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Abstract

Executive function deficits and reward dysregulation, which mainly manifests as anhedonia, are 

well documented in drug abusers. We investigated specific aspects of executive function 

(inhibitory control and cognitive control), as well as anhedonia, in a cohort of current cocaine 

abusers in order to ascertain to what extent these factors are associated with more severe drug 

dependence. Participants filled out questionnaires relating to anhedonia and their addiction history. 

Participants also performed a response inhibition task while high-density event-related potentials 

(ERPs) were recorded. Electrophysiological responses to successful inhibitions (N2/P3 

components) and to commission errors (ERN/Pe components) were compared between 23 current 

users of cocaine and 27 non-using controls. A regression model was performed to determine the 

association of our measures of reward dysregulation and executive function with addiction 

severity. As expected, cocaine users performed more poorly than controls on the inhibitory control 

task and showed significant electrophysiological differences. They were also generally more 
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anhedonic than controls. Higher levels of anhedonia were associated with more severe substance 

use, whereas the level of executive dysfunction was not associated with more severe substance 

use. However, N2 amplitude was associated with duration of drug use. Further, inhibitory control 

and anhedonia were correlated, but only in controls. These data suggest that while executive 

dysfunction characterizes drug abuse, it is anhedonia, independent of executive dysfunction, that is 

most strongly associated with more severe use.

1. INTRODUCTION

Substance dependence is a multi-faceted problem. Substance abusers not only grapple with 

the inability to control and inhibit drug seeking behavior, but also with reward 

dysregulation. Reward dysregulation is usually manifested as anhedonia, the inability to 

experience pleasure from activities usually found enjoyable. In this study, we sought to gain 

a better understanding of the relationship between higher-order cognitive control and 

anhedonia in drug addiction, with a focus on users of cocaine. The study had two goals. The 

first was to assess the ability of cocaine users to successfully inhibit a prepotent response 

tendency and to see to what extent deficits in this ability is associated with addiction 

severity. The second was to examine the role of affective dysregulation in drug abuse and 

how this affective dysregulation may be associated with inhibitory capabilities in cocaine 

users.

The ability to withhold inappropriate responses and to monitor one’s actions fall under the 

umbrella of executive function. A well established paradigm to probe inhibition and 

monitoring is the Go/No-Go response inhibition task, which requires subjects to overcome a 

prepotent response tendency established by frequent Go stimuli to successfully inhibit 

response execution to No-Go stimuli. Inhibitory capability is measured by the number of 

correct withholds to No-Go stimuli, and performance monitoring can be measured by 

examining reaction time adjustments following incorrect executions to No-Go stimuli. 

Those who abuse drugs, including cocaine, have consistently demonstrated difficulties in 

their abilities to inhibit responses 1–6. Other work has revealed inhibitory difficulties in 

cocaine addiction that correlate to amount of cocaine used 7. We and others have shown that 

intact inhibitory processes 8–10 have been observed in those who are in recovery from drug 

dependence. Comparatively less is known about impairments in performance monitoring in 

cocaine abuse, though both behavioral and electrophysiological work has indicated 

deficits 11–13. Hester et al. (2007) assessed performance monitoring with post-error 

adjustments in response time and also the participants’ awareness of their errors as indicated 

by an additional button press. Cocaine using participants showed comparable post error 

slowing to controls when they were aware of their errors, but demonstrated awareness of 

fewer of their errors. These findings suggested that it is lack of awareness of errors that 

drives performance monitoring difficulties in cocaine abusers. Combined, the work in 

inhibitory control and error monitoring has suggested a strong role for executive dysfunction 

in cocaine addiction, and a need to determine to what extent inhibitory control and 

performance-monitoring deficits contribute to addiction severity, or vice versa. 

Understanding to what degree these specific components of executive functioning are 
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associated with more severe cocaine addiction will enhance the development of more 

targeted interventions.

It is also important to examine the role of affective dysregulation. It is well established that 

cocaine’s subjective effects arise due to its impact on the re-uptake of the neurotransmitter 

dopamine. This neurotransmitter plays a strong role in reward and reward motivation 14. 

Dopamine D2 receptors are down-regulated in response to the high levels of DA that 

circulate as a result of cocaine use, resulting in poorer dopamine transmission when the drug 

is not being used 15–20. This poor transmission contributes to reward dysregulation. In this 

study, we focused specifically on drug user’s inability to derive adequate subjective reward 

from everyday stimulation. This reduction in reward response is typically referred to as 

anhedonia. Drug abusers have demonstrated higher levels of anhedonia than controls 21–23, 

and anhedonia is a key feature of withdrawal from many substances, including cocaine and 

methamphetamine 24, 25. The Reward Deficiency Syndrome theory of addiction proposes 

that reward deficiency associated with anhedonia may contribute to an increased desire for 

sources of high reward, such as drugs of abuse 26.

