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Abstract

Delay discounting (DD) describes how the value of a reinforcer decreases as delay to its delivery
increases. Relationships between DD and various aspects of drug abuse have been demonstrated
reliably. A potential barrier to wider adoption of DD techniques is that results are often expressed in
terms that may be too abstract or unfamiliar to a broader audience, particularly when describing or
comparing hyperbolic DD functions or values of k. In an effort to potentially make DD results more
accessible, the current report explores use of an ED50 value in characterizing DD functions, similar
to that used in pharmacology research for characterizing dose-effect functions. The ED50 proposed
with regard to DD is the delay that is effective in discounting the subjective value of the delayed
reinforcer by 50%. Additionally, a convenient method for calculating ED50 values for DD is

discussed.
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1. Delay Discounting and Drug Abuse

Delay discounting (DD) describes how the value of a reinforcer decreases as a function of
increased delay to delivery (Bickel & Marsch, 2001; Reynolds, 2006). DD provides an account
for why organisms will often times choose a smaller, more immediate reinforcer over a larger,
delayed one, and has been used to provide an operational definition of at least certain aspects
of impulsivity (Logue, 1995; Rachlin & Green, 1972).

Substance abuse can be conceptualized as a problem of impulsivity in which the immediate
reinforcing effects of drug consumption are preferred over the longer-term benefits of
abstaining from drug abuse (e.g., educational achievement, improved health, financial
stability). An emerging literature demonstrates that drug abusers reliably exhibit greater DD
when compared to non-drug abusers matched on other socio-demographic characteristics
(Bickel & Marsch, 2001; Reynolds, 2006). Compared to non-drug abusers, greater DD has
been observed in abusers of opiates (Kirby et al., 1999; Madden et al., 1997), cocaine (Coffey
et al., 2003; Heil et al., 2006; Kirby & Petry, 2004), alcohol (Petry, 2001a; Reynolds, et al.,
2006; Richards et al., 1999), and cigarettes (Baker et al., 2003; Bickel et al., 1999; Mitchell,
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1999). Drug abusers who engage in additional risky behavior (e.g., needle sharing) exhibit
greater discounting compared to drug abusers who do not engage in such risky behavior (Odum
etal., 2000). Likewise, drug abusers who gamble excessively discount more than drug abusers
without gambling problems (Petry, 2001b; Petry & Casarella, 1999). Increases in DD have
also been observed during acute withdrawal from opiates (Giordano et al., 2002) and tobacco
(Field, 2006; Mitchell 2004). Finally, greater baseline DD predicts poor treatment outcome
among those trying to quit cigarette smoking (Dallery & Raiff, 2007; Krishnan et al., 2007;
Yoon et al., 2007). Clearly, the breadth of evidence linking DD with drug abuse is compelling
and worthy of further investigation.

2. Assessment of Delay Discounting

Assessing DD typically involves procedures similar to those used in psychophysical
experiments in which one stimulus is held constant while another is systematically varied
(Gescheider, 1997; Richards et al., 1997). Using such methods, the experimenter can discern
at what point a subject deems two stimuli to be equivalent along some dimension. Likewise,
in DD tasks an adjusting-amount procedure presents subjects with a choice between a smaller,
more immediate and a larger, more delayed reinforcer. The magnitude of the more immediate
reinforcer is systematically varied until no clear preference is observed between the immediate
and delayed reinforcers, otherwise referred to as an indifference point. By determining
indifference points at different temporal delays, a DD function can be established that relates
the subjective value of the reinforcer to the amount of delay to its availability. The shape of
DD functions have been demonstrated to be hyperbolic rather exponential in both human and
non-human subjects (e.g., Rodriquez & Logue, 1988; Rachlin et al., 1991; Myerson & Green,
1995; Kirby etal., 2004), meaning that the rate of discounting is inversely proportional to delay.
In other words, the value of a reinforcer decreases rapidly at relatively shorter delays and more
gradually at relatively longer delays.

