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Abstract
Temporal discounting occurs when a greater delayed reward is forsaken for a smaller immediate
reward, and has been associated with a number of financial and health care outcomes important
for older adults. Using resting-state fMRI and seed regions of interest in the left and right fronto-
insular (FI) cortex, we explored the neurobiological substrate of temporal discounting in 123 non-
demented older adults from the Rush Memory and Aging Project. For the left FI, temporal
discounting was positively associated with functional connectivity to the right ventromedial
prefrontal cortex and middle temporal regions, and negatively associated with parahippocampal
and right cerebellar regions. For the right FI, temporal discounting was negatively associated with
functional connectivity to a right cerebellar region. Connectivity maps of both left and right seed
regions of interest overlapped in the right cerebellum. Results support the notion of different brain
functional connectivity patterns associated with the dynamic range of temporal discounting in old
age.
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Introduction
Temporal discounting refers to when individuals prefer a smaller, more immediate reward
versus a larger reward at a later time. The greater value of the delayed reward is
“discounted” for the more immediate smaller reward. Temporal discounting is believed to
reflect a type of impulsivity or a difficulty in considering future events in decision making
(Ainslie, 1975) and has been associated with many meaningful real-word phenomena such
as drug addiction (Bickel et al., 2007), weight gain in obesity (Kishinevsky et al., 2012), and
credit card debt (Meier and Sprenger, 2010). Temporal considerations are significant factors
in decisions that are associated with financial and health wellbeing of older adults and their
families.

Understanding the neurobiologic substrate of temporal discounting is a significant public
health concern since this is a necessary step to the development of interventions that
promote effective decision making and well being in old age. While there have been some
studies of temporal discounting in younger populations (McClure et al., 2004; 2007; Hariri
et al., 2006; Cardinal, 2001), very little is known of the neural mechanisms of temporal
discounting in old age. A neuroimaging method that may assist in elucidating the
neurobiological substrates of this complex behavioral characteristic is resting-state fMRI (rs-
fMRI). This noninvasive approach ascertains functional connectivity parameters in brain
networks through temporal coherence of low frequency fluctuations in the blood-
oxygenation-level-dependent (BOLD) signal among brain regions. Regions that demonstrate
high temporal coherence are believed to function as a network, and the strength of the
connections within these networks may vary according to multiple factors. This brain
imaging approach is brief, requires little to no cognitive engagement on the part of the
participant, and has been successfully used to illuminate complex mechanisms of the
dementia process (Greicius et al., 2004; Buckner et al., 2005). This approach has been
recently used to study temporal discounting in a young adult population (Li et al., 2013);
however, to our knowledge, this approach has not been used to examine temporal
discounting in old age.

Using resting-state fMRI, we explored the neurobiological substrate of temporal discounting
in 123 non-demented older adults from the Rush Memory and Aging Project, a longitudinal
and community-based cohort study of aging. All participants underwent extensive clinical
assessments and behavioral economic questions that assessed for temporal discounting. For
our functional connectivity analyses, we utilized the fronto-insular cortex (right and left) as
our seed region of interest for three reasons: (1) it has been considered critical in studies of
value-assessments and social decision making due to the proliferation of spindle neurons in
this region (Allman et al., 2010), (2) it has been shown to be active during discounting tasks
regardless of response (Whittman et al., 2010), suggesting it has an important role in
decision making regardless of type of choice, and (3) it has been previously used to
interrogate the functional network of frontal regions that have been heavily implicated in
studies of temporal discounting (Seeley et al., 2007). Based on previous task-related fMRI
and brain lesion studies of temporal discounting in younger populations, we hypothesized
that functional connectivity to the ventromedial prefrontal cortex region would show a
positive association to temporal discounting (McClure et al., 2004; 2007).

