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Abstract Introduction: Subjective cognitive decline (SCD) refers to an at-risk state of Alzheimer’s disease
and subtle cognitive deficits that have been observed in this condition. Currently, it is unknown
whether complex cognitive processes relevant to everyday life, such as future-oriented choice
behavior, are also altered in SCD.

Methods: Twenty SCD participants and 24 control (CO) participants took part in a functional mag-
netic resonance imaging task on intertemporal decisions, with and without simultaneous episodic
future imagination.

Results: SCD participants showed reduced future-oriented choices. Future imagination increased
future-oriented choices and was associated with increased brain activation in medial frontal polar cor-
tex, right insular cortex, and anterior cingulate cortex in CO only, not SCD. In addition, more future-
oriented choices were associated with hippocampal activation during choice processing in CO only.
Discussion: Subtle neuronal network disruptions in SCD may underlie their myopic future decisions
and lack of modulation of choice behavior by episodic future imagination.

© 2017 The Authors. Published by Elsevier Inc. on behalf of the Alzheimer’s Association. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).

Keywords: Subjective cognitive decline; Alzheimer’s disease; Intertemporal decision making; Delay discounting; Episodic
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1. Introduction has been proposed that SCD may occur before mild
cognitive impairment (MCI) in the continuum toward the
clinical manifestation of AD [1].

By definition, cognitive impairment in SCD is not typically
evident when using standard neuropsychological tests.
However, a number of studies have shown SCD to be associ-
ated with slight reductions in cognitive performance, which
can be detected when sample sizes are sufficiently large
[5,6], or when using challenging cognitive tasks [7-9].

\Both authors contributed equally to this work Nevertheless, this. subtle. .reduction in perfonpance .is
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1466055. unclear to what extent it may interfere with cognitive tasks

E-mail address: xiaochen.hu@uk-koeln.de that have direct impact on individuals’ everyday life.

Subjective cognitive decline (SCD) refers to the self-
reported experience of worsening cognitive capacity in older
adults, who still perform within the normal range on
standard neuropsychological tests [1]. SCD has been estab-
lished as an at-risk condition for Alzheimer’s disease (AD)
dementia in clinical and epidemiological studies [2—4]. It
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Intertemporal decision making refers to the process of
choosing between rewards that differ in the amount and
time to delivery. It is the basis for long-term planning of
personal matters such as financial issues [10] and health-
related behaviors [11]. During intertemporal decision mak-
ing, people frequently give preference to smaller immediate
rewards rather than (even greater) future rewards. This
tendency to devalue future rewards as opposed to immediate
rewards is termed delay discounting (DD) [12]. Lower DD is
associated with better long-term achievements [ 13]. Individ-
ual differences in DD are related to personality traits [14,15]
and cognitive factors such as intelligence, working memory,
and episodic memory [16-20].

Functional magnetic resonance imaging (fMRI) studies
have shown multiple brain regions to be involved in DD.
These include brain areas associated with valuation process-
ing—such as ventral striatum, medial prefrontal cortex, and
posterior cingulate cortex [21]; brain regions associated with
cognitive control—such as lateral prefrontal cortex and
lateral parietal cortex [22,23]; and brain regions related to
episodic memory and episodic future imagination
[19,24,25], including the hippocampus. Animal studies
have shown that damage to the hippocampus induces an
increase in DD. Rats with hippocampus lesions were
intolerant of delay and showed a strong bias toward small
immediate rewards [26-29], with such increases in DD
showing no relation to deficits in spatial memory [27,28].

Increased DD has been observed across a broad range of
psychiatric disorders (e.g., addiction [30-32], schizophrenia
[33,34], ADHD [35], etc.) with relationships mainly made to
valuation and cognitive control processes [36]. Mild
cognitive impairment (MCI) and AD dementia, both of
which strongly affect the episodic memory system, are
also associated with increased DD [37,38]. It is currently
unknown whether changes in DD occur in SCD and which
neuronal systems contribute to an alteration in decision-
making process if changes do occur.

