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Abstract

Background—Delay discounting (DD), a decline in the subjective value of reward with
increasing delay until its receipt, is an established behavioral model of impulsive choice, a key
component of a broader impulsivity construct. Greater DD, i.e. a tendency to choose smaller-
immediate over larger-delayed rewards, has been implicated as a potential intermediate phenotype
(endophenotype) for addictive disorders and comorbid externalizing psychopathology, particularly
in adolescence. However, genetic and environmental origins of DD remain unclear. Accordingly,
the goal of the present study was to assess heritability of DD, an important aspect of its utility as
an endophenotype.

Methods—A commonly used computerized procedure involving choice between varying
amounts of money available immediately and a “standard” amount of $100 presented at variable
delays was administered to a population-based sample of twins aged 16 and 18 (n=560, including
134 MZ and 142 DZ pairs). DD was quantified using area under the discounting curve (AUC) and
the k coefficient estimated by fitting a hyperbolic model to individual data. Heritability was
assessed using linear structural equation modeling of twin data.

Results—The genetic analysis revealed significant heritability of both DD measures (AUC: 46%
and 62%; k: 35% and 55% at age 16 and 18, respectively).

Conclusion—The present study provides evidence for heritability of both model-based and
model-free DD measures and suggests that DD is a promising intermediate phenotype for genetic
dissection of impulsivity and externalizing spectrum disorders.
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Introduction

In their everyday life, humans face numerous decisions where choices have immediate or
remote consequences: Go to a party today or stay home and prepare for an exam? Enjoy a
nice dessert now or skip it in favor of losing weight in the longer run? Spend money on
vacation or put it away for buying a house or retirement? In all of the above examples,
decisions involve a choice between a smaller-sooner and larger-later rewards. The subjective
value of rewards tends to decline with increasing delay to its receipt, a phenomenon known
in behavioral economics as delay discounting (DD). As the temporal distance to larger
reward increases, its subjective value decreases until it reaches the subjective value of a
smaller but immediate reward (“indifference point”). In more general terms, when the
consequences of one's decision are delayed, they are less effective in controlling ongoing
behavior (1). Individuals may differ in the degree to which they discount delayed rewards,
i.e. how rapidly the value of reward diminishes with increasing time to its delivery.

DD is a ubiquitous phenomenon extensively studied in many living species, including
pigeons, mice, rats, and humans. Experimental approaches measuring delay discounting
were originally developed in animal studies of operant behavior, where animals chose
between e.g. one pellet of food available immediately and two pellets of food delivered after
a certain delay (2, 3). In human studies, choice paradigms typically involve hypothetical or
real monetary rewards (reviewed in 1). Importantly, DD measures obtained from
hypothetical choices correlate strongly with measures obtained from real rewards (4-7).

Studies using repeated measurements of DD in the same individuals have shown that DD
measures represent a stable, trait-like characteristic, with estimates of test-retest reliability of
DD measures ranging from .55 to .90 (8-14).

Extensive studies in animal models and recent human neuroimaging studies have provided
insight into the neural substrates of DD. Animal studies suggest that the choice between
immediate and delayed reward critically depends on the orbitofrontal cortex and the core of
the nucleus accumbens (reviewed in 15). Human data implicate the left dorsolateral
prefrontal cortex (dIPFC), left insula, inferior frontal gyrus (IFG), frontal pole and the
anterior cingulate cortex (ACC) as key regions associated with the tendency to choose
larger-later rewards (16, 17),while increased ventral striatal activity has been implicated in
preference for immediate rewards (18).

