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Adolescents have an increased need to regulate their behavior as they gain access to opportunities for risky be-
havior; however, cognitive control systems necessary for this regulation remain relatively immature. Parents
can impact their adolescent child's abilities to regulate their behavior and engagement in risk taking. Since ado-
lescents undergo significant neural change, negative parent–child relationshipqualitymay impede or alter devel-
opment in prefrontal regions subserving cognitive control. To test this hypothesis, 20 adolescents completed a
Go/NoGo task during two fMRI scans occurring 1 year apart. Adolescents reporting greater family conflict and
lower family cohesion showed longitudinal increases in risk-taking behavior, which was mediated by longitudi-
nal increases in left VLPFC activation during cognitive control. These results underscore the importance of par-
ent–child relationships during early adolescence, and the neural processes by which cognitive control may be
derailed and may lead to increased risk taking.

Published by Elsevier Inc.
Introduction

One of themost important skills adolescents need to successfully de-
velop is cognitive control. While certainly important during childhood,
the ability to regulate one's impulses and behavior becomes increasing-
ly crucial as children transition into adolescence, a time when risk-
taking behavior increases substantially. Adolescence involves both the
biological transition of puberty, characterized by dramatic physical
(Wheeler, 1991) and hormonal (Susman et al., 1985) changes, with a
shift in social contexts and roles (Nelson et al., 2005). Adolescents
rapidly gain access to a number of potentially dangerous activities
such as drugs and alcohol use (Kandel and Logan, 1984), driving (U.S.
Census Bureau, 2012), and sexual debut (Cavazos-Rehg et al., 2009).
Unfortunately, cognitive control abilities, and the prefrontal cortex
which subserves them, remain relatively immature into and through
adolescence (Luna et al., 2010). As a result, adolescents have difficulties
regulating their impulsive behavior, placing them at increased risk for
health compromising outcomes such as sexually-transmitted infection
(Kaestle et al., 2005), substance abuse (Santor et al., 2000), school fail-
ure (Nelson and DeBacker, 2008), and accidents or death (U.S. Census
edical Imaging Center at the
rant from the National Science
tes of Health (R01DA039923),
t the University of Illinois.
ign, IL 61820, United States.
Bureau, 2012). As such, adolescents' cognitive control abilities can
have far-reaching implications for health and successful adjustment.

The quality of family relationships may facilitate adolescents' cogni-
tive control abilities. This may occur through parents' modeling of self-
regulation (Eisenberg et al., 2005; Morris et al., 2007), protecting ado-
lescents from stress (Power, 2004), and providing support for adoles-
cents' autonomous regulation (Eccles et al., 1997; Morris et al., 2007).
Parent–child relationships characterized by conflict and stress reduce
opportunities for adolescents to develop effective cognitive skills,
which can increase the likelihood of subsequent risk-taking behaviors
(McNeely et al., 2002; Telzer et al., 2014a). Indeed, the quality of par-
ent–adolescent relationships influences sexual debut and riskiness
(McNeely et al., 2002; Miller, 2002; Clawson and Reese-Weber, 2003),
risky driving practices (Michael and Ben-Zur, 2007), and substance
use (Borawski et al., 2003; Telzer et al., 2014a) such that hostility and
conflict in family relationships puts teens at increased risk for these neg-
ative outcomes. Due to the costly consequences of adolescent risk taking
(U.S. Census Bureau, 2012), understanding howparents contribute both
positively and negatively to adolescent engagement in risky behaviors
has important social and health implications.

