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Event-related potentials (ERPs) offer unparalleled temporal resolution in tracing distinct
electrophysiological processes related to normal and pathological cognitive aging. The
stability of ERPs in older individuals with a vast range of cognitive ability has not been
established. In this test-retest reliability study, 39 older individuals (age 74.10 (5.4) years;
23 (59%) women; 15 non β-amyloid elevated, 16 β-amyloid elevated, 8 cognitively
impaired) with scores on the Montreal Cognitive Assessment (MOCA) ranging between
3 and 30 completed a working memory (n-back) test with three levels of difficulty at
baseline and 2-week follow-up. The main aim was to evaluate stability of the ERP on
grand averaged task effects for both visits in the total sample (n = 39). Secondary
aims were to evaluate the effect of age, group (non β-amyloid elevated; β-amyloid
elevated, cognitively impaired), cognitive status (MOCA), and task difficulty on ERP
reliability. P3 peak amplitude and latency were measured in predetermined channels.
P3 peak amplitude at Fz, our main outcome variable, showed excellent reliability in 0-
back (intraclass correlation coefficient (ICC), 95% confidence interval = 0.82 (0.67–0.90)
and 1-back (ICC = 0.87 (0.76–0.93), however, only fair reliability in 2-back (ICC = 0.53
(0.09–0.75). Reliability of P3 peak latencies was substantially lower, with ICCs ranging
between 0.17 for 2-back and 0.54 for 0-back. Generalized linear mixed models showed
no confounding effect of age, group, or task difficulty on stability of P3 amplitude
and latency of Fz. By contrast, MOCA scores tended to negatively correlate with
P3 amplitude of Fz (p = 0.07). We conclude that P3 peak amplitude, and to lesser
extent P3 peak latency, provide a stable measure of electrophysiological processes in
older individuals.

Keywords: event-related potentials, electro-encephalography, reliability, working memory, older adults, mild
cognitive impairment, Alzheimer’s disease, pre-clinical AD
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INTRODUCTION

The aging process is characterized by gradual decline in
physical, neurobiological and cognitive functions that may
impact instrumental activities of daily living (iADL) such as
driving, doing household chores, managing finances, medication
adherence, or grocery shopping (Moon et al., 2018; Carmona-
Torres et al., 2019). Deterioration in these iADL becomes
more apparent with age-related neurodegeneration such as mild
cognitive impairment (MCI) and Alzheimer’s disease (AD) (Jekel
et al., 2015). Executive functions in particular are paramount in
carrying out numerous iADL, but are also vulnerable to the effects
of normal and pathological cognitive aging (Overdorp et al.,
2016; Tabira et al., 2020). Working memory is one core executive
function that relates to the ability to temporarily store, process,
and manipulate the information necessary for higher order
cognitive tasks such as decision making, learning, and reasoning
(Baddeley, 1992). Working memory stems from the interaction
between attention, short-term retention and manipulation of
information, carried out by the coordinated activation of many
brain regions (Eriksson et al., 2015).

The prefrontal cortex has particularly been associated with
working memory (Bahmani et al., 2019). Consequently, the
prefrontal cortex is highly susceptible to the effects of aging and
early neurodegeneration (West et al., 2002; Ranchet et al., 2017).
A recent meta-analysis pooling functional magnetic resonance
imaging studies suggested a gradual and linear decline in
prefrontal cortex engagement in older individuals (Yaple et al.,
2019). Similarly, electrophysiological processes also decline with
age. The P3, a positive peak that appears with a latency between
250 to 500 ms in the event-related potential (ERP), has been
implicated in attention and working memory processes across
the lifespan (Van Dinteren et al., 2014). A previous study
showed reduced positivity in P3 central-frontal and parietal
ERPs in older adults (Lubitz et al., 2017), whereas others
demonstrated frontal hyperactivity in P3 coupled with parietal
or posterior hypoactivity (Fjell and Walhovd, 2001; Saliasi et al.,
2013). Despite the ambiguity in ERP findings, most studies
conclude that the abnormal ERP response in older individuals
reflects inefficient or compensatory use of neural resources
due to frontal cortex dysfunction (Saliasi et al., 2013; Lubitz
et al., 2017). Therefore, electrophysiological responses to working
memory tasks are convenient measures to test hypotheses related
to frontal cortex function, normal cognitive aging, and early
neurodegeneration.

The ability to distinguish natural variability and measurement
error from biologically relevant cognitive changes due to aging
or early neurodegeneration is valuable to provide informed
decisions on diagnosis, monitoring, and treatment of cognitive
impairments (Feinkohl et al., 2020). However, older adults show
more intraindividual variability in performance measures of
working memory compared to younger adults. The age-related
changes in intraindividual variability of performance measures
become even more apparent with increasing cognitive demand
(West et al., 2002). This increased intraindividual variability
may also stem from the heterogeneity of cognitive profiles
in older individuals, especially when patients with MCI and

AD are included (Troyer et al., 2016). The intraindividual
variability observed in performance measures is believed to be
linked to frontal cortex dysfunction (West et al., 2002), which
may therefore also affect intraindividual variability of the ERP
response in older adults (Robertson et al., 2006). To date, few
studies have investigated test-retest reliability of P3 ERP in
healthy older adults (Sandman and Patterson, 2000; Walhovd and
Fjell, 2002; Behforuzi et al., 2019). The test-retest reliability of
the P3 ERP in older individuals with a heterogeneous cognitive
profile has yet to be established.

The main aim was to characterize test-retest reliability
of P3 ERP in a group of older adults with a wide range
of cognitive function. Secondary aims were to investigate
the impact of age, disease groups (non β-amyloid elevated;
β-amyloid elevated, cognitively impaired), cognitive status, and
task difficulty on P3 ERP.

