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Adolescents with a family history (FH+) of substance use disorder (SUD) are at a greater risk for SUD, suggested
to be partly due to the transmission of behavioral impulsivity. We used a delay discounting task to compare
impulsivity in decision-making and its associated brain functioning among FH+ and FH - minority adolescents.
Participants chose between Smaller Sooner (SS) and Larger Later (LL) rewards. The SS was available immediately
(Now trials) or in the future (Not-Now trials), allowing for greater differentiation between impulsive decisions.
The FH+ group showed greater impatience by responding SS more frequently than the FH - group, only on the
Now trials, and even when the relative reward differences (RRD) increased. Surprisingly, there were no differ-
ences in brain activity between the groups. Combined, the groups showed greater reward activity during the Now
vs. Not-Now trials in medial prefrontal/anterior cingulate, posterior cingulate, precuneus, and inferior frontal
gyrus (i.e., an immediacy effect). As the RRD increased activation in the reward network decreased, including the
striatum, possibly reflecting easy decision-making. These results indicate that risk for SUD, seen behaviorally
among FH+ adolescents, may not yet be associated with discernable brain changes, suggesting that early
intervention has the potential to reduce this risk.

1. Introduction

Adolescence is marked by impulsive and risk-taking behaviors
(Chambers et al., 2003) and thus it is a period with increased suscepti-
bility to substance use (SU) and to developing a substance use disorder
(SUD). This is often explained by adolescents’ preference for experiences
with a high probability of immediate rewards, and by a less developed
capacity for forethought regarding potentially negative consequences
(Gladwin et al., 2011). Typically, SU begins in early adolescence (Wu
et al., 2008, 2007) and increases sharply between ages 12 and 21
(Masten et al., 2008; Volkow and Fowler, 2000). However, some ado-
lescents have a greater than average risk of developing SUD, and this
may be due to genetic (Yu and McClellan, 2016), familial (Hummel
et al., 2013), social, or environmental factors (Feldstein Ewing et al.,

2012; Hicks et al., 2014; Jackson et al., 2016; Respress et al., 2013;
Rudolph et al., 2018; Tobler et al., 2012). Environmental influences on
the development of SU/SUD include: socioeconomic status, neighbor-
hood characteristics (Wilson et al., 2005), cultural factors (Alegria et al.,
2012; Vega et al., 1993), and discrimination (Respress et al., 2013;
Tobler et al., 2012). In addition, residential segregation patterns are also
related to risk of SUD among adolescents in those communities.
Importantly, a family history (FH+) of SUD puts adolescents at a
significantly increased risk of developing SUD (Bohman, 1978; Goodwin
et al., 1973; Hill, 2010; Hill et al., 2011; Kendler et al., 2008; Masten
et al., 2008; Tessner and Hill, 2010). This increased risk for SUD in
adolescents due to parental SUD may interact with other risk factors.
Previous studies have shown that FH+ offspring are more impulsive
than children from FH- parents (Habeych et al., 2006; Martin et al.,
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1994). In addition, longitudinal studies reported that low behavioral
inhibition or self-control among FH+ children and adolescents is asso-
ciated with earlier onset of SU and accelerated progression to SUD for
multiple substances (Shoal and Giancola, 2001; Tarter et al., 2003;
Wong et al., 2006). Given these patterns, we were interested in under-
standing the relationship between adolescent impulsivity in decision
making and the additional risk for SUD conferred by FH+ status. We
drew from an ongoing longitudinal study of the development of SU in
which all adolescent participants (FH+ and FH-) resided in the South
Bronx neighborhood of New York City, an environment in which mul-
tiple levels of disadvantage converge to engender high risk for SUD
(Galea et al., 2003).

Impulsivity is a complex and multifaceted construct, whose different
dimensions are captured by different measures. For example, adoles-
cents’ engagement in risky behaviors such as fast driving, unprotected
sex, and extreme sports, is often used as a proxy of impulsive behavior
(Dalley et al., 2011). Particular aspects of impulsivity related to atten-
tion and planning can be assessed via questionnaires, like the BIS-11
(Patton et al., 1995). Motor components of impulsivity can be assessed
by the Go/No-Go task, and is indicated by the inability to suppress
prepotent motor responses leading to a higher false-alarm rate. In this
study, we focused on measuring impulsivity by choice preferences on a
Delay Discounting (DD) task. DD measures the capacity to postpone
gratification and defines impulsivity as preferences for sooner smaller
(SS) rewards over larger later (LL) rewards (Loewenstein, 1988). It is
typical that a reward that is delayed in time has a lower subjective value
(its value is discounted) compared to the same reward available sooner.
However, when this discounting becomes extreme, as when someone
prefers $20 now over $200 in two weeks, it indicates an inability to
postpone gratification, thus the DD task captures this aspect of impul-
sivity. The rate of discounting varies among people based on several
factors including socioeconomic status (Jachimowicz et al., 2017).
Importantly, it is well-established that a steeper rate of discounting
future rewards is associated with drug addiction (Coffey et al., 2003;
Hoffman et al., 2006; Kirby and Petry, 2004; Lempert et al., 2018;
Moeller and Dougherty, 2002; Monterosso et al., 2001). While the dis-
counting rate may decrease with reduction in dependence (Bickel et al.,
2014), cocaine users who had been abstinent for 30 days still showed
steep rates of discounting. This suggests that the preference for imme-
diate rewards is long lasting and may not only be the result of the drug
use per se (Heil et al., 2006). Cross sectional studies of adolescents also
demonstrate that elevated sensation seeking behavior and steeper delay
discounting were associated with earlier onset of drug experimentation
(Kollins, 2003; Martin, 2002; Martin et al., 2004; Reynolds et al., 2003).
Therefore, it is possible that the DD task could be used as a marker of an
adolescent’s risk status for SU initiation and progression, as was sug-
gested by Dougherty (Dougherty et al., 2014).

Adolescents’ impulsivity has been attributed to the differential
developmental trajectories of two brain systems. Steinberg (Steinberg,
2008) described the dominating role of the socio-emotional brain system
in driving reward seeking behavior at a time when the self-regulatory
brain system is, as yet, underdeveloped. Similarly, Casey (Casey et al.,
2008; Casey and Jones, 2010) proposed that during adolescence there
are pronounced hierarchical changes in the brain circuitry of the
subcortical and cortical regions and in their interconnections. Thus,
over-activation of the brain’s reward system and under-activation of the
cognitive control brain mechanisms lead to the impulsive and sensation
seeking behaviors seen among adolescents (Somerville et al., 2010).
Interestingly, these patterns of maturational development map rather
well onto the time course of typical SU initiation and progression.
During the DD tasks, this same integration of processing in the reward
and control systems, both of which are undergoing changes during
adolescence, appears to determine choice behaviors (Christakou et al.,
2011; Ripke et al., 2012). Indeed, typically developing adolescents show
steeper DD than adults (de Water et al., 2014; Steinberg et al., 2009). In
the current study, we use a DD task to assess whether FH+ adolescents
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have higher discount rates than FH-, which may in-turn reflect their
increased risk for SUD initiation.