Parents may influence their adolescents' engagement in risk taking,
in part, through the influence of parenting on neural development. Sim-
ilar to the early postnatal period, adolescence involves an increase in
neural plasticity and reorganization (Casey et al., 2005), such that neural
systems are particularly sensitive to social influences (Blakemore and
Mills, 2014; Knoll et al., 2015). This increase in social salience may
make adolescents more susceptible to the impacts of poor parent–
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child relationships. Although parent–child relationships during early
postnatal development set the stage for future neural trajectories
(Schore, 2001; Gee et al., 2013; Tottenham, 2014), little attention has
been paid to the effects of parent–child relationships during adoles-
cence. There is evidence to suggest that adolescents' neural activity in
some domains (e.g., affective processing) is modulated by parent–
child attachment quality (Gee et al., 2013, 2014; Olsavsky et al., 2013)
and structural differences emerge across adolescence in affective and
prefrontal regions as a function of earlier positive parent–child interac-
tions (Whittle et al., 2014). However, relatively little is known about the
effects of parents on adolescent neural networks involved specifically in
cognitive control, which is a significant limitation given that parents
play a significant role in the development of youths' basic executive
functioning (Deater-Deckard, 2014). Moreover, most neuroimaging
studies have explored the effects of family relationships on neural
processing using cross-sectional (i.e., single-time point) approaches
(but see Qu, Fuligni, Gálvan, & Telzer, 2015). Because adolescence is a
time of significant neural changes (Paus, 2005; Lenroot et al., 2007),
these snapshots of neural activity maymiss how parenting can have ef-
fects on adolescents' neural trajectories over time. In particular, by com-
paring individuals to their own baseline measurements, longitudinal
approaches can offer insights into contextual factors which influence
ongoing development. Compared with traditional cross-sectional ap-
proaches, longitudinal methodologies allow us to examine how specific
factors (e.g., family relationships) are associated with changes in devel-
opmental trajectories at the individual level and offer amore-precise es-
timate of how these factors mediate changes in ongoing developmental
processes (Maxwell and Cole, 2007). Additionally, longitudinal ap-
proaches have increased power to detect changes of interest relative
to cross-sectional approaches by examining within-person change and
has the benefit of controlling for differences that exist between cohorts
compared in cross-sectional analyses (Louis et al., 1986).

To address these gaps in our understanding, we examined the im-
pact of family relationship quality on longitudinal changes in risk taking
across early adolescence, as well as the neural processes that may un-
derlie this link.We examined both neural and behavioral changes as ad-
olescents transitioned from the 8th to the 9th grades, a developmental
transition marked by increases in risk-taking behaviors such as sub-
stance use (Bryant et al., 2003) and sexual initiation (Santelli et al.,
2004). Additionally, adolescent–parent relationships during this period
are often characterized by increased conflict as adolescents attempt to
negotiate increased independence (McGue et al., 2005). Finally, on the
neural level, large-scale developmental changes continue through this
period, suggesting that neural systems remain plastic and especially
sensitive to social and environmental input (Crone and Dahl, 2012;
Blakemore and Mills, 2014). Importantly, neural regions in the lateral
prefrontal cortex (PFC), which subserve cognitive control, are among
the last to reach maturity, continuing to develop throughout the
teenage years (Lenroot et al., 2007; Shaw et al., 2008). This prolonged
maturation provides an extended window for environmental factors
to exert influence on the development of the lateral PFC and associated
cognitive control abilities (Nelson & Guyer, 2011) with downstream
consequences for adolescents' engagement in risk-taking behavior
(Casey et al., 2008). In the current study, we focused on the ventrolater-
al prefrontal cortex (VLPFC), a region involved in behavioral inhibition
and cognitive control (Swick et al., 2008; Souza et al., 2009; Levy and
Wagner, 2011). Moreover, recent studies have shown that longitudinal
increases in VLPFC activation during a risk-taking task predict longitudi-
nal increases in risk taking behaviors (Qu, Galvan, Fuligni, Lieberman, &
Telzer, 2015), and changes in positive family interactions are associated
with longitudinal decreases in lateral PFC activation among older
adolescents (Qu, Fuligni, Gálvan, & Telzer, 2015). Following this
prior work, and building off the extant literature linking family
relationships with cognitive control abilities, we hypothesized that nega-
tive family relationships would be associated with longitudinal increases
in VLPFC activation during a cognitive control task, and these neural
changes would explain the link between negative family relationships
and increased risk taking. We utilized a longitudinal design, which
allowed us to examine how the quality of family relationships predicts
individual trajectories in risk taking via changes in neural processing.

Methods

Participants

Twenty (13 male) healthy adolescents participated in the current
study. Participants were studied at two time-points, once during 8th
grade and again during 9th grade. All adolescents were 14 at Time 1
(T1: Mage = 14.39 years, SD = .34) and 15 at Time 2 (T2: Mage =
15.20, SD = .31). Three additional adolescents participated, but are
not included in the current study (one participant moved excessively
(N2.0 mm) and two did not complete self-report measures at T1). Par-
ticipants provided written consent and assent in accordance with the
policies of the University of Illinois' Institutional Review Board.

