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Exclusion criteria for participation

Exclusion criteria were: current DSM-IV diagnoses (other than alcohol and nicotine dependence for the AD group and nicotine dependence for the HC group); lifetime history of head injury with loss of consciousness over 5 minutes; neurological disorders; low level of education (school drop-out before age 16); use of medication affecting the central nervous system; positive urine tests for alcohol or drug use prior to MRI imaging.

Delay Discounting Paradigm

A delay discounting task (DDT; Wittmann et al. 2007) was used to assess impulsive decision making reflected by an increased preference for (smaller) immediate rewards over (larger) delayed rewards. Subjects were asked to make a decision between a hypothetical immediate reward and a reward to be received in the future. The task consisted of six blocks of eight preference judgment trials. Each block had a specific delay of 5 days, 1 month, 6 months, 1 year, 3 years and 10 years combined with a delayed reward magnitude of 506, 476, 524, 512, 520 and 488 euros, respectively. Within each block, the future reward was fixed, whereas immediate reward magnitude was varied from trial to trial by successively narrowing the range according to a specific rule. The magnitude of the immediate rewards was systematically varied to find which amount delivered immediately would be preferred equally to the delayed reward associated with each block. The first two trials in each block were initiated by defining the total range of values between 0 and the delayed reward magnitude, for example the range 0–488 euros in the block with a fixed delayed reward of 488 euros to be received in 10 years. This interval was divided into thirds and the one-third and two-third cut points (161 and 326 euros) were presented as the immediate rewards in the first two trials. Once the subject decided to accept or reject each of those two immediate options, the interval was narrowed to the lowest third that was accepted. For example, if the subject rejected the immediate reward in the first trial (161 euros), but accepted the immediate reward in the second trial (326 euros), the middle one-third interval was used for determining the immediate rewards in the next two trials (161-326 euros). Instead, if the subject would accept both the first and the second immediate rewards, the lowest one-third interval was used (0–161 euros). When the subject rejected both the first and seccond immediate reward, the upper one-third interval was used (326-488 euros). For this example, let's assume that the subject rejected the immediate reward both in the first and second trial. Then of the range 326-488 euros, one-third and two-third cut points (380 and 434 euros) were determined. If the individual would subsequently reject the immediate reward in the third trial (one-third cut point: 380 euros), but would accept the immediate reward in the fourth trial (two-third cut point: 434 euros), the middle one-third interval between these two immediate rewards (i.e. 380-434 euros) was used for determining the immediate rewards in the next two trials (i.e. the one-third and two-third cut points of this interval). This continued so that each subsequent pair of trials further narrowed the interval by thirds to ultimately obtain an indifference point for each block (i.e. the magnitude of the immediate reward that is preferred equally to the delayed reward). This resulted in an indifference point for every block (delay), at which the immediate and delayed rewards were equally preferred. The six blocks were presented in random order for each subject. Both the immediate and delayed rewards were presented in each trial. After a subject had chosen by pressing a button, the choice was presented for 2 seconds followed by a black screen for 3.5 to 4.5 seconds before the next choice trial appeared. Subjects had no response time limit. When a block lasted less than 90 seconds, depending on the response latency of the subject, a black screen was presented at the end of the block until the block duration was 90 seconds. 


By plotting the indifference points against each of the six delays, an estimation of the steepness of delay discounting could be obtained using the area-under-the-curve (AUC) method (Myerson et al. 2001). To calculate the AUC, the delay was expressed as a proportion of the maximum delay, and the subjective value was expressed as a proportion of the nominal amount (i.e. the subjective value divided by the actual, delayed reward). These normalized values were then used as x coordinates and y coordinates, respectively, to construct a graph of the discounting data. Vertical lines were drawn from each data point to the x axis, subdividing the graph into a series of trapezoids. The area of each trapezoid is equal to (x2 2 x1)[(y1 1 y2)/2], where x1 and x2 are

successive delays, and y1 and y2 are the subjective values associated with these delays. For the first trapezoid, the value of x1 and y1 are defined as 0 and 1. The AUC is equal to the sum of the areas of these trapezoids. The steeper the discounting, the smaller the AUC. Because the x and y values are both normalized, AUC can vary between 0 (steepest possible discounting) and 1 (no discounting). 

For fMRI analyses, regressors were generated from the onset of the presentation of the trial, i.e. the display of the delayed and immediate reward options, until the subject made a response, convolved with a canonical hemodynamic response function (HRF). Subject-specific regressors were separately generated for 1) selecting the immediate option (immediate choices) and 2) selecting the delayed option (delayed choices). 
fMRI: effective connectivity analyses

To assess connectivity between brain regions during decision making in the delay discounting task that interacted with modafinil administration, we used a generalized form of PsychoPhysiological Interaction analyses (gPPI; Gitelman et al. 2003). For each subject, volumes of interest were extracted and used as seeds in single-subject whole-brain PPI analyses. Seed regions were chosen based on the main findings in the second level analyses and were defined as 5 mm radius spheres around peak voxel coordinates of activation clusters. For each subject and each seed region, the physiological activity of the seed region was computed as the mean time series of all voxels within a 5 mm radius sphere centered at the peak activation coordinate obtained in the group analyses. An estimate of the underlying neuronal activity that produced the physiological activity in the seed region was computed by deconvolving the BOLD signal (McLaren et al. 2012). Next, PPI regressors were generated by multiplying the estimated neuronal activity from the seed region with a vector coding for effects of each task condition. For every seed region, first level statistical analyses were performed by generating and estimating a model involving for each session (placebo and modafinil): the PPI regressors of each task condition (convolved with the canonical HRF), the psychological regressors corresponding to each task regressor from the original first level design, the physiological activity from the seed region and a constant term. Based on the results of the GLM second level analyses, one PPI contrast was created for (immediate choices: modafinil>placebo) to identify modafinil induced functional connectivity changes of the seed region with other regions in the brain during choices for the immediate reward. Subsequently, a second-level random effects analysis was performed on these contrast images. Results are reported at a corrected significance level of p<0.05 within the ROIs using a small volume correction (SVC) or across the entire brain.

