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Abstract.
Background: Amnestic mild cognitive impairment (aMCI), a prodromal phase of Alzheimer’s disease (AD), is characterized
by episodic memory dysfunction, but inhibitory deficits have also been commonly reported. Time of day (TOD) effects have
been confirmed in 1) healthy aging on cognitive processes such as inhibitory control, and 2) on behavior in AD (termed the
sundowning effect), but no such research has addressed aMCI.
Objective: The present study examined the impact of TOD on the behavioral and electrophysiological correlates of inhibition
in 54 individuals with aMCI and 52 healthy controls (HCs), all of morning chronotype.
Methods: Participants were randomly assigned to complete two inhibition tasks (Go-NoGo and Flanker) during their optimal
(morning) or non-optimal (evening) TOD, while electroencephalography was recorded.
Results: Both tasks elicited changes in N2 and P3 event-related potential (ERP) components, which commonly index
inhibitory functioning. Analyses showed that the Go-NoGo difference in P3 amplitude was reduced in individuals with aMCI
relative to HCs. Compared to HCs, the Flanker difference in P3 amplitude was also reduced and coincided with more errors
in the aMCI group. Notably, these behavioral and ERP differences were exaggerated in the non-optimal TOD relative to the
optimal TOD.
Conclusion: Findings confirm the presence of inhibition deficits in aMCI and provide novel evidence of sundowning effects
on inhibitory control in aMCI. Results reinforce the need to consider the influences of TOD in clinical assessments involving
individuals with aMCI.
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INTRODUCTION

Inhibitory control, a key component of executive
functions, refers to the abilities to suppress auto-
matic but inappropriate responses, and to withstand
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interference from irrelevant or distracting stimuli
[1–3]. This core cognitive process is critical for goal-
directed behavior in everyday life [4]. For example,
on a daily basis, this might translate into difficul-
ties inhibiting unwanted reactions or impulses (e.g.,
blurting out comments without thinking) or ignoring
distractions in your environment (e.g., attending to
irrelevant noises or actions of nearby co-workers).
The real-world consequences of distraction are par-
ticularly evident in older adults, as age-related
impairments in attentional control have been linked
to a greater risk of falls [5, 6], traffic accidents [7, 8],
and driver errors [9, 10].

Inhibitory control is commonly divided into
two subtypes: response inhibition and interference
control [11, 12]. Response inhibition reflects the sup-
pression of a pre-potent or automatic response (as is
required in the Go-NoGo task; [13]), and interference
control reflects the capacity to filter out distracting
information that has been partially activated but irrel-
evant to the task at hand (as is required in the Flanker
task; [14]). In the Go-NoGo task, individuals have to
withhold a response to infrequent stimuli (NoGo tri-
als) among a set of standard stimuli (Go trials). For
the Flanker task, individuals have to disregard dis-
tractor arrows flanking a centre arrow, with distractor
arrows pointing in the same direction (i.e., congruent
trials) or different direction (i.e., incongruent trials)
of the target.

Several studies have used time-locked electroen-
cephalographic activity or event-related potentials
(ERPs) to investigate inhibitory processes in Go-
NoGo and Flanker paradigms for two key reasons.
First, the high temporal resolution of ERPs ideally
quantifies the dynamic and rapidly occurring neural
activity in cognitive processes like inhibitory control
[15, 16]. Secondly, ERPs provide the opportunity to
measure neural activity even when successful inhibi-
tion is indexed by the lack of a behavioral response,
such as on NoGo trials (i.e., withholding a prepo-
tent motor response on no-response trials) in the
Go-NoGo task [17].

The electrophysiological correlates of inhibition
most commonly viewed in Go-NoGo and Flanker
tasks are the N2 and P3 components. The N2 is a
negative-deflecting ERP waveform at approximately
250–400 ms post-stimulus onset [18–22]. N2 ampli-
tude is now a recognized ERP index of conflict
detection [23, 24]. N2 amplitude in the Go-NoGo task
has been shown to be bigger for NoGo than Go trials
[25–27]. The N2 in the Flanker task has been shown
to be larger in amplitude and longer in latency for

incongruent relative to congruent trials [20, 28–32].
Past work has confirmed that response inhibition and
interference control share comparable early cogni-
tive resources [33]. That is, the N2 in Go-NoGo tasks
is thought to reflect conflict stemming from compe-
tition between the implementation and inhibition of
responses in Go relative to NoGo trials [23, 24]. In
the Flanker task, it is thought to reflect conflict arising
from distracting flankers surrounding the target [32,
34].

The P3 is a centroparietally distributed, positive-
going ERP waveform that occurs around 300 to
600 ms following stimulus onset. This component
is believed to represent later-stage monitoring of
inhibitory control processes and is tied to inhibition
of the motor response [35, 36] and the effective-
ness of the inhibitory response [37–39]. P3 latency
and amplitude are modulated by fluctuating demands
for motor suppression and inhibition. In the Go-
NoGo task, P3 amplitude is larger for NoGo than
Go trials [40, 41]. In the Flanker task, the P3 has a
smaller amplitude [42] and longer latency [43, 44]
for Incongruent relative to Congruent trials. Kan and
colleagues [33] showed that interference control and
response inhibition, evaluated by a hybrid Go-NoGo
Flanker task, share comparable cognitive processes
in the initial stages (i.e., N2), but display differential
temporal mechanisms in the later stages of inhibitory
processing (i.e., P3). The Go-NoGo P3 signifies the
active suppression of the motor response [45, 46] and
the Flanker P3 signifies the inhibition and resolution
required to negotiate the conflict response demands
of the target stimulus [47, 48].

Given the importance of inhibitory control for
goal-directed behavior in everyday life, an exten-
sive body of research has focused on declines in
inhibitory functioning in older adults with mild
cognitive impairment (MCI) [49–54]. MCI is a tran-
sitional phase between normal aging and dementia.
Persons with MCI exhibit a decline in cognition
greater than expected based on age, but are able to
preserve functional independence [55].

Of particular interest to the current study is
inhibitory deficits in the MCI subtype known as
amnestic MCI (aMCI). aMCI is a prodromal stage
of dementia due to Alzheimer’s disease (AD), albeit
it can progress to other types of dementia [56].
While episodic memory deficits are considered a
hallmark of aMCI, deficits in inhibitory control are
also quite common [57–59]. A meta-analysis by Rabi
and colleagues [53] including 2,184 individuals with
aMCI and 3,049 healthy controls (HCs) found aMCI-
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related deficits of moderate effect size (Hedge’s
g = –0.73) on behavioral measures of inhibitory con-
trol including deficits in both response inhibition
and interference control. Prior work using Go-NoGo
tasks has shown aMCI-related behavioral deficits
in response inhibition as reflected by higher error
rates [60–64; but see 65]. Additionally, past stud-
ies using Flanker tasks have found aMCI-related
deficits in interference control as reflected by greater
accuracy and RT differences between congruent and
incongruent trials1 [66–71; but see 72]. Using the
same sample of participants as used in the current
study, Chow et al. [50] reported greater intraindi-
vidual variability (i.e., within-person variability in
performance across trials) in both Go-NoGo and
Flanker RTs in those with aMCI compared to con-
trols. The current study extends the findings of
Chow et al. [50] by considering neural indices
of inhibition in aMCI, in addition to behavioral
indices.

When compared to behavioral research, ERP
research involving inhibitory control in aMCI is
rather limited. N2 amplitudes in the Go/NoGo task
have been shown to be smaller in individuals with
aMCI relative to healthy controls [60, 61, 73].
Research examining Go-NoGo latency effects have
observed longer N2 latencies in individuals with
aMCI relative to HCs reflecting aMCI-related slow-
ing, but no P3 latency group effects [62]. Among the
other research, NoGo-N2 and P3 latencies did not
differ between individuals with aMCI and healthy
controls [60, 61, 64].

López-Zunini and colleagues [64] demonstrated
that individuals with aMCI exhibited smaller P3
amplitudes in both Go and NoGo conditions than
healthy controls. Furthermore, using a Go-NoGo
task with an auditory distraction component, Cid-
Fernandez and colleagues [60, 61] also found smaller
N2 amplitudes in both Go and NoGo conditions in
those with aMCI compared to controls. However, as
N2 and P3 modulation effects (difference between
Go and NoGo waveforms) index inhibition [74],
these past findings may instead reflect more general
attention deficits in aMCI, rather than response inhi-
bition deficits per se. Indeed, prior research has yet
to demonstrate N2 or P3 modulation effects in aMCI
on the Go-NoGo task, either because no effect was
found [62, 64] and/or because within-condition dif-

1The Borsa et al., 2016, Van Dam et al., 2013, and Zhang et
al., 2015 studies refer to the Flanker component of the Attention
Network Task.

ferences (Go versus NoGo, or the Go-NoGo effect)
were not examined [60, 61].

