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a b s t r a c t
The use of cognitive interventions to remediate deﬁcient cognitive functions, or to enhance or preserve
intact cognitive abilities, has been explored for some time, especially in older adults. However, few studies have investigated the long-term persistence of any positive beneﬁts, with none examining whether
changes in functional brain activity persist several years later. Here, we assessed whether enhanced cognitive abilities and potential underlying neural changes attained via the use of a custom-made video
game (NeuroRacer) played by older adults (60–85 years old) continued to be elevated beyond control
participants 6 years later. The NeuroRacer group continued to show reduced multitasking costs beyond
control participants, with a neural signature of cognitive control, midline frontal theta power, also continuing to show heightened activity. However, previously evidenced performance beneﬁts that had extended
to untrained cognitive control abilities (i.e., enhanced sustained attention and working memory) did not
persist, highlighting sustainability limitations. These ﬁndings continue to demonstrate the robust plasticity of the prefrontal cognitive control system in the aging brain, a potential neural mechanism underlying
enhanced performance over time, and the possible long-term impact that digital therapeutics can have.
Published by Elsevier Inc.

1. Introduction
Research involving cognitive interventions, regularly referred to
as “brain training,” has been particularly intriguing (and controversial) over the last 2 decades (Hertzog, Kramer, Wilson, & Lindenberger, 2008; Karbach & Schubert, 2013; Lindenberger, Wenger, &
Lovden, 2017; Lustig, Shah, Seidler, & Reuter-Lorenz, 2009; MelbyLervag & Hulme, 2013; Owen et al., 2010; Sala, Tatlidil, & Gobet, 2018; Simons et al., 2016). There have been a multitude of
studies and products, regularly aimed at older adults, that have
failed to reveal any evidence of generalization to untrained tasks
or real-world function. Of those studies that have demonstrated
generalization, only a fraction of them have revealed effects that
persisted beyond the initial treatment period (K. K. Ball, Beard,
Roenker, Miller, & Griggs, 1988; Borella, Carretti, Zanoni, Zavagnin,
& De Beni, 2013; Brehmer et al., 2008; Dahlin, Nyberg, Backman,
& Neely, 2008; Li et al., 2008; Sandberg & Stigsdotter Neely, 2016;
∗
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Willis et al., 2006). Indeed, it has been suggested that the value
of such interventions is questionable without the demonstration of
sustained beneﬁts beyond the initial treatment period (Rebok, Carlson, & Langbaum, 2007; Salthouse, 2006).
One example of generalized beneﬁts persisting for several
months comes from our research using a custom-made, closedloop video game1 (Mishra, Anguera, & Gazzaley, 2016) called NeuroRacer (Anguera et al., 2013). In this study, older adults who
completed the NeuroRacer intervention showed evidence of increased multitasking performance compared to both an active control group and a no-contact control group, with these gains per-

1
A closed loop video game is one that incorporates performance-based feedback
into ongoing game mechanics to determine the dynamic interactivity between the
player and the game environment. This is more precisely described as adaptivity,
and is often implemented using psychophysics algorithms to dynamically scale the
diﬃculty of game play, ideally based on real-time data of user performance. The
incorporation of such closed-loop approaches allows such games/technology to be
played by individuals of widely varying baseline abilities. Even more importantly,
it creates appropriate and personalized levels of diﬃculty that apply continuous
pressure on the neural system activated by game play, harnessing inherent neuroplasticity processes and driving the desired neural changes.)
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sisting for 6 months (Anguera et al., 2013). Electroencephalography
(EEG) recorded during the aforementioned multitasking assessment was used to demonstrate that age-related deﬁcits in 2 distinct neural metrics of cognitive control (increased midline frontal
theta power and long-range theta coherence) were enhanced by
the NeuroRacer intervention. Finally, we also reported evidence
of generalization to untrained cognitive control outcome measures
that assessed sustained attention and working memory.
There are many examples of performance beneﬁts persisting
several years after a given initial learning experience. For example, certain motor skills have been shown to remain intact numerous years after the initial learning period (Nourrit-Lucas, Zelic,
Deschamps, Hilpron, & Delignieres, 2013; S. W. Park, Dijkstra, &
Sternad, 2013; Smith et al., 2005). Similar beneﬁts have also been
demonstrated several years after an initial course of treatment
with certain medications and therapies (Melin, Skarphedinsson,
Skarsater, Haugland, & Ivarsson, 2018; Musarra, Bignardi, Troise,
& Passalacqua, 2010). These examples support the hypothesis that
cognitive beneﬁts induced by a given intervention can persist for
several years, especially for older adults. This hypothesis is supported in part by the Advanced Cognitive Training for Independent
and Vital Elderly, or ACTIVE, trial (K. Ball et al., 2002; Jobe et al.,
2001), where older adult participants showed evidence of beneﬁcial effects on the same cognitive abilities they were trained on
ﬁve (Willis et al., 2006) and ten (Rebok et al., 2014) years later.
Nonetheless, the current understanding of the underlying
mechanisms supporting cognitive enhancement is incomplete at
best (Hertzog et al., 2008), with even less being known about
neural mechanisms that contribute toward the long-term maintenance of such effects. In the NeuroRacer study, we observed the
persistence of behavioral multitasking effects at 6 months after
training (Anguera et al., 2013), suggesting the possibility that the
NeuroRacer intervention could have induced even longer-lasting
behavioral beneﬁts; however, we did not assess concurrent EEGbased changes during the multitasking assessment 6 months after training. Thus, the question remains whether any of these behavioral beneﬁts persist years after the intervention and, further,
whether these changes would be reﬂected through potential underlying neural correlates.
The utility of characterizing the potential sustainability of beneﬁts is especially pertinent given the recent rise of digital therapeutics (deﬁned here as a computer-based cognitive intervention), as these technologies are being considered by some as a viable alternative to traditional pharmaceutical approaches (Cho &
Lee, 2019; Chung, 2019; Kollins et al., 2020; Makin, 2019). Here we
looked to assess whether previously enhanced cognitive abilities
and potential underlying neural changes in the trained group continued to be elevated beyond that of 2 distinct control groups 6
years later. This follow-up to the original NeuroRacer trial specifically examined those behavioral and neural metrics that previously demonstrated a positive differential group effect following the original one-month treatment period. Thus, the overarching goal here was to directly interrogate the breadth of persistence across each measure that previously showed signiﬁcant
improvement.

