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Subjective cognitive decline in
healthy older adults is associated
with altered processing of
negative versus positive feedback
in a probabilistic learning task

Siri-Maria Kamp™, Ricarda Endemann?, Luisa Knopf! and
Nicola K. Ferdinand?

!Department of Psychology, Trier University, Trier, Germany, ?2Department of Psychology, Bergische
Universitat, Wuppertal, Germany

Older adults who worry about their own cognitive capabilities declining, but
who do not show evidence of actual cognitive decline in neuropsychological
tests, are at an increased risk of being diagnosed with dementia at a later time.
Since neural markers may be more sensitive to early stages of cognitive decline,
in the present study we examined whether event-related potential responses
of feedback processing, elicited in a probabilistic learning task, differ between
healthy older adults recruited from the community, who either did (subjective
cognitive decline/SCD-group) or did not report (No-SCD group) worry about
their own cognition declining beyond the normal age-related development. In
the absence of group differences in learning from emotionally charged feedback
in the probabilistic learning task, the amplitude of the feedback-related negativity
(FRN) varied with feedback valence differently in the two groups: In the No-
SCD group, the FRN was larger for positive than negative feedback, while in
the SCD group, FRN amplitude did not differ between positive and negative
feedback. The P3b was enhanced for negative feedback in both groups, and
group differences in P3b amplitude were not significant. Altered sensitivity in
neural processing of negative versus positive feedback may be a marker of SCD.

KEYWORDS

cognitive control, feedback processing, event-related potentials (ERPs), subjective
cognitive decline (SCD), feedback-related negativity (FRN)

Introduction

The term “subjective cognitive decline” (SCD) refers to a condition in which older adults
subjectively perceive and worry about a decline in their cognitive function without fulfilling
the criteria for a neurodegenerative or other neurological or psychiatric disorder as diagnosed
by neurocognitive testing (Jessen et al., 2014). This condition has recently sparked interest,
because older adults with SCD are at an increased risk for a dementia or mild cognitive
impairment (MCI) diagnosis at a later time (Mendonca et al., 2016). Nevertheless, individuals
with SCD compose a heterogeneous group, as the vast majority does not develop dementia
(Mendonga et al., 2016). Hence, this may be a potential target group for early risk assessment
and diagnosis, or even interventions aimed at the prevention or very early treatment of
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dementia (Smart et al., 2017). Due to its clinical relevance, it is
important to better understand the etiology and correlates of SCD.

Neural activity may be a more sensitive measure of subtle
neurocognitive changes than neuropsychological testing. Most of the
- presently still limited - research on functional neural changes in
SCD has used fMRI. The majority of studies comparing fMRI activity
at rest (e.g., Dillen et al, 2017; Verfaillie et al., 2018) or during
cognitively challenging tasks (e.g., Hayes et al., 2017) have indeed
revealed differences in brain activation patterns in persons with vs.
without SCD; however, the specific patters have been heterogeneous
(Viviano and Damoiseaux, 2020; Parker et al., 2022). Some studies
have suggested that individuals with cognitive complaints, despite
unimpaired behavioral performance, show over-activations in several
regions including prefrontal and anterior cingulate cortex (Dumas
etal,, 2013). Hence, compensatory over-activation of cognitive control
systems due to inefficient neural signal processing may be a typical
feature of SCD (Viviano and Damoiseaux, 2020). In the present study,
we used the event-related potential (ERP) technique to capture
potential changes in cognitive control processes in individuals with
SCD at the neural level. ERPs are derived from the ongoing EEG
signal and are a cost-effective tool for capturing task-related brain
signals with a high temporal resolution. However, little prior research
has examined ERPs indexing cognitive control processes in SCD, a gap
that the present study aimed to fill.

Cognitive control and performance
monitoring in SCD

Altered cognitive control processes and performance monitoring
may potentially be a marker of SCD. Accordingly, a mechanistic model
of Mizuno et al. (2018) proposes that in early stages of (subtle)
cognitive decline, a compensatory neural overactivation may lead to a
discrepancy between the actual effort in completing a task and
expectancies based on past experiences. This may lead to a prediction
error signal, which is in turn resolved by adjusting oné’s future
expectations. In other words, individuals who develop a worry about
their own cognitive function declining (i.e., SCD) may differ from
individuals who do not, in the manner in which feedback from the
environment or from internal feedback cycles is processed or evaluated.

Furthermore, individuals with SCD might show a processing bias
toward negative performance feedback. That is, while most individuals
may attribute small everyday mistakes (such as the temporary inability
to retrieve a name or word finding difficulties) to a normal process
that is not worrisome, some may pay stronger attention to such lapses
and evaluate them as evidence for cognitive decline. In the latter case,
the repeated experience of cognitive lapses and the greater significance
attributed to these lapses may contribute to the subjective experience
of a worrisome cognitive decline beyond the typical age-related
development (i.e., SCD). An attentional bias toward negative feedback
and/or a bias in the subjective evaluation of negative feedback, may
hence be a feature of SCD.

In sum, hyperactivity in performance monitoring systems and/or a
processing bias towards negative feedback may be a feature of
SCD. Somewhat speaking against this idea, Buckley etal. (2016) reported
that error awareness in a Go/NoGo-task was not directly associated with
SCD symptoms. However, depressive symptoms mediated the
relationship between the two variables: Higher error awareness was
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associated with stronger depressive symptoms, which in turn was
associated with stronger SCD symptoms. This is in line with the fact that
individuals with SCD typically score higher in depression and anxiety
(Jessen et al., 2014). However, not all stages of performance monitoring
and feedback processing necessarily depend on conscious awareness,
and it may be beneficial to capture indicators of performance monitoring
that are independent of awareness. To this end, in the present study,
we examined feedback processing in individuals with vs. without SCD
on the neural level by recording event-related potentials (ERPs).

Feedback-related event-related potential
components

The ERP components elicited by performance feedback include
the feedback-related negativity (FRN) and the P3b (e.g., San Martin,
2012 for a review). These two ERP components were hence recorded
as main variables of interest in the present study and are briefly
introduced in the following.