Only one study to our knowledge has examined
ERP indices of inhibition in the Flanker task among
individuals with aMCI. Wang and colleagues [72]
found that individuals with aMCI were less accurate
across conditions relative to HCs. However, no dif-
ference in behavioral measures of inhibition (i.e., RT
and accuracy differences between incongruent ver-
sus neutral trials) were observed between the aMCI
and HC groups. Reduced N2 and P3 amplitudes
were reported in all Flanker conditions in individ-
uals with aMCI relative to HCs; however, no N2 and
P3 modulation effects were found, suggesting more
generalized attentional deficits in aMCI. Wang et al.
[72] also observed longer N2 latencies in the aMCI
group relative to the HC group, suggesting slower
neural processing in aMCI.

While ERP research using the Flanker task in aMCI
remains limited, additional ERP work has investi-
gated interference control in aMCI using different
tasks (i.e., Stroop task and Simon task). Ramos-
Goicia et al. [75] demonstrated that cognitive status
did not impact behavioral Stroop performance, but
they found greater P3 modulation (i.e., difference
between incongruent and control conditions) in indi-
viduals with aMCI relative to HCs. Cespón et al. [77]
used the Simon task and showed higher error rates
in aMCI, with smaller N2 amplitudes and longer N2
latencies in aMCI versus HCs [76–78]. These find-
ings suggest greater interference due to distraction
in those with aMCI relative to controls, which is
also reflected in delayed and diminished allocation of
neural activity associated with interference control.

Inhibitory control efficiency changes throughout
the day depending on synchronization of endoge-
nous circadian rhythms [79]. The synchrony effect
denotes the interaction between time of day (TOD)
and chronotype, and implicates improved perfor-
mance for optimal relative to non-optimal TOD [79].
Chronotype norms vary among different age groups,
with most older adults being morning types (i.e., opti-
mal performance during the morning hours) [79–81].
Most relevant to the current study, Rabi and col-
leagues [74] studied the effects of TOD and aging on
the neural correlates of inhibition in the Flanker and
Go-NoGo tasks with the same sample of healthy older
adults as in the current study. While behavioral results
revealed no effects of TOD, Rabi et al. [74] found
synchrony effects in ERP indices of response inhibi-
tion, demonstrating greater Go-NoGo modulation of
N2 amplitude and P3 amplitude during non-optimal
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compared to optimal test sessions. Additionally, older
adults showed greater Flanker P3 amplitude modula-
tion than younger adults, but only during non-optimal
testing times. The current study examines whether
there are neural indications of impaired inhibition in
aMCI, beyond those identified in healthy aging by
Rabi et al. [74].

TOD effects have also been demonstrated in
individuals with AD, with an exacerbation of symp-
toms in the late afternoon and evening, termed the
sundowning effect [82, 83], and circadian rhythm dis-
turbances have been reported in MCI [84, 85]. Among
individuals in the milder stages of AD, frequently
reported symptoms in the evening hours include con-
fusion, poor inhibition, and memory decline [82, 86].
Sundowning has been explained as a type of circadian
dysfunction linked to changes in daily body temper-
ature rhythms [83]. However, no studies to date have
examined the effects of TOD and aMCI on inhibitory
control. Recent work by Wilks and colleagues [87]
used a remotely administered smartphone assessment
to sample cognition over several days among individ-
uals at risk for AD and controls. Findings revealed no
difference from morning to evening performance on
memory and processing speed measures within at-
risk individuals. However, there was a strong trend
for at-risk individuals to perform worse in the evening
hours compared to morning hours. TOD conclusions
from this study are encouraging, but limited, as Wilks
et al. did not assess inhibitory control in their study,
only 10% of their sample were classified as at-risk,
there was no assessment of chronotype, and partic-
ipants self-selected hours they wished to complete
the assessments. If inhibition deficits are exaggerated
during the later afternoon and evening hours among
individuals with aMCI, this could have important
implications for clinical management.

The main goal of this study was to examine
how TOD modulates behavioral and ERP mea-
sures of two inhibition tasks between individuals
with aMCI and controls, to establish to what extent
cognitive sundowning effects are present in preclin-
ical AD. A Go-NoGo task was included to assess
response inhibition and a Flanker task was included
to assess interference control. To examine the effects
of TOD (optimal or non-optimal) and cognitive sta-
tus (HC or aMCI) on inhibitory control, we recruited
older adults with morning chronotypes who were
randomized to either morning (optimal TOD) or
late-afternoon/evening (non-optimal TOD) testing
sessions. Electroencephalography (EEG) was used to
record neuroelectric activity during inhibition tasks to

examine how TOD impacts the N2 and P3 ERP com-
ponents differentially in those with aMCI compared
to healthy controls.

In line with prior behavioral work examining
inhibitory control in aMCI [50, 53, 60–64, 66, 67,
70], we hypothesized that individuals with aMCI
would show poorer response inhibition and inter-
ference control compared to HCs. This would be
reflected by larger accuracy and reaction time differ-
ence scores between a simple processing condition
and an inhibitory control condition. Consistent with
prior work showing reduced N2 and P3 amplitudes
across conditions in both Go-NoGo and Flanker tasks
[60, 61, 64, 72], we anticipated individuals with aMCI
would show smaller modulation of N2 and P3 ERP
components, suggesting impaired inhibitory process-
ing. Lastly, given recent work using the same sample
of healthy older adults, where more pronounced TOD
effects in older adults relative to younger adults on
ERP measures of inhibitory control were found [74],
and based on prior work highlighting circadian dys-
function in early AD [84–86], we expected more
pronounced aMCI-related differences in inhibitory
control on behavioral and neural indices of inhibition
during the non-optimal TOD compared to HCs.

METHODS

Participants

Participant recruitment followed the same exclu-
sion criteria as previously reported in Chow et al.
[50] and Rabi et al. [74], which included screening
for diagnosis of neurological or psychiatric disor-
ders, vascular disorders, head injury, and visual and
hearing impairment. Inclusion criteria were 60 years
of age or older, a score above the cut-off on the
Telephone Interview for Cognitive Status-Modified
(TICS-M) [88], and classified as morning-type
individuals. The Morningness-Eveningness Ques-
tionnaire (MEQ) [89] was used to ensure participants
were of the morning chronotype, scoring at or above
59. The validity of the MEQ has been verified through
associations with circadian-linked changes including
heart rate, body temperature, and skin conductance
[89–91].

Fifty-four HCs and 59 individuals with aMCI were
recruited for the study. Using Petersen’s 2004 [55]
criteria, participants were diagnosed by a registered
neuropsychologist (N. D. Anderson) according to a)
memory complaint, b) objective memory impairment
verified by neuropsychological assessment, and c)
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maintenance of a functional level of independence
in daily activities. Impairment was operationalized
as an age-corrected scaled score 1.5 standard devi-
ations below the participant’s estimated intellectual
functioning on two or more tests within a cogni-
tive domain. As previously reported by Chow et al.
[50] and Rabi et al. [74], data were excluded from
analysis for two participants with aMCI and one HC
who did not complete the inhibition tasks; and two
participants with aMCI who received a diagnosis of
another neurological disorder after testing. To con-
trol for the effects of sleep disturbances on inhibitory
performance [92], data were excluded from one HC
participant who reported insufficient sleep the night
before testing. Our final sample consisted of 52 HCs
(64–88 years, 25 females), with 26 tested during the
optimal TOD, and 26 tested during the non-optimal
TOD; and 54 individuals with aMCI (66–88 years,
26 females), with 28 tested during the optimal TOD
and 26 tested during the non-optimal TOD.

Participants were recruited from the Rotman
Research Institute research participant database, the
Sam and Ida Ross Memory Clinic of Baycrest Cen-
tre, and through local advertisements and community
talks. This study was approved by the Research Ethics
Board of the Rotman Research Institute at Baycrest
Centre, and all participants provided informed written
consent.