Delay discounting is considered a behavioral model of impulsivity, and can be empirically
measured using laboratory choice paradigms (19). Substantial evidence indicates that higher
propensity to impulsive choice is associated with psychopathology, most notably, addictive
disorders, but also with other disorders in which impulsivity is a core behavioral
dysfunction, such as externalizing spectrum disorders. In animal studies, preference for
smaller-sooner rewards predicted increased susceptibility to substance dependence including
alcohol preference and cocaine self-administration (20, 21). Human studies have provided
strong evidence for higher rates of DD in individuals with substance use disorders, as is
summarized in a recent meta-analysis (22) and several reviews (1, 23-29). Although it
remains to be determined whether high DD is a pre-existing risk factor or a consequence of
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substance abuse, some evidence suggests that heightened DD predates substance use and
abuse (30). Furthermore, steeper DD have been shown to predict relapse in smoking
cessation trials (31, 32). Indeed, the conceptual relevance of DD to substance abuse is quite
straightforward, since the hallmark of the latter is a strong preference for the immediate
rewarding effects of drugs and disregard for delayed adverse consequences of one’s
decisions. Finally, substantial evidence points to an association between DD and other
“unhealthy” behaviors such as overeating, obesity, risky sex, and overall poorer health
(reviewed in 33, 34) as well as pathological gambling, compulsive shopping, and financial
mismanagement (reviewed in 27).

It has also been suggested that DD may serve as an intermediate phenotype, or
endophenotype, in genetic studies of addictive disorders and other externalizing
psychopathology in which impulsivity is implicated as a core underlying dysfunction (23,
24, 35, 36). Efforts to identify genes conferring risk for addictive disorders have yielded
very modest results so far, which can be attributed largely to the complexity of the
phenotype. Shifting the focus of psychiatric genetic research from complex diagnostic
phenotypes to relatively discrete and homogenous “component processes” contributing to
liability might aid in elucidating the neurobiological and genetic underpinnings of addiction
and psychopathology, resolve possible genetic heterogeneity, and clarify the mechanisms of
comorbidity. Furthermore, intermediate phenotypes might be helpful in the functional
characterization of genetic risk variants being identified in large-scale association studies of
psychiatric disorders and thus contribute to bridging the gap between genes and complex
phenotypes with which they are associated. Finally, a validation of DD as an intermediate
biobehavioral phenotype is directly relevant to the goals of the NIMH-sponsored Research
Domain Criteria (RDoC) initiative, the goal of which is to explicate fundamental
biobehavioral dimensions that cut across current heterogeneous disorder categories in order
to improve the existing classification of psychiatric disorders based on better knowledge of
the underlying pathophysiology (37, 38).

Taken together, evidence for the validity of DD as a behavioral model of impulsivity, its
test-retest reliability, increasing knowledge of its neural substrates, and evidence for its
robust relationship with the externalizing spectrum disorders cited above strongly support
the role of DD as an endophenotype for a spectrum of disorders characterized by relative
insensitivity to delayed outcomes.

A key requirement for such an intermediate phenotype is its significant heritability. Yet,
current knowledge of the relative contribution of genetic factors to inter-individual variation
of DD is very limited. Animal studies have demonstrated significant strain differences in
DD in rats (39, 40). Furthermore, mice selectively bred for alcohol preference show
increased DD rates (41, 42). However, little is known about the heritability of DD in
humans. Our recent study of adolescent twins aged 12-14 showed significant genetic
influences on DD in humans using a single-choice delay gratification paradigm in which
participants were offered a choice between a real amount of $7 available immediately and
$10 available in 7 days (35). The heritability of individual differences in the ability to delay
gratification was estimated at 30% at age 12 and at 51% at age 14.
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However, most clinical studies of DD utilize a different paradigm that provides a
quantitative measure of the rate of discounting of hypothetical monetary rewards as a
function of their delay. To obtain an individual discounting function, choice options,
including both amounts and delay duration, are varied systematically in order to obtain a
point of “indifference” between smaller immediate and larger delayed reward at each of the
delays. This laboratory procedure has been a standard in DD research, and most of the
evidence for association with psychopathology cited above was obtained using this method
(1). However, little is known about heritability of this DD measure. Furthermore,
generalization of data obtained in younger adolescents to the older age is problematic due to
the possibility of significant changes in heritability in the course of development.

Accordingly, the aim of the present study was to estimate the heritability of DD, i.e. the
extent to which observed inter-individual variability in the rate of discounting of delayed
rewards is determined by genetic factors.

