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Abstract
Risk aversion is associated with several important real world outcomes. Although the
neurobiological correlates of risk aversion have been studied in young persons, little is known of
the neurobiological correlates of risk aversion among older persons. Resting-state functional MRI
data were collected on 134 non-demented participants of the Rush Memory and Aging Project, a
community-based cohort study of aging. Risk aversion was measured using a series of standard
questions in which participants were asked to choose between a certain monetary payment ($15)
versus a gamble in which they could gain more than $15 or gain nothing, with potential gains
varied across questions. Participants determined to be “high” (n=27) and “low” (n=27) in risk
aversion were grouped accordingly. Using a spherical seed region of interest in the anterior
cingulate cortex, voxel-wise functional connectivity network similarities were observed in
bilateral frontal, anterior and posterior cingulate, insula, basal ganglia, temporal, parietal, and
thalamic regions. Differences in functional connectivity were observed such that those low in risk
aversion had greater connectivity to clusters in the superior, middle, and medial frontal regions, as
well as cerebellar, parietal, occipital, and inferior temporal regions. Those high in risk aversion
had greater connectivity to clusters in the inferior and orbital frontal, parahippocampal, and insula
regions, as well as thalamic, parietal, precentral gyrus, postcentral gyrus, and middle temporal
regions. Similarities and differences in functional connectivity patterns may reflect the historical
recruitment of specific brain regions as a network in the active processing of risk in older adults.
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1. INTRODUCTION
Risk aversion is associated with a wide range of meaningful behaviors. Attitudes toward risk
may influence financial and healthcare decisions and even health practices [1,2]. For
example, persons who are risk averse tend to exhibit fewer negative health behaviors (e.g.,
are less likely to smoke cigarettes) [3] but often make poorer financial decisions (e.g.,
choose “safe” but low yield investments) compared to those less risk averse. Recent work
suggests that decision-making in risky situations may be an important function in old age
[29], yet the neurobiologic substrate of risk aversion in old age remains unknown. Given
that risk aversion is an important determinant of a variety of behaviors, many of which are
essential to successful aging, knowledge of the neurobiologic substrate of risk aversion in
old age may have significant public health implications.

One approach which shows promise in illuminating the functional neurobiologic substrate of
a behavioral characteristic is resting-state functional magnetic resonance imaging (r-sfMRI).
This approach assesses functional connectivity of particular brain networks by detecting
gray matter regions that exhibit high temporal coherence of low frequency fluctuations [5].
High temporal coherence of brain regions is presumed to represent a functionally associated
network, and networks may differ based on predetermined characteristics. Resting-state
fMRI has been recently used with older populations to delineate salient networks associated
with aging and cognitive decline [e.g., 6,7]. However, to our knowledge, this approach has
yet to be used to study risk aversion in old age.

In this study, we examined the neurobiologic substrate of risk aversion among non-
demented older persons using resting-state functional MRI. Participants were from the Rush
Memory and Aging Project, a large clinicopathologic, longitudinal, and community-based
study of aging. All participants underwent detailed clinical evaluations and assessments of
risk aversion using standard behavioral economics questions in which they were asked to
choose between a guaranteed payment of $15 or a gamble in which they could either gain
various sums greater than $15 or nothing at all. Utilizing resting-state functional magnetic
resonance imaging [8,9] we sought to examine potential differences in neural intrinsic
connectivity networks among participants in the highest 20 percent (n=27) and lowest 20
percent (n=27) in risk aversion. Previous task-related fMRI studies have identified brain
regions that appear to be active during situations of risk, with some regions more active for
risk-averse persons and others more active for non-risk averse or risk-seeking persons [17,
19, 26–29]. If the regions involved vary by risk aversion preference, then over time persons
high or low in risk aversion may invoke different brain networks of regions when making
risky choices, and these networks may gradually become more functionally connected in the
baseline state as implied by recent work [36]. Because of this, we examined the similarities
and differences in the functional connectivity of brain regions among those low and high in
risk aversion in accordance with the assumption that these similarities and differences may
reflect the historical recruitment of specific brain regions as a network in the active
processing of risk in older adults.