Neuropsychological assessment

A full description of the administered neu-
ropsychological assessments have been previously
reported in Chow et al. [50] and Rabi et al. [74],
All neuropsychological assessments were conducted
during an individual’s optimal TOD (9:00 to 12:00).
Participants were administered measures of global
cognitive ability, memory, language, and executive
function, in addition to abbreviated estimates of fluid
and crystalized intelligence. Several self-report ques-
tionnaires were administered to evaluate quality of
sleep, mood functioning, and subjective memory con-
cerns. Functional independence was assessed through
self-report questionnaires and verified with a reliable
third-party informant.

Procedure

Participants performed both inhibition tasks on a
separate day than the neuropsychological assessment.
Participants were randomized to complete their inhi-
bition tasks either in the morning (i.e., optimal TOD;

started tasks between 8:00–10:30, with the study
completed by 12:00), or in the afternoon (i.e., non-
optimal TOD; started tasks between 14:00–17:00
start time, with the study completed by 18:30). The
order in which the inhibition tasks were adminis-
tered were counterbalanced across participants in the
study. Participants completed both inhibition tasks in
a double-walled sound-attenuated booth while seated
60 cm in distance from the monitor, with stimuli at a
visual angle of 2.9 degrees for the Go-NoGo task, and
stimuli at a visual angle of 3.8 degrees for the Flanker
task.

Computer tasks

The present study adopted the Go-NoGo paradigm
used and reported by Moussard et al. [93]. Geometri-
cal shapes were presented one at a time on a computer
monitor. To reduce stimulus repetition effects, four
stimuli were generated from two types of shapes
(squares or triangles) and two colors (pink or white).
A colored shape was presented on a black background
for 186 ms followed by a fixed blank screen inter-
stimulus interval lasting 1500, 2000, or 2500 ms to
prevent expectancy effects. To control for stimulus
saliency, assignment of stimulus colors to Go and
NoGo stimuli was counterbalanced across individu-
als in the study. Participants were asked to press the
keyboard spacebar quickly and accurately in response
to Go stimuli (75% probability) and to avoid respond-
ing to NoGo stimuli (25% probability). Participants
had 1000 ms from the onset of the stimulus to make a
response and were given 20 practice trials to familiar-
ize themselves with the task. The task included three
blocks, consisting of 192 trials in each block. There
were 576 trials in total (432 Go and 144 NoGo trials).

Details of the Flanker task were previously
reported in our work [50, 74]. Five stimuli were pre-
sented centered horizontally on a computer, with each
array consisting of a centered arrowhead pointing
either to the left or right, and two flanker arrowheads
on either side of the central arrowhead. All five of the
arrowheads were pointing in the same direction in
Congruent arrays (e.g., > > > > >) and four flanking
arrowheads were pointing in the direction opposite
of the central arrowhead in Incongruent arrays (e.g.,
> > < > >). The central arrowhead was flanked by
four equal signs in Neutral arrays (e.g., = = > = = ). A
stimulus array was presented in black on a white back-
ground for 300 ms followed by a fixed interstimulus
interval of 2000 ms with a central fixation cross. Par-
ticipants were asked to quickly and accurately press
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the arrow key on the computer keyboard that corre-
sponded to the direction of the central arrowhead. The
left index finger was used to respond to central arrow-
heads facing left, and the right index finger was used
to respond to central arrowheads facing right. The
window to respond was 2300 ms from stimulus onset.
There were three blocks in the task (102 trials each),
with 306 trials in total (102 trials per condition). Par-
ticipants were given 17 practice trials to familiarize
themselves with the task.

Task stimuli were presented using E-Prime soft-
ware version 1.2 (Psychology Software Tools, Inc.).
No feedback to participants was provided concerning
their performance.

EEG acquisition and preprocessing

EEG was recorded from 66 Ag/AgCI scalp
electrodes (BioSemi ActiveTwo acquisition system,
BioSemi V.O.F., Amsterdam, Netherlands), using the
10-20 system, a common mode sense active elec-
trode, with a right leg passive electrode as ground.
Ten facial electrodes were used to monitor eye move-
ments (placed at both mastoids, both pre-auricular
points, outer canthus of each eye, inferior orbit of
each eye, and two additional frontotemporal elec-
trodes). EEG activity was recorded at a rate of 512 Hz
using a bandpass of DC-100 Hz. Brain Electrical
Source Analysis software (BESA Research, version
7.0, MEGIS GmbH, Gräfelfing, Germany) was used
for off-line preprocessing.

For ERP analyses, the average of all scalp EEG
channels was used as the reference for each EEG
channel. Continuous EEG data were filtered with
0.53 Hz high-pass (forward, 6 dB/octave) and 40 Hz
low-pass filters (zero-phase, 24 dB/octave). Chan-
nels with excessive head or body movement artifacts
were interpolated using spherical spline interpo-
lation [94]. No more than 10% of the channels
per recording were interpolated. Artifacts from eye
movements were corrected based on the spatial com-
ponents approach [95]. Brain signal topographies
underlying eye movements and eye blinks were semi-
automatically detected per participant recording, then
the artifact signal for each electrode was recon-
structed with a spatial filter and modeled by a fixed
dipole model [95]. The spatial topographies were then
subtracted from the continuous EEG.

The next step involved segmenting the data for
each participant into epochs of -500 ms to 1000 ms
with a baseline of -500 ms to 0 ms. The ERP analysis
included only correct trials. Traces were scanned for

additional artifacts and epochs including deflections
surpassing a 120 �V were marked and excluded from
the analysis. An average of 7.58% (SD = 6.81%) of
trials per participant were removed in the Go-NoGo
task and 5.40% (SD = 5.00%) of trials per participant
in the Flanker task, neither of which varied by group,
F(1, 102) = 0.17, p = 0.682, ηp

2 = 0.002, and F(1,
102) = 0.236, p = 0.628, ηp

2 = 0.002, respectively.
This also did not vary by TOD for the Go-NoGo
task, F(1, 102) = 0.375, p = 0.542, ηp

2 = 0.004; for the
Flanker task, a slightly greater proportion of trials per
participant were excluded in the Non-Optimal (6.46%
on average) compared to the Optimal TOD (4.44%
on average), F(1, 102) = 5.07, p = 0.027, ηp

2 = 0.047.
The remaining epochs were averaged according to
task conditions, and averaged epochs were baseline-
corrected relative to the pre-stimulus interval (i.e.,
mean amplitude over the 500 ms prior to onset of
the stimulus). Waveforms for the Go-NoGo task
included a mean of 402.66 Go trials (SD = 40.50) and
123.32 NoGo trials (SD = 18.05) per participant; for
the Flanker task, these were 95.72 (SD = 10.41) Con-
gruent, 84.87 (SD = 14.33) Incongruent, and 95.48
(SD = 10.26) Neutral trials analyzed.

Data preparation

Behavioral measures. Accuracy from the Go-
NoGo task was derived from hits and correct
rejections. RTs from this task were computed from
only Go trials (hits). In the Flanker task, trials with no
response were removed from accuracy calculations.
Additionally, to account for task warm-up effects, the
first trial in each block was omitted from analyses.
Trials with a response time of less than 200 ms were
also removed from analyses. This removed on aver-
age 0.07% (SD = 0.16%) of trials per participant in
the Go-NoGo task, and 0.04% (SD = 0.15%) of
trials per participant in the Flanker task, neither of
which varied by group (F(1, 102) = 0.13, p = 0.722,
ηp

2 = 0.001 and F(1, 102) = 3.24, p = 0.075,
ηp

2 = 0.031, respectively) or TOD (F(1, 102) = 1.15,
p = 0.287, ηp

2 = 0.011 and F(1, 102) = 0.01,
p = 0.905, ηp

2 < 0.001, respectively). Flanker task
accuracy was calculated for the Congruent, Incon-
gruent, and Neutral conditions. Mean RT was
derived using trials with correct responses, and any
trials with an RT that was 3 standard deviations or
more from the participants’ mean in each condition
were removed. This removed on average 1.14%
(SD = 0.58%) of Go trials per participant in the
Go-NoGo task, which did not vary by group, F(1,
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102) = 0.02, p = 0.899, ηp
2 < 0.001, or TOD, F(1,

102) = 0.45, p = 0.504, ηp
2 = 0.004. In the Flanker

task, this removed on average 1.31% (SD = 0.69%)
of trials per participant, which did not vary by group,
F(1, 102) = 0.21, p = 0.649, ηp

2 = 0.002, or TOD,
F(1, 102) = 0.32, p = 0.570, ηp

2 = 0.003.
ERP measures. The effects of TOD and aMCI on

the neural indices of inhibition (N2 and P3 mean
amplitudes and peak latencies) were assessed using
a mixed model ANOVA with Group (HC, aMCI)
and TOD (optimal, non-optimal) as between subject
factors, and Condition (Incongruent, Neutral, Con-
gruent for Flanker; Go and No-Go for Go-NoGo)
as the within-subjects factor. Peak latencies were
quantified as the maximum positivity or negativity
within a particular window for an electrode cluster.
For both inhibition tasks, the N2 was maximal at
frontal-central regions, and was thus averaged across
a cluster of nine electrodes in the frontal-central scalp
region to better represent the N2 distribution (F1, Fz,
F2, FC1, FCz, FC2, C1, Cz, C2). For both inhibition
tasks, the P3 was maximal at central to centro-parietal
regions, and was similarly averaged across a cluster
of nine central electrodes (FC1, FCz, FC2, C1, Cz,
C2, CP1, CPz, CP2).