Material and Methods

Sample

Participants were adolescent twins (134 MZ and 142 DZ pairs, n=560, 50.7% females,
including 84% Caucasian, 12% Black, and 4% other minorities). One hundred eighty-three
participants were first tested at mean age (+s.d.) of 16.6+.26 years, with 126 of them (34 MZ
and 28 DZ pairs) retested at a mean age of 18.5+.21years. An additional 377 participants
were first tested at mean age of 18.7+.37years. All participants were recruited from the local
population using the state birth records database, therefore, the sample is largely
representative of the general population with respect to the distribution of socioeconomic
status (Hollingshead occupational score for parents, 9-point: M=5.6+1.9) and general
intelligence (Raven’s Standard Progressive Matrices: median score 47, corresponding to
50th percentile, Q=100 according to U.S. norms). Zygosity was determined using a set of
160 DNA markers, an interview administered to the twins' parents, and research assistants'
ratings of twins' physical similarity. Subjects with a history of serious head trauma or health
conditions precluding a laboratory visit or the ability to perform the experimental tasks (e.g.
severe visual impairment or mental retardation) were excluded. The study was approved by
Washington University Institutional Review Board, and written informed assent and consent
were obtained from adolescent participants and their parents, respectively, after complete
description of the study to the subjects and their parents.

Discounting task

We used a computerized delay discounting task described in previous studies (43, 44). In
this task, participants were presented with a series of hypothetical choices between varying
amounts of money available immediately and a “standard” amount of $100 presented at
variable delays. Questions and response options were presented on a computer screen, and
participants used the computer mouse to choose a response option. On each of the 138 trials
of this task, participants were presented with a question: “At this moment, what would you
prefer?” with two choice options displayed underneath the question, e.g. “$100 in 90 days”
and “$70 now”. One option was a standard amount of $100 available after one of six delays:
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0, 7, 30, 90, 180, or 365 days. The other option was an amount of money varying from $0 to
$105 that was available immediately. For each question, a pair of immediate and delayed
amounts was selected at random without replacement. The order in which the immediate and
delayed amount was presented (first or second in the pair) was varied randomly. Further
details of the procedure can be found elsewhere (43).

Discounting measures

For each of the 6 delays of the standard amount ($100), an indifference (switch) point was
determined as being midway between the smallest value of the immediate alternative
accepted and the largest value of the same alternative that was rejected, i.e. the value of
immediate reward at which the participant was indifferent between the immediately
available amount and the delayed standard amount (43). This amount may be viewed as the
“subjective value” of the delayed standard amount, e.g. indifference point of $65 at 180 days
would mean that, for a given individual, $100 to be received in 180 days is subjectively
worth only $65. Next, we built an empirical discount curve for each participant by plotting
indifference values against the corresponding delays and then computed area under the
curve (AUC) as a quantitative measure of DD. Smaller AUC values indicate a steeper
discounting function, i.e. greater tendency for preference of smaller immediate rewards over
larger but delayed rewards. The advantage of the AUC measure over parametric model-
based measures such as hyperbolic or exponential functions is that it does not make any
assumptions about the form of the discounting function (45). To maintain continuity with
previous literature, we also fit the hyperbolic function to individual subject data points using
the following formula: V=A/(1+kD), where V is subjective value of delayed reward, A is the
standard amount offered at different delays, and D is delay (46) and used the estimated k
coefficient as additional measure of DD in genetic analyses.

Statistical analyses

To estimate heritability, i.e. the relative contribution of genetic and environmental sources to
the total phenotypic variance of DD-AUC, we fit linear structural equation models using the
Mx package (49), a standard approach in twin genetic research (47, 48). These models
assume that phenotypic variance arises from the following factors: additive genetic
influences (A), non-additive genetic influences (D) including within-locus allelic interaction
(dominance) and between-locus interaction (epistasis), environmental influences shared by
family members (C), and individually unique (unshared) environmental influences (E). It is
important to note that A, D, and C increase, whereas E decreases, intrapair twin similarity.
When using only data from twin pairs reared together, it is only possible to test three of
these four components simultaneously, and a decision regarding whether to test an ADE or
an ACE model is made based upon the observed twin correlations (see 48).

Heritability was estimated as the percentage of the total variance of the trait attributable to
genetic factors. We fit a bivariate Cholesky model (see (47)) with measurements taken at
ages 16 and 18 entered as separate variables. In a longitudinal analysis, the bivariate model
permits the estimation of both the genetic and environmental influences at each age and the
correlations between genetic and environmental factors across ages, which is important for

Biol Psychiatry. Author manuscript; available in PMC 2016 May 15.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Anokhin et al.