2. METHODS
2.1. Participants and Procedures

The current study included participants from the Rush Memory and Aging Project, a
community-based clinicopathologic cohort study of aging and dementia [10]. Participants
come from approximately 40 residential facilities across the greater Chicago metropolitan
area, including subsidized senior housing facilities, retirement communities, retirement
homes, local churches, and other community organizations. All procedures were approved
by the Rush Institutional Review Board.
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The Rush Memory and Aging Project has a rolling admission that started in 1997. Brain
imaging was initiated in 2008. At the time of analyses, 1299 participants had enrolled and
completed their baseline evaluation, 443 died, and 77 refused further participation. 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 scanning, 214 were
scanned, and the remaining 150 were still being scheduled for scanning. Of the 214 that
were scanned, 1 was excluded due to dementia, and 134 completed an assessment of risk
aversion, as part of a separate substudy on neuroconomics of aging, and were eligible for
these analyses. For the purpose of comparing those high and low in risk aversion, we
comprised two subgroups drawn from the 134 participants (i.e., n=27, the highest 20% and
n=27, the lowest 20% of the sample).

Diagnostic classification was performed according to standard procedures [10,11]. The
clinical diagnosis of dementia and Alzheimer’s disease follows the recommendations of the
joint working group of the NINCDS/ADRDA [12] as previously described [11]. These
criteria require a loss of function in memory and at least one other cognitive ability.

2.2. Assessment of risk aversion
Risk aversion was assessed with 10 questions used in standard behavioral economics
approaches. An example of one of these questions is “Would you prefer $15 for sure, OR a
coin toss in which you will get $[an amount greater than $15] if you flip heads or nothing if
you flip tails?” Possible gains ranged from $21.79 to $151.19 and gain amounts were varied
across questions. Questions were developed in such a manner that any gamble that offered a
potential gain of $30 resulted in the same long run average or expected utility, and any
gamble that was over $30 resulted in a greater than expected utility. Therefore, any gamble
over $30 was a “preferred” choice.

2.3. Image Acquisition and Processing
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 quality assurance tests. 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. 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/reconstruction matrix 64 × 64; FOV = 24 cm × 24 cm; 240 time-points/volumes;
scan time = 8 min.

The skull was removed from each structural MRI dataset using FreeSurfer’s Hybrid
Watershed Algorithm [13]. 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 also derived, and thus proportions of each compartment were calculated.

The first 5 image volumes of resting state data were discarded at the scanner to avoid using
data collected before reaching signal equilibrium. Images were reconstructed on Linux
machines from the acquired k-space data [14]. Using the Statistical Parametric Mapping
software [15; http://www.fil.ion.ucl.ac.uk/spm/] version 8 (SPM8), all volumes were
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corrected for motion, co-registered to the high-resolution T1-weighted data, and spatially
normalized to the Montreal Neurological Institute (MNI) template. The normalized image
volumes were spatially smoothed with a 4mm full-width halfmaximum (FWHM) Gaussian
kernel. Next, a band-pass 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 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
[16] in functional connectivity analysis using the Resting-State fMRI Data Analysis Toolkit
(REST: http://restfmri.net/forum/REST). As an additional quality-control post-processing
measure, independent component analysis (ICA) was conducted using the MELODIC
software package from FSL (http://www.fmrib.ox.ac.uk/fsl/) to confirm regression of
unwanted nuisance variables and identify other potential nuisance variables unaccounted in
the REST regression. More specifically, ICA was utilized to determine if participant scans
showed additional evidence of nuisance variables such as residual head motion. If a
participant’s scan was visually inspected and found to have significant residual contributions
from nuisance factors after our regression procedures, the participant was dropped from
further analyses.