Methods
Participants

All procedures were approved by an Institutional Review Board at Rush University Medical
Center. Participants for this study were 123 older adults without dementia and were
individuals enrolled in the Rush Memory and Aging Project, a community-based cohort
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study of aging and dementia (Bennett et al., 2012). Study participants in the Rush Memory
and Aging Project were recruited from local residential facilities, including retirement
homes, senior housing facilities, and community organizations in the Chicago metropolitan
area. All participants were without known dementia when they were enrolled, and they are
followed annually. For the current study, inclusion criteria required that participants be
without dementia based on a detailed clinical evaluation (Bennett et al., 2006). Cognitive
impairment was determined by a clinical neuropsychologist with expertise in aging and AD
who reviewed the cognitive data, information about the participant’s background (e.g.,
education/occupation, sensory and motor deficits), and a clinical evaluation of the
participant done by a clinician with expertise in aging and dementia. A diagnosis of
dementia was determined in accordance with NINCDS/ADRDA criteria by the evaluating
clinician (Bennett et al., 2002; Boyle et al., 2005).

The Memory and Aging Project began in 1997 and assessment of discounting and brain
imaging were initiated in 2008. At the time of these analyses, 1299 participants had enrolled
and completed their baseline evaluation in the parent study, 443 died, and 77 refused further
participation before discounting and scan data collection began. Of the remaining 779, 260
had MRI contraindications or were unable to sign informed consent leaving 519 eligible for
scanning. Of these, 155 (29.9%) refused, 214 were scanned, and the remaining 150 were still
being scheduled for scanning. From the 214 that were scanned, 14 were dropped due to
excessive motion, 7 were dropped due to scanning data acquisition problems, leaving 193
participants. An additional 9 participants were dropped because of quality assurance issues
relating to scan data, leaving 184 participants. Sixty-one participants of the remaining 184
were not given temporal discounting behavioral assessments at the time of analysis, leaving
123 participants without dementia who had undergone neuroimaging and completed
temporal discounting behavioral economic assessments.

Assessment of Temporal Discounting
Temporal discounting was assessed using 7 binary questions, following a standard
preference elicitation protocol, as described in detail previously (Boyle et al., 2012).
Participants were asked to choose between an immediate, smaller or a delayed, larger
payment. An example is: “Which do you prefer, that you get $10 in cash right now or
$13.50 in a month?” The current payoff was fixed at $10 and the delay period was fixed at
one month for all questions. Delayed payments ranged from $10.75 to $30, with payment
amounts varying across questions.

Image Acquisition and Processing
The mean time period between temporal discounting and neuroimaging was approximately 6
months (mean days=174.63, standard deviation days=196.02). Magnetic resonance imaging
(MRI) scans were conducted on a 1.5 Tesla clinical scanner (General Electric, Waukesha,
WI), equipped with a standard quadrature head coil, located within the community of the
sample. High data quality was ensured through daily tests of the scanner’s performance and
thorough quality control tests on the raw data. High-resolution T1-weighted anatomical
images were collected with a 3D magnetization-prepared rapid acquisition gradient-echo
(MPRAGE) sequence with the following parameters: TR = 6.3 ms; TE = 2.8 ms; preparation
time = 1000 ms; flip angle = 8°; 160 sagittal slices; 1 mm slice thickness; field of view
(FOV) = 24 cm × 24 cm; acquisition matrix 224 × 192, reconstructed to a 256 × 256 image
matrix; scan time = 10 min and 56 secs. Two copies of the T1-weighted data were acquired
on each subject and averaged. Resting state MRI data was acquired using a 2D spiral in/out
echo-planar imaging (EPI) sequence with the following parameters: TR = 2000 ms; TE = 33
ms; flip angle = 85°; 26 oblique axial slices; 5 mm slice thickness; acquisition/
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reconstruction matrix 64 × 64; FOV = 24 cm × 24 cm; 240 time-points/volumes; scan time =
8 min. Participants were asked to keep their eyes closed.

