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Parental inconsistency, impulsive choice and neural value
representations in healthy adolescents
S Schneider1, J Peters1,2, JM Peth1 and C Büchel1,3

A well-characterized potential marker for addiction is impulsive choice, stably measured by delay discounting (DD) paradigms.
While genetic influences partly account for inter-individual variance in impulsivity, environmental factors such as parenting
practices may have an important role. The present study investigates how inconsistent fulfillment of delayed reward promises
impacts on DD. A combined correlational and experimental functional magnetic resonance imaging (fMRI) design was performed in
a sample of 48 healthy adolescents (13–15 years). More specifically, neural activation during a DD task was investigated at two
assessment points (T0 and T1). Adolescents’ self-reports of parenting and substance use were assessed at T0. Between assessment
points, we experimentally varied the reliability of delayed reward promises, measuring the impact of this intervention on DD and
neural value processing at T1. In the correlational part, same-sex parent reward inconsistency was associated with steeper DD and
an attenuated subjective value (SV) representation in the nucleus accumbens (NAcc) and ventromedial prefrontal cortex (vmPFC).
Steeper DD was in turn associated with alcohol use during the past year. In the experimental part, the reward inconsistency
manipulation resulted in an attenuation of the NAcc SV representation, similar to the parental inconsistency effect. Together, our
correlational and experimental findings raise new light on how parents may influence their children’s degree of impulsivity, making
parenting a potential target in addiction prevention.
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INTRODUCTION
All parents sometimes promise future rewards to their children,
and eventually, not all of these promises will be kept. However,
some parents feel more obligated to let action follow words, while
others are more forgetful or careless. If promised delayed rewards
are regularly omitted, children may struggle to reliably estimate
the value of delayed rewards and become more inclined to turn
toward safe immediate pleasures.
A preschooler’s ability to choose a larger, delayed reward over a

smaller, immediate reward predicts development over the
lifespan.1 Children who prefer delayed rewards develop more
favorably in terms of cognitive and social competence, conduct
and addictive behavior.1 Given such extensive correlates, the
choice between options at different points in time—also termed
intertemporal decision-making—has been widely investigated.
The notion that a delay reduces a reward’s subjective value (SV)
has led to the concept of temporal or delay discounting (DD),2,3 a
measure of impulsive behavior.4 In other words, someone may
find an immediate 10€ reward equally attractive as 20€ available
in a month—both options have an equivalent SV for this person.
Each individual discounts delayed rewards at a different rate, and
based on a model assumed to underlie DD, this individual DD rate
can be estimated from a set of choices between immediate and
delayed rewards. A higher DD rate denotes steeper discounting
and more impulsive choices. Individual differences in DD are
stable,5 and DD rate is increased in adult addiction.6 Moreover,
some findings indicate that DD is a predisposing factor for
substance abuse,4,7,8 with at least one longitudinal analysis
showing that DD predicts substance use.9

On the neural level, converging evidence points toward a single
valuation system in the ventral striatum (VS)/nucleus accumbens
(NAcc) and the ventromedial prefrontal cortex (vmPFC) represent-
ing the SV of delayed rewards in intertemporal choice
paradigms.10–12 The neural representation of delayed reward SV
has been intensely investigated.13–16 A recent study16 investigated
differences in the SV representation during intertemporal choices
in pathological gamblers and controls, replicating previous
findings of increased DD rates in gamblers. Gambling severity
was inversely correlated with delayed reward SV representations
in the VS, vmPFC and midbrain.16 A corresponding pattern has
been observed in smokers, who had lower striatal activation than
non-smokers in anticipation of delayed rewards as compared with
preference-matched immediate rewards.17

A crucial question concerns the mechanism by which individual
differences in DD and the respective neural SV representation are
attained. Although the degree of DD is partly heritable,18,19 little
evidence exists to explain the remaining variability. However,
some studies implicate that parenting practices might contribute
to shaping DD. Reduced inhibitory control and steeper increases
in alcohol and cigarette use are observed in the context of harsh
or inconsistent parenting.20–22 Permissive parenting (that is,
lacking guidance and consistency) has been related to impulsive
choice in a delay of gratification paradigm.23 Particularly the same-
sex parent may have a role in impulsivity and substance use.24,25

