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Abstract: Value-directed strategic processing involves attending to higher-value information while
inhibiting lower-value information. This preferential processing is relatively preserved in cognitively
normal older adults but is impaired in individuals with dementia. No studies have investigated
whether value-directed strategic processing is disrupted in earlier stages of cognitive decline, namely,
mild cognitive impairment (MCI). The current study examined behavioral and EEG differences in
value-directed strategic processing between 18 individuals with MCI and 18 cognitively normal
older controls using a value-directed list learning task. Behaviorally, individuals with MCI recalled
fewer total and high-value words compared to controls, but no group differences were observed in
low-value word recall. Neurally, individuals with MCI had reduced theta synchronization relative to
controls between 100 and 200 ms post-stimulus. Greater alpha desynchronization was observed for
high- versus low-value words between 300 and 400 ms in controls but not in the MCI group. The
groups showed some processing similarities, with greater theta synchronization for low-value words
between 700 and 800 ms and greater alpha desynchronization for high-value words between 500 and
1100 ms. Overall, value-directed strategic processing was compromised in individuals with MCI on
both behavioral and neural measures relative to controls. These findings add to the growing body of
literature on differences between typical cognitive aging and MCI.

Keywords: alpha; EEG; mild cognitive impairment; strategic processing; theta

1. Introduction

We are surrounded by vast amounts of information at any given moment, but this in-
formation differs in its value, importance, or relevance. The ability to attend to information
of higher value while inhibiting information of lower value is referred to as value-directed
strategic processing. This preferential processing ability minimizes cognitive burden and
enables us to carry out everyday activities efficiently [1]. Evidence suggests that value-
directed strategic processing is relatively well-preserved with normal cognitive aging [2–5];
however, the impact of cognitive impairment on strategic processing has been examined
less frequently [6,7].

Two studies have examined value-directed strategic processing and recall in older
adults with cognitive impairment, both of which focused on individuals with dementia,
specifically Alzheimer’s dementia (AD) and behavioral variant frontotemporal dementia
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(bvFTD) [6,7]. Castel et al. [6] used a value-directed remembering (VDR) task with individ-
uals with very mild and mild AD and cognitively normal younger and older controls. The
VDR task utilized multiple word lists where the words were paired with different point
values ranging between 1 and 12 points (e.g., Desk 12; Berry 1) and presented sequentially.
At the end of each list, participants were asked to recall as many words from the list as
they could with the goal of scoring maximal points. Overall, individuals with AD recalled
fewer words compared to both cognitively normal younger and older adults across all
word lists. While individuals with AD recalled more high- than low-value words, similar
to cognitively normal younger and older adults, the magnitude of the difference between
high- and low-value words recalled was significantly smaller in the AD group compared
to the control groups. These findings suggest that although individuals with AD exhibit
some level of value-directed strategic processing, their ability is compromised relative to
cognitively normal older adults.

In the second study involving individuals with dementia, Wong et al. [7] contrasted
the performance of individuals with AD and bvFTD with cognitively normal older adults
using a simplified version of a VDR task. In this simplified VDR task, the same word list
was repeated three times, similar to a typical episodic list learning task (e.g., the California
Verbal Learning Test). The words were either low- (1 point), medium- (5 points), or high-
value (10 points). Both individuals with AD and bvFTD recalled fewer words compared to
cognitively normal older adults but performed comparably to one another. With regard to
value-based recall, individuals with AD and bvFTD differed from cognitively normal older
adults and from one another. The cognitively normal older adults demonstrated typical
value-directed strategic processing (i.e., high- > medium- > low-value words recalled)
across all lists. Individuals with AD showed some evidence for value-directed strategic
processing with the third list (i.e., high- > medium- and low-value words recalled), but
the individuals with bvFTD did not demonstrate this ability with any of the three lists
(i.e., similar recall for high-, medium-, and low-value words). These findings suggest that
strategic processing is differentially impaired across various types of dementia. To date, no
studies have examined whether strategic processing based on value begins to deteriorate
in earlier stages of cognitive decline, namely, mild cognitive impairment (MCI).

MCI is characterized by a decline in one or more cognitive domains that is greater than
what is expected for a person’s age and education level but does not lead to significant func-
tional decline, which would warrant a diagnosis of dementia [8–10]. It is well established
that older adults with MCI are at higher risk of developing dementia compared to their
cognitively normal peers [9,11–13]. While studies have largely focused on characterizing
episodic memory deficits in individuals with MCI [14–24], growing evidence suggests im-
pairments in other cognitive domains, including those relevant to value-directed strategic
processing, namely, attention and inhibition.

Studies have shown impairment in a variety of attention tasks, including sustained,
divided, and selective attention tasks, in individuals with MCI [25–32]. Deficits in inhibition
have also been observed across various tasks, including Stroop, flanker, Hayling, Wisconsin
Card Sorting Test, and stop-signal tasks [25,33–38]. Given these deficits in attention and in-
hibition, both of which are important for supporting value-directed strategic processing [1],
one would anticipate challenges with value-directed strategic processing in individuals
with MCI relative to cognitively normal older adults.

When examining cognitive alterations in MCI, such as value-directed strategic pro-
cessing, it is beneficial to use neurophysiological measures as they capture early neural
changes that may precede overt behavioral changes [39,40]. Event-related measures de-
rived from electroencephalography (EEG) are well-suited for this purpose as they elucidate
the neurophysiological underpinnings and temporal unfolding of cognitive processes with
millisecond-level precision. Event-related spectral perturbations (ERSPs) are particularly
useful to capture both spectral and temporal information about oscillatory brain activity in
the EEG signal. ERSPs are typically discussed in terms of five different frequency bands,
specifically, delta (1–4 Hz), theta (4–8 Hz), alpha (8–12 Hz), beta (12–30 Hz), and gamma
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bands (> 30 Hz). Power can then be estimated within each of these bands relative to a pre-
stimulus baseline period and can either be more positive (event-related synchronization) or
more negative (event-related desynchronization) relative to baseline [41]. Our previous
work examined ERSPs during a value-directed word list learning task, with findings indi-
cating that changes in theta and alpha band spectral power are linked to value-directed
strategic processing [5,42]. In particular, we found greater synchronization in frontal theta
for low- compared to high-value words and greater desynchronization in parietal alpha
for high- compared to low-value words for both cognitively normal younger and older
adults [5,42].

Task-related theta and alpha oscillations in individuals with MCI, while limited, have
demonstrated differences in theta and alpha band power between individuals with MCI
and cognitively normal older adults across a variety of tasks (e.g., n-back, Go/NoGo,
Sternberg, simple attention/detection, attention orienting tasks) [43–49]. However, no
studies have examined power differences in theta and alpha bands between individuals
with MCI and cognitively normal older adults in the context of value-directed strategic
processing. Thus, this study examined whether older adults with MCI have behavioral
deficits and ERSP alterations during value-directed strategic processing when compared
with cognitively normal older controls (CNCs) on the word list learning task used in our
previous work [5,42]. For the behavioral data, we hypothesized that individuals with MCI
would demonstrate impaired behavioral performance (i.e., recall fewer total words and
fewer high-value words relative to CNCs) and neural alterations (i.e., differences in theta
and alpha band power compared to CNCs).

2. Materials and Methods
2.1. Participants

Eighteen CNC participants and 18 older adults diagnosed with MCI participated in
the study (see Table 1 for demographics). All participants were native English speakers,
right-handed, and had a minimum high school level education. Individuals of both sexes
were included, and no exclusions were made based on racial or ethnic factors. Participants
had no history of stroke, dementia, Parkinson’s disease, traumatic brain injury, major
psychiatric illness, epilepsy, alcohol or substance abuse, uncontrolled diabetes, autoimmune
disease, learning disabilities, attention deficit hyperactivity disorder, or uncorrected vision
or hearing loss.

Table 1. Participant Demographics and Cognitive Testing Performance.