2. Methods
For this study, we used the same methods for data collection
as in the original NeuroRacer study. A detailed description of those
aspects unique to the present work is presented here, including a
summary of the common procedures. A more-detailed description
of these methods can be found in the Supplementary Materials
and the original publication (Anguera et al., 2013).
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Table 1
Participant demographics Age and sex for the original participants from the
Anguera et al. (2013) study, followed by those participants who returned for the
6-year follow-up.
Original demographics

Age (y)

Sex

Mean
STD
Min
Max
M
F

MTT
(N = 16)
N% = 35.5

STT
(N = 15)
N% = 32.5

NCC
(N = 15)
N% = 32.3

Total
(N = 46)
N% = 100

64.9
5.3
60
82
29.6%
70.6%

68.4
6.7
61
83
40%
60%

65.7
4.8
61
80
33.3%
66.7%

66.3
45.7
60
83
34%
66%

MTT
(N = 11)
N% = 36.2

STT
(N = 10)
N% = 31.9

NCC
(N = 10)
N% = 31.9

6-year follow-up demographics
Total
(N = 31)
N% = 100

Age (y)

Mean
STD
Min
Max

69
2.2
66
73

74.7
6.09
67
84

72.1
5.6
67
86

72
5.22
66
86

Sex

M
F

27.3%
72.7%

30%
70%

20%
80%

26%
74%

3 no
answer
2 declined
1 moved
away

3 no
4 no
answer
answer
1 deceased 1 declined
1 declined

Nonparticipant
status

MTT = multitasking training group (“NeuroRacer”); STT = single task training
group; NCC = no-contact control group.

2.1. Participants
In April 2017, every participant from the original NeuroRacer
study was sent an invitation via email to participate in this 6-year
follow-up assessment. Those individuals who did not respond to
the email were sent letters to the address on record from the original study, as a second contact attempt. Finally, those participants
who did not respond to either the email or letter were given a
phone call to their last provided phone number of record. In total,
31 of the original 46 participants agreed to enroll in the present
study, with a nearly equal distribution across the original three
study groups, (11 of the 16 in the NeuroRacer multitasking treatment (MTT) group, 10 of the 15 in the single-task treatment (STT)
group, and 10 of the 15 in the no-contact control (NCC) group, respectively; see Fig. 1 for in-depth details regarding the study design and further description of each group, and Table 1 for demographic information). Follow-up evaluations took place across
2 different separate sessions approximately 6 years after their Posttest assessment. All testing sessions were completed approximately
within the span of a week, with the session order as well as the
tasks within each session counterbalanced across participants. Participants were compensated $75 for completing the 2-day testing
(roughly 3 ½ hours total). As a point of clarity, the NeuroRacer
software was never made publicly/commercially available; thus no
participant was able to play NeuroRacer after they completed their
training.
2.2. Neuropsychological battery
All participants completed the same neuropsychological testing battery of 13 assessments used in the original study to
probe for potential neurological conditions and to provide a thorough characterization of the current cognitive status of each
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Fig. 1. NeuroRacer experimental conditions and training design. (a) Screen shot captured during each experimental condition. “Drive Only’ involved a visuomotor tracking
task where participants were asked to maintain a car in the center of a winding road using a joystick. “Sign Only,” or the single-tasking go/no-go condition, was a perceptual
discrimination task where participants were asked to respond as rapidly as possible to the appearance of a green circle (as opposed to any other shape/color combination).
“Sign & Drive,” or the multitasking condition, involved simultaneously perform the Sign Only task while also performing the Drive Only task. The NeuroRacer multitasking
assessment involved a comparison of perceptual discrimination performance (using the metric of d’) on the Sign Only task to that of Sign & Drive task: ((multitasking d’
– single-tasking d’)/ single-tasking d’) ×100. See Supplementary Materials for more task-related details. (b) Visualization of training design and measures collected at each
time point. There were three groups in this intervention: a multitasking training group (NeuroRacer; MTT), a single task training group (STT) that acted as an active control,
and a no-contact control group (NCC). The MTT group played an adaptive version of the Sign and Drive condition on a laptop at home for 1 hour a day, 3 times a week for
4 weeks (12 hours of training in total), whereas the STT group divided their time between a “sign only” and a “drive only” condition, and so were matched for all factors
except the presence of interference. All groups returning for a post-training assessment after 1 month, and a behavioral follow-up assessment of the NeuroRacer Assessment
after 6 months Fig. 1(b).

older adult participant in multiple domains. Color blindness was
also assessed with Ishihara’s Tests for Colour Deﬁciency, and
two separate measures probed for potential changes in general
cognitive impairments and depression (Mini-Mental State Exam
(Folstein, Folstein, & McHugh, 1975) (MMSE); Geriatric Depression
Scale (Yesavage et al., 1982) (GDS). To participate in the original
NeuroRacer study, individuals were required to be within 2 SD of
age-matched controls on at least 12 of the following 13 neuropsychological tests to be deemed “eligible.” The neuropsychological
battery was subdivided into related domains, with composite zscores of each calculated for each domain:
1) Memory Composite: Logical Memory I(D Wechsler, 1987),
Symbol Span(D Wechsler, 2009), the Long-Delay Free Recall measure from the California Verbal Learning Test (CVLTII) (Delis, Kramer, Kaplan, & Ober, 20 0 0), Visual Reproductions I & II(D Wechsler, 1987), Letter Number Sequencing
(Weschsler, 2008).
2) Executive Composite: DKEFS Trails A&B (Tombaugh, 2004),
DKEFS Stroop Task (Stroop, 1935), Verbal Fluency (Animals
(Goodglass & Kaplan, 1983) and FAS (Kertesz, 1982)), Wide

