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A B S T R A C T

Heightened risk-taking tendencies during adolescence have been hypothesized to be attributable to physiological
differences of maturation in key brain regions. The socioemotional system (e.g., nucleus accumbens), which is
instrumental in reward response, shows a relatively earlier development trajectory than the cognitive control
system (e.g., medial prefrontal cortex), which regulates impulse response. This developmental imbalance between
heightened reward seeking and immature cognitive control potentially makes adolescents more susceptible to
engaging in risky activities. Here, we assess brain structure in the socioemotional and cognitive control systems
through viscoelastic stiffness measured with magnetic resonance elastography (MRE) and volumetry, as well as
risk-taking tendencies measured using two experimental tasks in 40 adolescents (mean age ¼ 13.4 years old).
MRE measures of regional brain stiffness reflect brain health and development via myelin content and glial matrix
makeup, and have been shown to be highly sensitive to cognitive processes as compared to measures of regional
brain volume and diffusion weighted imaging metrics. We find here that the viscoelastic and volumetric differ-
ences between the nucleus accumbens and the prefrontal cortex are correlated with increased risk-taking behavior
in adolescents. These differences in development between the two brain systems can be used as an indicator of
those adolescents who are more prone to real world risky activities and a useful measure for characterizing
response to intervention.
1. Introduction

It has been well documented that individuals in adolescence engage
in heightened levels of health compromising risk-taking behaviors;
however, research shows that these actions are not the result of adoles-
cents being irrational, acting unconcerned about risk, or using different
reasoning than adults (Reyna and Farley, 2010; Steinberg, 2007), and, in
fact, adolescents even engage in some thoughtful and positive risks (Duell
and Steinberg, 2019). However, despite expensive educational programs
designed to address excessive negative risk taking, statistics continue to
show heightened risky activity in this population. Therefore, a clearer
understanding of the mechanisms driving risk taking is needed. Owing to
recent advances in neuroimaging, physiological indicators have been
identified as potential key mediators of risk-taking tendencies (Luciana,
2013). Risk-taking behaviors are suggested to be controlled by two
counterbalancing brain systems, the reward-system, often referred to as
the socioemotional system, and the cognitive control system, which is
, DE, 19716, USA.
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responsible for regulation of reward-seeking impulses. However, devel-
opmental trajectories vary between regions, including with respect to
volume, functional activation, and myelin content (Bartzokis, 2008;
Blakemore et al., 2010), and advanced structural neuroimaging of these
two key reward and control regions, and how they differ in individuals at
their peak risk-taking age, may provide a sensitive assessment of the
neural regions supporting risk taking in adolescence.

Developmental differences in these key brain regions, including the
reward and control systems, have been hypothesized to drive risk-taking
tendencies in adolescents. The reward system in the brain encompasses
several different structures, but most notably the nucleus accumbens
(NAcc) (Knutson et al., 2018). The NAcc has a large number of dopa-
minergic neurons, and shows strong functional activation during reward
tasks (Rademacher et al., 2010; Willuhn et al., 2013), particularly among
adolescents relative to children and adults (Galvan et al., 2006). And to
mature earlier than cognitive control brain regions (Ikemoto, 2007; Mills
et al., 2014). The cognitive control system is responsible for
ril 2020
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self-regulation and impulse control, and includes both the ventromedial
prefrontal cortex (vmPFC) and the orbitofrontal cortex (OFC), both
structures display similar patterns of activation during self-regulatory
behavior and decision making (Bechara et al., 2000; Hare et al., 2009),
including when the decision is based on the value of the reward (Bouret
and Richmond, 2010; Elliott et al., 2000; Wallis and Kennerley, 2011).
The cognitive control system is among the last of the brain systems to
reach maturity (Johnson et al., 2010), leaving a period of maturational
imbalance where an individual is particularly prone to reward seeking
without the benefit of a fully developed regulatory system (Casey et al.,
2008; Steinberg, 2010; Steinberg et al., 2008; Strang et al., 2013).

