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ABSTRACT
To investigate the association between age-related changes in risk taking
and resting-state functional activity, we recorded resting-state scans from
both young (n = 26) and older adults (n = 27). In addition, all participants
completed two decision-making tasks: the Cambridge Gambling Task and
the Balloon Analogue Risk Task. We found that older adults showed
decreased functional connectivity within the medial prefrontal cortex, par-
ticularly between the ventromedial prefrontal cortex and the dorsal medial
prefrontal cortex. Moreover, these changes in resting-state functional con-
nectivity were associated with the individuals’ risk-taking behavior, and
mediated the influence of age on risk taking.

Aging is associated with a wide range of neurobiological and cognitive decline that affects decision-
making abilities (for reviews, see Mata, Josef, Samanez-Larkin, & Hertwig, 2011; Shao & Lee, 2014).
For example, older adults show disadvantageous decision patterns, such as declines in reward
learning (Eppinger, Schuck, Nystrom, & Cohen, 2013), reduced value coding ability (Halfmann,
Hedgcock, Kable, & Denburg, 2016), and higher proportion of switched choices (Tymula, Belmaker,
Ruderman, Glimcher, & Levy, 2013) relative to young adults.

Functional neuroimaging findings suggested that activity in the ventromedial prefrontal cortex
(vmPFC), as well as the insula, ventral striatum and amygdala are correlated with risk taking
(Bechara & Damasio, 2005; Hare, Hakimi, & Rangel, 2014; Tom, Fox, Trepel, & Poldrack, 2007).
In particular, signals from vmPFC activity are thought to reflect the outcome of value integration,
which help guide advantageous decision-making (Bartra, McGuire, & Kable, 2013; Bechara &
Damasio, 2005). However, findings from age-related studies suggested that the link between indivi-
duals’ vmPFC activity and their decision making is weakened or otherwise changes in older adults
(Eppinger et al., 2013; Samanez-Larkin, Kuhnen, Yoo, & Knutson, 2010; Yu, Mamerow, Lei, Fang, &
Mata, 2016). For instance, reduced blood oxygenation level dependent (BOLD) signal in the vmPFC
was observed in older adults with disadvantageous decision patterns during reward-based learning
(Halfmann et al., 2016). These age-related alterations may be due to noisier dopaminergic signaling
and impaired regulatory input from the vmPFC (Halfmann et al., 2016; Li & Rieckmann, 2014).

However, whether there are age-related differences in the resting-state medial PFC activity and
whether these potential differences can explain the age-related alterations in decision behavior is
yet to be discerned. Recent studies have found that resting-state connectivity, indexed by
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correlations in low-frequency fluctuation of the fMRI signal, can predict individuals’ decision-
making behaviors (Li et al., 2013; Ma et al., 2010). Consistent with task-induced brain activity,
resting-state functional connectivity between regions engaged in the valuation of rewards (e.g.,
medial PFC, striatum, and posterior cingulate cortex; Kable & Glimcher, 2007) was associated with
individuals’ economic decision-making behavior (Li et al., 2013). Moreover, substance abusers
(i.e., chronic heroin users) exhibited altered resting-state connectivity in the default-mode network
(DMN) and reduced functional connectivity between the medial PFC, dorsolateral PFC, and
orbital frontal cortex, underlying the neural mechanisms of drug user’s weakened cognitive control
in the addictive state (Ma et al., 2010).

On top of findings from young adults, studies have also reported that older adults typically showed
a disruption in resting-state functional connectivity (Andrews-Hanna et al., 2007; Damoiseaux et al.,
2008; Tomasi & Volkow, 2012). In particular, the activity of anterior DMN, encompassing the medial
and lateral PFC, correlated with age, confirming the inverse relationship between age and the integrity
of functional connectivity in this network (Damoiseaux et al., 2008). Additionally, age differences in
the connectivity of medial PFC were more salient when the cognitive demand increased (Persson,
Lustig, Nelson, & Reuter-Lorenz, 2007). These age-related differences in resting-state activity and
connectivity may be due to a global declining of gray matter volume in the PFC with age (Raz et al.,
1997) and decreased white matter integrity between the medial PFC and the ventral striatum
(Samanez-Larkin, Levens, Perry, Dougherty, & Knutson, 2012). These findings suggest the intriguing
possibility that the resting-state functional connectivity in the medial PFC deteriorates with age, and
that these alterations in the medial PFC may lead to the changes in decision making abilities.