The fMRI studies have shown that the association of a
future reward combined with the imagination of a personally
relevant future event (episodic future imagination)
attenuates or modulates DD in healthy participants
[19,20,25]. The episodic memory system, which provides
the recollection of past events, is also crucial when
imagining future events. The episodic memory system
involves a network that includes medial prefrontal cortex,
posterior cingulate cortex, retrosplenial cortex, medial
temporal lobe, and lateral parietal cortex [39]. Increasingly,
there is evidence in individuals with SCD that components
of the episodic memory network are already affected. An
fMRI study identified reduced activation in the hippocampus
during an episodic memory task [40], whereas magnetic
resonance imaging studies have identified slight reductions
in structural volume and cortical thickness in medial
temporal lobe regions [41-43]. It is unknown whether this
mild episodic memory system dysfunction also impacts on
the modulation of DD by episodic future imagination.

In this study, we investigate whether SCD is associated
with changes in DD and with changes in the modulation
effect of episodic future imagination on DD. We hypothesize
that participants with SCD have increased DD and show a
reduced modulation effect of future imagination on DD.
Furthermore, we hypothesize that behavioral changes in
SCD are associated with changes in the episodic memory
brain network.

2. Methods
2.1. PFarticipants

Twenty individuals with SCD (11 males) and 24 control
(CO) participants (14 males) took part in the study
(Table 1). Individuals with SCD were recruited via the
memory clinic of the interdisciplinary treatment and
research center for neurodegenerative disorders (KBFZ) at
the University Hospital of Bonn, and via the interdisci-
plinary Memory Disorder Center at the University Hospital
of Cologne. All SCD participants sought medical help due to
experiencing a decline in memory and reported an onset of
this decline within the last 5 years. All fulfilled the recently
proposed SCD research criteria [1]. Control participants
were recruited from the local community via advertisement
and reported no decline in cognitive performance within the
last 5 years. Psychiatric and neurological diseases were
excluded in all participants. No participant used any medica-
tion that would influence cognitive function.

The cognitive performance of all participants was above
—1.5 standard deviations (SDs) of the age-, sex-, and
education-adjusted mean on all subtests of the “Consortium
to Establish a Registry for Alzheimer’s Disease” (CERAD;
German version) [44] neuropsychological test battery, which
includes the Mini—-Mental State Examination (MMSE).
Subthreshold depressive symptoms were assessed with the
Beck Depression Inventory (BDI) [45].

Self-report questionnaires were administrated for the
assessment of personality traits (i.e., impulsivity, reward
sensitivity, and time perspectives). These were the Barratt
Impulsivity Scale-11 (BIS-11) [47,48]; the Behavioral
Inhibition System and Behavioral Activation System (BIS/
BAS) [46]; the consideration of future consequences scale
[49]; and the Zimbardo Time Perspective Inventory [50].

Group differences in demographic, cognitive variables,
and questionnaires were tested with two sample t-tests,
Mann-Whitney U tests, or chi-square tests, as appropriate.
The study was approved by the local ethics committees
(University of Bonn, Germany; and University of Cologne,
Germany) in accordance with the Declaration of Helsinki.
All individuals provided written informed consent before
participation.

2.2. Procedures

The experiment took place on two separate days. On the
first day, a behavioral pretest of the DD task and the
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Table 1
Demographic data and cognitive and personality measures of participants

Control group SCD group Comparison
Mean age, years, n (SD) 66.49 (7.23) 68.29 (7.86) t(42) = —0.79; P = .65
Mean education, years, n _(SD) 14.79 (3.36) 15.50 (2.69) t(42) = —0.76; P = .45
MMSE, total score (SD)*' 29.54 (0.59) 29.10 (0.72) U = 159.00; P = .04
CERAD-word list free recall, n (SD) 9.04 (0.81) 8.75 (1.16) t(42) = 0.98; P = .33
CERAD-word list delayed recall, n (SD) 8.37 (1.28) 8.00 (1.84) t(42) = 0.80; P = 43
CERAD-semantic fluency, n (SD) 24.88 (4.99) 24.80 (4.83) t(42) = 0.05; P = .96
CERAD-phonemic fluency, n (SD) 14.58 (4.54) 16.53 (6.16)" t(4l) = —1.19; P = .24

CERAD-TMT-A, seconds (SD)
CERAD-TMT-B, seconds (SD)