In addition to the behavioral aspect of decision-making tasks
designed to distinguish between SUD and control participants, neuro-
imaging studies of decision making tasks reported differences in fron-
tostriatal reward areas encoding the subjective value of both immediate
and delayed rewards (Carter et al., 2010; Glimcher, 2009; Goldstein and
Volkow, 2011; Liu et al., 2011; Luijten et al., 2017; McClure and Bickel,
2014; Tervo-Clemmens et al., 2020; Tomko et al., 2016; Wesley and
Bickel, 2014). This network includes anterior cingulate (ACC), medial
prefrontal cortex (mPFC), orbitofrontal cortex (OFC), inferior frontal
gyrus (IFG), ventral striatum (VS), and posterior cingulate cortex (PCC).
Differences were also found in the lateral prefrontal cortex (LPFC)
(Figner et al., 2010) and inferior parietal lobule (Liu et al., 2011) which
are involved in executive processes. Functional connectivity between
OFC and dorsolateral prefrontal cortex (DLPFC) during DD tasks in-
creases during development as seen in children (Steinbeis et al., 2016)
and adolescents (Christakou et al., 2011). Furthermore, in typically
developing adolescents, individual variations in choices were associated
with differential activity of brain areas implicated in cognitive control
(lateral PFC including IFG regions, and parietal cortex) and reward
valuation (VS and mPFC) (de Water et al., 2017). In adolescents at risk,
Wetherill noted that those who later transitioned to heavy drinking had
lower BOLD responses during the Go/No-Go task in brain inhibitory
control circuits (including, inferior, superior, and medial frontal gyri)
compared to those who did not transition to heavy drinking (Wetherill
et al., 2013). Overall, poor task performance on the Go/No-Go task
indicated vulnerability to substance use initiation (Verdejo-Garcia et al.,
2008) and later SUD (Hester and Garavan, 2004; Ivanov et al., 2008;
Kaufman et al., 2003). Using an Emotional Stroop task in a pilot study,
we demonstrated that inner city FH+ adolescents had increased
conflict-related neural activity in a brain region which is part of the
cognitive control network (Qiao et al., 2015). Similarly, a study of
16—22-year-olds with and without FH of alcohol use, reported differ-
ential activation in fronto-striatal areas during a Go/No-Go task (Heitzeg
et al., 2010). While the participants in the latter study were not all
substance naive, the demonstrated differences may well be indicative of
actual deficits in everyday self-regulation, impulsivity, and decision
making, which, in turn, may increase the risk for SU initiation and
progression.

One of the challenges in understanding the behavioral and brain
imaging findings in SUD is whether the behaviors and the brain imaging
differences represent pre-existing risk factors for SU, or whether sub-
stance use has altered brain functions. The literature supports the idea
that SU creates neurocognitive deficits that may then reinforce SU be-
haviors and lead to full blown SUD (Hardin and Ernst, 2009; Robinson
and Berridge, 2008; Volkow et al., 2012). Yet, only a few studies have
adequately examined the connection between behavioral and neuro-
cognitive differences among substance naive young adolescents and
their subsequent SU. For example, in offspring of alcohol dependent
parents as well as in naive adolescents who later developed SUD, smaller
OFC volume has been associated with higher impulsivity (Cheetham
et al., 2017; Hill et al., 2009), suggesting that the small OFC volume
measured before drug exposure may be indicative of SUD risk. Those
findings are intriguing but inconclusive and, thus, our study is designed
to further investigate the connection between the behavioral and neu-
roimaging aspects of DD task performance and risk for SUD based on
history of FH+/FH- in adolescents. We, therefore, examined brain re-
gions known to be associated with decision making, as they have been
shown to be differentially activated in adults with SUD.

The present study describes the baseline phase of a longitudinal
investigation of inner-city adolescents designed to explore the nature of
transmitted familial SUD risk. Thus, this paper reports the behavioral
and fMRI findings from those baseline assessments. The study compares
task performance and brain functioning in adolescents from FH+ and
FH- families at an age when SU initiation is expected. We assessed brain
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activity using fMRI during a DD task, in which adolescents make binary
choices between two different amounts of money, each available at a
specified sooner or later time (Van Den Bos et al., 2015; Weber et al.,
2007). To investigate the role of immediacy in reward choices in these
adolescents, the reward associated with the sooner option was available
either immediately, so called Now trials, or in two weeks, so called
Not-Now trials (McClure et al., 2004a, 2004b). We hypothesized that
FH+ adolescents would show more impulsivity in task performance
compared to age-matched FH- controls, and that this effect would be
more pronounced in the Now trials. Moreover, this behavioral difference
would be reflected in brain activation in regions that are associated with
reward valuation and with cognitive inhibition, as had been found in
adults with SUD. Thus, the goal of this study was to understand the effect
of parental SUD on impulsivity during early adolescence in a high-risk
cohort of low SES families with similarly disadvantaged environments.
This would help to identify if, before SU initiation, there are neuro-
cognitive differences in offspring based solely on FH status and not on
other demographic characteristics.

2. Methods and materials
2.1. Participants

One hundred and twenty-five healthy adolescents (60 female)
participated in this fMRI study. Sixty-five adolescents (mean age
14.98+1.29) had family history of SUD (based on DSM-IV) and were
categorized as FH-+, and 60 (mean age 15.11+1.36) served as controls
(FH-). Ninety-seven percent of the adolescents were drug naive, defined
as having consumed less than 6 alcoholic drinks, smoked marijuana less
than 6 times, or used any other combination of drugs less than 3 times in
their lifetime.

Since high trait anxiety (general feelings of anxiety) scores have
previously been associated with adolescent substance use (Ste-Marie
et al., 2006), we assessed the participants with the State and Trait
Anxiety Inventory (STAI) (Spielberger et al., 1983). Similarly, as pre-
vious research with adolescents has indicated that higher Barratt
Impulsiveness Scale (BIS-11) scores are associated with earlier onset of
substance use and a higher likelihood of abuse/dependency issues later
on in life (Von Diemen et al., 2008), we included the BIS-11 (Patton
et al., 1995). The BIS-11 examines impulsiveness using three subscales:
attentional, motor, and non-planning impulsiveness, with higher scores
indicating a higher likelihood of impulsive behaviors.