Range Achievements Test - Reading (Wilkinson & Robertson, 2006).
3) Motor Evaluation: Grooved Peg Board (Heaton, Grant, &
Matthews, 1992).
2.3. Cognitive control assessments
The cognitive control battery administered in this 6-year
follow-up study consisted of those measures used in the original
study that showed a positive group by time interaction, spanning
different cognitive control domains: multitasking (using the NeuroRacer assessment (Anguera et al., 2013)), sustained attention (using the Test of Variables of Attention [TOVA] (Greenberg, 1996)),
and working memory (using a delayed-recognition, visual working
memory task (Clapp, Rubens, Sabharwal, & Gazzaley, 2011)).
For the NeuroRacer multitasking assessment, performance was
evaluated using the signal detection metric of discriminability (dprime; d’) in the form of a cost index. This index calculated the
percentage change in d’ from when a participant performed a perceptual discrimination task (similar to a go/no go task) by itself
(“single tasking”; see Fig. 1) versus when they performed this
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same task while concurrently performing a visuomotor tracking
task (‘multitasking’; for greater task description, see Fig. 1). Thus,
the equation for this index is as follows: ((multitasking d’ – singletasking d’)/ single-tasking d’). Based on the original ﬁndings for
both the sustained attention and working memory assessments,
we focused our analyses on average response time performance
across correct trials. We also collected data on two control tasks to
account general speed of processing: a basic response time (BRT)
task (Anguera et al., 2013) as well as the digit symbol substitution
task (D. Wechsler, 1997). More details on each of these tasks can
be found in the Supplemental Materials.
2.4. EEG Recordings and Analysis Approach
EEG data were recorded during the NeuroRacer assessment using the same hardware that was used in the original study: an
Active Two head cap (Cortech-Solutions) with a BioSemiActiveTwo
64-channel EEG acquisition system in conjunction with BioSemiActiView software (Cortech-Solutions). Event-related spectral perturbations (ERSP) total power analysis (evoked power + induced
power) examining theta band (4–7 Hz) activity revealed the onset of peak midline frontal activity to be between 360 and 400
msec post-stimulus. For coherence-based analyses, we applied a
Hilbert transform to each time series yielding results equivalent
to sliding window FFT and wavelet approaches. All neural ﬁndings were evaluated within this 360–400 msec time window to
compare against data collected from the original study. Each of
these measures assesses cognitive control differently: the midline
frontal theta power would be more in-line with a traditional univariate region-of-interest analyses assessing activity at a given region, whereas long-range coherence is akin to a multivariate network analyses measuring the consistency of activity at different
regions. They both assess cognitive control abilities, but each in a
distinct way that leverages local versus global function(s). For more
details on the neural analyses, see the Supplementary Materials.
2.5. Statistical approach
Here we modeled our statistical approach based on the approach taken by Willis and colleagues in the ACTIVE study
(Willis et al., 2006) to test for potential long-lasting effects. This
approach involved the use of a repeated measures, mixed effects
model general linear model for each measure of interest, with
these ANOVAs comparing performance speciﬁcally at 2 timepoints:
pre-training and at the 6-year mark. Here we combined the 2 control groups for all statistical analyses to increase statistical power,
similar to other post-hoc examinations of cognitive training studies
(Baniqued, Gallen, Kranz, Kramer, & D’Esposito, 2019), given that
there was no difference in performance at any time point on any
behavioral or neural measures between these groups in the original study, and we did not have any a priori hypotheses that any
differences between these groups or versus the intervention group
would emerge 6 years later. However, for continuity from the original study, all ﬁgures illustrate performance by each group rather
than a collapsed control group, with the statistical tests for all
three groups presented in Supplemental Table 1, as well as direct independent sample comparisons. Planned follow-up t-tests
and the Greenhouse-Geisser correction were used where appropriate. We report Cohen’s d for all signiﬁcant (p < 0.05) and trending
(p< 0.10) ANOVA results, using the Hedges and Olkin correction
for small sample bias. Pearson correlations were collapsed across
all groups given the relatively small number of participants, and
we conﬁrmed any signiﬁcant relationship with a non-parametric
correlation (Spearman Rho) to reduce the inﬂuence from extreme
values.
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3. Results
3.1. Neuropsychological battery
Following the administration of the neuropsychological battery,
we observed that the NeuroRacer treatment group had the most
participants at the 6-year mark (10/11) that would have been
eligible by the original study criteria, which excluded individuals with signs of cognitive impartment, as compared to the control participants (15/20 participants, respectively). However, a Chisquare analysis revealed that there was no signiﬁcant difference
in this distribution of eligible participants (X2 (1, N = 30) = 1.49,
p = 0.22). An examination of the memory, executive, and motor
composite scores revealed no group (NeuroRacer, Control) by session (Pre-, 6-Years) interaction for any of these measures (F(1,28)
≤0.75, p ≥0.39 in each case), suggesting no differential change
over time by either group. There was, however, a main effect of
session for each of these composite scores (F(1,28) ≥ 8.26, p ≤
0.008, Cohen’s d = 0.83), indicative of a decline in these abilities
across all participants over time. No group by session interactions
were found for the individual tests contributing to each component
score (F(1,28) ≤ 1.44, p ≥ 0.24 in each case); see Supplementary
Table 2 for more details on these tests.