MATERIALS AND METHODS

Participants
This test-retest reliability study included 39 right-handed
participants recruited from the KU Disease Center between
05/03/2018 and 03/10/2020. Inclusion criteria were informed
consent; age older than 65; ability to understand the instructions
in English; and having previously undergone an amyloid PET
scan of the brain. Cerebral amyloid burden was assessed using
PET images, obtained on a GE Discovery ST-16 PET/CT scanner
after administration of intravenous florbetapir F-18. Standard
Uptake Value Ratio for six regions of interest was calculated
using MIMneuro software (MiM Software Inc., Cleveland, OH,
United States) by normalizing the Aβ PET image to the
entire cerebellum to calculate the. Diagnosis of cognitively
normal pre-clinical AD followed the recommendations from
NIA and the Alzheimer’s Association workgroup (Sperling
et al., 2011). The protocol for determination of amyloid
elevation is detailed elsewhere (Vidoni et al., 2016). The
average time between administration of PET scan and EEG
assessment was 1090 (479) days. Exclusion criteria were:
currently taking steroids, benzodiazepines, or neuroleptics;
history of any substance abuse; and history of a neurological
disorder other than MCI or AD. Sixteen were cognitively
normal older adults with no elevated amyloid PET scans
(Aβ−), 15 were cognitive normal with elevated amyloid
PET scans (Aβ+), and eight had a clinical diagnosis of
MCI or AD with positive amyloid PET scans. Participants
completed their 2-week follow-up session 16 ± 8 days
after the first session. Each session lasted about 60 minutes
including rest breaks.

Procedure
Demographic and Clinical Information
Age, sex, and education were recorded. General cognitive
functions were evaluated with the Montreal Cognitive
Assessment (MOCA) (Nasreddine et al., 2005). Scores on
the MOCA range between 0 and 30.
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N-Back Test
In the n-back test, participants are shown a series of letters and
are instructed to press a button when the current stimulus is
the same as the item presented n-positions back. The cognitive
demand of the n-back task increases with each number, while
the perceptual and motor demands remain constant. In this
study, the 0-back, 1-back, and 2-back tests were administered.
The 0-back test is essentially a memory search task of sustained
attention and often used as a control condition (Miller et al.,
2009; Bopp and Verhaeghen, 2018). The 1-back test requires
the participant to passively store and update information in
working memory. Whereas in the 0-back and 1-back the stimulus
on screen is held in the focus of attention, the 2-back test
requires constant switching from the focus of attention to short-
term memory (Bopp and Verhaeghen, 2018). Higher levels of
difficulty require continuous mental effort to update information
of new stimuli and maintain representations of recently presented
stimuli (Gevins et al., 2011).

Participants sat in a comfortable chair at 26 inches in front
of the computer screen with the center of the screen at eye
level. White letters appeared on a black screen. Prior to each
test, participants were given a practice trial consisting of 7 non-
targets and 3 targets. The practice trials were repeated until
the participant felt comfortable with the instructions. Each test
comprised 180 trials, including 60 trials that needed a response
(target, 33.3%) and 120 trials for which a response was not
required (non-target, 66.7%). Each letter was presented for
500 ms on the computer screen followed by a blank interstimulus
interval for 1,700 ms, with a random jitter of ±50 ms. The
maximum time to accept the response was 2,150 ms. The total
task time was ∼7 minutes. In the 0-back test, participants were
instructed to press the left mouse button as soon as the letter “X”
(target) appeared on the screen while ignoring the other letters
(non-target). In the 1-back test, participants were instructed to
press the button if the current letter on the screen was the
same as the letter previously shown (target). In the 2-back test,
participants were instructed to press the button when the current
letter was the same as the one presented two places before (target).
The number of hits (accuracy) and response times to the hits were
the main behavioral performance outcome measures.

P3 ERP
Continuous electro-encephalogram (EEG) was acquired using
a Philips EGI high-density system from 256 scalp electrodes,
digitized at 1,000 Hz. Data were filtered from 0.50 to 30 Hz
using EGI software. Data were online referenced to Cz and
offline rereferenced to the averaged mastoids. All other EEG
processing was done in EEGLab (Delorme and Makeig, 2004) and
in ERPLab (Lopez-Calderon and Luck, 2014). Various artifacts
unrelated to cognitive functions, including ocular and muscular
movement or cardiovascular signals, were identified and removed
using independent component analysis (ICA). Signals from bad
electrodes were interpolated using surrounding electrode data.
Stimulus-locked ERPs were extracted from the n-back tests and
segmented into epochs of 100 ms before to 1,000 ms after
stimulus onset, and baseline corrected using the prestimulus
interval. Scalp locations and measurement windows for the P3

component were based on their spatial extent and latency after
inspection of grand average waveforms (collapsed across the two
sessions). P3 peak amplitude of the task effect was considered the
main electrophysiological outcome measure, but we also used P3
peak latency as outcome measure. The task effect was calculated
by subtracting the average ERP elicited from the targets from
the average ERP elicited by non-targets for each participant.
The P3 component time window was established between 200
and 400 ms for all three tests. Because of the prefrontal cortex
involvement in working memory, we identified a priori Fz as
the main channel, but also calculated reliability of other pre-
identified electrode locations, i.e., Cz, Pz, F3, and F4. Cz was
interpolated using the surrounding five channels. No participants
were removed from the analyses because of artifacts. However,
one participant disengaged during the 2-back test and was
therefore excluded from the 2-back reliability analyses.