FH+ adolescents had parents with life-time history of drug use dis-
order (22.5%), alcohol use disorder (42.5%), or both (35%), or both
(35%). The FH+ and FH- groups were similar in their demographic
characteristics as well as in their anxiety and impulsivity measures
(Tables 1 & 2 and sample details in SM). One adolescent refused to
perform the DD task in the scanner so behavioral data includes 124
subjects. Due to image artifacts (N = 1), diffuse brain intensities (N=2),

Table 1
Demographic Information and Comparison of the FH+ and FH- Groups.
FH+ FH- Chi- df P N
(N=65) (N=60) square missing
N (%) N (%)
Female 30 (46.15) 30 (50.00) 0.18 1 0.67 0

SES (household income)

<$15K 20 (31.25) 22(37.29) 0.56 2 076 2
$15-50K 31 (48.44) 27(45.76)
>$50K 13 (20.31) 10 (16.95)

Ethnicity
Hispanic 37 (56.92) 39 (65.00) 0.88 2 064 0
Black 18 (27.69) 14 (23.33)
Other 10 (15.38) 7 (11.67)
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signal or motion outliers (N=18), or missing too many trials of the task
(N=1), fMRI analysis was performed on 102 participants, 53 were FH+
and 49 were FH- (see SM for the demographic and psychological char-
acteristics of this N=102 subsample). The study was reviewed and
approved by the New York State Psychiatric Institute IRB. Informed
consent was obtained from parents, and adolescents signed assent forms.
All participants received an $80 gift card for their participation in the
MRI study, as well as the reward amount they chose in one randomly
selected trial of the task (see details below).

2.2. Delay discounting task (DD)

Participants performed the DD task (Decker et al., 2015) in the
scanner after a short practice. Fig. 1 presents a schematic of the task
design. Participants made binary choices between different amounts of
money available with various delays, thus, the choice was always be-
tween a smaller-sooner (SS) and larger-later (LL) reward in all trial
types. The Time Differences between SS and LL were either 2 or 4 weeks
(split evenly). The Relative Reward Differences (RRD) in dollar amount
between SS and LL (i.e., (LL-SS)/SS) was either 1%, 3%, 5%, 10 %, 15%,
20%, 25%, 35%, or 50%. The dollar amounts were drawn from a dis-
tribution with a mean of $45 (SD=$20) and truncated so that it was
between $15 and $85. However, unlike other versions of DD tasks, our
DD task included two trial types (Now/Not-Now), and two framing
conditions (Delay/Acceleration). In the Now/Not-Now trials, half of the
SS options were available “today” (Now), and in half, even the sooner
rewards were not available for two weeks (Not-Now), while the LL were
further delayed. In the Delay/Acceleration framing, half the trials were
presented with a so called “Delay Frame” in which the SS was presented
as the default (i.e., presented as the first option by a green triangle under
the choice), and half with an “Acceleration Frame” in which the LL was
presented as the default.

In each trial, the SS and LL choices were shown on the screen until
subjects responded or when 9 s passed. Then, the participants received
feedback for 1 s, indicating that their choice had been recorded. The
feedback was a change in the colour of the triangle below the chosen
option which turned green, while the triangle below the alternative
option disappeared. The feedback was followed by an interval that
ranged between 4 and 6 s (randomized based on uniform distribution)
with a fixation cross. Participants performed each type of frame twice
(Delay and Acceleration), in 4 runs each lasting about 5 min (due to time
constraints, one participant had only 3 runs), with counterbalanced
ordering of the frames between subjects, for an average of 147 valid
trials (range 85-180; with 149.74+17.65 trials for the FH+ and
146.53+12.63, P > 0.2). Trials with no responses or with reaction times
(RTs) < 200 ms were excluded, but both were rare. Participants were
told that there were no correct answers and were instructed to choose
the option they truly preferred, because one trial would be selected
randomly, and the participant would be paid according to their prefer-
ence on that trial. That is, if the randomly selected trial was a Now trial,
and the participant chose SS, they received the amount of the SS choice
at the end of the session in cash. If it was a Not-Now trial, and the
participant chose SS, they received the amount of the SS choice as a
check in 2 weeks. In both trial types, if they chose LL, a check for the LL
amount was sent to them at the time indicated by the trial. Stimuli were
projected on a screen using Presentation® software (Version 18.0,
Neurobehavioral Systems, Inc., Berkeley, CA, www.neurobs.com).

2.3. Image acquisition

Imaging was performed on a GE Discovery MR750 3.0 T scanner
using a 32-channel head coil. Functional images were acquired using
standard gradient-echo EPI pulse sequence (TE = 25 ms, flip angle = 77,
TR = 25, field of view = 192 mm, matrix size = 64 x 64, 3 mm isotropic
voxels, 45 contiguous axial slices), with ascending interleaved slice
order. Four fMRI runs of 150 images each were acquired. High-
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Table 2
Impulsivity and Anxiety Measures Comparison of the FH+ and FH- Groups.
FH+ (N=65) FH- (N=60) T -test df P N missing
Mean (SD) Mean (SD)
BIS-11*
Attentional impulsiveness 16.52 (3.21) 15.68 (2.84) —-1.53 121 0.13 2
Motor impulsiveness 21.69 (4.29) 21.07 (3.69) —0.85 120 0.4 3
Non-planning impulsiveness 27.97 (5.17) 27.07 (4.59) -1.02 122 0.31 1
STAI?
State 34.89 (8.52) 32.01 (8.50) —1.89 122 0.06 1
Trait 36.98 (9.18) 35.02 (8.94) -1.2 121 0.23 2

Note: 'For details about BIS 11 see (Patton et al., 1995). 2 For details about STAI see (Spielberger et al., 1983).

resolution T1-weighted anatomical images were acquired in the same
axial plane as the functional images using a 3D BRAVO sequence (TE =
2.7, flip angle = 12, TR = 7.2, field of view = 256 x 256, 176 slices with
a spatial resolution of 1.0 x 1.0 x 1.0 mm?).

2.4. Data analyses

2.4.1. Behavioral

Data for the 124 adolescents were analyzed at the trial level without
aggregation. Missing response trials were excluded. The main model, a
Bayesian generalized linear mixed-effects model, was performed on SS
vs. LL choices as a function of Group (FH- and FH+), the immediacy of
the SS option (available Now versus Not-Now), framing, the time dif-
ference between the SS and LL (2 or 4 weeks), the reward magnitude of
the SS, and the RRD between the SS and LL. We also included an
interaction term for each of these factors with Group. In addition to
these fixed effects, we included a random intercept varying over par-
ticipants, random slopes varying over participants for each of the fixed
effects, as well as all possible pairwise covariances between the random
effects. Thus, this model constitutes a "maximal model" with respect to
the random effects (Barr et al., 2013) to safeguard against inflated Type
1 errors. All categorical predictors were sum-to-zero coded. All the
other, continuous predictors were standardized. The models were
implemented using the package brms (Biirkner, 2017) in R (R Core
Team, 2019), which provides an interface to Stan (Carpenter et al.,
2017). The Bayesian model was checked for convergence. We deemed a
regression coefficient statistically significant if its 95 % posterior cred-
ible interval (CI) did not include 0. See SM for more details and for the
same analyses performed on the N=102 participants for which we had

usable fMRI data.