3.2. Multitasking assessment
In the original study, we demonstrated that the NeuroRacer
treatment participants showed improved perceptual discrimination on the NeuroRacer multitasking assessment beyond 2 control
groups following training, as well as 6 months post training. Here
we tested for the presence of differential performance at the 6year mark compared to pretreatment for the NeuroRacer group in
order to assess for persistent beneﬁts. With respect to multitasking performance costs, there was a group (NeuroRacer, Control) by
session (Pre-, 6-Year) interaction (F(1,28)= 5.68, p= 0.02, d= 0.85),
suggesting that there was a differential effect of multitasking performance over time by group. Follow-up testing at the 6-year mark
demonstrated that the NeuroRacer group indeed showed heightened performance beyond control participants (t(1,29) = 3.69, p=
0.001, d= 1.39; Fig. 2a). We also observed that the NeuroRacer
group showed equivalent performance at the 6-year mark compared to pre-training (t(10) = 0.83, p= 0.43), while the control participants signiﬁcantly declined (t(19) = 2.95, p= 0.01, d= 0.75). See
Supplementary Table 3 for the group mean and standard deviations values for this (and all other) measures.
Given our previous ﬁndings and our explicit interest in interrogating any performance beneﬁts that showed persistence at the
6-year mark, we performed a group (NeuroRacer, Control) by session (1 Month Post-training, 6-Months, 6-Years) ANOVA directly
testing the net improvement difference scores (subtracting pretraining performance at each follow-up time point: immediately
post-treatment, 6 months later, and 6 years later). This test revealed a main effect of group (F(1,25)= 20.07, p< 0.0 0 01, d = 1.21),
a main effect of time (F(2,50) = 120.72, p< 0.0 0 0 01, d = 4.24), but
no group by time interaction (F(2,50) = .20, p= 0.82). The group
main effect supports the interpretation that there was a persistent
beneﬁt in the NeuroRacer treatment group compared to the control participants, equivalently across all post-training time points,
including the 6-year mark. Follow-up tests interrogating betweengroup comparisons for each net improvement difference score (at
post-training, 6-month, and 6-year) conﬁrmed that the NeuroRacer
group had a persistent performance advantage over the control
participants at each time point (t(18)> = 2.09, p≤ 0.05 for all
group comparisons at each time point; see Fig. 2a).
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3.3. Sustained attention and working memory
Here we evaluated potential persistent beneﬁts on untrained
measures of sustained attention and working memory that had
previously shown improvement immediately post-treatment. For
our measure of sustained attention (TOVA), no group (NeuroRacer, Control) by session (Pre, 6-Year) interaction was observed
(F(1,29) = 0.20, p= 0.66; see Fig. 2b), nor were any differences
present between the two groups at the 6-year mark (t(29)= .26,
p= .80; see Fig. 2b). Thus, treatment-related gains by the NeuroRacer group on a measure of sustained attention did not show
lasting effects at the 6-year time point. This pattern of results was
also seen for the delayed recognition working memory assessment
on two distinct conditions, with distractions and without (for each
group by session interaction, F(1,27) ≤0.15, p ≥ 0.71 in each case,
see Supplementary Fig. 2). Similarly, performance at the 6-year
mark showed no difference between groups for either condition
(t(29) ≤ .63, p≥ 0.53), suggesting that improvements on these outcome measures did not persist beyond the initial treatment period.
3.4. Electroencephalography measures of cognitive control

Fig. 2. (a) Multitasking costs before training, 1-month post-training, 6 months posttraining, and 6 years after training. (b) TOVA RT performance over time. Note that
the data presented at timepoints prior to the 6-year follow-up include all individuals who participated in the original NeuroRacer study (i.e., is not restricted to those
who only participated in the 6-year follow-up). † p < 0.05 within group change, ∗
p < 0.05 between groups difference. Error bars represent s.e.m.

The speciﬁcity of these persistent beneﬁcial effects on this multitasking assessment was best illustrated by probing the single-task
and multitasking conditions separately at the 6-year mark. This
revealed that multitasking performance for the NeuroRacer group
continued to be better than controls (t(29) = 4.98, p< .001), while
single-tasking performance remained equivalent (t(29) = 1.00, p=
0.32; see Supplementary Fig. 1).
Interestingly, the net improvement difference score for multitasking costs at post-treatment was positively correlated with the
same metric at the 6-month mark (r(39)= .65, p< 0.0 0 01) and at
the 6-year mark (r(30)= .74, p< 0.0 0 01), suggesting that changes
in performance at the Post-treatment timepoint are predictive of
longer term performance changes at both the 6-month and 6-year
timepoints. That is, those who showed the largest changes at onemonth were those who continued to show the most long-term
beneﬁts, months and years after the intervention.

Our initial work with the NeuroRacer intervention led to a differential group improvement immediately post-treatment on two
cognitive control neural metrics: event-related spectral perturbations (ERSP) assessing midline frontal theta (4-7Hz) power, and
long-range theta phase coherence between frontal and posterior
brain regions. With respect to midline frontal theta power for the
multitasking condition at the 6-year time point, a group (NeuroRacer, Control) by session (Pre, 6-Year) interaction was present
(F(1,28) = 6.30, p= 0.018, d= 0.89; see Fig. 3a), evidencing that
the NeuroRacer intervention group continued to show greater midline frontal theta power than controls. Follow-up testing at the 6year mark demonstrated that the NeuroRacer group showed comparable power to that of the control participants (t(1,29) = 0.68,
p= 0.50). However, we also observed that the NeuroRacer group
showed similar power at the 6-year mark versus pretraining
(t(10) = 0.77, p= 0.46), while the control participants signiﬁcantly declined (t(19) = 3.28, p= 0.004) – paralleling our behavioral ﬁndings. Moreover, a correlation between this midline frontal
power change score and the corresponding multitasking performance change score (i.e., 6 year – Pre Treatment changes) was
present (r(30) = 0.42, p= 0.02; Spearman Rho(30) = 0.33, p=
0.07; see Fig. 3b), suggesting that those individuals who exhibited
more maintenance of midline frontal theta gains 6 years later also
demonstrated better maintenance in their performance enhancements. Similarly, the amount of midline frontal theta power at the
6-year mark correlated with performance on the TOVA at the 6year mark (r(30) = −0.43, p= 0.02; Spearman Rho(30) = −0.52,
p= 0.003), a result that corresponds with our original ﬁndings on
these same measures as well. This suggests that those individuals who exhibited higher midline frontal theta power at the 6-year
mark also demonstrated better sustained attention performance at
this timepoint. Unlike midline frontal theta power, no group by
session interaction was observed for long-range theta phase coherence (F(1,28) = .42, p= 0.52), nor were any differences present between the 2 groups at the 6-year mark (t(29) = 0.89, p= 0.39).
3.5. Consideration of potential confounds
We observed a difference in age between those returning participants in the NeuroRacer group versus those in the control
group (t(29) = 2.32, p= 0.028; see Table 1). This difference was
driven by the fact that the 2 oldest original participants in the
NeuroRacer group (82 and 70 years of age, respectively) did not
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Fig. 3. (a) Change in midline frontal theta at the 6-year mark from pretraining. (b) Pearson correlation between the amount of change in midline frontal theta and the
change in multitasking behavioral performance. ∗ p < 0.05 between groups difference, —– p = 0.10 between groups difference. Error bars represent s.e.m.