The skull was removed from the averaged structural MRI data using FreeSurfer’sHybrid
Watershed Algorithm (Segonne et al., 2004). Structural scans were also manually edited
when necessary to remove residual non-brain material. Brain segmentation into gray matter,
white matter and CSF was also performed using FreeSurfer (http://
surfer.nmr.mgh.harvard.edu/). Whole brain volume was derived, and the portion of brain
volume occupied by each tissue type was calculated. The first 6 image volumes of resting
state data were discarded to avoid using data collected before reaching MRI signal
equilibrium. Images were reconstructed on Linux machines from the acquired k-space data
(Glover et al., 2004). Using the Statistical Parametric Mapping software (Friston et al.,
1995; http://www.fil.ion.ucl.ac.uk/spm/) version 8 (SPM8), all volumes were corrected for
slice-timing and motion, were co-registered to the corresponding high-resolution T1-
weighted data using affine transformation, and spatially normalized to the Montreal
Neurological Institute (MNI) template. The normalized image volumes were spatially
smoothed with a 7mm full-width half-maximum (FWHM) Gaussian kernel. Next, a
bandpass filter of 0.01 to 0.08 Hz was applied to the data in temporal frequency space to
minimize low-frequency signal drift and high frequency signal variations due to cardiac and
respiratory effects. In order to remove any residual effects of motion and other non-neuronal
factors, 6 head motion parameters, as well as parameters for the white matter signal, global
mean signal, and cerebrospinal fluid signal were used as nuisance variables (Buckner et al.,
2009) in functional connectivity analysis using the Data Processing Assistant for Resting-
State fMRI (DPARSF; http://restfmri.net/forum/DPARSF) and SPM8.

To address concerns of head motion, we employed a two-step process of exclusion. All of
the participants included in the study had to satisfy exclusion criteria of head movement
during the entire fMRI scanning session of less than 2.5mm translation in any axis and less
than 2.5° angular rotation in any axis. They also had to satisfy an additional head movement
exclusion of 1.9mm translation in any axis and less than 1.9° angular rotation in any axis
over any 10 second interval.

Assessment of Cognition
All participants underwent neuropsychological evaluation. Participants were administered a
battery of neuropsychological tests. These included the Word List Memory, Word List
Recall, and Word List Recognition from the CERAD battery, the immediate and delayed
recall of Logical memory Story A and the East Boston Story, Verbal Fluency, Boston
Naming Test, a subset of items from the Complex Ideational Material Test, the National
Adult Reading Test, Digit Span subtest (forward and backward) of the Wechsler Memory
Scale-Revised, Digit Ordering, the Symbol Digit Modalities Test, Number Comparison, the
Judgment of Line Orientation Test, and Standard Progressive Matrices. A global cognition
score was also calculated by averaging the z-scores across all measures of cognitive
function.

Statistical Analyses
Temporal Discounting

The approach to determining temporal discounting has been detailed in prior work (Boyle et
al., 2012). Briefly, the discounting factor α was estimated using an established hyperbolic
function (Laibson, 1997; Frederick et al., 2002; Kirby et al, 1999; Kirby, 1997):
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(1)

where V represents the magnitude of the discounted value of the future reward A at delay D.
Larger values of V correspond to smaller values of α.

If the observed outcome of a trial is represented by Y, the decision to choose a later reward
is represented by Y = 1, and the decision to choose a current reward is represented by Y = 0,
we hypothesized that the probability P(Y = 1) depends on the difference between the
discounted future reward V and the present reward C. Therefore the odds of choosing future
reward over present reward can be expressed as:

(2)

For example, if V-C=0, this would represent no difference between the delayed and current
rewards. If V - C is positive, this would represent a predilection for the delayed reward with
odds greater than 1. A negative V - C would represent a predilection for the immediate
reward. The discounting rate α could therefore be derived from equation (2).