More specifically, college students portraying their same-sex
parent as permissive described themselves as more impulsive.25

Impulsivity in turn mediated the relationship between permissive
same-sex parenting and increased past year alcohol use.25 A
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recent study26 showed that after experiencing the experimenter
as unreliable, children are less inclined to delay gratification. The
notion that discounting is enhanced when the source of reward is
perceived as unreliable has been supported in a different study.27

However, to our knowledge, no study has investigated how
specifically parental delayed reward inconsistency relates to
neural processing during intertemporal decision-making. More-
over, it is unclear whether experiences of unreliability generalize
to discounting in a different, reliable context.
The present study investigated the link between delayed

reward inconsistency and DD in healthy adolescents. An initial
correlational analysis examined whether self-reported parental
reward inconsistency was associated with DD and the concomi-
tant neural SV representation, hypothesizing a particularly
important role of the same-sex parent.25 As NAcc and vmPFC
consistently encode SV,28–30 analyses focused on these regions.
Furthermore, in an experimental design, half of our sample
experienced an ‘unrelated’ episode of repeatedly not receiving
promised delayed rewards from a different investigator, resem-
bling parental delayed reward inconsistency. The remaining
participants consistently received delayed rewards, and we
examined how this intervention modulated behavioral and neural
indices of DD.

MATERIALS AND METHODS
Participants
The sample consisted of 48 healthy adolescents (13–15 years; Table 1).
Participants were recruited in public schools with approval of the local
school authority. Written informed consent was obtained from the parents
and assent from the participants themselves. Procedures were approved
by the local ethics committee. Exclusion criteria were neurological and
serious physical conditions, claustrophobia, non-MR-compatible implants,
indication of current suicidal thoughts, or positive screening for mental
disorders. Two participants were excluded because of incidental findings.
Even though complete data sets were acquired from 56 participants, 8
were excluded after the assessment. Three participants were excluded
because requirements for post-intervention data reliability were not met
(for example, incorrectly reported to have received all rewards).
Participants were also excluded when they did not confirm to be able to

provide reliable self-report data about both parents (two participants), if no
discounting occurred (one participant), if screening for mental disorders
(Supplementary Material) was positive (one participant), or if excessive
current substance use was reported (that is, substance use on most of the
days during the past 30 days; one participant).

Questionnaires
Using the well-validated Erziehungsstil-Inventar (parenting style inventory;
ESI)33 in both mother and father version, same-sex and opposite-sex
reward inconsistency were assessed. More specifically, the sum score of
three items (for example, ‘It happens that my father promises me a reward
and then forgets about it’; for the other items, please refer to the
Supplementary Material) was calculated, with 0 indicating no inconsis-
tency. Participants were requested to report alcohol, cigarette and
cannabis use (Supplementary Table S1). As cigarette and cannabis use
were rare, we focused on alcohol use to examine associations between
substance use and impulsivity. Further information about questionnaires
and neuropsychological testing are described in the Supplementary
Material.

Discounting
The two-session fMRI discounting task conducted at both assessments (T0
and T1), an adapted version of previous procedures,13,14 consisted of 84
trials per session (Figure 1). Both assessments included two discounting
sessions representing different conditions (see Intervention section).
Participants were instructed that all choices in the first session were
hypothetical, while they would receive their choice of reward from a
randomly selected second session trial. Further task details are described in
the Supplementary Material.

Intervention
After T0 MRI assessment (conducted by investigator A), a new investigator
(B) asked participants to participate in an unrelated study (‘email study’,
the intervention; for an overview of the experimental design, see
Supplementary Figure S1). Between T0 and T1, after participants had
received the reward from T0 discounting, they were required to complete a
2-week (experimentally irrelevant) ‘homework’ consisting of eight email
reports about a rewarding experience of the day that made them proud.
For these reports, they were promised gift certificates by investigator B.
The control group (CON) received all certificates as indicated. However, the
experimental group (EXP) was rewarded for the first, but not for further

Table 1. Characteristics of the total sample and the two groups.