return for 6-year testing. We conducted several tests to ensure
that this potential confound was not affecting the results presented here. First, regarding the possibility that there was a bias
in age between those participants who did attend the 6-year testing and those who did not, we found no signiﬁcant difference
in age between the NeuroRacer 6-year participants versus those
“non-participators” (t(29) = 1.18, p= 0.29), and a similar effect in
the control participants as well (t(29) = 0.13, p= 0.89). Second, we
examined whether there were differences in the immediate (i.e.,
post-training) gains of those that participated at the 6-year mark
versus those that did not for each group (e.g., examining whether
those that participated in the 6-year study were those that showed
the strongest gains immediately post-training, thus potentially biasing the results observed here). We tested the change in performance from PRE to POST training, as in the original work, on every metric collected at the 6-year time point. For the NeuroRacer
cohort, the only measure that approached a signiﬁcant difference
(all other measures were p ≥ 0.12) was on the NeuroRacer perceptual discrimination cost metric, with the non-participators showing a trend toward greater improvement than the participators on
this measure (t(14) = 2.01, p= 0.064). The non-participating control participants showed a similar trend on this measure as compared to the participating individuals (t(28)= 1.94, p= .062), with
no other metric approaching a signiﬁcant difference (all other measures were p ≥ 0.13). This suggests that, if anything, inclusion of
these non-participators might have strengthened the effects seen
here, given that they tended to show greater improvements on this
metric immediately post-treatment. Finally, given this group difference in age, we performed follow-up analyses of each signiﬁcant
ANOVA using age as a covariate. This approach did not alter any of
our observed signiﬁcant effects, except for the multitasking interaction (comparing 6-year performance to that at Pre-) changing to
a trending result (F(1,27) = 3.93, p= 0.058).
In the original study, we also tested whether any observed sustained cognitive improvements were simply the result of an enduring global improvement in speed of processing as assessed with
the BRT test and digit symbol substitution test. Here we tested for
differential changes on these measures at the 6-year mark as compared to pretreatment. With respect to BRT, there was a signiﬁcant

main effect of session (F(1,25) = 57.75, p< 0.0 0 01, d = 2.74) supporting a global slowing over time, with a trend towards a group
(NeuroRacer, Control) by session (Pre, 6-Year) interaction (F(1,25)=
3.88, p= 0.06, d = 0.43) pointing toward the control group showing a greater amount of slowing (+84.2 msec slowing) than the
NeuroRacer participants (+49.5 msec slowing; see Supplemental
Table 4). An examination of response time variance revealed no
change in this measure over time (F(1,25) = 0.19, p= 0.66), nor
a group by session interaction (F(1,25) = 1.40, p= 0.25), suggesting that this measure remained stable over time equivalently for
each group. Similar results were also found for speed of processing
(DSST): there was a trend toward a main effect of session demonstrating a signiﬁcant decrease in performance from pre-treatment
to 6 years later (F(1,28) = 3.02, p= 0.09, d = 0.28), but no signiﬁcant group by session interaction (F(1,28) = 0.23, p= 0.88), which
again suggests an overall decline in speed of processing regardless
of their group assignment.
4. Discussion
Here we evaluated the persistence of cognitive beneﬁts in older
adults several years after a cognitive intervention. At a 6-year time
point, we found evidence of maintained multitasking performance
and midline frontal theta power for the NeuroRacer group beyond
that of control participants on a diagnostic version of the NeuroRacer game. Note that these ﬁndings were not a function of
a differential change in overall processing speed, as there were
no similar improvements on two control metrics assessing general
speed of processing in the NeuroRacer group. These ﬁndings highlight the potential long-term value of digital therapeutics via the
demonstration of a month-long treatment showing beneﬁts lasting
6 years without any booster sessions.
However, the question remains: what led to these performance beneﬁts persisting six years later? A potential mechanistic
explanation for these effects comes from the observed midline frontal theta results. Greater midline frontal theta has been
associated with heightened cognitive load while multitasking
(Puma, Matton, Paubel, Raufaste, & El-Yagoubi, 2018), with targeted frontal theta transcranial alternating current stimulation
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(tACS) shown to beneﬁt multitasking performance (Hsu, Zanto,
van Schouwenburg, & Gazzaley, 2017). Increased theta power following multitasking training has not just been observed in our
work with older adults, but also in children with attention deﬁcits
(Anguera et al., 2017). In the original study, we hypothesized that
the increased levels of midline frontal theta observed immediately
after the treatment may reﬂect greater suppression of the medial
prefrontal cortex node within the ‘default network’ during task
engagement facilitating one’s performance. Such a change in default mode suppression has been repeatedly evidenced by several
studies following distinctly different interventions (Creswell et al.,
2016; Marcotte, Perlbarg, Marrelec, Benali, & Ansaldo, 2013;
McFadden, Cornier, Melanson, Bechtell, & Tregellas, 2013; Porto
et al., 2018; Smigielski, Scheidegger, Kometer, & Vollenweider,
2019), with changes in such suppression associated with cognitive
deﬁcits in older adults (Chadick, Zanto, & Gazzaley, 2014). Indeed,
the authors of the STAC-r hypothesis of aging (Reuter-Lorenz &
Park, 2014) have also suggested that the original NeuroRacer neural intervention-based improvements directly support their model
of aging. Speciﬁcally, this updated model of the original STAC theory describes how different positive inﬂuences in life, like a successful cognitive intervention, can enhance one’s cognitive function over time. The present ﬁndings align nicely with this model of
aging, supporting the interpretation that the NeuroRacer intervention positively affected cognitive control networks in a fashion that
persisted to result in retained multitasking performance on this assessment 6 years later. These results would also support the potential use of midline frontal theta power acting as an ideal biomarker
for assessing long-term cognitive function following a given cognitive intervention (Arns et al., 2018; Baskaran, Milev, & McIntyre,
2012; Nigbur, Ivanova, & Sturmer, 2011).
However, there was no evidence of transfer continuing to be
different between groups as determined by our untrained behavioral measures of cognitive control (e.g. sustained attention, working memory). Furthermore, there was also no evidence for maintenance of our neural metrics of functional connectivity (i.e., longrange theta coherence). Indeed, cognitive training has been shown
to consistently improve functional connectivity immediately after
training (see review by van Balkom et al (2020)), suggesting that
such enhancements may underlie transfer effects. Note that the
NeuroRacer group did exhibit transfer enhancements immediately
following training in the form of (1) TOVA-based sustained attention performance, and (2) working memory performance, coupled
with enhanced long-range theta coherence (a metric of functional
connectivity). The present ﬁndings are suggestive of the idea that
increased theta power underlies the ability to retain learned functions that are relatively congruent with one’s training, with the
absence of network coherence here possibly reﬂecting the inability to maintain previously evidenced transfer beneﬁts. This result
was not overly surprising given that many such transfer effects, especially those assessing more distant untrained abilities, are quite
fragile and regularly fail to show such persistence without booster
treatment sessions. Indeed, such booster doses may have led to
the retention of these ‘far’ transfer measures given that such approaches have demonstrated retention of cognitive gains several
years later (Willis et al., 2006). While it is remarkable that there
is any retained value following a 1-month treatment 6 years later,
we are hopeful that more sophisticated digital interventions coupled with booster doses may be able to manifest prolonged maintenance of more generalized improvements.
There are a number of limitations with the present work that
should be noted. First, the sample size at the 6-year mark (and the
original NeuroRacer study) was small, with approximately 10 individuals in each of the 3 original groups. This requires that the
signiﬁcant group differences and correlations (given that they are