In the current study, we measured resting-state functional connectivity in young and older adults.
After the resting-state scan, participants completed two computerized decision-making tasks: the
Cambridge Gambling Task (CGT) and the Balloon Analogue Risk Task (BART). The CGT tests
decision making based on a priori probabilities (Hertwig & Erev, 2009). In a typical CGT procedure,
participants are provided with information on the probabilities and outcomes of risky behaviors
prior to deciding which behavior they would like to undertake, such as buying lotteries, tossing a
coin, and playing the roulette game. In contrast, the BART tests decision-making based on experi-
ence and feedback instead of a priori information, such as financial investment and surgical options
(Hertwig, Barron, Weber, & Erev, 2004). Recent behavioral studies reported inconsistent results on
the age-related alterations in risk-taking behaviors (Mamerow, Frey, & Mata, 2016; Mata et al., 2011;
Shao & Lee, 2014). It is possible that this inconsistency derived from different task characteristics.
For example, a recent meta-analysis assessed age-related differences in decision making based on a
priori information or experience, and found that the age effect can be heterogeneous between these
two types of decision-making (Mata et al., 2011). In this study, we want to investigate whether the
heterogeneity in the age-related changes between these two types of decision making is also reflected
in the resting-state functional connectivity within the medial PFC.

To address our hypothesis, we first explored the age-related differences on the resting-state func-
tional connectivity. Because of the aforementioned integration function of vmPFC in decision making
and the vulnerability of this region caused by aging, we were particularly interested in identifying
whether there were vmPFC connectivity alterations at rest between age groups, and whether a person’s
resting-state functional connectivity of certain regions could predict their risk-taking behavior in
different decision-making tasks. Additionally, we aimed to determine whether the functional connec-
tivity within medial PFC at rest might mediate the influence of age on their risk taking.

Methods

Participants

We recruited 26 young adults and 27 older adults for the present study. Data from four participants
were excluded: one young adult and one older adult due to excessive head movement during
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scanning, and two young adults due to technical errors in recording their resting-state scanning. As a
result, we included 49 healthy right-handed participants in the final analyses, including 23 young
adults and 26 older adults. Participants had no prior history of stroke or neurological or psychiatric
disorders. All older participants were independent community-dwelling adults whose Mini-Mental
State Examination (MMSE) scores were above 26. Table 1 showed the detailed participants’ char-
acteristic information. Each participant received 60 CNY (ca. 10 USD) for taking part in the study,
with the opportunity to earn up to an additional 15 CNY (ca. 2.5 USD) based on their performance
in the decision-making tasks. All participants provided written informed consent and this study has
been approved by the Institutional Review Board of Brain Imaging Center, Southwest University.

Materials and procedures

Participants completed a battery of psychometric tests and two decision-making tasks. The psycho-
metric tests included a survey on the participants’ medical history, as well as the MMSE for older
adults. We first administered the resting-state scan and then the two computerized decision-making
tasks (i.e., the CGT and the BART). Participants were instructed to maximize their scores in each
task to increase their final payment.

During the resting-state scanning session, participants were instructed to relax with their eyes
open and lie still in the scanner without falling asleep. They were questioned after scanning to ensure
that they had stayed awake. The resting-state scan lasted about 7 min.

During the CGT, participants were told that a token was hidden under one of the red or blue
cards amongst the total of six cards. The ratio of cards (red vs. blue) ranged between 5:1, 4:2, and 3:3
(Rogers et al., 1999). To indicate the location of the token, participants had to bet on one color of the
cards, and the bets were associated with a certain amount ratio (10 vs. 90, 30 vs. 70, or 50 vs. 50) for
each choice. The ratio of the colored cards and the associated amount varied independently from
trial to trial according to a pseudorandom sequence. It should be noted that the larger amount was
always associated with the least likely outcome in trials with an unequal ratio of cards (e.g., with
color ratio as 5 red: 1 blue, blue card was always associated with 90 amount in 10 vs. 90), in order to
create a risk-taking situation. After participants selected one color of the cards, a token appeared in
one of the six cards accompanied by either a “You win!” or a “You lose!” message, and the
corresponding amount was added to or subtracted from the total points. Participants were told
that the token would be randomly hidden under any of the six cards. There were two sessions of this
task with 45 trials in each session. There were 30 trials for each color ratio with 10 trials for each
amount condition (for further information on previous uses of the CGT, see Deakin, Aitken,
Robbins, & Sahakian, 2004; Rogers et al., 1999).