BDI, total score (SD)* 4.46 (3.18)
BIS/BAS—drive, mean (SD)* 3.18 (0.48)
BIS/BAS—fun seeking, mean (SD) 3.13 (0.53)
BIS/BAS-reward responsive, mean (SD) 3.47 (0.40)
BIS/BAS-behavioral inhibition, mean (SD) 2.71 (0.49)
BIS-11-attention, mean (SD) 14.08 (3.17)
BIS-11-motor impulsivity, mean (SD) 21.17 (4.07)
BIS-11-nonplanning, mean (SD) 22.33 (5.31)
CFC, total score (SD) 3.50 (0.64)
ZTPI-past negative, mean (SD) 2.52(0.71)
ZTPI-present hedonic, mean (SD) 3.41 (0.54)
ZTPI-future, mean (SD) 3.68 (0.57)
ZTPI—past positive, mean (SD) 3.68 (0.54)
ZTPI-present fatalist, mean (SD) 2.77 (0.74)

40.35 (12.80)
78.04 (18.02)

34.63 (14.80)
77.65 (33.74)

t(41) = 1.36; P = .18
t(41) = 0.05; P = .96

7.90 (5.39) t(42) = —2.63; P = .01
2.79 (0.56) t(42) = 2.49; P = .02
2.80 (0.58) t(42) = 1.94; P = .06
3.39 (0.42) t(42) = 0.62; P = .54
2.96 (0.40) t42) = —1.87; P = .07

15.85 (2.70) t(42) = —1.97; P = .06

20.55 (3.73) 1(42) = 0.52; P = 61

23.95 (3.76) t(42) = —1.14; P = 26
3.44 (0.61) t(42) = 0.33; P = .76
272 (0.73) t(42) = —0.92; P = .36
3.14 (0.52) t(42) = 1.69; P = .27
3.67 (0.57) 1(42) = 0.06; P = .95
3.62 (0.65) 1(42) = 0.36; P = .72
2.84 (0.65) t(42) = —0.32; P = .76

Abbreviations: SCD, subjective cognitive decline; SD, standard deviation; MMSE, Mini-Mental State Examination; CERAD, Consortium to Establish a
Registry for Alzheimer’s Disease [44]; TMT-A and -B, Trial Making Test A and B; BDI, Beck Depression Inventory [45]; BIS, Barratt Impulsivity Scale
[46.47]; BIS/BAS, Behavioral Inhibition System/Behavioral Activation System [48]; CFC, Consideration of Future Consequences [49]; ZTPI, Zimbardo

Time Perspective Inventory [50].
*Indicate significant group differences in this measurement, P <.05.

"The group differences in MMSE were tested by the Mann-Whitney U test.

rMissing data on one subject.

neuropsychological assessment were performed. On the
second day, an interview for the generation of participants’
personally relevant episodic future event and the fMRI
experiment were conducted.

For the DD behavioral pretest, participants were required
to repeatedly make choices between a 20 € immediate
reward and a larger future reward (range: 21 € to 200 €)
for six delay intervals (1 week, 2 weeks, 1 month, 3 months,
and 1 year; see Supplementary Materials Section 1.1 and
Supplementary Fig. | for more details). For each delay
period, an indifferent point (IP) value that corresponds to
the reward amount at which the subject was indifferent to
either option was estimated using a binary logistic regres-
sion, performed in SPSS (version 22, IBM Corp., NY,
USA). For each subject, the IP values were used to adjust
the value of the future reward in the fMRI DD task, so that
in approximately half of the trials, the future option would
be chosen.

On the second day, participants underwent an interview to
identify personally relevant future events and to generate a
corresponding cue word for later use during the fMRI task
(see Supplementary Materials Section 1.2). Thus, the
fMRI task was individually tailored with regard to the
magnitude of delayed reward and the personalized future
events.

The fMRI task had an event-related design and con-
sisted of three sessions, each with 36 trials. Within each
session, 18 trials were randomly assigned as the control
condition and the other trials as the episodic condition.
The control condition (Fig. 1, upper panel) started with
an instruction rest period (8 seconds), followed by an
option-viewing period (5 seconds) and a jitter period
(range: 1-4 seconds). Participants were asked to press
the response button as soon as possible on the display
side of which their preferred reward was shown. Choice
periods were displayed for a maximum of 4 seconds.
After selection, feedback of their choice was shown for
0.5 seconds.