The FRN is a negativity that peaks at fronto-central electrodes
200-350 ms after informative feedback about one’s own performance, or
about a task outcome (Walsh and Anderson, 2012). Its amplitude varies
with the extent to which an individual’s expectancies about an outcome
are violated (Walsh and Anderson, 2012). The FRN is often larger for
negative than positive feedback in simple behavioral tasks (San Martin,
2012), but can be enhanced for positive feedback when it is unexpected
(Oliveira et al,, 2007; Ferdinand et al., 2012), in part depending on the
feedback’s goal relevance (Ferdinand and Kray, 2013; Severo et al,, 2020).
Therefore, the FRN may index a reinforcement learning signal, reflecting
an outcome prediction error (e.g., Sambrook and Goslin, 2015).

The magnitude of the FRN may be sensitive to an individual’s
attentional or motivational bias. Thus, a higher FRN amplitude to
negative (relative to positive) feedback has been reported for individuals
who show a higher extent of negative emotionality (Santesso et al,
2012), stronger depressive symptoms (Keren et al., 2018), or stronger
anxiety (Tobias and Ito, 2021). However, prior results are not entirely
consistent. For example, Gao et al. (2024) found no association between
affective symptoms and FRN amplitude. Nevertheless, it appears that a
processing bias toward negative information may go hand in hand with
an enhanced FRN to negative feedback.

The P3b presumably reflects a context updating signal for task-
relevant events (Donchin, 1981), and in feedback tasks follows the
FRN with a typically centro-parietal maximum, thus reflecting a
higher-order feedback processing stage (e.g., San Martin, 2012). Prior
studies have reported a sensitivity of the P3b to feedback valence (e.g.,
Stewardson and Sambrook, 2020), but stronger determinants could
be the magnitude or relevance of a reward (Meadows et al., 2016;
Ferdinand and Czernochowski, 2018; Ferdinand, 2019). Notably, the
P300 also correlates with affective symptoms, being typically reduced
in individuals with depression (e.g., Klawohn et al., 2020).

Feedback-related components of the
event-related potential in older vs. young
adults

Since SCD is a construct that is observed in older age, it is
important to first address how aging affects the ERP variables of
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interest, the FRN and P3b. Healthy aging is associated with altered
feedback processing and impaired learning from feedback (e.g.,
Ferdinand and Czernochowski, 2018; Cutler et al., 2022). Prior studies
have reported reduced FRN amplitudes elicited by negative, relative
to positive feedback in older adults (e.g., Eppinger et al., 2008;
Pietschmann et al., 2011; Ferdinand, 2019; West and Huet, 2020),
although some studies have shown similar valence sensitivity of the
FRN across age groups (Ferdinand and Kray, 2013). While some have
interpreted the former pattern as a processing bias, i.e., a stronger
inclination to rely on positive rather than negative feedback in older
adults (Eppinger et al, 2008), this pattern may sometimes
be alternatively explained by the participants’ expectancies regarding
their own performance, especially when the age groups differ in
performance (Ferdinand, 2019).

Regarding the P3b, the typical finding is an amplitude reduction
in older adults, which is accompanied by a “frontal shift,” presumably
indexing a neural processing inefficiency or the compensatory
recruitment of frontal areas (e.g., Kamp, 2020). Notably, patients with
Alzheimer’s disease show a reduction in P300 amplitude beyond the
typical age-related effect (Hedges et al., 2016). The P300 has thus been
proposed as a marker of neuro-cognitive resources across the lifespan
(van Dinteren et al., 2014).

In an exemplary study that is the basis for the present study,
Ferdinand and Hilz (2020) asked young and healthy older adults to
sort objects into one of two hypothetical moving trucks. Participants
had to learn the correct assignment using probabilistic performance
feedback. Both groups showed evidence of learning the correct
assignment over time, although the older adults learned at a slower
rate. Importantly, the FRN was differentially modulated by the valence
of the feedback: While in young adults, the FRN was equally
pronounced for positive and negative feedback, older adults showed a
significantly larger FRN amplitude to positive vs. negative feedback.
Furthermore, when the feedback was inherently emotional in nature
(i.e., faces with positive vs. negative emotional expressions), the P3b
was larger for negative than for positive feedback in older adults.

ERPs related to feedback processing and
cognitive control in cognitive decline and
SCD

Nitta et al. (2017) reported that, compared to healthy young and
older adults, FRN amplitude in a gambling task was enhanced in
patients with Alzheimer’s disease in general, and more strongly so for
negative than positive feedback. This enhancement in FRN amplitude
for negative feedback was correlated with depressive symptoms (Nitta
etal,, 2017). P3b amplitude, by contrast, was reduced in the patient
group. A similar FRN enhancement has also been reported for patients
with mild cognitive impairment (MCI; Abe et al., 2023). In light of
these findings, previously reported reductions of FRN amplitude in
older adults may not be a direct index of cognitive decline, but might
index a motivational bias (cf. Ferdinand, 2019). Neurodegenerative
conditions could thus be associated with a shift in this processing bias
back from positive toward negative outcomes. If SCD represents and
early stage of cognitive decline, one may thus expect a similar pattern
in individuals with SCD.

Although some studies have examined correlates of SCD in
EEG parameters (e.g., Babiloni et al., 2010; Mazzon et al., 2018),
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very few examined ERPs in cognitive control tasks, and the study
designs and result patterns have been heterogeneous (Parker et al.,
2022). Due to the scarcity of prior studies using the FRN in a
similar design as the present study, we here additionally draw
upon prior work that has examined morphologically and
functionally related negativities like the MFN, NoGo-N2 and FRN,
which presumably all reflect early cognitive control processes
emerging in the anterior cingulate cortex (Folstein and Van
Petten, 2008).