Both reward dysfunction and executive dysfunction may interact to worsen severity of 

substance abuse. This relationship has been suggested in gambling addicts, who showed 

increased self reported impulsivity that was correlated to sensitivity to reward during a 

gambling task 27. Previous work has suggested the presence of a relationship between direct 

measures of anhedonia and executive capabilities, notably in schizophrenia 28, 29. It has also 

been suggested that the presence of anhedonia may worsen executive capabilities as 

resources are put toward managing the affective dysregulation 30. Indeed, affective 

dysregulation in depressed individuals is known to affect performance monitoring 

capabilities 31, 32. The current study sought to determine the extent of anhedonia and deficits 

in inhibitory control and monitoring in healthy controls and in current cocaine abusers.

To study the behavioral and cortical underpinnings of inhibition and performance 

monitoring, control and cocaine-dependent participants performed a Go/No-Go task while 

high density event related potentials (ERPs) were recorded. The ERP components associated 

with successful inhibition are well characterized 33–37. The No-Go N2 is a fronto-centrally 

generated negativity arising between 200–400 ms, and the No-Go P3 is the later positive 

potential arising between 400–600 ms 38. The No-Go N2 is thought to reflect conflict 

monitoring mechanisms, while the No-Go P3 is a more direct reflection of motor 

inhibition37, 39, 4041, 42, 38, 43, 44.

ERP measures associated with performance monitoring are also well defined. When 

participants fail to withhold a response, a negativity occurs approximately 50–100 ms after 

the error is made. This negativity is referred to as the Error-Related Negativity (ERN) 45. A 

subsequent slow wave that follows the ERN at approximately 120–400 ms is referred to as 

the error-related positivity, or the Pe. The ERN is thought to reflect a conflict monitoring 

signal, denoting cortical registration of an incorrect response execution 45. The Pe has been 

shown to reflect subsequent error awareness 46. Additionally, in order to explore the effect 

of anhedonia and determine whether it is associated with more severe substance abuse 

Morie et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2015 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



outcomes, we collected self-report information about trait and state anhedonia, as well as 

information about addiction severity 47, 48, 22.

We hypothesized that current cocaine abusers would demonstrate reduction in task accuracy, 

reduced post error slowing, and attenuation of ERP components related to inhibition, 

performance monitoring and error awareness. Furthermore, impairments would be correlated 

with addiction severity. We also hypothesized that the degree of executive impairment 

would be correlated with trait anhedonia in both cocaine users and controls. These findings 

may inform a more comprehensive model of the phenotype of substance dependence that 

incorporates information about both executive dysfunction and affective dysregulation.

2. METHODS

2.1. Participants

For this study, twenty-seven (7 female) control participants with no drug use history were 

recruited using advertisements on Craigslist and through word of mouth. Twenty-three (7 

female) current cocaine abusers were recruited using Craigslist (N = 14) and from the Next 

STEPs programs at Waters Place and Port Morris (N = 9), which are outpatient treatment 

programs located in Wellness Centers in the Bronx and affiliated with the Albert Einstein 

College of Medicine. The Next STEPs programs are dedicated treatment centers that focus 

on helping patients achieve abstinence from cocaine and provide outpatient treatment and 

counseling options. All potential participants were administered the Structured Clinical 

Interview for the DSM-IV and were also administered screening questionnaires related to 

their overall physical and mental health. Exclusion criteria for cocaine abusers and controls 

were as follows: 1) Any DSM IV, Axis 1 diagnosis (excluding dependence or a past 

diagnosis of depression or dysthymic disorder caused by drug use for the cocaine users); 2) 

Head trauma resulting in loss of consciousness for longer than 30 minutes; 3) Presence of 

any past or current brain pathology; 4) A diagnosis of HIV; 5) Age above 55 years and 

below 18 years. Because of the high rates of comorbidity of alcohol and drug abuse among 

the cocaine using population, cocaine abusers were not excluded if they abused other drugs 

or alcohol. However, cocaine abusers were excluded if cocaine was not their primary drug 

of choice. Years of drug use were recorded during the screening questionnaires and the 

addiction severity index (ASI) interviews. Controls were also excluded if they had any 

major Axis 1 disorder or alcohol/drug dependence diagnosis, including nicotine dependence, 

or if any first degree family members had an alcohol/drug dependence diagnosis. A urine 

screen was performed on all participants to test for the presence of metabolites related to 

cocaine, THC, or opiates. Participants were paid for their participation in the form of one 