Results

Page 6

examining whether the same or different genetic and environmental factors influence the
trait at different ages.

Path coefficients were estimated using the method of maximum likelihood, and the goodness
of model fit was indicated by -2 times the log likelihood (-2LL). As described elsewhere
(47, 50), the fit of nested submodels was tested by dropping individual paths from the full
model, with the significance of individual paths tested by comparing the fit of the restricted
submodel with the fit of the more general model using a 2 test with degrees of freedom
corresponding to the difference in the degrees of freedom between two models (e.g., df=1 if
only one parameter is dropped in the restricted model). If dropping a path significantly
reduced the goodness of fit (the change in x2 was significant), the path was retained in the
model, otherwise the more parsimonious model was chosen (i.e. the one that accounted for
the variance equally well, but with a fewer number of parameters). The fit of the nested
submodels was also assessed through Akaike’s Information Criterion (AIC, where AIC=y2 -
2df; see (47)). Lower AIC values indicate better fit.

Previous studies have shown that some individuals may demonstrate atypical response
patterns in DD tasks such as failing to show a monotonous decrease in indifference points
with increasing delays or insensitivity to delay (persistently choosing the larger reward),
suggesting misunderstanding of instructions, inattention, or low motivation (19). Therefore,
we repeated the above analyses after excluding subjects with nonsystematic response
patterns following the approach suggested by Johnson and Bickel (19). Individuals were
excluded from follow-up analyses if any indifference point was larger than the preceding
point by greater than 20% or if the last indifference point was not less than the first one by at
least 5% (the criteria were modified to account for substantially shorter time span in the
present study).

Indifference points and empirical discounting curves for both age groups are presented in the
Supplementary Online Figure. Fitting the hyperbolic function to the group data showed a
moderately good fit (mean R?=.78 and .76, with median k-coefficient estimates of .0035

and .003 for ages 16 and 18, respectively). The k values showed a skewed distribution and
were therefore log-transformed for further analyses.

The phenotypic correlation between the two DD measurements (test-retest reliability) was
r=.67 and .57 for the AUC and log k (both p<.001), respectively, suggesting longitudinal
stability of the DD measure.

Intrapair twin correlations for DD measures are presented in Table 1 (see also scatterplots in
Fig. 1). At both ages and for both DD variables, the DZ correlations were less than one-half
of the MZ correlations, suggesting non-additive genetic factors might be important. MZ and
DZ twins did not differ significantly with respect to the mean values of AUC and k at any
age, consistent with a basic assumption of the twin method. Initially, a full Cholesky ADE
model was tested, allowing for additive genetic, non-additive genetic, and non-shared
environmental influences at each time as well as overlap across occasions. For the AUC, this
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model could be reduced to an AE model (Ay? = 0.175, 3df, AIC = =5.825, comparing AE to
ADE), indicating that non-additive genetic influences were not statistically significant.
However a model with no genetic influences (E only) was rejected (Ay2 = 74.900, 3df, p<.
001 AIC = 68.90, comparing E to AE), indicating that DD-AUC is heritable.

Similar results were observed for the log k measure: the base model was an ADE model, the
ADE model could be reduced to an AE model (Ay2 = .0.122, 3df, AIC = -5.878), and a
model with no genetic influences (E only) was rejected (Ay? = 54.284, 3df, AIC = 48.284).
Thus, these models also indicated that the k measure was heritable.

The AE model for AUC could be further reduced by deleting genetic influences specific to
age 18, yielding a model with a single genetic factor that contributed to both age 16 and age
18 (i.e., genetic correlation rg=1.00; Ax? = 0.000, 1df, AIC = —2.00 for the single factor
model compared to the prior AE model). The unstandardized parameter estimates for this
model are presented in Figure 2. Estimates of genetic and environmental variance
components under this model are presented in Table 1. The results indicate substantial
heritability of the DDT-AUC measure: 46% (95% CI: 28-62%) at age 16 and 62% (95% CI:
51-70%) at age 18. In this model, 80% of the test-retest stability was attributable to genetic
factors, indicating that most of the “stable” inter-individual variance could be attributed to
common genetic factors operating at both ages (Table 2). The AE model for the k measure
could also be further reduced to one with a single genetic factor for ages 16 and 18 (rg=1.00;
Ayx? =0.000, 1df, AIC = -2.00).