Data Analysis
Descriptive analysis including mean (standard deviation) and
frequency count of participants’ general, performance measures,
and ERP data were performed as appropriate. Intra-class
correlation coefficients (ICC) were used to calculate test-retest
reliability of performance measures and P3 amplitude and
latency. ICCs reflect the consistency of a measure taking into
account variance related to the time of testing (Shrout and Fleiss,
1979). ICC values less than 0.40 were considered poor; values
between 0.40 and 0.59 fair, values between 0.60 and 0.74 good,
and values between 0.75 and 1.00 excellent (Cicchetti, 1994).
Bland-Altman plots were used to visualize the measurement
precision of amplitude and latency across the test moments
(Bland and Altman, 1986). Intersubject stability according to
subject rankings was calculated using the Pearson r correlation
coefficient. Generalized linear mixed models were employed to
evaluate the effect of age, diagnosis (Aβ−; Aβ+; MCI/AD),
MOCA scores, and task difficulty on stability of the P3 amplitude
and latency. Stability of P3 amplitude (latency) was calculated as
the squared difference of P3 amplitude (latency) at follow-up and
baseline. The Kolmogorov–Smirnov test was employed to test the
normality of our data distribution in addition to visualization of
Q-Q plots. All analyses were done using SAS 9.4 software. The
threshold of significance was set at p = 0.05.

RESULTS

Participant Characteristics
Participants (n = 39) were on average 74.05 (5.37) years old and
scored 26.44 (4.76) on the MOCA scale. MOCA scores ranged
between 3 and 30. No differences were observed for age and sex
between groups. As expected, participants with MCI/AD scored
worse on the MOCA compared to Aβ− and Aβ+ (Table 1).

Test-Retest Reliability of Performance
Measures
All ICC values of hits (accuracy) and response times
of each n-back test demonstrated excellent reliability
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TABLE 1 | Participant characteristics of total sample and subgroups.

Variable Total sample (n = 39) Aβ− (n = 15) Aβ+ (n = 16) MCI/AD (n = 8) p-value

Age, years 74.05 (5.37) 74.88 (6.15) 72.88 (5.30) 75.00 (3.12) 0.50

Sex, female (%) 23 (60) 9 (60) 11 (69) 3 (38) 0.36

MOCA, score 26.44 (4.76) 28.06 (1.53) 26.69 (2.75) 22.00 (8.80) 0.009

Abbreviations: Aβ−, beta amyloid non-elevated; Aβ+, beta amyloid elevated; AD, Alzheimer’s disease; MCI, mild cognitive impairment, MOCA, Montreal
Cognitive Assessment.

(Supplementary Table 1). ICCs of hits ranged between 0.92
(1- and 2-back) and 0.99 (0-back) and were slightly higher than
the ICCs of response times, ranging between 0.76 (2-back) and
0.89 (1-back). Pearson r correlations ranged from 0.65 (0-back
response time) to 0.99 (0-back hits).

Test-Retest Reliability of ERP Measures
Grand average waveforms of the task effect from all channels at
baseline and follow-up are displayed in Figure 1. The 3D scalp
map is embedded in the figure to demonstrate the task effect at
P3. Considerable overlap in ERP response within the P3 time
window (200–400 ms post-stimulus) was observed at baseline
and 2-week follow-up.

The ICC values of P3 peak amplitude and peak latency
of the key electrode locations are displayed in Table 2.
Overall, P3 amplitude showed greater reliability compared to
P3 latency across channels and task difficulty levels. Also, ICCs
of the 0-back and 1-back were consistently higher than those
calculated for the 2-back.

For the main channel location Fz, excellent reliability
was found in P3 amplitude for 0-back (ICC = 0.82) and
1-back (ICC = 0.87). P3 amplitude of Fz for 2-back only
showed fair reliability (ICC = 0.53). Reliability scores of
P3 latency at Fz were fair for 0-back (ICC = 0.54) and
1-back (ICC = 0.47), but poor for 2-back (ICC = 0.17).
Figure 2 shows the Bland-Altman plots for P3 peak
amplitude and peak latency at the Fz channel. All plots
demonstrated equal distribution of the data around zero,
indicating no bias in the results and no heteroscedasticity
within the data.

Finally, generalized linear mixed models were employed
to evaluate the effect of age, disease diagnosis (Aβ−; Aβ+;
MCI/AD), cognitive status, and task difficulty on stability of
squared P3 peak amplitude and latency at the Fz channel. Age
(p = 0.74), disease diagnosis (p = 0.67), and task difficulty
(p = 0.70) did not affect the stability of the P3 amplitude response,
although individuals with lower MOCA cognitive scores tended
to show more variability in P3 amplitude (p = 0.07).

Age (p = 0.60), disease diagnosis (p = 0.55), MOCA (p = 0.52),
or task difficulty (p = 0.95) did not affect the stability of the P3
latency response.

We recalculated ICCs for 0-back, 1-back, and 2-back in
participants who scored 26 or higher on MOCA (n = 32) and
those scoring lower than 26 (n = 7). ICC values showed more
variance in 0-back and in 2-back in the group with lower MOCA
scores, but ICC values were not worse across the n-back tests in
this group (Supplementary Tables 2 and 3). Whereas ICCs were

similar in the Aβ− and Aβ+ groups, lower ICCs were found for
the MCI/AD group (Supplementary Tables 2 and 3).

DISCUSSION

This test-retest reliability study provides critical information on
the stability of electrophysiological measures related to working
memory in healthy older adults, older adults with increased risk
of dementia, and those with MCI or AD. Our results showed that
most P3 ERPs in the frontal channels provide fair to excellent
reliability to measure electrophysiological processes of cognitive
aging in older adults with and without cognitive impairments.
Similar to previous studies, the reliability is superior in measures
of amplitude compared to latency (Kinoshita et al., 1996;
Walhovd and Fjell, 2002; Cassidy et al., 2012; Behforuzi et al.,
2019). The robustness of P3 stability is not affected by age,
disease diagnosis, or task difficulty, however, there is a trend
that lower MOCA scores may affect the stability of the P3
amplitude response.