Self report measures

Family relationship quality
At T1 and T2, participants completed two self-reportmeasures relat-

ed to family relationship quality. Thefirst asked participants to report on
family conflict (Ruiz et al., 1998). Participants completed 10 questions
about their relationship with their parents in the last month (e.g., “You
and your parents had a serious argument or fight” and “You and your
parents yelled or raised your voices at each other”). Participants used a
5-point scale to rate the frequency with which they and their parents
engaged in these behaviors (1 = “Almost never” to 5 = “Almost al-
ways”). Themeasure had good reliability (α: T1= .94, T2= .93). Partic-
ipants also reported on their family cohesion (FACES II; Olson et al.,
1979). Participants completed 10 questions (e.g., “My mother/father
and I feel very close to each other” and “My mother/father and I avoid
each other at home”) on the same 5-point scale. Questions for the family
cohesion score were reverse coded such that a higher score reflected
less cohesive family relationships. This measure had good reliability
(α: T1 = .91, T2 = .88). The two measures were positively correlated
(T1: r = .55, p = .01; T2: r = .45, p = .04), and were combined into a
composite family relationship score, with higher scores representing
greater levels of family conflict and lower levels of family cohesion.

Adolescent risk taking
In order to examine changes in risk taking, adolescents completed a

modified version of the Adolescent Risk-Taking Scale at both T1 and T2
(Alexander et al., 1990; Telzer et al., 2013). Participants responded to 12
questions indicating howoften (1= “Never” to 4= “Many times”) they
engaged in a range of risky behaviors (e.g., “I have stolen or shoplifted”
or “I have had sex without using protection”). The scale had good reli-
ability at both time points (α: T1 = .76; T2 = .89).

Cognitive control task

At both time points, adolescents performed a Go–NoGo (GNG) task
during an fMRI scan. Participants were presented with brief (500 ms)
trials which consisted of a single letter and were instructed to respond
with a button press as quickly as possible to all letters (Go trials) except
for Xs (NoGo trials). X trials occurred 25% of the total number of trials.
This high ratio of Go trials reliably causes participants to develop a
pre-potent response to perform a button press that must be inhibited
duringNoGo trials. Trialswere separated by afixation period that varied
in length with a gamma distribution (M= 1000ms). Participants com-
pleted four blocks of the task. Each block was composed of 80 trials (60
Go; 20 NoGo), and blocks were separated by a 60 s rest period. Efficacy
of cognitive control wasmeasured as successful inhibition of the button
press during NoGo trials.
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fMRI data acquisition

Imaging data were collected with a 3 T Tesla Siemens Trio MRI
scanner. The GNG task involved the acquisition of T1*-weighted
magnetization-prepared rapid acquisition gradient echo (MPRAGE)
scan which was acquired for registration purposes [TR: 2.3; TE: 2.1;
FOV: 256; matrix: 192 × 192; sagittal plane; slice thickness: 1 mm;
160 slices]. Structural scans were acquired with a T2 weighted,
matched-bandwidth (MBW), high-resolution, anatomical scan (TR =
4 s; TE = 63 ms; FOV = 230; matrix = 256 × 256; sagittal plane;
slice thickness = 1mm; 192 slices). MBW and MPRAGE scans were ac-
quired at an oblique axial orientation in order to maximize brain
coverage.

fMRI data preprocessing and analysis
Preprocessing and data analysis were conducted using Statistical

Parametric Mapping (SPM8; Wellcome Department of Cognitive
Neurology, Institute of Neurology, London, UK) software package.
Scans for T1 and T2 were preprocessed separately. Preprocessing
involved spatial realignment to correct for head motion (included par-
ticipants had no motion in excess of 1 mm between-slice motion), as
well as coregistration of all images with the high-resolution T1*
MPRAGE structural scan, which was then segmented into gray matter,
white matter, and cerebrospinal fluid. Transformation matrices used
to normalize the MPRAGE images were applied to the MBW and
functional images to transform them into the standard stereotactic
space defined by the Montreal Neurological Institute (MNI) and the In-
ternational Consortium for Brain Mapping. An 8 mm Gaussian kernel,
full-width-at-half maximum was used to smooth the normalized func-
tional images to increase the signal-to-noise-ratio. Using the general lin-
ear model in SPM8 to perform statistical analyses, each trail was
convolved with a canonical hemodynamic response function. High-
pass temporal filtering (cutoff = 128 s) was used to remove low-
frequency drift across the time series. A restricted maximum likelihood
algorithmwith an autoregressivemodel order of 1was used to estimate
serial autocorrelations.