2.4.2. Neuroimaging

We used a standard preprocessing and analysis approach (detailed in
SM). Briefly, preprocessing of the fMRI images included slice timing
correction, motion correction, normalization, and smoothing.
Individual-level analysis was modeled according to the factors that
showed significant interactions with group in the behavioral analysis (i.
e., Immediacy; RRD). Two general linear models (GLM) were used for
the whole brain analysis of the individual subject data (Friston et al.,
1995). First, GLM1 was option-based and included a regressor for each
trial type (i.e., Now and Not-Now trials) to investigate the immediacy
effect, and a regressor for the RRD as a parametric modulator. Two 1st
level contrasts were performed: Now vs. Not-Now trials to investigate
immediacy effect, and all trials modulated by RRD to investigate the
effect of reward value differences between choices. Using this
option-based GLM model, there were equal numbers of Now and
Not-Now trials entering the analysis, as that did not depend on the
participants choices. Second, GLM2 was based on participants choices (i.
e., SS or LL) using three regressors; SS choices in Now trials, SS choices in
Not-Now trials, and LL choices in both Now and Not-Now trials. We
investigated the immediacy effect with Now vs Not-Now trials 1st level
contrast. Therefore, GLM2 contrast analysis, unlike GLM1, excluded the
contributions of LL choices in the Now and Not-Now trials. This GLM2
analysis included fewer participants (N=89) because some participants
responded more often SS or mostly LL and did not have a minimum 10
trials for at least one of the comparison conditions. This reduction in the
number of participants did not change the behavioral outcomes (see SM
for N=89), which were similar to those reported here (N=124), and for

Delayed Accelerated Fig. 1. Trial procedure of the delay discounting
Keep Changeto | Now Keep Changeto | Now tfisk in the delay an(':llthe accelcirfmon condi-
trial trial tions. In both conditions, participants were
$15.00 $17.30 $58.70 $43.50 presented with a choice between a smaller
Today | 2weeks 2weeks | Today amount of money available sooner (SS) and a
4 4 larger amount available later (LL). Time of de-
livery for the SS was either today (Now trial) or
+ + in 2 weeks (Not-Now trials), and the time of
delivery for the LL was either 2 or 4 weeks after
\:;\) Keep Changeto | Not-Now & Keep Changeto | Not-Now the.SS. In the delayed condi.tion, the default
> $36.20 $38.00 trial \G\\I\ $33.50 $22.30 trial option presented to the subject was the SS
: ' . : amount, whereas in the accelerated condition it
2 weeks | 6 weeks 4weeks | 2 weeks was the LL amount. This was indicated by the
4 < green triangle under the choice option.
Amounts offered ranged from $15 to $85.
+ +
Keep Changeto | Now Keep Changeto | Not-Now
$31.40 | $a2.40 |Ui@ $22.20 | $18.50 | trial
Today 4 weeks 6 weeks | 2 weeks
PN PN PN _~
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the N=102 reported in the SM. In both GLM analyses, we modeled the
decision time by including RT as an event duration, and regressors were
convolved with a canonical HRF. We also included regressors of no in-
terest reflecting the mean whole-brain activity on an
acquisition-by-acquisition basis, null covariates for bad volumes (ob-
tained with ArtRepair) and 6 motion parameters. Results from
individual-level analysis (1st level contrast) were submitted to
random-effects whole-brain group analysis. One-sample t-tests were
used to identify activation in the combined groups, and for each group
separately. Two-sample t-tests were used to compare activation between
the FH+ and the FH- groups. Multiple comparison corrections were
implemented with AFNI program 3d ClusSim (Cox, 1996; Cox et al.,
2016), using Monte Carlo simulations, on p < 0.001 uncorrected maps to
estimate the minimum cluster size that would be significant at p (cor-
rected) < 0.05. The cluster extent thresholds for each contrast are noted
in each Figure. An uncorrected p-value of 0.005 with extent threshold of
50 voxels was used to explore the presence of subthreshold activations
for the combined groups (See SM). MNI coordinates for the peak voxel in
each significant cluster were calculated based on SPM output and cor-
responding anatomical labels were obtained using xjView toolbox (htt
p://www.alivelearn.net/xjview). To interpret the contribution of each
regressor of the imaging results of GLM1, we obtained the peak beta
value for active regions using SPM 12. In addition, we investigated
differential activity modulated by RRD as included in GLM1 for all trials
(both Now and Not-Now) between groups, and for the combined groups
(uncorrected p = 0.005 at the voxel level and extended cluster threshold
of 50 voxels).

3. Results
3.1. Behavioral

Table 3 presents the regression coefficients and the confidence in-
tervals for the behavioral performance in the DD task using the Bayesian
mixed-effects model. Participants’ choices were affected by SS reward
amount, time difference, immediacy, and RRD. Importantly, as seen in
Fig. 2, the Now/Not-Now factor interacts with Group, suggesting that
the groups differ in their choices between SS and LL depending whether
they were in the Now or Not-now trials. In the Now trials, this group
difference was driven by the FH+ participant choosing LL less often (SS
more often) than the FH- participants. Interestingly, it is the FH- group
that showed fewer LL choices in the Not-Now compared with the Now
trials (seen more clearly in the SM with the subgroup of 102 participants
included in the fMRI analysis).

As expected, and shown in Fig. 3, participants were more likely to
choose the LL as RRD increased. The RRD also significantly interacted
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with Group indicating that the groups differ in their choice of SS and LL
as a function of how much larger the LL was compared to the SS.
However, the increase in LL choices in FH+ is smaller than the increase
in LL choices seen in the FH-.

Table 4 presents the RTs for the SS and LL choices for each of the trial
types for the FH+ and FH- groups. Comparisons between groups using t-
tests revealed that FH+ responded significantly faster than FH- when
making SS choices. Both groups, however, were choosing SS faster in the
Now trials than in the Not-Now trials (p < 0.001 for both FH+ and FH-).
In addition, LL responses did not show a difference in RT across groups
or trial types.

3.2. Neuroimaging

GLM models were based on the behavioral results and thus included
the comparison of Now vs. Not-Now, and an examination of the effect of
RRD on the modulation of the BOLD responses for all trials.

3.2.1. Brain regions involved in immediacy based on option presentation
(GLM1)

The comparison of Now vs Not-Now contrast across groups showed
no significant activation after multiple comparisons correction. There-
fore, we investigated the effect of immediacy (Now vs. Not-Now) of the
combined groups data. Fig. 4A and Table 5 show significantly greater
activation for Now compared to Not-Now trials in frontal regions,
including the ACC/mPFC, left inferior and middle frontal gyrus, and in a
large bilateral tempo-occipital cluster including medial temporal gyrus,
hippocampal gyrus, middle and inferior occipital gyrus and extending to
the parietal precuneus (Pcu), PCC and angular regions. No deactivations
were observed, indicating greater involvement of brain regions for the
immediate reward (Now trials) than for the Not-Now reward trials.
Notably, striatum regions that have been associated with reward pro-
cessing were observed only at uncorrected threshold with small cluster
size (see SM).

To further understand the underlying Now vs. Not-Now BOLD signal,
we examined the beta coefficients of peak voxel for each active region
resulting from the combined group analysis. As can be seen in Fig. 4B,
Now trials had larger activation than Not-Now trials in the right ACC
and bilateral PCC. In contrast, Not-Now trials had larger deactivation in
left Pcu compared to Now trials.

