measured by the On-Time conditions. On average,
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the time taken to complete the Stroop test decreased significantly
following the intervention (M = 9.39, SD = 8.68, SE = 1.74, CI [5.81,
12.98]), t(24) = 5.41, p > .001. Participants who completed 3D-MOT
training demonstrated a 10.20% improvement in On-Time, which was
significantly greater than the control group (see figure 4).

Three paired t-tests were performed on Stroop scores recorded for
the control group. No significant changes were found in the On-Time,
Off-Time, or On-Time minus Off-Time scores at week 8.

Post-hoc demographic comparisons
Sex

Scores were further analyzed to assess the influence of sex on
Stroop test On-Time minus Off-Time scores. Prior to 3D-MOT
training, there were significant sex differences in Stroop scores for the
On-Time and Off-Time conditions, while there were no significant
differences for the On-Time minus Off-Time condition. Following
3D-MOT training, these sex differences were maintained, with
significant sex differences found in the On-Time (p < .001) and Off-
Time (p = .004) conditions but not in the On-Time minus Off-Time
conditions (see Figure 5 for percent differences in Stroop test scores
as a factor of sex).

Age

Scores were further analyzed to assess the influence of age on
Stroop test On-Time minus Off-Time scores. Participants were
divided into 3 age groups: 62-69 (n =9), 70-73 (n = 8), and 74 years
and older (n = 8). Participants were categorized into these age groups
as these groupings allowed within-group variation to be minimized.
Prior to 3D-MOT training, participants in the 74 and older group
took the longest to complete the Off-Time (M = 83.85, SD = 14.18),
On-Time (M = 102.33, SD = 14.80), and On-Time minus Off-Time
conditions (M = 18.47, SD = 10.89) (Table 3).
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Figure 5. Percent differences in Stroop test task completion following 21 sessions of 3D-multiple object tracking completed over a 7-week period as a factor of sex.

Table 3. Average changes and percent differences in Stroop test scores as a factor of age at baseline and post-intervention for 3D-multiple object tracking training group and control group.

Baseline (mean + SD) Post-intervention (mean = SD) Difference (%)

Stroop test tasks Control 3D-MOT training 3D-MOT training Control 3D-MOT training
Off-Time
Age
62-69 76.86 +9.57 71.66 +6.14 73.48 £9.90 66 +4.96 -4.39 -7.82
70-73 76.41 + 11.80 76.93 +16.55 76.66 +7.54 70.08 + 11.24 0.33 -8.90
T4+ 86.49 + 12.04 83.85+14.18 85.03+11.85 81.69 + 14.03 -1.69 -3.90
On-Time
Age
62-69 75.8 £35.30 84.18 + 11.87 86.4+10.82 78.54+£9.78 13.98 -6.70
70-73 90.4 +11.46 90.63 +21.20 92.55+17.36 80.12+ 11.99 2.38 -11.60
T4+ 101.56 + 15.21 102.33 + 14.80 99.82 + 18.36 89.83 + 14.71 -1.71 -12.22
On-Time minus Off-Time
Age
62-69 19.83 £23.40 12.58 £7.36 12.92 +7.54 11.1 +8.35 -34.85 -11.76
70-73 13.99 + 6.01 13.70 +9.66 15.95+12.88 10.05 +4.51 14.01 -26.64
T4+ 14.97 +18.87 18.47 +10.89 15.44 +12.94 8.15+7.42 3.14 -55.87

Following 3D-MOT training, the 74 and older group had the
highest scores in the Off-Time (M = 81.69, SD = 14.03) and On-Time
(M = 89.83, SD = 14.71) conditions, while participants in the 62-69
year old group had the highest scores in the On-Time minus Off-Time
condition (M = 11.1, SD = 8.35) (Figure 6).

Percent differences were calculated for the different age groups to
measure improvement in Stroop test completion post-intervention
following 21 training sessions on the Neurotracker. The 70-73 year
old group had the largest percent decrease in time taken to complete
the Stroop test Off-Time conditions (-8.90%), while the 74+ year old
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group had the largest percent decrease in time taken to complete
the On-Time (-12.21%) and On-Time minus Off-Time (-55.90%)
conditions (Figure 7).

Education

Scores were further analyzed to assess the influence of education
level on Stroop test On-Time minus Off-Time scores. A Pearson’s
correlation measurement showed that there was no significant
correlation between education level and Stroop test performance pre-
or post-intervention.
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Figure 6. Changes in time take to complete the Stroop test On-Time minus Off-Time condition as a factor of age. Scores were
taken once at baseline and again 8 weeks later following 21 sessions of 3D-multiple object tracking over a 7 week period.
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Figure 7. Percent differences in Stroop test completion between baseline and following 21 sessions of 3D-multiple object tracking training

over 7 weeks, as a factor of age.