The task was modeled as an event-related design, with a trial dura-
tion of 500 ms. For the fixed-effects model, a general linear model
(GLM) was created for each regressor of interest to parse the different
events, including Go trials, successful NoGo trials, false alarms (i.e., but-
ton press on NoGo trials), and misses (i.e., inhibition of button press on
Go trial). T1 and T2 regressors were modeled separately. The jittered
inter-trial fixation periods and the 1-minute rest period between blocks
were not explicitly modeled and therefore served as the implicit base-
line. A parametric modulator was included which weighted the trials
by block, with trials in the first block being weighted with a 0 and trials
in the last block with a 3. Contrasts between T1 and T2 were computed
at the individual level in order to examine longitudinal changes in neu-
ral reactivity.
Table 1
Descriptive statistics.

Variable of interest M SD Range t(19) 1 2

1. T1 Family relationship 2.30 .51 1.10–4.20 1 .77⁎

2. T2 family relationship 2.50 .69 1.40–4.25 1
3. T2–T1 family relationship 0.20 .48 − .75–1.25 1.9+

4. T1 risk taking 1.30 .32 1.00–2.30
5. T2 risk taking 1.40 .50 1.00–2.80
6. T2–T1 risk taking 0.10 .18 − .25–.48 1.4
7. T1 false alarm rate 0.09 .04 .01–.14
8. T2 false alarm rate 0.08 .04 .003–.17
9. T2–T1 false alarm rate 0.00 .04 − .07–.06 0.4

Note: Paired-samples t-tests were used to determine differences between T1 and T2 for variab
+ b .1.
⁎ b .05.
⁎⁎ b .01.
Random effects and group-level analyses were run on all individual
subject contrasts using GLMFlex, which corrects for variance–
covariance inequality, removes outliers and sudden activation
changes in the brain, partitions error terms, and analyzes all voxels con-
taining data (http://mrtools.mgh.harvard.edu/index.php/GLM_Flex).
All group-level analyses in this study focused on successful inhibition
trials (NoGo) since our primary goal was to examine neural activation
supporting changes in effective cognitive control. To examine how
changes in neural activation covaried with self-reported behavior, we
entered changes in risk taking (i.e., difference score between risk taking
at T2–T1) and T1 family relationship scores as regressors in whole brain
regression analyses.

Correction for multiple comparisons was run using a Monte Carlo
simulation through 3dClustSim from the AFNI software package
(Ward, 2000) using the group-level brainmask. The simulation resulted
in a voxel-wise threshold of p b .005 and a minimum cluster size of 42
voxels for the whole brain, corresponding to p b .05, False Wise Error
(FWE) corrected.
Results

Behavioral results

Association between negative family relationship quality and change in
risk taking

Our first analyses examined descriptive statistics for all variables as
well as correlations across the variables across the two time points. As
shown in Table 1, self-reported risk taking did not change from T1 to
T2, whereas family relationship quality tended to get worse across
time. We ran bivariate correlations to examine how negative family re-
lationship quality was associated with adolescent risk-taking. In order
to examine change in risk taking and family relationships,we computed
a difference score, which represents risk taking (or family relationships)
at T2 minus risk taking (or family relationships) at T1. More negative
family relationship quality at T1 was associated higher risk taking at
T1 and T2 as well as longitudinal increases in risk taking from T1 to
T2. Negative family relationship quality at T2 and changes in family re-
lationship quality (T2–T1) were not significantly correlated with risk-
taking behavior (Fig. 1).
Behavioral performance on the Go–NoGo task
To measure performance on the Go–NoGo task, we used partici-

pants' false alarm rate: or the proportion of NoGo trials where partici-
pants failed to inhibit their button press. T1 and T2 false alarm rates
did not significantly differ and were not related to either T1 negative
family relationship quality or longitudinal changes in risk taking
(Table 1).
3 4 5 6 7 8 9

⁎ − .39 .59⁎⁎ .71⁎⁎ .51⁎ .30 .22 − .04
.29 .36 .39 .28 .06 .07 .02

1 − .37 − .49+ − .36 − .36 − .23 .09
1 .80⁎⁎ .34 .20 .10 − .08

1 .77⁎⁎ .28 .12 − .15
1 .19 .06 − .14

1 .63⁎⁎ − .22
1 .62⁎⁎

1

les of interest.

http://mrtools.mgh.harvard.edu/index.php/GLM_Flex


Fig. 1.Negative family relationship at T1 are associated with longitudinal increases in risk
taking.