3.2.2. Brain regions involved in immediacy based on participants’ choices
(GLM2)

Comparing brain activity associated directly with the behavioral
choices, we found no difference between the groups in SS choices in the
Now and Not-Now trials. Comparing brain activity associated with SS

Table 3

The Bayesian Model Results for the Behavioral Performance in the DD (N = 124).
Variables Beta Est. Est. Error L-95 % CI U-95 % CI
SS Reward"” 0.718 0.064 0.594 0.844
Now/Not-Now" —0.334 0.134 —0.595 —0.070
Relative Reward Differences (RRD)" 1.063 0.096 0.878 1.251
Time Difference” —0.648 0.107 —0.858 —0.437
Frame 0.170 0.120 —0.067 0.408
Group —0.441 0.317 —-1.074 0.190
Now/Not-Now by Group” 0.529 0.180 0.177 0.883
RRD by Group® —0.300 0.104 —0.504 —0.099
Time Difference by Group 0.079 0.143 —0.206 0.361
Frame by Group —0.105 0.168 —0.435 0.224

The Bayesian model included predictors that represented main effects of Group, Now/Not-Now trials, Delay/Acceleration Frame, Time
Difference, SS Reward, Relative Reward Differences (RRD), and interactions with Group for all variables but SS Reward. All continuous
predictors (SS Reward, RRD) were mean-centered and standardized, all categorical predictors (Group, Now/Not-now, Time Differences,
Frames) were coded using sum-to-zero contrasts. All primary results are derived from this model. Coefficients were deemed statistically
significant if the associated 95 % posterior credible intervals were non-overlapping with zero.

? <0.05.
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Fig. 2. Proportion of LL choices for the Now and Not-Now trials for the FH+ and FH- groups. A. represents the choice proportions computed from the raw data. B.
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Table 4
Reaction Time Comparisons between the FH + and FH- Groups.
FH+ (N = 64) FH- (N = 60)
t -test df P
Mean (SD) ms Mean (SD) ms
ss Now 1542 (1104) 1808 (1083) —9.69 6269 <0.001
Not-Now 1691 (1161) 1947 (1091) —8.96 6250 <0.001
L Now 1936 (1284) 1977 (1135) -0.87 2686 0.38
Not-Now 1915 (1277) 1996 (1209) -1.78 2894 0.08

choices during Now and Not-Now trials for the combined groups (Fig. 5
and Table 6) revealed significantly greater activation in the following
clusters: left frontal region, including left inferior and middle frontal
gyrus, a large tempo-occipital-parietal region including left middle,
inferior and superior temporal gyri, and bilateral Pcu, PCC and angular
regions of the parietal lobe. As in the GLM1, no deactivations were
observed, indicating greater involvement of brain regions for the im-
mediate reward (Now trials) than for the Not-Now reward trials. Stria-
tum regions were not observed even at uncorrected thresholds using
small cluster size (50 voxels) (see SM).

Overall, the brain activity seen in this choice-based analysis was
similar to the one reported above for the option-based analysis (see
Fig. 4A and B). The main difference between the two analyses was the
lack of activation in the choice-based analysis in the ACC/mPFC, regions
that are part of the valuation network.

3.2.3. Brain regions modulated by RRD (GLM1)

Comparison of parametric modulation of the BOLD signal for the
Now and Not-Now trials by the RRD factor did not yield a significant
difference across groups. For the combined groups, there was decreased
activity in the VS, MFG and IFG, middle and superior occipital gyrus,
superior and middle temporal gyrus and angular and supramarginal
gyrus in the parietal lobe with larger RRD (Fig. 6 and Table 7). Only the
occipital and temporal clusters overlap with immediacy related activity
as shown in Fig. 4A, suggesting that most of the RRD related processes
occurred in brain regions not signifying valuation processes.

4. Discussion

This study investigated the susceptibility of adolescents with a family
history of SUD to exhibit impulsive choices on a DD task. Our initial
hypothesis was that the well-documented increased risk for developing
SUD in adolescents with FH+ would be manifested as a behavioral
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Fig. 4. Group random effects for the Now vs. Not-Now trials for FH- and FH+ groups combined (N=102) in the option-based analysis (GLM1). A. Maps are threshold
at p < 0.05 FPR corrected determined by a p-unc<0.001 at the voxel level and cluster size threshold of 218. B. The beta coefficients from the group random-effect
analysis done on the combined groups shown in A. Data are shown for the peak value of the (sub) cluster comparing the Now and the Not- Now trials. IFG, inferior
frontal gyrus; Pcu, precuneus; PCC, posterior cingulate cortex; ACC, anterior cingulate cortex; mPFC, medial prefrontal cortex.

Table 5

Brain regions active for the contrast of Now > Not-Now trials for the combined groups in the option-based analysis (GLM1).

Brain Regions

Brodmann Area Peak t-value Cluster size MNI Coordinates

X y z
L Temporal (MTG, ITG), Occipital (MOG, IOG, FUS), Parietal (SPL, ANG, Pcu) 37, 20, 22, 18, 19, 39, 7 5.4 3439 —44 —56 —14
R Temporal (MTG, ITG), Occipital (MOG, IOG, Fus), Parietal (SPL, ANG, Pcu) 37, 20, 18,19, 39, 7 5.13 2561 54 —44 -16
L/R Parietal (PCC, Pcu) , Occipital (CU, LG) , Temporal (Hipp), Thalamus 30, 31, 23, 27 4.78 1334 —6 -58 14
L Frontal (IFG, MFG, PreCG) 9, 46, 45, 13 4.53 427 —48 26 14
L/R Frontal (ACC/mPFC, SFG) 32,24,9,10 4.4 758 -10 40 10
R Frontal (IFG, MFG), Insula 46,13 4.37 353 34 22 24

P < 0.05 FPR cluster-level corrected (voxel level P < 0.001 and a cluster size > 218 voxels).

Abbreviations: L, left; R, right; MTG, middle temporal gyrus; ITG, inferior temporal gyrus, MOG, middle occipital gyrus; IOG, inferior occipital gyrus; FUS, fusiform
gyrus; SPL, superior patietal lobe, ANG, angular gyrus, Pcu, precuneus; PCC, posterior cingulate gyrus; CU, cuneus, LG, lingual gyrus; Hipp, hippoampus; IFG, inferior
frontal gyrus; MFG, middle frontal gyrus; PreCG, precentral gyrus; ACC, anterior cingulate gyrus; MPFC, medial prefrontal cortex; SFG, superior frontal gyrus.

preference for immediate rewards over LL rewards, and this would be
reflected in their brain activity. The present findings support this
behavioral hypothesis, as we found statistically significant differences in
DD performance (both in % choice of SS and in RTs) between FH+ and
FH- groups. However, the imaging hypothesis were not supported as
there were no statistically significant differences in brain activity across
FH+ and FH-.