N2 peak latencies from each task were exported
per individual at the latency of the maximal negative-
going peak between a liberal search window of 200
to 400 ms post stimulus onset. P3 peak latencies from
each task were determined for each individual at
the maximal positive-going peak between a liberal
search window of 300 to 650 ms post stimulus onset.
Upon visual inspection, N2 mean amplitudes were
derived from a time window of 250-350 ms for the
Go-NoGo task and 225-350 ms for the Flanker task.
P3 mean amplitudes for both tasks were derived using
a 350-600 ms time window. These time windows are
consistent with those previously used in our OA sam-
ple as reported in Rabi et al. [74].

Data analysis

Behavioral measures. Statistical analysis of behav-
ioral data was performed using SAS/STAT software
version 15.2 and the SAS System for Windows ver-
sion 9.4. Copyright © 2016 SAS Institute Inc. To
accommodate the positively skewed distribution of
RT, generalized linear mixed models (GLMMs) for
gamma distribution (with an identity link) were used
to model the individual trial RT data [93]. A ran-
dom intercept and a variance component structure

were used to control for the non-independence of the
data.

Accuracy data were fitted to a modified Poisson
model [96], which estimates the proportion correct
and ratios of proportions correct across groups. The
model used a compound symmetry type working cor-
relation matrix and generalized estimating equations
to adjust for the repeated measures within subjects.

The models were adjusted for sex, age, and edu-
cation. The initial model included the interaction
of all fixed effects for each outcome. The model
was simplified to contain only significant interac-
tions and related main effects or only main effects
when no interaction terms were significant. The fixed
effects included: Group (HC, aMCI), TOD (Optimal,
Non-Optimal), and condition (Go-NoGo Task: Go,
No-Go; Flanker Task: Incongruent, Neutral, Congru-
ent).

An initial gamma GLMM model was fit without
any fixed effects (an intercept model only) for reac-
tion time data. The standard deviation of the predicted
mean RT was used as the denominator of effect size
calculations for differences in mean RT. Effect sizes
were interpreted according to Cohen’s d criteria [97];
an effect size of 0.2 indicates a small effect, 0.5 a
medium effect, and 0.8 a large effect.

ERP measures. ERP analyses were conducted
using IBM SPSS (version 28.0) and JASP (version
0.16) software. Electrophysiological measures were
submitted to analyses of covariance (ANCOVA) with
age, sex, and education as covariates, and Sidak post-
hoc tests to adjust for multiple comparisons. N2 and
P3 peak latencies and mean amplitudes from the Go-
NoGo task were submitted to a mixed ANCOVA with
Group (HC, aMCI) as a between-subjects factor and
Condition (Go, NoGo) as a within-subjects factor. For
the Flanker task, N2 and P3 peak latencies and mean
amplitudes, were subjected to a mixed ANCOVA
with Group (HC, aMCI) as a between-subjects fac-
tor and Condition (Congruent, Incongruent, Neutral)
as a within-subjects factor. When a 3-way interaction
reached significance, post-hoc two-way ANCOVAs
were used to investigate Flanker effects (i.e., differ-
ence between Incongruent and Congruent/Neutral).
Partial eta-squared was calculated as measures of
effect sizes. A Greenhouse-Geisser correction was
used for violations of sphericity. An alpha value of
0.05 was used throughout.

In line with our prior work [74], the difference
between Go and NoGo, or between Incongruent
and Congruent/Neutral (i.e., amplitude modulations)
were taken as a measure of the Go-NoGo or Flanker
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effect reflecting inhibitory processing. To confirm
that N2 and P3 amplitude modulations were asso-
ciated with inhibition in HCs and individuals with
aMCI, partial bivariate Pearson correlations were
performed between ERP and behavioral measures
of inhibition while controlling for the same covari-
ates (age, sex, and education). Correlations were
conducted between N2 or P3 modulations and behav-
ioral performance. Given that peak latencies assess
slowing of neural processing rather than inhibition,
correlations were not conducted with this measure.

RESULTS

Participant characteristics

The subgroups did not statistically differ in age,
F(3, 102) = 1.10, p = 0.353, ηp

2 = 0.031, or sex, χ2(3,
N = 106) = 0.984, p = 0.157. A Kruskal-Wallis H test
showed that the subgroups differed in education,
χ2(3) = 8.02, p = 0.046, with greater years of educa-
tion in the HC non-optimal TOD subgroup (17.12
years, SD = 2.55) than the aMCI optimal TOD sub-
group (14.93 years, SD = 2.83), p = 0.049. However,
education did not differ between the HC optimal
TOD (15.88 years, SD = 3.01) and HC non-optimal
TOD subgroups (p = 0.182) or between aMCI optimal
and non-optimal TOD (16.12 years, SD = 2.72) sub-
groups (p = 0.107). Importantly, the subgroups also
did not differ in education level within levels of
TOD. Specifically, education did not significantly dif-
fer between the aMCI optimal and HC optimal TOD
subgroups (p = 0.145), nor did it differ between aMCI
non-optimal and HC non-optimal TOD subgroups
(p = 0.237). A Kruskal-Wallis H test showed that the
subgroups did not differ on MEQ score, χ2(3) = 5.75,
p = 0.124.

Behavioral results

Go-NoGo performance. Age was the only sig-
nificant covariate, with lower accuracy for older
participants. There were no differences in Go-NoGo
accuracy between groups or TOD assignment (see
Supplementary Tables 1 and 2), and for this reason the
model was simplified to include only the Condition
main effect. As depicted in Fig. 1, participants made
more errors on NoGo than Go trials, χ2(1) = 52.87,
p < 0.001, accuracy ratio = 0.910, indicating a ∼9%
decrease in NoGo accuracy relative to Go accuracy
across groups.

Fig. 1. Go-NoGo task performance displayed by group, TOD, and
condition for measures of (A) accuracy, and (B) mean RT. For
visualization purposes, data depicted represents models with a 3-
way interaction for Go-NoGo accuracy and a 2-way interaction for
Go RT, rather than the final simplified models. Error bars represent
95% confidence intervals, and the y-axis scale for accuracy is trun-
cated to aid in visualizing the Go-NoGo effect. RT, reaction time.
The estimates presented are with reference to males with average
age and education.

There were no significant covariates related to Go
RTs and an intercept-only model was considered suf-
ficient (see Supplementary Table 1).