Supplementary Tables

Table S1: Brain regions showing significant delay discounting task-related activity separate for immediate and delayed choices. t-statistic and X, Y and Z MNI coordinates are from the location of the peak voxel activation within each cluster. Only clusters that survived a whole brain FWE correction at p<0.05 are reported. No significant differences were found in activation between immediate and delayed choices.
	Location
	Side
	Cluster size
	t-stat
	X

(mm)


	Y

(mm
	 Z

(mm)

	Immediate choices > implicit baseline
	
	
	
	
	
	

	Positive activation 


	
	
	
	
	
	

	Middle occipital gyrus extending to fusiform gyrus


	L/R
	6662


	21.70


	-27


	-91


	-5



	Secondary visual cortex extending to parietal lobe


	
	
	20.68


	-33


	-85


	-8



	Secondary visual cortex extending to parietal lobe


	
	
	18.86


	36


	-85


	-8



	Inferior frontal gyrus


	L/R
	2909


	12.59


	36


	20


	-5



	Dorsal anterior cingulate cortex


	
	
	11.95


	42


	35


	28



	Dorsolateral prefrontal cortex
	
	
	11.31


	51


	20


	34



	Anterior middle frontal gyrus


	L
	364


	9.84


	-39


	47


	-5



	Anterior middle frontal gyrus


	
	
	7.04


	-30


	53


	22



	Thalamus extending to striatum


	L/R
	561


	8.95


	-12


	-16


	7



	Striatum 
	
	
	7.03


	15


	-4


	10



	Thalamus


	
	
	6.68


	12


	-10


	4



	Middle temporal gyrus
	L
	29


	6.13


	-51


	-43


	7



	Mid cingulate gyrus
	L/R
	57


	6.09


	3


	-31


	28



	Brainstem
	L
	12


	5.90


	-6


	-34


	-26



	Middle temporal gyrus


	R
	10


	5.55


	48


	-28


	-5



	
	
	
	
	
	
	

	Negative activation


	
	
	
	
	
	

	Lingual gyrus


	R
	60


	7.55


	12


	-70


	-2



	Ventromedial PFC


	L/R
	91


	6.99


	0


	50


	-8



	Somatosensory association cortex


	L/R
	105


	6.81


	15


	-79


	25



	Associative visual cortex


	
	
	6.11


	-12


	-82


	28



	Cuneus


	
	
	5.44


	-9


	-88


	16



	Posterior cingulate cortex


	L/R
	53


	5.93


	-9


	-58


	13



	Posterior cingulate cortex


	
	
	5.65


	-18


	-61


	16



	Orbitofrontal area


	L
	9


	5.77


	-27


	35


	-11



	Lingual gyrus
	L
	11


	5.76


	-15


	-67


	-8



	
	
	
	
	
	
	

	Delayed choices > implicit baseline
	
	
	
	
	
	

	Positive activation 


	
	
	
	
	
	

	Middle occipital gyrus extending to fusiform gyrus


	L/R
	6775


	22.34


	-27


	-91


	-5



	Secondary visual cortex extending to parietal lobe


	
	
	21.23

	-33

	-85


	-8


	Secondary visual cortex extending to parietal lobe


	
	
	19.28


	36


	-85


	-8



	Dorsal anterior cingulate cortex


	L/R
	2335


	11.38


	-3


	20


	46



	Inferior prefrontal cortex

	
	
	11.02


	36


	20


	-2



	Dorsolateral prefrontal cortex


	
	
	10.32


	45


	32


	28



	Thalamus extending to striatum


	L/R
	578


	8.84


	-12


	-16


	7



	Thalamus extending to striatum


	
	
	6.49


	15


	-7


	10



	Thalamus


	
	
	6.46


	-21


	-28


	-2



	Mid cingulate gyrus


	L/R
	40


	6.67


	0


	-28


	28



	Middle temporal gyrus


	L
	75


	6.65


	-51


	-43


	7



	Middle temporal gyrus


	
	
	5.40


	-51


	-34


	-2



	Brainstem


	L
	6


	5.51


	-6


	-34


	-23



	Striatum


	R
	9


	5.37


	18


	17


	-5



	Middle temporal gyrus


	R
	1


	5.01


	48


	-28


	-5



	
	
	
	
	
	
	

	Negative activation


	
	
	
	
	
	

	Lingual gyrus


	R
	22


	6.23


	12


	-70


	-2



	Posterior cingulate cortex


	L/R
	12


	5.29


	-3


	-61


	22



	Ventromedial PFC


	L/R
	8


	5.22


	-3


	53


	-5



	Associative visual cortex


	
	8


	5.07


	9


	-79


	25
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Figure S1: Regions of Interest
Overview of the a priori defined regions of interest (ROIs). A: Posterior Cingulate Cortex (PCC; violet), Anterior Cingulate Cortex (ACC; red), ventromedial Prefrontal Cortex (vmPFC; blue). B: Lateral Prefrontal Cortex including middle and superior frontal gyri (LPFC; green), Lateral parietal lobe (yellow). C: Ventral striatum (cyan).
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Figure S2: Main effect of task

Activation during the selection of immediate rewards (top) and during the selection of delayed rewards (bottom). The figure shows activation in visual processing areas, executive control areas and reward-related areas (including limbic regions). Deactivation was found in the ventromedial prefrontal cortex and posterior cingulate cortex (in blue). All activations are displayed at whole brain voxel wise p<0.05 FWE corrected.
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