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ABSTRACT 
Introduction: Effective treatment for cocaine use disorder should dampen 
hypersensitive cue-induced motivational processes and/or strengthen executive 
control. Using a randomized, double-blind, placebo-controlled trial, the primary aim 
was to investigate the effect of N-Acetylcysteine (NAC) and working memory (WM)-
training on cocaine use, craving and inhibition assessed in the lab and during 
Ecological Momentary Assessment (EMA). The second aim was to examine 
correspondence between lab and EMA data.  
Methods: Twenty-four of 38 cocaine-using men completed a 25-day treatment with 
2400 mg/day NAC or placebo, and WM-training, as well as two lab-visits assessing 
cocaine use, craving and inhibition (Stop Signal task). Additionally, cocaine use, 
craving and cognition (Stroop task) were assessed using EMA during treatment, with 
26�SDUWLFLSDQWV�FRPSOHWLQJ�8�9�DVVHVVPHQWV�� 
Results: Drug Use Disorder Identification Test (DUDIT) scores decreased more after 
NAC than after placebo, and the proportion of cocaine-positive urines at lab-visit 2 
was lower in the NAC group. There were no NAC effects on craving. For cocaine use 
and craving, results from the lab data were generally similar to EMA results. NAC also 
showed some effects on cognitive control: improved inhibition assessed with the Stop 
Signal task in the lab, and worsened classic Stroop task performance during EMA. 
There were no significant effects of WM-training.  
Conclusions: Overall this study revealed mixed findings regarding the treatment of 
cocaine use disorders with NAC and WM-training. The effect of NAC on inhibition 
should be further investigated, since this is the first study investigating the effect of 
NAC on cognition in problematic substance use.  
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1. INTRODUCTION 
In Europe, more than half of patients entering cocaine use disorder (CUD) treatment 
KDV�UHFHLYHG�WUHDWPHQW�SUHYLRXVO\��(0&''$��2��6���KLJKOLJKWLQJ�WKH�QHHG�IRU�PRUH�
effective treatments. Dual process models of addiction posit that maladaptive drug 
use results from the combination of overactive motivational processes and deficient 
self-regulation (Bechara, 2005; Wiers et al., 2007). Sensitized motivational processes 
activate tendencies to approach the substance, while deficient ability (executive 
functions) and motivation to self-regulate makes it hard to resist these urges (van 
Deursen et al., 2015). New treatments could dampen hypersensitive motivational 
processes and/or strengthen executive control. Cognitive control consists of different 
components, including inhibition and working memory (WM; Miyake et al. 2000). 
Deficits in these processes have been suggested to be risk factors for developing an 
SUD (Khurana, Romer, Betancourt, & Hurt, 2017), but could also be a consequence 
of (chronic) substance use (de Wit, 2009; Schulte et al., 2014).  

Several studies have aimed to treat substance use disorders (SUDs) by 
targeting different processes in the dual process model (review: Wiers et al. 2013). 
First, WM-training has been used by several studies to strengthen cognitive control 
processes in various substance use disorders (for review, see Bickel et al. 2014; and 
Shipstead et al. 2012). Positive effects have been reported for WM and reductions in 
substance use (Houben et al., 2011; Rass et al., 2015), and on other neurocognitive 
functions related to SUDs (Bickel et al., 2011). Second, administration of N-
acetylcysteine (NAC) has shown positive results on cocaine craving and cocaine use 
cessation �$PHQ�HW�DO���2�����/D5RZH�HW�DO���2��6��0DUGLNLDQ et al., 2007). Additionally, 
NAC has been found to have a beneficial effect on cognition, including cognitive 
control (Skvarc et al., 2017). However, whether this holds true in SUDs remains to be 
investigated.  

The primary aim of this study was to investigate if 25-day treatment with 
2400 mg/day NAC combined with WM-training is effective in reducing cocaine use, 
craving and inhibition in a randomized, double-blind, placebo-controlled trial. 
Measures of cocaine use, craving and inhibition were assessed during lab-visits before 
and after treatment. The hypothesis was that NAC would have a beneficial effect on 
cocaine use, craving and inhibition compared to placebo, and that this effect would be 
more pronounced in those who performed more WM-training sessions. In addition to 
examining effects in the lab, we also assessed cocaine use, craving and cognition using 
Ecological Momentary Assessment (EMA). EMA minimizes recall bias, permits more 
intensive assessment of experiences (Stone et al., 2007), and can be beneficial in 
clinical trials �.RZDOF]\N�HW�DO���2��5��0RUDQ�HW�DO���2��6�. A second study aim was to 
examine correspondence between lab data and EMA data for participants with CUD. 
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2. MATERIALS AND METHODS 
2.1 PARTICIPANTS  
38 male cocaine users participated (18-55 years old, using �4 times per month, and �2 
DSM-5 criteria (APA, 2013) for CUD in the past year). Exclusion criteria were 
smoking (crack-) cocaine, >2 DSM-5 criteria for heroin dependence in the past year, 
MRI-ineligibility, and medication interacting with NAC. Informed consent was 
attained at the start of lab-visit 1. The Ethical Review Board of the Academic Medical 
Center (AMC) of the University of Amsterdam approved the study4.  
 