The body of evidence related to reliability of P3 ERPs is
sparse, and typically restricted to healthy young (Segalowitz and
Barnes, 1993; Kinoshita et al., 1996; Cassidy et al., 2012; Brunner
et al., 2013; Huffmeijer et al., 2014), middle-aged (Kinoshita
et al., 1996), and older individuals (Sandman and Patterson, 2000;
Walhovd and Fjell, 2002; Behforuzi et al., 2019). Few studies have
reported reliability measures in neurological conditions (Lew
et al., 2007). The reliability analyses in our study produced fair
to excellent ICC values across the n-back tests. Whereas ICC
values provide a single measure of the magnitude of agreement,
Bland-Altman plots depict a graphical display of bias across the
two test moments (Ranganathan et al., 2017). Visual inspection
of the Bland-Altman plots showed an average difference in ERP
responses between first and second testing close to 0, with equal
spread of data points around the average difference line. These
findings suggest that 2 weeks follow-up is sufficient to wash out
any potential adaptation, test, or practice effect of the n-back on
ERPs in older individuals.

Comparison of our results with other test-retest studies of
ERPs in older adults is complicated by lack of consistency in
terms of the ERP components that are investigated, the tests of
working memory, the choice of channel locations, the extracted
P3 metric, the P3 window measurement, and the test-retest
reliability intervals (Sandman and Patterson, 2000; Walhovd
and Fjell, 2002; Behforuzi et al., 2019). Our research design
most closely aligns with a study that compared ERPs to novel
stimuli collected at baseline and 7-week follow-up in healthy
older individuals (Behforuzi et al., 2019). Similar to our study,
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FIGURE 1 | Grand average event-related potential waveform at Fz of (A) 0-back, (B) 1-back and (C) 2-back.

TABLE 2 | Comparison of task effect (target–non-target) P3 peak response at baseline and 2-week follow-up.

Variable Baseline Follow-up Pearson r ICC (95% CI)

0-back, Fz amplitude (µV) 4.87 (3.23) 5.02 (3.13) 0.63a 0.82 (0.67–0.90)a

0-back, Fz latency (ms) 291.49 (49.98) 293.31 (40.26) 0.38b 0.54 (0.13–0.76)b

0-back, Cz amplitude (µV) 2.71 (2.46) 2.59 (2.20) 0.56a 0.73 (0.48–0.85)a

0-back, Cz latency (ms) 289.49 (55.06) 290.03 (46.57) 0.30b 0.51 (0.07–0.74)a

0-back, Pz amplitude (µV) 1.94 (1.47) 2.01 (2.00) 0.38b 0.54 (0.11–0.76)b

0-back, Pz latency (ms) 309.74 (62.36) 315.92 (63.96) 0.34b 0.52 (0.08–0.75)b

0-back, F3 amplitude (µV) 3.99 (2.80) 4.29 (2.41) 0.58a 0.74 (0.49–0.86)a

0-back, F3 latency (ms) 297.33 (45.51) 295.51 (38.37) 0.31b 0.47 (−0.02 to 0.72)b

0-back, F4 amplitude (µV) 4.29 (2.93) 4.44 (2.72) 0.62a 0.77 (0.56–0.88)a

0-back, F4 latency (ms) 300.54 (52.41) 297.95 (35.36) 0.31 0.45 (−0.05 to 0.71)b

1-back, Fz amplitude (µV) 3.97 (3.27) 4.08 (3.76) 0.78a 0.87 (0.76–0.93)a

1-back, Fz latency (ms) 300.90 (38.45) 300.26 (45.77) 0.31 0.47 (−0.02 to 0.72)a

1-back, Cz amplitude (µV) 3.48 (3.05) 3.56 (3.02) 0.79a 0.86 (0.74–0.92)a

1-back, Cz latency (ms) 302.11 (37.55) 300.03 (42.39) 0.33 0.44 (−0.04 to 0.70)a

1-back, Pz amplitude (µV) 1.64 (1.51) 1.54 (1.70) 0.58a 0.73 (0.48–0.86)a

1-back, Pz latency (ms) 318.44 (66.66) 309.97 (64.17) 0.26 0.42 (−0.11 to 0.69)b

1-back, F3 amplitude (µV) 3.30 (3.43) 3.42 (3.47) 0.76a 0.87 (0.74–0.93)a

1-back, F3 latency (ms) 301.92 (44.80) 300.67 (49.86) 0.38b 0.55 (0.14–0.77)b

1-back, F4 amplitude (µV) 3.51 (2.95) 3.46 (3.37) 0.68a 0.81 (0.64–0.90)a

1-back, F4 latency (ms) 304.44 (43.16) 311.03 (45.42) 0.59a 0.75 (0.51–0.87)a

2-back, Fz amplitude (µV) 3.39 (2.29) 3.21 (2.15) 0.36b 0.53 (0.09–0.75)b

2-back, Fz latency (ms) 300.97 (39.67) 303.68 (45.65) 0.09 0.17 (−0.60 to 0.49)

2-back, Cz amplitude (µV) 2.28 (1.26) 2.08 (1.65) 0.39b 0.51 (0.12–0.78)b

2-back, Cz latency (ms) 300.63 (49.62) 302.21 (45.84) 0.31 0.46 (−0.04 to 0.70)

2-back, Pz amplitude (µV) 1.24 (1.20) 1.38 (1.83) −0.03 −0.06 (−1.04 to 0.44)

2-back, Pz latency (ms) 318.74 (66.70) 321.63 (63.18) 0.08 0.15 (−0.63 to 0.56)