$12 gift card to local department stores per hour of experiment time. All participants signed 

an informed consent document administered by HIPAA-certified staff. All procedures were 

approved by the Institutional Review Board of the Albert Einstein College of Medicine and 

the City College of the City University of New York. The study conformed to the principles 

outlined in the Declaration of Helsinki.

Demographic information for the users and controls are as follows: The average age of the 

control participants was 41 (SD = 8.5), and 44 for the cocaine users (SD = 6.6). Average 

duration of education for controls was high school (12.2 years; SD = 1.4), and this was also 
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the case for the cocaine users (12.5 years; SD = 2.3). 3 substance abusers were left-handed, 

and 4 controls were left-handed. The groups did not significantly differ in age, gender or 

years of education.

Cocaine abusing participants were asked to abstain from cocaine for 24 hours before 

entering the laboratory. All cocaine abusing participants reported cocaine as their drug of 

choice and all self-reported as current users and reported having used within the past week. 

The average duration since last use of cocaine was 3.9 days, with a range between 1 day and 

1 week. The average intensity for consumption of cocaine was 3× per week. This is 

consistent with typical “binge” patterns of cocaine use 49, and allowed us to investigate 

individuals without requiring them to change their typical usage pattern. Abstinence from 

alcohol was determined using a breathalyzer, Alcohawk Slim. No participants were under 

the influence of alcohol upon entering the laboratory. All but three cocaine users tested 

positive for metabolites of cocaine. Three cocaine-using participants also tested positive for 

THC and one cocaine-using participant also tested positive for opiates. It should be 

mentioned that the duration of effect for cocaine is approximately 1 hour after 

administration 50, 51, so it is very unlikely that participants entered the laboratory directly 

after ingesting cocaine and experiencing its effects. Even if they had, consent, interview 

procedures and electrode cap application took at least 2 hours, so acute cocaine intoxication 

during testing would be virtually impossible.

Eight of the cocaine using participants had never entered treatment for their substance use 

and expressed no interest in treatment. Twenty-one of the cocaine using participants 

reported nicotine use, and eight of these cocaine-using participants reported being heavy 

smokers who smoked multiple cigarettes a day.

2.2. Clinical Measurements

Upon arriving at the laboratory, participants were seated in a comfortable, private room at 

the Albert Einstein College of Medicine, where they were informed about the study and 

signed consent forms. Afterwards, a trained researcher administered the urine screen.

All participants were then requested to fill out three questionnaires related to anhedonia. The 

first, the Snaith Hamilton Pleasure Scale (SHPS), addressed the current experience of 

anhedonia in each participant, serving as a measure of “state” anhedonia 22. The other scale 

consisted of two sections, the Chapman Physical and Chapman Social Anhedonia Scales, 

which addressed lifetime prevalence of anhedonia, or “trait” anhedonia, and also addressed 

physical and social aspects of this characteristic separately 47.

Cocaine abusing participants were then administered two questionnaires in order to obtain a 

more comprehensive understanding of their addiction history and severity level. The first 

questionnaire was the Addiction Severity Index (ASI), which is a structured interview that 

addressed seven major aspects of the interviewee’s life: medical history, legal history, 

psychiatric history, their family history and social life, and their alcohol and drug use 48. The 

second was the Cocaine Selective Severity Index (CSSA), which is a questionnaire that 

addressed withdrawal symptoms from cocaine in the previous 24 hours, including irritability 

and anhedonia 52.
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2.3. Go/No-Go Task

After the urine test and the subsequent questionnaires pertaining to anhedonia, participants 

performed a Go/No-Go task while EEG was recorded, and were asked to respond quickly 

and accurately to every stimulus presentation, while withholding responses to the second 

instance of any stimulus repeated twice in a row. The probability of Go and No-Go trials 

was 0.85 and 0.15 respectively. We used neutrally valenced pictures from the International 

Affective Picture System IAPS; 53, a set of normative photographs that includes content 

across a wide range of semantic categories (http://csea.phhp.ufl.edu/Media.html#topmedia). 