The episodic condition (Fig. 1, lower panel) started with
an instruction of imagination (8 seconds), during which
participants were asked to use imagery to envision future
events according to the cue word and to elaborate the events
with as much details as possible. The trial is then followed by
an option-viewing period (5 seconds), in which the cue word
was paired with a delay option. The remainder of the trial
was identical to the control condition. The side on which
immediate and future rewards were shown was counterbal-
anced.

Before the fMRI data acquisition, participants completed
a short practice session to familiarize with the experiment.
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Instruction Option Jitter Choice Feedback Jitter
Control REst t e 23€ |, 20€
Condition S 1 vieek today 1 week today
Instruction Option Jitter Choice Feedback Jitter
Episodic Imagination B§§€°h . é%’g# 23€ |, 20€
Condition 1 week today

Beach 1 week today

8s 5s 1-4s

max. 4 s 500 ms 5-8s

"

Fig. 1. The fMRI intertemporal decision task experiment. Each trial starts with an instruction: either a rest period (control condition) or an imagination
period (episodic condition), followed by a choice option—viewing period, a jitter period (1-4 seconds), and reappearance of the choice options: where
subjects are then asked to press a button to choose their option as soon as possible, and a choice feedback displayed at the end of each trial. During the control
condition, subjects are asked to make the intertemporal choice only; during the episodic condition, participants are asked to imagine their personal future
events according to the cue word and to elaborate the imagination as detailed as possible, additional to the choice process. Abbreviation: fMRI, functional

magnetic resonance imaging.

The actual reward from the fMRI task was realized by
drawing lots after the fMRI session. The fMRI data were
acquired using a Siemens Trio—3-Tesla MRI scanner
(Supplementary Materials Section 1.3).

2.3. Assessment of behavioral outcomes

The main behavioral outcomes of the fMRI task, the area-
under-the-curve (AUC) index, was calculated based on the
empirically estimated IP for both conditions (episodic, control)
[51], using a binary logistic regression. The normalized dis-
count fraction (the fixed immediate reward value 20 € divided
by IP) can be plotted against the normalized delay interval
(delay in days divided by 365). The AUC index was calculated
by summing up the trapezium areas under the discount frac-
tions. In addition, the discount rate was modeled by a hyperbol-
ic function [52] and indicated by the log-transformed
parameter, In(k) (Supplementary Materials Section [.4).
Only the AUC index was used for the correlational imaging
analysis because it is free from theoretical assumptions with re-
gard to the shape of the discount function and is normally
distributed [51]. A lower AUC value and a higher In(k) value
indicate a greater (steeper) DD (i.e., alower tendency to choose
future rewards). Behavioral data were analyzed using SPSS 22.
A mixed ANOVA with a within-subject factor for condition
(episodic, control) and a between-subject factor for group
(CO, SCD) were used to compare the mean differences of
the behavioral outcomes. To analyze the main effect of group,
a second mixed ANOVA with additional covariates of BDI
score and the personality measures with significant group dif-
ferences (BIS/BAS drive, see Table 1) were added. In addition,
simple effect analyses were carried out with a general linear
model (GLM) by using the estimated marginal means to
compare the mean differences between experimental condi-
tions within each group. Effect sizes of the simple effects of
condition within each group were calculated by taking the
within-subject repeated measurement design into account [53].

2.4. Image processing and analysis

The fMRI data were preprocessed and statistically
analyzed with statistical parametric mapping (SPMI12;
http://www.fil.ion.ucl.ac.uk/spm/) implemented in MAT-
LAB (Supplementary Materials Section 1.5). The fMRI
statistics were calculated using the GLM as implemented
in SPM12. At the first-level contrast, each subject and
each condition were modeled using the instruction-
viewing period (imagination, rest), the choice process
during the option-viewing period (option/episodic,
option/control), and the parametric modulations of the
subjective value during the option-viewing period (sub-
jective value/episodic, subjective value/control). In addi-
tion, the statistical model also included nuisance
regressors to account for the button presses, feedback
periods, six realignment parameters and global noises
(Supplementary Materials Section 1.5). For each subject,
six contrast images representing the instruction-viewing
period, choice process, and subjective valuation were
created and used in second-level group analyses.