2.2 PROCEDURE  
Participants entered a 27-day double-blind placebo controlled trial and visited the 
AMC twice. During lab-visits, participants filled out questionnaires, provided urine 
samples and performed the Stop Signal task. Between lab-visits, participants were 
given 2400 mg/d NAC or placebo and performed online WM-training. In addition, 
they carried a PDA around as they went about their daily lives, on which they 
answered questions on cocaine use and craving, and performed Stroop tasks. 
 
2.3 ASSESSMENTS 
2.3.1 SAMPLE CHARACTERISTICS 
A proxy of intellectual functioning (IQ) was assessed using the Dutch version of the 
National Adult Reading Test (Schmand et al. 1991). Smoking dependence severity was 
assessed using the Fagerström Test for Nicotine Dependence (FTND; Heatherton et 
al. 1991). The Alcohol Use Disorder Identification Test (AUDIT; Babor et al. 1989) 
assessed the level of alcohol use and related problems. Motivation to change cocaine 
use behavior was assessed using the Readiness to Change Questionnaire (Rollnick, 
Heather, Gold, & Hall, 1992). 
 
2.3.2 CLINICAL ASSESSMENTS 
Measures of cocaine use were obtained from interview and Time-Line Follow-Back 
method (Sobell & Sobell, 1992). The Drug Use Disorder Identification Test (DUDIT; 
Berman et al. 2003) assessed cocaine use and related problems. Craving was assessed 
using the Questionnaire for Cocaine Urges (QCU; Ollo et al., 1995), the Obsessive 
Compulsive Drug Use Scale (OCDUS; Franken et al. 2002), the desire and intention 
factor of the Desire for Drug Questionnaire (DDQ; Franken et al., 2002), and a 
Visual Analogue Scale (VAS) ranging from 1 to 10 on which participants had to 
indicate their craving at the start of each session. 
                                                        
4 This study is part of a larger intervention study on the effect of NAC and WM training on cocaine 
cessation, craving, and several neurobiological measures, and is registered with the Netherlands Trial 
Registry (number: NTR4474). The other assessments will be reported in separate papers. Due to slow 
enrollment, the design was adapted and the placebo WM training was dropped.
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2.3.3 STOP SIGNAL TASK 
Inhibition was assessed with a Stop Signal task (Logan et al., 2014). During go trials, 
participants had to indicate the direction of an airplane (left/right) by pressing 
corresponding arrow keys. During stop trials, the stop stimulus (white cross 
superimposed on the airplane) was presented after the go stimulus, and participants 
were to inhibit their response. The difficulty of stopping was varied by adjusting the 
interval between the go and stop stimulus (stop signal delay, SSD), resulting in a 
critical SSD to which participants were able to successfully inhibit their response on 
approximately 50% of the stop trials. The stop signal reaction time (SSRT, time 
required to successfully process the stop signal) was computed by subtracting the SSD 
from the mean go reaction time. Longer SSRTs indicate poorer response inhibition.  
 
2.3.4 EMA ASSESSMENTS 
The PDA hardware and software are described in Waters et al. (2012). Participants 
had to complete up to three random assessments (RA) per day. The interval between 
participant-scheduled wake-up and bed-times was divided into three equal “periods”, 
and one RA was scheduled at a random time during each period. RAs could be 
delayed by five minutes up to four times. Participants also completed self-initiated 
assessments when experiencing craving or when they missed an RA (make-up 
assessment).  
 During each assessment, participants answered questions about cocaine use 
(“Did you use cocaine since the last assessment?”, responses: “Yes”/”No”) and 
craving (“I have a strong urge to use cocaine right now” assessed on 7-point scale, 
“strongly disagree” to “strongly agree”). Next, participants completed either a classical 
or cocaine Stroop. Participants were instructed to identify the color of the word as 
quickly as possible, while ignoring the meaning of the word. Participants pressed 
response buttons indicating the color of the words. In the classical Stroop, words 
were presented in the same color as its meaning (congruent trial, e.g. “RED” in red 
ink), or in a different color as its meaning (incongruent trial: “RED” in blue ink). 
Interference is represented by the difference in reaction times when responding to 
congruent vs. incongruent trials, with a larger difference indicating a greater effect of 
interference.  The cocaine Stroop presented cocaine-related or matched neutral words 
in the same colors with the same instructions. Interference on the cocaine Stroop task 
was represented by the difference in reaction time to cocaine-related and neutral 
words, with a larger difference indicating more difficulty ignoring the meaning of the 
cocaine-related words. 