V=A/(1+kD) (1)

Equation 1 Mazur, 1987 describes how the value (V) of a reinforcer of initial magnitude (A)
decreases as a function of delay (D) to receiving that reinforcer. When D is zero, A retains its
full value. As D increases, the value of A approaches zero. By assessing indifference points as
described above, one is able to calculate V at different delays. The free parameter k represents
the rate of discounting and can serve as a parametric, operational representation of the degree
of impulsive responding. Higher k values correspond with greater discounting, and therefore
greater impulsivity (i.e., steeper DD curve).

3. Clarifying Delay Discounting Results

A potential hurdle in conveying DD methods and findings to drug abuse researchers is that the
interpretation of DD results may be unfamiliar. For example, differences in DD between
populations are often shown as two separate hyperbolic discounting curves plotting V as a
function of D. Even if differences in rates of discounting between the two curves are reported
to be statistically significant, the results can be difficult to comprehend in everyday terms. How
much steeper or more shallow should one curve be in order for a reader to discuss a meaningful
difference in discounting? The problem of unfamiliarity can be compounded under
circumstances when DD results are simply conveyed as differences in observed k values, which
use the units of inverse time and often range over several orders of magnitude across
participants in a study (e.g., Kirby et al., 1999; Yoon et al., 2007).

A technique for making comparisons between DD curves more intuitive or practical may be
useful. Fortunately, a model already exists in pharmacology research that may be helpful. In
pharmacology, the relationship between drug response and the concentration of drug present
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at the receptor is characterized by dose-effect curves. At relatively low drug doses, little drug
effect is observed, but as drug dose increases, the drug effect also increases until a maximum
drug effect is reached. A commonly used method for quantifying drug action in receptor
pharmacology is the ED50, the dose of drug at which 50% of the maximum drug effect is
observed (Ross & Kenakin, 2001). Shifts in the dose-response functions due to various
influences such as the presence of an agonist, antagonist, or tolerance are often conveniently
described and contrasted as changes in ED50 values.

A similar measure may be useful in DD research. Such a practice would not be completely
alien as some DD reports have already used similar methods to compare DD functions, although
such descriptions have always been secondary to statistical descriptions. For example, one
method is to pick an arbitrary delay and report differences in the value at that delay. Conversely,
anarbitrary value can be chosen and the results described in terms of differences in time. Instead
of using an arbitrary value, however, we propose consideration of a midpoint value like the
EDA50 that is less likely to be affected by floor or ceiling effects in the data and overtime would
become familiar to readers of and contributors to the DD literature. Specifically, we are
suggesting the delay that effectively discounts the value of the delayed reinforcer by 50%. We
propose that this new measure be referred to as an ED50 as well, except that instead of the
effective dose, we are referring to the effective delay. Such an ED50 value can be readily
calculated by manipulating Equation 1 in the following manner:

First, substitute A/2 for V. This alters the formula to specifically look for the delay at which
the reinforcer (A) value is reduced to half its original amount. The variable D is therefore the
ED50 measure.

A/2=A/(1+kED50) 2)

Next, the A values cancel out and cross-multiplying yields Equation 3.
1+kED50=2 3

Subtracting by 1 on both sides and dividing by k yields the final formula.
ED50=1/k (4)

Quite conveniently, the delay at which A decreases to 50% of its original value is simply 1/k.
At this time, we would like to emphasize that we are not advocating replacing graphs of DD
curves with ED50 values. Instead, ED50 values would be used to enhance descriptions of DD
discounting functions in a similar manner as they do in pharmacology research for dose-effect
functions.