While the majority of prior research examining links between
adolescent brain development and risk taking have been done using fMRI
(Shulman et al., 2016; van Duijvenvoorde et al., 2016), a more
convincing index of maturation of these neural systems may be the
structural, rather than functional, aspect of brain health and development
(Dewitt et al., 2014; Jacobus and Tapert, 2013; Strang et al., 2013 ).
Neuroimaging measures of structural integrity that probe intrinsic
properties of neural tissue may overcome challenges in interpreting
activation data from fMRI that depends on response to stimulus, and thus
potentially provide more direct and sensitive metrics of brain maturation
(Somerville, 2016). In this work, we propose brain viscoelastic me-
chanical properties as sensitive measures of neural tissue microstructural
integrity to investigate regions of the reward and control systems and
how they relate to indices of risk-taking behavior. These mechanical
properties, such as stiffness, are measured in vivo with magnetic reso-
nance elastography (MRE) and are highly sensitive to brain health in
aging and neurological disorders (Hiscox et al., 2016; Murphy et al.,
2019). These mechanical properties have recently been discovered to
correlate with cognitive performance including memory, fluid intelli-
gence, and rule-learning (Hiscox et al., 2018; Johnson et al., 2018;
Schwarb et al., 2019, 2017, 2016), and these correlations appear to be
stronger than correlations between the same cognitive task and brain
volume (Johnson and Telzer, 2018). In a mouse model, accompanied by
ex vivo histology, it is concluded that viscoelastic properties are sensitive
to changes to myelination and extracellular matrix composition (Schregel
et al., 2012), and thus may provide unique signatures of brain tissue
integrity.

Pediatric brain mechanics have only recently been measured through
MRE (McIlvain et al., 2018; Yeung et al., 2019), however this early work
shows sizeable potential for MRE to be used as a beneficial neuroimaging
tool for characterizing neurodevelopment and associated disabilities
(Chaze et al., 2019; Johnson and Telzer, 2018; McIlvain et al., 2020). It is
expected that as the brain matures it also stiffens, and stiffness will reflect
myelin content, neuron density, and glial matrix integrity (Guo et al.,
2019). Average global brain stiffness appears to be the same in adoles-
cents as in adults (McIlvain et al., 2018; Yeung et al., 2019), though
regional stiffness may follow slightly different trajectories through
development, with subcortical regions of the deep gray matter and deep
white matter being more stiff during development than in adulthood
(McIlvain et al., 2018). For example, Guo et al. (2019) reported an in-
crease in mouse brain stiffness during adolescence in the hippocampus,
the globus pallidus, and the primary motor cortex. Although the
subcortical structures appear to increase in stiffness during adolescence,
regional brain volumes generally decrease during adolescence. Volume
of the NAcc and cortical thickness are both observed to decrease during
adolescence (Raznahan et al., 2014); therefore, it is expected that trends
seen in volumetric measures are opposite those seen in brain stiffness.
Volume with respect to reward and control systems in adolescent risk
taking has been previously explored but only qualitatively (Mills et al.,
2014). In conjunction with brain viscoelasticity, these two approaches to
assessing brain integrity can provide a thorough examination of the role
of neural structure in adolescent risk taking. This study examines relative
differences in the development of reward and control regions through
their viscoelasticity in order to shed light on how mechanical properties
contribute to risk taking in adolescents individually and together.
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2. Methods

2.1. Participants

Forty-four (22/22 male/female; 12–14 (13.4 � 0.6) years old)
cognitively normal, healthy, right-handed adolescents participated in
both the imaging and risk-taking assessments as part of this study. Of
these 44 participants, two were excluded due to low MRE signal-to-noise
ratio (SNR) (McGarry et al., 2011) or artifacts in the reconstructed
property maps (see section 2.3 Image Processing), and two were deter-
mined to be statistical outliers in one of the measured values (see section
2.6 Statistical Analysis). The final sample included data from 40 adoles-
cents (21/19 male/female). This study was approved by the University of
Illinois at Urbana-Champaign Institutional Review Board and all partic-
ipants and their guardians gave informed written assent/consent prior to
being tested. These data were collected as a subset of participants from a
larger study where only a small portion completed the MRE scan. This
same subset was used in our previous MRE study comparing brain me-
chanical properties in adolescents and adults (McIlvain et al., 2018).

2.2. Imaging

Each participant completed an imaging session on a Siemens 3T Trio
MRI scanner (Siemens Medical Solutions; Erlangen, Germany) that
included an MRE acquisition using a 3D multislab, multishot spiral
sequence (Johnson et al., 2014): FOV ¼ 240 � 240 mm2; 60 total slices;
TR/TE ¼ 1800/73 ms; 2.0 � 2.0 � 2.0 mm3 resolution; 10 slabs; 8 slices
per slab; 25% slab overlap; 1 in-plane spiral shot (R ¼ 3), bilateral,
flow-compensated, matched-period motion-encoding gradients. G ¼ 26
mT/m; 4 evenly-spaced phase offsets). Displacements from 50 Hz vi-
brations were delivered to the head via a pneumatic actuator systemwith
passive pillow driver (Resoundant, Inc.; Rochester, MN). The total MRE
acquisition time was 6 min. In addition, a high-resolution T1-weighted
MPRAGE (magnetization-prepared rapidly-acquired gradient echo) scan
was collected on all participants for volumetric analysis and anatomical
segmentation (0.9� 0.9 � 0.9 mm3; TR/TI/TE ¼ 1900/900/2.32 ms).