Table 2
Neural regions that correlated with negative family relationship at T1 during successful
NoGo and Go trials at T2–T1 (all correlations are positive).

Region BA x y z t k

NoGo T2 N NoGo T1
L inferior frontal gyrus 10 −33 53 −5 4.07 101
L middle frontal gyrus 46 −24 47 10 4.39 59
R postcentral gyrusa 6 54 −10 25 4.40 207
R middle temporal gyrusa 21 51 −43 4 3.90
L lingual gyrus 19 −24 −85 −5 5.39 107
L cerebellumb −12 −58 −38 4.02 80
R cerebellumb 9 −61 −38 3.51

Go T2 N Go T1
L orbitofrontal gyrus 11 −36 47 −14 4.80 78
R orbitofrontal gyrus 11 48 47 4 4.26 73
Posterior cingulatec 23 3 −31 31 6.40 562
R precentral gyrusc 4 24 −31 67 4.47
L postcentral gyrus 1 −48 −22 37 5.70 73
L superior temporal gyrus 22 −54 −34 22 5.63 98
L cerebellum −30 −34 −32 6.04 233

Note: L and R refer to left and right hemispheres; BA refers to Brodmann area of peak
voxel; k refers to the number of voxels in each significant cluster; t refers to peak activa-
tion level in each cluster; and x, y, and z refer to MNI coordinates.
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fMRI results

Neural changes associated with negative family relationship quality
Our first fMRI analyses examined how family relationship quality at

T1 was associated with changes in neural activation during cognitive
control. In whole-brain regression analyses, we regressed T1 family re-
lationship quality onto changes in brain activation during successful
NoGo trials (NoGo T2 N NoGo T1). More negative family relationship
quality at T1 was related to longitudinal increases in activation in the
left VLPFC over time (Fig. 2, Table 2). Negative family relationship qual-
ity at T1was not associatedwith longitudinal decreases in neural activa-
tion from T1 to T2. We conducted similar whole-brain regression
analyses using negative family relationship quality at T2 as well as
change in family relationship quality (T2–T1). Neither of these regres-
sions yielded significant clusters of activation.

We similarly regressed T1 family relationship quality onto changes
in brain activation during successful Go trials (Go T2 N Go T1). Negative
family relationship quality at T1was positively associated with longitu-
dinal increases in activation from T1 to T2 in the bilateral orbitofrontal
gyri, posterior cingulate, and postcentral gyrus (Table 2). To test for
overlapping regions of activation during the Go T2 N Go T1 and NoGo
T2 N NoGo T1 regressions, we created a mask of active regions in the
Go T2 N Go T1 regression and applied it to the regression of T1 negative
family relationships on NoGo T2 N NoGo T1. When the mask is applied,
there are no significant regions of activation in the NoGo T2 N NoGo T1
Fig. 2. Negative family relationship at T1 are associated wit
regressions, suggesting that effects in the Go and NoGo conditions are
distinct.

Neural changes associated with increases in risk taking
Next, to examine whether changes in neural activation were related

to changes in self-reported risk-taking behaviors, we ran whole-brain
regression analyses in which we regressed changes in risk taking (T2–
T1) onto changes in brain activation during successful NoGo trials
(NoGo T2 N NoGo T1). Increases in risk taking from T1 to T2 were asso-
ciated with longitudinal increases in activation in the bilateral VLPFC
(Table 3). Notably, the left VLPFC cluster is nearly identical to the cluster
found for negative family relationship quality. Using the MarsBar tool-
box extension in SPM (Brett et al., 2002), cluster overlap was deter-
mined by creating masks of the VLPFC clusters related to negative
family relationships at T1 and changes in risk-taking separately, and
then combining them into a new mask which only contained regions
of overlap present in both original clusters. We found that the clusters
indeed share a common region of activation in the left VLPFC that in-
cludes 101 voxels (Fig. 3). The two regressions shared no other signifi-
cant clusters of activation. Finally, we regressed change in risk-taking
h longitudinal increases in activation in the left VLPFC.



Table 3
Neural regions that correlatedwith changes in risk taking (T2–T1) during successful NoGo
trials at T2–T1 (all correlations are positive).