We employed a variant of the BART (Lejuez et al., 2002), in which participants were told that they
would inflate a balloon on each of a number of trials by pressing the “pump” button. Each pump
could earn participants 0.1 CNY (ca. .02 USD); however, if the balloon exploded, they would lose the
money accumulated on that trial. In order to avoid losing money from exploding the balloon,

Table 1. Participants’ demographic information and risk-taking behavior in two decision-making tasks.

Young adults Older adults

t(n = 23) (n = 26)

Age 21.26 ± 1.51 65.27 ± 5.27 −35.60***
Male (%) 34.78 26.92 0.36a

Education (years) 14.83 ± 1.34 10.56 ± 2.86 6.53**
Economic status (5-point) 3.48 ± 0.38 2.82 ± 0.48 1.81
Health status (5-point) 2.33 ± 0.80 2.78 ± 0.80 −1.91
MMSE ─ 28.7 ± 2.1 n.a.
CGT (risk-taking %) 23.84 ± 13.74 34.42 ± 16.43 −2.43*
BART (adjusted pumps) 4.66 ± 1.50 4.10 ± 1.60 1.20

Note. MMSE = Mini-Mental State Examination. aχ2 value. ***p < 0.001. **p < 0.01. *p < 0.05.
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participants may “cash-out” the money at any point during the trial and secure their money to the
“bank”. There were three balloon types in the task, two “reward” balloons and one “control” balloon.
The “reward” balloons were either blue or red (counterbalanced between participants), and could
lead to monetary gains. However, they differed in the maximum number of pumps that they could
receive, thus creating a distinction between relatively risky and safe balloons. Participants were not
provided with any information about the differences between the risky and safe balloons but could in
principle keep track of the two types as they were assigned to different colors. The “control”
balloons, on the other hand, were gray balloons. These balloons neither explode nor have monetary
value. Participants were simply asked to pump up the gray balloons until they disappeared from the
screen. The probability of the balloons exploding (or disappearing from the screen, in the case of the
control balloons) was p(explosion) = 1/(maximum-pumps), with a maximum of 12, 20, and 16 for
the risk, safe, and control balloons, respectively. The order of presentation of the balloons was
randomized. The task was self-paced, therefore the number of balloons varied between participants
in the fixed-duration of 10 min. More specific details of the BART procedure could be found
elsewhere (Rolison, Hanoch, & Wood, 2012; Schonberg et al., 2012).

Image acquisition

Participants were scanned at the Brain Imaging Center in Southwest University using a Siemens Trio
3.0 tesla scanner (Erlangen, Germany). For each participant, functional echo planar image data were
collected using the following parameters: time repetition (TR) = 2000 ms, time echo (TE) = 30 ms,
flip angle = 90°, field of view (FOV) = 200 × 200 mm2, 33 axial slices, slice thickness = 3.0 mm,
gap = 0.6 mm, acquisition matrix = 64 × 64, in-plane resolution = 3.125 × 3.125, and 200 volumes.
High-resolution, three-dimensional T1-weighted structural images were acquired for each subject,
with the following parameters: 176 slices, acquisition matrix = 256 × 256, voxel size = 1 × 1 × 1 mm3,
TR = 1900 ms, TE = 2.2 ms, and flip angle = 9°.

Image preprocessing and analysis

Data preprocessing was performed using the Statistical Parametric Mapping program (SPM8, http://
www.fil.ion.ucl.ac.uk/spm). The first ten volumes were removed to ensure stabilization of the BOLD
signal and the adaption of participants to the scanning environment. Next, the differences in
acquisition time between slices were corrected, followed by a rigid-body correction for head motion.
Participants included in the present study had less than 3.0 mm maximum translation and 3.0°
rotation head motion throughout the scan. Diffeomorphic Anatomical Registration using
Exponential Lie Algebra (DARTEL) was used for preprocessing structural MRI images, and the
advantages of this technique for children and elderly image research have been illustrated in previous
studies (Ashburner, 2007). The functional images were then normalized by using DARTEL results,
and were spatially smoothed using a 6 mm full width half maximum (FWHM) kernel to decrease
spatial noise. Afterward, temporal band-pass filtering (0.01–0.08 Hz) was performed to reduce the
effects of low-frequency drift and high-frequency physiological noise. Nuisance regressors including
the six head-motion profiles, global signal, white matter signal, cerebrospinal fluid signal, years of
education, and sex ratio were created and removed using partial regression.