We viewed the anterior cingulate and the network of regions associated with it as an
essential network for cognitive and affective processes involved in decision-making based
on previous literature in young persons [e.g., 17, see 26 for a review]. The anterior cingulate
is anatomically and functionally associated with multiple regions implicated in decision-
making, including the ventromedial prefrontal cortex, the medial orbitofrontal cortex, the
lateral prefrontal cortex, amygdala, premotor regions, and the thalamus [27]. Lesion studies
in monkeys have suggested that the anterior cingulate cortex is an essential region for
determining response to rewards [28]. Therefore we chose to focus on this network as our
primary network of investigation. A spherical seed ROI with a radius of 8mm was
prescribed in the anterior cingulate cortex, with MNI coordinates of x=0, y=39, z=−4 in
order to interrogate functional connectivity in a network of brain regions associated with risk
aversion. The size and location of the seed ROI was determined in consideration of previous
work [9]. A mean signal time course for the seed was calculated and used as a reference.
Cross-correlation analysis was then conducted 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 anterior cingulate seed ROI were identified as those voxels whose cross-
correlation differed significantly (alpha=0.005) from 0, based on one-sample t-tests applied
to Fisher’s z-transformation of the correlation. Seed-based functional connectivity analysis
was conducted with the Data Processing Assistant for Resting-State fMRI (DPARSF;
http://restfmri.net/forum/DPARSF) and SPM8.

2.4. Statistical Analyses
Statistical analyses proceeded in several steps. First, the risk aversion parameter γ (gamma)
was estimated from participants’ responses on all 10 risk aversion questions, which included
both safe payoffs and gamble options. The gamble option payoff for i th participant at j th
question, GPij, was defined as,

where Gainj was the gamble gain for j th question, and γi the risk aversion parameter for i th
participant.
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Similarly, the safe option payoff for i th participant at j th question, SPij, was defined as,

where Safej was the safe gain for j th question, and γi the risk aversion parameter for i th
participant.

The probability of subject i choosing the gamble at question j, pij, assumes to be dependent
on the difference between GPij and SPij, which is linked through a logistic function,

Substituting GPij and SPij, we have,

Here Yij is the item response from the i th participant to the j th question. The risk aversion
estimate for each individual participant was obtained by maximizing the likelihood function
constructed based upon this logistic model. These methods are further described in a
previous report [30].

From this statistical estimation of risk aversion, the 27 individuals highest in gamma (high in
risk aversion) and the 27 individuals lowest in gamma (low in risk aversion) comprised two
groups drawn from 134 participants who completed both the risk aversion assessment and
neuroimaging (i.e., the highest 20% and lowest 20% of the sample). We then examined
between-group differences in demographic variables (age, education, sex, MMSE, race),
brain volumetry (total gray matter volume), and risk aversion gamma (low gamma versus
high gamma) using two-tailed t-tests (age, education, MMSE, total gray matter volume) or
Chi-square tests (sex, race). We then verified the functional connectivity of the anterior
cingulate cortex to other regions by determining within-group whole brain z-transformed
functional clusters of significance for both risk aversion categories (low gamma and high
gamma) after covarying for the effects of age and total gray matter volume. These
characteristics were used as covariates since both groups differed with respect to age and
total gray matter volume is known to commonly effect fMRI signal in the brain. In order to
control for multiple comparisons, within-group whole brain functional imaging results were
controlled by employing a false discovery rate (FDR) of p<0.05, cluster size > 5 voxels, p-
value < 0.004. Finally, we conducted voxel-wise, between-group t-test comparisons of z-
transformed functional connectivity values (low gamma versus high gamma) while adjusting
for the effects of age and total gray matter volume. The chance of spurious findings was
controlled by utilizing the same parameters as our within group analyses (cluster size > 5
voxels, p-value < 0.004).
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3. RESULTS
3.1. Demographic and Brain Volumetry Differences Between Those Low and High in Risk
Aversion

Demographic and brain volumetry characteristics are shown in Table 1. Most participants
were white. Our high and low risk aversion groups significantly differed by age. Because of
this, age was used as a covariate in addition to overall structural gray matter for all analyses.
No other group differences were observed for education level, gender, or overall structural
gray matter.