The Chronbach’s alpha of the temporal discounting measure was 0.86, indicating adequate
internal consistency. Further, because there are different ways of estimating discounting, an
exponential function that generates k-values was used as a comparison (Boyle et al., 2012).
The correlation between the α and k values was 0.99 (p<0.001), suggesting both yield
comparable measures of discounting.

Functional Neuroimaging
A spherical seed region of interest with a radius of 4mm was prescribed in the fronto-insular
cortex, with MNI coordinates of x = 38, y = 26, z = −10 (right FI) in accordance with
previous work (Seeley et al., 2007) and x = −38, y = 26, z = −10 (left FI) in consideration of
hemispheric laterality. A mean signal time course for each of the seeds was calculated and
used as a reference. Analyses were then conducted by examining the partial correlations
between the reference signal time course and the time series of each other voxel in the brain.
The voxels showing significant functional connectivity to the seed ROIs were identified as
those voxels whose partial correlation differed significantly from 0, based on whole-brain
Fisher’s z-transformation of the correlations at the individual level. In order to interrogate
brain regions functionally connected to the seed regions of interest, AlphaSim Monte Carlo
simulations (10,000 permutations) as determined by the AlphaSim program in AFNI (http://
afni.nimh.nih.gov) were employed to correct for multiple comparisons at cluster p<0.05.
This corresponded to a cluster size > 39 voxels for a voxel threshold p<0.004 for the left FI
and the right FI. Next, results of the whole-brain Fisher’s z-transformation were then
correlated with temporal discounting, while covarying for age, education, sex, and global
cognition using the same parameters for correction for multiple comparisons. Age,
education, and sex are factors known to correlate with multiple outcomes in epidemiologic
studies. Results were also adjusted for global cognition as this has been associated with
temporal discounting (Boyle et al., 2012). Seed-based functional connectivity analysis was
conducted with Resting-State fMRI Data Analysis Toolkit (REST: http://restfmri.net/forum/
REST).
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Results
Descriptive data are shown in Table 1. The sample was predominantly white and female
with an education beyond high school. Mini-Mental Status Examination (MMSE) score and
global cognition scores were within the average range as expected for non-demented older
adults. There were no significant associations between temporal discounting and
demographic variables. Seeding of the left and right FI yielded similar networks of
functionally related regions (Figure 1). Inferior lateral and medial frontal, and superior
lateral and medial temporal regions appeared to be particularly with the FI seed ROIs.

Adjusting for age, education, sex, and global cognition, voxel-wise comparisons revealed
that temporal discounting was positively associated with functional connectivity between the
left FI and a region in the right ventromedial prefrontal cortex, two regions in the right
middle temporal cortex, and one region in the left middle temporal cortex. For the left FI,
temporal discounting was negatively associated with functional connectivity to the right
parahippocampal and right cerebellar regions (Figure 2, Table 2).

Temporal discounting was negatively associated with functional connectivity between the
right FI and the right cerebellum (Figure 3).

Separate functional connectivity maps corresponding to seed regions of interest in the left
and right FI appeared to overlap at a region in the right cerebellum (Figure 4).

In order to demonstrate the selectivity of our observations, we used four additional 4mm
radius seed regions of interest in the motor cortex (x=−36, y=−25, z=57), visual cortex
(x=19, y=−98, z=−3), posterior cingulate cortex (x=0, y=−53, z=26), and medial prefrontal
cortex (x=0, y=52, z=−6). These regions of interest have been previously used as control or
experimental regions of interest in functional connectivity studies of aging (Hedden et al.,
2009). There were no significant clusters associated with temporal discounting using any of
these four seed regions of interest.

In order to clarify how our observations might support a particular model of temporal
discounting, we conducted additional analyses using two 4mm-radius seed regions of
interest in the dorsolateral prefrontal cortex (x=−44, y=36, z=20) and parahippocampal
gyrus (x=24, y=−6, z=−30). Functional connectivity between the dorsolateral prefrontal
cortex and fronto-insular regions was directly associated with temporal discounting (Figure
5, Table 3).