CNC
(n = 18)

MCI
(n = 18) p-Value

Demographics

Age (years) 74.5 (4.7) 76.7 (4.2) 0.146
Education (years) 16.3 (3.0) 16.0 (3.4) 0.795

Sex 15F/3M 15F/3M 1.00

Cognitive Testing

Montreal Cognitive Assessment 27.4 (1.4) 21.3 (3.9) <0.001 **
LM—Immediate (Story A) 15.9 (3.2) a 8.2 (3.1) a <0.001 **

LM—Delayed (Story A) 14.1 (4.2) a 4.0 (3.1) a <0.001 **
Letter fluency (F, A, S) 49.2 (8.8) 38.0 (14.4) 0.008 **

Category fluency (Animals) 19.9 (4.0) 13.9 (4.8) <0.001 **
Boston Naming Test (30 items) 27.8 (1.6) 26.6 (2.5) a 0.116

Trail Making Test A (s) 27.7 (6.9) 34.0 (16.6) 0.145
Trail Making Test B (s) 80.2 (29.0) 130.1 (59.1) 0.003 **
Digit span—forward 6.5 (1.5) a 7.0 (1.2) a 0.347

Digit span—backward 5.1 (1.2) a 5.2 (1.3) a 0.880
Cells represent mean (standard deviation). a n = 14. The p-values were derived from one-way ANOVAs, except
for sex which was derived from Pearson chi-square testing. ** p < 0.01. CNC: cognitively normal older controls;
MCI: mild cognitive impairment; LM: Wechsler Memory Scale IV Logical Memory subtest.
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The MCI participants had a clinical diagnosis of MCI from a dementia-specialist
neurologist at the Carle Neuroscience Institute in Urbana, IL. All MCI participants met
the clinical MCI guidelines of the 2011 US National Institute on Aging and Alzheimer’s
Association workgroup [8], including: (a) cognitive concerns reported by the patient
and/or corroborated by a reliable informant; (b) objectively verified impairments in one
or more cognitive domains; (c) relative independence in activities of daily living; and
(d) did not meet the criteria for dementia. The pattern of cognitive impairments in the MCI
participants showed predominant impairment in memory, with declines in other cognitive
domains, falling into the multi-domain MCI definition [50–52]. All participants in the
MCI group completed the Clinical Dementia Rating [53] and received scores of 0.5. CNC
participants had no subjective memory or cognitive complaints and performed normally
on the cognitive assessments.

All participants completed a global cognitive screening followed by a more detailed
cognitive assessment (Table 1). Global cognitive screening was completed using either
the Mini-Mental State Evaluation (MMSE) [54] or the Montreal Cognitive Assessment
(MoCA) [55]. All 18 CNC participants completed the MoCA and scored within the normal
range (26 or above). Fourteen MCI participants completed the MoCA and four MCI
participants completed the MMSE. The MMSE scores of the four MCI participants were
converted to MoCA scores following the guidelines provided by Bergeron et al. [56] to create
group averages. None of the participants reported elevated depressive symptoms (scored
5 or less on the Geriatric Depression Scale—Short form [57] or scored 10 or less on the Beck
Depression Inventory [58]). Written informed consent was obtained from all participants in
accordance with the protocols of both the University of Illinois Urbana-Champaign and the
Carle Institutional Review Boards (protocol code 13191) before completing the study.

2.2. Strategic Processing Task and Procedures

All participants completed a value-directed word list learning task where the stimuli
were 200 monosyllabic four-letter nouns from the MRC Psycholinguistic Database [59]
and SUBTLEXUS database [60]. The 200 words were separated into 5 lists with 40 unique
words per list. Each list contained a unique set of words in order to evaluate strategic
processing, which differs from typical episodic list learning tasks (e.g., the California Verbal
Learning Test) which repeat the same words across lists to examine episodic learning. Word
stimuli were controlled for frequency, imageability, concreteness, and familiarity, and were
comparable across lists. Additional task details are described in Nguyen et al. [5].

In each list, half of the words were assigned as high-value (n = 20) and were worth
10 points, and half were assigned as low-value (n = 20) and were worth 1 point. Letter
case was used to differentiate high- and low-value words, such that half of the words were
shown in all uppercase letters (e.g., LAMB) and half were shown in all lowercase letters
(e.g., lamb). Font size was modified to ensure that all words appeared the same size on the
screen regardless of letter case. Four versions of the task were created to counterbalance
word value and letter case; two versions had high-value words in uppercase letters and
low-value words in lowercase letters, and two versions had low-value words in uppercase
letters and high-value words in lowercase letters. Participants were randomly assigned to
one of the four task versions.

Participants were shown the following instructions on the screen: “You will see words
appear on the screen one at a time. Some words are in uppercase and some words are in
lowercase. The uppercase words [lowercase words] are worth 10 points each (high-value
words). The lowercase words [uppercase words] are worth 1 point each (low-value words).
At the end of the list, you will see the word “REMEMBER” on the screen. Your task is
to remember as many of the words from the list as possible with the goal of scoring the
maximum number of points. This is similar to a game in which words are worth different
amounts of money”. Participants’ comprehension of the point values for the uppercase
and lowercase words (dependent on the task version) was verified before starting the task.
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Participants were not provided with any instructions about how to be strategic, such as
only memorizing the high-value words.

After the instructions and confirmation of participant comprehension, the word
“Ready” was presented at the center of the screen for 3000 ms followed by a fixation
point (+) for 3000 ms. The word stimuli from a list were then individually presented at the
center of the screen for 1900 ms each with an inter-stimulus interval of 100 ms (blank screen)
between each word. After all 40 words in a list were presented, the word “REMEMBER”
was presented at the center of the screen. Participants then had 60 s to verbally recall words
from the list (see Figure 1 for task schematic) and their responses were manually recorded
on a score sheet. Immediately following their verbal recall, participants received their score
for the list before the next list was presented. After completion of all five lists, participants
completed a brief interview about strategy use, if any, during the task (e.g., grouping words
by category or remembering rhyming words).

Geriatrics 2022, 7, x  5 of 20 
 

value words). The lowercase words [uppercase words] are worth 1 point each (low-value 
words). At the end of the list, you will see the word “REMEMBER” on the screen. Your 
task is to remember as many of the words from the list as possible with the goal of scoring 
the maximum number of points. This is similar to a game in which words are worth dif-
ferent amounts of money”. Participants’ comprehension of the point values for the upper-
case and lowercase words (dependent on the task version) was verified before starting the 
task. Participants were not provided with any instructions about how to be strategic, such 
as only memorizing the high-value words. 

After the instructions and confirmation of participant comprehension, the word 
“Ready” was presented at the center of the screen for 3000 ms followed by a fixation point 
(+) for 3000 ms. The word stimuli from a list were then individually presented at the center 
of the screen for 1900 ms each with an inter-stimulus interval of 100 ms (blank screen) 
between each word. After all 40 words in a list were presented, the word “REMEMBER” 
was presented at the center of the screen. Participants then had 60 s to verbally recall 
words from the list (see Figure 1 for task schematic) and their responses were manually 
recorded on a score sheet. Immediately following their verbal recall, participants received 
their score for the list before the next list was presented. After completion of all five lists, 
participants completed a brief interview about strategy use, if any, during the task (e.g., 
grouping words by category or remembering rhyming words). 

 
Figure 1. Strategic Processing Task Schematic. High- and low-value words were represented by 
lowercase or uppercase words depending on the task version. When the word “REMEMBER” was 
presented, participants verbally recalled words from the list and their responses were recorded on 
paper and scored. This process was repeated for all five lists. 

2.3. EEG Data Collection and Preprocessing 
A 64-electrode lycra cap (Neuroscan Quikcap) was used to record continuous EEG 

during the presentation of all five lists (a single testing session). A Neuroscan SynAmpsRT 
amplifier and Scan v4.5 software (sampling rate: 1 kHz, bandpass filter: DC-200 Hz) was 
used. Impedances typically were maintained below 10 kΩ. The reference electrode was 
located at the midline between Cz and CPz. Sites above and below the left eye were used 
to record vertical electrooculograms. Neuroscan Edit was used for offline preprocessing 
of the raw EEG data. EEG data from the five word lists (n = 200 stimuli) were appended 
for analysis in order to have a sufficient number of trials for each word value type (100 
high-value trials; 100 low-value trials). Electrodes were excluded from further analysis if 
they were determined to be poorly functioning based on either high impedance values 
(above 20 kΩ) or visual inspection of raw EEG signals (on average, 1.8 electrodes per CNC 

Figure 1. Strategic Processing Task Schematic. High- and low-value words were represented by
lowercase or uppercase words depending on the task version. When the word “REMEMBER” was
presented, participants verbally recalled words from the list and their responses were recorded on
paper and scored. This process was repeated for all five lists.