4.1. Behavioral findings

In the DD task, FH+ adolescents (compared to FH-) were more sen-
sitive to manipulation of immediacy, i.e., Now/Not-Now, resulting in

FH+ subjects choosing significantly fewer LL (more SS) rewards in the
Now trials compared to FH- subjects. Figner et al. (Figner et al., 2010)
argued that choosing LL in the Now trials requires more self-control than
choosing the LL in Not-Now trials, because Now trials offer more salient
immediate rewards (McClure, Laibson, et al., 2004). This would suggest
that the FH+ adolescents may have exerted less self-control than the FH-
adolescents in the Now trials (Figner et al., 2010). Moreover, the FH+
adolescents showed increased LL choices for the Not-Now trials whereas
the FH- adolescents showed the opposite, fewer LL choices for the
Not-Now trials. A possible explanation is related to the impulsive nature
of the FH+ group. The FH+ participants are more impulsive in the sense
that they are present oriented, such that an immediate reward
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Fig. 5. Group random effects for SS choices only, during the Now vs. Not-Now trials, for FH- and FH + groups (N=89) combined in the choice-based analysis
(GLM2). Maps are threshold at p < 0.05 FPR corrected determined by a p-unc<0.001 at cluster size threshold of 181. IFG, inferior frontal gyrus; PreCG, precentral

gyrus; Pcu, precuneus; PCC, posteriro cingulate cortex.

Table 6

Brain regions active for the contrast of SS Now choices > SS Not-Now choices for the combined groups for the choice-based analysis (GLM2).

Brain Regions BA Peak t-value Cluster size MNI Coordinates
X y z

L Temporal (MTG, ITG, FUS), Occipital (1I0G) 37, 20, 18,19 5.02 923 —42 —60 -8
L Temporal (MTG, STG, ITG), Parietal (ANG, SMG) 21, 22, 39, 40 4.51 850 —-60 —-32 -8
L/R Parieteal (Pcu, PCC), Occipital (CU, LG) 23, 30, 31 4.42 208 -6 —62 14
L Frontal (MFG, IFG) 9, 44, 45, 46 4.38 435 —48 22 16
R Frontal (MFG, SFG) 8,9 4.35 303 26 30 54
L/R Parietal (PCC, Pcu, MCC) 23, 31 4.22 392 -2 —-38 32
R Temporal (MTG, ITG, FUS), Cerebellum 37, 20, 21 4.21 344 38 —44 —28

P < 0.05 FPR cluster-level corrected (voxel level P < 0.001 and a cluster size > 181 voxels).
Abbreviations: L, left; R, right; MTG, middle temporal gyrus; ITG, inferior temporal gyrus; FUS, fusiform gyrus; IOG, inferior occipital gyrus; STG, superior temporal
gyrus; ANG, angular gyrus; SMG, supramarginal gyrus; Pcu, precuneus; PCC, posterior cingulate gyrus; CU, cuneuus; LG, lingual gyrus; MFG, middle frontal gyrus; IFG,

inferior frontal gyrus; SFG, superior frontal gyrus; MCC, middle cingulate gyrus.

Occipital ITG VS

IFG  Occipital / PCu

t-value

VS SMG

Fig. 6. Increasing negative modulation of BOLD activity by the Relative Reward Differences (RRD) of the group random-effects for all trials for combined (N=102)
FH- and FH + groups (GLM1). Maps are threshold at p-unc<0.005 at the voxel level and cluster size threshold of 50. ITG, inferior temporal gyrus; VS, ventral

striatum; IFG, inferior frontal gyrus; Pcu, precuneus; SMG, supramarginal gyrus.

dominates their decisions. Once they cannot receive the reward imme-
diately, as in the Now trials, all delays are more or less equal. Thus, in
the Not-Now trials where all rewards are in the future, the SS option is
not as attractive as SS option in the Now trials, and we see it as an in-
crease in proportions of LL choices. On the other hand, one might expect
that the FH- would make a similar proportion of LL choices in both the
Now and Not-Now trials, but that was not the case. This may be related
to the patient nature of the FH- group. The FH- participants are future
oriented and were willing to wait for later rewards. As the delay options
are salient for them, they are sensitive to the additional delay in the
Not-Now trials. The Not-Now trials in practice have longer delay from
today, maximum 6 weeks from today compared to 4 weeks from today in
the Now trials. Therefore, the FH- participants may become less patient
in the Not-Now trials and preferred an earlier reward. For the FH- group,

the two trial types are not equivalent as the participants are more sen-
sitive to variability in time delay than the FH + participants which are
more sensitive to immediacy.

Fast motor response is one aspect of impulsive behavior (Verdejo--
Garcia et al., 2008), and in our data it is seen only for SS choices. Both
groups showed longer RT for LL than for SS. However, FH+ adolescents
were faster than FH- adolescents in choosing SS, suggesting that the FH-
adolescents took time to assess their options, whereas the FH+ were
more impulsive in making immediate choices. However, both groups
showed the fastest responses in making SS choices in the Now-trials
compared with the Not-Now trials. This suggests that overall Now tri-
als generate impulsive responses even in the less impulsive adolescents.

Our data also demonstrate that as RRD increases all participants
choose LL more often. As expected, and consistent with previous studies,
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Table 7
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Brain regions demonstrating negative parametric modulation of RRD for all trials for the combined groups (GLM1).

Brain Regions BA Peak t-value Cluster size MNI Coordinates

X y z
L Occipital (I0G) Temporal (MTG, ITG) 19, 37 -3.71 239 —-38 -78 —4
L Occipital (SOG, MOG) Parietal (Pcu) 17,18, 31 -3.62 277 —24 ~74 16
R Temporal (STG, MTG), Parietal (SMG, Ang) 22, 40 -3.61 399 42 -50 14
R VS (Put, Gl. Pallidus), Thalamus -3.43 235 30 -6 -6
L VS (Put, Gl. Pallidus), Thalamus -3.39 133 —24 —-20 4
R Frontal (MFG, IFG) 47,11 -3.2 155 48 38 -6
R Temporal (ITG, MTG) 37 -3.1 61 38 —-60 -2
R Insula, Putamen 13 -3 58 —40 4 6

Punc < 0.005 and a cluster size > 50 voxels.

Abbreviations: L, left, R, right; ITG, inferior temporal gyrus; SOG, superior occipital gyrus; MOG, middle occipital gyrus; SMG, supramarginal gyrus; Ang, angular

gyrus; VS, ventral striatum; Gl. Pallidus, globus pallidus; Put, putamen.

participants were more likely to wait for the LL when the payoff for
doing so was larger (Decker et al., 2015). However, the rate of increase
of the LL choice as RRD increases is significantly less for the FH + than
the FH- group, indicating an attenuated response to future rewards.
Furthermore, for both groups, the rates of LL choices as a function of
RRD are much smaller than those previously reported in adults. At the
largest RRD our adolescents choose LL on 50% of the trials in compar-
ison to adults who choose LL in 75%-80% of those trials (Decker et al.,
2015; McClure, Laibson, et al., 2004). This could reflect steeper dis-
counting in adolescents compared to adults, as observed by de Water
and colleagues (de Water et al., 2014).