3.2. Within-Group Resting-State Functional Connectivity of the Anterior Cingulate Cortex
in Those Low and High in Risk Aversion

Seeding the anterior cingulate cortex yielded a network of functionally related regions
consistently observed by other functional neuroimaging studies after controlling for age and
total gray matter volume among those high and low in risk aversion (Figure 1). Within-
group analyses revealed large clusters of significance centering in bilateral frontal, temporal,
and parietal regions, many of which are consistent with the Default Mode Network, for both
risk aversion groups (Table 2). However, those low in risk aversion exhibited a large cluster
of significance (t=20.1137) including bilateral frontal gyrus, anterior cingulate, basal
ganglia, insula, medial temporal gyrus, and thalamus regions; a large cluster of significance
(t=6.7369) including bilateral temporal, parietal, posterior cingulate, and thalamus regions;
and smaller clusters of significance in the right middle and superior temporal gyri
(t=5.3182), right middle temporal gyrus (t=4.5114), left medial and superior temporal gyrus
(t=4.4459), right transverse temporal gyrus (t=3.7896), left insula (t=3.5210), left middle
temporal gyrus (t=3.4030), right cerebellum (t=3.4028), left middle and superior temporal
gyri (t=3.2940), right posterior cingulate (t=3.2873 and t=3.2484), right superior temporal
gyrus (t=3.2454 and t=3.1343), left parahippocampal gyrus (t=3.2340), and left middle
temporal gyrus (t=3.1224). Those high in risk aversion exhibited a large cluster of
significance (t=18.8969) including bilateral frontal, temporal, parietal, basal ganglia, insula,
anterior cingulate, and posterior cingulate regions; and smaller clusters of significance in the
left superior, middle, and inferior temporal gyri (t=4.5704), right putamen (t=4.1986), right
parietal region (t=3.8723), right inferior frontal gyri (t=3.6893), right cuneus (t=3.5766 and
t=3.3529), left superior tempora gyrus (t=3.5061), left thalamus (t=3.3787), and right
thalamus (t=2.9456).

3.3. Between-Group Resting-State Functional Connectivity Network Similarities in Those
Low and High in Risk Aversion

Between-group analyses of functional connectivity network similarities revealed multiple
overlapping regions of functional connectivity between participants low and high in risk
aversion (Figure 2; Table 3). Two large overlapping clusters were observed, one in the
anteriomedial region and the other in the posteriomedial region. The anteriomedial cluster
included bilateral frontal, anterior cingulate, basal ganglia, insula, medial temporal, and
thalamic regions (t=20.1137). The posteriomedial cluster included bilateral temporal,
parietal, posterior cingulate, and thalamic regions (t=6.7369). Other regions of overlap
included right (t=5.3182) and left (two clusters: t=4.4459 and t=3.2940) middle and superior
temporal regions, right (t=4.5114) and left (three clusters: t=4.0790, t=3.4030, and t=3.1224)
middle temporal regions, right transverse temporal (t=3.7896), left insula (t=3.5210), right
cerebellum (t=3.4028), right posterior cingulate (two clusters: t=3.2873 and t=3.2484), right
superior temporal (t=3.2454), left parahippocampal (t=3.2340), and right superior temporal
(t=3.1343).
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3.4. Between-Group Resting-State Functional Connectivity Network Differences in Those
Low and High in Risk Aversion

