Innovation in Aging, 2023,7, 1-11
https://doi.org/10.1093/geroni/igad004

A
Advance access publication 20 February 2023 / THE
Original Research Article ’/ ’ G ERO NTO LOGICAL OXFORD

SOCIETY OF AMERICA®

Subtle Pathophysiological Changes in Working
Memory-Related Potentials and Intrinsic Theta Power
in Community-Dwelling Older Adults With Subjective
Cognitive Decline

Zhiwei Zheng, PhD,"?© Xiaofeng Zhao, MS,"? Xiaoyu Cui, PhD,"? Xiaomei Liu, PhD,"*
Xinyi Zhu, PhD,"?Yang Jiang, PhD,* and Juan Li, PhD"2"

1Center on Aging Psychology, CAS Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of Sciences, Beijing, China.
2Department of Psychology, University of Chinese Academy of Sciences, Beijing, China.
3Department of Behavioral Science, University of Kentucky College of Medicine, Lexington, Kentucky, USA.

*Address correspondence to: Juan Li, PhD, Center on Aging Psychology, CAS Key Laboratory of Mental Health, Institute of Psychology, Chinese Academy of
Sciences, No. 16 Lincui Road, Chaoyang District, Beijing 100101, China. E-mail: lijuan@psych.ac.cn

Decision Editor: Steven M. Albert, PhD, MS, FGSA

Abstract

Background and Objectives: Individuals with subjective cognitive decline (SCD) who perform normally on objective cognitive tests may have
an increased risk of pathological cognitive decline and progression to Alzheimer's disease (AD) and related dementia (ADRD). Working memory
is widely regarded as an early sign of pathological cognitive decline. We tested the hypothesis that older adults with SCD already exhibit aberrant
neurocognitive processing underlying working memory.

Research Design and Methods: Electroencephalography (EEG) was recorded during a delayed match-to-sample (DMS) task and an eyes-
closed resting condition in cognitively healthy community-dwelling older adults who were assigned to the SCD or Control group.

Results: The SCD and Control groups showed comparable performance on the neuropsychological tests and DMS task. The SCD group
showed an enhanced right frontal target-related P300 effect during working memory retrieval and higher frontal theta power during rest.
Higher theta power was associated with worse working memory performance and greater left frontal nontarget-related positivity across all
older adults.

Discussion and Implications: Our findings suggest that older people with SCD have subtle pathophysiological changes in working memory-
related potentials and intrinsic theta power, which has important implications for predicting risks and early interventions in older adults in the
preclinical stage of ADRD.
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Translational Significance: Older adults with subjective cognitive decline (SCD) are at an elevated risk of future pathological cognitive
decline, including dementia, relative to healthy aging controls. As objective cognitive measures cannot differentiate between older adults
with and without SCD, it is necessary to use more sensitive measures to explore early brain changes in older adults with SCD. The
present study indicated subtle pathophysiological deficits in working memory (a core cognitive function) at the earliest preclinical stage of
dementia, which is critical for the implementation of early-stage interventions to prevent the progression of the disease.

Background and Objectives investigate subtle alterations in the brains of older adults with
SCD to better understand the earliest pathological mecha-
nisms of AD, which are critical for the timely implementation
of interventions to slow the progression of abnormal aging.
Given that most standardized and objective neuropsy-

Subjective cognitive decline (SCD) is characterized by a
self-experienced decline in cognitive function in the absence
of objective cognitive deficits (Jessen et al., 2014). SCD is

regarded as the first clinical manifestation of Alzheimer’s ; ; . .
discase (AD) and related dementia (ADRD) (Jessen et al., chological or computerized tests cannot effectively differen-

2020; Rabin et al., 2017), and older adults with SCD have an tiate between older adults with and without SCD, it would
increased risk of developing mild cognitive impairment (MCI) be preferable to use potentially more sensitive measures to

and dementia compared with those without SCD (Mitchell et identify subtle changes in brain function in older adults with
al., 2014; Slot et al., 2019). Accordingly, it is imperative to SCD. Electroencephalography (EEG) might be a particularly
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suitable technique for detecting the early brain changes under-
lying pathological cognitive aging owing to its accessibility
and affordability with high temporal resolution (Jackson &
Snyder, 2008). For example, event-related potentials (ERP)
measuring synchronized postsynaptic neural activity evoked
by cognitive events have shown altered neurocognitive pro-
cessing (e.g., reduced ERP amplitudes) during higher order
cognitive tasks (e.g., memory or language) in patients with
MCI and AD compared to healthy older adults (Paitel et al.,
2021). Unfortunately, studies examining the early neurocog-
nitive changes associated with cognitive tasks in older adults
with SCD remain scarce.