DMN has been referred to as a number of regions consistently demonstrate greater levels of
activity during resting-state, including the medial PFC, lateral parietal cortex, posterior cingulate
gyrus, retrosplenial cortex, anterior portions of the lateral temporal cortex, and the medial
temporal lobe (Buckner, Andrews-Hanna, & Schacter, 2008), while deactivated when individuals
are engaged in goal-direct behaviors (Smith et al., 2009). Medial PFC regions, including vmPFC,
dorsal medial prefrontal cortex (dmPFC), and anterior medial prefrontal cortex (amPFC), are
core regions in DMN. To create regions in an independent and unbiased manner, eleven regions
of interest (ROIs) including the vmPFC, dmPFC, amPFC, posterior cingulate cortex (PCC),
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temporal parietal junction (TPJ), lateral temporal cortex (LTC), temporal pole (TempP), posterior
inferior parietal lobule (pIPL), retrosplenial cortex (Rsp), parahippocampal cortex (PHC), hippo-
campal formation (HF+) were selected from Andrews-Hanna, Reidler, Sepulcre, Poulin, and
Buckner (2010), which was also similarly defined and applied to previous studies (Andrews-
Hanna et al., 2007; Buckner et al., 2009). In order to prevent biasing the structure toward the
strong correlations exhibited between mirrored (right/left) seed regions, and to avoid the strong
laterality observed for the lateral parietal ROIs, exclusively left-lateralized ROIs were used
(Andrews-Hanna et al., 2010). Meanwhile, the results of right-lateralized ROIs were provided
in the supplementary material which confirmed the left-side findings. Each ROI was defined as a
6-mm spherical region, and the center coordinates in the atlas of Montreal Neurological Institute
(MNI) system were as follows: vmPFC (0, 26, −18), dmPFC (0, 52, 26), amPFC (−6, 52, −2), PCC
(−8, −56, 26), TPJ (−54, −54, 28), LTC (−60, −24, −18), TempP (−50, 14, −40), pIPL (−44, −74,
32), Rsp (−14, −52, 8), PHC (−28, −40, −12), and HF+ (−22, −20, −26). The mean time series of
each ROI for each participant were extracted and the pair-wise (11 × 11) Pearson’s correlation
matrix was calculated. The correlation coefficient (r) represents the strength of the functional
connectivity between regions. A Fisher r-to-z transformation was performed for the correlation
matrix to generate normalized functional connectivity z(r). Independent two-sample t-test was
performed to evaluate the difference between young and older adults on each functional con-
nectivity z(r) in the matrix (p < 0.05, Bonferroni corrected). The goal of the network analysis was
to determine from the pair-wise regional correlations whether there were functional connectivity
differences between age groups on the resting-state brain activities. The Bonferroni correction was
employed when performing multiple statistical tests simultaneously between age groups.

Behavioral analysis

For the CGT, we calculated the proportion of trials on which participants chose the color with higher
amount (risk-taking %). For the BART, we calculated the average number of pumps for both risky
and safe balloons that did not explode (adjusted pumps). This number was demonstrated to better
represent self-reported risk taking (Lejuez et al., 2002). Two-way ANOVA was conducted to
compare the age group differences on the behavioral performance.

Connectivity-behavioral analysis

Multiple correlation analyses were performed to evaluate the relationship between individuals’
resting-state functional connectivity and their decision-making performances. In addition, path
analysis was conducted to further evaluate the mediation effect of resting-state functional connec-
tivity between age and their decision-making performance. The correlation and regression analyses
were performed by SPSS 20.0 (IBM Corporation, Somers, NY, USA).

Results

Age-related changes in risk taking

For the analyses of the CGT, the proportion of risk-taking was submitted to a 2 (age: young vs. old) × 2
(amount of cards: 10:90 vs. 30:70) mixed-model ANOVA, with age as the between-subject factor and
education as the covariate factor. We found a significant effect of age (F(1, 45) = 14.58, p < .001) with
older adults choosing more cards with higher amount relative to young adults (Table 1), as well as an
effect on the ratio of amount (F(1, 45) = 3.52, p < .05) with a higher proportion choosing the higher
amount in 10 vs. 90 relative to 30 vs. 70. These results suggested that older adults were more risk
taking relative to their young counterparts.