Functional connectivity between the parahippocampal gyrus and multiple regions in the
frontal and temporal lobes was inversely associated with temporal discounting (Figure 6,
Table 4).

Finally, we determined a median split in the population to examine if neural connections to
the left FI differ between those exhibiting the highest and lowest degree of discounting.
There were no demographic differences between median split groups (Table 5). Results
showed that those with the lowest degree of discounting have greater connectivity of the FI
to cerebellar and parahippocampal regions, and less connectivity to the caudate and
precuneus regions (Figure 7, Table 6).

Discussion
In functional connectivity analyses adjusting for age, education, sex, and global cognition
we observed a network of regions associated with temporal discounting in non-demented
older adults. For our functional connectivity analyses, we utilized the fronto-insular cortex

Han et al. Page 6

Exp Gerontol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



(left and right) as our seed region of interest for three reasons: (1) it has been considered
critical in studies of value-assessments and social decision making due to the proliferation of
spindle neurons in this region (Allman et al., 2010), (2) it has been shown to be active
during discounting tasks regardless of response (Whittman et al., 2010), suggesting it has an
important role in decision making regardless of type of choice, and (3) it has been
previously used to interrogate the functional network of frontal regions have been heavily
implicated in studies of temporal discounting (Seeley et al., 2007). For the left FI region,
temporal discounting was positively associated with functional connectivity to the right
ventromedial prefrontal cortex and middle temporal regions, and negatively associated with
functional connectivity to right parahippocampal and cerebellar regions. For the right FI
region, temporal discounting was negatively associated with functional connectivity to the
right cerebellum. In addition, functional connectivity maps separately associated with the
left and right FI and temporal discounting appeared to overlap in a region of the right
cerebellum. These observations appear to be selective to the FI as null findings were
observed for four other seed regions of interest. Finally, a median split of the population by
highest and lowest discounting showed functional connectivity differences to the FI,
additionally supporting its importance for temporal discounting.

Previous task-related functional neuroimaging studies in younger adults have implicated a
network of regions associated with temporal discounting, including the striatum,
orbitofrontal cortex, ventromedial prefrontal cortex, anterior cingulate, insula, posterior
cingulate, precuneus, angular gyrus, temporoparietal junction, and the inferior and middle
temporal cortex (McClure et al., 2004; 2007; Hariri et al., 2006; Cardinal, 2001; Whittman
et al., 2010). Theoretically, dorsolateral prefrontal and parietal networks process context
information beyond and in conflict with limbic-striatal networks that presumably process the
value of the immediate reward choice (McClure et al., 2004; 2007). This dualistic
hypothesis therefore suggests that a network of brain regions is organized in two conflicting
modules, one dedicated to the more rational cognitive processing of the delay reward benefit
and the other dedicated more to immediate gratification (Christakou et al., 2011). Another
hypothesis suggests that all of these regions are part of a unitary system that processes both
immediate and delayed rewards with varying levels of activity across brain regions
corresponding to different choices (Kable and Glimcher, 2007; 2010). A third and recent
hypothesis of the neurobiological substrate of temporal discounting incorporates evidence
from lesion studies that show hippocampal/parahippocampal lesions are associated with a
preference for more immediate choices in rodents and humans (Peters and Buchel, 2010;
2011). This hypothesis proposes brain regions are organized in three subsystems: (1) a
“valuation” subsystem consisting of the ventromedial prefrontal cortex, ventral striatum,
insula and orbital frontal cortex (with the ventromedial prefrontal cortex as a hub); (2) a
“cognitive control” subsystem consisting of the dorsolateral prefrontal cortex and anterior
cingulate (with the anterior cingulate as a hub), and (3) an “imagery/prospection” subsystem
consisting of medial temporal lobe structures. The imagery/prospection system is believed to
assist in representations of a “future self”, and in the context of temporal discounting, this
subsystem may assist with projection of the future self with the greater delayed reward.
While our results may be viewed as generally consistent with the first hypothesis that
proposes the notion of opposing subsystems (McClure et al., 2004; 2007), our results may be
viewed as consistent with this third hypothesis of the neurobiological substrate of temporal
discounting (Peters and Buchel, 2010; 2011) as we observed a direct association between
discounting and connectivity to the ventromedial prefrontal cortex, and an inverse
association between discounting and connectivity to parahippocampal regions for the left FI.