Flanker performance. Flanker behavioral results
are displayed in Fig. 2. TOD did not influence
accuracy on the Flanker task (see Supplementary
Tables 3 and 4), and so the model was simpli-
fied to Group, Condition, and their interaction.
Type III tests for fixed effects indicated accu-
racy was comparable for HCs and individuals with
aMCI, χ2(1) = 2.02, p = 0.155, and differed across
Condition, χ2(2) = 53.61, p < 0.001, in the model
with a significant Group and Condition interaction,
χ2(2) = 7.94, p = 0.019. Individuals with aMCI had
lower accuracy in the Incongruent condition, com-
pared to both the Congruent condition (accuracy
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Table 1
Participant characteristics and neuropsychological test scores

Variable HC Optimal TOD HC Non-Optimal TOD aMCI Optimal TOD aMCI Non-Optimal TOD
(n = 26) (n = 26) (n = 28) (n = 26)

Raw Scaled Raw Scaled Raw Scaled Raw Scaled

Demographics
Age (y) 75.15 (7.38) – 75.23 (5.40) – 77.57 (6.49) – 77.27 (6.01) –
Education (y) 15.88 (3.01) – 17.12 (2.55) – 14.93 (2.83) – 16.12 (2.72) –
Sex (F:M) 12:14 – 13:13 – 14:14 – 13:13 –
TICS-ma 37.42 (2.76) – 36.96 (3.29) – 32.25 (3.18) – 33.62 (2.80) –
MEQ 65.96 (4.79) – 65.65 (4.66) – 64.25 (5.35) – 63.31 (4.04) –
MoCAa 26.92 (2.42) – 26.88 (2.39) – 22.46 (2.24) – 22.81 (3.20) –
Estimates of IQ
WAIS-III Matrix Reasoninga 24.46 (3.80) 14.54 (2.23) 24.04 (5.59) 14.31 (2.62) 20.57 (4.70) 13.11 (2.39) 21.65 (6.93) 13.42 (3.11)
Shipley Vocabularya,c 35.46 (2.98) 12.00 (2.24) 36.19 (3.68) 12.96 (3.14) 32.82 (3.98) 10.14 (2.84) 36.04 (2.78) 12.65 (2.50)
Memory
CVLT-II Learninga 49.28 (9.06) 13.08 (2.29) 50.12 (14.63) 13.77 (3.29) 24.70 (8.50) 5.33 (2.75) 26.62 (9.24) 6.08 (2.74)
CVLT-II Short Delay FRa 10.52 (3.33) 12.52 (3.24) 10.27 (3.56) 12.12 (3.15) 2.63 (2.32) 4.22 (2.67) 2.48 (2.77) 3.80 (3.49)
CVLT-II Long Delay FRa 10.40 (3.32) 11.36 (2.86) 10.92 (3.62) 11.85 (2.89) 2.69 (2.28) 4.00 (2.73) 2.88 (2.68) 4.20 (2.95)
WMS-R Visual PA Ia 12.36 (3.34) 12.00 (2.66) 11.92 (3.58) 11.81 (2.53) 7.86 (3.96) 9.25 (2.44) 7.73 (4.13) 9.04 (2.57)
WMS-R Visual PA IIa 5.04 (1.40) 11.84 (1.75) 5.12 (1.37) 12.15 (1.46) 2.89 (1.81) 9.75 (2.24) 3.35 (1.98) 10.08 (2.33)
WMS-R Verbal PA Ia 15.72 (3.37) 9.60 (2.24) 17.11 (2.98) 10.88 (2.44) 9.75 (3.33) 5.32 (2.52) 10.54 (4.44) 6.00 (2.97)
WMS-R Verbal PA IIa 6.92 (1.04) 11.84 (1.84) 7.00 (1.17) 12.00 (2.47) 4.46 (1.64) 8.14 (2.68) 4.54 (2.20) 8.77 (3.46)
WAIS-III Digit Symbol IL-FRa 7.58 (1.06) 10.54 (0.99) 7.42 (1.21) 10.38 (1.33) 4.71 (2.12) 7.46 (3.20) 5.08 (1.90) 7.92 (2.87)
WAIS-III Digit Symbol IL-PRa 12.58 (4.37) 10.50 (1.36) 12.73 (4.37) 10.65 (1.02) 4.50 (4.33) 6.86 (3.42) 3.96 (4.60) 6.35 (3.68)
Language
BNT-15a 53.60 (5.77) 10.80 (3.33) 54.08 (3.77) 11.12 (2.70) 48.07 (9.23) 8.82 (2.98) 51.08 (7.27) 10.38 (3.42)
Phonemic Fluency (FAS)a 48.58 (13.31) 12.00 (3.00) 49.88 (13.17) 12.04 (3.56) 37.07 (11.78) 9.39 (3.20) 43.12 (9.80) 10.54 (2.76)
Semantic Fluency (Animals)a 17.54 (4.45) 9.81 (2.80) 19.46 (5.09) 10.81 (3.70) 12.25 (4.53) 6.14 (3.16) 14.19 (3.46) 7.50 (2.53)

(Continued)
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Table 1
(Continued)

Variable HC Optimal TOD HC Non-Optimal TOD aMCI Optimal TOD aMCI Non-Optimal TOD
(n = 26) (n = 26) (n = 28) (n = 26)

Raw Scaled Raw Scaled Raw Scaled Raw Scaled

Executive Functioning and Processing Speed
WAIS-III Digit Symbold 57.96 (13.82) 12.23 (2.80) 65.58 (14.75) 13.69 (2.99) 51.68 (16.31) 11.21 (3.02) 47.15 (15.02) 10.19 (2.79)
D-KEFS Trails Numbersb 37.87 (10.72) 12.85 (2.09) 39.27 (15.45) 12.88 (2.41) 52.53 (19.89) 11.21 (3.51) 51.81 (29.77) 11.31 (3.65)
D-KEFS Trails Lettersb 36.56 (10.06) 12.96 (1.43) 40.49 (13.89) 12.63 (1.84) 55.17 (20.9) 10.93 (2.97) 53.36 (31.77) 11.32 (3.30)
D-KEFS Trails N-L Switchb 95.13 (36.85) 12.27 (2.05) 94.51 (44.80) 12.35 (2.81) 148.70 (62.72) 9.00 (4.63) 146.43 (77.14) 9.19 (4.94)
D-KEFS CWIT Colour b 30.31 (5.89) 11.58 (2.22) 30.88 (4.85) 11.42 (1.93) 34.85 (8.31) 10.00 (3.28) 35.33 (9.31) 9.72 (3.60)
D-KEFS CWIT Word 23.51 (5.11) 11.21 (2.64) 22.31 (4.77) 11.88 (2.36) 25.31 (6.92) 10.48 (3.14) 25.02 (5.80) 10.44 (2.93)
D-KEFS CWIT Inhibitionb 58.61 (15.17) 12.88 (2.07) 56.78 (9.17) 13.08 (1.35) 73.80 (23.08) 11.11 (2.86) 80.53 (37.07) 10.32 (4.18)
Alpha Span SPa 27.68 (9.58) 10.12 (2.99) 30.04 (11.97) 11.08 (3.67) 20.74 (6.95) 8.33 (2.77) 20.69 (7.70) 8.35 (3.01)
WCST Categoriesa 4.81 (1.96) – 5.00 (1.62) – 3.64 (2.39) – 3.85 (2.38) –
WCST Perseverative Errors %b 14.35 (10.04) 13.52 (4.74) 14.15 (10.28) 12.92 (4.53) 24.55 (14.72) 9.93 (4.29) 22.27 (13.55) 10.35 (4.27)
Questionnaires
HADS Anxiety 5.08 (3.31) – 4.08 (2.33) – 5.56 (4.01) – 5.62 (3.95) –
HADS Depression 2.12 (1.90) – 2.70 (2.00) – 3.15 (2.46) – 3.58 (2.66) –
EPWa 6.60 (2.89) – 7.50 (3.18) – 5.19 (3.56) – 6.04 (3.95) –
PSQI 5.92 (3.46) – 6.16 (2.53) – 5.44 (3.16) – 5.08 (2.67) –
MAC Abilitiesa 68.75 (9.65) 10.71 (2.26) 70.20 (9.61) 10.96 (2.44) 59.96 (10.81) 8.36 (2.70) 58.12 (7.59) 7.85 (1.97)
FAQ – – – – 2.22 (2.21) – 1.77 (2.32) –

Data are means (SDs) except for sex. HC, healthy control; aMCI, amnestic mild cognitive impairment; MoCA, Montreal Cognitive Assessment; TICS-m, modified Telephone Interview of Cognitive
Status (raw score out of 50); MEQ, Morningness-Eveningness Questionnaire; WAIS, Wechsler Adult Intelligence Scale; WMS-R, Wechsler Memory Scale – Revised; CVLT, California Verbal
Learning Test; FR, Free Recall; PA, Paired Associates; IL, Incidental Learning; PR, Paired Recall; BNT, Boston Naming Test; FAS, phonemic fluency to the letters F, A, and S; D-KEFS, Delis
Kaplan Executive Functioning System; N-L, Number-Letter; CWIT, Color Word Interference Test; SP, Stop Point; WCST, Wisconsin Card Sorting Test; HADS, Hospital Anxiety and Depression
Scale; EPW, Epworth Sleepiness Scale; PSQI, Pittsburgh Sleep Quality Index; MAC, Memory Assessment Clinics Self-Rating Scale; FAQ, Functional Assessment Questionnaire. For normed
assessments, tests of significance were run on scaled scores. The same sample of healthy older adults was used in the Rabi et al. [74] study. aHC > aMCI, bHC < aMCI, cNon-Optimal>Optimal,
dHC Non-Optimal>aMCI Non-Optimal.
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Fig. 2. Flanker task performance displayed by group, TOD, and
condition for measures of (A) accuracy, and (B) mean RT as illus-
trated by the final models. Error bars represent 95% confidence
intervals. RT, reaction time. The estimates presented are with ref-
erence to males with average age and education.