Here, we emphasize working memory, one of the most
common early symptoms of dementia, which is highly vulner-
able to normal and pathological aging (Kirova et al., 2015).
Working memory refers to a limited capacity system that
involves intentionally holding task-relevant information in
the mind in the service of complex cognitive tasks (Baddeley,
1986). Using a delayed match-to-sample (DMS) task, we pre-
viously examined ERP responses during working memory
retrieval in cognitively normal controls and patients with
MCI and AD (Li et al., 2017). Participants were required to
hold a sample object in their minds and then indicate whether
each of the following test objects was a matching target or
nonmatching distractor (i.e., nontarget). We reported a sim-
ilar right frontal P300 match versus nonmatch ERP effect
during working memory retrieval in all three groups (Li et
al., 2017). P300 refers to a positive deflection related to the
allocation of attentional resources during stimulus evalua-
tion and categorization (Morrison et al., 2019; Polich, 2007),
with a more frontal scalp distribution in older adults (Saliasi
et al., 2013). Accordingly, the right frontal match-related
positivity reflects that all three groups allocated more atten-
tional resources to the target stimuli during working memory
retrieval. Interestingly, there was also an enhanced left frontal
P300 nonmatch versus match ERP effect in patients with MCI
and AD compared to normal controls, suggesting that MCI
and AD recruited more neural resources to reject the nontar-
get stimuli from working memory because of their impaired
distractor inhibition (Li et al., 2017). These findings indicate
that the working memory retrieval-related frontal P300 effect
is a promising EEG indicator of altered neurocognitive pro-
cessing during pathological cognitive decline. If SCD truly
represents the preclinical stage of the AD continuum and is
more likely to progress to MCI and AD, individuals with SCD
may already have aberrant patterns of neural activity during
working memory retrieval (i.e., the frontal P300 effect), even
if they behaviorally perform at equivalent levels to healthy
controls. As a result, the first purpose of this study was to
investigate whether older adults with SCD have altered elec-
trophysiological signals regarding working memory retrieval
compared with older adults without SCD.

In addition, intrinsic EEG oscillations during the eyes-
closed resting state have been shown to act as a sensitive tool
for evaluating the neural dynamics of the AD brain (Babiloni
et al., 2021). Extended evidence has demonstrated the slow-
ing of oscillatory brain activity in patients with MCI or
AD, reflected by increased spectral power in low-frequency
oscillations (e.g., delta band: 1-4 Hz, theta band: 4-8 Hz)
and decreased power density in high-frequency oscillations
(e.g., alpha band: 8-13 Hz, beta band: 13-28 Hz; Babiloni
et al., 2016; Babiloni, Blinowska, et al., 2020; van Straaten
et al., 2014). Concerning SCD in the preclinical stage of AD,
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cross-sectional studies have reported mixed EEG results,
probably because of the differences in the research criteria
for SCD or participant characteristics (e.g., Alexander et al.,
2006; Babiloni, Lizio, et al., 2016; Gaubert et al., 2019).
Fortunately, two longitudinal studies provided converging
evidence that higher theta power during baseline in SCD was
more likely related to subsequent clinical progression to MCI
over time, particularly at the frontal sites, suggesting that the
slowing of resting cortical EEG theta rhythms in SCD can
predict future cognitive decline (Gouw et al., 2017; Prichep et
al., 2006). Synchronous oscillations during the resting state in
different frequency bands may reflect various aspects of cog-
nitive functioning. Specifically, theta band oscillations in the
lateral prefrontal regions have been proposed to be respon-
sible for integrating task-relevant and suppressing task-
irrelevant information in working memory (Sauseng et al.,
2010; de Vries et al., 2020). Considering the close relationship
between resting EEG theta rhythms and working memory,
the second purpose of this study was to compare and ana-
lyze the power spectral differences in the theta band between
older adults with SCD and normal controls. Moreover, we
investigated the associations between the EEG measures
and working memory performance, and the possible associ-
ations between the EEG and ERP measures, to indicate the
pathophysiological dysfunctions underlying the EEG rhythm
changes in older adults with SCD.

In summary, evidence regarding neurocognitive processing
underlying working memory in older adults with SCD is still
limited, especially when both working memory-related ERP
and resting EEG are considered. To this end, we tested the
hypothesis that cognitively intact older adults with SCD will
show a subtle decline in working memory-related potentials
and intrinsic oscillations in the current study. Specifically,
working memory was investigated using a DMS task in a sam-
ple of cognitively healthy community-dwelling older adults
divided into SCD and Control groups. EEG was recorded
during the test phase of the DMS task and an eyes-closed
resting condition.

First, working memory retrieval-related frontal P300 effects
were examined by comparing correctly classified matched
and nonmatched objects. If older adults with SCD had an
increased risk of developing MCI and dementia, they would
probably share a similar pattern of brain alterations with
patients with MCI and AD (Li et al., 2017; Paitel et al., 2021)
by displaying a similar or even reduced right frontal match-re-
lated P300 effect during working memory retrieval compared
to the Control group. However, there may be another pos-
sibility. A previous functional magnetic resonance imaging
(fMRI) study has demonstrated that individuals with SCD are
associated with greater brain activity in the right dorsolateral
prefrontal cortex (dIPFC) during memory retrieval, reflecting
successful neural compensation for their behavioral perfor-
mance (Erk et al., 2011). Therefore, in the present study, the
SCD group was also likely to show an enhanced right frontal
match-related P300 effect, due to neural compensation in the
brain, to maintain their working memory performance at a
level similar to that of the Control group. We tend to prefer
the second one, given that this hypothesis is based on neu-
roimaging evidence directly derived from SCD. In addition,
the SCD group was likely to show an enhanced left frontal
nonmatch-related P300 effect as indicated in MCI (Li et al.,
2017), as it is difficult for them to reject the nonmatching
distractors from working memory due to their impaired



Innovation in Aging, 2023, Vol. 7, No. 2

cognitive control (Cesp6n et al., 2018; Smart et al., 2014;
Susana et al., 2021).