MRE image reconstruction included SENSE parallel imaging, iterative
field inhomogeneity correction, and navigator correction for motion-
induced phase errors between shots (Johnson et al., 2014). Poor qual-
ity data, including low displacement amplitude or excessive headmotion,
was excluded through calculation of the octahedral shear strain-based
signal to noise ratio (OSS-SNR); an OSS-SNR > 3.0 was deemed suffi-
cient for stable inversion (McGarry et al., 2011).

2.3. Image Processing

Region-of-interest (ROI) masks were obtained via automatic seg-
mentation of the T1-weighted MPRAGE images using the recon-all
pipeline in Freesurfer image analysis suite (v 6.0.0) (Fischl, 2012). The
MPRAGE images were registered to their corresponding MRE magnitude
images through a rigid-body affine transformation (6-degrees of freedom,
tri-linear interpolation and a correlation ratio cost function) using the
FLIRT tool within FSL (FMRIB Software Library v.6.0) (Jenkinson et al.,
2012). Masks of the OFC, comprising the medial and lateral orbital
frontal cortex labels in Freesurfer, the vmPFC, comprising the rostral
middle frontal cortex and rostral anterior cingulate cortex labels, and the
NAcc were created by registering their segmented masks to MRE space.

The nonlinear inversion algorithm (NLI) was used to convert MRE
displacement data into estimates of brain tissue viscoelastic properties
(McGarry et al., 2012; Van Houten et al., 2001). NLI returns the complex
shear modulus (G ¼ G’ þ iG}) comprising the storage (G’) and loss (G})
modulus of the tissue, from which we calculated viscoelastic shear

stiffness as μ ¼ 2jGj2
G’þjGj and damping ratio as ξ ¼ G}=2G’ (Manduca et al.,

2001). Here we additionally incorporated a priori spatial information
during inversion by using soft prior regularization (SPR) (McGarry et al.,
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2013), so that property variation is penalized during NLI optimization.
Masks of the NAcc, OFC, and vmPFC were separately provided as priors
during NLI. This method has been seen to reduce uncertainty in measures
and is the same pipeline which was previously used for subcortical
structure property estimation (Johnson et al., 2016; McIlvain et al., 2018;
Schwarb et al., 2016) (See Fig. 1).

Measures of subcortical structure volume (Buckner et al., 2004) and
cortical thickness (Fischl and Dale, 2000) were calculated using Free-
surfer (Fischl, 2012). NAcc volumes were normalized by total intracra-
nial volume, but cortical thickness was not, in accordance with the
Freesurfer recommendations (Buckner et al., 2004). Prior to statistical
analysis, each structural measure was standardized (z-scores) for use in
comparing structures while accounting for differences in measurement
scales.
Fig. 1. A) Magnetic resonance elastography (MRE) experiment with 50 Hz vibration
are inverted to create mechanical property maps of viscoelastic shear stiffness and
accumbens (NAcc), the ventromedial prefrontal cortex (vmPFC), and the orbitofront
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2.4. Risk susceptibility tasks

Each participant completed modified versions of two computerized
behavioral tasks while in the MRI scanner, the Balloon Analogue Risk
Task (BART) and the Yellow Light Game (YLG). These tasks both assessed
risk-taking tendencies and were chosen as they provide a model for the
unpredictable rewards that exemplify real-world risky behaviors (Gold-
enberg et al., 2017; McCormick and Telzer, 2015; Op de Macks et al.,
2018)(See Fig. 2).

On each trial of the BART, participants were presented with a
computer-generated balloon. When a balloon appeared, participants
chose to either pump the balloon or to cash-in save their points for that
trial. When choosing to pump the balloon, there was the possibility that
the balloon would either inflate or explode. A successful inflation gained
the subject an additional point, an explosion would result in no points
delivered to the head with a pneumatic actuator; B) wave displacement images
damping ratio; and C) region-of-interest segmentation including the nucleus

al cortex (OFC).