AUC showed modest but significant correlations with general cognitive abilities assessed
using Raven’s Standard Progressive Matrices (SPM): r=0.17 (p<.05) and r=0.29 (p<.01) at
age 16 and 18, respectively.

Discussion

The results indicate a strong heritability of delay discounting (DD) as measured using a
hypothetical money choice procedure, a widely utilized laboratory paradigm for the
assessment of inter-temporal choice behavior in human studies. Importantly, both model-
free (AUC) and model-based (k coefficient) measures showed significant heritability.
Furthermore, a complete overlap between genetic factors influencing DD at age 16 and 18
suggests that for both measures the same genes influenced DD at different time points. For
the AUC measure, age-specific heritability estimates suggested an increase in the strength of
genetic influences over the two-year period (from 46% to 62%), however, it was non-
significant in the present sample (Ayx2(1) = 2.943, n. s.). A generalized estimate of
heritability for the entire sample was 57% (95% CI: 47-66%), suggesting that most of the
observed individual differences in the degree of DD can be attributed to genetic factors. In
contrast, for the k coefficient, the model with different heritabilities at ages 16 and 18
showed better fit, suggesting a significant increase in heritability of this model-based
measure with age (i.e., although same genes influenced DD at both ages, they accounted for
a larger proportion of the variance at age 18 for the log k measure; Ay2(1) = 3.930, p < 0.05
when k coefficient heritability estimates were equated for ages 16 and 18).
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The exclusion of nonsystematic data (19) resulted in a smaller sample size, but did not lead
to substantial changes in heritability estimates. Assuming that nonsystematic data represent
a random noise, one could expect that the inclusion of participants with atypical response
pattern would lead to a marked decrease in heritability. However, this was not the case
because twins tended to show resemblance with respect to atypical response patterns.
Interestingly, a recent study in patients with schizophrenia suggests that nonsystematic
responding can be a clinically relevant feature indicating an executive dysfunction such as
inability to maintain the mental representation of previous choices made during the task
(51).

The present finding of significant heritability of a quantitative measure of DD in late
adolescence is consistent with our previous finding of significant genetic influences on DD
assessed using a single-choice, real money test in early adolescence (ages 12 and 14) (35).
Although different tests were used to assess DD in these two studies, conceptually, they both
map onto the same construct, the propensity to discount delayed rewards. Together, data
from these two studies converge to suggest that temporal discounting behavior throughout
most of the adolescent period (12-18 years of age) is significantly influenced by genetic
factors. These findings are also consistent with evidence obtained in animal studies
suggesting genetic influences on DD (39, 41, 42). A recent study using eight inbred rat
strains estimated heritability of an AUC measure of DD at 50% (40).

The present results strongly suggest that individual differences in the extent to which
individuals tend to discount delayed consequences of their actions in favor of immediate
rewards are substantially influenced by genetic factors. This finding has important
implications for the understanding of the etiological pathways to a range of abnormal
behaviors such as ADHD, conduct disorder, and substance use disorders. These conditions
are heritable, show a high degree of comorbidity, and share a common dysfunction, namely,
abnormally high levels of impulsivity. Evidence for the heritability of the propensity to
impulsive choice in the general population obtained in the present study is consistent with
the idea that genetic influences on “externalizing spectrum” disorders can be at least in part
mediated by genetically transmitted abnormalities in the neural mechanisms of inter-
temporal decision making. Thus, the present results provide further support for the notion
that DD may serve as a suitable intermediate phenotype (endophenotype) in genetic studies
of addictions and other psychopathology (23, 24, 35).