Three relevant studies (Garrido-Chaves et al, 2021) used
questionnaire scores to divide participants into groups with and
without subjective memory complaints (SMCs; a construct that
strongly overlaps with SCD). Garrido-Chaves et al. (2021) reported
that in an IOWA Gambling Task (IOT), a prolonged FRN latency was
elicited in an older adult SMC group by negative feedback in the first
task block. No amplitude differences were found in the FRN or P3b.
Cespon et al. (2018) examined the medial frontal negativity (MFN),
which is sensitive to response conflict, and the P300 in a Simon task.
In the absence of overall group differences in P3b or MFN amplitude,
MEFN amplitude was differentially modulated by response conflict
only in the SMC group. The authors interpreted this pattern as more
resources being allocated to conflict monitoring in the SMC group.
Third, Susana et al. (2021) examined the N2 and P3 in a Go-NoGo
task. The SMC group showed slower responses and a reduction in
both N2 and P3 amplitude, compared to the low-SMC group. The ERP
effects overlapped with a preparatory negativity elicited by a warning
tone, which was more pronounced in the low SMC group, potentially
accounting for the N2 and P3 amplitude differences. The authors
speculated that the high SMC group showed deficient allocation of
resources to (preparatory) stimulus processing.

Smart et al. (2014) divided cognitively unobtrusive participants
into a SCD and a no SCD group based on their answer on a question
regarding worries about cognitive decline. In the absence of group
differences in task performance in a Go/NoGo-task, the SCD group
showed a reduced P3. Results for the N2 were not reported.

The results of these studies are hence heterogeneous and
somewhat contradictory, suggesting enhanced or reduced negativities,
or no group differences, in participants with SCD. Regarding the P3,
some evidence points to a reduced amplitude in SCD, but not all
studies have found this pattern. While any differences between studies
could be in part due to the specific measures of cognitive complaints,
clearly more evidence is needed to clarify the role of feedback
processing in SCD on a neural level.

The present study

To examine feedback processing in older adults with and without
SCD, recruited from the community, we adopted the probabilistic
Hilz (2020).
We hypothesized a generally increased FRN amplitude, reflecting a

feedback learning task from Ferdinand and

hyperactivity of the monitoring system in SCD. Alternatively, a
motivational processing bias, reflected in a relative enhancement of
FRN amplitudes for negative, relative to positive feedback, may
be observed in SCD. Regarding the P3b, as a marker of (very) early
stages of cognitive decline, we hypothesized a reduced P3b amplitude,
possibly with a more anterior scalp distribution, in older adults with
SCD. Due to the fact that individuals with SCD do not show
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neuropsychological test performance below the age norms, we had no
specific hypotheses regarding the learning rates.

Methods

The present study was reviewed and approved by the ethics

committee at Trier University. All participants provided

informed consent.

Sample and general procedure

Because of a larger interruption due to the COVID-19-pandemic,
data collection occurred in two waves. Participants who were at least
64 years old and who self-reported to be generally in good health were
recruited from the community. A history of neurological conditions
affecting the central nervous system or current psychiatric conditions
composed an exclusion criterion. All data sets were collected in a
two-step procedure, the first step involving a packet of questionnaires
at home and an on-site neuropsychological test session, and the
second step involving a laboratory-based EEG-experiment including
a probabilistic learning task. Participants completed this experimental
session within 8 weeks of completing the questionnaires and
neuropsychological testing. All measures and tasks reported in the
present study were identical in both phases, but since there were
minor changes in the general procedure, the procedure of each wave
will be described briefly. It is also worth noting that there were no
differences in the questionnaire or neuropsychological test scores, age
or years of education between the subsamples collected in waves 1 and
2 (all p-values >0.073).

The first wave was conducted between June-August 2019. Fifty-
three older adults (64 years or older), who were recruited from an
existing data base, completed an unrelated behavioral memory
experiment and completed the CERAD-plus (Consortium to
Establish Registry for Alzheimer’s disease; Fillenbaum and Mohs,
2023). Furthermore, a questionnaire packet was filled out at home.
Participants were next invited to a second session in which they
completed the present study’s task. Based on their responses to the
question “Do you notice a significant decline in your cognitive
abilities, which exceeds the normal age-related decline?,” participants
were divided into two groups. Participants were considered part of
the SCD group only if they answered “Yes, and I am worried about
this” (e.g., Ruiz-Rizzo et al., 2022). If one of the other two response
options was chosen (“No” or “Yes, but I am not worried about this”),
they were considered part of the No-SCD group. A total of n=8
participants from the SCD group, and n=22 participants from the
No-SCD group returned for the present study. One additional
No-SCD participant took part, but due to a technical error, no data
were collected.

The second wave spanned January 2022-December 2023. Older
adults who responded to calls for participation, distributed via
newspapers and flyers, were mailed the same packet of questionnaires.
All participants fulfilling the criterion for the SCD-group (defined in
the same manner as for the first wave) were invited to the present
study. For each SCD participant, we invited another participant who
answered “No” to the critical question and was matched in gender and
age (+/— 3years). The CERAD-Plus was completed, together with an
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unrelated cognitive task, in a separate session preceding the present
task. Eleven SCD- and 15 No-SCD participants took part in the
present task. For two participants from the SCD-group, no EEG was
recorded due to a technical error. One participant from the No-SCD
group was excluded due to low EEG data quality. Hence, the second
wave yielded n=9 participants in the SCD-group and n=14
participants in the No-SCD group.

The final sample hence consisted of n=17 participants in the
SCD-group and n =36 participants in the No-SCD group. The two
groups did not differ in age (Table 1, p=0.46) or gender (chi-square
test: p=0.31). With a power of 1-$=0.9 and a=0.05, a sample of
N=53 has the sensitivity to detect a between-within interaction of a
medium effect size of f=0.23 in a 2x2 mixed factors ANOVA (Faul
et al., 2007).

Due to the fact that the SCD and the No-SCD group were not
matched in size and hence, simple comparisons had a larger power in
the No-SCD group, any simple contrasts for the No-SCD group, after
the main analyses were completed, were repeated with a sub-sample
that was the same size as the SCD group (n=17) as a control analysis.
For this purpose, for each participant in the SCD group we drew a
specific participant of the same sex from the same data collection wave
from the No-SCD group (which all had answered “No” to the critical
question), such that each pair was as close in age as possible, with a
maximal age difference of 3 years (except for 2 pairs in which a male
was matched to a female due to a lack of other viable matches, which,
however resulted in the same number of males and females in the
two groups).