Discussion

The purpose of this pilot study was to evaluate the effect of
3D-multiple object tracking (MOT) training on selective attention
and cognitive flexibility in the healthy aging population. Baseline
Stroop test scores were assessed at the initial appointment, and
again at the eighth week following 21 sessions of 3D-MOT training
on the Neurotracker. Stroop scores were broken down to consider
specific cognitive functions including selective attention, cognitive
flexibility, and psychomotor speed. A control group was also assessed
by measuring baseline Stroop test scores at the first appointment, and
again at the eighth week without participating in the Neurotracker
intervention. By measuring the effects of the Neurotracker pre- and
post-intervention, it was hypothesized that Stroop test On-Time minus
Off-Time scores would change, indicating an alteration in cognitive
flexibility [42,44]. The hypothesis was supported; there was significant
improvement in On-Time minus Off-Time scores following 3D-MOT
training. Furthermore, scores for On-Time, measuring psychomotor
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speed plus cognitive flexibility, significantly improved, as did scores
for the Off-Time condition, measuring psychomotor speed and
selective attention. Additionally, there were no significant changes in
Stroop scores measured in the control group, supporting the influence
of 3D-MOT training on Stroop performance. These results suggest
that weekly training sessions with the Neurotracker may improve
selective attention and cognitive flexibility in older persons. There was
no significant correlation between education levels and Stroop scores,
consistent with previous research [44].

The improvement in cognitive performance in this study, as
indicated by changes in Stroop test scores, is consistent with previous
research demonstrating that customized video games serve as
powerful tools to enhance cognitive control [51], processing speed
[52], task switching, and working memory [53]. The current study
expands on these findings by demonstrating additional benefits
of computer training on selective attention, cognitive flexibility,
and psychomotor speed. Two mechanisms may underlie the effect
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of 3D-MOT training to improve cognitive performance: isolation
and overload [24,54]. Isolation refers to a limited and consistent
number of cognitive abilities employed during 3D-MOT training.
Overload refers to an adaptive increase in training difficulty, thereby
continually challenging the participant beyond their current ability.
Neurophysiological adaptation may explain the benefits of overload
for cognitive-perceptual enhancement across the lifespan, and has
been well documented [13,51,55].

The improvement in attention specifically, as indicated by
significant decreases in On-Time minus Off-Time Stroop scores, may
be due to increased activation of the neural structures and circuits
employed during multiple object tracking. Increased activation in the
dorsal frontoparietal attention network, and the intraparietal sulcus in
particular, has been recorded by fMRI during 3D-MOT training. These
neural areas are heavily involved during tasks of attending to multiple
stimuli. Furthermore, a causal link has been established between
increased activation of the intraparietal sulcus and improvement on
MOT tasks. It is possible, then, that increased isolation and overload
of these neural areas during Neurotracker completion may be
responsible for improvements in attention, as measured by changes
in On-Time minus Off-Time scores in the 3D-MOT training group.

A change in psychomotor speed and selective attention, as
measured by Off-Time scores, was significant. This is consistent with
previous research that has reported improvements in psychomotor
speed following computerized cognitive interventions [19,56,57].
There is limited research, however, on changes in psychomotor speed
following 3D-MOT in particular. Fragala and colleagues [58] found
no significant changes in psychomotor speed, as measured by reaction
time, following training with the Neurotracker. However, due to the
small sample sized used in the current study, further replication is
necessary to accurately assess psychomotor speed changes.

Participants in the 74 and older group had overall slower Stroop
test scores compared to participants aged 62-73 years old. These results
are consistent with previous research reporting decreased cognitive
flexibility, attentional networks, and psychomotor speed in the oldest
adults [59-61]. However, an interesting finding was the amount of
improvement observed in the oldest participants; participants aged
74 and older demonstrated a significantly greater magnitude of
improvement across all measurements of the Stroop test compared
to younger participants, despite having overall slower scores. These
results indicate that, even with a decrease in overall performance on
cognitive tasks with age, learning capacity may be well preserved [62].

The age-related differences in Stroop test improvement reported
in this study, however, are inconsistent with previous research [63-
65], which reported plasticity and learning capacity in the oldest age
groups, but at reduced levels compared to younger old adults. It is like
that the sample size employed in this study was not large enough to
statistically analyze distinct age groups; future research could benefit
from measuring cognitive performance and learning capacity in the
oldest of old following 3D-MOT training. Moreover, all members
over the age of 74 years old self-reported high levels of exercise
and involvement in mentally stimulating activities, such as the card
game, Bridge. It is well documented that enhanced neuroplasticity is
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correlated with physical and mental exercise [66-68] and it is possible
that, due to this, the oldest participants simply had a higher capacity
for improvement, resulting in an increased learning curve. As this
was a pilot study, these results should be interpreted with caution and
future replication is needed to ensure reliability and validation.

Limitations

The findings may be limited by the use of the Stroop test twice
throughout the course of the current study. Carryover effects may
have influenced the results [69, 70]. However, Rosenbaum and
colleagues [39] argue that the Stroop test is resistance to practice
effects, reasoning that the randomized order of colour, spatial location,
and words throughout each version of the test reduce practice effects.
Furthermore, Bajaj et al. [44] demonstrated that healthy controls
completing the EncephalApp showed no changes in scores across
administration of the test when separated by a one-month period.
This was seen as well in scores of the control group of the current
study, who received no intervention. Taken together, these findings
support the resistance of the Stroop test to practice effects and increase
confidence that the changes in Stroop test performance observed in
the current study are related to 3D-MOT training.