DEVELOPMENTAL NEUROPSYCHOLOGY 5



For the analyses of the BART, the average number of adjusted pumps was submitted to a 2 (age:
young vs. old) × 2 (balloon type: risky vs. safe) mixed-model ANOVA, with age as the between-subject
factor and education as the covariate factor. The results did not reveal significant differences between
age groups (F(1, 45) = 3.05, p = .09). However, we found a marginally significant effect of balloon type
(F(1, 45) = 3.56, p = .06), with safe balloons having larger number of adjusted pumps relative to risky
balloons. These results suggested that participants learned to differentiate between these two types of
balloon, despite the fact that they were not explicitly informed about the differences. Older adults were
more likely to pump less than young adults, although the difference was not significant (Table 1).

Age-related changes in functional connectivity

We calculated the regional connectivity among these eleven regions in the DMN, and applied a
group comparison to examine the age differences on each of the connectivity pairs. As shown in
Figure 1, most of the correlations between brain regions were reduced with advanced aging, in
particular between those regions in the anterior DMN and the paths from the anterior to posterior
regions, such as between vmPFC and dmPFC (t = 3.75, df = 47, p < .001), and between PHC andTPJ
(t = 2.00, df = 47, p = .05). In contrast, age-related increases in functional connectivity were more
likely to be found in the posterior DMN, such as between pIPL and PCC (t = −2.28, df = 47, p < .05),
and between HF+ and PCC (t = −2.86, df = 47, p < .01). However, after Bonferroni correction
(corrected for (11 × 10)/2 = 55 comparisons, threshold at 0.05/55 = .0009), only age-related changes
on vmPFC-dmPFC functional connectivity survived (p = .0002).

Relationship between functional connectivity, risk taking, and age

Correlations were calculated between the vmPFC-dmPFC connectivity and performances from the
CGT and BART. The result demonstrated a significant correlation between the vmPFC-dmPFC and
decision-making performance across all the participants. Specifically, higher connectivity of vmPFC-
dmPFC was associated with lower proportion of choosing the cards with higher reward in the CGT
(r = −.38, p < .01; Figure 2a), as well as more pumps in the BART (marginally significant, r = .27,
p = .06; Figure 2b). The association with the vmPFC-dmPFC was more salient in the CGT than in
the BART (Z = 2.21, p < .05). In addition, the individual differences analysis revealed greater
vmPFC-dmPFC functional connectivity with lower risk-taking in older adults (r = −.43, p < .05)

Figure 1. Age-related differences on the functional connectivity at rest. (a) The thickness of the line represents the t value of the
age group comparison. The red lines stand for the connectivity that older adults’ connectivities are weaker than young adults’
connectivities; whereas, the blue lines stand for the connectivity that older adults’ connectivities are stronger than young adults’
connectivities. (b) As shown in the group t-matrix, age-related decreased functional connectivity was mostly found in the anterior
DMN and the paths from the anterior to posterior regions; whereas, age-related increased functional connectivity was more likely
to be found in the posterior DMN.

6 J. YU ET AL.



but not in young adults (r = .14, p = .53); the difference between these two correlations was
significant (Z = 1.97, p < .05). In contrast, the association between vmPFC-dmPFC and the BART
performance was not significant within older adults and young adults separately. When examining
the other functional connectivity pairs in DMN (i.e., other 54 pairs), we did not observe any
significant correlation with individuals’ decision-making performance.

Next, we conducted path analyses to test the mediation effect of resting-state functional connectivity
on the age-related changes in different types of decision-making tasks. Hierarchical regression analyses
tested the hypothesis that the functional connectivity within medial PFC mediated age differences in
risk-taking behavior (N = 49). In step1, age was associated with more disadvantageous decision pattern
in the CGT (i.e., choose the card with higher amount but less probability; β = .32, p < .01). In step 2,
age was associated with decreased functional connectivity between vmPFC and dmPFC (β = −.46,
p < .001). In step 3, decreased functional connectivity in the medial PFC was associated with more
disadvantageous decision pattern in the CGT controlling for age (β = −.30, p < .05). In the final step,
the age effect was reduced to nonsignificant after including functional connectivity of vmPFC-dmPFC
(β’ = .19, p = .23), consistent with full mediation (Figure 2c). However, the mediation effect of vmPFC-
dmPFC was not found on the age-related changes in the BART performance. Thus, the differences
between age groups in decision-making tasks are mediated by age-related changes in resting-state
functional connectivity. Specifically, the age-related differences in the CGT rather than BART were
mediated by the functional connectivity of vmPFC-dmPFC.