Total sample
(n = 48)

EXP (n=24) CON (n=24) EXP vs CON

n % n % n %

Female 24 50 12 50 12 50

Baseline (T0) Mean s.d. Mean s.d. Mean s.d. Two-sample t-test (P)

Age (years) 14.33 0.8 14.28 0.86 14.37 0.76 >0.7
Reasoning abilitya 26.48 3.79 26.67 3.51 26.29 4.11 >0.7
Puberty statusb (%max) 58.33 23.21 60.65 21.73 56.02 24.84 >0.4
ssPRIc 1.17 1.28 1.17 1.27 1.17 1.31 1

Intervention
Number of reports not in time 0.79 0.97 0.92 0.97 0.67 0.96 >0.3

Post intervention (T1)
Reward certaintyd (investigator A) 4.72 0.57 4.62 0.71 4.83 0.38 >0.2
Reward certaintyd (investigator B) 4.13 1.08 3.41 1.1 4.83 0.38 o0.001

Groups did not differ in relevant baseline characteristics. For substance use in the sample, see Supplementary Table S1. Median discounting parameter
estimates of all sessions are listed in Supplementary Table S2. aAccording to the Matrix reasoning subtest of the Wechsler Intelligence Scale for Children.31
bAccording to the Puberty Development Scale, short version.32 cAccording to the three reward inconsistency items of the inconsistency scale in the
Erziehungsstil-Inventar (parenting inventory; ESI).33 dAccording to a self-constructed six-point rating scale ‘How sure are you that the investigator will keep her
promises concerning future rewards?’
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reports. Groups did not differ in baseline characteristics (Table 1). While
some participants had problems adhering to the instructed schedule, all
participants eventually completed at least 85% of the reports. Critically,
EXP participants were still missing certificates at T1. The impression that
the MRI study and the email study as well as respective investigators were
completely unrelated was maintained throughout the experiment.
However, it could still be argued that EXP participants would simply learn
that rewards from all study investigators were uncertain, and that potential
effects of the manipulation could be a mere consequence of this learning
effect. For this reason, we included two conditions (hypothetical and real)
in each DD assessment (T0 and T1; see Discounting). If EXP participants
would solely show expected effects because they considered rewards from
investigator A equally uncertain as those from investigator B, this would
only affect discounting for real rewards.
The T1 assessment took place five weeks (±5 days) after T0. After MRI

discounting (conducted by Investigator A), participants rated their
certainty to receive a promised delayed reward from each parent and
each investigator (A, B) on a one-item rating scale (see Supplementary
Material). EXP participants then received withheld certificates and were
completely debriefed. Further details are described in the Supplementary
Text.

Behavioral analyses
Statistical analyses of the behavioral data were conducted using SPSS
(SPSS, Chicago, IL, USA) and R (http://www.r-project.org/). A dual-
parameter model to estimate discounted value developed by Rachlin34

provided the best fit for the present data (for computational modeling, see
Supplementary Material). In this model, an additional parameter s is
included into the standard hyperbolic discounting function accounting for
differences in subjective time perception.35 As our hypotheses focused on
discount rate, the additional parameter’s contribution was removed from
discount rate analyses by including it as a covariate to enhance sensitivity
for individual differences. A square-root transformation was applied,36,37

accounting for skewed distributions of parameter estimates and their
proximity to zero in some cases. For reasons of robustness, non-parametric
correlations (Spearman’s ρ) are reported.

MRI and analyses
MRI data were acquired using a 3-Tesla scanner (Siemens TRIO) located at
the University Medical Centre Hamburg-Eppendorf, Hamburg, Germany,
with a 32-channel head coil. Depending on reaction time, 420–454
volumes (mean: 430 volumes) were acquired in one session, taking
~ 18min. Each volume comprised 41 slices aligned to the anterior–-
posterior commissure line (2 mm thickness, 1 mm gap, TR = 2460ms,
TE = 25ms, FOV=216x216mm2, in-plane resolution 2 x 2mm2, GRAPPA
factor 2). After functional imaging, high-resolution anatomical MR images
were acquired (using a T1-weighted MPRAGE sequence).
All image analysis procedures were conducted using SPM8 (Wellcome