Neuropsychological testing

All participants completed the CERAD-Plus (Consortium to
Establish Registry for Alzheimer’s disease; Fillenbaum and Mohs,
2023) in individual sessions. The CERAD-Plus contains, in this
order, (1) a semantic fluency task, in which as many animals should
be named as possible in 1 min, (2) a 15-item version of the Boston
Naming Test, (3) the Mini-Mental State Exam as a screening for
dementia (MMSE), (4) a word list learning task including free recall
after each of three presentations of a word list, (5) a figure copying
task of figures, (6) a delayed verbal recall task for the words of the list
learning task, (7) a verbal recognition task for the list learning task,
(8) drawing of the 4 figures from the figure copying task as well as
the figure from the MMSE from memory (i.e., visuo-spatial recall),
(9) the trail making tests A and B as measures of processing speed and
executive function, (10) a phonemic fluency task in which as many
words starting with the letter “S” have to be produced in 1 min. The
total duration of all tests contained in the CERAD-Plus was
about 30 min.

Questionnaires

Paper-based versions of all questionnaires were mailed to the
participants and filled out by paper-and-pencil at home. The
administered questionnaires included the following: The Neo-FFI-30
(German version; Korner et al., 2008) contains 30 items that capture
neuroticism, extraversion and

openness, agreeableness,

conscientiousness with 6 items each; for each scale, we calculated the
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TABLE 1 Means (+/— SD) for demographic variables, neuropsychological test scores and questionnaires for the No-SCD and the SCD group.

No-SCD (n = 36) SCD (n =17)

Demographic information

Age 71.19 (4.73) 72.29 (5.38)
Sex 50.00% female 64.71% female
Years of education’ 15.71 (3.51) 15.41 (3.57)
CERAD-Plus
Semantic Fluency (Correct Words Total) 22.78 (5.43) 21.59 (5.27)
Boston Naming Test (Correct Words Total) 14.17 (0.96) 13.82 (1.29)
Mini Mental State Exam (Total) 28.64 (1.32) 28.29 (1.07)
Word List Learning (Sum over Trials 1-3)* 20.25 (3.68) 17.41 (3.34)
Figure Copying (Average across Trials 1-4) 10.47 (0.87) 10.59 (0.77)
Word List Recall: Correct Words 7.22 (2.38) 6.59 (1.82)
Word List Recognition: Correct Responses Total 19.94 (1.76) 19.53 (0.85)
Figure Recall (Average across Trials 1-5) 10.47 (2.39) 9.82 (2.50)

TMT A (completion time in sec)"

41.17 (15.90)

48.82 (15.90)

TMT B (completion time in sec)

111.83 (57.18)

113.71 (55.30)

Phonemic Fluency (Correct Words Total) 14.97 (5.08) 14.00 (6.04)
Questionnaires
Neo-FFI-Neuroticism® 12.69 (3.43) 14.79 (4.22)
Neo-FFI-Extraversion 19.33 (3.20) 19.32 (3.04)
Neo-FFI-Openness 21.50 (3.82) 21.88 (4.36)
Neo-FFI-Agreeableness 23.47 (3.00) 21.91 (3.67)
Neo-FFI-Conscientiousness™ 25.33(3.05) 23.12 (2.59)
Depression (GDS)** 1.59 (1.70) 3.56 (2.15)
SCD#* 9.17 (4.25) 15.59 (4.30)
Trait Anxiety (STAI)** 33.19 (6.94) 39.53 (8.40)
Response Accuracy
First quarter 0.52 (0.07) 0.54 (0.07)
Second quarter 0.65 (0.11) 0.64 (0.09)
Third quarter 0.69 (0.13) 0.68 (0.11)
Fourth quarter 0.72 (0.15) 0.71 (0.13)
Event-related potential amplitudes (pV)
Peak-to-peak FRN: positive feedback (FCz) —13.24 (5.00) —13.36 (6.88)
Peak-to-peak FRN: negative feedback (FCz) —11.43 (4.37) —12.84 (7.30)
P300: positive feedback (Pz) 4.04 (3.31) 3.79 (2.65)
P300: negative feedback (Pz) 6.02 (4.14) 4.96 (3.38)

#p<0.05, *¥p<0.01, p<0.1, "There were 2 missing values on years of education in the NoSCD-group.

sum score across all items, each ranging from 1 to 5. The geriatric
depression scale (GDS; Yesavage and Sheikh, 1986) contains 15 items
to screen for depressive symptoms in older adults. The state-and-trait-
anxiety-inventory (STAL Spielberger et al., 1971) contains 20 items
that can be administered to capture state or trait anxiety. In the present
study, only the trait anxiety scale was used. The scales of the Neo-FFI
(Korner et al., 2015), the GDS (Almeida and Almeida, 1999) and the
STAI (Metzger, 1976) all show acceptable reliabilities and are well-
validated instruments to measure the respective constructs. Further,
we administered the SCD Questionnaire (Gifford et al., 2015), which
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contains 21 items that capture the subjective perception of everyday
cognitive lapses, such as remembering phone numbers, translated to
German. A sum score is calculated from all items, with higher scores
reflecting a higher amount of SCD symptoms. The 21 items of the
SCD Questionnaire have been developed based on item response
theory and there is preliminary evidence for its reliability and validity
in distinguishing between MCI patients and healthy controls (Gifford
et al, 2015). A Chinese version has also been validated with MCI
patients versus healthy controls (Hao et al., 2022). Finally, we added
the question “Do you notice a significant decline in your cognitive
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abilities, which exceeds the normal age-related decline?” with three
response options to the questionnaire package, which was used to
determine each participants’ experimental group in a single step (SCD
or No-SCD; see sample-description above). Note that this question
was not included in the calculation of the score of the SCD
Questionnaire. Several additional questionnaires were administered,
which were unrelated to the present research question and are hence
not reported.

EEG session and probabilistic learning task

The session began with the preparation of the EEG recording,
which took up to 45 min. Next, participants completed a probabilistic
learning task, which was adopted from Ferdinand and Hilz (2020)
and included only the “emotional” feedback category from the prior
study. The total duration of the task was about 45 min. According to
the cover story, the task was to sort objects (such as tools or animals)
presented as color drawings (Snodgrass and Vanderwart, 1980) on
the screen into a white or a black moving van, by pressing one of two
buttons. The correct assignment of the objects to the vans had to
be learned by utilizing probabilistic performance feedback, which
was provided by the image of the face of a hypothetical supervisor. A
happy facial expression signaled a correct response (positive
feedback) and a disgusted facial expression signaled an incorrect
response (negative feedback). The faces images showed one of four
individuals, two of which were male and two of which were female.
According to the cover story, the supervisors were likely to provide
accurate feedback, but due to being busy with tasks regarding the
move, in rare occasions they would make mistakes and give
inaccurate feedback. Invalid feedback thus occurred in 10% of the
trials and these trials were not analyzed.