In this task, emotionally neutral stimuli were presented in a pseudorandom sequence 

depicting people, landscapes, abstract patterns and objects (valence: 5.2, which falls into the 

neutral range in a 1–9 point scale that ranges from pleasant to unpleasant; arousal: 3.5, 

which falls into the neutral range in a 1–9 point scale that ranges from calm to exciting). For 

details about images from the IAPS, see 54. Images were presented centrally every 1000ms 

for 800ms with an inter-stimulus-interval of 200ms. Images subtended 8.6° horizontally by 

6.5° vertically. Seven blocks of the response inhibition task were run, and participants were 

allowed to take a break between blocks whenever they liked. Each block lasted 3.5 minutes 

and consisted of 180 trials, for a total of 1260 trials per participant, 189 of which were 

inhibition trials. Participant inclusion required at least 70% of trials be accepted after artifact 

rejection. All participants, both control and cocaine using, committed more than ten errors of 

commission over the 7 blocks of trials, and no participants were thus excluded for not 

having enough trials to achieve acceptable signal-to-noise ratios.

Previously, we had examined abstinent cocaine abusers using this same paradigm, and also 

with a paradigm that employed positive and negatively valenced stimuli from the IAPS 10. 

For this follow-up study investigating current users, we focused only on neutral stimuli.

2.4. Electrophysiology Procedures

Participants were seated in a dimly lit, sound-attenuated, electrically shielded room, 80 cm 

from a LCD monitor (Viewsonic VP2655WP, 55 × 65 cm). To ensure consistency of 

electrode placement across participants, measures were made between the inion and nasion 

and between the left and right pre-auricular notches, using a flexible tape-measure, to 

identify the vertex of the scalp. This was then designated as the Cz electrode site and the cap 

was adjusted accordingly. Central fixation was required throughout each block (180 trials). 

Participants completed one mandatory practice block before the main experiment began. If 

needed, additional practice blocks were allowed. Participants took 30 second breaks between 

blocks.

Event-related potentials (ERPs) were acquired from a 168-channel montage at a digitization 

rate of 512Hz with a pass-band of 0.05–100Hz using the BioSemi Amplifier System. 

BioSemi uses two electrodes—the Common Mode Sense (CMS), which is actively recorded, 

and the Driven Right Leg (DRL), a passive electrode—that together form a feedback loop 

that represent the reference. The acquisition of the data occurs referenced to the CMS-DRL 

ground which drives the average potential of the participant (i.e. the common mode voltage) 

as close as possible to the AC reference voltage of the Analog-to-Digital box (for a 

description of the BioSemi active electrode system referencing and grounding conventions, 
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visit http://www.biosemi.com/faq/cms&drl.htm). Data were later referenced off-line to the 

nasion for purposes of illustration. Epochs of 800 ms, including a 400ms pre-stimulus 

baseline, were analyzed for commission errors and were locked to the erroneous response, 

and epochs of 900 ms, including a 100 ms pre-stimulus baseline, were analyzed for correct 

withholds and were locked to the onset of the stimulus. Trials with eye movements and 

blinks were rejected offline based on vertical and horizontal EOG recordings. An automatic 

artifact rejection criterion of +/− 70μV was used at all other scalp sites. All analyses were 

conducted on individual subject averages that were not digitally filtered but group data were 

subsequently low-pass filtered at 45Hz with a 48 db/octave slope, purely for purposes of 

illustration.

To ascertain times and regions of interest, we collapsed the grand mean ERP across groups 

(control and abstinent abusers) separately for each condition (successful withhold and 

commission error). Visual inspection of the successful withhold condition showed maximal 

N2 amplitude at 250 ms over fronto-central scalp locations (FCz) and was thus defined as 

the average amplitude in the time window between 230 and 270 ms at this location, 

matching the observed peak latency of this waveform. Maximal P3 amplitude was observed 

to begin at 350 ms and peak at 450 ms over central-parietal scalp sites (CPz) and was 

sustained until 600 ms. It was thus defined as the average amplitude in the time window 

between 350 and 600 ms at this location, matching the observed peak latency. Visual 

inspection of the commission error conditions showed maximal ERN amplitude at 50 ms 

over fronto-central scalp locations (FCz) and was thus defined as the average amplitude in 

the time window between 30 and 70 ms at this location, matching the observed peak latency 

of this waveform. Maximal Pe amplitude was observed to begin at 100 ms and peak at 150 

over central-parietal scalp sites (CPz) and was sustained until 300 ms. It was thus defined as 

the average amplitude in the time window between 100 and 300 ms at this location, 

matching the observed peak latency. The epochs and scalp projections of these well-

characterized ERP components were fully consistent with findings from a large body of 

literature that has examined these processes in the past. There is a plethora of ERP research 

on cognitive control that has examined cognitive control and inhibitory processes, which has 

focused upon activity projecting to fronto-central scalp sites 45, 12, 55, and has focused on 

similar time windows for the individual ERN (30–70 ms), Pe (100–150 ms), N2 (230–270 

ms) and P3 (350–600 ms) components that we have defined here, including our previous 

work in inhibitory control in abstinent cocaine abusers 10.