collapsed across all groups) presented here to be considered with
caution, as well as appreciate the possibility that presented null
effects may also be a reﬂection of this limited power. Second, the
possibility exists that the subset of NeuroRacer treatment individuals who were able and willing to return 6 years later show a distinct performance advantage versus those that did not. However,
this argument is rejected by the analyses involving confounding
factors. Finally, no claims are being made here regarding the maintained multitasking effects being evidence of far transfer, given the
similarities between the NeuroRacer assessment and the NeuroRacer training (see Shipstead, Redick, & Engle, 2012). Rather, the
persistent multitasking performance beneﬁts shown here demonstrate that older adults can learn a complex visuomotor task (one
that involves a continued ability to resolve cognitive interference)
and retain this speciﬁc learning over an extended period of time.
Critically, these ﬁndings are the ﬁrst to demonstrate that trainingrelated improvements in interference resolution abilities could persist for several years following a given treatment experience.
The present ﬁndings offer a unique perspective on the durability of cognitive training effects, with the observed neural metrics providing a mechanistic interpretation for the persistence of
those lasting effects. The potential of these types of digital therapeutics to have sustained beneﬁts for individuals with cognitive
control deﬁcits is compelling given the present ﬁndings, as well
as the multiple replications and extensions of the original study
to different populations (Anguera et al., 2017; Arean et al., 2016;
Davis, Bower, & Kollins, 2018; Kollins et al., 2020; Pratap et al.,
2018; Yerys et al., 2019). However, the therapeutic potential of this
and related interventions should be still be questioned in those instances where only near transfer effects are present, and especially
when far transfer effects are absent. Future work examining the
potential for long-lasting effects in other types of older adult training programs such as the Synapse Project (Brydges & Bielak, 2019;
McDonough, Haber, Bischof, & Park, 2015; D. C. Park et al., 2014)
and Senior Odyssey (D. C. Park, Gutchess, Meade, & Stine-Morrow,
2007; Stine-Morrow, Parisi, Morrow, Greene, & Park, 2007) is warranted given that these approaches have also evidenced improvements in cognitive function. In conclusion, this study provides
initial evidence of how a targeted intervention using closed-loop
mechanics can have long lasting beneﬁts, well beyond the initial
treatment period.
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Supplemental Materials
Supplemental Table 1. Repeated Measures ANOVA for each measure with 3 groups as
between-group factor comparing 6-year performance versus pre-training. The final two
columns show t- and p-values comparing difference scores (6-year minus pre-treatment
performance) for each control group (single-task training (STT) and no-contact control (NCC))
versus the MTT group.
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Supplemental Table 2. RM ANOVA for each Neuropsychological testing battery Composite
and their subcomponents. G X T = Group X Time.
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Session G X T Interaction
DKEFS Trails B Session Main Effect
Session G X T Interaction
Verbal Fluency Animals Session Main Effect
Session G X T Interaction
Verbal Fluency FAS Session Main Effect
Session G X T Interaction
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Wide Range Achievements Test – Reading Session Main Effect
Session G X T Interaction

37.97

.000

.077

.78

9.93

.004

.75

.39

7.01

.01

.77

.39

8.29

.008

.43

.52

Motor Composite Session Main Effect
Session G X T Interaction
Grooved Pegboard Dominant Hand Session Main Effect
Session G X T Interaction
Grooved Pegboard Non-dominant Hand Session Main Effect
Session G X T Interaction
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Supplemental Table 3. Group means and standard deviations for each measure with all 3
groups at each timepoint. The first three columns show data collected from the original
Anguera et al. (2013) manuscript for each group at each time point, with the second three
columns (in blue) showing values for those participants that participated in the 6-year followup. Note that only the NeuroRacer Assessment was collected at the 6-Month time point, unlike any
other measure.
Anguera et al. (2013)