However, genetic specificity of DD remains an important issue. It is not clear whether
strong heritability of DD found in the present study represents genetic influences specific to
inter-temporal decision making, or these genetic factors are shared with (or mediated by)
other aspects of cognitive function and reward-related processes. In the present study, DD
was significantly associated with general intelligence, although the correlations were
modest. Increasing evidence suggests that steep DD may be associated with executive
dysfunction (51-53). Future genetic studies should directly address the question whether DD
and other cognitive functions are influenced by common (overlapping) or specific genetic
factors.
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Substantial evidence indicates steeper DD in substance abusers (22—24, 36). An important
question for future research would be to examine the role of genetic factors and establish the
direction of causality in this relationship. Elevated DD can predate substance use and thus
constitute a heritable risk factor; conversely, substance abuse, especially during adolescence,
may adversely affect the development of brain circuits underlying decision making and lead
to higher discounting rates. So far, available evidence tends to support the former
explanation (30, 35), however, future research using longitudinal and discordant twin
designs should disentangle the causal relationships between impulsive choice, other aspects
of cognitive function, and psychopathology.

Behavioral neuroscience research using animal models (15) and neuroimaging studies in
humans have identified neural substrates that play a key role in inter-temporal choice
behavior including regions sensitive to reward value such as ventral striatum and regions
involved in planning and prospective thought including areas of the prefrontal and posterior
cingulate cortex (16, 17, 54, 55). Future research using neuroimaging techniques and
genetically informative research designs should delineate specific neuroanatomical and
neurochemical substrates that mediate genetic influences on individual differences in inter-
temporal choice.

Another important question is what specific genes account for heritability of DD. Several
recent candidate gene studies (56-59) have reported associations between dopamine-related
genetic variants and DD. However, because these studies were based on modest samples (19
to 166 participants), included a mixture of clinical and non-clinical sample population, and
yielded conflicting results, these association findings need to be interpreted with caution
until they are replicated in larger independent samples.

Several limitations of the present study are worth noting. The present analysis included data
for only a limited age range of 16-18 years, and it remains to be seen whether genetic
influences on DD might change during the transition from late adolescence to adulthood.
The results of bivariate longitudinal analysis must be interpreted with caution because the
modest sample size might have limited the power to detect possible age-related changes in
heritability.

In conclusion, the present study provides the first evidence for heritability of both
parametric and non-parametric (model-free) quantitative measures of DD and suggests that
DD is a promising intermediate phenotype for genetic research of impulse-control disorders,
including addiction and frequently comorbid conditions such as conduct disorder and
ADHD.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Scatterplots of intra-pair twin correlations for delay discounting in monozygotic (MZ) and
dizygotic (DZ) twin pairs. Each circle represents a twin pair, such that delay discounting
value of Twin 1 (areaunder the discounting curve) is plotted against the corresponding value
of Twin 2. Solid lines indicate linear regression of Twin 1 on Twin 2. Broken lines indicate
95% confidence intervals.
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Figure 2.
Unstandardized parameter estimates for the final model for delay discounting (area under

the curve) at ages 16 and 18 years. A=additive genetic influences, E=nonshared
environmental influences. Only one twin is shown for simplicity. Parameter estimates were
equated for members of a twin pair, with the additive genetic factors connecting the
members of a twin pair. The path connecting MZ twins was fixed to 1.0 and the path
connecting DZ twins was fixed to 0.5, per quantitative genetic theory.
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Longitudinal cross-age genetic and environmental correlations for delay discounting measures.

Table 2

DD Measure  Genetic and environmental
correlations

Proportions of cross-age covariance
attributable to

rg (16-18)  re (16-18) A E
AUC 1.0 29 (05-.49) .80 (61-.97) 20 (.03 - .39)
log k 1.0 25(03-.45) .76 (.53-.97) 24 (.03 - .47)
AUC(Ex) 10 53(25-.73) .65 (.41-.85) 35 (.15 - 59)
log k (Ex) 1.0 51(22-.74) 56(.27-.82) 44 (18- 73)

Page 16

rG = genetic correlation which is equal to 1.00 because only one genetic factor operating at both ages was retained in the final model, while

additional age-specific genetic factors could be dropped without significant deterioration of model fit; rE=non-shared environmental correlation.
rG and rg show the extent of the overlap between genetic and environmental influences, respectively, on the DD measures at ages 16 and 18. The

last two columns show what proportion of cross-age correlation (i.e. longitudinal stability) can be attributed to genetic or environmental factors
operating at both ages. Confidence intervals (95%) are shown in brackets.
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