Department of Cognitive Neurology, University College London). Func-
tional images underwent slice-time correction before spatial realignment
and unwarping. On the unsmoothed single-subject data, a first-level
general linear model was constructed. The delayed option presentation

and the response onset were included as event regressors (stick functions
with the duration of 0). Regressors were convolved with the canonical
hemodynamic response function.
SV of each delayed option34 was included as a parametric modulator of

the delayed option presentation. This allowed us to investigate whether
the BOLD signal associated with the onset of the delayed option co-varies
with the SV of this option, that is, whether the presentation of a delayed
option with a larger SV relates to a larger BOLD response. This parametric
relationship between delayed reward SV and BOLD response is referred to
as ‘neural SV representation’.
Trials in which subjects responded too early/late were modeled

separately. Contrast images for the SV representation across sessions
were constructed for T0 and T1 as well as for the differential SV
representation between sessions. The contrast ‘[SV(T0, session 1)− SV(T0,
session 2)] − [SV(T1, session 1)− SV(T1, session2)]’ was constructed to
investigate a potential time by group by session interaction.
T0 and T1 structural images were coregistered with the first functional

scan and segmented with the voxel-based morphometry (VBM8) toolbox
implemented in SPM8. From resulting gray and white matter segments, a
custom template was created with DARTEL. Using individual flow-fields,
contrast images were normalized to MNI space and smoothed with a 5-
mm Gaussian isotropic kernel. Normalizing and smoothing the contrast
images instead of the entire time-series leads to a substantial saving of disk
space and computation time, with virtually identical results on the second
level. This is because the flow fields with the normalization parameters are
estimated on the basis of the T1 structural images and only applied to
functional images or contrast images, respectively. This procedure has
been used regularly in our group.38–42

For correlational analyses, second-level one-sample t-tests were
implemented. Same-sex/opposite-sex parent reward inconsistency (see
Questionnaires) was included as respective covariate of interest. In order to
exclude that results were confounded with socio-demographic variables, a
separate control analysis was conducted, additionally including gender,
age and reasoning ability (as an intelligence estimate)31 as nuisance
covariates. For the experimental group analyses, second-level two-sample
t-tests (EXP vs CON) were implemented.
Analyses were tested for two-tailed significance via F-contrasts, with

one-tailed post hoc t-contrasts testing directionality, based on the same
regions of interest as the initial two-tailed F-contrasts. Primary significance
statements were based on the F-contrasts, and the t-contrasts were only to
confirm the directionality of the effects. The threshold for significance was
P= 0.05, family-wise error corrected, using small-volume correction.
Regions of interest were the bilateral NAcc (using masks from the
Harvard-Oxford Cortical /Subcortical Structural Atlas (http://www.cma.mgh.
harvard.edu/fsl_atlas.html), probability threshold = 0.5) and vmPFC. Correc-
tion for the vmPFC was performed using a mask based on a recent meta-
analysis,30 located at x, y, z: (−15)–0, 24–60, (−6)–(−21) in the left
hemisphere and 0–9, 26–45, (−3)–(−18) in the right hemisphere. Unless
otherwise indicated, figures are displayed at a threshold of Po0.005,
uncorrected, for visualization purposes, and projected onto the mean
structural scan.

RESULTS
Correlational analyses
We first investigated whether discount rates differed between
sessions (hypothetical, real). Discount rates computed on the basis
of only hypothetical or real trials, respectively, revealed a high
correlation (Spearman’s ρ= 0.72, Po0.001) and no differences
(paired t-test, P>0.4). Correlational analyses therefore used
discount rates derived from fitting the discounting model to data
pooled across hypothetical and real trials.
Consistent with our hypothesis, same-sex parent reward

inconsistency positively correlated with T0 discount rate k
(ρ= 0.34, P= 0.020; Figure 2a), in contrast to reward inconsistency
by the opposite-sex parent (P>0.4). In control analyses, we
confirmed that including gender, age and reasoning ability31 as
covariates did not affect the correlation, and that the correlation
was specific to delayed reward inconsistency (see Supplementary
Material). In addition, self-reported impulsivity43,44 also showed a
trend-level positive association with reward inconsistency of the