The task began with a short practice phase, followed by four
experimental blocks, in between which participants could take a self-
paced break. In each experimental block, the assignment of eight
objects to the two moving vans had to be learned. The objects were
presented in a random order a total of 20 times each. A trial involved
the presentation of the object image, to which participants had to
press one of two buttons, representing the two moving vans. The
presentation time of the objects was response-dependent, with a
maximum of 1,500 ms. The object was next surrounded by a frame in
the color of the chosen van for 500 ms. After a blank screen for
500ms, a photo of a face was shown, which served as feedback
regarding the accuracy of the response, and which was valid in 90%,
but invalid in 10% of the trials. An adaptive response deadline was
implemented: Participants began with a response deadline of
1,000 ms. If their response time exceeded this limit, the words “too
slow” were shown after the stimulus. After each set of 19 trials, the
response deadline was adjusted depending on the number of time
outs within that set of trials. For further detail, see Ferdinand and
Hilz (2020).

EEG recording and analysis

The EEG recording was captured from 32 Ag/AgCl scalp
electrodes embedded in an elastic cap according to the 10-20

Frontiers in Psychology

10.3389/fpsyg.2024.1404345

electrode system, using a NeurOne Tesla amplifier (Bittium, Inc.).
Additionally, an EKG was recorded and all signals were grounded to
electrode position AFz. The EEG was amplified at 0.16-7,000 Hz,
on-line filtered with a hardware lowpass filter of 125 Hz, and digitized
at a rate of 500 Hz.

The signal was on-line referenced to electrode FCz and off-line
re-referenced to the average of electrodes TP9 and TP10
(corresponding to an average mastoid reference). As a part of the
re-referencing, the signal for electrode FCz was reconstructed. Off-line
analysis was conducted using BrainVision Analyzer 2.2 (Brain
Products). The EEG was filtered with a zero phase shift butterworth
low-pass filter of 4th order, with a 20 Hz cutoff. Next, the data were
segmented from —200 to 800 ms relative to the onset of the feedback
display. Eye blinks and saccade artifacts were corrected using the
semi-automatic ICA procedure, with the infomax algorithm,
implemented in the BrainVision Analyzer. Segments in which the
amplitude range exceeded 100 pV or in which a voltage step of 30 pV/
ms occurred were marked as artifactual and were excluded. Finally,
subject ERP averages were calculated separately for positive and
negative feedback. Notably, trials with invalid feedback were not
included in subject averaging.

Trial numbers in the final sample ranged from 20 to 290 (M = 146;
No-SCD group) or 60-240 (M = 150; SCD group) for positive feedback
and from 72 to 458 (M =334; No-SCD group) or 252-427 (M =332;
SCD group) for negative feedback. There were no group differences in
trial numbers (both p-values >0.82).

Statistical analysis

Group differences in the questionnaire scores and the sub-tests of
the CERAD-Plus were analyzed exploratorily with independent
samples ¢-tests. The analyses of the experimental task were analogous
to Ferdinand and Hilz (2020). Learning rates were quantified by
calculating the average percentage of correct responses for each of four
successive experimental blocks. A 2 (group: SCD vs. No-SCD) by 4
(experimental quarter) mixed factors ANOVA served to analyze
learning rates.

The FRN was defined as the peak-to-peak amplitude between
the positive peak between 170 and 230 ms and the negative peak
between 250 and 350 ms at electrode FCz. Minor adjustments to the
time widows, as compared to Ferdinand and Hilz (2020), were made
after inspection of the grand averages across groups, ensuring that
they adequately accounted for inter-individual variability in the
latency of ERP peaks. The FRN was statistically analyzed with a 2
(group: SCD vs. No-SCD) x 2 (feedback valence) mixed factors
ANOVA. In additional,
neuropsychological and questionnaire variables that differed

exploratory  control analyses,
between the two groups were added as covariates into a series of
ANCOVAs to examine whether the obtained result pattern
remained robust when these variables were statistically
accounted for.

The P3b was analyzed at 3 midline electrodes (Fz, Cz, and Pz), and
was quantified as the mean amplitude between 400 and 600 ms after
feedback onset. The P3b was statistically analyzed with a 2 (group:
SCD vs. No-SCD) x 2 (feedback valence) x 3 (electrode) mixed

factors ANOVA.
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Results

Questionnaires and neuropsychological
tests scores

Table 1 summarizes demographic information, questionnaire
scores, neuropsychological test scores, learning rates, and ERP
amplitudes from the probabilistic learning task. As mentioned in
the methods section, the two groups did not differ in age (Table 1),
t(51)=0.76, p=0.45, education, #(51)=0.33, p=0.75, nor gender
(chi-square test: p=0.31). The No-SCD group showed better word
list learning than the SCD group, #(51) =33.85, p=0.01, d=0.78, but
no significant differences in delayed word recall or any other
neuropsychological test scores (all p-values >0.29). Furthermore,
the SCD group exhibited significantly higher scores in trait anxiety
(STAI), t(51)=2.90, p=0.005, d=0.8, depression (GDS),
t(51)=3.52, p<0.001, d=1.04, and the SCD questionnaire,
t(51)=5.32, p<0.001, d=1.57, as well as lower scores on
conscientiousness, #(51) =2.54, p<0.014, d=0.75, compared to the
No-SCD group.

Learning rates

Learning rates are illustrated in Figure 1 (see also Table 1). A 2
(group: SCD vs. No-SCD) by 4 (experimental quarter) ANOVA on the
rate of correct responses revealed a main effect for experimental
quarter, F(3, 153)=76.53, p<0.001, nzp =0.60. Neither the interaction
nor the main effect for group reached significance (both p-values
>0.49). Comparing each successive pair of experimental quarters in
lower-level ANOVAs, significant increases in the rate of accurate
responses were observed between each pair (all p-values <0.003).