Together, these data suggest that the FH+ group is biased towards
immediate rewards, even as the payoffs that come with waiting are
significantly increased. In other words, the FH+ groups showed greater
sensitivity to timing of immediately available rewards and less sensi-
tivity to magnitude (and timing) of later rewards. It is tempting to
speculate that these biases toward immediate reward represent the
specific component of impulsivity that is, at least partially, responsible
for the increased risk for SU initiation and progression towards SUD
found in FH+ adolescents. Whereas in the DD task the FH+ group was
more impulsive than the FH- group, the groups did not differ on the BIS-
11 measures of impulsivity (attention, motor, and planning). Because
the BIS-11 captures different aspects of impulsive behavior our data
suggest that the DD task maybe more indicative of SUD risk than the BIS-
11, at least in our sample groups, which were well matched in most
variables other than family history of SUD. Our behavioral findings are
in agreement with previous cross-sectional studies that reported
increased impulsivity in FH+ offspring (Dougherty et al., 2014), for
review see (Ivanov et al., 2008; Verdejo-Garcia et al., 2008), as well as in
adult FH+ offspring (VanderBroek et al., 2016).

4.2. Imaging findings

In this study, comparison of brain activity of the Now vs. Not-Now
trials between FH+ and FH- groups, for either analysis, did not yield a
cluster that survived statistical correction for multiple comparisons
suggesting that there are no detectable differences between groups in
brain processes during the DD task. Similar findings were reported in
adolescents of alcohol use disorder parents (Bjork et al., 2008). As ex-
pected, examining the immediacy effect in the combined groups resulted
in increased activation across a distributed network. Specifically, based
on option presentation analysis (GLM1), stronger BOLD signal for the
Now trials, compared to the Not-Now, was observed in the ACC/mPFC,
Pcu, posterior cingulate, inferior and middle frontal gyri, and
superior-frontal gyrus, temporal gyrus and occipital gyrus. Subthreshold
activations were also observed in the VS and dorsal striatum (caudate,
putamen) (SM). The mPFC, OFC, VS, and the PCC have been proposed as
regions that code the subjective value of a reward (Carter, 2010; Hare,
O’Doherty, Camerer, Schultz, & Rangel, 2008; Juechems et al., 2017;

Kable and Glimcher, 2007; McClure et al., 2004a, 2004b; Tanaka et al.,
2004), and the VS as associated with valuation of delayed rewards (Hare
et al., 2014; Prévost et al., 2010). Activity in the PCC and neighboring
Pcu have been implicated in encoding time intervals and valuation of
delayed or probabilistic rewards (Clithero et al., 2009; Glimcher, 2010;
Harrington et al., 2004; Kable and Glimcher, 2007; McClure, Laibson,
etal., 2004). In addition, there was activation in the angular gyrus in the
choice-based analysis (GLM2), probably representing the process of
choice per se. Thus, our results are in agreement with previous studies of
DD showing that these brain regions are engaged in reward processing
and thus, more broadly, in decision making (Carter, 2010; Carter et al.,
2010; Figner et al., 2010; Frohner et al., 2019; Frost and McNaughton,
2017; Hare et al., 2009, 2008; Kable and Glimcher, 2007; McClure,
York, et al., 2004). Furthermore, studies that compare the Now and
Not-Now trials yielded activation in the mPFC, VS and PCC similar to
our findings in the combined group analysis (Kable and Glimcher, 2010;
Ludwig et al., 2015; McClure, Laibson, et al., 2004; Weber and Huettel,
2008). These regions showed greater activation in the Now compared
with Not-Now trials. In contrast, the Pcu show greater deactivation for
Not-Now compared to Now trials (Fig. 4B), similar to that reported by
Ikink (Tkink et al., 2019).

The choice-based analysis (GLM2, Fig. 5) shows a similar activation
to that of the option-based analysis (GLM1, Fig. 4) with the exception of
frontal ACC/mPFC, and striatal regions, with no significant differences
between groups. The question is then, why we do not see greater acti-
vation for the FH+ group, since behaviorally they made more SS choices
during the Now trials compared with the FH- group? While there are no
significant differences in brain activity between groups, in either the
option-based or the choice-based analysis, some characteristics of the
brain activation may reflect the small behavioral differences found be-
tween the groups. In particular, the unexpected increased brain activity
during the Now trials (compared to the Not-Now) for the FH- group may
point to their greater valuation of LL choices (See SM Figure S5). A closer
look at the ACC activity we described for the combined groups indicated
that it is mostly due to activity seen in the FH- group, as frontal activity
in the FH+ alone did not survive the statistical correction (See SM
Figure S5). Whereas the lack of differentiation in brain activity of the
Now vs. Not-Now trials in the FH+ group may stem from the fact that
they made fewer LL choices in the Now trials, or due to factors other
than valuation affecting their choices, such as focus on timing of the
reward. Further support of greater valuation of LL choices can be dis-
cerned from comparison of brain activity reported for GLM1 and GLM2.
These two analyses differ in that the option-based analysis contrast
included trials with LL choices, whereas in the choice-based analysis
contrast, trials with LL choices were not included (as we compared SS
choices between Now and Not-Now trials). Therefore, we can assume
that any difference between these two analyses stemmed from the
exclusion of trials with LL choices. Thus, the regions seen only in the
option-based analysis probably reflect greater valuation processes



D.V. Rodriguez-Moreno et al.

during trials when LL were chosen. Because FH- participants were more
likely to choose LL during the Now trials it resulted in more pronounced
brain activity in the option-based analysis (GLM1) for the FH- compared
to the FH+ group as shown in SM (Figure S5).

We also observed that the BOLD activity in Pcu, supramarginal
gyrus, inferior frontal gyrus and VS for all trial types decreased with
increases in RRD. Most of these areas can be viewed as part of the
frontoparietal circuitry which has been proposed to signify a choice
network. Indeed, these regions did not show BOLD activation during the
valuation process as was demonstrated in the Now/Not-Now compari-
son. Our findings agree with a previous proposal separating two
computational networks, a frontoparietal choice network that computes
the relative subjective value in preparation for choice, and the frontos-
triatal valuation network (Kable and Glimcher, 2010). Change in BOLD
activity in the choice network was inversely correlated with RRD,
similar to that reported by Hare et al. (Hare et al., 2014), suggesting that
this network does not compute choice difficulty based on monetary
values alone but maybe based on other parameters. Lateral
fronto-parietal regions have been proposed to carry out decision com-
putations that involve contextual parameters of rewards, such as their
temporal distribution, frequency, and level of abstraction (Christakou
et al., 2009; McClure, Laibson, et al., 2004). Specifically, in this study,
the monetary stimuli included decimal values (e,g, $22.30 vs. $33.50)
which could have presented greater challenges in stimuli discrimination
especially when the amounts were relatively close. This difficulty was
seen as greater BOLD activation with decrease in RRD. Another possi-
bility is that the larger BOLD signal with lower RRD is an artifact of a
larger number of trials in the lower end (6 sampling intervals between
1%-20%) of the RRD, compared with the upper end (3 sampling in-
tervals between 25%-50%).