In order to more strongly test which model of temporal discounting might be most supported
by our results, we conducted post-hoc analyses with two additional seed regions of interest
in the dorsolateral prefrontal cortex and the parahippocampal gyrus. The first model of

Han et al. Page 7

Exp Gerontol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



temporal discounting proposes a subnetwork consisting of dorsolateral prefrontal and
parietal regions at odds with a limbic-striatal subnetwork (McClure et al., 2004; McClure et
al., 2007). Under this model, we would have expected to see an inverse relationship between
the dorsolateral prefrontal cortex and limbic-striatal networks. This was not observed.
Instead, dorsolateral prefrontal connectivity was associated with fronto-insular connectivity
when considering temporal discounting, further supporting our use of the fronto-insular
region as a seed region of interest. A second model of temporal discounting proposes that all
brains regions that have been implicated in temporal discounting are part of a unitary system
(Kable and Glimcher, 2007; Kable and Glimcher, 2010). Under this model, we would expect
to see all of these regions functionally connected to our seed regions of interest. This was
not observed. A third model proposes that memory networks are important for temporal
discounting (Peters and Buchel, 2010; 2011). When seeding the right parahippocampal
gyrus, we observed numerous and large significant clusters in frontal and temporal regions
inversely related to temporal discounting. These results suggest functional connectivity of
the parahippocampal gyrus is important for making better choices when given a temporal
discounting option in older participants. Because of this, we conclude that our results most
support the third model of temporal discounting (Peters and Buchel, 2010; 2011).

There have been some recent studies of temporal discounting in old age using behavioral
and activity-based event-related fMRI measures. Eppinger et al. (2011) studied 17 younger
adults and 15 older adults and found age-related reductions in temporal discounting.
Furthermore, these older-age reductions in temporal discounting were associated with lower
activity in ventral striatal regions. Samanez-Larkin et al. (2012) studied 12 younger adults
and 13 older adults using similar methods and also found ventral striatum activity less
strongly associated with temporal discounting in old age. Our results may be viewed as
consistent with these findings in the sense that we did not see ventral striatal regions
associated with the range of temporal discounting choices in our older age cohort. Since
ventral striatal activity has been associated with immediate reward dopaminergic activity,
and dopaminergic systems support associative learning about future rewards, the authors
suggested there might be some degree of dopaminergic neuromodulation that occurs with
age. Further research is needed to examine this hypothesis.