6-year follow-up

MTT (n=16)

STT (n=15)

NCC (n=15)

MTT (n=11)

STT (n=10)

NCC (n=10)

-.64 (.37)
-.16 (.19)
-.22 (.32)

-.60 (.27)
-.43 (.35)
-.80 (.65)

-.71 (.26)
-.66 (.37)
-.78 (.39)

-.53 (.36)
-.18 (.18)
- .28 (.19)
-.41 (.17)

-.59 (.29)
-.53 (.27)
-.93 (.73)
-.86 (.21)

-.74 (.29)
-.73 (.39)
-.85 (.41)
-1.01 (.63)

344 (40)
312 (40)

337 (50)
327 (57)

352 (66)
351 (53)

335 (42)
306 (41)
332 (29)

350 (76)
337 (53)
333 (53)

338 (50)
336 (58)
336 (25)

1182 (285)
1102 (260)

1017 (256)
1078 (192)

1048 (313)
1077 (305)

1042 (271)
1004 (273)
850 (113)

1015 (256)
1057 (216)
861 (88)

1000 (217)
1048 (272)
904 (272)

1151 (252)
1036 (193)

1031 (257)
1114 (211)

1028 (270)
1057 (291)

1182 (234)
1038 (141)
804 (117)

1116 (381)
1084 (376)
826 (139)

984 (205)
1044 (260)
852 (172)

.40 (1.7)
1.31 (.89)

1.41 (1.16)
.89 (1.07)

.65 (1.37)
.77 (1.12)

.03 (1.23)
1.32 (.86)
.31 (.86)

1.26 (1.31)
.73 (.88)
.42 (.63)

1.03 (.78)
.58 (1.27)
-.44 (1.82)

.007 (.06)
.07 (.08)

.025 (.09)
.07 (.09)

.10 (09)
.03 (.07)

.02 (.06)
.07 (.07)
-.0005 (.03)

.01 (.07)
.05 (.10)
.002 (.05)

.09 (.11)
.05 (.06)
.02 (.03)

NeuroRacer Assessment
Pre-Training
Post-Training
6-Month
6-Year

TOVA Assessment
Pre-Training
Post-Training
6-Year

AID Assessment – ID
Pre-Training
Post-Training
6-Year

AID Assessment –ND
Pre-Training
Post-Training
6-Year

Midline Frontal Theta
Pre-Training
Post-Training
6-Year

Long-Range Coherence
Pre-Training
Post-Training
6-Year

MTT = multitasking training group (“NeuroRacer”); STT = single task training group; NCC =
no-contact control group
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We tested every metric above at the PRE-training and POST-training time points to assess
for any differences regarding the characteristics of those that participated at the 6-year
time point versus those that did not for each group. For the control participants (collapsing
the STT and NCC groups), not a single measure was significantly different at either time
point between the 20 individuals who participated at the 6-year mark versus the 10 that
did not (p> .08 for every comparison). For the MTT (NeuroRacer) participants, there were
2 measures that showed such a difference: performance at PRE (p= .006) and POST (.049)
on the delayed recognition working memory task (AID) for the ID condition, with the
‘participators’ at the 6-year mark showing faster RTs than the non-participators in each
case.

NeuroRacer Multitasking Assessment
There were two conditions tested on the NeuroRacer multitasking assessment:
1. “Sign Only” (single-tasking)- the participant is asked to perform a perceptual
discrimination task requiring them to respond as quickly as they can to a target stimulus
presented on a black background (green circle), and inhibit their response to any other
color / shape combination (e.g., blue square).
2. “Sign and Drive” (multitasking)- The same perceptual discrimination task is presented to
the participant as above, but now they are doing so while simultaneously trying to keep a
vehicle in the center of the road (See Figure 1).
As in Anguera et al.(Anguera et al., 2013) participants completed six 3-minute blocks of the
game in a counterbalanced order: three “Sign Only” and three “Sign and Drive” blocks. Prior
to playing these blocks, each participant was given a single 2 minute practice block to
familiarize themselves with the driving portion of the game as well as the perceptual
discrimination task. Given that our interest was to compare performance in a non-biased
manner at different timepoints, the assessment difficulty levels for both driving and
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perceptual discrimination were set to each individual’s calculated (thresholded) ability
levels at their initial pre-training visit six years ago. Doing so facilitated seeing how one's
multitasking costs at the same difficulty levels changed with age.
Supplementary Figure 1. Multitasking and
single-tasking performance (d’) for each
group at the 6-year time point. * = p< .05.
MTT = Multitasking training group, Control
= combined control group.