The Stroop task was randomly selected (without replacement) from one of 24 
sequences of words, with stimuli presented in random order. Each task began with 24 
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practice trials of meaningless symbols, followed by either a classic Stroop task 
composed of 48 trials (24 congruent, 24 incongruent trials) or a cocaine Stroop task 
composed of 48 trials of cocaine-related words (cocaine, coke, dealer, high, line, powder, 
score, snort; 24 trials) and matched neutral words (blanket, stove, cabinet, furnace, lamp, 
railing, oven, attic; 24 trials) (see Waters et al., 2012 for scoring of Stroop tasks). 
 
2.4 INTERVENTIONS 
2.4.1 PHARMACOLOGICAL INTERVENTION 
Participants received either 4 NAC capsules (total of 2400 mg) or 4 identical placebo 
capsules per day for 25 days. This dosage was based on previous positive results with 
this dose reported for treatment retention and reduction in cocaine, nicotine, and 
cannabis use, and was found to be tolerable and safe (Gray et al., 2012; Knackstedt et 
al., 2009; Mardikian et al., 2007; Schmaal et al., 2011). 
 
2.4.2 WM-TRAINING 
Participants performed online WM-training, consisting of 3 tasks: a backward digit 
span task, a complex span task, and a visuospatial WM-task. During the backward 
digit span (Klingberg et al. 2002), consecutively presented digits had to be reproduced 
in reversed order. During the complex span task (Unsworth et al. 2005), participants 
had to solve a math operation before being presented with a letter. After a sequence 
of math operations and letters, they had to indicate the presented letters 
chronologically in a 4X3 letter matrix. During the visuospatial WM task, developed by 
the Psychology department of the University of Amsterdam, participants were 
presented with a 4X4 grid of blue squares. In one square at a time, two three-digit 
numbers appeared and participants’ task was to indicate the highest number, by 
pressing the up or down arrow next to the grid. After each sequence, participants 
needed to indicate the order of blocks in which the numbers appeared.  

Tasks were performed in random order and consisted of 30 trials. The 
backward digit span task and the complex span task always started with a sequence of 
n=3, whereas the visuospatial task started with a sequence of n=2. Tasks were 
adaptive: difficulty increased after two consecutive correct trials and decreased after 
two consecutive incorrect trials. After every task, participants were given feedback 
regarding their performance.  

 
2.5 STATISTICAL ANALYSES 
For lab data, treatment effects on cocaine use, craving and inhibition were assessed 
using hierarchical multiple linear regression (continuous outcomes) or logistic 
regression (binary outcomes). For continuous lab outcomes, the difference score 
between lab-visits was entered as the dependent variable. Due to slow enrollment, the 
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design was adapted and the placebo WM-training was dropped, resulting in a 
continuous measure of number of completed WM-training sessions (WM-sessions). 
For all regression analyses, Group (NAC vs. placebo) and WM-sessions (first block), 
and Group x WM-sessions interaction (second block) were entered as predictors. 

For EMA data, linear mixed models (LMMs; PROC MIXED in SAS for 
continuous outcomes, PROC GLIMMIX for binary outcomes) were used to examine 
the effect of Group (NAC vs. Placebo) and WM-sessions (continuous variable) on 
EMA and TLFB data. LMMs allow for the fact that subjects differ in the number of 
observations available for analysis, and take into account clustering of data by 
subjects. For all models using PROC MIXED, a random (subject-specific) intercept 
and an autoregressive model of order 1 (AR1) for the residuals within subjects was 
used. Group (NAC vs. Placebo) and WM-sessions were included as level 2 variables. 
In all models, day of study, and assessment type (RA vs. participant-initiated) were 
included as level 1 covariates. The effect of assessment type is not examined in the 
current paper. For craving assessed on the PDA, lab Visit 1 craving was included as a 
level 2 covariate. For cocaine use assessed on the PDA or by TLFB, mean cocaine use 
(grams per day) at the TLFB assessment at Visit 1 was included as a covariate.  
 The primary results for LMMs were parameter estimates for the main effect 
of Group and main effect of WM-sessions. In a separate model, the Group x WM-
sessions interaction term was added and the parameter estimate reported. In 
exploratory analyses, to examine if the effect of Group or WM-sessions changed over 
time, we also tested the Group x Day and WM-sessions x Day interaction terms. 
 WM-sessions was not significantly associated with any baseline variable.  
The NAC and placebo groups differed in age (Supplementary Table 1); additional 
analyses were performed with age added as a predictor (Supplementary Table3)5. 
 All tests were 2-tailed with Į set to .05; p-values <.10 are also noted. 
 