2.3. EEG Data Collection and Preprocessing

A 64-electrode lycra cap (Neuroscan Quikcap) was used to record continuous EEG
during the presentation of all five lists (a single testing session). A Neuroscan SynAmpsRT
amplifier and Scan v4.5 software (sampling rate: 1 kHz, bandpass filter: DC-200 Hz) was
used. Impedances typically were maintained below 10 kΩ. The reference electrode was
located at the midline between Cz and CPz. Sites above and below the left eye were used
to record vertical electrooculograms. Neuroscan Edit was used for offline preprocessing of
the raw EEG data. EEG data from the five word lists (n = 200 stimuli) were appended for
analysis in order to have a sufficient number of trials for each word value type (100 high-
value trials; 100 low-value trials). Electrodes were excluded from further analysis if they
were determined to be poorly functioning based on either high impedance values (above
20 kΩ) or visual inspection of raw EEG signals (on average, 1.8 electrodes per CNC were
excluded and 1.2 electrodes per individual with MCI were excluded). Spatial filtering was
used to correct eye blinks. EEG data were epoched from 500 ms pre-stimulus onset to
1500 ms after stimulus onset (i.e., −500 to 1500 ms). Epochs were rejected if their peak
signal amplitude was ±75 µV. The rejection rates for high-value epochs were 18% and 21%
for CNC and MCI groups, respectively, with no significant group difference; F(1,35) = 0.72,
p = 0.403. The rejections rates for low-value epochs were 18% and 22% for CNC and MCI
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groups, respectively, with no significant group difference; F(1,35) = 1.52, p = 0.226. The EEG
data were re-referenced to the average potential across the whole scalp.

2.4. ERSP Analysis

ERSPs were analyzed using the EEGLAB toolbox (Version 14.1.1b) [61] running on
Matlab 2019a (MathWorks, Natick, MA, USA) from 0 to 1300 ms (post-stimulus onset) with a
non-overlapping baseline from −400 to −100 ms (pre-stimulus onset). A short-time Fourier
transform with Hanning window tapering was used for time-frequency decomposition
through the EEGLAB function newtimef.m. A 256 ms sliding window and a pad ratio of
4 were used to give a frequency resolution of approximately 1 Hz. Gain model baseline
correction was utilized, where each time-frequency point was divided by the average
pre-stimulus baseline power at the same frequency [61,62].

2.5. ERSP Power Estimation

Mean spectral power was computed for the theta band (4–8 Hz) at two separate frontal
electrode sites (Fz; FCz) and for the alpha band (8–12 Hz) at two separate parietal electrode
sites (CPz; Pz). Mean power was computed for each group (CNC/MCI), value (high-/low-
value), and frequency band (theta, alpha) in 13 time windows —100 ms sequential time
windows from 0 ms to 1300 ms post-stimulus onset. Changes in power are described as
synchronization or desynchronization, based on whether there was a power increase or de-
crease, respectively, relative to baseline. Traditional alpha band was used, as examination of
individual alpha frequency (IAF) did not reveal any significant between-group differences
for high-value words (F(1,35) = 1.47, p = 0.233) or low-value words (F(1,35) = 0.00, p = 1.000).
The four electrode sites were chosen based on studies showing greater prominence of
theta band at frontal sites and alpha at parietal/posterior sites [63–66] and on our previous
studies with younger and older adults that used the same strategic processing task [5,42].
Individual midline electrodes were used to sample the data. Similar to our study, others
have examined theta and alpha bands in individuals with MCI at individual electrodes,
particularly midline electrodes, including the sites selected in the current study [45,67–70].

2.6. Statistical Analysis

IBM SPSS Statistics 28 was used for analysis. The behavioral data were first analyzed to
determine whether there were significant differences between task version and word value
(i.e., words in uppercase being assigned a high value vs. words in lowercase being assigned
a high value). No significant differences were observed across versions (p > 0.05 for all
five lists; see Table S1 in the Supplementary Materials for exact p-values); therefore, we
combined data from both version types. A general linear model (GLM) was used to analyze
task-related behavioral data, namely, the average number of high- and low-value words
recalled, with group (CNC/MCI) as a between-subject factor and value (high-/low-value)
as a within-subject factor.

Separate GLMs for theta and alpha bands were used to analyze ERSP data, with group
(CNC/MCI) as a between-subject factor and value (high-/low-value) as a within-subject
factor for each of the 13 time windows (100 ms time windows between 0 and 1300 ms
post-stimulus onset). The Bonferroni method was used to correct for multiple comparisons
with a threshold of p < 0.05. The reported p-values are derived from F- and t-statistics,
unless specified otherwise.

3. Results
3.1. Task-Related Behavioral Data

Task-related behavioral data showed significant main effects of group, with more total
words recalled by CNCs than individuals with MCI for all five lists (p < 0.001), as well
as significant main effects of value with more high- than low-value words recalled for all
five lists (p < 0.001; see Table 2 for exact p-values). These main effects were qualified by
significant interaction effects between group and value for Lists 1, 2, 3, and 5 (p < 0.01), and
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a trend for List 4 (p = 0.070; Table 2; Figure 2). Post hoc analyses revealed that for all five
lists there were between-group differences for the high-value words, with more high-value
words recalled by CNCs than individuals with MCI (List 1: p < 0.001; List 2: p < 0.001;
List 3: p < 0.001; List 4: p = 0.005; List 5: p < 0.001), and no between-group differences for
low-value words (List 1: p = 0.449; List 2: p = 1.000; List 3: p = 0.071; List 4: p = 0.402; List 5:
p = 0.193).

Table 2. Statistical Results for Task-Related Behavioral Data.

Main Effect:
Group

Main Effect:
Value

Interaction:
Group x Value

List 1 F(1,34)
p

34.62
<0.001 **

17.61
<0.001 **

8.08
0.008 **

List 2 F(1,34)
p

23.12
<0.001 **

51.85
<0.001 **

10.42
0.003 **

List 3 F(1,34)
p

26.22
<0.001 **

83.32
<0.001 **

8.70
0.006 **

List 4 F(1,34)
p

14.27
<0.001 **

54.22
<0.001 **

3.50
0.070

List 5 F(1,34)
p

30.26
<0.001 **

67.89
<0.001 **

7.79
0.009 **

Cells display statistics for main effects of group (CNC/MCI), main effects of value (high-/low-value words), and
interaction effects between group and value for the five word lists. ** p < 0.01.
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Figure 2. Task-Related Behavioral Data. The number of high- and low-value words recalled across
the five lists for both cognitively normal older controls (CNCs) and individuals with mild cognitive
impairment (MCI) are shown. Bars represent standard errors. * p < 0.05; # p = 0.070 (trending).

3.2. Theta Band (4–8 Hz) Mean Power

For Fz, there were no significant main effects of group (p > 0.05; see Table 3 for exact
p-values), no significant main effects of value (p > 0.05; see Table 4 for exact p-values), and
no significant interaction effects between group and value (p > 0.05; see Table 5 for exact
p-values) for any of the 13 time windows (100 ms time windows between 0 and 1300 ms
post-stimulus onset).
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Table 3. Statistical Results for Main Effects of Group for Theta and Alpha Band Mean Power.