Second, given that higher theta power at the prefrontal sites
during baseline in SCD can predict future cognitive decline
(Gouw et al., 2017; Prichep et al., 2006) and that patients
with MCI or AD show EEG shifts to slow waves (Babiloni
et al., 2016, 2020; van Straaten et al., 2014), we expected
that the SCD group would show higher frontal theta power
than the controls. Moreover, we expected a significant asso-
ciation between theta band power and working memory
performance, and between theta band power and working
memory-related ERP effects.

Finally, EEG signals were recorded using a portable EEG
headset with more electrode sites placed in the bilateral
frontal regions in the present study. As noted, the working
memory-related ERP effects in the DMS task were mainly
distributed in the bilateral prefrontal regions (Li et al., 2017),
and SCD showed different patterns of functional activity in
the dIPFC (Erk et al., 2011). Moreover, bilateral prefrontal
EEG theta oscillations play an important role in working
memory maintenance and retrieval (Helfrich & Knight, 2016;
Sauseng et al., 2010). As a result, we believed that the pres-
ent EEG equipment could effectively capture the ERP or EEG
patterns during the task and rest in older adults with SCD.

Research Design and Methods

Participants

Older adults were recruited from communities near the
Institute of Psychology in the Chaoyang District, Beijing,
China. The inclusion criteria were as follows: (a) age
>60 years; (b) education >6 years; (c) a score >21 on the
Montreal Cognitive Assessment Beijing Version (MoCA-B])
to rule out the older adults with cognitive impairment (Yu et
al., 2012); (c) a score <8 on the 15-item Geriatric Depression
Scale to exclude the effects of depression on SCD (Yesavage &
Sheikh, 1986); (e) Functional Activity Questionnaire score <9
to ensure normal functional activities of daily living (Pfeffer et
al., 1982); (f) free of neurological deficits or traumatic brain
injury; and (g) free of visual and hearing difficulties.

Of the initial sample of 67 participants, 14 did not meet the
inclusion criteria, resulting in a sample of 53 participants who
were eligible to enroll in the present study (25 females, age
range: 60-75 years). A battery of neuropsychological tests was
administered to ensure that they were cognitively healthy. The
battery comprised the Digit Span Forward (DSF) and Digit
Span Backward (DSB) tests (Gong, 1992), Trail Making Tests
A and B (TMT; Reitan, 1958), Category Fluency Test (CFT;
Strauss et al., 2006), WHO/UCLA Auditory Verbal Learning
Test (AVLT; Maj et al.,, 1993), and Paired-Association
Learning Test (PALT) from the Clinical Memory Scale (Xu &
Wu, 1986). These tests were used to assess short-term mem-
ory (DSF), working memory (DSB), executive function (TMT
and CFT), and episodic memory (AVLT and PALT). All par-
ticipants showed normal performance on each test, adjusted
for age, sex, and education, according to our Chinese norma-
tive database.

Participants were divided into two groups according to
their scores on the Chinese adaptation (Hao et al., 2019) of
the nine-item Subjective Cognitive Decline Questionnaire
(SCD-QY; Gifford et al., 2015). The SCD-Q9 is a brief stan-
dardized tool for the screening and quantification of SCD.
The total score on this questionnaire ranges from 0 to 9, with

higher scores representing worse subjective cognition. In the
present study, the total SCD-Q9 score ranged from 0 to 7.5.
According to the cutoff value recommended by Hao et al.
(2022) and the median SCD score (3 points) in this study,
participants who scored equal to or below 3 were assigned to
the Control group (7 = 28), whereas those who scored above
3 were assigned to the SCD group (1 = 25).

To further ensure the validity of the group division, we
calculated the proportion of participants who gave affirma-
tive answers to two mutually confirmed questions—“Do you
think you have problems with your memory?” and “Do you
think that your memory is worse than 5 years ago?”—in the
SCD-Q9 for each group. These two questions are used to
examine whether older adults have a self-experienced global
memory decline compared with a previous status, which
is thought to be more predictive of pathological cognitive
decline (Jessen et al., 2020). Twenty-four out of 25 older
adults in the SCD group versus 1 out of 28 older adults in the
Control group gave affirmative answers to both questions,
suggesting that there were qualitative differences between the
SCD and Control groups.

The demographic characteristics and neuropsychological
performance of the SCD and Control groups are presented in
Table 1. As expected, the SCD group had a higher SCD-Q9
score than the Control group (p < .001). No other signifi-
cant differences were observed between the SCD and Control
groups. Each participant provided informed consent and was
paid for their participation. This study was approved by the
Ethics Committee of the Institute of Psychology, Chinese
Academy of Sciences.