Between-group contrasts revealed multiple regions of functional connectivity differences
between participants low and high in risk aversion (Figure 3). Persons who were low in risk
aversion had greater connectivity between the anterior cingulate and clusters in the left
dorsolateral prefrontal region (two clusters: t=4.0531 and t=3.1752), right dorsolateral
prefrontal region (two clusters: t=4.0050 and t=3.9568), left superior frontal gyrus (t=3.8265
and t=3.6092), right superior medial frontal gyrus (t=3.5877), right cerebellum (t=3.7805),
left superior parietal gyrus (t=3.7618), right middle occipital gyrus (t=3.6168), right inferior
occipital gyrus (t=3.1640) and right inferior temporal gyrus (t=3.1034) when compared to
those high in risk aversion. By contrast, persons who were high in risk aversion had greater
functional connectivity between the anterior cingulate and right parahippocampal gyrus
(t=4.0246), right inferior frontal gyrus (t=3.5972), left postcentral gyrus (t=3.5954), left
parahippocampal gyrus (t=3.5574), left inferior parietal gyrus (t=3.3627), right orbital
frontal gyrus (t=3.3559), right middle frontal gyrus (t=3.3409), left insula (t=3.3409), left
precentral gyrus (t=3.3084), right thalamus (t=3.2627), right middle temporal gyrus
(t=3.0381) and left inferior parietal gyrus (t=2.8866) when compared to those low in risk
aversion (Table 4).

4. DISCUSSION
We examined the neurobiological correlates of risk aversion in more than 50 older persons
using resting state fMRI and hypothesized that we would observe network similarities and
differences between risk aversion groups. Two large clusters of regional overlap were
observed, one in the anteriomedial cortices and one in the posteriomedial cortices. The
anteriomedial cluster includes many regions that have been implicated in prior neuroimaging
studies of decision-making [17–23, 26–29]. Differences in network functional connectivity
were also observed. Middle frontal, and specifically dorsolateral prefrontal, regions have
been shown to be active in risk evaluation situations [26] as well as reasoning and problem-
solving [32]. We observed these regions being more functionally associated with those low
in risk-aversion. Inferior and orbital frontal [17] and insular [19] region activity has been
associated with risk aversion in task-related fMRI investigations. More specifically, inferior
and orbital frontal regions appear to process abstract rewards and punishments [33], while
insula activity interestingly appears to be associated with the perception of pain and noxious
stimuli [34]. We observed greater connectivity of these structures among those high in risk
aversion. Mesial prefrontal regions appear to be associated with anticipated gain probability
[20], while the anterior cingulate [17] and mesolimbic structures such as the nucleus
accumbens appear to be associated with gain magnitude [20], risky choices, and suboptimal
financial choices due to risk-seeking behavior [18]. We observed in older adults low in risk
aversion relatively greater connectivity between anterior cingulate and superior and mesial
frontal regions. Activity in parahippocampal regions has been shown to directly correlate
with risk taking behavior [21] with increased activity correlating with risk taking behavior
and decreased activity correlating with risk averse behavior. Our results suggest that these
regions may functionally play a more important role in risk averse behavior versus risk
seeking behavior. Inferior parietal activity has been implicated in other studies of risk averse
behavior [22], and we observed functional connectivity of the anterior cingulate and the
inferior parietal region in older adults high in risk aversion. The inferior temporal cortex has
been shown to project sensory and object information into the prefrontal cortex [23], and
this may reflect why this region may serve a greater functionally associated role in
individuals low in risk aversion. Overall, observed similarities and differences in functional
connectivity patterns may reflect the historical recruitment of specific brain regions as a
network in the active processing of risk in older adults.
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The anteriormedial cluster, posteriomedial cluster, and some of the other regions of
similarity (temporal, parahippocampal, cerebellum) have also been implicated as part of the
Default Mode Network [9, 31]. The Default Mode Network is a network of brain regions
that remains active during times when an individual is not actively engaged in an overt
cognitive task, and changes in this network have been implicated in the progression of
Alzheimer’s dementia [6]. Because seed regions in the anterior cingulate have been
previously used to interrogate the Default Mode Network, our results are therefore
consistent with previous reports. However, a qualitative review of our results in comparison
to previous reports of the Default Mode Network suggests even greater prominence of the
anterior portion of this network. A hypothesized function of the Default Mode Network is
that it is involved in “internal mentation”, and that the anterior portion of the network (e.g.,
anterior cingulate, ventromedial prefrontal cortex) is more involved in self-referential future
projection while the posterior portion of the network (e.g., posterior cingulate,
parahippocampal regions) is involved in integrating autobiographical memory into current
processing [31]. Certainly the prominence of the anterior portion of this network in our
results may highlight its importance in the context of risk aversion in older adults.