Resting-state fMRI was recently used to study temporal discounting in a young adult cohort.
Li et al. (2013) studied 23 young adults and implicated four networks of brain regions: a
network associated with money magnitude (right ventromedial prefrontal cortex, right
striatum, right posterior cingulate cortex, right hippocampus, bilateral parahippocampal
regions); a network associated with time delay (left anterior prefrontal cortex, left superior
frontal gyrus, left dorsolateral prefrontal cortex, left inferior frontal gyrus, bilateral
ventromedial prefrontal cortex, left dorsomedial prefrontal cortex, left inferior parietal lobe);
and two networks related to the contrasts of hard and easy trials, a frontoparietal network
(bilateral anterior prefrontal cortex, dorsolateral prefrontal cortex, inferior frontal gyrus,
inferior parietal lobe, right superior frontal gyrus, right middle frontal gyrus); and a dorsal
anterior cingulate-bilateral anterior insular cortex network. The authors additionally
presented evidence that functional connectivity values between regions may predict
temporal discounting in a separate sample. Our results show consistency with this study in
terms of implicating the ventromedial prefrontal cortex and the parahippocampal gyrus as
important for temporal discounting in old age. A notable difference between our study and
that of Li et al. (2013) is in number of implicated regions. It is remarkable that studies of
different age groups (e.g., Eppinger et al., 2011; Samenez-Larkin et al., 2012) using activity-
based event-related fMRI suggest some brain regions important for temporal discounting
choices in younger age may not be as active in old age (e.g., ventral striatum). Longitudinal
paradigms are needed to explore whether this may be true for other brain regions.
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The cerebellum has been increasingly implicated in complex cognitive control and behavior
processing beyond motor movement (Buckner et al., 2011; Rapoport et al., 2000), and the
right cerebellum in particular has been implicated in more verbal-oriented cognitive
processing. Given that cerebellar regions are connected to contralateral regions in the cortex,
it is notable that bilateral seed regions of interest from the left and right hemisphere
converged in this right cerebellar region. The modality of our temporal discounting task was
verbal in nature, which may be why we observed the right cerebellum as significant in our
results. Conceptualization of the cerebellum’s role in cognition and behavior is at an early
stage; however, one formulation is that the cerebellum is involved in “predicting and
preparing function” since it has diverse and integrative anatomical connections with cortical
regions throughout the brain (Gottwald et al., 2004). This formulation is congruent with the
implications of the presently observed findings suggesting this region in the right cerebellum
may have an important function in temporal discounting choices in old age.

These results have implications for understanding temporal discounting and decision making
in old age. Multiple studies have shown reduced or aberrant functioning of networks
involving hippocampal/parahippocampal regions as an early sign of the dementia process
(Buckner et al., 2005; Greicius et al., 2004). If this three-subsystem theory of temporal
discounting is valid, then as the imagery/projection subsystem may functionally deteriorate,
older adults may temporally discount more because of a weakening impact of the imagery/
projection subsystem upon the valuation subsystem. However, this is speculation and needs
to be experimentally tested with longitudinal models.

It should be noted that some groups have cautioned against interpretation of negative or
inverse functional connectivity values because of methodological factors that may
exaggerate negative or inverse findings (Van Dijk et al., 2010). We have chosen to present
all data results in the effort of full disclosure to let the reader and other groups reflect upon
the potential significance, if any, of these findings. In a dynamic, connectionist network
model of brain connectivity, it is certainly conceivable that strengthening of some
connections may be associated with weakening of others, as in the case of adolescent
synaptic brain development where the outcome of synaptic pruning is presumably a more
efficient system (Blakemore & Robbins, 2012). However, these general premises are outside
the testable scope of the present study.

Limitations of the current study include the selected nature of the cohort and the fact that the
questions used to ascertain temporal discounting involved hypothetical payments and not
real monetary gains. However, studies have indicated that hypothetical temporal discounting
situations show similar results to situations of real monetary gains. Using a within-subject
design, Johnson and Bickel (2002) found that 5 out of 6 participants showed comparable
rates of temporal discounting using a wide range of real and hypothetical monetary rewards.
Locey et al. (2011) replicated this finding in a group of 150 participants who completed a
paradigm that combined temporal discounting with the prisoner’s dilemma. Bickel et al.
(2009) extended these findings in thirty participants using functional MRI and again found
no differences in the brain activation pattern elicited by real and hypothetical monetary
rewards during a temporal discounting paradigm. These studies support the notion that real
and hypothetical monetary rewards have comparable temporal discounting effects. Brevity
of the temporal discounting assessment must also be acknowledged as a limitation, as a
longer and more dynamic behavioral assessment of temporal discounting may have yielded
more dynamic brain network characteristics and implicated more brain regions. Finally, the
magnitude of rewards used in our measure of temporal discounting was relatively small.
Others have noted that temporal discounting rates reduce with greater magnitudes of reward
(Myerson et al., 2011; Ballard and Knutson, 2009; Johnson and Bickel, 2002). Therefore the
magnitude of reward must be acknowledged as a limitation as we may have seen a larger
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range of temporal discounting responses and neuroimaging results with a larger range in the
magnitude of reward.

