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1. Ordering of subject choices 

To ensure that no more than 4 squirts would be delivered during any 30s time period, the 

questions were presented in a fixed order for all subjects. In Experiment 1, this entailed a small bias for 

choices involving longer delays to be presented earlier in the experiment, which was necessary to ensure 

that rewards could be delivered during the experiment.  However, a small number of questions were 

presented for which fluid delivery was not possible, since the minimum delay was longer than the 

remaining experiment time. Subjects were not told the total length of the experiment, and so had no way to 

anticipate that these rewards would not be delivered. Furthermore, presumably because of the long delays 

between choices and fluid delivery, no subject expressed awareness that any squirts were omitted. In 

Experiment 2, because of the longer set of delays (minimum of 10 minutes) subjects completed a second, 

unrelated task following the main experiment, during which remaining squirts could be delivered. The 

second task (viewing 1s duration flashing checkerboards) was performed in 15s blocks so that there was a 

continuity of 15s reward-delivery periods. 

 

2. Probit analysis of behavioral choices 

We fit subjects’ choices with a β-δ discounting model (Equation 1), a double exponential 

discounting model (Equation 4), and a model that nests both models together. In each case we maximize 

the probit log-likelihood function: 
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where !  is the normal CDF, yi a indicator variable for whether the subject chose early in a given trial, and 

i
! the probit index that gives a scaled difference  between the discounted value of the earlier reward (R) 

and the later reward (R'). Thus, the probit index in the β-δ discounting model was of the form: 
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and Ωa is a scaling parameter. For the double exponential model, the probit index was of the form: 
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These two models were each estimated separately, yielding the following parameters:   
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In the nested model, we fixed the parameters at their estimated values above, and estimate weights on the 

discounting models with the following probit index 
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attaching weight α to the probit index from the β-δ model and (1 - α) to the probit index from the double 

exponential model. We estimated α = 0.95 with standard error 0.259.  

 

3. Discounting in individual brain areas  

 We have shown that subjects’ choices are well described by a two-system (double exponential) 

discounting model.  Our analysis has also identified two different neural systems involved in making 

intertemporal choices.  The β system loads on a dummy variable associated with decisions involving 

immediate rewards.  The δ system loads on a dummy variable associated with all decision periods.  We 

now try to connect behavioral responses with brain activity, by fitting activity in each identified brain 

region with a single exponential discount function using nonlinear least squares. If choices result from the 

combined (summed) activity of the brain regions we have identified, then β and δ brain regions should 

show qualitative differences in rates of discounting. 

Because choices involve two rewards of different magnitude (R vs. R’) and delay (D vs. D’), we 

first had to determine how to combine the values from the two options to make a single estimate of 

discounted brain activity. In a series of analyses (not shown) we determined that the sum of the two choices 



values (λi
DR + λi

D’R’, where λi is the unknown discount factor indexed by brain region i) produces the best 

fits to neural activity. Finally, to enable a more direct comparison across brain regions and subjects, we 

multiplicatively normalized estimates of brain activity for each choice before fitting by dividing a brain 

region’s observed activity in a given trial by that subject’s average activity in that region over all trials. 

Thus, the normed measure Airt for subject i, brain region r, and trial t was given by: 

Activity for subject , in region , in trial 

Average activity for all trials for subject  in region  
irt

i r t
A

i r
=  

 We estimate the value of the exponential discount factor λi for each brain region in four different 

specifications: we estimate the model both with and without task controls (number of juice squirts 

immediately preceding choice, choice number, and response time), and both with and without reward 

magnitude (λi
DR + λi

D’R’ and λi
D + λi

D’). For the β regions, we find the following discount factors and 

standard errors: 
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 A discount factor of 0 corresponds to a limit case (we constrained the discount factors to lie above 

zero) and implies that BOLD activation was only above baseline levels when the early reward was 

available immediately.  A discount factor of 0 also implies that activation was not greater when the delayed 

alternative was delayed 5 minutes as opposed to 1 minute. 

Note that for all of these discount factors, we can reject the null hypothesis that the discount factor 

is equal to unity.  Moreover, these discount factors imply a substantial amount of discounting, since time 

units are measured in minutes.  Hence a discount factor of 0.95 implies that a 25 minute delay is discounted 

with multiplicative weight 0.9525 = 0.28.  This represents a 72% decay in value relative to an immediate 

reward. 