3. RESULTS 
3.1 PARTICIPANTS 
Of the 38 participants who entered the study, 14 dropped out before lab-visit 2 (see 
CONSORT Flow Diagram). Demographic and baseline differences are reported in 
Supplementary Table 1. Summary statistics are reported in Table 1. The results of the 
analyses on all outcome variables are reported in Table 2.  

                                                        
5 Results of baseline comparisons between completers and dropouts are displayed in supplementary 
Table 2.
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design was adapted and the placebo WM-training was dropped, resulting in a 
continuous measure of number of completed WM-training sessions (WM-sessions). 
For all regression analyses, Group (NAC vs. placebo) and WM-sessions (first block), 
and Group x WM-sessions interaction (second block) were entered as predictors. 

For EMA data, linear mixed models (LMMs; PROC MIXED in SAS for 
continuous outcomes, PROC GLIMMIX for binary outcomes) were used to examine 
the effect of Group (NAC vs. Placebo) and WM-sessions (continuous variable) on 
EMA and TLFB data. LMMs allow for the fact that subjects differ in the number of 
observations available for analysis, and take into account clustering of data by 
subjects. For all models using PROC MIXED, a random (subject-specific) intercept 
and an autoregressive model of order 1 (AR1) for the residuals within subjects was 
used. Group (NAC vs. Placebo) and WM-sessions were included as level 2 variables. 
In all models, day of study, and assessment type (RA vs. participant-initiated) were 
included as level 1 covariates. The effect of assessment type is not examined in the 
current paper. For craving assessed on the PDA, lab Visit 1 craving was included as a 
level 2 covariate. For cocaine use assessed on the PDA or by TLFB, mean cocaine use 
(grams per day) at the TLFB assessment at Visit 1 was included as a covariate.  
 The primary results for LMMs were parameter estimates for the main effect 
of Group and main effect of WM-sessions. In a separate model, the Group x WM-
sessions interaction term was added and the parameter estimate reported. In 
exploratory analyses, to examine if the effect of Group or WM-sessions changed over 
time, we also tested the Group x Day and WM-sessions x Day interaction terms. 
 WM-sessions was not significantly associated with any baseline variable.  
The NAC and placebo groups differed in age (Supplementary Table 1); additional 
analyses were performed with age added as a predictor (Supplementary Table3)5. 
 All tests were 2-tailed with Į set to .05; p-values <.10 are also noted. 
 
3. RESULTS 
3.1 PARTICIPANTS 
Of the 38 participants who entered the study, 14 dropped out before lab-visit 2 (see 
CONSORT Flow Diagram). Demographic and baseline differences are reported in 
Supplementary Table 1. Summary statistics are reported in Table 1. The results of the 
analyses on all outcome variables are reported in Table 2.  

                                                        
5 Results of baseline comparisons between completers and dropouts are displayed in supplementary 
Table 2.
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3.2 LAB ASSESSMENTS 
3.2.1 COCAINE USE 
Of the 24 men who completed the study, only 2 (both in the NAC group: 2/9=22%) 
did not use cocaine between the two visits. There was no significant difference in 
proportion of abstainers (22% vs. 0%; p=.13, Fisher’s exact test), number of abstinent 
days (20.89 days vs. 21.07 days; Mann Whitney U=6��� p=�65�� RU� GD\V� XQWLO� UHODSVH�
�6�4��GD\V�YV��8����GD\V��χ2(1)=��2�6��p=.27).  
 There was a main effect of Group on DUDIT score, with the NAC group 
showing a greater reduction than the placebo group (-7.85 vs. -1.73). There was a 
statistical trend for main effect of Group on proportion of positive urine screens at 
lab-visit 2, controlling for lab-visit 1 screens (OR=0.17), with the NAC group showing 
lower proportions of positive urine screens than the placebo group.  
 
3.2.2 CRAVING 
A statistical trend towards a significant Group x WM-sessions interaction effect was 
found on VAS-craving, indicating more positive effects of WM-sessions for the NAC 
group (B=0.44 (0.10), p=.005) than the placebo group (B=0.04 (0.13), p=.73).  
 
3.2.3 INHIBITION (STOP SIGNAL TASK) 
There was a main effect of Group on SSRT score, with the NAC group showing a 
greater reduction than the placebo group (-20.77 vs. -2.59).
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