Time (ms)

0–100 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 1000–1100 1100–1200 1200–1300

Theta (4–8 Hz)

Fz F(1,34)
p

0.08
0.784

3.59
0.066

1.35
0.253

1.27
0.268

0.69
0.412

0.92
0.343

1.42
0.242

0.61
0.441

0.68
0.414

0.85
0.362

1.26
0.270

0.92
0.345

0.08
0.773

FCz
F(1,34)

p
η2

p

0.28
0.600

5.55
0.024
0.14

3.13
0.086

3.65
0.065

2.98
0.093

1.78
0.192

1.86
0.181

0.74
0.395

0.78
0.384

0.32
0.577

0.91
0.346

0.66
0.423

0.69
0.413

Alpha (8–12 Hz)

CPz F(1,34)
p

0.01
0.938

0.06
0.810

0.09
0.766

0.35
0.556

0.43
0.515

2.08
0.158

0.82
0.371

1.33
0.257

0.26
0.613

0.43
0.516

3.47
0.071

2.14
0.153

1.60
0.214

Pz F(1,34)
p

0.49
0.489

0.06
0.802

0.04
0.847

0.35
0.559

0.53
0.473

2.92
0.096

3.19
0.083

1.93
0.174

0.60
0.443

1.53
0.225

1.91
0.176

2.13
0.154

1.04
0.315

Cells display statistics for main effects of group (CNC/MCI) for mean power in theta band (4–8 Hz) at Fz and FCz electrodes and in alpha band (8–12 Hz) at CPz and Pz electrodes across
13 time windows post-stimulus onset. Significant main effects of value (p < 0.05, Bonferroni-corrected) are indicated by emboldened values and their effect sizes (η2

p) are reported.

Table 4. Statistical Results for Main Effects of Value for Theta and Alpha Band Mean Power.

Time (ms)

0–100 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 1000–1100 1100–1200 1200–1300

Theta (4–8 Hz)

Fz F(1,34)
p

0.59
0.446

0.06
0.805

0.00
0.977

0.42
0.519

0.57
0.454

1.94
0.172

2.43
0.129

3.13
0.086

3.20
0.083

1.87
0.180

1.28
0.266

0.54
0.468

0.58
0.452

FCz
F(1,34)

p
η2

p

0.60
0.444

0.24
0.625

0.03
0.874

0.29
0.595

2.77
0.105

0.74
0.396

1.84
0.183

6.21
0.018
0.15

1.65
0.207

0.90
0.351

0.01
0.937

0.01
0.942

0.45
0.506

Alpha (8–12 Hz)

CPz
F(1,34)

p
η2

p

0.00
0.977

0.09
0.767

1.36
0.252

3.78
0.060

0.15
0.699

7.81
0.008
0.19

3.73
0.062

13.34
0.001
0.28

11.45
0.002
0.25

6.90
0.013
0.17

1.73
0.197

0.08
0.772

0.00
0.982
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Table 4. Cont.

Time (ms)

0–100 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 1000–1100 1100–1200 1200–1300

Pz
F(1,34)

p
η2

p

0.47
0.495

0.00
0.971

0.97
0.332

0.00
0.973

0.00
0.973

6.23
0.018
0.16

11.61
0.002
0.26

27.89
<0.001

0.45

36.07
<0.001

0.52

19.44
<0.001

0.36

5.93
0.020
0.15

0.75
0.394

0.26
0.617

Cells display statistics for main effects of value (high-/low-value words) for mean power in theta band at Fz and FCz electrodes and in alpha band at CPz and Pz electrodes across
13 time windows post-stimulus onset. Significant main effects of value (p < 0.05, Bonferroni-corrected) are indicated by emboldened values and their effect sizes (η2

p) are reported.

Table 5. Statistical Results for Group-by-Value Interactions for Theta and Alpha Band Mean Power.

Time (ms)

0–100 100–200 200–300 300–400 400–500 500–600 600–700 700–800 800–900 900–1000 1000–1100 1100–1200 1200–1300

Theta (4–8 Hz)

Fz F(1,34)
p

0.07
0.793

0.49
0.490

0.02
0.875

1.33
0.258

0.54
0.467

0.35
0.560

0.17
0.681

1.88
0.179

0.15
0.699

0.00
0.994

0.40
0.532

1.26
0.269

0.49
0.489

FCz
F(1,34)

p
η2

p

0.17
0.681

0.40
0.533

2.15
0.152

2.01
0.166

2.60
0.116

2.09
0.157

0.76
0.391

2.17
0.150

0.89
0.352

0.17
0.681

0.00
0.989

4.76
0.036
0.12

0.34
0.566

Alpha (8–12 Hz)

CPz
F(1,34)

p
η2

p

0.20
0.662

0.02
0.902

0.94
0.339

5.85
0.021
0.15

0.95
0.336

0.12
0.733

0.03
0.857

0.29
0.592

0.10
0.757

0.40
0.530

1.22
0.276

0.03
0.854

0.02
0.886

Pz F(1,34)
p

1.17
0.287

0.10
0.755

0.03
0.864

3.18
0.084

3.09
0.088

2.42
0.129

0.97
0.331

2.01
0.165

2.37
0.133

0.11
0.747

0.29
0.593

0.03
0.870

0.00
0.992

Cells display statistics for interaction effects between group (CNC/MCI) and value (high-/low-value words) for mean power in theta band at Fz and FCz electrodes and alpha band at
CPz and Pz electrodes across 13 time windows post-stimulus onset. Significant interaction effects between group and value (p < 0.05, Bonferroni-corrected) are indicated by emboldened
values and their effect sizes (η2

p) are reported.
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For FCz, a significant main effect of group was observed between 100 and 200 ms
post-stimulus onset (p < 0.05; Table 3; Figure 3), with greater theta synchronization in
the CNC group than in the MCI group. A significant main effect of value was observed
between 700 and 800 ms post-stimulus onset (p < 0.05; Table 4; Figure 4), with greater theta
synchronization for low- compared to high-value words. A significant interaction effect
between group and value was observed between 1100 and 1200 ms post-stimulus onset
(p < 0.05; Table 5; Figure 5); however, post hoc analyses did not reveal any between- or
within-group differences (p > 0.05).
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Figure 3. ERSP Comparisons for Main Effects of Group. Spectrograms illustrate differences between
groups (CNC/MCI) for theta band (4–8 Hz) at FCz. The 0 ms time point (solid vertical line) represents
stimulus onset. Dashed black rectangles indicate the time windows in which significant main effects
of group were observed (also see Table 3). CNC: Cognitively normal older controls; MCI: mild
cognitive impairment.
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Figure 4. ERSP Comparisons for Main Effects of Value. Spectrograms illustrate differences between
value (high-/low-value) for theta band (4–8 Hz) at FCz and alpha band (8–12 Hz) at Pz. The 0 ms
time point (solid vertical line) represents stimulus onset. Dashed black rectangles indicate the time
windows in which significant main effects of value were observed (also see Table 4).
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Figure 5. ERSP Comparisons for Theta Band for Interaction Effects Between Group and Value. Spectro-
grams illustrate differences between groups (CNC/MCI) and value (high-/low-value) for theta band
(4–8 Hz) at FCz. The 0 ms time point (solid vertical line) represents stimulus onset. Dashed black rectan-
gles indicate the time windows in which significant interaction effects between group and value were
observed (also see Table 5). CNC: Cognitively normal older controls; MCI: mild cognitive impairment.

3.3. Alpha Band (8–12 Hz) Mean Power

For CPz, no significant main effects of group were observed for any of the 13 time
windows (p > 0.05; Table 3). Significant main effects of value were observed between
500 and 600 ms and between 700 and 1000 ms post-stimulus onset (p < 0.05; Table 4;
Figure 4), with greater alpha desynchronization for high- compared to low-value words.
A significant interaction effect between group and value was observed between 300 and
400 ms post-stimulus onset (p < 0.05; Table 5; Figure 6). Post hoc analyses did not reveal
any between-group differences, but a within-group difference was observed for the CNC
group (p = 0.021), with greater alpha desynchronization for high- than low-value words,
but not for the MCI group (p = 0.648).

Geriatrics 2022, 7, x FOR PEER REVIEW 13 of 20 
 

3.3. Alpha Band (8–12 Hz) Mean Power 
For CPz, no significant main effects of group were observed for any of the 13 time 

windows (p > 0.05; Table 3). Significant main effects of value were observed between 500 
and 600 ms and between 700 and 1000 ms post-stimulus onset (p < 0.05; Table 4; Figure 4), 
with greater alpha desynchronization for high- compared to low-value words. A signifi-
cant interaction effect between group and value was observed between 300 and 400 ms 
post-stimulus onset (p < 0.05; Table 5; Figure 6). Post hoc analyses did not reveal any be-
tween-group differences, but a within-group difference was observed for the CNC group 
(p = 0.021), with greater alpha desynchronization for high- than low-value words, but not 
for the MCI group (p = 0.648). 