ratio = 0.883, p < 0.001) and the Neutral condition
(accuracy ratio = 0.882, p < 0.001). HCs also had
lower accuracy in the Incongruent condition, com-
pared to both the Congruent condition (accuracy
ratio = 0.917, p < 0.001) and the Neutral condi-
tion (accuracy ratio = 0.924, p < 0.001). The relative
accuracy ratio (aMCI versus HC) was significant for
the incongruent compared to neutral condition com-
parison (relative accuracy ratio = 0.954, p = 0.03)
indicating relatively poorer accuracy for the aMCI
group in the incongruent trials. Although not signifi-
cant, the aMCI group had relatively poorer accuracy
for the incongruent compared to the congruent con-
dition (relative accuracy ratio = 0.963, p = 0.09).

The model for Flanker RTs (see Supplementary
Tables 3 and 5) included TOD, Group, Condition,
and their 2- and 3-way interactions. Type III tests
for fixed effects indicated RTs differed across condi-
tions, F(2, 29203) = 2985.64, p < 0.001, and both the
Group by Condition, F(2, 29203) = 17.53, p < 0.001,

and TOD by Condition, F(2, 29203) = 9.50, p < 0.001,
interactions were significant. These were all modified
by a significant 3-way Group x TOD x Condi-
tion interaction, F(2, 29203) = 7.11, p < 0.001. In
HCs, both the Incongruent-Congruent effect (effect
sizeinc-con = 0.005, p = 0.841) and the Incongruent-
Neutral effect (effect size inc-neu = 0.016, p = 0.529)
did not differ as a function of TOD. By contrast,
individuals with aMCI showed larger Flanker effects
(i.e., a bigger difference between inhibition and con-
trol conditions) during the non-optimal TOD relative
to optimal TOD. During the non-optimal TOD, indi-
viduals with aMCI showed both a larger difference
between incongruent and congruent conditions (effect
size inc-con = 0.137, p < 0.001), as well as incongru-
ent and neutral conditions (effect size inc-neu = 0.129,
p < 0.001), relative to the optimal TOD.

To summarize, Group and TOD modulated inhibi-
tion performance on the Flanker task, such that the
aMCI group showed greater Flanker effects in accu-
racy and RTs than the HC group. Notably, Flanker
effects in RTs in the aMCI group were greater in the
non-optimal than optimal TOD. No Group or TOD
effects were found in the Go-NoGo task.

Go-NoGo ERP results

N2. Figure 3 displays the Go-NoGo ERP find-
ings. Analyses revealed no significant main effects
or interactions involving Group, TOD, or Condition
on N2 latency or mean amplitude. Furthermore, the
Go-NoGo N2 modulation was not significantly corre-
lated with the Go-NoGo effect in accuracy for either
group (both p > 0.05).

P3. Latency analyses revealed no significant main
effects or interactions involving Group, TOD, or
Condition. The analysis for P3 mean amplitudes
revealed a significant Group by Condition interaction,
F(1, 99) = 4.02, p = 0.048, ηp

2 = 0.039, with a signif-
icantly greater P3 amplitude modulation in the HC
group than the aMCI group (p = 0.048). As expected,
P3 amplitudes were greater in NoGo than Go tri-
als for both HC (p < 0.001) and aMCI (p = 0.002)
groups. No other interaction involving Group, Condi-
tion, or TOD reached significance. The Go-NoGo P3
modulation was not significantly correlated with the
Go-NoGo effect in accuracy for either group (both
p > 0.05).

Summary. No group or TOD effects were demon-
strated for the Go-NoGo N2. The aMCI group
demonstrated a smaller P3 amplitude modulation
than the HC group.
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Fig. 3. Go-NoGo grand average waveforms, and difference wave-
forms at the central midline electrode (Cz) for brevity. A)
Representative grand-average waveforms for Go and NoGo tri-
als across the four subgroups depicting N2 and P3 components.
B) Topographical scalp maps of the Go-NoGo effect, and C) dif-
ference waveforms (NoGo minus Go) depicting the N2 and P3
components across the four subgroups.

Flanker ERP results

N2. Figure 4 displays the Flanker ERP find-
ings. N2 latency revealed a significant Condition

by TOD interaction, F(2, 198) = 3.32, p = 0.038,
ηp

2 = 0.032. During the optimal TOD, Neutral N2
latencies were significantly longer than Incongru-
ent (p < 0.001) and Congruent (p < 0.001) trials, with
no significant difference between Incongruent and
Congruent trials (p = 0.999). During the non-optimal
TOD, N2 latencies did not differ between condi-
tions (all p > 0.05). N2 latencies were not significantly
different between TOD for Incongruent (p = 0.095),
Congruent (p = 0.308) or Neutral trials (p = 0.989).
No other effects reached significance (p > 0.05).

N2 mean amplitudes differed as a function of con-
dition, F(1.93, 191.39) = 3.77, p = 0.026, ηp

2 = 0.037.
However, no pairwise comparisons reached signifi-
cance (all p > 0.05). No other interactions involving
Group, Condition, or TOD reached significance.
A greater Flanker N2 modulation was correlated
with a greater Flanker effect in RTs for the HC
group (Incongruent-Congruent: r = 0.286, p = 0.046;
Incongruent-Neutral: r = -0.289, p = 0.044) and for
the aMCI group2 (Incongruent-Neutral: r = 0.291,
p = 0.039).

P3. Flanker P3 latency analyses revealed a sig-
nificant Group by Condition interaction, F(1.55,
153.37) = 3.90, p = 0.032, ηp

2 = 0.038. Simple main
effects analyses by Condition revealed significantly
longer P3 latencies for Incongruent trials in the aMCI
group than the HC group (p = 0.012); latencies did
not significantly differ between groups for Congru-
ent (p = 0.386) or Neutral trials (p = 0.416). No other
effects reached significance (p > 0.05).

For Flanker P3 mean amplitudes, the 3-way Group
by Condition by TOD interaction reached signifi-
cance, F(1.52, 150.81) = 3.38, p = 0.049, ηp

2 = 0.033.
Post-hoc analyses revealed, in the non-optimal TOD,
a greater Incongruent-Neutral P3 modulation in the
HC group than the aMCI group (p = 0.001), whereas
this modulation did not significantly differ between
group in the optimal TOD (p = 0.449). Furthermore,
in the non-optimal TOD, the Incongruent-Congruent
P3 modulation was also greater in the HC group
than the aMCI group (p = 0.003), whereas this
modulation was not significantly different between
groups in the optimal TOD (p = 0.437). In the
HC group, a greater P3 amplitude modulation
was correlated with a greater Flanker effect in
RTs (Incongruent-Congruent: r = 0.511, p < 0.001;
Incongruent-Neutral: r = 0.382, p = 0.007). In the

2Flanker N2 modulation was not correlated with a Flanker
effect in RTs when comparing Incongruent-Congruent trials in
aMCI (p = 0.085).
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Fig. 4. Flanker grand average waveforms and difference wave-
forms at the central midline electrode (Cz) for brevity. (A)
Representative grand-averaged waveforms for Congruent, Incon-
gruent, and Neutral trials across the four subgroups. The N2 and
P3 waves are depicted, and (B) topographical scalp maps for
both Flanker interference effects are presented to the right of the
grand-averaged waveforms (IC, Incongruent minus Congruent;
IN, Incongruent minus Neutral). C) Difference waveforms (Incon-
gruent minus Congruent and Incongruent minus Neutral) showing
the N2 and P3 modulations at the Cz electrode across the four
subgroups.

aMCI group, the P3 modulation did not significantly
correlate with inhibition performance (p > 0.05 for
all).

Summary. ERP peak latency measures revealed
group and TOD differences in neural processing
of inhibition: Flanker N2 latencies modulated with
TOD, which did not vary by group; Flanker P3 laten-
cies modulated with group but did not vary by TOD.
In ERP mean amplitude measures, the aMCI group
demonstrated a smaller Flanker P3 amplitude mod-
ulation than the HC group in the non-optimal TOD,
but not in the optimal TOD. This P3 modulation was
correlated with performance on the Flanker task in
the HC group, but not in the aMCI group.