Fig. 2. Depictions of risk-taking tasks completed by participants during the scan session including 1) the Balloon Analogue Risk Task (BART) and 2) the Yellow Light
Game (YLG). These games are indicative of real-world risk-taking tendencies in adolescents and monetary reward was given dependent on performance to encourage
risk taking.
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from the entire trial. The balloons were one of three colors (red, blue,
green) which each represent one of the following: 1) low-risk balloons
(explode after 10–12 pumps); 2) highrisk balloons (explode after 4–6
pumps); or 3) variable-risk balloons (explode after 5–11 pumps). The
color representing each condition was varied between subjects but stayed
consistent between trials for a single participant so that subjects had the
opportunity to use the history of pop-rate to inform their decisions. The
task was self-paced, and the balloon stayed on the screen until the
participant made a decision. Participants were told that they could win a
$10 gift card at the end of the session if they earned enough points during
the task. The number of points needed to win the prize was not disclosed
so that participants were motivated to continue earning points
throughout the task. However regardless of performance, all participants
were given a $10 gift card after completing the scan session. We exam-
ined both the average number of pumps a subject took before ending the
trial on variable risk balloons (BART-Pumps) and the number of total
points received for the game (BART-Points), two indices that have been
associated with real-life risk-taking tendencies (McCormick and Telzer,
2015; Qu et al., 2016). Whereas average pumps on variable balloons
represents only a subjects willingness to take risks, total points encom-
passes the adaptive response in relation to previous reward success or
failure and may acknowledge a higher level of risk-taking and
reward-seeking in the context of both reward and control (Schonberg
et al., 2012a).

The second task, the yellow light task (YLG) (Op de Macks et al.,
2018; Rogers et al., 2018), is an adaption of the Stoplight Task (Chein
et al., 2011; Gardner and Steinberg, 2005). Each participant completed
two-runs of a simulated driving course with 20 intersections each, with
the goal to get through all of the intersections in the shortest amount of
time. At each intersection, the participant saw a yellow light and had the
decision to ‘stop’ or ‘go’ by pressing one of two buttons. If the participant
chose to ‘stop’ at an intersection, they do not risk crashing, but delay their
course time by 2.5 s and see either an approaching car which honks, or a
blue tilde if no car is in the intersection. If the participant made the de-
cision to ‘go’ through the intersection, they do not have this time delay,
but they risk the possibility of crashing, which causes a 5-s delay. If the
participant did not make a decision, this resulted in a 1 s delay and red
4

cross on the screen. Participants were explicitly informed about the
associated time delays, or lack thereof, of the decisions and outcomes.
The probability of a car being in any given intersection was kept constant
at 50%, and the perceived distance of the yellow light varied between
200 and 250 feet although these parameters were unknown to partici-
pants prior to the task. At the end of each run, participants were told their
overall driving course time and the number of crashes. Past research
indicates that, due to learning effects, participants tend to show higher
behavioral risk performance during the initial rounds of the task and a
lower and more stable pattern of risk taking thereafter (Kahn et al.,
2014). Therefore, participants in the present study played two practice
rounds of the task, prior to scanning. The percentage of ‘go’ decisions at
the yellow light was used as the metric to assess willingness to take risks.
2.5. Pubertal development measures

To examine the role of puberty in adolescent risk taking, participants
and guardians of the participants completed the Pubertal Development
Scale (Petersen et al., 1988). The questionnaire measured development
by asking participants to report levels of pubic hair, axial growth, skin
changes, facial hair (male only), voice changes (male only), breast
development (female only), and age of menarche (female only) on a
4-point scale ranging from ‘not begun development’ to ‘completely
developed’. Pubertal status scores could range from 1 to 4, with higher
scores indicating greater pubertal development. The mean of all items
was calculated and final scores between adolescents and their guardians
were averaged. Three participants did not have reports of pubertal status.
2.6. Statistical analysis

All analyses were performed using JMP Pro 14.0.0 (SAS Institute, Inc.
Cary, NC). Multivariate robust outlier analysis (10% tail quantile; data
excluded at three times the interquartile range) included all stiffness,
volume, and risk-taking scores. Any participant who was identified as a
statistical outlier in any of these categories was removed from all ana-
lyses resulting in two participants being removed and a final sample of n
¼ 40. Measures of volume, stiffness and damping ratio were z-scored
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prior to subtraction for comparison between structures with different
value ranges. Pearson partial correlation analyses were conducted be-
tween brain structural measures and risk assessment tasks for each of the
ROIs individually, as well as the differences in structural measures be-
tween the socioemotional and cognitive control regions (i.e. NAcc value
minus OFC value, and NAcc value minus vmPFC value). Correlation co-
efficients, r, and associated p-values were reported for each of the hy-
pothesized regions and their differences, and significance was
determined at p < 0.05. To strengthen our analysis, we incorporated
analysis of regions not expected to contribute to risk-taking behavior,
including an alternate subcortical structure (thalamus) and two alternate
frontal regions (superior frontal and caudal middle frontal cortices).
These structures were analyzed in relation to risk taking measures, as
well as their differences and the differences between these regions and
the originally hypothesized regions were assessed.