Figure 1. The time line of the discounting task adapted from Peters
and Büchel.13,14 After a trial start cue, participants were required to
decide whether they preferred the presented delayed reward over a
fix 10€ immediate reward. Subsequently, they had to indicate their
decision as quickly as possible (green checkmark: delayed, red cross:
immediate). After decision feedback, a jitter interval preceded the
next trial onset. For computational modeling of the participants’
choices during the task, please refer to Supplementary Table S3 and
Supplementary Figure S2.
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same-sex parent (ρ= 0.26, P= 0.078; Figure 2b), but not with
inconsistency of the opposite-sex parent (P>0.7).
We next investigated indications of the well-established link

between discount rate and alcohol use45 in the present sample.
While the correlation with past 30 days alcohol use did not reach
significance (P > 0.1, Bonferroni-corrected), the trend-level correla-
tion with lifetime alcohol use (ρ= 0.33, P= 0.075, Bonferroni-
corrected) was explained when including gender, age and
reasoning ability (P > 0.2, Bonferroni-corrected). However, past

12 months alcohol use was positively associated with k (ρ= 0.47,
P= 0.002, Bonferroni-corrected; Supplementary Figure S3), and
this correlation was still significant when including gender, age
and reasoning ability.
On the neural level, SV across T0 sessions was robustly

represented by the BOLD signal in bilateral NAcc (x, y, z: − 6, 10,
–4 and 8, 12, –4, F(1,47) = 26.97 and F(1,47) = 31.54, both Po0.001,
corrected; Figure 3a) and bilateral vmPFC (−6, 26, –8 and 4, 44, –2,
F(1,47) = 24.72 and F(1,47) = 27.73, P= 0.003 and P= 0.001, cor-
rected; Figure 3a). Post hoc t-contrasts confirmed that SV was
positively associated with the BOLD signal (t>4.97, Po0.002). As
the NAcc and vmPFC SV representation did not differ between
sessions (P>0.3 and P>0.2, corrected), we continued to use the
mean across sessions for the following analyses.
Consistent with our expectations, same-sex parent reward

inconsistency was associated with the SV representations in the
left NAcc (−12, 16–6, F(1,46) = 13.22, P= 0.014, corrected;
Figure 3b) and left vmPFC (−6, 32, –18, F(1,46) = 24, P= 0.004,
corrected; Figure 3b). Including gender, age and reasoning ability
as covariates of no interest in a control analysis did not explain
these associations. A post hoc t-contrast confirmed that both
associations were negative (t(46) = 3.64 and t(46) = 4.9, P= 0.007
and P= 0.002, corrected). Reward inconsistency by the opposite-
sex parent was not related to the SV representation in the NAcc
(P>0.2, corrected), but there was a trend-level left vmPFC
association (−10, 46, − 18, F(1,46) = 14.57, P= .069, corrected).
However, this association was explained when including gender,
age and reasoning ability (P>0.1, corrected).

Experimental analyses
We first examined whether the certainty to receive a delayed
reward from the same-sex parent at T1 (as assessed by a one-item

Figure 2. Correlational association between same-sex parent reward
inconsistency (according to the Erziehungsstil-Inventar (parenting
style inventory), ESI)33 and two measures of impulsivity. (a)
Association with the delay discount rate k, controlling for differences
in subjective time perception represented by parameter s (para-
meter estimates are square-root transformed; partial correlation
between same-sex parent reward inconsistency and k, covarying for
s: P= 0.020). (b) Association with trait impulsivity as assessed by a
German version of the Barratt Impulsiveness Scale-11 for adoles-
cents (BIS-11;43,44 P= 0.078).

Figure 3. (a) The neural representation of subjective delayed reward value at the baseline assessment (T0). In the coronal view (upper panel),
activation of the bilateral nucleus accumbens (NAcc; both Po0.001, corrected) is depicted, while the sagittal view (lower panel) shows the
activation in the left ventromedial prefrontal cortex (vmPFC; P= 0.003 and P= 0.001, corrected). (b) Association between same-sex parent
delayed reward inconsistency and the neural subjective value representation in the left NAcc (upper panel; P= 0.014, corrected) as well as in
the left vmPFC (lower panel; P= 0.004, corrected). Scatter plots show individual parental inconsistency scores and estimates of the neural SV
representation in the peak voxel (arbitrary units). The images in (a) are displayed with a threshold of Po0.001, uncorrected, and the images in
(b) are displayed with a threshold of Po0.005, uncorrected, for visualization purposes. Color bars represent F values.
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rating scale, see Intervention section and Supplementary Material)
was related to same-sex parent reward inconsistency at T0 (as
assessed by the ESI questionnaire). Consistent with these
measures aiming at opposing constructs (reward inconsistency
vs certainty to receive a delayed reward), they were strongly
inversely correlated (ρ=− 0.49, Po0.001). Furthermore, T1 same-
sex parent reward certainty was negatively associated with T0
discount rate (ρ=− 0.39, P= 0.006). This finding replicates the link
between same-sex parent delayed reward inconsistency and DD
rate using a different measure than the ESI.
We then tested whether the intervention had successfully