DISCUSSION

The present study investigated the influences
of aMCI and TOD on response inhibition and
interference control using behavioral and elec-
trophysiological measures. Both behavioral and
electrophysiological findings demonstrated TOD dif-
ferences in interference control whereas these were
not shown with response inhibition. Individuals
with aMCI showed interference control deficits (as
indexed by larger Flanker RT effects) and altered
neural processing (as indexed by reduced Flanker
P3 amplitude modulation) relative to controls. Both
findings were exaggerated during the non-optimal
afternoon-to-evening testing times, compared to their
optimal TOD in the morning.

Response inhibition

Behavioral measures of Go-NoGo task per-
formance revealed only condition differences in
Go-NoGo accuracy, with participants committing
more errors on NoGo relative to Go trials. Contrary to
our predictions, no differences in RT or accuracy were
found between groups. Variations in task designs and
complexity (such as Go-NoGo tasks with additional
auditory distraction [60, 61] or with semantic catego-
rization [62]) may explain why some prior research
has demonstrated behavioral deficits in aMCI, while
the present study did not find such effects.

ERP latency measures confirmed no group-related
or TOD-related slowing of N2 and P3 latency,
suggesting no aMCI-related deficits or circadian-
mismatch deficits in neural processing speed among
participants with aMCI. With the exception of Mudar
et al. [62] who observed longer N2 latencies in indi-
viduals with aMCI, our results are consistent with
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other studies showing no such differences in N2 and
P3 latencies on Go-NoGo tasks [60, 61, 64].

Although individuals with aMCI have demon-
strated smaller N2 and P3 amplitudes than controls
across both Go and NoGo conditions [60, 61, 64],
prior research has yet to demonstrate N2 or P3
amplitude modulation effects on response inhibi-
tion measures [62, 64]. Similarly, we too did not
observe any N2 modulation effects between groups
or TOD. However, for the first time to our knowl-
edge, we show a greater P3 amplitude modulation in
HCs relative to individuals with aMCI on the Go-
NoGo task. This P3 amplitude modulation in the
absence of behavioral deficits suggests that differ-
ences in response inhibition between aMCI and HC
groups may be most evident at the later processing
stages (i.e., action execution/suppression) relative to
the earlier stages (i.e., conflict monitoring). We argue
that our difference-wave approach better isolates ERP
components of interest in a more process-pure man-
ner, and therefore extends prior literature showing
general attenuations in P3 amplitude across task con-
ditions in those with aMCI compared to controls [64].
Furthermore, the current findings provide evidence
for aMCI-related differences in neural activity under-
lying response inhibition, but these differences were
not strong enough to elicit behavioral differences in
our response inhibition task.

Interference control

In agreement with prior literature demonstrating
larger Flanker interference effects in aMCI [66–71],
individuals with aMCI made more errors than HCs
on the incongruent condition compared to the congru-
ent and neutral conditions, suggesting that individuals
with aMCI show deficits in processes associated with
interference control. Furthermore, while controls did
not demonstrate any RT interference effects as a
function of TOD, individuals with aMCI showed
larger Flanker RT effects (between incongruent-
congruent and incongruent-neutral trials) during the
non-optimal TOD relative to optimal TOD. For the
first time to our knowledge, our findings signify
that individuals with aMCI encounter greater diffi-
culty resolving conflict during periods of circadian
mismatch than do HCs. Our current results suggest
that interference control deficits in aMCI are more
apparent during non-optimal hours; individuals with
aMCI may more likely overcome inhibitory process-
ing challenges in the morning.

Flanker ERP findings in the current study did not
show any N2 modulation effects between groups
or TOD. These findings are consistent with Wang
and colleagues [72], who found reduced N2 ampli-
tudes across conditions (indexing attentional deficits)
in those with aMCI, but no N2 modulation effects
between incongruent and control conditions in the
aMCI group. Our findings also suggest the pres-
ence of TOD effects in N2 latency. Across groups,
neutral N2 latencies were delayed relative to incon-
gruent and congruent N2 latencies during the optimal
TOD only. Given the limited ERP research examin-
ing TOD influences on cognition, this unanticipated
result cannot be explained relative to prior findings
and requires future research. We presume that these
differential findings in N2 latency reflect additional
processing of neutral stimuli during peak inhibitory
functioning attributed to differences in the stimuli
types (i.e., equal signs are only present in neutral
trials but not incongruent or congruent trials). Dur-
ing off-peak times (i.e., evening hours), attentional
resources may be more depleted, limiting additional
processing of these neutral stimuli [98].

In support of our predictions, HCs showed a
larger P3 amplitude modulation than individuals
with aMCI, but only in the non-optimal TOD.
Brain-behavior analyses revealed that greater P3
modulation in HCs was connected with a greater
Flanker effect in RT (i.e., poorer interference con-
trol). The current findings are consistent with prior
work showing TOD effects (i.e., sundowning) in AD
[82–85] and TOD effects on memory in those with
MCI [87], and resemble the exaggeration of differ-
ences between age groups when assessments are done
during the non-optimal TOD [99]. Using the same
sample of older adults, we recently reported differ-
ential P3 modulation in healthy older and younger
adults as a function of TOD [74]. The current results
demonstrate, for the first time, that TOD effects in
interference control exist in aMCI over and above
those observed in healthy aging. In sum, individuals
with aMCI manifest behavioral deficits in inter-
ference control as reflected by accuracy measures.
Additionally, persons with aMCI demonstrate TOD
effects in interference control as reflected by behav-
ioral deficits (i.e., larger Flanker effects in RTs) and
altered neural processing (i.e., reduced P3 modula-
tion) during the non-optimal TOD relative to optimal
TOD.

Lastly, the current findings showed that Flanker P3
peak latencies for incongruent trials were delayed in
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individuals with aMCI compared to HCs. This finding
provides partial support for the findings of Wang et al.
[72] showing longer latencies in the earlier ERP com-
ponent associated with the Flanker task (N2 latency)
between individuals with aMCI and HCs. While some
may interpret the delayed P3 latency finding in our
study as reflecting deficits in interference control pro-
cessing, we instead adopt the more widely-held view
that N2 and P3 latency index information processing
speed and not inhibition [100–104]. Furthermore, we
conclude that the delayed P3 incongruent latency in
our aMCI group indexes general aMCI-related slow-
ing.

Theoretical implications

The current study findings have key theoretical
implications for the neural correlates underlying inhi-
bition in aMCI. Past research has indicated that across
inhibition tasks, the N2 indexes conflict monitor-
ing and detection [23, 24], and the P3 differentially
indexes response inhibition in the Go-NoGo task
and interference resolution in the Flanker task [33,
45, 46]. Furthermore, the absence of N2 modula-
tion effects across groups and TOD in the present
study suggests differences linked to aMCI in the later,
but not earlier, stages of inhibitory processing. These
deficits mirror those from our prior work compar-
ing healthy younger and older adults, showing that
age-related changes in inhibition influenced the later
stages (as indexed by the P3 modulation), more so
than the earlier stages (as indexed by the N2 mod-
ulation) [74]. Indeed, our younger adult sample as
reported in Rabi et al. [74] showed larger N2 modu-
lations but smaller P3 modulations than healthy older
adults. Not surprisingly, these age-related changes
also coincided with TOD effects in the N2 modu-
lation within younger adults, and TOD effects in P3
modulation within healthy older adults [74]. Our find-
ings in the present paper show aMCI-related deficits
in inhibitory processing above and beyond changes
in inhibitory processing expected in healthy aging.
As our study was the first to show P3 modulation dif-
ferences between individuals with aMCI and HCs,
future research is needed to clarify P3 modulation
effects in aMCI as prior research has either failed to
find such an effect [62, 64, 72], failed to examine such
effects [60, 61], or too limited research has been con-
ducted on the topic (in the case of ERP components
of interference control in aMCI).