3. Results

Structural measures of stiffness, damping ratio, and volume were
analyzed for their correlations with risk-taking measures from the BART
and YLG. Table 1 presents statistical distributions of age, puberty, risk-
taking scores and brain structural measurements. Age and pubertal sta-
tus were correlated with each other, even within our narrow age range (r
¼ 0.346, p< 0.031); however, neither age nor puberty were significantly
correlated with our tasks nor our structural measures, so they were not
included as covariates in any additional analyses. These results can be
found in Supplemental Information.

As seen in Fig. 3, zero-order correlations between risk-taking scores
on the BART-Points and YLG and stiffness of the NAcc, OFC, and vmPFC
independently were not significant, although do trend in the expected
directions. For example, a stiffer (i.e. more developed) NAcc was
generally associated with more willingness to engage in risky behavior in
these tasks (BART-Points: r ¼ 0.28, p ¼ 0.09; YLG: r ¼ 0.28, p ¼ 0.08).
Conversely, stiffness of the cognitive control system was associated with
more cautiousness in the risk assessing tasks: OFC (BART-Points: r ¼
�0.27, p ¼ 0.09; YLG: r ¼ �0.11, p ¼ 0.48), vmPFC (BART-Points: r ¼
�0.06, p¼ 0.69; YLG r¼ 0.01, p¼ 0.94). Interestingly, we found that the
difference in stiffness between the NAcc and the OFC or vmPFC was the
strongest predictor of risk taking in these tasks. Specifically, the differ-
ence in stiffness between NAcc and OFC was significantly correlated with
risk assessments (BART-Points: r ¼ 0.44, p < 0.01; YLG r ¼ 0.36, p ¼
0.02). Difference in stiffness between NAcc and vmPFC was only statis-
tically significant for the BART-Points (r ¼ 0.33, p ¼ 0.03), but
approached significance for the YLG (r ¼ 0.29, p ¼ 0.07). These results
Table 1
Adolescent population demographics, demonstrating uniform distribution
among age, puberty, and risk-taking scores. NAcc, nucleus accumbens; OFC,
orbitofrontal cortex; vmPFC, ventromedial prefrontal cortex.

Mean St. Dev. Min/Max Skew

Age (Male N ¼ 21/Female N ¼ 19) 13.43 0.640 12.33/
14.75

0.033

Puberty Questionnaire – Adolescent 2.59 0.768 1.0/3.8 �0.453
Puberty Questionnaire – Guardian 2.73 0.777 1.0/4.0 �0.741
Risk Taking – BART Total Points 155.87 17.17 123/193 0.234
Risk Taking – BART Pumps on Save 4.91 0.77 3.28/6.42 �0.042
Risk Taking – YLG Percent Go
Decisions

50.17 16.422 10.8/88.8 0.189

MRE Stiffness (kPa) – NAcc 2.94 0.36 2.35/3.66 0.234
MRE Stiffness (kPa) – OFC 2.75 0.21 2.40/3.44 0.997
MRE Stiffness (kPa) – vmPFC 2.97 0.22 2.61/3.55 0.905
MRE Damping Ratio – NAcc 0.254 0.053 0.15/0.40 0.370
MRE Damping Ratio – OFC 0.256 0.043 0.16/0.33 �0.453
MRE Damping Ratio – vmPFC 0.229 0.032 0.15/0.29 �0.284
Volume (mm3) – NAcc 507.49 70.69 351.1/

649.3
0.008

Thickness (mm) – OFC 2.87 0.135 2.59/3.19 0.121
Thickness (mm) – vmPFC 2.97 0.121 2.76/3.32 0.571
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were such that a greater difference in stiffness between structures (i.e.
NAcc being stiffer than OFC or vmPFC) was correlated with more risky
behavior. The BART-Pumps measure was not significantly correlated
with stiffness of any of the structures independently (NAcc: r ¼ 0.08, p ¼
0.61; OFC: r ¼ -0.31, p ¼ 0.05, vmPFC: r ¼ �0.11, p ¼ 0.51) nor with the
difference between structures (NAcc-OFC: r ¼ 0.26, p ¼ 0.10, NAcc-
vmPFC: r ¼ 0.16, p ¼ 0.33).