Discussion

The previous task-related fMRI studies found age differences in brain regions such as the vmPFC,
insular, and striatum under different decision-making tasks (Halfmann et al., 2016; Samanez-Larkin,

Figure 2. Correlation between the brain connectivity and decision-making performance for all participants. The black regression
line indicates the relationship between the connectivity and performance for all participants. (a) The correlation between the
vmPFC-dmPFC and the CGT performance. (b) The correlation between the vmPFC-dmPFC and the BART performance. (c) A
combined measure of functional connectivity between vmPFC and dmPFC mediates age differences in risk taking in the CGT. Path
coefficients are standardized βs. *p < .05. **p < .01. ***p < .001.
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Worthy, Mata, McClure, & Knutson, 2014). However, the question of whether age-related alterations
in these regions at rest can partially account for the changes in risk-taking behaviors remained
unexplored. In line with previous research, we found evidence of resting-state functional connectiv-
ity alterations in older compared with young adults. Specifically, older adults showed decreased
functional connectivity within the medial PFC, particularly between the vmPFC and the dmPFC.
Moreover, the vmPFC-dmPFC connectivity was associated with individuals’ risk taking in the CGT.
Finally, diminished connectivity in the vmPFC-dmPFC mediated the association between age and
disadvantagous decision-making patterns.

Behaviorally, our results indicated that older adults were more risk seeking than young adults in
the CGT but were similarly risk seeking in the BART. These behavioral outcomes were largely
consistent with a rencent meta-analysis on age differences in risky choice (Mata et al., 2011), in
which two CGT experiments showed older adults were more risk seeking relative to young adults
(Deakin et al., 2004; Henninger, Madden, & Huettel, 2010), whereas the results from the BART were
more heterogeneous. While two found that older adults were somewhat less risk-seeking relative to
younger adults (Henninger et al., 2010; Rolison et al., 2012), another found the opposite (Cavanagh
et al., 2012). Concerning the results of CGT, one explannation for older adults’ risk-seeking behavior
is the strict trade-off between probability and amount. In the CGT, a risky choice corresponds to
choosing a low probability that leads to a high reward, while a safe choice corresponds to choosing a
high probability that leads to a low reward. This trade-off may be particularly challenging for older
adults, therefore they could use simple strategies to focus on the highest amount and ignore or
underweight probability magnitudes (Brandstätter, Gigerenzer, & Hertwig, 2006; Mata et al., 2011).
It has been found that the vmPFC subserves the process of value integration that deals with this
trade-off between probability and amount (Bartra et al., 2013; Clithero & Rangel, 2014; Halfmann
et al., 2016; Schonberg et al., 2012). We will discuss our finding that resting-state activity in the
vmPFC can both predict individual differences in risk-taking behavior and mediate the age differ-
ences in risk-taking behavior.

Concerning the results of BART, the inconsistent results may be due to experimental differences
(e.g., value of each pump, balloons’ maximum capacity, number of trials), which may require or
hinder the efficient integration of rewards and risks in different studies.