10.3389/fpsyg.2024.1404345

FRN peak-to-peak amplitude

Grand average ERP waveforms are shown in Figure 2, and scalp
distributions are shown in Figure 3. A 2 (group: SCD vs. No-SCD) by
2 (feedback valence: positive or negative) ANOVA on the peak-to-
peak FRN revealed a significant main effect for feedback valence, F(1,
51)=13.59, p<0.001, nZP:O.Zl, indicating that positive feedback
elicited a larger peak-to-peak FRN than negative feedback. There was
also a significant group x feedback valence interaction, F(1, 51)=4.13,
p=0.047, n°,=0.075, but no main effect for group (p=0.64).

In the SCD group there was not a significant difference between
the FRN amplitudes elicited by positive vs. negative feedback,
1(16)=0.88, p=0.39 (Figure 4). By contrast, for the No-SCD group,
positive feedback elicited a significantly larger FRN than negative
feedback, #(35) =5.45, p<0.001, d=0.91 (Figure 4 and Table 1).

In the sub-sample of 17 No-SCD participants that were matched
to the SCD group, the difference in FRN amplitude between positive
and negative feedback was still highly significant, #(16)=3.80,
p=0.002, d=0.92. However, repeating the 2 (group) x 2 (feedback
valence) ANOVA in the smaller sub-sample, while the main effect for
valence was still significant, F(1, 32)=7.26, p=0.011, ryzp =0.19, the
interaction was not significant, F(1, 32) =1.40, p=0.25, nzp =0.042.

P3b

The analysis of the P3b-time window yielded a main effect of
electrode, F(1.62, 82.83)=8.71, p<0.001, 112P:O.146, indicating a
posterior distribution, as well as a main effect for feedback valence, F(1,
51)=23.56, p<0.001, nzp =0.314, indicating that the P3b was larger for
negative than for positive feedback (Figure 2 and Table 1). There was a
tendency for an electrode x feedback interaction, which was, however,
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Rates of correct responses for each experimental quarter and for both groups. Error bars denote the standard error of the mean
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FIGURE 2

Event-related potential waveforms elicited by the feedback stimulus at a fronto-central (FCz) and a parietal electrode (Pz). Note that negative voltages
are plotted upwards.
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FIGURE 3

Scalp distributions of the peak-to-peak FRN (Left) and the P3b (Right) by group and feedback valence (positive vs. negative response). The difference is
shown as negative—positive. Note that as the FRN is a peak-to-peak measure while the P3b is a mean amplitude measure, amplitudes from the two
components cannot be directly compared to each other.

Frontiers in Psychology 08 frontiersin.org


https://doi.org/10.3389/fpsyg.2024.1404345
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Kamp et al.

10.3389/fpsyg.2024.1404345

Hpositive feedback Mnegative feedback

0
-2
N
o -4
15
'
4
o -6
[T
®
s -8
'y
o
* -10
X
©
V]
12
14
No-SCD
FIGURE 4
Peak-to-peak amplitude of the FRN by feedback type and group. Error bars denote the standard error of the mean.

SCD

non-significant, F(1.41,71.93)=3.08, p=0.069, 1721, =0.057. The difference
between positive and negative feedback tended to be larger at posterior
than at frontal electrodes. There were no significant main or interaction
effects involving the factor group. These results were equivalent when
only the smaller subsample of No-SCD participants was considered.

Control- and exploratory analyses

Several additional analyses were conducted post hoc to examine
the robustness of, and mechanisms behind, the group x valence
interaction on the FRN amplitude in the whole sample. First, in a
series of ANCOVAs, we included each questionnaire and
neuropsychological test score that differed between the groups (see
section “Questionnaires and Neuropsychological Test Scores”)
individually as covariates to examine whether the group x valence
interaction remained when the influence of these variables was
accounted for. When separately controlling for Anxiety (STAI),
Neuroticism (NEO-FFI), and Processing Speed (CERAD-TMT A), the
group X valence interaction effect on the peak-to-peak FRN in the
ANCOVAs remained significant at p <0.05. For Depression (GDS) and
Conscientiousness (NEO-FFI), the interaction was numerically still
pronounced but missed the significance level (both p-values <0.07).

When CERAD Word List Learning was entered as a covariate into
an ANCOVA, the valence x group interaction was non-significant,
F(1,50)=1.73, p=0.20. We hence further examined a potential role of
CERAD Word List Learning in the association of the group (SCD/
No-SCD) with the valence effect on the FRN. To do so, we calculated
a difference score between FRN amplitudes for positive and negative
valences and tested whether CERAD word list learning mediated the
effect of group on this difference score, using Process for SPSS, Version
4.2 (model 4). In this model, the standardized regression coefficient
of —0.39 for the effect of group on the FRN difference score was
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non-significant (p=0.19). However, group significantly predicted
CERAD Word List learning (—0.74, p=0.01), and higher CERAD
scores tended to be associated with an increased FRN difference score
(standardized regression coefficient: 0.26, p=0.07). We tested the
significance of the indirect effect with 5,000 bootstrap samples, and
the unstandardized indirect effect of —0.4187 (95% CI -0.0161,
—1.0337) was statistically significant. By contrast, the direct effect of
group on the FRN difference was non-significant in this model.
Hence, this analysis suggests that statisticall, CERAD word list
learning fully mediated the effect of the group (SCD/No-SCD) on the
FRN difference between positive and negative feedback. A figure
illustrating this mediation is provided at: https://osf.io/cf32m/.

Discussion

To summarize our main results, the present community sample of
older adults with SCD symptoms, in the absence of differences in
performance in a probabilistic learning task, showed altered processing
of negative vs. positive feedback in electrophysiological markers of
neural activity. Specifically, the amplitude of the FRN was larger for
positive than for negative feedback in the No-SCD, but not in the SCD
group. While P3b amplitude was descriptively reduced in the SCD
group, this difference was not significant. As we will discuss in the
remainder of this article, the present results speak for a processing bias
toward negative (versus positive) performance feedback in SCD.