2-back, F3 amplitude (µV) 2.89 (2.03) 2.30 (1.65) 0.38b 0.54 (0.11–0.76)b

2-back, F3 latency (ms) 297.29 (47.56) 292.89 (46.84) 0.30 0.47 (−0.03 to 0.72)b

2-back, F4 amplitude (µV) 3.37 (2.32) 3.23 (1.89) 0.46b 0.63 (0.28–0.81)a

2-back, F4 latency (ms) 306.26 (44.99) 308.92 (43.12) 0.09 0.16 (−0.61 to 0.56)

Abbreviations: ICC, Intraclass correlation coefficient; CI, confidence interval. ap < 0.0001. bp < 0.05.

this study also found excellent reliability for P3 mean amplitude
(ICC = 0.86, 95% CI, 0.78–0.92), and poorer reliability for P3
mean latency (ICC = 0.56, 0.30–0.73). Our study demonstrated
larger confidence intervals in some of the amplitude and latency
measures, which might have been due to the greater cognitive
heterogeneity of our sample. Another study also reported
considerably lower reliability in P3 amplitude (ICC = −0.02)
and latency (ICC = −0.17) in seven individuals experiencing

cognitive difficulties following traumatic brain injury compared
to healthy peers (ICC = 0.84 for amplitude and 0.64 for latency)
(Lew et al., 2007). Combined, these findings point toward a
potential confounding effect of cognitive impairment on stability
of ERPs in neurological conditions.

No effect of age, task difficulty, or disease diagnosis was
found on stability of the P3 ERP in the n-back task. Most
participants in our study were cognitively normal, either without
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FIGURE 2 | Bland Altman plots of (A) 0-back Fz peak amplitude (B) 1-back Fz peak amplitude; (C) 2-back Fz peak amplitude; (D) 0-back Fz peak latency; (E)
1-back peak latency; (F) 2-back peak latency.

(n = 15) or with (n = 16) elevated Aβ. The fair to excellent
reliability of P3 amplitude and latency provides opportunities for
studying the effect of Aβ on neural transmission in preclinical
AD using ERP. Accumulation of Aβ deposits in the brain is
known to increase the risk of developing AD (Klunk et al.,
2004). P3 amplitudes are smaller in AD compared to controls
(Hedges et al., 2016). ERPs also show useful in predicting
conversion to AD, with accuracy rates ranging between 70 and
94% (Chapman et al., 2011). Patients with AD exhibit prolonged
latency in P3 ERP compared to age-matched controls (Pedroso
et al., 2012). These prolonged latencies observed in patients with
AD become particularly apparent in the cognitive domains of
executive function, memory, and language (Lee et al., 2013). The
ability of P3 ERP to discriminate between MCI and AD (Bennys
et al., 2007) opens avenues for investigation of ERP in detecting
preclinical AD (Boutros et al., 1995; Rossini et al., 2020).

We established the reliability of P3 amplitude in a group
of older adults with a wide range of cognitive ability. Yet,
most were cognitive normal. Future studies should include a
larger sample of participants with MCI and AD to confirm
the confounding effect of impaired cognition on the stability
of the P3 response. The results of the group analyses (non
β-amyloid elevated; β-amyloid elevated, cognitively impaired),
and the potential confounding effect of impaired cognition on
ERP response should be considered exploratory. The n-back is
arguably the most ubiquitous working memory test used in ERP
studies across the age spectrum (Bopp and Verhaeghen, 2018).
However, previous studies have shown that the n-back test hosts
an array of control processes, including speed of processing,
storage, comparison processes, updating, keeping track, task
mixing, task shifting, and resistance to interference (Miller et al.,
2009; Schmiedek et al., 2009; Bopp and Verhaeghen, 2018). In
addition, we did not establish reliability of ERP in other cognitive
domains known to deteriorate in older age, such as memory

and language, and this remains an opportunity for further
investigation. Future research should also include multiple testing
sessions over extended periods of time to evaluate the sensitivity
of ERP to detect subtle neurobiological changes due to normal
and pathological aging.

CONCLUSION

We set out to assess the test-retest reliability of ERP response in
older adults with a heterogeneous cognitive profile. Consistent
with other studies, P3 amplitude and latency show fair to
excellent reliability across different levels of task difficulty.
However, impaired cognition may potentially affect the stability
of the P3 ERP response.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by University of Kansas Medical Center Internal
Review Board. The patients/participants provided their written
informed consent to participate in this study.

AUTHOR CONTRIBUTIONS

HD, JB, JM, WB, and KG conceptualized the study. HD, KL, and
KG worked out the EEG data processing steps. HD, PA, and KL

Frontiers in Aging Neuroscience | www.frontiersin.org 6 October 2020 | Volume 12 | Article 566391

https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-566391 October 13, 2020 Time: 17:24 # 7

Devos et al. Test-Retest Reliability of ERP in Older Adults

administered the tests. HD and JM analyzed the data. HD
wrote the initial manuscript. JB, KL, PA, JM, WB, and KG
reviewed the manuscript and provided valuable comments.
All authors contributed to the article and approved the
submitted version.

FUNDING

Research reported in this publication was supported by the
National Institute on Aging of the National Institutes of Health
under Award Number K01 AG058785. This study was supported
in part by a pilot grant of the KU Alzheimer’s Disease Center
(P30 AG035982). The Hoglund Biomedical Imaging Center is
supported in part by S10 RR29577 and generous gifts from
Forrest and Sally Hoglund. The content is solely the responsibility

of the authors and does not necessarily represent the official views
of the National Institutes of Health.

ACKNOWLEDGMENTS

The authors thank the volunteers for their time and willingness to
participate in this research. The authors also grateful for the staff
at the KU Alzheimer’s Disease Center.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnagi.
2020.566391/full#supplementary-material

REFERENCES
Baddeley, A. (1992). Working memory. Science 255, 556–559. doi: 10.1126/science.