In the present study, the differential P3 modula-
tion seen across groups in both tasks coupled with
the decline in Flanker behavioral performance among
individuals with aMCI confirm the presence of altered
neural inhibitory processing and interference control
deficits in aMCI. One potential explanation for these
findings is neuroimaging evidence of aMCI as a type
of disconnection syndrome. Prior research has iden-
tified a subset of brain regions frequently activated
across inhibitory control subtypes. This includes the
anterior cingulate cortex (ACC) and the dorsolat-
eral prefrontal cortex (DLPFC), brain regions that
have also been tied to aMCI-related pathology [24,
105–110]. Compared to HCs, persons with aMCI dis-
play reduced parietal connectivity with the DLPFC,
highlighting a disconnection between anterior and
posterior brain regions and a functional disconnec-
tion within a distributed frontal-parietal network
[111, 112]. The functional disconnection present in
aMCI may further clarify deficits seen in executive
functioning, which depend on distributed networks
connecting different brain regions. Core executive
functions like inhibitory control are dependent upon
prefrontal brain regions, and atrophy of the prefrontal
cortex, altered prefrontal activation patterns, and
increased beta amyloid deposition in the prefrontal
cortex have all been identified in aMCI [113–116].
These alterations in the neural network responsible
for inhibitory control may explain the behavioral and
neural processing differences seen among individuals
with aMCI relative to HCs in the present study.

Finally, our finding of differential group and TOD
effects on tasks assessing different inhibitory con-
trol subtypes has important theoretical implications.
That is, for our response inhibition measure (i.e.,
Go-NoGo task), differential neural processing was
evident in the aMCI group relative to HC group, but
behavioral deficits between groups or TOD were not
found. In contrast, multiple measures from behav-
ioral and neural indices of interference control on
the Flanker task showed group and TOD differ-
ences. While neural processing differences were
found between groups on the Go-NoGo task, the
absence of behavioral deficits or TOD differences
may suggest that response inhibition is more spared
in aMCI relative to interference control. In sup-
port of this viewpoint, Zhang et al. [65] failed to
detect group differences between those with aMCI
and HC participants on their Go-NoGo task. Addi-
tionally, the magnitude of TOD effects have been
shown to vary based on the inhibitory control sub-
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type assessed in healthy aging [117]. Results showed
that older adults tested in the evening but not
morning, showed higher Stroop interference effects
than younger adults; however, no such effects were
demonstrated in a secondary inhibitory control task
involving negative priming.

For several reasons, a more likely explanation for
our Go-NoGo findings is that differences in neural
activity underlying inhibition were present, but these
differences were not strong enough to elicit behav-
ioral differences. While more complex tasks are likely
to uncover behavioral deficits on response inhibi-
tion measures [53, 60–64], our behavioral response
inhibition ceiling effect maybe beneficial to under-
standing neural functioning and neurodegeneration
in aMCI. That is, our differential P3 amplitude mod-
ulation finding in the absence of behavioral deficits
highlights neural differences due to intrinsic char-
acteristics of the groups (i.e., aMCI pathology),
unconfounded by differences in task difficulty.

Clinical implications

Results from the current study support the pres-
ence of interference control deficits and alterations in
the neural mechanisms of inhibition in aMCI. Such
findings support the use of ERP indices of inhibitory
control as early biomarkers of cognitive decline in
aMCI. Particularly in the case of response inhibition,
findings showcase the sensitivity of ERP to detect
group differences in the absence of behavioral differ-
ences, again reinforcing the potential utility of ERP
indices like the P3 as an early screening tool for aMCI
(see [52] for a review of the use of cognitive ERPs in
MCI).

Given that behavioral findings in the current study
clearly showed interference control deficits in aMCI,
it is our recommendation that tasks like the Flanker
task should be regularly included in neuropsy-
chological assessments to fully capture cognitive
dysfunction. Additionally, our findings highlight the
strength of using computer tasks to assess inhibitory
performance. While untraditional to neuropsycho-
logical assessment, mounting evidence has revealed
the effectiveness of computer-based neuropsycholog-
ical assessment tools like the NIH EXAMINER and
NIH TOOLBOX, especially given that these meth-
ods can provide more accurate measurements of RT
[118–121].

The current findings showcase how the behavioral
and neural correlates of inhibitory control begin to
deteriorate during prodromal stages of AD, which

can ultimately assist clinicians and researchers with
prognosis and inform early intervention design. Thus
far, interventions have been implemented address-
ing memory deficits in aMCI [122–126], but less
so for executive function deficits in aMCI [127,
128]. As outlined by Zhao et al. [128], previous
cognitive training studies involving persons with
MCI did not dedicate sufficient training of execu-
tive functions [129, 130]. Furthermore, individuals
with aMCI may benefit from training interventions
focused on improving inhibition in the context of
memory paradigms, similar to what has been imple-
mented in healthy older adults [131, 132].

Based on the present findings showing that
inhibitory control performance and neural process-
ing/efficiency fluctuate with TOD in aMCI, this
suggests that assessing inhibition performance at
varying times of day may lead to misinterpretations
regarding cognitive status or an aMCI diagnosis.
These findings are in line with previous research
showing TOD modulations in the Trail Making Test
(commonly administered in neuropsychological test
batteries) in healthy older adults [79] and TOD effects
on a neuropsychological test battery in rehabilitation
inpatients with cognitive impairment due to stroke,
traumatic brain injury, and spinal cord injury [133].
The current results reinforce the clinical importance
of taking TOD and chronotype into account when
deciding when to administer inhibitory control tests
and interventions.

Our findings suggesting the presence of cognitive
sundowning in aMCI also have important implica-
tions for this population when deciding when to
complete complex tasks. There is a practical bene-
fit in informing individuals with aMCI about TOD
effects so that they can better structure their day
and the tasks important for everyday functioning. For
example, clinicians may advise individuals diagnosed
with aMCI to avoid completing tasks that are tax-
ing on inhibitory control resources (like paying bills
or driving) during non-optimal times of day (most
commonly the late-afternoon to evening hours).

Limitations and future directions

The present study adopted a between-subjects
design and randomly assigned participants to morn-
ing or afternoon testing sessions. Alternatively, a
within-subjects design could have been used to test
each participant in the morning and afternoon. This
design would have removed the risk of confound-
ing effects related to group differences and provide
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a more direct comparison between each participant’s
performance at both their optimal and non-optimal
TOD. However, a downside of using a within-subjects
design is the potential for practice effects which could
cloud true TOD differences. Another factor which
should be considered in similar future research is
aMCI subtype. As prior research has shown more
pronounced inhibition deficits in multiple-domain
aMCI (characterized by impairments in memory
plus at least one other cognitive domain) relative to
single-domain aMCI (characterized solely by mem-
ory impairments) [50, 61, 78], it follows that future
research should investigate whether TOD effects on
inhibitory control are more pronounced in multiple-
relative to single-domain aMCI.

TOD effects were exclusively found in the inter-
ference control subtype of inhibitory control but
not the response inhibition subtype. We speculate
that differences in task complexity may be partially
responsible for these findings and so we recommend
that future research examine inhibitory control pro-
cessing in aMCI using inhibition tasks of varying
complexity and type. For example, to clarify the
role of TOD on response inhibition performance in
aMCI, a range of tasks including the Continuous
Performance Task, Sustained Attention to Response
Task, Hayling task, and Stop-Signal Task could be
examined (see [53] for a review of inhibition tasks).
Future research is also needed to clarify how deficits
and altered neural processing on standard inhibitory
control tasks in aMCI extends to everyday function-
ing. Furthermore, we did not find the N2 amplitude
to vary by group or as a function of inhibitory
demands in either task, whereas other studies have
found group main effects for this ERP component
[64,72]; this remains to be further studied. Finally,
to fully understand the effects of TOD on the neural
mechanisms that underlie inhibitory control in patho-
logical aging, future research should aim to conduct
longitudinal studies assessing the magnitude of cog-
nitive sundowning effects as people progress from
aMCI to AD.

Conclusion

Behavioral and neurophysiological findings from
the present study highlight the effects of TOD and
aMCI-related pathology on inhibitory control func-
tioning. Individuals with aMCI demonstrated altered
neural processing across inhibitory control domains.
To our knowledge, we report the first study showing
TOD modulations of interference control perfor-

mance and neural processing in aMCI, providing
novel electrophysiological support for the presence
of cognitive sundowning in the preclinical stages
of AD. Results from the current study reinforce
the need to evaluate inhibitory control functioning
in the cognitive assessment of aMCI used in neu-
ropsychology. Additionally, our findings inform the
need for TOD effects to be considered in clinical
practice and research assessing cognition in aMCI
to circumvent misinterpretation of test results and
potential misdiagnoses during inappropriately timed
neuropsychological assessments.
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