Region BA x y z t k

NoGo T2 N NoGo T1
L inferior frontal gyrus 10 −39 53 −2 6.59 286
L insula −36 14 −2 4.06 42
R insula 36 14 −2 5.16 226
R superior medial gyrus 8 3 29 52 4.15 80
Cerebellum 0 −52 −41 6.52 227

Go T2 N Go T1
R ACCa 32 9 35 7 6.12 121
R superior frontal gyrus 46 21 56 7 4.50 177

Note: L and R refer to left and right hemispheres; BA refers to Brodmann area of peak
voxel; k refers to the number of voxels in each significant cluster; t refers to peak activa-
tion level in each cluster; and x, y, and z refer to MNI coordinates.

Fig. 4.The relationship betweennegative family relationship quality at T1 and longitudinal
increases in risk taking is mediated by increases in left VLPFC activation.

993E.M. McCormick et al. / NeuroImage 124 (2016) 989–996
onto the contrast comparing change in Go trials (Go T2 N Go T1). This
analysis revealed significant clusters of activation in the right DLPFC,
and rostral ACC (Table 3), suggesting that VLPFC activation is an effect
unique to trials involving successful inhibition.

Neural changes mediate the relationship between negative family
relationships and increases in risk taking

Next, we examined whether changes in neural activation in the
VLPFC mediate the association between negative family relationship
quality at T1 and changes in self-reported risk-taking. We extracted pa-
rameter estimates of signal intensity from the cluster of activation
which showed an overlap in the two analyses described above and
ran mediation analyses using the methods outlined by Hayes (2013).
We calculated the magnitude and the significance of the indirect effect,
in which bootstrapping was performed with 1000 samples and a bias-
corrected confidence interval (CI) was created for the indirect effect.
We standardized family relationship quality and risk-taking, and con-
trolled for T1 risk taking in the mediation analyses in order to account
for associations between starting levels of risk-taking and longitudinal
changes in risk taking. We found a significant mediation, such that the
link between greater negative family relationship quality and longitudi-
nal increases in risk-taking behavior is mediated by increases in left
VLPFC activation (indirect effect: B = .51, SE= .25; 95% CI [.07, 1.03]).
Moreover, with the inclusion of neural changes in the model, the direct
Fig. 3. Overlapping voxels for regressions with negative family relationship quality (T1)
and changes in risk taking (T2–T1) onto changes in neural activation during cognitive
control.
path from negative family relationships to increases in risk taking is no
longer significant (Fig. 4).

Finally, we tested whether longitudinal changes in VLPFC activation
serves as a uniquemediator above and beyond the effects of either T1 or
T2 VLPFC activation. Moreover, we wanted to test whether either
starting point (T1) or ending point (T2) VLPFC activation contributed
to the indirect effect of negative family relationships to increased risk
taking. To this end, we extracted parameter estimates of signal intensity
from the left VLPFC cluster at T1 and T2 separately. We ran the same
mediation analysis described above with the inclusion of these as addi-
tional mediators. Results indicate that changes in left VLPFC activation
remain a significant mediator of the relationship between T1 negative
family relationship quality and increases in risk taking (indirect effect:
B=.51, SE=.28; 95%CI [.03, 1.13]). Left VLPFC activation at T1 (indirect
effect: B=− .002, SE= .08; 95% CI [− .17, .10]) and T2 (indirect effect:
B= .01, SE= .05; 95% CI [− .05, .17]) were not significant mediators of
the relationship between negative family relationship quality at T1 and
longitudinal changes in risk taking, suggesting that family relationships
relate to increased risk taking via longitudinal changes in VLPFC activa-
tion during cognitive control, and that the starting point (i.e., T1 activa-
tion) or ending point (i.e., T2 activation) is not driving this effect.

Longitudinal changes in activation during NoGo trials
As a final analysis, we examined longitudinal changes in neural acti-

vation during NoGo trials (NoGo T2 N NoGo T1) to assess normative
changes in neural response during cognitive control across the year. A
whole brain t-test showed no significant differences in neural activation
from T1 to T2; however, using the VLPFC cluster defined previously, we
extracted cluster parameters from T1 and T2 VLPFC separately and cal-
culated the intraclass correlation (ICC) between T1 and T2 activation in
the VLPFC. The ICC= .24, which indicates that individuals showed very
low stability in neural activation between years (Hallgren, 2012), sug-
gesting thatwhile there is no significant average difference in neural ac-
tivation across the year, there are significant individual differences in
neural trajectories over this period.