Strengths of the current study include the use of participants from a community-based
epidemiologic study and the ability to adjust for multiple confounding factors such as age,
education, sex, and global cognition that may have an impact upon functional connectivity
analyses. Greater knowledge of brain networks and regions associated with temporal
discounting in old age may have a significant public health impact by assisting in the
development of interventions for poor decision making. Future research is needed to clarify
what role each of these regions plays in decision making in old age.
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HIGHLIGHTS

• We correlated temporal discounting choices with resting-state fMRI in older
adults.

• Ventromedial prefrontal cortex connectivity correlated directly with
discounting.

• Parahippocampal gyrus connectivity correlated inversely with discounting.

• Results implicate brain networks important for decision making in old age.
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Figure 1.
Whole-brain rendering of functionally connected voxels to the left (red shading) and right
(yellow shading) fronto-insular (FI) cortex seed regions of interest (ROIs). AlphaSim Monte
Carlo simulation corrected for multiple comparisons at cluster p<0.05, cluster size > 39
voxels, voxel threshold p<0.004 for the left FI and right FI.
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Figure 2.
Functionally connected clusters associated with temporal discounting after adjusting for age,
education, sex, and global cognition, as indicated by a seed region of interest (ROI)
prescribed in the left fronto-insular cortex. Seed ROI MNI coordinates: x = −38, y = 26, z =
−10; radius = 4 mm; p < 0.004; cluster size > 39 voxels. Corrected for multiple comparisons
using AlphaSim Monte Carlo simulations at a cluster level threshold of p<0.05. Values
shown in scale correspond to t-scores.
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Figure 3.
Functionally connected clusters associated with temporal discounting after adjusting for age,
education, sex, and global cognition, as indicated by a seed region of interest (ROI)
prescribed in the right fronto-insular cortex. Seed ROI MNI coordinates: x = 38, y = 26, z =
−10; radius = 4 mm; p < 0.004; cluster size > 39 voxels. Corrected for multiple comparisons
using AlphaSim Monte Carlo simulations at a cluster level threshold of p<0.05. Values
shown in scale correspond to t-scores.
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Figure 4.
Statistically significant clusters associated with temporal discounting indicated by a seed
region of interest (ROI) prescribed in the left (reds) and right (yellows) fronto-insular cortex.
Overlap between both seeds can be seen in orange voxels in the right cerebellum.
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Figure 5.
Functionally connected clusters associated with temporal discounting after adjusting for age,
education, sex, and global cognition, as indicated by a seed region of interest (ROI)
prescribed in the left dorsolateral prefrontal cortex. Seed ROI MNI coordinates: x = −44, y =
36, z = 20; radius = 4 mm; p < 0.004; cluster size > 39 voxels. Corrected for multiple
comparisons using AlphaSim Monte Carlo simulations at a cluster level threshold of p<0.05.
Values shown in scale correspond to t-scores.
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Figure 6.
Functionally connected clusters associated with temporal discounting after adjusting for age,
education, sex, and global cognition, as indicated by a seed region of interest (ROI)
prescribed in the ventromedial prefrontal cortex. Seed ROI MNI coordinates: x = 24, y = −6,
z = 30; radius = 4 mm; p < 0.004; cluster size > 39 voxels. Corrected for multiple
comparisons using AlphaSim Monte Carlo simulations at a cluster level threshold of p<0.05.
Values shown in scale correspond to t-scores.
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Figure 7.
Difference in functionally connected clusters to the left FI according to median split of
participants by temporal discounting response. Positive (red) clusters are those significantly
more connected to left FI in the low discounting group. Negative (blue) clusters are those
significantly less connected to left FI in the low discounting group.
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