Materials

The stimuli consisted of 64 two-dimensional black and
white pictures of common objects taken from Snodgrass and
Vanderwart (1980). The DMS task consisted of 16 trials,
separated into two blocks of 8 trials. Each trial began with
two sample objects, followed by a test phase with repeated
memory targets and distractors (see Figure 1). Each test item
was one of the two target objects (i.e., match to either of the
sample objects) or one of the two distractor objects (i.e., non-
match to either of the sample objects). The target objects were
presented two, three, or four times, and the distractor objects
were presented two, three, or four times, for a total of 12 test
pictures per trial. A total of 192 test pictures were used, with
96 serving as matching targets and 96 serving as nonmatching
distractors.

Each test picture was presented with a black background
in a rectangular area of 8.3 x 5.8 cm?. The sample pictures
were also presented with a 6.5 mm green border. Test pictures
were normalized across retrieval conditions (i.e., match or
nonmatch) for image familiarity and complexity (Snodgrass
& Vanderwart, 1980).

Procedure

Each participant first completed a 90-second resting session
with eyes open, followed by a 90-second resting session with
eyes closed, during which they were requested to stay relaxed
and avoid falling asleep. Next, the participants were instructed
to prepare for a working memory DMS task. The resting EEG
and task procedures were designed using PsychoPy (Borhani
et al., 2021; Peirce et al., 2019).

Figure 1 illustrates the procedures of the DMS task. Each
trial began with two sample objects that were distinguished
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Table 1. Demographic Characteristics and Neuropsychological Performance of the Control and SCD Groups

Variable All® participants (7 = 53) Control (nz=28) * SCD (n=25)* p Value ®
Age (y) 66.87 = 4.07 66.29 = 3.73 67.52 = 4.40 274
Sex (male/female) 28/25 18/10 10/15 .077
Education (y) 11.45 = 2.35 11.93 +2.48 10.92 +2.12 120
SCD-Q9 3.33+2.42 1.36 = 1.17 5.54 +1.24 <.001
GDS-15 1.96 = 1.81 1.64 = 1.75 2.32 = 1.84 176
Functional Activity Questionnaire 0.3 +0.82 0.14 = 0.45 0.48 = 1.09 158
MoCA-BJ 24.96 + 2.16 25.32+2.29 24.56 + 1.96 202
Digit Span Forward 7.43 = 1.26 7.57 = 1.32 7.28 = 1.21 407
Digit Span Backward 4.64 = 1.21 4.71 = 1.36 4.56 = 1.04 .648
Trail Making Test (s) 43.93 +27.54 43.61 +29.57 44.28 + 25.67 930
Verbal Fluency Test 18.38 =+ 4.03 18.57 + 3.63 18.16 + 4.50 714
AVLT (total learning)! 50.08 = 7.12 51.04 = 6.88 49.00 = 7.37 .303
AVLT (delayed recall) 10.85 = 1.95 11.18 = 1.85 10.48 +2.02 195
Paired Associative Learning Test 8.77 +3.23 8.61+3.20 8.96 = 3.31 .695

Notes: AVLT = Auditory Verbal Learning Test; GDS = 15-item Geriatric Depression Scale; MoCA-BJ = Montreal Cognitive Assessment Beijing Version; SCD
= Subjective Cognitive Decline; SCD-Q9 = 9-item Subjective Cognitive Decline Questionnaire.
“Data are shown as mean and standard deviation except for Sex (male/female), which is number of participants.

"Independent samples # test or Pearson chi-square test.

“Trail-making scores were obtained using Trail Making B minus Trail Making A.

JAVLT total learning refers to the total number of words immediately recalled during the five learning trials.
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Figure 1. Schematic illustration of the delayed match-to-sample task. Notes: For each memory trial in this task, two sample pictures were initially
presented, followed by 12 successive test pictures (target or distractor objects).

by a green border presented side by side for 3,000 millisec-
onds. The sample pictures were followed by 12 successive test
pictures with a stimulus duration of 1,000 milliseconds each
in a pseudo-randomized order. All test pictures were divided
by an inter-stimulus interval of 1,600-1,800 milliseconds.
Each trial lasted approximately 40 seconds.

Participants were told to hold the sample objects in their
minds and indicate whether each of the following 12 test
objects matched one of the sample objects by pressing either
the “A” or “L” key. During the first block, participants made
their responses of “match” by pressing the key “A” with their
left index finger, and of “nonmatch” by pressing the key “L”
with their right index finger. The assignment of hands was
reversed during the second block. All participants performed
two practice trials before data collection, and all the earlier
tasks lasted approximately 15 minutes.

EEG Recording and Preprocessing

A portable and wireless EEG headset, Emotiv EPOC X (Emotiv
Systems, Inc., San Francisco, CA), was used to record all EEG
signals (https://www.emotiv.com/epoc-x/). The headset has
14 electrodes, aligned with the international 10-20 system:
AF3/AF4, F7/F8, F3/F4, FC5/FC6,T7/T8, P7/P8, and O1/02.

In addition, there is a common mode sense and a driven right
leg electrode at the left and right mastoids, respectively, serv-
ing as online reference sites (see Figure 2). These electrodes
were connected to the participant’s scalp using saline-soaked
felt pads. Data were digitally sampled at a rate of 128 Hz
with a resolution of 14 bits. All electrode impedances were
maintained below 10 kQ during the experiments.