At the group level, three separate flexible factorial designs
were created for the contrasts: instruction-viewing period,
the choice process, and the subjective valuation. Within
each model, differences between conditions were calculated,
separately, for each group. To examine brain activations that
are common in both groups (episodic_CO > control CO N
episodic_SCD > control_SCD), conjunction analyses were
performed. To examine the effect of group in brain
activation for the task, interaction analyses [(episodic_CO
> control_CO) > (episodic_SCD > control_SCD)] were
performed. Brain activations at P <.05 familywise corrected
at the cluster level for the whole brain were reported for these
conjunction and interaction analyses.

Because animal studies have shown increased DD in
lesioned hippocampus [26-29], we hypothesized a
significant association between discount rate (AUC) and
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hippocampal activation. Correlation analyses between AUC
and the activation during the choice process were performed,
separately, for each group and each condition. For these
analyses, we consider bilateral hippocampus as regions of
interest, a liberal statistical threshold (P << .005,
uncorrected) was applied.

For all second-level analyses, scanner phase
(Supplementary Materials Section 1.5) and subthreshold
depressive symptoms measured by BDI were added to the
models as nuisance covariates. For display purpose, all im-
ages are thresholded at P <<.005 (uncorrected).

3. Results
3.1. Behavioral data

Table 1 shows demographic and cognitive performance
data of the participants. No significant group differences
were found in age, sex, and years of education. MMSE
scores were significantly different between groups (CO
[mean, SD] = 2954 =*= 0.59; SCD [mean,
SD] = 29.10 = 0.72; U = 159.00, P = .036); however, all
individual scores range between 28 and 30 points. Groups
did not differ in performance on CERAD subtests. Although
the SCD group scored slightly higher on the BDI and slightly
lower on the BIS/BAS—drive subscale, none of the partici-
pants had been diagnosed as having a depressive episode ac-
cording to ICD-10 during a clinical psychiatric examination
before inclusion in the study. No group differences were
found for other self-reported measures.

The CO group responded to 99.41 = 0.95% (mean, SD)
and the SCD group to 98.47 = 3.33% (mean, SD) of the
fMRI trials. No group difference in response rates was found
[t(42) = 1.32, P = .19]. Response times (RTs) also showed
no group difference [F(1,42) = 1.05, P = .31] and no
group X condition interaction [F(1,42) = 0.12, P = .73]
[CO: RT_control (mean, SD) = 880 = 234 ms, RT_episodic
(mean, SD) = 874 £ 253 ms; SCD: RT_control (mean,
SD) = 804 = 309 ms, RT episodic (mean,
SD) = 786 * 293 ms].

The mixed ANOVA of the DD results [AUC, In(k)] with
the BDI score and the BAS drive subscore of the BIS/BAS
scale as covariates showed a main effect for group, AUC:

*

1
5.00 A {
* 8]
—~ )
X< -6.00 - ' <
E S —
-7.00 .
CO SCD

0.80

0.70

0.60

0.50
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[F(1,1) = 5.52, P = .02; CO (mean, SD) = 0.71 = 0.20,
SCD (mean, SD) = 0.57 = 022, n*> = 0.12; In(k):
F(1,1) = 5.80, P = .02, CO (mean, SD) = —6.17 £ 1.58,
SCD (mean, SD) = —5.13 = 1.54, nz = 0.13]. Fig. 2 shows
that the CO group has higher AUC and lower In(k) values (or
less steep discount rate), indicating a stronger preference for
future choices compared to the SCD group. In addition, the
mixed ANOVA showed a trend toward a significant main
effect of condition [AUC: F(1,42) = 3.35, P = .07,
n? = 0.07; In(k): F(1,42) = 2.90, P = .09, n*> = 0.07]; but
no group X condition interaction [AUC: F(1,42) = 1.17,
P = 29, n* = 0.03; In(k): F(1,42) = 1.12, P = .30,
n? = 0.03]. Simple effect analyses showed an increased
preference for future choices in the episodic than the control
condition in the CO group [AUC_control (mean,
SD) = 0697 = 021, AUC_episodic (mean,
SD) = 0.717 = 0.20, F(1,42) = 4.66, P < .05, d = 0.61;
In(k)_control (mean, SD) = —6.09 = 1.63, In(k)_episodic
(mean, SD) = —6.26 * 1.55, F(1,42) = 4.19, P < .05,
d = 0.51]. No difference between conditions was found in
the SCD group [AUC_control (mean, SD) = 0.57 * 0.22,
AUC_episodic  (mean, SD) = 057 = 0.24,
F(1,42) = 0.26, P = .61, d = 0.00; In(k)_control (mean,
SD) = =511 = 143; In(k)_episodic (mean,
SD) = —5.15 = 1.68, F(1,42) = 0.19, P = .67, d = 0.00].