Several of the observed regions of difference (e.g., left and right parahippocampal, left
inferior parietal, right inferior temporal, medial frontal) are also associated with the Default
Mode Network. These differences may reflect differential recruitment of portions of the
Default Mode Network by risk aversion status. Changes in the functional connectivity of the
Default Mode Network have been observed with self-referential processing [24] and some
personality styles [25]. It is therefore reasonable to assume that risk aversion preference may
be associated with changes in the functional connectivity of portions of the Default Mode
Network over time.

Our results suggest that there is a shared network of regions functionally associated among
older adults that appears to be important in risk aversion behavior. Those high and low in
risk aversion generally show significant overlap in these regions, which include the anterior
cingulate, ventromedial prefrontal cortex, basal ganglia structures, insula, medial temporal,
thalamic, posterior cingulate, and parietal regions. Notably, many of these structures have
been implicated as important in task-related fMRI studies of risk aversion and decision-
making [17, 26–29] as well as the Default Mode Network [6, 9, 24–25, 31]. Although there
was significant overlap between risk-averse groups, differences were also observed by high
and low risk aversion. These differences argue for a greater association of particular
structures to this shared network of decision-making by risk aversion preference. Older
adults low in risk aversion appear to have more integration of regions involved in planning
and problem-solving (e.g., dorsolateral prefrontal cortex), and older adults high in risk
aversion appear to have more integration of regions involved in the experience of rewards
and punishments (e.g., orbital frontal) and noxious stimuli (e.g., insula). These regional
differences are the largest differences based on cluster size. One hypothetical distinction
between groups based on the present results is that older adults low in risk aversion are more
apt to look at a decision in a more logical and reasoned manner, while older adults high in
risk aversion are more sensitive to the noxious aspects of a risk and therefore chose the
“safe” option. However, this hypothesis needs to be systematically tested.

To our knowledge, only two previous task-related studies have examined the
neurobiological basis of risk aversion in older persons [29, 35]. In one study [29], older
adults made more suboptimal choices than younger adults when choosing risky assets, and
the age-related effect was mediated by activity in the nucleus accumbens. We observed
basal ganglia structures as a shared region of functional connectivity between group low and
high in risk aversion, consistent with the notion of it being an important brain network
component for risk aversion processing in older adults. In another study [35], older adults
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were observed to make more risk averse choices compared to young adults, and this
corresponded with greater activation in right insula and right orbitalfrontal cortex in older
adults. We observed greater connectivity of orbitofrontal and insula regions in older
participants high in risk aversion. Our study extends this knowledge by implicating the
functional connectivity of a subset of other brain regions that may differentiate older adults
by risk aversion preference.

Our study presents two contributions to the literature. First, we utilized resting-state fMRI
approaches to explore the functional architecture of risk aversion. While previous studies
have utilized task or event-related fMRI to delineate the activity of particular brain
structures while performing a specific risk aversion task, resting-state fMRI allows for the
identification of a network of regions functionally associated at baseline (i.e., “at rest”). Our
intrinsic connectivity network fMRI findings in conjunction with previous task-related fMRI
work support the notion of a shared network of regions functionally primed to process risk
among older adults, and a subset of functionally connected regions that may differentiate
risk aversion preference and behavior among older adults. Second, we are not aware of a
prior study that has investigated the functional connectivity correlates of risk aversion in
older persons. The consistency of our findings with previous literature suggests that the
neural systems associated with risk aversion may be similar in younger and older persons;
however, more investigation is needed to determine whether this is indeed the case.