Offline EEG data were preprocessed in MATLAB
(MathWorks, Inc., Natick, MA, USA) using the open-
source toolbox of EEGLAB (Delorme & Makeig, 2004) and
ERPLAB (Lopez-Calderon & Luck, 2014). The preprocessing
procedure for the ERP data is presented in the Supplementary
Material. Epochs with correct responses for the match and
nonmatch conditions were used to average ERPs. A minimum
of 15 artifact-free epochs were required for each participant
to ensure an acceptable signal-to-noise ratio. One participant
in the SCD group was excluded because of the limited num-
ber of valid epochs. Thus, 52 participants remained in the
data set for the subsequent statistical analyses of the ERP data
of the DMS task.

The preprocessing procedure for the resting EEG data is
presented in the Supplementary Material. We conducted a
spectral analysis of eyes-closed resting EEG data, which are
widely used to measure the pathophysiological processes of
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Figure 2. Schematic maps of 14 electrode sites. Notes: CMS and DRL
are online reference sites. CMS = common mode sense; DRL = driven
right leg.

disease progression (Babiloni et al., 2021). All 53 participants
were included in the data set for subsequent statistical analy-
ses of the resting EEG data.

Statistical Analyses
Behavioral and ERP data of the DMS task

The mean accuracy and response times (RT) data of cor-
rect responses in the DMS task were subjected to repeated-
measures analysis of covariance (ANCOVA) with the
between-subjects factor of Group (Control, SCD) and the with-
in-subjects factor of Condition (match, nonmatch), and age, sex,
and education as covariates. Furthermore, we reported the dis-
crimination accuracy (Pr), which was computed by subtracting
false alarm rates to distractor objects (i.e., “match” to a distrac-
tor object) from hit rates to target objects (i.e., “match” to a tar-
get object). Pr was analyzed using a one-way ANCOVA with the
between-subjects factor of Group (Control, SCD) and age, sex,
and education as covariates.

Based on visual inspection of the grand average wave-
forms and our previous study (Li et al., 2017), the P300
match/nonmatch ERP effect was quantified by calculating
the mean amplitudes over the time window of 500-800
milliseconds. We calculated the mean amplitudes from two
frontal scalp regions, each composed of an average of data
from three electrode sites: the left frontal region (F3, F7,
and FCS3) and the right frontal region (F4, F8, and FCé6),
to obtain reliable frontal ERP effects related to working
memory retrieval.

Initial repeated-measures ANCOVA with the within-
subjects factors of Condition (match, nonmatch) and
Region (left frontal, right frontal) and the between-subjects

factor of Group (Control, SCD) were performed on the
average amplitudes while controlling for age, sex, and
education. Follow-up analyses were conducted separately
for the Control and SCD groups when there were signif-
icant interactions involving group factors. Then, for the
significant Condition x Region interaction, pairwise com-
parisons were used to quantify the P300 match/nonmatch
effects in the left and right frontal regions. Topographic
maps depicting the match/nonmatch effects were formed
for each group. For the statistically significant match/non-
match effects, between-group comparisons were directly
conducted on the match/nonmatch difference waveforms,
as necessary. The mean number of trials contributing to the
grand average ERPs consisted of the Control group—match
(71) and nonmatch (69)—and the SCD group—match (70)
and nonmatch (69).

Eyes-closed resting EEG data

We primarily focused on the group differences in power
spectra of the theta band in the frontal region. The absolute
and relative EEG spectral powers of theta band data from
six frontal sites (i.e., F3, F7, FCS, F4, F8, and FC6) were
subjected to one-way ANCOVAs with the between-subjects
factor of Group (Control, SCD) while controlling for age,
sex, and education to examine the altered EEG character-
istics in older adults with SCD. One-tailed tests of signifi-
cance were employed because we expected the SCD group
to show higher frontal theta power than the Control group.
The spectral power of other frequency bands (i.e., delta: 1-4
Hz, alpha: 8-13 Hz, beta: 13-28 Hz, and gamma: 28-46
Hz) was analyzed in the same way to provide additional
evidence for the early alterations in brain oscillatory activity
in SCD.

Correlation analyses

Pearson correlation analyses were performed between the
ERP/EEG measures and working memory performance
(i.e., Pr, RT of the match and nonmatch conditions), and
between EEG spectral power and working memory-related
ERP effects. The working memory-related ERP effects were
qualified by the mean amplitudes of the difference waveforms
between the match and nonmatch conditions in the left or
right frontal region. All correlation analyses were conducted
using age, sex, and education as covariates. P-values were cor-
rected for multiple testing with the Benjamini-Hochberg false
discovery rate (BH-FDR) procedure.

The Greenhouse-Geisser correction for the nonsphericity
of the data was applied as necessary. The uncorrected degrees
of freedom, corrected p values, and effect size (partial n?)
were reported for the repeated-measures ANOVAs. For all
analyses, the significance level was set at .05.