3.2. fMRI data

Within the instruction-viewing part of the experiment,
stronger activation was observed in both groups during
imagination relative to rest period (episodic > control;
Supplementary Fig. 2A-B). The conjunction
analysis (i.e., episodic_CO > control CO N epis
odic_SCD > control_SCD) across both groups revealed a
network of bilateral prefrontal, temporal, inferior parietal,
medial frontal, medial parietal, and medial temporal areas
(Fig. 3A; Supplementary Fig. 2C). A significant
group X  condition interaction [i.e., (episodic
_CO > control_CO) > (episodic_SCD > control_SCD)]
was found in the medial frontal polar cortex, extending into
the left anterior cingulate cortex (Fig. 3B; Supplementary
Fig. 2D, Supplementary Table 2). This area was more acti-
vated for the episodic condition than the control condition

| Episodic
{ m Control

Cco

SCD

Fig. 2. Behavioral performance of the fMRI delay discounting task. Abbreviations: AUC, area-under-the-curve; CO, control; fMRI, functional magnetic
resonance imaging; In(k), logarithm-transformed discount value k estimated by the hyperbolic function; SCD, subjective cognitive decline. *P < .05.
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A Conjunction analysis: episodic_CO > control_CO N episodic_SCD > control_SCD

B Interaction analysis: (episodic_CO > control_CO) > (episodic_SCD > control_SCD)

Instruction Viewing

0.60
0.30

0.00

beta value

-0.30

-0.60

Medial Frontal Polar Cortex

H Episodic
H Control

co SCD

Fig. 3. Brain activations during the instruction-viewing period. (A) Common activations during the episodic future imagination in both CO and SCD groups
revealed by conjunction analysis. This network included bilateral prefrontal, temporal, inferior parietal, medial frontal, medial parietal, medial temporal areas
(Prwg < .05). (B) Significant brain activations during the instruction-viewing period for the group X condition interaction effect (Prwg < .05). Activations
were thresholded at P <.05 (uncorrected) for displaying purposes. Abbreviations: CO, control; SCD, subjective cognitive decline.

in the CO group (Supplementary Fig. 2A), but not the SCD
group (Supplementary Fig. 2B).

For the choice process during the option-viewing period,
a significant group X condition interaction was found in the
right insular cortex (Fig. 4, upper panel; Supplementary
Fig. 3D, Supplementary Table 2). And the right insular cor-
tex was more activated in the episodic condition than the
control condition in the CO group (Supplementary
Fig. 3A), but not the SCD group (Supplementary Fig. 3B).

For subjective valuation during the option-viewing
period, a significant group X condition interaction was
found in the right anterior cingulate cortex (Fig. 4, lower
panel; Supplementary Fig. 4C, Supplementary Table 2). In
the CO group, the activation related to the subjective value
is stronger during the episodic condition in comparison
with the control condition (Supplementary Fig. 4A), no
such differences were found in the SCD group
(Supplementary Fig. 4B).

Finally, the correlation analyses showed a significant
association between the AUC values and activation in
the left hippocampus during the choice process, in the
CO group, in both conditions (Fig. 5; Supplementary
Table 3). No association between AUC and hippocampal
activation was found in the SCD group. The extracted
mean beta values, using a 4-mm sphere around the
peak coordinates, showed a positive correlation between
AUC values and hippocampal activation in the control
condition (r = 0.63, P < .005) and in the episodic
condition (r = 0.44, P < .05) for the CO group. No
correlations were found for the SCD group in either
condition (control: r = —0.26, P = .29; episodic:
r = 0.08, P =.76).