Concerning our neuroimaing results, we replicated previous findings showing age-related
decreases in resting-state functional connectivity in ventral prefrontal cortex, dorsolateral pre-
frontal cortex, and temporal pole, and age-related increases in posterior DMN regions (Tomasi
& Volkow, 2012). Age difference was most salient in the functional connectivity between vmPFC
and dmPFC. This finding is consistent with previous hypothesis that the aging decline of
neurotransmitter systems selectively impairs regional brain function, that is, decreases in dopa-
mine neurotransmission are linked to decline in frontal function (Tomasi & Volkow, 2012). The
vmPFC is engaged in value coding by assessing various attributes in the decision-making senario,
and then intergrating them into a net value for the option as a whole (Hare, Camerer, & Rangel,
2009; Rangel & Hare, 2010). In the current study we found that the activity in the vmPFC at rest
was also associated with individuals’ risk-taking behavior, indicating a central role for the
vmPFC activity in decision-making. In particular, we found the vmPFC-dmPFC connectivity
was negatively associated with risk taking (i.e., choosing higher reward with lower probability) in
the CGT; whereas, it was positively associated with the number of pumps in the BART. The
association directions are different for the GCT and the BART, but their underlying mechanisms
are congruent. In the CGT, participants confronted with the trade-off between probability and
amount and the disadvantage decision choice was to choose the card with higher reward but
lower probability. Individual difference analysis showed that participant with larger vmPFC-
dmPFC connectivity had lower rate choosing the disadvantage card. In contrast, in the BART,
most participants showed risk-averse behavior in the sense of pumping less than the expected
value, thus maximizing amount to avoid the loss of the accumulated income. Therefore, learning
in the BART usually leads to taking more risk (i.e., more pumping on each balloon) and a more
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profitable payoff (Mata et al., 2011). Individual difference analysis showed that participant with
larger vmPFC-dmPFC connectivity had a better learning effect (i.e., more pumps), especially in
older adults. Weakened intrinsic functional organization in the medial prefrontal frontal regions
may induce insufficient cognitive control during deliberation, thus resulting in declining of value
integration of various attributes (e.g., probability and amount) which may finally lead to the
disadvatage choice in the older adults. However, this correlation between the vmPFC-dmPFC
and risking taking was not significant in young adults. One possible explanation is that young
adults have intact vmPFC-dmPFC functional connectivity; however, vmPFC-dmPFC connectivity
was necessary but not sufficient to fully account for the variations of their performance. These
results parallel the previous findings in the domain of discounting tasks, in which the con-
nectivity within prefrontal regions was found to be associated with temporal discounting (Hare
et al., 2014). Specifically, their data showed that the effective connectivity from dorsolateral PFC
to vmPFC was widely associated with the computation of stimulus values, and played a critical
role in predicting individual differences in discout rate. Moreover, at resting-state, the functional
connectivity within the medial PFC and dorsolateral PFCwere found to be asssociated with the
valuation process as well (Li et al., 2013), which individual’s discounting rate could be predicted
by his resting-state brain connectivity that provided a task-free biomarker for impulsivity in
decision-making.

A body of past theoretical and empirical work converges on the idea that value representations
are affected in the aging brain due to either anatomical and/or functional differences brought about
by aging. According to the somatic marker hypothesis, the process of decision making is not only
logical but also emotional, and the vmPFC is a critical substrate for integrating information that
triggers emotional responses and help guide advantageous decision-making (Bechara & Damasio,
2005; Levin et al., 2012). Our findings suggest that resting state functional connectivity within medial
PFC is predictive of older adults’ risk-taking behavior. These results indicate that older adults’
decision making processing relies not only on the task-related brain activity but also on the intrisic
brain networks. The declining functional connectivity within medial PFC by aging may partially
explain why they tend to make disadvantage decisions about major life events (Mather, 2006) and
financial investments (Kumar, 2009). In addition, our findings suggest that it is not age, per se, that
independently governs the age-related decision-making changes. Instead, the influence of age on the
impoverished decision-making patterns is statistically mediated by the degree of decrease in medial
PFC connectivity. Given these results, it appears tenable that the reductions of vmPFC-dmPFC
connectivity in older adults compromise the value integration process, which leads to a disadvantage
choice pattern relative to young adults.

Our findings elucidate a novel link from resting-state brain activity to behavioral function but
with a few limitations. First, the mediation effect of brain connectivity at rest was only found in the
CGT but not the BART. These two tasks are different in the underlying cognitive mechanisms.
Although we found an association between resting-state functional connectivity and risk taking,
the mechanisms by which these patterns of resting-state functional connectivity lead to task-
related neural activation and risk-taking behavior remain unknown. Additionally, due to the
multi-functional roles of DMN (e.g., mind-wandering and moral judgment; Chiong et al., 2013;
Christoff, Gordon, Smallwood, Smith, & Schooler, 2009), the functional significance of this net-
work in the CGT is unclear. Finally, since the sample is cross-sectional, further research should be
applied to determine whether changes in the functional connectivity of medial prefrontal cortices
precede changes in age-related decision-making or vice versa. These questions should be addressed
in future research.

In conclusion, our results suggest that the intrinsic functional organization of the brain may
underlie individual differences in risk-taking that a neurobiological mechanism can partially account
for age differences in risk-taking behavior. These findings extend our perspective on the age-related
neural alterations of risk-taking and provide evidence for a task-free biomarker.
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