Results

Behavioral Performance

The mean accuracy, RT, and Pr for the DMS task as a func-
tion of Group and/or Condition are presented in Table 2.
For both accuracy and RT, ANCOVAs revealed no sig-
nificant main effects or interactions. The Pr also revealed
no significant group differences. In summary, the results
showed that older adults with SCD were able to maintain a
level of behavioral performance comparable to that of the
controls.
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Table 2. Mean Accuracy and Response Times For Each Response Category, and Pr in the Control and SCD Groups

Group Accuracy Response times (ms) Pr
Match Nonmatch Match Nonmatch
Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD)
Control 0.85 (0.17) 0.84 (0.16) 711 (79) 708 (79) 0.82 (0.17)
SCD 0.89 (0.08) 0.86 (0.12) 724 (50) 731 (51) 0.87 (0.09)
Notes: SCD = subjective cognitive decline; SD = standard deviation.
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classified match and nonmatch objects in the left and right frontal regions in the Control and SCD groups, showing from —200 to 1,000 milliseconds.
The left frontal region represents collapsed activity across F3, F7 and FC5, and the right frontal region represents collapsed activity across F4, F8, and
FC6. The selected electrode sites are indicated by the inserted montage. The scale bars indicate the time windows used for the statistical analyses
(500-800 milliseconds). The positive voltages are plotted upwards. Panel B shows the topographic maps of P300 match/nonmatch ERP effects (left:
nonmatch minus match; right: match minus nonmatch) for the Control and SCD groups. The scale bar shows the amplitude range. Panel C shows the
mean amplitudes of P300 match/nonmatch ERP effects (left: nonmatch minus match; right: match minus nonmatch) in the left and right frontal regions
(500-800 milliseconds), which represent collapsed activity over three frontal electrodes separately for the Control and SCD groups. The error bars

represent the standard error of the mean. ERP = event-related potentials;

ERP Results

The grand average ERPs evoked by correct responses to the
match and nonmatch conditions are shown for the Control
group in Supplementary Figure 1 and the SCD group in
Supplementary Figure 2. Group comparisons of grand aver-
age waveforms and mean amplitudes of match/nonmatch
effects in the frontal region are shown in Figure 3. The ERP
data for the time window of 500-800 milliseconds were used
to quantify the match/nonmatch effects during the working
memory retrieval.

The initial ANCOVA revealed a significant Condition x
Region x Group interaction (F(1,47) = 7.75, p = .008, partial
1? = 0.14). Follow-up analyses of the Control group revealed
a significant Condition x Region interaction (F(1,27) = 10.06,

SCD = subjective cognitive decline.

p = .004, partial 0> = 0.27). Pairwise comparisons revealed
a more positive P300 for the match condition than for the
nonmatch condition in the right frontal region (p = .038),
whereas the nonmatch condition was more positive than the
match condition in the left frontal region (p = .0035; see Figure
3A). In addition, the amplitudes of the right frontal region
were greater than those of the left frontal region for both
the match (p < .001) and nonmatch (p = .035) conditions.
Follow-up analyses of the SCD group also revealed a signif-
icant Condition x Region interaction (F(1,23) = 27.98, p <
.001, partial n? = .55). Pairwise comparisons again revealed
that the match condition evoked a more positive P300 than
the nonmatch condition in the right frontal region (p < .001),
whereas the nonmatch condition evoked a more positive
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P300 than the match condition in the left frontal region
(p = .001; see Figure 3A). In addition, the amplitudes of
the right frontal region were greater than those of the left
frontal region for both the match (p < .001) and nonmatch
(p = .038) conditions. Topographic maps of the P300 effects
for both groups are shown in Figure 3B. To capture the match
or nonmatch-related P300 effect, the difference waveforms in
the left frontal region were formed by subtracting the ERP of
match objects from the ERP of nonmatch objects, whereas the
difference waveforms in the right frontal region were formed
by subtracting the ERP of nonmatch objects from the ERP of
match objects.

Planned between-group comparisons were conducted on the
frontal P300 match/nonmatch difference waveformsto directly
explore group differences in the size of the working memory
retrieval-related ERP effects. On the left side (collapsed over
F3, F7, and FC5), the results revealed a similar magnitude of
nonmatch-related positivity for both groups after controlling
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Figure 4. The relative power of the theta band at the left frontal site (F7)
was significantly higher in the SCD group compared to that in the Control
group during the eyes-closed condition. Notes: The error bars represent
the standard error of the mean. SCD = subjective cognitive decline.
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for age, sex, and education (F(1,47) = 1.97, p = .167, par-
tial 02 = 0.04). On the right side (collapsed over F4, F8, and
FC6), the results revealed a greater magnitude of match-re-
lated positivity in the SCD group than in the Control group
after controlling for age, sex, and education (F(1,47) = 8.41,
p = .006, partial n? = .15, see Figure 3C).

In summary, both groups exhibited a match-related
P300 effect in the right frontal region and a nonmatch-
related P300 effect in the left frontal region during working
memory retrieval. Moreover, a greater right frontal match-
related P300 effect was found in the SCD group than in the
Control group, whereas a similar magnitude of left frontal
nonmatch-related P300 effect was observed in both the SCD
and Control groups.

EEG Results

Resting-state eyes-closed EEG data were used to examine
early alterations in oscillatory brain activity in older adults
with SCD. Absolute theta power revealed no significant dif-
ferences between the SCD and Control groups at any fron-
tal site. Relative theta power was significantly higher in the
SCD group than in the Control group at the left frontal
site (F7, F(1,48) = 3.86, p = .028, partial n?> = 0.07) after
controlling for age, sex, and education (see Figure 4). No
other significant results were revealed for the remaining
frequency bands for either the absolute or relative spectral
power.