Sample characteristics
We drew participants from the community and operationalized
SCD by means of the answer to a single question, which captured (1)

the perception of cognitive decline beyond a normal age-related
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development and (2) a worry about this decline, following the
SCD-plus criteria (Jessen et al., 2014). As expected, the two groups
differed in their scores on the (independently captured) SCD
questionnaire. The SCD group also showed typical characteristics in
the other questionnaire measures, including enhanced scores in
depression and anxiety, as well as lower scores on conscientiousness
(as well as a tendency for higher scores in neuroticism). Except for a
difference in the CERAD word list learning score, no group
differences were found in neuropsychological test scores.
Furthermore, there were no significant differences in demographic
variables. In these aspects, we found the typical pattern for individuals
with versus without SCD (Jessen et al., 2014). We will return to a
discussion about the operationalization and measurement of
SCD below.

Comparison to Ferdinand and Hilz (2020)

The task used in the present study was adopted from Ferdinand
and Hilz (2020), using only the “emotional feedback” condition of
that prior study, so it is important to briefly discuss our results in
comparison to this prior study. The present result pattern, including
the learning rates across experimental quarters, the larger FRN for
positive compared to negative feedback in the No-SCD group, and
the enhanced P3b for negative feedback across both groups of older
adults, was analogous to the results from the older adults in
Ferdinand and Hilz (2020). Hence, the present results largely
replicate those of this prior study. They indicate a strong monitoring
process for positive feedback (FRN) in older adults when the
feedback is emotional in nature, while working memory updating
(P3b) in this learning task is driven mainly by negative (emotional)
feedback.

Altered FRN to negative vs. positive
feedback in SCD

The main finding of the present study was a relative
enhancement of FRN amplitude to negative, relative to positive,
feedback in the SCD group. That is, while in the No-SCD group, the
FRN was significantly larger for positive than for negative feedback,
FRN amplitude did not differ by feedback valence in the SCD
group. Importantly, there were no overall group differences in FRN
amplitude (independently of feedback valence), suggesting that the
differential FRN pattern in the two groups is not due to a generalized
group difference in performance monitoring processes (such as a
hyperactivity of monitoring systems per se). Comparable overall
FRN amplitudes also suggest that a monitoring deficit, perhaps
caused by a subtle decline in neural processing in the SCD group,
is unlikely to directly account for the result pattern. The latter point
is also supported by the fact that the FRN pattern for the SCD group
(no difference of FRN amplitude by feedback valence) was actually
more similar to that of the young adults in Ferdinand and Hilz
(2020) than that of the No-SCD group. Finally, since no differences
were found in learning rates within the probabilistic learning task
in the present study, group differences in the extent to which
negative vs. positive feedback was unexpected can also be tentatively
ruled out (with the caveat that we did not check whether the
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participants’ subjective expectancies directly matched the
objective frequencies).

Hence, the most likely explanation for the differential FRN
pattern appears to be a processing bias of the SCD group toward
negative performance feedback. Given the fact that groups with a
tendency to preferentially process negative information like patients
with depression and anxiety have been reported to show enhanced
FRN amplitudes to negative feedback (Santesso et al., 2012; Keren
et al., 2018; Tobias and Ito, 2021; but see Gao et al., 2024 for a
different result), this is in line with the fact that the SCD group
showed stronger symptoms of depression and anxiety than the
No-SCD group (Table 1). Some indirect evidence for a role of
depressive symptoms in the present result pattern comes from the
fact that the group x valence interaction missed the significance
level when statistically controlling for depressive symptoms.
Another hint comes from the fact that, while the simple contrasts
revealed the equivalent patterns in the smaller, matched sub-sample
(i.e., the difference in FRN amplitude between positive and negative
feedback remained significant in the smaller sub-sample of 17
No-SCD individuals), the group x valence interaction became
non-significant when considering only the reduced sample. Since
the reduced sample did not include any participants that reported
noticing a decline, but not considering it worrisome, it is possible
that the shift in FRN sensitivity to negative vs. positive feedback is
specifically related to the worry-aspect of SCD, thus particularly
distinguishing participants that worry, from those that do not,
about cognitive decline. However, the non-significant interaction
in the reduced sample could also be due to a reduced power. A
larger, more homogeneous, sample would be necessary to shed
further light on the role of affective factors in the present
result patterns.

Notably, an exploratory analysis revealed that CERAD word list
learning, which was the only neuropsychological test variable that
differed between the groups, mediated the effect of group on the FRN
difference due to valence. Statistically speaking, the groups hence
differed in the sensitivity of the FRN to feedback valence via their
word list learning ability. It is important to keep in mind that this
analysis was not planned for a priori and these results should
be regarded with caution. A replication of this finding is necessary
before strong conclusions can be drawn. Furthermore, these results
are purely correlational; inferences about a causal relationship cannot
be drawn. Assuming that word list learning may be taken as an
indicator of neuro-cognitive function (such that perhaps reduced
word-list-learning scores could be a marker of subtle decline), this
pattern may nevertheless somewhat speak for a role of measurable
cognitive difficulties in the observed shift in valence sensitivity of the
FRN. Further research is necessary to test this.

To sum up, one mechanism related to SCD may be a relative
enhancement of FRN amplitude to negative, relative to positive,
performance feedback, and this pattern may be related to depressive
symptoms and worries. Although the cross-sectional design of the
present study does not permit causal conclusions, one possibility is
that a stronger relative tendency to process negative feedback is a
precursor of the development of a worry about cognitive decline.
Alternatively, worries of one’s own cognition declining may lead to a
stronger sensitivity to the processing of negative versus positive
feedback, in the present design reflected in an equally pronounced
FRN to positive and negative feedback.
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Interpretation of the P3b results

Both groups showed a larger P3b for negative feedback, thus
replicating Ferdinand and Hilz (2020). It thus appears that the
processing bias between the SCD and the No-SCD group, depending
on feedback valence, did not extend to later, higher-level feedback
processing stages. Updating learned representations was thus engaged
to a larger extent by feedback about an incorrect, compared to a
correct response (see also Frank et al., 2005; Ferdinand, 2019).