induced a between-investigator difference in reward certainty
ratings in EXP (but not in CON) participants, which a significant
interaction confirmed (2x2-factorial analysis of variance (ANOVA),
F(1,46) = 33.64, Po0.001; Figure 4). Investigator B was rated as less
reliable than investigator A by EXP participants (paired t-test, t
(23) = 5.8, Po0.001), but not by CON participants (paired t-test,
P= 1). There was no group difference in reward certainty
concerning investigator A (Table 1).
We next investigated a differential discount rate change

between groups. Groups did not differ in baseline discount rate
(two-sample t-test, P>0.3; for median parameter estimates, see
Supplementary Table S2). In order to investigate the changes in
discount rate in both groups, we conducted a group-by-time-by-
session repeated measures ANOVA with k as dependent variable.
As the group-by-time-by-session interaction was not significant
(ANOVA, P>.1), the group-by-time interaction was interpretable.

However, in contrast to our hypothesis, it was not significant
(ANOVA, P>0.2).
On the neural level, we first investigated whether groups

differed in the T0 SV representation in the vmPFC and in the NAcc,
which was not the case (P>0.1). Also, session did not impact on
the group-by-time interaction (P>0.2). Thus, we examined the
expected group-by-time interaction, with a significant result in the
left NAcc (−14, 16, –8, F(1,46) = 10.2, P= 0.043, corrected; Figure 5a
and b), directly adjacent to the peak voxel showing the SV
association with same-sex parent reward inconsistency at T0
(Figure 5c). Post hoc t-contrasts showed an attenuated SV
representation in EXP participants at T1 (−14, 16, –6, t(23) = 3.1,
P= 0.039; Supplementary Figure S4A and B) and no difference in
CON participants (P>.4). Control analyses showed that this result
was not due to a non-existing T0 SV representation in the CON
group, as a significant NAcc SV representation was present in both
groups at T0 (see Supplementary Material). No significant group-
by-time interaction was observed in the vmPFC (P>0.4).
Interestingly, despite being aware that in contrast to investi-

gator A, investigator B had withheld the largest part of their
promised reward, some EXP participants (n= 6) did not differ-
entiate between investigators in terms of reward certainty ratings.
In attempt to explain these differences between EXP participants,
we correlated non-adherence to schedule (the number of emails
not sent in time) with intervention response (the normalized
between-investigator differences in certainty ratings), yielding a
significant negative correlation (ρ=− 0.56, P= 0.005;
Supplementary Figure S4C). Crucially, non-adherence was also
inversely related to discount rate change (based on both
hypothetical and real trials; ρ=− 0.56, P= 0.006; Supplementary
Figure S4C). While the T1–T0 difference in the NAcc SV
representation at the peak voxel was not associated with non-
adherence (P>0.1), there was a tentative negative association with
intervention response (ρ=− 0.40, P= 0.050; Supplementary Figure
S4D). We verified this result by additionally correlating interven-
tion response with the mean difference of the voxels within the
NAcc showing a significant attenuation from T0 to T1 (see
Supplementary Material; ρ=− 0.42, P= 0.039). These findings
indicate that EXP participants who had more closely adhered to
study requirements showed a stronger intervention response and
an increase in discount rate. In turn, stronger intervention
response related to a stronger attenuation in the NAcc SV
representation.

DISCUSSION
Our combined correlational and experimental results indicate that
inconsistent realization of delayed rewards attenuates the neural

Figure 4. Ratings of subjective certainty to receive a promised
delayed reward from investigator A and investigator B in the
experimental group (EXP, n= 24) and the control group (CON, n= 24;
mean ± s.e.m.). *** Po .001.