Additionally, the sample size employed for both the control and
experimental group may limit the generalizations that can be made
from these findings to the greater population of older adults. Further
research would benefit from employing larger number of participants
to increase confidence in the reliability and validity of the findings.

Another limitation of this study was the limited time allocated
to Neurotracker training sessions. Twenty-one sessions of 3D-MOT
training administered over the course of 7 weeks was selected due to
time constraints. However, previous research has demonstrated that a
plateau in 3D-MOT scores occurs around week ten in healthy young
adults, and may take longer to reach in the older population. It may be
that further 3D-MOT training could result in greater improvements
on the Stroop test, indicating greater gains in attentional ability.

Notably, the use of only one cognitive task limited the findings.
Though the Stroop test has been supported as an accurate measure of
attention and cognitive flexibility, the results should be replicated by
further research to ensure reliability. As this was a pilot study, and there
is, to our knowledge, limited research on the use of the Neurotracker
as an enhancement tool for selective attention and cognitive flexibility
in the older population, future research would benefit from assessing
transfer effects of daily activities that are affected by age-related
declines in these cognitive areas. An additional limitation relates to
the use of self-reporting on neurodegenerative disease history. In
the early stages of dementia, the individual may lack insight into the
cognitive changes that are occurring [71]. Therefore, the use of self-
reporting may not have been a true measure of cognitive status. In
the future, research would benefit from using a screening test, such as
the Mini Mental State Examination, a valid questionnaire to measure
cognitive impairment [72, 73].

A final limitation in this study is the lack of an active control.
Current research demonstrates that older adults who spend regular
and meaningful time on the computer have a lower risk of developing
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mild cognitive impairment (MCI) and dementia [74]. Though the
mechanism behind this is currently unknown, researchers Krell-
Roesch and colleagues [47] attribute computer use with an increased
demand for specific technical and manual skills which may have a
protective effect against cognitive decline. Therefore, it is difficult to
decipher whether it is the Neurotracker itself, or the use of a computer-
based intervention, that is responsible for the gains in cognition
measured in this study. Future research would benefit from employing
an active control that consists of a Neurotracker experimental group,
and a computer-based active control group.

Future Directions

The benefits of enhancement in selective attention, psychomotor
speed, and cognitive flexibility as a result of training sessions
with the Neurotracker have important implications for future
research. Specifically, future research should examine, neurological
and physiological changes can may accompany this cognitive
enhancement intervention. Mozolic and colleagues [13] provided
quantitative evidence that cognitive training is correlated with
increased cerebral blood blow to the PFC in older persons following
an attentional enhancement intervention. Similar physiology may
also be seen following training sessions with the Neurotracker,
would could provide a quantitative explanation for the Stroop test
improvement demonstrated in this study. The use of neurological
imaging and diagnostic tools, to quantitatively assess any changes
occurring following 3D-MOT training, would be beneficial.

Future research could also benefit from measuring the effects
of 3D-MOT on daily activities requiring attention. In this study, we
have demonstrated near-transfer effects from the Neurotracker to the
Stroop test, two measurements that are similar in their demands for
selective attention and cognitive flexibility. Future research would
benefit from demonstrating transfer effects from the Neurotracker
to daily tasks that influence independence and quality of life in older
adults, such as driving and balance. Legault and Faubert [27] reported
transfer effects from perceptual-cognitive training, demonstrating
that 3D-MOT training correlated with increased biological motion
perception in the healthy older population, indicating that the benefits
of the Neurotracker may not be restricted solely to similar assessment
test such as the Stroop test. Future research should examine the effects
of 3D-MOT training on tasks that tend to decline due to an age-
related loss of attention. For example, the Useful Field of View (UFV)
test is a valid measurement of driving ability, and a predictor of crash
risks [75]. Future research might examine transfer effects from the
Neurotracker to the UFV, assessment whether 3D-MOT influences
driving ability and safety. Future research would also benefit from
measuring whether the gains in attention, cognitive flexibility, and
psychomotor speed are sustained in the long term. The current study
has demonstrated gains in these areas one week following the end of
the Neurotracker intervention. Future research would benefit from
assessing whether these gains are maintained in the long term without
active engagement in Neurotracker training, or whether sustained
3D-MOT training is necessary to maintain these cognitive benefits.
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Conclusions

The current study demonstrated improved performance in older
adults on a measure of cognitive flexibility, selective attention, and
psychomotor speed as a result of 3D-MOT intervention.Further
research is essential to examine structural neuroplasticity and transfer
effects from the Neurotracker to daily tasks. Taken together, the results
of this study suggest that the Neurotracker may be an effective tool for
cognitive-perceptual enhancement in the population of older adults.
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