For the δ regions, we find the following discount factors and standard errors: 
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Most of the estimated parameters are statistically indistinguishable from unity when task controls are 

included, and only SMA/PMA and left Anterior Insula are statistically different at the p < 0.01 threshold. 

Finally, we have generated scatter plots showing the relationship between actual brain activation 

levels and those predicted by our fitted neural discount functions. These scatter plots are displayed in 

Supplemental Figures 1 and 2 below.   

 To highlight the effects of time, we average over all trials in which subjects made choices between 

rewards available at a delays of D and D’. The x-axis represents the time to the later reward, D’, for a 

choice between rewards available at D or D’. Note that given our design the time to the later reward 

implicitly reveals the time to earlier reward D. (The earlier reward is only available at a delay of 0, 10, or 

20 minutes, and D’ equals either D+1 or D+5.) The pair of numbers above or below each point also 

indicates the delays at which the rewards were available.  

 There is a good fit between actual and fitted responses in both β and δ areas. The first figure reports 

activity averaged over all areas identified in the β analysis.  The second figure reports activity averaged 

over all areas identified in the δ analysis. 

 

 

 

 



 

Supplemental Figure 1 

 
 
 

Supplemental Figure 2 
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Supplementary Tables 

 

Supplementary Table 1: Estimation of the β-δ Model 
Parameter Estimate Standard Error 
βa 0.52 0.045 
δ a 0.98 0.015 
Ω a 0.86 0.184 
 
Supplementary Table 2: Estimation of the Double Exponential 
Model 
Parameter Estimate Standard Error 
λ1 0.46 0.107 
λ2 1.02 0.019 
ω 0.73 0.079 
Ωb 0.75 0.138 
 

Supplementary Table 3: β-Area Discount Factors 
 With Additional Task Controls No Additional Task Controls 

 Reward Sensitivity 
No Reward 
Sensitivity Reward Sensitivity 

No Reward 
Sensitivity 

Region 
Discount 
Factor 

Std. 
Error 

Discount 
Factor 

Std. 
Error 

Discount 
Factor 

Std. 
Error 

Discount 
Factor 

Std. 
Error 

ACC 0.845 0.069 0.000 * 0.968 0.005 0.970 0.005 
MPFC 0.000 * 0.000 * 0.971 0.008 0.970 0.008 
NAc 0.960 0.012 0.973 0.008 0.974 0.006 0.975 0.006 
PCC 0.943 0.015 0.964 0.007 0.964 0.006 0.963 0.005 
PCu 0.951 0.014 0.968 0.008 0.968 0.005 0.969 0.005 
* Indicates standard errors cannot be calculated at the boundary. 

  

Supplementary Table 4: δ-Area Discount Factors 
 With Additional Task Controls No Additional Task Controls 

 Reward Sensitivity 
No Reward 
Sensitivity Reward Sensitivity 

No Reward 
Sensitivity 

 
Discount 
Factor 

Std 
Err 

Discount 
Factor 

Std 
Err 

Discount 
Factor 

Std 
Err 

Discount 
Factor 

Std 
Err 

Ant Ins (L) 0.989* 0.006 0.990* 0.004 0.989* 0.004 0.990* 0.004 
Ant Ins (R) 0.991 0.007 0.993 0.005 0.992* 0.005 0.994 0.005 
BA10 (L) 0.998 0.011 0.996 0.007 0.994 0.006 0.995 0.005 
BA10 (R) 1.012* 0.013 1.006 0.010 1.006 0.006 1.007 0.006 
DLPFC 0.992 0.006 0.993 0.004 0.992* 0.004 0.993* 0.004 
PCC 0.993 0.006 0.994 0.004 0.992* 0.004 0.994 0.004 
P Par (L) 0.996 0.005 0.996 0.003 0.992* 0.004 0.993* 0.004 
P Par (R) 0.997 0.005 0.997 0.004 0.993* 0.004 0.995 0.004 
SMA/PMA 0.987* 0.006 0.990* 0.004 0.986* 0.004 0.988* 0.004 
VisCtx 0.994 0.005 0.994 0.003 0.993* 0.003 0.994* 0.003 

 * Indicates parameter statistically different from 1 at p < 0.10 