Discussion

Family relationships during early adolescence help set the founda-
tion for later neural and behavioral development (McNeely et al.,
2002; Miller, 2002; Telzer et al., 2014a). Building on this previous re-
search, we found that adolescents reporting more negative family rela-
tionships, characterized by high conflict and low cohesion, were more
likely to show longitudinal increases in risk taking across early adoles-
cence. Negative family relationships at T1 were associatedwith longitu-
dinal changes in VLPFC activation, and these neural changes served a
mediating role in the relationship between negative family contexts
and longitudinal changes in risk-taking behavior. Furthermore, changes
in VLPFC activation mediated this relationship even when controlling
for T1 risk taking, as well as T1 and T2 VLPFC activation, suggesting
that neurodevelopmental trajectories have a unique importance for
risk taking behavior during adolescence.

Our results highlight the associations between negative family con-
texts in early adolescence and changes in VLPFC activation and risk
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taking behavior. Early strife appears to be uniquely predictive of these
developmental changes, as neither T2 nor changes in family relation-
ships were associated with risk taking or neural changes. Additionally,
risk taking at T1 was not predictive of T2 or T2–T1 family relationships.
This lack of a reciprocal effect suggests a potential causal direction: that
negative family relationship quality in early adolescence sets the stage
for later changes in risk taking behavior. Interestingly, adolescents' per-
formance on theGo–NoGo taskwas stable fromT1 to T2. The lack of lon-
gitudinal behavioral differences suggests that the changes seen in VLPFC
activation are driven by differences in how adolescents are completing
the task and not by differences in teens' abilities to succeed in the
task. Furthermore, our results highlight the importance of longitudinal
approaches in examining adolescent brain–behavior relationships. In
our mediation analyses, changes in VLPFC activation served as a media-
tor between negative family relationships and changes in risk taking,
while T1 and T2 VLPFC activities were not significant mediators of this
relationship. This suggests that negative family contexts are not only re-
lated to patterns of neural change, but that these patterns of change
have importance in predicting behavioral changes beyond single-time
point measurements. Cross-sectional approaches would be unable
to detect this relationship, demonstrating the need for longitudinal
studies examining neural change and their behavioral correlates over
adolescence.

Our findings fit well with previous research that has examined the
effects of parent–child relationship quality on adolescent risk taking
(Miller, 2002; Borawski et al., 2003; Telzer et al., 2013; 2014a, Qu,
Fuligni, Gálvan, & Telzer, 2015). Generally, positive relationships char-
acterized by high levels of warmth, connectedness, and communication
facilitate the delay of risk taking onset as well as decreases in the fre-
quency of engagement (Boyer, 2006). However, previous research has
mainly focused on external explanations for this link (but see Qu,
Fuligni, Gálvan, & Telzer, 2015), such as how andwhen parents commu-
nicate with their children about risky behavior (Clawson and
Reese-Weber, 2003; Huebner and Howell, 2003) or the level of control
and monitoring parents maintain over adolescents (DiClemente et al.,
2001; Borawski et al., 2003). Exploring neural mechanisms underlying
behavioral relationships allows us to take a mechanistic and process-
oriented approach by which we can explain a range of environmental
effects by their differential impacts on common neural circuitry. This re-
search strategy has the added benefit of synthesizing findings and
methodologies from current social developmental and neurobiological
research, allowing us to relate neurodevelopmental processes to chang-
es in real-world behavior. Combining these advantages with within-
subject variation through longitudinal neuroimaging allows us to
make inferences based not only on a snapshot of neural activity, but
also how changes in neural systems across adolescence can impact be-
havior. Longitudinal fMRI studies are especially critical during adoles-
cences, as the major changes that occur in neural systems during this
developmental period may make single-time point measurements par-
ticularlymisleadingwithout contextual information (Rogol et al., 2000).

We took an important approach by examining longitudinal changes
in brain activation to test how family relationship quality may be
associated with adolescent neural development as well as risk taking
outcomes.We found that higher levels of negativity in adolescents' rela-
tionship with their parents was associated with longitudinal increases
in activation in the VLPFC across early adolescence, and the increases
in activation were associated with increases in risk taking.While the ef-
fects of parenting have been explored in terms of behavioral outcomes
in adolescents (Miller, 2002; Borawski et al., 2003), this study provides
novel evidence of a neural mechanism linking poor family relationship
quality to greater adolescent risk-taking behaviors. The increased plas-
ticity and flexibility which adolescent neural systems display are likely
an adaptive feature of this developmental period, enabling learning
and the ability to adapt more-readily to environmental contexts
(Crone and Dahl, 2012). Indeed, we have previously found that positive
parent–child relationships later in adolescence are associated with
decreases in risk taking via changes in neural processing (Qu, Fuligni,
Gálvan, & Telzer, 2015). The link between negative parent–child rela-
tionships and neural and behavioral outcomes in the current study sug-
gests that the plasticity and flexibility associated with adolescence also
confer unique vulnerabilities to negative social contexts, which put ad-
olescents at risk for negative health and achievement outcomes. Under-
standing adolescents' vulnerability to negative social relationships can
help explain why stress at particular developmental stages can have
lasting influences on neurodevelopment.