Limitations of the present study include our restriction to the anterior cingulate cortex as a
seed region of interest for our functional connectivity approach. Certainly it would be
interesting to examine other seed ROIs to interrogate other intrinsic connectivity networks in
relation to risk aversion in old age; however, we viewed the anterior cingulate and the
network of regions anatomically and functionally associated with it as an essential network
for financial decision-making based on previous literature [e.g., 17, see 26 for a review].
Therefore we chose to focus on this network as our primary network of investigation.
Another limitation is that participants did not use real money. Because this is an optional
component to a longitudinal cohort study for which no monies are provided for any
component, the introduction of money could be problematic for other study components.
Also, we did not directly assess gain and loss sensitivity. Measurement of this would have
provided us the opportunity to make inferences of the functional connectivity differences
between groups. A notable limitation is our inability to investigate age effects. There were
no younger samples to use as a comparison group for our older sample. Hence, we were not
able to discern whether our observations were due to age effects or other factors. Other
limitations include the relatively small sample size; an interval of months, on average, from
the time of the risk aversion assessment and neuroimaging; and the fact that we used an
estimation of risk aversion.

Strengths of the present study include use of a community-based sample in whom risk
aversion had been measured via a standard behavioral economics approach, the advanced
age of the cohorts, and the ability to control for factors such as age and total gray matter
volume. Results suggest there is considerable overlap in the functional connectivity of
regions to the anterior cingulate among older adults who differ by risk aversion preference;
however, there are also significant regional and network differences. Further studies are
needed to further examine the network dynamics of these and clarify other correlates of risk
aversion in older persons.

HIGHLIGHTS

■ We examined neural correlates of risk aversion in old age using resting-state
fMRI.
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■ Risk aversion status was determined using neuroeconomic approaches.

■ Similarities and differences in functional connectivity were associated with
high/low risk aversion.

■ Those high in risk aversion show greater functional connectivity of a network
of regions including the orbitofrontal cortex, insula, and parahippocampal
gyri.

■ Those low in risk aversion show greater functional connectivity of a network
of regions including the dorsolateral prefrontal, superior parietal, and inferior
temporal cortex.
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Figure 1.
Functionally connected clusters indicated by a seed region of interest (ROI) prescribed in the
ventral anterior cingulate cortex for participants (a) low in gamma (N=27) and participants
(b) high in gamma (N=27). Seed ROI MNI coordinates: x=0, y=39, z=−4; radius= 8mm.
Adjusted for age and total gray matter volume. False Discovery Rate (FDR) controlled,
p<0.05. Cluster size > 5 voxels. p-value < 0.004.
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Figure 2.
Regions of similarity between participants low in risk aversion and high in risk aversion. To
control for multiple comparisons and spurious findings, we utilized the following congruent
with our False Discovery Rate (FDR) controlled within-group analyses: Cluster size > 5
voxels. p-value < 0.004.

Han et al. Page 14

Behav Brain Res. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Regions of contrast between participants low in risk aversion and high in risk aversion. Hot
colors (reds) represent regions of difference such that high gamma (high risk aversion) are
greater low high gamma (low risk aversion). Cool colors (blues) represent regions of
difference such that low gamma (low risk aversion) are greater than high gamma (high risk
aversion). To control for multiple comparisons and spurious findings, we utilized the
following congruent with our False Discovery Rate (FDR) controlled within-group analyses:
Cluster size > 5 voxels. p-value < 0.004.
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Table 1

Statistics for demographic, cognitive, gamma (risk aversion), and brain volumetry variables.

Low Gamma (risk
aversion)

High Gamma (risk
aversion)

t or X2 p-value

N 27 27

Mean Age (SD) 83.98 (6.95) 80.07 (6.56) 2.12 0.03

Education (yrs) 14.85 (2.55) 15.33 (2.81) −0.65 0.51

Gender (M/F) 20/7 19/8 0.92 0.08

Race (white/other) 27/0 26/1

MMSE 28.54 (1.17) 28.52 (1.42) 0.56 0.96

Total Gray Matter (mm3) 282.23 (25.86) 283.42 (25.69) −0.17 0.87

Estimated Gamma (risk aversion) 0.84(0.07) 3.39 (0.41) 32.16 <0.001

Data are summarized as Mean (Standard deviation=SD) or as number (%). Age and education are presented in years; MMSE is total score; and

total gray matter volume is presented as mm3.
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