Few neuroimaging studies investigating delay-discounting have been
performed in adolescents. For example, mPFC and striatum were
observed in healthy adolescents who performed a DD task (Schneider
et al., 2014; Van Den Bos et al., 2015). Ripke and colleagues (Ripke
et al., 2012) reported similar brain activation patterns in the reward and
cognitive control areas in adolescents and adults. However, adolescent
discounting was steeper, and they were less consistent in their choices
than the adults. Moreover, the choice inconsistencies were associated
with reduced parietal activation. Our FH- participants demonstrated
brain activity that is in line with those reported in healthy adolescents.

To the best of our knowledge, only very few studies have included
high-risk FH+ children prior to regular substance use (Ivanov et al.,
2019; Qiao et al., 2015). For example, Ivanov and colleagues (Ivanov
et al., 2018) used a flanker task to study 8—13-year-old children with
attention-deficit hyperactivity disorder (ADHD) with and without FH+
and non-ADHD controls, and reported no performance differences be-
tween groups. However, a whole-brain analysis revealed significant
differences in widely distributed networks related to cognitive control
and reward processing. In our study, using a DD task, there were per-
formance differences between the groups which were not associated
with quantitative differences in brain activation.

Although behavioral responses were significantly different between
the groups, the actual percent difference in choosing SS is small,
reflecting subtle differences between groups that could not be detected
in the BOLD signal. The fact that, at this developmental stage, the effect
of FH+ is not prominent in the brain may suggest that early intervention
could prevent neurobehavioral changes that could lead to SUD. We will
have the opportunity to test whether there is a differentiation in brain
signal between the groups in the follow up phase of the study (3 years
after baseline). Critically, our study strength lies in the fact that the only
major difference between the groups is the FH status. Many studies
assessing risk of SUD among FH+ compared this group to a group that is
FH- but from a very different demographic and environmental charac-
teristics (income level, parental education, parental marital status,
neighborhood, etc.) (Ryan et al., 2016; Tarter et al., 2003). Each of these
variables, either alone or in combination, could contribute substantially
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to impulsive decisions in the DD task, as well as influence brain activity.
The fact that we have isolated this one major variable to differentiate the
groups allows us to more clearly attribute possible findings to this var-
iable per se, a strength of this study. We can argue the FH status alone
may not increase risk for SUD (both groups in our study may have
similar increase risk because of their disadvantaged environment).
Importantly, it is possible that FH status alone does not induce clear
brain changes and that is the reason that we could not find differences in
brain activity. Furthermore, our studies (under review) of diffusion
tensor imaging (DTI) as well as anatomical MRI and resting state con-
nectivity of this sample did not reveal major differences between the FH-
and the FH+ groups either. To understand behavioral outcomes and
potential brain changes associated with FH status, future studies should
consider ways to reduce variability in the sample to further validate
whether there is a significant effect of FH status alone on brain function.

4.2.1. Study limitations

The DD task we used was designed to compare Now vs. Not-Now
trials while keeping participants engaged by using cognitively
demanding reward and time options. This may have increased vari-
ability in performance strategy and in the associated brain functions. It
is possible that greater variability in the fMRI signal reduces the power
to detect between-subject effects (Elliott et al., 2020). However, this is
probably not due to sample size because other studies with adults, using
the exact same task, did find both behavioral and neural differences
across groups using a much smaller sample (Decker et al., 2015; Pinto
et al., 2014). However, it is possible that at this stage of development or
in circumstances where the adolescents are not using or abusing sub-
stances, the neuronal differences, if they exist, are still so small that they
are not as easily detectable as in the other studies where the participants
psychopathology is well-defined. There are other sources of variation
that could have made it hard to detect small changes in fMRI signal. In
particular, the age range of 12-17 in the present study may be too wide
and includes a developmental period that is known to demonstrate large
brain changes that were similar across groups. It is possible that the
brain activities associated with SUD risk among FH+ adolescents could
not be detected due to the developmental variability intrinsic during this
time period. Other variabilities stemmed from the fact that FH+ ado-
lescents have varied parental SUD characteristics, such as SUD duration,
onset, childhood exposure, one vs. two parents with SUD, and a variety
of substances of abuse (Biederman et al., 2000). While some authors
have suggested that the specific substance of abuse by parents is less
important than the common risk factor among those who are FH+
(Tsuang et al., 1998), others have argued that familial risk for SUD is
substance specific (Merikangas et al., 2009). Moreover, heterogeneity of
susceptible brain systems among FH+ offspring would reduce the power
in detecting differences between the FH groups. Critically, among the
FH+ adolescents, not all will develop SUD. Indeed, Martz et al. (Martz
et al., 2019) showed that FH+ offspring with reduced connectivity be-
tween the DLPFC and the PCC were more likely to initiate SU, as they
have less cognitive control. In contrast, FH-+/resilient offspring, who did
not experiment with substances, showed stronger synchrony between
brain regions associated with cognitive control.

There were additional limitations that may have contributed to the
lack of significant differences in brain activation between the FH+ and
FH- groups. First, the greater modulation of brain activation by the RRD
in FH+ in comparison to FH-, as suggested by behavioral results, could
be hard to detect due to lack of power resulting from the distribution of
the RRD intervals. Specifically, based on the behavioral results, the brain
activity modulation across groups was expected to increase with
increased RRD. However, the behavioral results indicated that the
greatest difference was in the large RRD (25%, 35% and 50%) which
constituted only about 30 % of the trials. Second, although monetary
delay discounting tasks have been extensively used (de Water et al.,
2014; Figner et al., 2010; McClure, Laibson, et al., 2004; Solway et al.,
2017), to the best of our knowledge, they have not been widely used
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with low SES minority adolescents, who might discount more steeply,
either due to an immediate financial need or because of a lack of trust in
obtaining later rewards (Lempert et al., 2018). We are, however,
confident that the participants trusted that they would receive the
payment from our research team since they have been followed as part
of a longitudinal epidemiological study. Although, we cannot be sure
about their immediate financial needs, this should not be a major
concern as we expect it to affect adolescents in both groups equally. As
we continue to follow our cohort, we will be able to separate the FH+
group into those who are more at risk (as SU initiation progresses) and
those who have greater resilience.

5. Conclusion

The present study provides evidence that in a cohort of young ado-
lescents from an inner-city minority community, family history of SUD
predicts a tendency to choose immediate SS rewards over LL rewards in
the DD task compared to FH-. This behavior is stronger when the SS
rewards are available immediately. Moreover, FH+ participants were
less likely to switch to LL rewards as the RRD increases. Brain activity
supports the notion that subjects’ decision-making represents higher
subjective value during the Now trials compared to the Not-Now trials.
Overall, the brain processes involved in performing the DD task by this
unique sample of adolescents is similar to those reported for typical
adolescents and for adults. At this stage in adolescents’ development,
our study could not identify brain regions as markers for the FH+ status
or future SUD risk. A longitudinal follow up of this cohort is already
underway and may be able to identify at what point in brain develop-
ment, if any, the risk conveyed by FH+ status manifests in measurable
functional brain differences.
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