Figure 5. (a) Group-by-time interaction of the left nucleus accumbens subjective value (SV) representation (P= 0.043, corrected). (b) Estimates
of the neural SV representation in the interaction peak voxel (arbitrary units; mean ± s.e.m.). (c) The adjacent locations of the same-sex parent
reward inconsistency association with the SV representation and the group-by-time interaction in the SV representation. Images are displayed
with a threshold of Po0.005, uncorrected, for visualization purposes. Color bars represent F values.
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SV representation in the NAcc and may contribute to impulsive
choice. Specifically, self-reported delayed reward inconsistency by
the same-sex parent was robustly associated with steeper DD as
well as the neural SV representation in the NAcc and vmPFC.
Experimentally induced reward inconsistency led to changes in
the correlation between SV and the NAcc BOLD signal.
The correlational association between same-sex parent reward

inconsistency and discount rate was robust, and it was further
substantiated by the converging result obtained with the post-
intervention rating of parental reward certainty. Same-sex parent
reward inconsistency was also trend-wise related to trait
impulsivity. In line with previous findings,25 the reward incon-
sistency association with both facets of impulsivity (discount rate
and trait impulsivity) was specific to the same-sex parent. This
imbalance might be based on a preference for rewards from the
same-sex parent in the context of emerging gender roles. Children
preferentially imitate adult models of the same sex,46,47 and sex
differences in toy choice have been documented as early as age
one.48 The same-sex parent may therefore have a particularly
important role in forming reward-related expectations and
behavior. Notably, our findings do not indicate that the
opposite-sex parent does not affect offspring impulsivity, but
rather that we detected only a same-sex parent effect.
The correlation of same-sex parent reward inconsistency with

discount rate was complemented by a negative association with
the SV representation in the left NAcc and vmPFC. These neural
effects do not simply mirror the behavioral findings. To elaborate,
as SV is computed such that it predicts the choices, the neural
activation correlated with SV—the neural SV representation—also
relates to the choices. However, variations in the strength of the
SV representation are independent of the choices. In other words,
the discount rate reflects the tendency to choose immediate over
delayed rewards, and the strength of the SV representation
reflects the ability of neural activation to signal the value
predicting these choices. Our findings indicate that in adolescents
with more inconsistently rewarding same-sex parents, the left
NAcc and vmPFC BOLD signal in response to the presentation of a
delayed option covaries less with the SV of the delayed reward. In
these adolescents, neural SV computations can explain less well
whether a delayed option is accepted or rejected. Similar
relationships have been observed between activation related to
delayed rewards and smoking status17 or gambling severity.16 As
an underlying mechanism, we suggest that breaking the
contingency between expecting a delayed reward and actually
receiving it disrupts the parametric relationship between the
BOLD signal and choice behavior. Assuming that the BOLD signal
in the NAcc and vmPFC is based on the expectancy of reward
fulfillment, failure of reward fulfillment may blur the reward
expectancy and thus the SV signal in the respective areas. While
this mechanism is independent of the discount rate, it could—on
the long run—facilitate impulsive choices. More simplified, if the
reward system is less useful in signaling what to wait for,
shortsighted aspects may gain more influence in the choice
process.
Nonetheless, these associations on the behavioral and neural

level do not provide causal evidence that experiencing reward
inconsistency generates a preference for immediate rewards and
attenuates the SV signal. Conversely, an experimental design
allows addressing the issue of causality. In contrast to our
hypotheses, the experimental results did not show a differential
change in discount rate between EXP and CON. However,
additional analyses showed that the more reliably EXP participants
had adhered to study requirements, the stronger they responded
to the intervention, and the more they showed the expected
behavioral changes. Thus, inequity could be a crucial experience in
the process of adjusting behavior as a consequence of not
receiving anticipated rewards. In contrast to prior studies,26,27 we
attempted to induce a general change in discount rate by an

experience of unreliability and inequity (investigator B) that
appeared unrelated to the discounting task (investigator A). While
our intervention was not strong enough to induce this experience
in all participants, a repeated disappointment caused by someone
a child is closely identified with—for example, the same-sex
parent—may produce such a general shift in behavior.
Whereas groups did not show a differential change in discount