4. Discussion

The present study demonstrates that individuals with
SCD show altered choice behavior in an intertemporal
choice task with an increased discounting of future rewards.
This result extends previous research showing reduced
future-oriented choice in individuals with MCI [37]. In
addition, the CO group exhibited attenuated discount rates
(i.e., increased future-oriented choices) during the episodic
future imagination condition, a result that is consistent
with findings in young individuals, using similar paradigms
[19,20,25]. This effect was not observed in the SCD group,
indicating a lack of modulated choice behavior when using
episodic future imagination. Although the difference in
modulation of DD by episodic future imagination between
groups was not significant in the interaction analysis, the
simple effects analyses in both groups and the effect sizes
in each group provide supportive evidence that the
modulation of DD works well in the CO group but not in
the SCD group. A larger sample with greater statistical
power is required to confirm this behavioral effect. Our
fMRI data demonstrate subtle changes in the episodic
memory system, in the SCD participants, which may
underlie myopic future decisions and the lack of
modulation in choice behavior by episodic future
imagination. In the following, we discuss the nature of
these subtle changes in the episodic memory system and
the lack of DD modulation effect in SCD, in more detail.

For the fMRI instruction-viewing period, the conjunction
analysis revealed that both groups engaged a common
network including bilateral prefrontal, temporal, inferior
parietal, medial frontal, medial parietal, and medial
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Group X Condition Interaction
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Right Insular Cortex

0.00 ~

-0.20

-0.40

-0.60 - co SCD

Right Anterior Cingulate Cortex
0.03 -
0.02 -
0.01 A
0.00
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Fig. 4. Brain activations during the choice option—viewing period. (Upper panel) Significant group X condition interaction effect of the brain activations related
to choice process (Prwg < .05). (Lower panel) Significant group X condition interaction effect of the brain activations related to the subjective valuation pro-
cess. Activations were thresholded at P <.005 (uncorrected) for displaying purposes. Abbreviations: CO, control; SCD, subjective cognitive decline.

temporal areas, consistent with the network reported in
previous neuroimaging studies on episodic future imagina-
tion [39], and very similar to the network activated for future
imagination during DD studies in young healthy participants

Control Condition
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[19,20,25]. This analysis indicates that both groups activated
the episodic memory system including the medial temporal
lobe areas for the episodic future imagination task. However,
higher activation in bilateral frontal polar cortex and the
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Fig. 5. Associations between individual discount rates and parameter beta estimates in the left hippocampus. Significant positive association between discount
rate (area-under-the-curve [AUC]) and left hippocampus activity under both episodic and control conditions were found in the CO group only (P < .005,
uncorrected), but not in the SCD group. Abbreviations: CO, control; SCD, subjective cognitive decline.
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adjacent anterior cingulate cortex during imagination
relative to the rest period (episodic > control) was only
observed in CO and not in SCD, indicating that CO
recruited a wider extent of the areas during episodic future
imagination. The frontal polar cortex has been found to be
active during the elaborated future imagination [54] and to
support sustained attention during recollection of past events
and imagination of events in the future [55]. Thus, our result
suggests that lower engagement of the frontal polar cortex in
the SCD may influence episodic future imagination.

We found a significant group X condition interaction
during the choice option—viewing period, in which the CO
group had higher activation in the episodic condition relative
to control conditions, while the SCD group had lower
activation in the episodic condition relative to the control
condition, in the right insular cortex. The insula has
repeatedly been shown to be involved in intertemporal
choices [56] and suggested to be a critical component of
the decision-making network that integrates the prefrontal
cortices and the limbic areas [57]. The insula has also been
shown to be engaged in switching between the default
mode network, which corresponds to the episodic memory
system, and the executive network [58]. In our study,
participants need to switch between future imagination
that strongly engaged the episodic memory system and
intertemporal decision making, which involves a central
executive function component [59]. Our data indicate that
the CO group may engage the insular cortex more strongly
during this switching process, compared to the SCD group.