As seen in Fig. 4, we again found that risk task scores did not correlate
with the volumes of the NAcc (BART-Points: r ¼ �0.17, p ¼ 0.28; BART-
Pumps: r ¼ 0.02, p ¼ 0.89, YLG: r ¼ �0.10, p ¼ 0.54) or the thickness of
the vmPFC (BART-Points: r ¼ �0.10, p ¼ 0.56; BART-Pumps: r < �0.01,
p ¼ 0.95, YLG: r ¼ 0.27, p ¼ 0.09). The only significantly correlation was
between the YLG and the OFC thickness (BART-Points: r¼ 0.07, p¼ 0.68;
BART-Pumps: r ¼ 0.01, p ¼ 0.95; YLG: r ¼ 0.40, p ¼ 0.01). However, the
volumetric differences between structures was again correlated with risk
taking in the YLG. Specifically, YLG risk taking was negatively correlated
with the difference between NAcc volume and OFC thickness (r¼�0.35,
p ¼ 0.02) and the difference between NAcc volume and vmPFC thickness
(r¼�0.32, p¼ 0.04). These results were such that a greater difference in
volume between structures (i.e., NAcc being smaller than OFC or vmPFC)
was correlated with more risky behavior. Interestingly, volumetric dif-
ferences did not significantly correlate with BART performance for either
BART-Points (NAcc-OFC: r¼�0.17, p¼ 0.30; NAcc-vmPFC: r¼�0.14, p
¼ 0.41) or BART-Pumps (NAcc-OFC: r¼�0.08, p¼ 0.65; NAcc-vmPFC: r
¼ �0.09, p ¼ 0.58).

We did not find any significant correlations between risk tasks and
damping ratio as measured throughMRE in the structures independently,
for NAcc (BART-Points: r ¼ �0.11, p ¼ 0.56; BART-Pumps: r < 0.01, p ¼
0.93; YLG: r ¼ -0.01, p ¼ 0.97), OFC (BART-Points: r ¼ �0.06, p ¼ 0.81;
BART-Pumps: r < -0.01, p ¼ 0.98; YLG: r ¼ 0.01, p ¼ 0.95), or vmPFC
(BART-Points: r¼�0.30, p¼ 0.62; BART-Pumps: r¼ 0.01, p¼ 0.94; YLG
r¼�0.04, p¼ 0.79). Difference in damping ratio values between the two
systems were also not significantly correlated for either the difference
between the NAcc and the OFC (BART-Points: r ¼ 0.09, p ¼ 0.17; BART-
Pumps: r ¼ 0.07, p ¼ 0.89; YLG: r ¼ 0.02, p ¼ 0.90) or for the difference
between the NAcc and the vmPFC (BART-Points: r ¼ �0.02, p ¼ 0.30;
BART-Pumps: r ¼ 0.01, p ¼ 0.96; YLG: r ¼ �0.02, p ¼ 0.89).

We additionally examined the stiffness of alternative regions, which
were not expected to be involved in risk-taking behavior, including the
thalamus and superior frontal and caudal middle frontal cortices, and
their relation to task scores. None of these regions exhibited significant
relationships between their stiffness and YLG, BART-Points, or BART-
Pumps. Additionally, none of the differences between these regions,
nor their differences with NAcc, OFC, or vmPFC, were significantly
related to task scores. The complete results of these analyses can be found
in the Supplemental Information.

4. Discussion

Here we present, for the first time, an analysis of viscoelastic brain
properties in the context of risk-taking behavior in adolescents. Despite
numerous functional MRI studies which analyze the relationship be-
tween regional brain activity and risk-taking tendencies in adolescents, a
surprisingly limited number of risk-taking studies focus on brain struc-
ture. It has been acknowledged that, in addition to functional measures, a
measure of brain structure is necessary to achieve a more complete un-
derstanding of how physiology affects risk taking in adolescents (Strang
et al., 2013). Confirming how reward and control neural substrates
contribute to risk-taking tendencies can provide a new method for
assessing brain maturation, which will allow for identification of subsets
of the population who may be at greater likelihood to take risks and can
be useful for characterizing response to intervention.

We found here that risk-taking tendencies, evaluated by both the
yellow light game and the balloon analogue risk task, significantly
correlate with difference in stiffness between the brain regions known to
support the socioemotional and cognitive control systems. No significant



Fig. 3. Correlations of brain stiffness with score from the BART (total points) and YLG (percent go decisions) for nucleus accumbens (NAcc), orbitofrontal cortex
(OFC), ventromedial prefrontal cortex (vmPFC), and differences between z-scores of the NAcc and the other two structures.

Fig. 4. Correlations of brain volume and cortical thickness with score from the BART (total points) and YLG (percent go decisions) for nucleus accumbens (NAcc),
orbitofrontal cortex (OFC), ventromedial prefrontal cortex (vmPFC), and differences between z-scores of the NAcc and the other two structures.
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correlations with risk taking were seen for either stiffness or volume of
the NAcc, OFC, or vmPFC individually, though slopes trended in the
expected direction. This suggests that a more-developed socioemotional
center or a more-developed cognitive control center independently are not
the mediators of risk, but rather the interaction in development between
the two systems is correlated with risk-taking tendencies. In this sense,
absolute values of development are not as important as relative values of
development of brain regions. This is consistent with theoretical per-
spectives of a maturational imbalance between reward and cognitive
control being important in adolescent risk taking, as proposed by dual
systems models of adolescent risk taking (Casey et al., 2008; Steinberg,
2010, 2007).