1736359
Bahmani, Z., Clark, K., Merrikhi, Y., Mueller, A., Pettine, W., Isabel Vanegas, M.,

et al. (2019). Prefrontal contributions to attention and working memory. Curr.
Top. Behav. Neurosci. 41, 129–153. doi: 10.1007/7854_2018_74

Behforuzi, H., Feng, N. C., Billig, A. R., Ryan, E., Tusch, E. S., Holcomb, P. J., et al.
(2019). Markers of novelty processing in older adults are stable and reliable.
Front. Aging Neurosci. 11:165. doi: 10.3389/fnagi.2019.00165

Bennys, K., Portet, F., Touchon, J., and Rondouin, G. (2007). Diagnostic value
of event-related evoked potentials N200 and P300 subcomponents in early
diagnosis of Alzheimer’s disease and mild cognitive impairment. J. Clin.
Neurophysiol. 24, 405–412.

Bland, J. M., and Altman, D. G. (1986). Statistical methods for assessing agreement
between two methods of clinical measurement. Lancet 1, 307–310.

Bopp, K. L., and Verhaeghen, P. (2018). Aging and n-back performance: a meta-
analysis. J. Gerontol. Ser. B 75, 229–240. doi: 10.1093/geronb/gby024

Boutros, N., Torello, M. W., Burns, E. M., Wu, S.-S., and Nasrallah, H. A. (1995).
Evoked potentials in subjects at risk for Alzheimer’s disease. Psychiatry Research
57, 57–63. doi: 10.1016/0165-1781(95)02597-p

Brunner, J. F., Hansen, T. I., Olsen, A., Skandsen, T., Haberg, A., and Kropotov,
J. (2013). Long-term test-retest reliability of the P3 NoGo wave and two
independent components decomposed from the P3 NoGo wave in a visual
Go/NoGo task. Int. J. Psychophysiol. 89, 106–114.

Carmona-Torres, J. M., Rodríguez-Borrego, M. A., Laredo-Aguilera, J. A., López-
Soto, P. J., Santacruz-Salas, E., and Cobo-Cuenca, A. I. (2019). Disability for
basic and instrumental activities of daily living in older individuals. PLoS One
14:e0220157. doi: 10.1371/journal.pone.0220157

Cassidy, S. M., Robertson, I. H., and O’Connell, R. G. (2012). Retest reliability of
event-related potentials: evidence from a variety of paradigms. Psychophysiology
49, 659–664. doi: 10.1111/j.1469-8986.2011.01349.x

Chapman, R. M., McCrary, J. W., Gardner, M. N., Sandoval, T. C., Guillily, M. D.,
Reilly, L. A., et al. (2011). Brain ERP components predict which individuals
progress to Alzheimer’s disease and which do not. Neurobiol. Aging 32, 1742–
1755. doi: 10.1016/j.neurobiolaging.2009.11.010

Cicchetti, D. V. (1994). Guidelines, criteria, and rules of thumb for evaluating
normed and standardized assessment instruments in psychology. Psychol.
Assess. 6:284.

Delorme, A., and Makeig, S. (2004). EEGLAB: an open source toolbox for analysis
of single-trial EEG dynamics including independent component analysis.
J. Neurosci. Methods 134, 9–21.

Eriksson, J., Edward, L. A., Bergström, F., and Nyberg, L. (2015). Neurocognitive
architecture of working memory.Neuron 88, 33–46. doi: 10.1016/j.neuron.2015.
09.020

Feinkohl, I., Borchers, F., Burkhardt, S., Krampe, H., Kraft, A., Speidel, S., et al.
(2020). Stability of neuropsychological test performance in older adults serving

as normative controls for a study on postoperative cognitive dysfunction. BMC
Res. Notes 13:55. doi: 10.1186/s13104-020-4919-3

Fjell, A. M., and Walhovd, K. B. (2001). P300 and neuropsychological tests as
measures of aging: scalp topography and cognitive changes. Brain Topogr. 14,
25–40. doi: 10.1023/a:1012563605837

Gevins, A., Smith, M. E., McEvoy, L. K., Ilan, A. B., Chan, C. S., Jiang, A., et al.
(2011). A cognitive and neurophysiological test of change from an individual’s
baseline. Clin. Neurophysiol. 122, 114–120. doi: 10.1016/j.clinph.2010.06.010

Hedges, D., Janis, R., Mickelson, S., Keith, C., Bennett, D., and Brown, B. L.
(2016). P300 amplitude in Alzheimer’s disease. Clin. EEG Neurosci. 47, 48–55.
doi: 10.1177/1550059414550567

Huffmeijer, R., Bakermans-Kranenburg, M. J., Alink, L. R., and van Ijzendoorn,
M. H. (2014). Reliability of event-related potentials: the influence of number of
trials and electrodes. Physiol. Behav. 130, 13–22.

Jekel, K., Damian, M., Wattmo, C., Hausner, L., Bullock, R., Connelly, P. J.,
et al. (2015). Mild cognitive impairment and deficits in instrumental activities
of daily living: a systematic review. Alzheimers Res. Ther. 7:17. doi: 10.1186/
s13195-015-0099-0

Kinoshita, S., Inoue, M., Maeda, H., Nakamura, J., and Morita, K. (1996). Long-
term patterns of change in ERPs across repeated measurements. Physiol. Behav.
60, 1087–1092. doi: 10.1016/0031-9384(96)00130-8

Klunk, W. E., Engler, H., Nordberg, A., Wang, Y., Blomqvist, G., Holt, D. P.,
et al. (2004). Imaging brain amyloid in Alzheimer’s disease with pittsburgh
compound-B. Ann. Neurol. 55, 306–319.