Correlation Analyses

Correlation analyses between working memory-related ERP
effects in the left or right frontal region and working memory
performance (Pr, RT of the match and nonmatch conditions)
revealed no significant results.

The electrode site showing significant between-group dif-
ferences in theta power (i.e., F7) was used to calculate the
correlations between eyes-closed EEG spectral power and
working memory performance. For both older adults with
and without SCD separately, no correlations reached statis-
tical significance, but relative theta power was generally neg-
atively correlated with Pr and positively correlated with the
RT of the match and nonmatch conditions for both groups.
Across the entire sample, as shown in Figure 5, relative
theta power was significantly negatively correlated with Pr
(r = -0.331, p = .028) and positively correlated with the RT
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Figure 5. The relative power of the theta band at the left frontal site (F7) during the eyes-closed condition was significantly correlated with the accuracy
index Pr (A), mean response times of correctly identified match (B), and nonmatch objects (C) across all older adults with age, sex, and education

as covariates. Notes: Data of the Control group are colored in purple and those of the SCD group are colored in blue. The yellow fit line displays the
relationship between the theta power and behavioral performance for all older adults. The shaded area represents a 95% confidence interval. RT =

response times; SCD = subjective cognitive decline.
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Figure 6. The relative power of the theta band at the left frontal site (F7)
during the eyes-closed resting state was positively correlated with the
mean amplitudes of the nonmatch-related P300 effect (nonmatch minus
match) in the left frontal region (600-800 milliseconds) during working
memory retrieval across all older adults with age, sex, and education as
covariates. Notes: Data of the Control group are colored in purple and
those of the SCD group are colored in blue. The yellow fit line displays
the relationship between the theta power and nonmatch-related P300
effect for all older adults. The shaded area represents a 95% confidence
interval. SCD = subjective cognitive decline.

of the match (r = 0.339, p = .048) and nonmatch (r = 0.323,
p =.022) conditions.

Correlation analyses were also conducted between the
EEG spectral power and working memory-related ERP
effects (left: nonmatch minus match; right: match minus
nonmatch). For both older adults with and without SCD
separately, no correlations reached statistical significance,
but relative theta power was generally positively cor-
related with left frontal nonmatch-related positivity for
both groups. Across the entire sample, the results revealed
that relative theta power at F7 was significantly positively
correlated with nonmatch-related positivity in the left fron-
tal region during working memory retrieval (r = 0.326,
p =.022, see Figure 6).

Taken together, correlation analyses revealed that higher
eyes-closed theta power at the left frontal site was associ-
ated with worse working memory performance and greater
nonmatch-related positivity on the left side across all older
adults.

Discussion and Implications

In the present study, we investigated whether altered neuro-
cognitive processing underlying working memory retrieval
can be detected as early as the SCD stage by measuring
working memory-related ERP and eyes-closed resting EEG
rhythms, despite there being no evidence of objective cogni-
tive decline in the SCD group. To the best of our knowledge,
this is the first study to investigate the electrophysiologi-
cal correlates of working memory retrieval in community-
dwelling older adults with SCD.

Intentionally holding task-relevant information in mind for
current use is an important function of working memory in
daily life. In the present study, in the right scalp region, we
found more positive-going waveforms for matching targets
than for nonmatching distractors during the 500-800 milli-
seconds time window in both the SCD and Control groups.
Consistent with the typical P300 component evoked in
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memory and attention tasks (Morrison et al., 2019; Polich,
2007), this match-related positivity could be due to the target
stimuli being task relevant and consequently requiring more
attentional resources than nontarget stimuli during working
memory retrieval. This frontally distributed effect was con-
sistent with our previous fMRI study using a similar DMS
paradigm, which revealed that match-related responses pre-
dominantly engaged the prefrontal cortex (Jiang et al., 2000),
and the ERP study showing that older adults were more likely
to display frontally distributed P300 relative to young adults
in working memory tasks (Saliasi et al., 2013).

Importantly, compared with the Control group, the SCD
group was associated with an enhanced P300 match versus
nonmatch effect at the right frontal sites during the working
memory DMS task. These findings support the notion that
older adults with SCD allocate more cognitive processing
resources for stimulus evaluation and categorization of tar-
get objects to maintain their working memory performance
at a level similar to that of controls. There are two possible
explanations for the enhanced P300 effect observed in the
SCD group. First, older adults with SCD may be associated
with successful compensation to yield working memory per-
formance comparable to that of older adults without SCD.
According to the scaffolding theory of aging and cognition
(STAC; Reuter-Lorenz & Park, 2014), older adults may
adaptively show increased frontal activation as compen-
satory scaffolding in response to their neural degradation.
Several neuroimaging studies have consistently indicated that
individuals with SCD share a similar pattern of brain alter-
ations with patients with MCI and AD by displaying brain
atrophy or volume loss in the temporal and frontal lobes
(Parker et al., 2022; Wang et al., 2020). In addition, fMRI
studies have demonstrated increased brain activation in the
dIPFC during episodic memory encoding or retrieval (Erk et
al., 2011; Rodda et al., 2009) in individuals with SCD com-
pared to controls. Based on these studies, the present finding
of an enhanced right frontal P300 effect in the SCD group
may reflect the existence of compensatory mechanisms during
working memory retrieval in older adults with SCD.