The association between negative parent–child relationships during
adolescence and the neural and behavioral outcomes reported heremay
be driven by a number of factors. Chronic stress related to negative par-
ent–child relationships may impair adolescents' ability to deploy cogni-
tive control resources effectively (Liston et al., 2009; Mueller et al.,
2010). Additionally, many of the cognitive control skills adolescents ac-
quire are learned from parental modeling (Morris et al., 2007). On the
neural level, stress is known to impair normative development in re-
gions subserving cognitive control through hormones released by the
HPA-axis (Lupien et al., 2009; Casey et al., 2010), and the neural signa-
ture of regulation in parents predicts adolescents own abilities to regu-
late, suggesting that adolescents are picking up on cues from their
parents' regulatory abilities and incorporating them in their own
neuroregulatory strategies (Telzer et al., 2014b). Adolescents in families
characterized by high levels of conflict and low levels of cohesion may
have compounded difficulties in developing effective cognitive control
as they have both more familial stress and fewer opportunities to
learn positive regulation strategies from their parents, both of which
negatively impact adaptive neurodevelopment of regulatory regions.

Conclusions drawn from the current study should be viewed in light
of some limitations. First, the approach taken in the current study does
not allow for the complete dissociation of development in negative fam-
ily contexts from normative VLPFC activation changes during develop-
ment. Since there is likely to be an increase in negativity between
parents and adolescents as a natural part of this developmental transi-
tion, it would be informative to know whether parents had long-
standing negative relationships with their children, or if this conflict is
more recent. There may be differences between the effects of chronic
or more-recent negativity on adolescents' neural development and
risk taking. Future research should address this by following younger
children as they enter adolescence. This approachwill not only help dis-
entangle the differential effects of long-standing conflict versus more-
normative conflict that emerges as children enter adolescence, but
will also allow researchers to examine how the emergence of negative
family relationships influences on-going neural trajectories as com-
pared with individuals who do not experience negative family contexts
over the same period of development. Finally, while the pattern of re-
sults reported here is suggestive, definitive conclusions regarding the
direction of effect between family relationship quality and the neural
and behavioral outcomes remain unknown. Adolescents' risk-taking be-
haviors prior to 14 likely contribute to parent–child conflict at 14, which
may indicate that risk-taking and family relationship quality reinforce
one another over time. Moreover the influences of family relationships
at age 14 on risk taking may potentially differ as adolescents move
into more mature forms of risk taking, such as illicit substance use. Al-
though overall risk taking behaviors in the current sample were rela-
tively low, the fact that family relationships early in adolescence are
predictive of even comparatively minor increases in risk-taking behav-
ior points to the strong role of family context in the development of cog-
nitive control and risk taking. Finally, different antecedent factorswhich
contribute to negative family environmentsmay have unique anddisso-
ciable effects on neuroregulatory development. It is also possible that
negative family contexts and changes in risk taking are related to
other underlying child and parent factors such as difficult or reactive
temperament which engender both greater conflict and risk-taking.
While the current study focused on individual differences in negative
family contexts, without consideration for the causes of such strife,
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additional information may be gleaned from considering different
pathways that can lead to negative family contexts (e.g., difficult child
temperament vs. parent substance use). Future studies should aim to
address the causal direction of this relationship and attempt to disen-
tangle unique effects of the different manners in which family strife
can emerge.

In conclusion, we found that family relationships characterized by
high levels of conflict and low levels of cohesion were related to in-
creases in risk taking across early adolescence. Furthermore, we found
that higher levels of negative family relationships predicted longitudinal
neural changes in the VLPFC that mediated the impact of negative
family relationships on trajectories of adolescent risk taking. Thesefind-
ings offer a first look at the importance of family relationships on neural
development during adolescence and underscore how high levels of
tension between parents and adolescents can have real-world implica-
tions for long-term adolescent health.
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