 
Figure 6. ERSP Comparisons for Alpha Band for Interaction Effects Between Group and Value. Spec-
trograms illustrate differences between groups (CNC/MCI) and value (high-/low-value) for alpha 
band (8–12 Hz) at CPz. The 0 ms time point (solid vertical line) represents stimulus onset. Dashed 
black rectangles indicate the time windows in which significant interaction effects between group 
and value were observed (also see Table 5). CNC: Cognitively normal older controls; MCI: mild 
cognitive impairment. 

For Pz, no significant main effects of group were observed for any of the 13 time 
windows (p > 0.05; Table 3). Significant main effects of value were observed from 500 to 
1100 ms post-stimulus onset (p < 0.05; Table 4; Figure 4), with greater alpha desynchroni-
zation for high- compared to low-value words. There were no significant interaction ef-
fects between group and value for any of the 13 time windows (p > 0.05; Table 5). 

4. Discussion 
The purpose of the current study was to examine value-directed strategic processing 

in older adults with MCI relative to CNCs. Differences between groups were found with 
respect to both behavioral and neural measures, while some similarities in value-directed 
strategic processing were also observed. 

Behavioral data revealed lower recall of high-value and total number of words in the 
MCI group compared to the CNC group across all five lists. These findings were not sur-
prising given the extensive literature from list learning tasks that show that deficits in 

Figure 6. ERSP Comparisons for Alpha Band for Interaction Effects Between Group and Value.
Spectrograms illustrate differences between groups (CNC/MCI) and value (high-/low-value) for
alpha band (8–12 Hz) at CPz. The 0 ms time point (solid vertical line) represents stimulus onset.
Dashed black rectangles indicate the time windows in which significant interaction effects between
group and value were observed (also see Table 5). CNC: Cognitively normal older controls; MCI:
mild cognitive impairment.
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For Pz, no significant main effects of group were observed for any of the 13 time win-
dows (p > 0.05; Table 3). Significant main effects of value were observed from 500 to 1100 ms
post-stimulus onset (p < 0.05; Table 4; Figure 4), with greater alpha desynchronization for
high-compared to low-value words. There were no significant interaction effects between
group and value for any of the 13 time windows (p > 0.05; Table 5).

4. Discussion

The purpose of the current study was to examine value-directed strategic processing
in older adults with MCI relative to CNCs. Differences between groups were found with
respect to both behavioral and neural measures, while some similarities in value-directed
strategic processing were also observed.

Behavioral data revealed lower recall of high-value and total number of words in
the MCI group compared to the CNC group across all five lists. These findings were not
surprising given the extensive literature from list learning tasks that show that deficits
in episodic learning and memory are present in individuals with MCI [14–24]. Impaired
recall of high-value words in the MCI group compared to the CNC group may stem
from underlying deficits in episodic memory (encoding, storage, and retrieval). Studies
supporting preserved strategic recall in cognitively normal older adults have posited
that strategic encoding of higher-value items relative to lower-value items, as well as
strategic retrieval of higher-value items before lower-value items, reduces the chance
of forgetting more valuable information [71,72]. Individuals with MCI in the current
study may have impairments in strategic encoding, strategic recall, or both. A recent
review proposed a dual-mechanism framework of value-directed encoding defined by
both intentional and automatic processes [71]. The intentional processes are characterized
by deeper semantic processing and encoding strategies, whereas automatic processes
are characterized by preferential processing of rewarding or salient information. During
exit interviews following our task, only 61% of individuals with MCI reported using a
strategy to perform the task compared to 83% of CNCs. This aligns with findings from
list learning studies showing reduced strategy use in individuals with MCI compared to
CNCs [22,73–75]. Thus, the relative lack of strategy use in the MCI group compared to the
CNC group, in conjunction with possible declines in automatic processes, may also have
hindered their ability to selectively process and encode high-value words.

Behaviorally, there were no significant group differences in the number of low-value
words recalled, which could indicate that the individuals with MCI were still able to
strategically inhibit, or forget, the low-value words. However, it may also be the case
that the individuals with MCI forgot the low-value words. The use of a value-directed
directed forgetting paradigm with a recognition test [72,76] in future studies could help
elucidate whether individuals with MCI are indeed inhibiting the low-value information
(i.e., recognize the to-be-forgotten items) or whether they have forgotten the items (i.e.,
would not recognize the to-be-forgotten items). It is also likely that our sample size
was small for capturing group differences in low-value word recall given that, typically,
fewer low-value words are recalled relative to high-value words. Overall, the behavioral
data provide some indication of impaired strategic processing of high-value words, but
these data are confounded by memory processes (i.e., encoding, storage, and retrieval).
Thus, ERSPs, which allow for an examination of cognitive processing in real-time at the
moment of stimulus presentation, are particularly useful for better understanding the
behavioral findings.

ERSP differences between the CNC and MCI groups were observed in both theta
and alpha bands. Reduced frontal theta synchronization was observed in the MCI group
compared to the CNC group between 100 and 200 ms (FCz) post-stimulus onset. The
current findings are consistent with a handful of studies that have observed reduced theta
synchronization in MCI participants compared to CNC participants across various tasks
(i.e., Go/NoGo, n-back, and Sternberg tasks) [44–46,48,49]. Frontal theta synchronization
has been linked to inhibitory processes [63,77,78]. The MCI group may not have been able to
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engage early inhibitory processes at the same level as the CNC group [25,33,34,36–38]. The
group-by-value interaction observed in the alpha band between 300 and 400 ms (CPz) post-
stimulus onset lends support to the notion that the MCI group may process high- and low-
value words more similarly than the CNC group. Although the CNC group demonstrated
greater alpha desynchronization for high- compared to low-value words, the MCI group
did not show these differences, suggesting a lack of neural differentiation in processing
information of varying values (i.e., similar processing for both high- and low-value words).
Whether this lack of neural differentiation in alpha band power is related to early changes
in the neural substrates that support the intentional processes, i.e., semantic processing as
proposed by Knowlton and Castel [71], needs further examination. Given the link between
alpha band and semantic processing [79,80], combined functional magnetic resonance
imaging (fMRI) and EEG would be valuable to examine this relationship. Additionally,
recent fMRI evidence suggests that semantic processing regions, including left superior
temporal gyrus and left lateral temporal cortex, are engaged in older adults during the
processing of higher-value words [81]. A diffusion tensor imaging study has also shown that
preferential recall of high-value words in older adults was dependent on the integrity of the
inferior fronto-occipital fasciculus, a tract associated with semantic memory performance
and retrieval of semantic information [82]. These regions and tracts have been shown
to be altered in individuals with MCI compared to CNCs [83–88]. Examining the links
between neurophysiological alterations in alpha band and the neural substrates that support
value-directed strategic processing in MCI will advance our theoretical understanding of
value-directed strategic processing.

Despite group differences between the MCI and CNC groups, some similarities across
the groups were observed in the processing of high- versus low-value words. Both groups
showed greater theta synchronization for low- compared to high-value words from 700 to
800 ms (FCz) post-stimulus onset and greater alpha desynchronization for high- compared
to low-value words between 500 and 600 and between 700 and 1000 ms (CPz) and between
500 and 1100 ms (Pz) post-stimulus onset. These findings are similar to our previous
studies involving cognitively normal younger and older adults engaged on the same
task [5,42]. The consistency in the distinct neural patterns observed for high- and low-value
words across ages and cognitive statuses suggests that theta and alpha bands are robust
neural measures of value-directed strategic processing. It was not unexpected to find some
similarities between the groups for processing high- and low-value information as there is
evidence that individuals with MCI retain some ability to extract important information,
although they are still impaired relative to CNCs [89–92]. Additionally, Castel et al. [6]
found that individuals with very mild and mild AD recalled more high- than low-value
words, suggesting some degree of strategic processing.