As an illustrative example, a frequency distribution of obtained k values from a previous study
we conducted (Yoon et al., 2007) was examined in order to obtain representative k values (Fig.
1, top). The three most commonly observed k values were chosen, including the peak value
and a k value that was higher and lower than the peak k value that were approximately on equal
levels of the normal distribution. The three k values chosen were 3.4x1074(a), 9.1x1074(b),
and 2.5x1073(c). It should be immediately apparent that the difference in magnitude between
these k values alone would be difficult to interpret for a general audience, except perhaps for
the fact that 2.5x1073 represents greater discounting than 3.4x1074. By plotting the three k
values according to Equation 1 (Fig. 1, bottom), the relationship across k values becomes
clearer and easier to compare but arguably still difficult to interpret in practical terms without
focusing on points at a particular value or delay. That is where we are proposing that by
inverting k values and converting into years to obtain ED50 values (Equation 4) can be helpful.
In this case, the ED50 values are 8.1, 3.0, and 1.1 years for curves a, b, and c, respectively.
Described in other terms, there was a nearly 3-fold difference between curves c and b and an
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approximately 8-fold difference between curves ¢ and a in the delay necessary to effectively
reduce the value of the reinforcer by 50%.

4. Benefits of Using an ED50 Value with Explicit Time Units

The primary purpose of introducing the ED50 measure is to increase the ease of interpreting
DD results. The primary facilitating mechanism appears to be that the ED50 value uses the
units of time, a clearly more common measure than that of k, the inverse of time. Reporting
ED50 values, with explicit time units, therefore has several benefits that make DD results more
accessible. First, when comparing DD curves (Fig. 1, bottom), ED50 values should provide
readers greater confidence in judging differences in the magnitude of DD results for themselves
rather than basing their opinions solely on reports of statistical significance or differences in
k. Second, use of ED50 values should increase the ease in comparing findings not only within
a study, but across studies as well. Currently, k is often reported without any accompanying
units at all. Furthermore, different units of time (e.g., days, months, years, etc) can be used in
calculating k, which results in different values of k. Using an ED50 value with explicit time
units should therefore alleviate some of the vagueness inherent in the way k values are generally
reported. This change in turn should simplify comparing DD results across experiments,
thereby facilitating examinations of the generality of DD results. Third, an extension of the
second point would be that the field could begin to gain a sense of what kind of ED50 values
one should expect from drug abusing versus non-abusing populations. Although reliable
differences in DD have been observed between drug abusers and non-abusers as described
above, there is very little sense in the field as to what a given k value means in the same way
researchers examining cocaine abuse would know what is a relatively high or low dose of
cocaine.

At this point, it should be stressed that the main benefit of the ED50 measure is in increasing
interpretive ease by describing DD in everyday terms. Since the ED50 value is simply the
inverse of k, problems associated with the analysis of k (e.g., requiring non-linear regression,
non-normally distributed) remain associated with ED50 values. For example, Area Under the
Curve (AUC, Myerson et al., 2001) is an alternative measure of DD that has certain advantages
over k as well as the currently proposed ED50 value (amenable to linear regression analysis
methods, normally distributed, easily calculated). The ED50 measure, however, is still
arguably more tangible than that of AUC, which has values ranging from 0 to 1. Additionally,
Mazur’s k value is still widely used and reported. Therefore, as long as k values continue to be
reported, we feel that the extra step of calculating the ED50 value by inverting k is warranted
by the potential benefits described above.

5. Conclusions

Research in DD has revealed a variety of reliable associations between sensitivity to delayed
consequences and various aspects of drug abuse and other disorders. The current report
introduces a simple method for calculating an ED50 value that may be useful in this emerging
research area. Adoption of reporting ED50 values wherever k is used has potentially significant
contributions to make in the ease of interpreting DD results and making within and across study
comparisons.
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Various representations of DD. Top panel shows the relative frequency distribution of baseline
k values on a log scale. The curve represents the best-fit normal distribution function. Note that
higher k values represent greater rates of DD. Representative k values marked a, b, and c are
graphed according to Equation 1 in the bottom panel. Note that steeper, shallower curves
indicate greater DD.
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