Brain stiffness has been posited as a measure of microstructural brain
health, such that individuals with a denser glial matrix or healthier
myelin sheaths will display higher brain stiffness (Johnson and Telzer,
2018). In particular, during maturation there is development of proteins
which promote myelin, extracellular matrix, and the cellular cytoskel-
eton, each of these contributes to brain stiffening in adolescence (Guo
et al., 2019). These changes in stiffness during development can be
measured noninvasively using MRE, which may provide sensitive in-
dicators of brain development, and which are potentially expected to
change prior to other structural metrics, such as loss of volume. Addi-
tionally, measures of brain viscoelasticity have been reported to be more
strongly correlated with changes in cognitive performance thanmeasures
of volume, potentially due to heightened sensitivity to aspects of extra-
cellular matrix (Johnson and Telzer, 2018). Therefore, analysis of brain
mechanical properties in the context of risk taking may potentially pro-
vide a more sensitive metric than other imaging modalities for under-
standing individual differences in adolescent behavior and brain
maturation.

We have previously observed that the stiffness of the brain differs
between adolescence and adulthood, and regions such as the subcortical
gray matter are significantly different between age groups (McIlvain
et al., 2018). Interestingly, the caudate and putamen are both stiffer in
adolescents than in adults, but have been cited to decrease in volume
during maturation and puberty, along with other subcortical structures
like the NAcc (A.L. Goddings et al., 2014; Johnson and Telzer, 2018).
Consistent with these observations, we find here that stiffness and vol-
ume measures correlated with our tasks in opposing directions – i.e.
greater stiffness and smaller volumes indicated heightened maturity.

The connecting pathway between the cognitive control center and the
socioemotional center is a commonly known dopamine pathway, which
is thought to invigorate reward-seeking behavior (Clark and Dagher,
2014), and the NAcc has been seen to play a key role in impulsive
behavior and is activated for performance dependent rewards (Zink et al.,
2004). In studies done in rats who have lesions on the NAcc, the rats
almost always choose options with less risk associated (Cardinal and
Howes, 2005). An fMRI study performed using a modified version of the
BART assessment shows that voluntary increases in the level of risk of the
game are correlated with increases in neural activation in the ventral
striatum region, including the NAcc. However, involuntary risk did not
show this same activation pattern and it was concluded that passive risk
alone does not activate the NAcc as strongly, likely because the cognitive
control system is also at play (Rao et al., 2008). We see here that as a
person trends toward more risky behavior, we see an upward trend in
NAcc stiffness, and a downward trend in NAcc volume. There is only one
previous MRE study that has focused on any brain region associate with
reward seeking, which concluded that there is an inverse correlation
between striatum stiffness and body mass index (Hetzer et al., 2019).
However, this study was on adults and did not specifically assess any
measures of reward-seeking behavior, thus limiting the ability to
compare with the results presented here.

Active myelination is occurring in the brain throughout adolescence
and the prefrontal cortex is one of the last regions to attain full myelin
content, therefore we expect processes controlled by the prefrontal cortex
to develop later in life (Kelley et al., 2004). Both the vmPFC and the OFC
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have been well-cited as key structures in decision making and in the dual
systems model of adolescent risk taking, therefore both were considered
in the analysis presented here (Casey et al., 2008; Hartley and Somerville,
2016). Control functions of both structures are dependent upon the
reward valuation of the task (Bouret and Richmond, 2010) and both
structures are relied upon in decision making when the outcome of the
decision is ambiguous or poses a risk (Rao et al., 2008; Smith and Huettel,
2012). However, it is thought that the vmPFC may be activated first and
then information is filtered through the OFC (Bechara et al., 2000). There
also appears to be evidence that the vmPFC is more predominant in the
immediate and emotional response to decision making, while the OFC is
activated for more conscientious choices (Pushkarskaya et al., 2015; Roy
et al., 2013; Wallis, 2007). The vmPFC may be responsible for
internally-driven motivational processes which are self-centered, and the
vmPFC likely relies on a subject’s intrinsic knowledge, whereas the OFC
is critical for externally-driven motivational processes which are envi-
ronment centered (Bouret and Richmond, 2010). The OFC is notable for
the ability to encode a value of a choice based the on recent history of
choices; that is, if a decision is being made with no prior information, the
OFC is not as engaged as when a person has already seen similar infor-
mation relevant to this decision, such as in the risk-taking tasks used in
our study (Elliott et al., 2000; Wallis and Kennerley, 2011). In this study,
we found upward trends in stiffness and downward trends in volume in
both the OFC and vmPFC with less risky behavior, indicative that people
with more developed OFC and vmPFC are less likely to make risky
decisions.