Regarding the subjective valuation process, a
group X condition interaction was found in the right
anterior cingulate cortex. The CO group showed increased
activation for subjective value—associated activation in the
right anterior cingulate cortex, during the episodic condition
relative to the control condition, but not in SCD. The
valuation-associated signal in the anterior cingulate has
been shown to be associated with modulation of DD by
future imagination in young healthy participants [19,20].
Taken together, our result suggests that our elderly CO
group uses the same neuronal network for attenuating the
discount rate through episodic future imagination as young
healthy participants from other studies, something that was
not observed in the SCD group.

Several animal studies have shown increased DD in
lesioned hippocampus [26-29], and theses deficit in
future-oriented choices was not associated with deficits in
spatial memory [27,28]. Based on these animal studies,
we investigated further the relationship between discount
rates and bilateral hippocampal activation using a region
of interest analysis. We observed an association between
individual discount rates and left hippocampal activations
in the CO group only, not the SCD group. In humans,
the hippocampus seems to have a complex role in
delay discounting. Increased connectivity between the
hippocampus and medial prefrontal cortex has been
associated with the increased attenuation of discount rates

due to future imagination in young healthy participants
[19,20,25], indicating that the hippocampus serves to
facilitate the desire of future reward. However, patients
with hippocampus lesions may [60], or may not [61],
display a deficit in this modulation effect. Nevertheless, a
clear interpretation from lesion studies in humans can be
often hard to achieve due to differences in the accuracy
of lesion mapping, the spatial extent of reported lesions,
reported symptoms/deficits, and the type and number of
statistical controls used [62,63]. Thus, it is very
interesting for future researchers to examine the role of
subregions of the hippocampus and their connectivity to
other brain areas during DD. Our data suggest that the
discount rate in the CO group was associated with
increased hippocampus activity, a finding consistent with
data from animal-based research, whereas the relationship
between the discount rate and hippocampal activation
may be more complex due to subtle changes in the episodic
memory system (e.g., changes in hippocampal subregions)
in SCD participants.

This study has limitations. We did not use biomarkers
to determine amyloid or tau pathology in our study.
Hence, we attribute our findings to SCD as an at-risk
state of AD dementia [4] and not to preclinical AD.
Second, the present study used a laboratory measurement
of intertemporal choice using monetary reward; for this
reason, it is not certain how our findings, if at all,
translate to the everyday life decisions for events such
as retirement planning, medical treatment planning, or
other health-related behavior. Third, we acknowledge
that the SCD group has a relatively small sample size
that may affect the statistical power of the reported
results. A replication of this study with a larger sample
size is recommended in the future to confirm the
observed behavioral effect.

In summary, the SCD group showed reduced future-
oriented decisions and an absence of modulation by episodic
future imagination compared to the CO group. The fMRI
data indicated subtle neural network disruptions in the
SCD group, including the reduced activation within the
episodic memory system and reduced activation related to
attentional processes and to subjective valuation. A tendency
to choose immediate rewards rather than wait for greater
future rewards along with a reduced capacity to change
decisions using episodic future imagination may combine
to have a significant impact on everyday life decisions in
individuals with SCD.
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RESEARCH IN CONTEXT

1. Systematic review: We reviewed the literature on
subjective cognitive decline (SCD) as an at-risk
condition for Alzheimer’s disease (AD). SCD is
characterized by subtle cognitive dysfunctions. In
addition, we reviewed the brain areas involved in
intertemporal choices, including the hippocampus,
along with literature that addressed impaired inter-
temporal choices in patients with mild cognitive
impairment and AD.

2. Interpretation: We found that SCD participants made
reduced future-oriented choices and that their choice
behaviors were not modulated by episodic future
imagination. Functional magnetic resonance imag-
ing data showed that decreased engagement of the
episodic memory system, including hippocampus,
largely contributed to the myopic decision patterns.

3. Future directions: Future work should evaluate the
relationship between the pattern of intertemporal de-
cision making in patients at risk for AD and their
everyday life decisions, such as retirement planning,
the treatment and prevention planning relating to
AD, or other health-related behavior.
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