NeuroRacer Multitasking Assessment – RT for single versus multitasking
The multitasking assessment was analyzed using d’; however, response times (RTs)
are a common dependent measure for multitasking performance as well. Here we describe
these measures as suggested by a reviewer to provide additional information as to the
effects of the training. There were comparable findings for RT compared to d’, as we
observed a group (MTT, control) X session (pre, 6yr) X condition (single, multitasking)
interaction (f= 4.82, p= .036), supporting the finding that the MTT group showed an
improvement on the multitasking condition over time compared to the control group.
Furthermore, when we used the same multitasking index ((DS-SO)/SO) for RT at the PRE
and 6-year time points, we once again observed a group X session interaction (F= 5.03, p=
.033), revealing a differential benefit for the NeuroRacer group beyond that of the control
group over time.
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Delayed Recognition Working Memory Assessment (AID)
Participants performed a delayed match to sample paradigm designed to measure working
memory fidelity, and how working memory fidelity is compromised when distracting or
interfering information is presented while the original item is maintained in working
memory. Based on the original findings, we used response time as a metric of performance
during the following two conditions:
1. In the “No Distractors (ND)” condition, the participant is shown a face for 800 ms,
then the face disappears. After a 300 ms delay the participant focuses on a fixation
cross for 800 ms. Finally, a second face is presented for 800 ms, and the participant
must decide, by pressing the left or right arrow on a keyboard, whether that was the
first face they saw or not.
2. In the “Ignore Distractor (ID)” condition, the participant is shown a face for 800 ms,
then the face disappears. After a 300 ms delay, the participant is shown a second
face for 800 ms, and is instructed to ignore that second face. After the second face
disappears and there is another 300 ms delay, a third face is presented on the
screen and the participant must decide, by pressing the left or right arrow on a
keyboard, whether the third face was the first face they saw or not.
As described in the main text, no group X session interaction was present for either
condition, nor were there any group differences at the 6-year mark alone. However, a
session main effect was present for each condition, consistent with a practice effect, given
that each group responded faster at the 6-year mark than at pre-training for each condition
(for each session main effect, F(2,26)≥ 8.45, p≤ .007 in each case, see Supplemental
Figure 1).
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Supplemental Figure 2.
Delayed Working Memory
Task Performance (AID).
The Ignore Distractor (ID)
condition and No Distractor
(ND) condition separately at
Pre, Post and the 6-year mark.
* = p< .05. MTT = Multitasking
training group, STT = Single
task training group, NCC = Nocontact control group.

Test of Variable of Attention (TOVA) Assessment The Test of Variables of
Attention(Greenberg, 1996) is
a neuropsychological test that
assesses sustained attention
and impulsivity-based abilities.
The participant is instructed to
respond as quickly as possible
when detecting target stimuli
(i.e., a white square on a black
background located at the top
Supplemental Figure 3. Depiction of the TOVA task

half of the stimulus-display

monitor), while withholding responses to non-target stimuli (the same square now
displayed at the bottom half of the screen). During the first half of the paradigm (sustained
attention condition), target stimuli appeared infrequently (1 targets for every 4 non-
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targets), thus assessing one’s ability to sustain attention when external task demands were
low. During the second half (the impulse control condition), target stimuli appeared more
frequently (4 targets for every 1 non-target), measuring one’s ability to inhibit a prepotent
response. There were a total of 250 trials per condition: 50 target and 200 non-target trials
in the sustained attention condition, and 200 target and 50 non-target trials in the impulse
control condition. Based on the original findings, we focused our analyses on response time
performance during the sustained attention condition.

Control Measures
As in the original study, there were two control tasks used to assess basic motor function
and basic processing speed. The first, a Basic Response Time task that measured response
time (RT) and response time variability (RTV) asked participants to press the space bar as
quickly as possible whenever they saw a red circle appear in the center of the
screen(Anguera et al., 2013). The second task was the Digit Symbol Substitution
Task(Wechsler, 1997), a commonly used pencil/paper measure designed to assess
processing speed.
Supplemental Table 4. Mean RT on the Basic Response Time
Task at Pre-training and 6-year mark
Pre-Training
Mean (msec)
St Dev
MTT
322.7
53.3
Control
291.7
34.8
6-year Follow-up
MTT
372.2
36.7
Control
375.9
52.8
MTT = Multitasking Training

EEG Analysis
Signals were amplified and digitized at 1024 Hz with a 16-bit resolution. Antialiasing filters were used and data were band-pass filtered between 0.01–100 Hz during
data acquisition. Preprocessing was conducted using Analyzer software (Brain Vision, LLC)
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then exported to EEGLAB(Delorme & Makeig, 2004) for analyses. Blinks and eyemovement artifacts were removed through an independent components analysis (ICA), as
were epochs with excessive peak-to-peak deflections (100 mV). Note that we collapsed
across all trial types (target trials, non-target trials) given our use of the behavioral metric
of d’(Macmillan & Creelman, 2005), which takes into account performance on every trial
(Hit, Miss, False Alarm, and Correct Negative), as in our original work. That is, participant
performance was determined based on (1) correctly responding to targets; (2) correctly
avoiding non-targets; (3) late responses to targets; and (4) responding to non-targets. Each
perceptual discrimination-based experimental run (3 runs per condition, each 180
seconds) contained 24 relevant targets (green circles) and 48 non-targets (green, blue and
red pentagons and squares). Signs were randomly presented in the same position over the
fixation cross for 400 ms every 2, 2.5 or 3 s, with the speed of driving dissociated from sign
presentation parameters. -1000 to +1000 msec epochs were created for event-related
spectral perturbations (ERSP) total power analysis (evoked power + induced power), with
theta band activity analyzed by resolving 4–100 Hz activity using a the complex Morlet
wavelet in EEGLAB and referenced to a -900 to -700 pre-stimulus baseline (thus relative
power (dB)). Assessment of the ERSP data involved collapsing across all older adult
participants and experimental sessions in 40msec time bins from 0 (stimulus onset) to
600msec, revealing the onset of peak midline frontal activity to be between 360-400msec
post-stimulus.
These phase-locking values (PLVs) were controlled for individual state differences
at each session by baseline correcting each individual’s PLVs using their -200 to 0 period
(thus, relative PLV). For statistical analyses, we created 1 frontal and 3 posterior composite
electrodes of interest (EOI) clusters from the average of the following electrodes: AFz, Fz,
FPz, AF3, and AF4 (medial frontal), PO8, P8, and P10 (right-posterior), PO7, P7, and P9
(left-posterior); POz, Oz, O1, O2 and Iz (central-posterior), with PLVs calculated for each
frontal-posterior EOI combination separately.
An open question regarding this analysis was whether the timing of peak midline frontal
theta activity differed between groups, as if it did, it may serve as an alternative
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explanation as to why the training group showed different theta effects. This analysis
revealed no difference
between the MTT group and
either control group,
suggesting it was not driving
the observed difference in
theta power.
MTT vs STT: p-value = 0.44
MTT vs NCC: p-value = 0.65
STT vs NCC: p-value = 0.22
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