An alternative explanation is that the greater P300 effect
in older adults with SCD may reflect increased processing
demands for maintaining and retrieving target objects in
working memory owing to less efficient neural processing in
the brain (see also Viviano & Damoiseaux, 2020). Shu et al.
(2018) partially supported this possibility, as they revealed
disrupted topologic efficiency of white matter structural con-
nectome mainly in the bilateral prefrontal regions in older
adults with SCD relative to controls, which may lead to
impaired capacity of information transfer in the SCD group.
In addition, using the exact memory paradigm of the cur-
rent study, Jiang et al. (2016) reported that cognitively nor-
mal older adults with increased functional connectivity in
the temporal, parietal, and frontal cortices were associated
with higher levels of cerebrospinal fluid biomarkers for AD
(i.e., pTau,, ). The exact interpretation of the enhanced right
frontal P300 effect during working memory retrieval in the
SCD group remains unclear; however, the current evidence
indicates that the neurocognitive processes underlying work-
ing memory retrieval are affected in older people with SCD.
In addition, considering that accumulating evidence has gen-
erally revealed reduced cognitive ERPs effects during higher
order cognitive tasks in patients with MCI and AD relative to
healthy older adult controls (Paitel et al., 2021), the present
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findings may reflect an early aberrant and differentiated pat-
tern that precedes a pathological decline in behavioral perfor-
mance in older adults with SCD.

For the ERP results, in addition to the right frontal
match-related positivity, participants also exhibited a left
frontal nonmatch-related P300 effect characterized by a more
positive-going waveform for the nonmatch condition than for
the match condition in the DMS task. In a previous study of
the Kentucky cohort (Li et al., 2017), we used a similar DMS
paradigm applied to normal older controls, MCI, and AD. A
P300 component linked to the nonmatch condition relative
to the match condition at the left frontal sites was reported
in patients with MCI and AD, but not in normal older con-
trols. We explained this left frontal cognitive ERP effect as
reflecting that patients with MCI and AD would recruit more
neural resources to reject nonmatching distractors because
of their impaired ability to inhibit distracting information.
In the present study, both groups displayed an indistinguish-
able nonmatch-related P300 effect during working memory
retrieval, suggesting that both older adults with and without
SCD may have difficulty rejecting nonmatching distractors
during working memory retrieval. Nevertheless, the eyes-
closed intrinsic resting EEG rhythms were more sensitive to
neural processing and behavioral performance related to the
rejection of distractor objects from working memory in older
adults with SCD.

Specifically, higher relative power of the theta band in
the left frontal region during the resting state was found in
older adults with SCD than in controls in the present study.
Importantly, correlational analyses indicated that increased
relative power in the theta band was associated with slow-
ing responses to nonmatching distractors and higher non-
match-related P300 effect during the DMS task. On the
one hand, these findings suggest that older adults with SCD
share a similar pattern of alterations in resting cortical EEG
rhythms with MCI and AD, who also show a slowing of oscil-
latory brain activity reflected by increased spectral power of
the theta band (Babiloni et al., 2016; Babiloni, Blinowska,
et al., 2020; van Straaten et al., 2014). Together with pre-
vious longitudinal evidence that higher theta power during
baseline in SCD is related to subsequent clinical progression
to MCI over time (Gouw et al., 2017; Prichep et al., 2006),
the present findings support the notion that resting EEG
rhythm changes in the theta band may also be sensitive to
subtle pathophysiological changes in brain activity in older
adults with SCD. On the other hand, frontal theta rhythms
have been postulated to play an important role in the efficient
maintenance and retrieval of information in working mem-
ory by engaging a key mechanism for top-down executive
control to prevent distraction during working memory tasks
(Helfrich & Knight, 2016; Sauseng et al., 2010; de Vries et al.,
2020). Consequently, the results of the correlation analyses
in the present study probably reflect that older adults with
SCD have impaired neural control mechanisms for effective
working memory retrieval, such as rejecting nonmatching dis-
tractors from working memory. These findings are consistent
with those of previous ERP studies that reported impaired
central executive function (e.g., inhibitory control) in older
adults with SCD (Cesp6n et al., 2018; Smart et al., 2014;
Susana et al., 2021). Taken together, the present findings pro-
vide new insights into the impaired mechanisms suppressing
nonmatching distractors during working memory retrieval in

older adults with SCD.

This study has two limitations. First, the relatively small
sample of older adults in each group might have compro-
mised the statistical power of the present study. Future stud-
ies should use a larger sample size. Second, individuals with
SCD in preclinical AD often have mild symptoms of anxiety
other than depression (Jessen et al., 2014, 2020). It is neces-
sary to assess anxiety symptoms in future studies to rule out
the effects of anxiety on SCD.

Conclusion

In summary, we observed aberrant neurocognitive process-
ing underlying target retrieval from working memory and an
impaired neural control mechanism related to the rejection
of nonmatching distractors from working memory in older
adults with SCD. These findings provide important evidence
for the early signs of subtle pathophysiological deficits in
working memory at the earliest stage of AD and important
implications for predicting risks and early interventions in
older adults with SCD.
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