Although there was a tendency for a reduced P3b amplitude in the
SCD group, which aligns with our original hypothesis, this difference
was not statistically significant. Furthermore, there was no evidence
for an extended “frontal shift” for the SCD, compared to the No-SCD
group. Some (Smart et al., 2014; Susana et al., 2021), but not all
(Cespon et al,, 2018; Garrido-Chaves et al., 2021) previous studies
have shown a decline in P3b amplitude in individuals with subjective
cognitive complaints. P3b amplitude has been suggested as a marker
of reduced neural computational power in aging (van Dinteren et al.,
2014) and different clinical conditions including dementias (Hedges
etal., 2016), Parkinson’s disease (Xu et al., 2022), and schizophrenia
(Jeon and Polich, 2003). Since individuals with SCD compose a
heterogeneous population (e.g., Jessen et al., 2014), and given the
possibility that P3b amplitude may be sensitive to actual (rather than
perceived) neuro-cognitive dysfunction, a heterogeneity within the
sample, including some individuals with an increased risk for
dementia and some without, could have resulted in a reduced power
to uncover group differences in P3b amplitude.

One speculation is that the FRN, elicited by negative vs. positive
feedback, and the P3b show a stronger relative association of
subgroups with pronounced worries (FRN) and those with subtle
cognitive symptoms (P3b), respectively, in SCD. Thus, we found little
evidence for reliable cognitive symptoms, in the sense of reduced
scores in neuropsychological tests, in SCD, but the SCD group showed
clear differences, compared to the No-SCD group, in mood symptoms
like depression and anxiety. Notably, Perrotin et al. (2017) reported
that SCD patients who had already sought out a medical exam for
cognitive decline, but not a community sample of participants with
SCD, showed a significant gray matter volume decline in several brain
regions including the hippocampus (despite no differences in
neuropsychological testing). Given the fact that we recruited
participants from the community rather than from memory clinics,
the present sample may hence show a comparably higher tendency
toward the mood rather than neuro-cognitive symptoms of SCD. This
may, in turn, account for the specific FRN pattern, but no reduction
in P3b amplitude. Along this line of thought, it would be interesting
for future studies to systematically examine whether those individuals
who do show a reduced P3b amplitude in SCD are also those who will
progress to eventually show cognitive decline in the future. A
longitudinal design would be necessary to examine this.

Limitations

Several limitations are worth noting regarding the
operationalization of SCD in the present study. First, we assigned
participants to the SCD-group based on two characteristics: A
subjective perception of a cognitive decline beyond what is perceived

as normal, and a worry about this decline. Our operationalization of
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the SCD group thus focused on a combination of these two factors.
The No-SCD group was somewhat heterogeneous in that it included
participants who noticed no cognitive decline at all and those that did
notice a decline but were not worried about this. Although a control
analysis on a subset of 17 No-SCD participants included only
participants that did report not noticing any cognitive decline, this
smaller sample leads to a lowered statistical power. Future studies may
either focus solely on participants who report no cognitive decline
whatsoever, or collect a sufficient number of participants to examine
differences between all three groups (no perceived decline, perceived
decline but no worries, perceived decline with worries), to obtain
more homogeneous groups.

Moreover, we ignored other potentially important characteristics
of the SCD construct. For example, we did not capture or account for
the age of onset of these SCD symptoms, as is recommended by the
SCD initiative (Jessen et al., 2014). Furthermore, we had no measure
to examine the “accuracy” of each individual’s subjective experience
of cognitive decline. This could be achieved by implementing third-
party assessments by close relatives, or by capturing independent
measures of an individual’s metamemory accuracy (Chapman et al,
2022), in future studies.

Furthermore, since we used a cross-sectional design, no
causal conclusions are possible between the differences in SCD
symptoms and the difference of FRN amplitude to negative versus
positive feedback. The present results can hence not arbitrate
between the idea that a relative processing bias toward negative
feedback is a precursor of SCD symptoms or the idea that
individuals with SCD, perhaps related to a negative mood or
worries, pay closer attention to negative feedback. To explore
this, it will be important for future studies to implement
longitudinal designs, which would also allow for an analysis of a
sub-group of individuals who proceed to develop cognitive
decline versus those who do not.

It is also unclear which role specifics of our probabilistic learning
task played in the observed result pattern. There were thus a few
participants who did not improve their performance across the task
quarters. Specifically, five participants (2 SCD and 3 No-SCD)
showed learning slopes at or below 0. Hence, both groups were
evidently composed of some participants who improved their
performance across the task, and who were hence successful in
learning the correct assignments to the two moving vans, and others
that did not. The small sample size did not permit a subgroup
analysis of only those participants with slopes above zero, which
could be an important route for further research. Furthermore, it
would be important to determine which role the relatively high
overall task difficulty (mean accuracy of 0.71 in the last quarter of
the task; Figure 1) played in our result pattern. Although there were
no group differences in task performance and hence task
performance is not confounded with the groups, it is still unclear
whether the results would generalize to a task that differs from the
present one in factors such as task difficulty, and consequently the
expectancy of positive vs. negative feedback. Finally, it would
be interesting to examine to what extent our results generalize to
different kinds of tasks. For example, Garrido-Chaves et al. (2021)
reported no differences in the FRN amplitude pattern between older
adults with and without memory complaints in the Iowa Gambling
Task. Although other aspects of the study design and sample differed
between that study and ours, differences in the task demands could
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account for the partially discrepant result patterns. Further research
is needed to examine this question.

Conclusion

In a probabilistic learning task, in which participants had to
learn from emotional feedback, despite no differences in behavioral
performance, we found differences between a community sample
of individuals with SCD symptoms, compared to a group without
such symptoms, in the relative amplitude of the FRN to negative vs.
positive feedback. One early marker that differs between older
adults with vs. without SCD could hence be the manner in which
positive and negative performance feedback from the environment
(and/or from internal feedback cycles) is processed.

It will be important for further research to replicate our results with
larger samples and to extend them to longitudinal designs. If the relative
FRN amplitude to positive vs. negative performance feedback is
confirmed to be a robust SCD marker and potentially predictive of
cognitive decline, a next step would be to examine its utility in improving
early diagnosis of cognitive decline. Compared to other neuroimaging
methods like fMRI, EEG is a relatively cost-effective technique that is
relatively simple to apply. Hence, ERP measures are in principle suitable
to be integrated into early diagnostic procedures of cognitive decline.
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