Certain limitations of the current study need to be addressed in future work. First,
our sample size was small. Given the heterogeneity observed in the MCI population, it
would be helpful to validate these findings in a larger study. Second, it may be useful to
use data reduction techniques such as principal component analysis to identify time points
and electrodes of interest through a more data-driven (as opposed to hypothesis-driven)
approach. Third, the current task was a passive task and was not designed to examine
how subsequent recall may relate to value-directed strategic processing. Specifically, the
task design did not allow us to examine how ERSP data during stimulus processing
differs between words that were recalled successfully versus unsuccessfully, as is typical in
subsequent memory paradigms [93–95]. Such a comparison might provide more clarity as
to whether lower recall of high-value words in the MCI group relative to the CNC group
was due to impairments in episodic memory or value-directed strategic processing. In
addition, tracking the order of word recall could aid our understanding of strategic retrieval
in individuals with MCI (e.g., do they recall high-value items first?) [72]. Lastly, studies
that have used list learning tasks have shown reductions in spontaneous strategy use in
cognitively normal older adults [96–98] and in individuals with MCI [22,73–75]. Providing
explicit instructions to use strategies (e.g., grouping similar information) has been shown
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to improve recall in both cognitively normal older adults [99,100] and individuals with
MCI [22]. As such, explicitly defining value based on conceptual information, such as
categories (e.g., animals are high-value words), may have interesting effects on value-
directed strategic processing for both CNC and MCI individuals and should be examined
in future studies.

In conclusion, the current study showed that value-directed strategic processing is
compromised both behaviorally and neurally in individuals with MCI as compared to
CNCs. The group differences in theta and alpha bands suggest that the MCI and CNC
groups regulated strategic processing differently, which may have contributed to impaired
recall of high-value words in the MCI group relative to the CNC group. The similarities
across MCI and CNC groups for theta and alpha bands showed that there are distinct
neural markers linked to the processing of high- and low-value words. These distinct
neural markers are consistent with what we have found in our previous studies [5,42],
demonstrating the utility of ERSPs as measures of value-directed strategic processing
across the spectrum of cognitive aging. The findings of the current study may be clinically
applicable to understand differences between typical cognitive aging and MCI.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/geriatrics7030056/s1, Table S1: Statistical Results for the Effects
of Version on Behavioral Data.

Author Contributions: Conceptualization, R.A.M. and D.A.L.; methodology, R.A.M. and D.A.L.;
investigation, L.T.N., E.A.L. and S.A.S.; formal analysis, L.T.N., E.A.L. and S.A.S.; writing—original
draft preparation, L.T.N. and R.A.M.; writing—review and editing, L.T.N., E.A.L., S.A.S., R.A.M. and
D.A.L.; visualization, L.T.N.; supervision, R.A.M.; funding acquisition, R.A.M. and D.A.L. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by a pilot grant from the Center on Health, Aging, and
Disability at the University of Illinois Urbana-Champaign, a grant from the Carle Clinical Research
Program, and a grant from the ASHFoundation.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by both the University of Illinois Urbana-Champaign and
Carle Institutional Review Boards (protocol code 13191, 2 April 2021).

Informed Consent Statement: Written informed consent was obtained from all subjects involved in
the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available for privacy reasons.

Acknowledgments: The authors thank Jenna Marmitt, Michelle Gutierrez, and Lukasz Pazdan for
their contributions to task development. The authors also thank FanTing Kung, Andrea Paolella,
Andrew Perpignani, Meghan Diamond, Sharbel Yako, Grace Rochford, and Holly Panfil for their
assistance with data collection and preprocessing.

Conflicts of Interest: L.T.N. is currently employed by the company iN2L, but this work was com-
pleted during her time at the University of Illinois Urbana-Champaign. The other authors have
no disclosures.

References
1. Castel, A.D. The Adaptive and Strategic Use of Memory by Older Adults: Evaluative Processing and Value-Directed Remembering.

Psychol. Learn. Motiv. 2007, 48, 225–270. [CrossRef]
2. Castel, A.D.; Benjamin, A.S.; Craik, F.I.M.; Watkins, M.J. The effects of aging on selectivity and control in short-term recall.

Mem. Cognit. 2002, 30, 1078–1085. [CrossRef] [PubMed]
3. Castel, A.D.; Farb, N.A.; Craik, F. Memory for general and specific value information in younger and older adults: Measuring the

limits of strategic control. Mem. Cognit. 2007, 35, 689–700. [CrossRef] [PubMed]
4. Castel, A.D.; Humphreys, K.L.; Lee, S.S.; Galván, A.; Balota, D.A.; McCabe, D.P. The development of memory efficiency and

value-directed remembering across the life span: A cross-sectional study of memory and selectivity. Dev. Psychol. 2011, 47,
1553–1564. [CrossRef]

https://www.mdpi.com/article/10.3390/geriatrics7030056/s1
https://www.mdpi.com/article/10.3390/geriatrics7030056/s1
http://doi.org/10.1016/S0079-7421(07)48006-9
http://doi.org/10.3758/BF03194325
http://www.ncbi.nlm.nih.gov/pubmed/12507372
http://doi.org/10.3758/BF03193307
http://www.ncbi.nlm.nih.gov/pubmed/17848027
http://doi.org/10.1037/a0025623


Geriatrics 2022, 7, 56 15 of 18

5. Nguyen, L.T.; Marini, F.; Shende, S.A.; Llano, D.A.; Mudar, R.A. Investigating EEG theta and alpha oscillations as measures of
value-directed strategic processing in cognitively normal younger and older adults. Behav. Brain Res. 2020, 391, 112702. [CrossRef]

6. Castel, A.D.; Balota, D.A.; McCabe, D.P. Memory efficiency and the strategic control of attention at encoding: Impairments of
value-directed remembering in Alzheimer’s disease. Neuropsychology 2009, 23, 297–306. [CrossRef]

7. Wong, S.; Irish, M.; Savage, G.; Hodges, J.R.; Piguet, O.; Hornberger, M. Strategic value-directed learning and memory in
Alzheimer’s disease and behavioural-variant frontotemporal dementia. J. Neuropsychol. 2018, 13, 328–353. [CrossRef]

8. Albert, M.S.; DeKosky, S.T.; Dickson, D.; Dubois, B.; Feldman, H.H.; Fox, N.C.; Gamst, A.; Holtzman, D.M.; Jagust, W.J.; Petersen,
R.C.; et al. The diagnosis of mild cognitive impairment due to Alzheimer’s disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimer’s Dement. 2011, 7,
270–279. [CrossRef]

9. Petersen, R.C. Mild Cognitive Impairment. N. Engl. J. Med. 2011, 364, 2227–2234. [CrossRef]
10. Sperling, R.A.; Aisen, P.S.; Beckett, L.A.; Bennett, D.A.; Craft, S.; Fagan, A.M.; Iwatsubo, T.; Jack Jr, C.R.; Kaye, J.; Montine,

T.J.; et al. 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. Alzheimer’s Dement. 2011, 7,
280–292. [CrossRef]

11. Farias, S.T.; Mungas, D.; Reed, B.R.; Harvey, D.; DeCarli, C. Progression of mild cognitive impairment to dementia in clinic- vs
community-based cohorts. Arch. Neurol. 2009, 66, 1151–1157. [CrossRef]

12. Manly, J.J.; Tang, M.X.; Schupf, N.; Stern, Y.; Vonsattel, J.P.; Mayeux, R. Frequency and course of mild cognitive impairment in a
multiethnic community. Ann. Neurol. 2008, 63, 494–506. [CrossRef]

13. Plassman, B.L.; Langa, K.M.; Fisher, G.G.; Heeringa, S.G.; Weir, D.R.; Ofstedal, M.B.; Burke, J.R.; Hurd, M.D.; Potter, G.G.; Rodgers,
W.L.; et al. Prevalence of cognitive impairment without dementia in the United States. Ann. Intern. Med. 2008, 148, 427–434.
[CrossRef]

14. De Jager, C.A.; Hogervorst, E.; Combrinck, M.; Budge, M.M. Sensitivity and specificity of neuropsychological tests for mild
cognitive impairment, vascular cognitive impairment and Alzheimer’s disease. Psychol. Med. 2003, 33, 1039–1050. [CrossRef]