rate, their SV representation in the left NAcc changed differentially
from T0 to T1, and this change was related to intervention
response in the EXP group. Thus, consistent with our predictions, a
reduction in certainty to receive a delayed reward may disturb
delayed reward value processing. While in the correlational
analyses, same-sex parent reward inconsistency was related to
the SV representation in the NAcc and vmPFC, only the NAcc was
affected by the intervention. Both regions have been widely
implicated in the representation of SV.10,29,30,49 Nevertheless,
some functional differences in the context of reward value have
been proposed. Hare et al.50 found that the medial orbitofrontal
cortex coded the goal value of a stimulus (which denotes the
abstract value of a stimulus independent of related costs, for
example, a cue signaling a reward). In contrast, the NAcc signaled
the prediction error, that is, was more active when the reward was
higher than expected and less active when the reward was lower
than expected.50 Only the NAcc was sensitive to effort cost in a
paradigm using a fixed reward value.51 Considering these
conceptualizations, the selective attenuation of the NAcc in the
present study could be interpreted as the integrated cost of
uncertainty, which is not necessarily reflected in choice behavior.
This corresponds to the relation between NAcc SV representation
change and reduced certainty to receive a reward from
investigator B.
It could be argued that any observed intervention effect

depended on learning, such that EXP participants could have
learned not to trust either investigator and therefore regarded
rewards from the discounting task as uncertain. We consider this
explanation unlikely. Only EXP participants distinguished between
the consistent investigator A and the inconsistent investigator B in
terms of reward certainty (Figure 4), and reward certainty
concerning investigator A did not differ between groups. More-
over, if participants considered specifically rewards from the
investigators uncertain, their processing of real rewards would
change, but not their processing of hypothetical rewards. In the
hypothetical session, participants were asked to indicate their
general preference, and such a general preference should not
depend on assumptions confined to rewards from the investiga-
tors. The lack of session differences indicates that in the EXP
group, processing of delayed rewards had changed in a more
general way. We thus exclude the possibility that the experimental
effect is attributable to a perceived difference in the certainty to
receive a reward from the T1 discounting task.
In the light of impulsivity as a well-researched vulnerability

factor for substance-related and addictive disorders,4 our findings
may have essential implications for parenting as a target in
addiction prevention. Even in the present sample, a correlation
between impulsive behavior and alcohol use could be observed.
Our results demonstrate that parents’ repeated careless handling
of reward promises may affect their children’s tendency to make
impulsive choices. Moreover, the experimentally induced change
in the neural representation of delayed reward value indicates that
the experience of delayed reward inconsistency might alter the
contingency between the neural processing of delayed reward
value and behavior.
Our study encompasses several limitations. First of all, as based

on an adolescent sample, it is unclear how our findings relate to
different age groups. While the correlational results appear robust,
no general behavioral effect was induced by the intervention, and
thus no causal link can be drawn between parental reward
inconsistency and discount rate. However, in support of a partly
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causal relationship, prior findings show that the perception of
unreliability undermines the will to wait for delayed rewards.26,27

Another issue is that we cannot exclude the possibility that the
heritability of impulsivity has influenced the correlational results,
as an impulsive parent might be prone to forgetting previously
promised rewards. Nonetheless, our experimental results may
speak against pure heritability because the neural changes
induced by our intervention are in line with our hypotheses and
the correlational results. Considering prior findings,26 it seems
unlikely that repeatedly experiencing unreliability during child-
hood and adolescence will not have any effect on discount rate.
Finally, although we replicated the link between discount rate and
alcohol use in the present sample, a much larger sample would be
needed to reliably examine relations between inconsistent
parenting, impulsivity and substance use in depth.
In conclusion, our results give new insights into how parenting

could shape individual differences in the neural representation of
delayed reward SV and impulsivity. We propose that if children
learn early that their investments do not pay off, they may
develop a preference for immediately rewarding experiences. This
could in turn predispose them to the later use of psychotropic
substances. Future studies will have to extend these findings by
delineating the mechanisms linking early-life reward experiences
to neurocognitive markers of impulsivity.
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