Lee, M.-S., Lee, S.-H., Moon, E.-O., Moon, Y.-J., Kim, S., Kim, S.-H., et al. (2013).
Neuropsychological correlates of the P300 in patients with Alzheimer’s disease.
Prog. Neuro Psychopharmacol. Biol. Psychiatry 40, 62–69. doi: 10.1016/j.pnpbp.
2012.08.009

Lew, H. L., Gray, M., and Poole, J. H. (2007). Temporal stability of auditory
event-related potentials in healthy individuals and patients with traumatic brain
injury. J. Clin. Neurophysiol. 24, 392–397. doi: 10.1097/wnp.0b013e31814a56e3

Lopez-Calderon, J., and Luck, S. J. (2014). ERPLAB: an open-source toolbox for the
analysis of event-related potentials. Front. Hum. Neurosci. 8:213. doi: 10.3389/
fnhum.2014.00213

Lubitz, A. F., Niedeggen, M., and Feser, M. (2017). Aging and working memory
performance: electrophysiological correlates of high and low performing
elderly. Neuropsychologia 106, 42–51. doi: 10.1016/j.neuropsychologia.2017.
09.002

Miller, K. M., Price, C. C., Okun, M. S., Montijo, H., and Bowers, D.
(2009). Is the N-back task a valid neuropsychological measure for assessing
working memory? Arch. Clin. Neuropsychol. 24, 711–717. doi: 10.1093/arclin/ac
p063

Moon, S., Ranchet, M., Akinwuntan, A. E., Tant, M., Carr, D. B., Raji, M. A., et al.
(2018). The impact of advanced age on driving safety in adults with medical
conditions. Gerontology 64, 291–299. doi: 10.1159/000486511

Nasreddine, Z. S., Phillips, N. A., Bedirian, V., Charbonneau, S., Whitehead, V.,
Collin, I., et al. (2005). The montreal cognitive assessment, MoCA: a brief

Frontiers in Aging Neuroscience | www.frontiersin.org 7 October 2020 | Volume 12 | Article 566391

https://www.frontiersin.org/articles/10.3389/fnagi.2020.566391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnagi.2020.566391/full#supplementary-material
https://doi.org/10.1126/science.1736359
https://doi.org/10.1126/science.1736359
https://doi.org/10.1007/7854_2018_74
https://doi.org/10.3389/fnagi.2019.00165
https://doi.org/10.1093/geronb/gby024
https://doi.org/10.1016/0165-1781(95)02597-p
https://doi.org/10.1371/journal.pone.0220157
https://doi.org/10.1111/j.1469-8986.2011.01349.x
https://doi.org/10.1016/j.neurobiolaging.2009.11.010
https://doi.org/10.1016/j.neuron.2015.09.020
https://doi.org/10.1016/j.neuron.2015.09.020
https://doi.org/10.1186/s13104-020-4919-3
https://doi.org/10.1023/a:1012563605837
https://doi.org/10.1016/j.clinph.2010.06.010
https://doi.org/10.1177/1550059414550567
https://doi.org/10.1186/s13195-015-0099-0
https://doi.org/10.1186/s13195-015-0099-0
https://doi.org/10.1016/0031-9384(96)00130-8
https://doi.org/10.1016/j.pnpbp.2012.08.009
https://doi.org/10.1016/j.pnpbp.2012.08.009
https://doi.org/10.1097/wnp.0b013e31814a56e3
https://doi.org/10.3389/fnhum.2014.00213
https://doi.org/10.3389/fnhum.2014.00213
https://doi.org/10.1016/j.neuropsychologia.2017.09.002
https://doi.org/10.1016/j.neuropsychologia.2017.09.002
https://doi.org/10.1093/arclin/acp063
https://doi.org/10.1093/arclin/acp063
https://doi.org/10.1159/000486511
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles


fnagi-12-566391 October 13, 2020 Time: 17:24 # 8

Devos et al. Test-Retest Reliability of ERP in Older Adults

screening tool for mild cognitive impairment. J. Am. Geriatr. Soc. 53, 695–699.
doi: 10.1111/j.1532-5415.2005.53221.x

Overdorp, E. J., Kessels, R. P. C., Claassen, J. A., and Oosterman, J. M. (2016).
The combined effect of neuropsychological and neuropathological deficits on
instrumental activities of daily living in older adults: a systematic review.
Neuropsychol. Rev. 26, 92–106. doi: 10.1007/s11065-015-9312-y

Pedroso, R. V., Fraga, F. J., Corazza, D. I., Andreatto, C. A. A., Coelho, F. G. D. M.,
Costa, J. L. R., et al. (2012). Latência e amplitude do P300 auditivo na doença
de Alzheimer: uma revisão sistemática. Braz. J. Otorhinolaryngol. 78, 126–132.
doi: 10.1590/s1808-86942012000400023

Ranchet, M., Morgan, J. C., Akinwuntan, A. E., and Devos, H. (2017). Cognitive
workload across the spectrum of cognitive impairments: a systematic review
of physiological measures. Neurosci. Biobehav. Rev. 80, 516–537. doi: 10.1016/j.
neubiorev.2017.07.001

Ranganathan, P., Pramesh, C. S., and Aggarwal, R. (2017). Common pitfalls in
statistical analysis: measures of agreement. Perspect. Clin. Res. 8, 187–191. doi:
10.4103/picr.PICR_123_17

Robertson, S., Myerson, J., and Hale, S. (2006). Are there age differences in
intraindividual variability in working memory performance? J. Gerontol. Ser.
B Psychol. Sci. Soc. Sci. 61, 18–24. doi: 10.1093/geronb/61.1.p18

Rossini, P. M., Di Iorio, R., Vecchio, F., Anfossi, M., Babiloni, C., Bozzali, M., et al.
(2020). Early diagnosis of Alzheimer’s disease: the role of biomarkers including
advanced EEG signal analysis. Report from the IFCN-sponsored panel of
experts. Clin. Neurophysiol. 131, 1287–1310. doi: 10.1016/j.clinph.2020.03.003