15. De Jager, C.A.; Budge, M.M. Stability and predictability of the classification of mild cognitive impairment as assessed by episodic
memory test performance over time. Neurocase 2005, 11, 72–79. [CrossRef]

16. Salmon, D.P. Neuropsychological features of mild cognitive impairment and preclinical Alzheimer’s disease. Curr. Top. Behav.
Neurosci. 2012, 10, 187–212. [CrossRef]

17. Greenaway, M.C.; Lacritz, L.H.; Binegar, D.; Weiner, M.F.; Lipton, A.; Munro Cullum, C. Patterns of verbal memory performance
in mild cognitive impairment, Alzheimer disease, and normal aging. Cogn. Behav. Neurol. 2006, 19, 79–84. [CrossRef]

18. Libon, D.J.; Xie, S.X.; Eppig, J.; Wicas, G.; Lamar, M.; Lippa, C.; Bettcher, B.M.; Price, C.C.; Giovannetti, T.; Swenson, R.; et al. The
heterogeneity of mild cognitive impairment: A neuropsychological analysis. J. Int. Neuropsychol. Soc. 2010, 16, 84–93. [CrossRef]

19. Libon, D.J.; Bondi, M.W.; Price, C.C.; Lamar, M.; Eppig, J.; Wambach, D.M.; Nieves, C.; Delano-Wood, L.; Giovannetti, T.;
Lippa, C.; et al. Verbal serial list learning in mild cognitive impairment: A profile analysis of interference, forgetting, and
errors. J. Int. Neuropsychol. Soc. 2011, 17, 905–914. [CrossRef]

20. Mistridis, P.; Krumm, S.; Monsch, A.U.; Berres, M.; Taylor, K.I. The 12 Years Preceding Mild Cognitive Impairment Due to
Alzheimer’s Disease: The Temporal Emergence of Cognitive Decline. J. Alzheimer’s Dis. 2015, 48, 1095–1107. [CrossRef]

21. Petersen, R.C.; Smith, G.E.; Waring, S.C.; Ivnik, R.J.; Tangalos, E.G.; Kokmen, E. Mild cognitive impairment: Clinical characteriza-
tion and outcome. Arch. Neurol. 1999, 56, 303–308. [CrossRef]

22. Ribeiro, F.; Guerreiro, M.; De Mendonca, A. Verbal learning and memory deficits in Mild Cognitive Impairment. J. Clin. Exp.
Neuropsychol. 2007, 29, 187–197. [CrossRef]

23. Teng, E.; Tingus, K.D.; Lu, P.H.; Cummings, J.L. Persistence of neuropsychological testing deficits in mild cognitive impairment.
Dement. Geriatr. Cogn. Disord. 2009, 28, 168–178. [CrossRef]

24. Arnaiz, E.; Almkvist, O. Neuropsychological features of mild cognitive impairment and preclinical Alzheimer’s disease. Acta
Neurol. Scand. Suppl. 2003, 179, 34–41. [CrossRef]

25. Belleville, S.; Chertkow, H.; Gauthier, S. Working memory and control of attention in persons with Alzheimer’s disease and mild
cognitive impairment. Neuropsychology 2007, 21, 458–469. [CrossRef]

26. McLaughlin, P.M.; Borrie, M.J.; Murtha, S.J.E. Shifting efficacy, distribution of attention and controlled processing in two subtypes
of mild cognitive impairment: Response time performance and intraindividual variability on a visual search task. Neurocase 2010,
16, 408–417. [CrossRef]

27. McLaughlin, P.M.; Anderson, N.D.; Rich, J.B.; Chertkow, H.; Murtha, S.J.E. Visual Selective Attention in Amnestic Mild Cognitive
Impairment. J. Gerontol. Ser. B 2013, 69, 881–891. [CrossRef]

28. Okonkwo, O.C.; Wadley, V.G.; Ball, K.; Vance, D.E.; Crowe, M. Dissociations in visual attention deficits among persons with mild
cognitive impairment. Neuropsychol. Dev. Cogn. Sect. B Aging Neuropsychol. Cogn. 2008, 15, 492–505. [CrossRef] [PubMed]

29. Saunders, N.L.J.; Summers, M.J. Attention and working memory deficits in mild cognitive impairment. J. Clin. Exp. Neuropsychol.
2009, 32, 350–357. [CrossRef] [PubMed]

30. Saunders, N.L.; Summers, M.J. Longitudinal deficits to attention, executive, and working memory in subtypes of mild cognitive
impairment. Neuropsychology 2011, 25, 237–248. [CrossRef] [PubMed]

http://doi.org/10.1016/j.bbr.2020.112702
http://doi.org/10.1037/a0014888
http://doi.org/10.1111/jnp.12152
http://doi.org/10.1016/j.jalz.2011.03.008
http://doi.org/10.1056/NEJMcp0910237
http://doi.org/10.1016/j.jalz.2011.03.003
http://doi.org/10.1001/archneurol.2009.106
http://doi.org/10.1002/ana.21326
http://doi.org/10.7326/0003-4819-148-6-200803180-00005
http://doi.org/10.1017/S0033291703008031
http://doi.org/10.1080/13554790490896820
http://doi.org/10.1007/7854_2011_171
http://doi.org/10.1097/01.wnn.0000208290.57370.a3
http://doi.org/10.1017/S1355617709990993
http://doi.org/10.1017/S1355617711000944
http://doi.org/10.3233/JAD-150137
http://doi.org/10.1001/archneur.56.3.303
http://doi.org/10.1080/13803390600629775
http://doi.org/10.1159/000235732
http://doi.org/10.1034/j.1600-0404.107.s179.7.x
http://doi.org/10.1037/0894-4105.21.4.458
http://doi.org/10.1080/13554791003620306
http://doi.org/10.1093/geronb/gbt077
http://doi.org/10.1080/13825580701844414
http://www.ncbi.nlm.nih.gov/pubmed/18584341
http://doi.org/10.1080/13803390903042379
http://www.ncbi.nlm.nih.gov/pubmed/19787522
http://doi.org/10.1037/a0021134
http://www.ncbi.nlm.nih.gov/pubmed/21381828


Geriatrics 2022, 7, 56 16 of 18

31. Tales, A.; Haworth, J.; Nelson, S.; Snowden, R.J.; Wilcock, G. Abnormal visual search in mild cognitive impairment and
Alzheimer’s disease. Neurocase 2005, 11, 80–84. [CrossRef]

32. Tales, A.; Bayer, A.J.; Haworth, J.; Snowden, R.J.; Philips, M.; Wilcock, G. Visual Search in Mild Cognitive Impairment: A
Longitudinal Study. J. Alzheimer’s Dis. 2011, 24, 151–160. [CrossRef]

33. Bélanger, S.; Belleville, S.; Gauthier, S. Inhibition impairments in Alzheimer’s disease, mild cognitive impairment and healthy
aging: Effect of congruency proportion in a Stroop task. Neuropsychologia 2010, 48, 581–590. [CrossRef]

34. Bélanger, S.; Belleville, S. Semantic inhibition impairment in mild cognitive impairment: A distinctive feature of upcoming
cognitive decline? Neuropsychology 2009, 23, 592–606. [CrossRef]

35. Chow, R.; Rabi, R.; Paracha, S.; Vasquez, B.P.; Hasher, L.; Alain, C.; Anderson, N.D. Reaction Time Intraindividual Variability
Reveals Inhibitory Deficits in Single- and Multiple-Domain Amnestic Mild Cognitive Impairment. J. Gerontol. B Psychol. Sci. Soc.
Sci. 2022, 77, 71–83. [CrossRef]

36. Traykov, L.; Raoux, N.; Latour, F.; Gallo, L.; Hanon, O.; Baudic, S.; Bayle, C.; Wenisch, E.; Remy, P.; Rigaud, A.-S. Executive
functions deficit in mild cognitive impairment. Cogn. Behav. Neurol. 2007, 20, 219–224. [CrossRef]

37. Wylie, S.A.; Ridderinkhof, K.R.; Eckerle, M.K.; Manning, C.A. Inefficient response inhibition in individuals with mild cognitive
impairment. Neuropsychologia 2007, 45, 1408–1419. [CrossRef]