Volumetric data from this population serve to further support the
relationship seen in regional brain stiffness and risk-taking tendencies.
Volume of NAcc and thickness of the OFC and vmPFC have been studied
independently for their roles in risk and reward, but only limited reports
of their relative contributions exist. Mills et al. (2014) is one of the first
studies to examine volumetric mismatch as a predictor of risk taking,
though the study focuses on the developmental mismatch in structures,
and only begins to touch on how that relates to individual differences in
willingness to take risks. The same study also reports that age of peak risk
taking might be later in development (16.6 years) than the population in
our study, which may account for the lack of correlations we are seeing
between brain volume and the BART task.

Of our two task-based measures, the YLG, with output of number of
times a participant took a risk, focuses solely on the willingness of a
person to take a risk and less on their reward-seeking behavior, whereas
the total points measure from the BART may acknowledge a higher level
of reward-seeking behavior which focuses on adaptive response in rela-
tion to previous reward success or failure. The choice was made to
include two tasks as there is a need in the field of neuroscience of risk
taking and reward seeking to identify and use simulated risk-taking tasks
that are stimulating, economically advantageous for the subject, and
predictive of real world risk taking outside of just monetary gains or
losses (Schonberg et al., 2012b). Interestingly, the traditional BART
measure of total pumps was not significantly correlated with any of our
measures, however this is reasonable as we are using a modified version
of BART, with three different colored balloons, each programed to pop at
different rates. This format allows participants the opportunity to learn
from their history of results in order to inform their future risk taking, as
opposed to the traditional BART task that limits the ability to learn from
past decisions. This modified BART task specifically allows us to capture
the higher-order reward and control systems interaction (measured
through total points), which is more indicative of real-world risk sce-
narios, as opposed to the more single-system measure captured through
the traditional pumps measure. Stiffness has been shown to be a more
sensitive measure of structural integrity than volume and it is expected
that stiffness may change prior to any volumetric changes are observed. It
is possible that due to our population being slightly younger than age of
peak risk-taking, in conjunction with volume being a less sensitive
measure of development accounts, for no significant correlations found
between the BART and volumetric measures. Therefore, a study on a
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population spanning a greater age-range would prove beneficial in the
study of volume and stiffness differences with respect to behavior.

This study has several limitations. Most importantly, a more robust
examination of risk-taking behaviors and brain mechanical properties
would rely on longitudinal measures from pre-pubescence into adult-
hood. These longitudinal measures would provide a better understanding
of how stiffness changes, potentially prior to changes in functional
measures, and confirm the assertion that the results presented in this
work are related to brain maturation. Longitudinal measures would also
provide understanding into individual trajectories, including whether a
person is more likely to be on the higher end of risk taking throughout his
or her life. Identification of socioeconomic, ethnic, or genetic groups of
people and correlations between their neural substrates and risk-taking
tendencies can be useful towards providing intervention to those
groups with the highest inclination for risky behavior based on differ-
ences in structural maturation of their brain. Finally, it is possible that
other quantitative imaging metrics, such as from relaxometry or
diffusion-weighted imaging, may exhibit similar or complementary re-
lationships, and thus future work may examine the unique information
provided by MRE and other modalities in understanding the neural bases
of adolescent risk taking.

5. Conclusion

It has been acknowledged that sensitive indices of brain structural
maturation during adolescence are needed to better understand the
relation to risk taking for the purpose of reward. Brain stiffness as
measured through MRE is a robust measure of structural brain integrity,
and higher regional stiffness is thought to be indicative of greater
integrity and development of that structure. We used MRE sensitivity to
probe the maturational imbalance between the reward and the control
systems and show a relationship with risk-taking tendencies. We found
that neither the stiffness of the NAcc, vmPFC, or OFC independently are
significantly correlated with risk-taking measures; however, the differ-
ence in stiffness between the NAcc of the socioemotional system and
either the OFC and vmPFC of the cognitive control system significantly
correlated with both risk-taking assessments. In addition, this same trend
is seen for volumetric data, providing strong evidence that structural
neuroimaging is necessary in the context of reward and control systems
contributions to risk-taking. Assessing the relationship between brain
mechanical properties and risk. Taking allows for better understanding of
individual differences in adolescent behavior and potentially informs the
design of effective intervention mechanisms.
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