Saliasi, E., Geerligs, L., Lorist, M. M., and Maurits, N. M. (2013). The relationship
between p3 amplitude and working memory performance differs in young and
older adults. PLoS One 8:e63701. doi: 10.1371/journal.pone.0063701

Sandman, C. A., and Patterson, J. V. (2000). The auditory event-related potential
is a stable and reliable measure in elderly subjects over a 3 year period. Clin.
Neurophysiol. 111, 1427–1437. doi: 10.1016/s1388-2457(00)00320-5

Schmiedek, F., Li, S.-C., and Lindenberger, U. (2009). Interference and facilitation
in spatial working memory: age-associated differences in lure effects in the
n-back paradigm. Psychol. Aging 24, 203–210. doi: 10.1037/a0014685

Segalowitz, S. J., and Barnes, K. L. (1993). The reliability of ERP components in the
auditory oddball paradigm. Psychophysiology 30, 451–459.

Shrout, P. E., and Fleiss, J. L. (1979). Intraclass correlations: uses in assessing rater
reliability. Psychol. Bull. 86, 420–428. doi: 10.1037//0033-2909.86.2.420

Sperling, R. A., Aisen, P. S., Beckett, L. A., Bennett, D. A., Craft, S., Fagan,
A. M., et al. (2011). Toward defining the preclinical stages of Alzheimer’s
disease: recommendations from the National Institute on Aging-Alzheimer’s

Association workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 7, 280–292. doi: 10.1016/j.jalz.2011.03.003

Tabira, T., Hotta, M., Murata, M., Yoshiura, K., Han, G., Ishikawa, T., et al.
(2020). Age-related changes in instrumental and basic activities of daily living
impairment in older adults with very mild Alzheimer’s disease. Dement. Geriatr.
Cogn. Disord. Extra 10, 27–37. doi: 10.1159/000506281

Troyer, A. K., Vandermorris, S., and Murphy, K. J. (2016). Intraindividual
variability in performance on associative memory tasks is elevated in amnestic
mild cognitive impairment. Neuropsychologia 90, 110–116. doi: 10.1016/j.
neuropsychologia.2016.06.011

Van Dinteren, R., Arns, M., Jongsma, M. L. A., and Kessels, R. P. C. (2014). P300
development across the lifespan: a systematic review and meta-analysis. PLoS
One 9:e87347. doi: 10.1371/journal.pone.0087347

Vidoni, E. D., Yeh, H.-W., Morris, J. K., Newell, K. L., Alqahtani, A., Burns,
N. C., et al. (2016). Cerebral β-amyloid angiopathy is associated with earlier
dementia onset in Alzheimer’s disease. Neurodegenerative Dis. 16, 218–224.
doi: 10.1159/000441919

Walhovd, K. B., and Fjell, A. M. (2002). One-year test-retest reliability of auditory
ERPs in young and old adults. Int. J. Psychophysiol. 46, 29–40. doi: 10.1016/
s0167-8760(02)00039-9

West, R., Murphy, K. J., Armilio, M. L., Craik, F. I. M., and Stuss, D. T. (2002).
Lapses of intention and performance variability reveal age-related increases in
fluctuations of executive control. Brain Cogn. 49, 402–419. doi: 10.1006/brcg.
2001.1507

Yaple, Z. A., Stevens, W. D., and Arsalidou, M. (2019). Meta-analyses of the n-back
working memory task: fMRI evidence of age-related changes in prefrontal
cortex involvement across the adult lifespan. NeuroImage 196, 16–31. doi: 10.
1016/j.neuroimage.2019.03.074

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Devos, Burns, Liao, Ahmadnezhad, Mahnken, Brooks and
Gustafson. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Aging Neuroscience | www.frontiersin.org 8 October 2020 | Volume 12 | Article 566391

https://doi.org/10.1111/j.1532-5415.2005.53221.x
https://doi.org/10.1007/s11065-015-9312-y
https://doi.org/10.1590/s1808-86942012000400023
https://doi.org/10.1016/j.neubiorev.2017.07.001
https://doi.org/10.1016/j.neubiorev.2017.07.001
https://doi.org/10.4103/picr.PICR_123_17
https://doi.org/10.4103/picr.PICR_123_17
https://doi.org/10.1093/geronb/61.1.p18
https://doi.org/10.1016/j.clinph.2020.03.003
https://doi.org/10.1371/journal.pone.0063701
https://doi.org/10.1016/s1388-2457(00)00320-5
https://doi.org/10.1037/a0014685
https://doi.org/10.1037//0033-2909.86.2.420
https://doi.org/10.1016/j.jalz.2011.03.003
https://doi.org/10.1159/000506281
https://doi.org/10.1016/j.neuropsychologia.2016.06.011
https://doi.org/10.1016/j.neuropsychologia.2016.06.011
https://doi.org/10.1371/journal.pone.0087347
https://doi.org/10.1159/000441919
https://doi.org/10.1016/s0167-8760(02)00039-9
https://doi.org/10.1016/s0167-8760(02)00039-9
https://doi.org/10.1006/brcg.2001.1507
https://doi.org/10.1006/brcg.2001.1507
https://doi.org/10.1016/j.neuroimage.2019.03.074
https://doi.org/10.1016/j.neuroimage.2019.03.074
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/aging-neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/aging-neuroscience#articles

	Reliability of P3 Event-Related Potential During Working Memory Across the Spectrum of Cognitive Aging
	Introduction
	Materials and Methods
	Participants
	Procedure
	Demographic and Clinical Information
	N-Back Test
	P3 ERP

	Data Analysis

	Results
	Participant Characteristics
	Test-Retest Reliability of Performance Measures
	Test-Retest Reliability of ERP Measures

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