38. Zheng, D.; Dong, X.; Sun, H.; Xu, Y.; Ma, Y.; Wang, X. The overall impairment of core executive function components in patients
with amnestic mild cognitive impairment: A cross-sectional study. BMC Neurol. 2012, 12, 138. [CrossRef]

39. Jack, C.R., Jr.; Holtzman, D.M. Biomarker modeling of Alzheimer’s disease. Neuron 2013, 80, 1347–1358. [CrossRef]
40. Jack, C.R.; Knopman, D.S.; Jagust, W.J.; Petersen, R.C.; Weiner, M.W.; Aisen, P.S.; Shaw, L.M.; Vemuri, P.; Wiste, H.J.; Weigand,

S.D.; et al. Tracking pathophysiological processes in Alzheimer’s disease: An updated hypothetical model of dynamic biomarkers.
Lancet Neurol. 2013, 12, 207–216. [CrossRef]

41. Pfurtscheller, G.; Lopes da Silva, F.H. Event-related EEG/MEG synchronization and desynchronization: Basic principles.
Clin. Neurophysiol. 1999, 110, 1842–1857. [CrossRef]

42. Nguyen, L.T.; Marini, F.; Zacharczuk, L.; Llano, D.A.; Mudar, R.A. Theta and alpha band oscillations during value-directed
strategic processing. Behav. Brain Res. 2019, 367, 210–214. [CrossRef] [PubMed]

43. Caravaglios, G.; Muscoso, E.G.; Di Maria, G.; Costanzo, E. Patients with mild cognitive impairment have an abnormal upper-alpha
event-related desynchronization/synchronization (ERD/ERS) during a task of temporal attention. J. Neural. Transm. 2015, 122,
441–453. [CrossRef] [PubMed]

44. Cummins, T.D.; Broughton, M.; Finnigan, S. Theta oscillations are affected by amnestic mild cognitive impairment and cognitive
load. Int. J. Psychophysiol. 2008, 70, 75–81. [CrossRef]

45. Deiber, M.-P.; Ibanez, V.; Missonnier, P.; Herrmann, F.; Fazio-Costa, L.; Gold, G.; Giannakopoulos, P. Abnormal-induced theta
activity supports early directed-attention network deficits in progressive MCI. Neurobiol. Aging 2009, 30, 1444–1452. [CrossRef]

46. Deiber, M.-P.; Meziane, H.B.; Hasler, R.; Rodriguez, C.; Toma, S.; Ackermann, M.; Herrmann, F.; Giannakopoulos, P. Attention
and Working Memory-Related EEG Markers of Subtle Cognitive Deterioration in Healthy Elderly Individuals. J. Alzheimer’s Dis.
2015, 47, 335–349. [CrossRef]

47. Fraga, F.J.; Mamani, G.Q.; Johns, E.; Tavares, G.; Falk, T.H.; Phillips, N.A. Early diagnosis of mild cognitive impairment and
Alzheimer’s with event-related potentials and event-related desynchronization in N-back working memory tasks. Comput.
Methods Progr. Biomed. 2018, 164, 1–13. [CrossRef]

48. Goodman, M.S.; Zomorrodi, R.; Kumar, S.; Barr, M.S.; Daskalakis, Z.J.; Blumberger, D.M.; Fischer, C.E.; Flint, A.; Mah, L.;
Herrmann, N.; et al. Changes in Theta but not Alpha Modulation Are Associated with Impairment in Working Memory in
Alzheimer’s Disease and Mild Cognitive Impairment. J. Alzheimer’s Dis. 2019, 68, 1085–1094. [CrossRef]

49. Nguyen, L.T.; Mudar, R.A.; Chiang, H.S.; Schneider, J.M.; Maguire, M.J.; Kraut, M.A.; Hart, J. Theta and alpha alterations in
amnestic mild cognitive impairment in semantic Go/NoGo tasks. Front. Aging Neurosci. 2017, 9, 1999. [CrossRef]

50. Petersen, R.C. Mild cognitive impairment as a diagnostic entity. J. Intern. Med. 2004, 256, 183–194. [CrossRef]
51. Petersen, R.C.; Doody, R.; Kurz, A.; Mohs, R.C.; Morris, J.C.; Rabins, P.V.; Ritchie, K.; Rossor, M.; Thal, L.; Winblad, B. Current

concepts in mild cognitive impairment. Arch. Neurol. 2001, 58, 1985–1992. [CrossRef]
52. Petersen, R.C.; Caracciolo, B.; Brayne, C.; Gauthier, S.; Jelic, V.; Fratiglioni, L. Mild cognitive impairment: A concept in evolution.

J. Intern. Med. 2014, 275, 214–228. [CrossRef]
53. Morris, J.C. The Clinical Dementia Rating (CDR): Current version and scoring rules. Neurology 1993, 43, 2412–2414. [CrossRef]
54. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”: A practical method for grading the cognitive state of patients for

the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]
55. Nasreddine, Z.; Phillips, N.; Bédirian, V.; Charbonneau, S.; Whitehead, V.; Collin, I.; Cummings, J.; Chertkow, H. The Montreal

Cognitive Assessment, MoCA: A Brief Screening Tool For Mild Cognitive Impairment. J. Am. Geriatr. Soc. 2005, 53, 695–699.
[CrossRef]

56. Bergeron, D.; Flynn, K.; Verret, L.; Poulin, S.; Bouchard, R.W.; Bocti, C.; Fulop, T.; Lacombe, G.; Gauthier, S.; Nasreddine, Z.; et al.
Multicenter Validation of an MMSE-MoCA Conversion Table. J. Am. Geriatr. Soc. 2017, 65, 1067–1072. [CrossRef]

57. Sheikh, J.I.; Yesavage, J.A. Geriatric Depression Scale (GDS): Recent evidence and development of a shorter version. Clin. Gerontol.
1986, 5, 165–173. [CrossRef]

http://doi.org/10.1080/13554790490896974
http://doi.org/10.3233/JAD-2010-101818
http://doi.org/10.1016/j.neuropsychologia.2009.10.021
http://doi.org/10.1037/a0016152
http://doi.org/10.1093/geronb/gbab051
http://doi.org/10.1097/WNN.0b013e31815e6254
http://doi.org/10.1016/j.neuropsychologia.2006.11.003
http://doi.org/10.1186/1471-2377-12-138
http://doi.org/10.1016/j.neuron.2013.12.003
http://doi.org/10.1016/S1474-4422(12)70291-0
http://doi.org/10.1016/S1388-2457(99)00141-8
http://doi.org/10.1016/j.bbr.2019.03.052
http://www.ncbi.nlm.nih.gov/pubmed/30943420
http://doi.org/10.1007/s00702-014-1262-7
http://www.ncbi.nlm.nih.gov/pubmed/24947877
http://doi.org/10.1016/j.ijpsycho.2008.06.002
http://doi.org/10.1016/j.neurobiolaging.2007.11.021
http://doi.org/10.3233/JAD-150111
http://doi.org/10.1016/j.cmpb.2018.06.011
http://doi.org/10.3233/JAD-181195
http://doi.org/10.3389/fnagi.2017.00160
http://doi.org/10.1111/j.1365-2796.2004.01388.x
http://doi.org/10.1001/archneur.58.12.1985
http://doi.org/10.1111/joim.12190
http://doi.org/10.1212/WNL.43.11.2412-a
http://doi.org/10.1016/0022-3956(75)90026-6
http://doi.org/10.1111/j.1532-5415.2005.53221.x
http://doi.org/10.1111/jgs.14779
http://doi.org/10.1300/J018v05n01_09


Geriatrics 2022, 7, 56 17 of 18

58. Beck, A.T.; Ward, C.H.; Mendelson, M.; Mock, J.; Erbaugh, J. An inventory for measuring depression. Arch. Gen. Psychiatry 1961,
4, 561–571. [CrossRef]

59. Coltheart, M. The MRC Psycholinguistic Database. Q. J. Exp. Psychol. Sect. A 1981, 33, 497–505. [CrossRef]
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