2.5. Statistical Analyses

The Addiction Severity Index (ASI) was scored using the Composite Scores Manual, which 

provides rigorous, objective measures of severity (for the manual, see http://

triweb.tresearch.org/wp-content/uploads/2012/09/CompositeManual.pdf). We also collected 

information about previous treatment entry and relapse rates using the ASI. For the 

anhedonia data, t-tests were employed to test for between group differences. To probe the 

relationship between executive function and reward dysfunction, correlation coefficients 

were computed separately for each ERP component with measures of anhedonia in both 

cocaine users and controls. A linear regression model was then developed separately for the 

addiction severity scores and for the reported instances of relapse in cocaine users, with 
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predictors of ERP amplitudes (the N2, P3, ERN and Pe) and reported measures of state, 

social and physical anhedonia.

T-tests were employed to test for group differences in task accuracy (hit rates for Go trials 

and commission errors for No-Go trials) and reaction time on correct Go trials. A repeated 

measure ANOVA with Response type (Pre versus Post-Error RT) as within-subject factor 

and Group (cocaine user versus controls) as between-subject factor was used to test for 

group differences in post-error slowing. For the ERP data, repeated measures ANOVAs 

were employed for each component of interest. For the response-locked ERN and Pe, a 2×2 

ANOVA was run for each with factors of Group (cocaine user versus controls) and 

Response Type (correct Go-response versus incorrect No-Go-response). For the stimulus-

locked N2 and P3, a 2×2 ANOVA was run for each with factors of Group (cocaine user 

versus controls) and Response Type (correct Go-response versus correct No-Go response).

3. RESULTS

3.1. Clinical Data

Cocaine users scored significantly higher than controls on both physical (t = 5.4, p <.03) and 

social (t = 10.2, p <.002) trait measures of anhedonia. The mean physical anhedonia score 

was 14.6 (SD =8.7) for cocaine users and 9.0 (SD = 5.1) for controls. For social anhedonia, 

the mean score for cocaine users was 15.3 (SD = 9.3) and 7.5 (SD = 6.0) for controls. 

Cocaine users also scored higher on the measure of state anhedonia (t = 2.6, p <.01). The 

mean of the state anhedonia score was 2.6 (SD = 4.1) for the cocaine users and .13 (SD = .

43) for the controls. The mean score of the cocaine users on the Cocaine Selective Severity 

Assessment was 26.30 (SD = 18.6). The ASI composite scores were as follows: medical = .

27 (SD =.33); employment = .71 (SD =.26); legal = .09 (SD =.12); alcohol = .14 (SD =.20); 

drug = .22 (SD =.09); family history = .24 (SD =.21); and psychiatric = .16 (SD =.19).

3.2. Performance Data

Figure 2 shows commission error rates, hit rates, reaction times and pre/post-error reaction 

times in both cocaine abusers and controls for the Go/No-Go task. Cocaine users made 

significantly more errors of commission than controls (t = 5.1 p <.03), and cocaine users 

were generally slower than controls, (t=6.3, p = .02). The repeated measure ANOVA 

assessing post-error slowing revealed an interaction between Pre/Post-Error RT and group 

(F1,49 =9.1, p = .01). Follow-up t-tests revealed post-error RT slowing in controls (p >.02), 

while cocaine users did not demonstrate such slowing (p > .3).

3.3. Electrophysiological data

3.3.1. Inhibition—Figure 3A shows the N2/P3 waveforms associated with successfully 

withholding a response at three midline electrodes over frontal, central and parietal scalp 

sites for controls (black trace) and cocaine users (red trace). Topographic maps of activity 

across the scalp for the N2 and for the P3 can also be seen in Figure 3B.

The ANOVA for the N2 revealed a main effect of response type (F49 = 8.1, p <.01) and a 

main effect of group (F49 = 7.1, p <.02), with an interaction of response type and group (F49 
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= 7.0, p <.02). Pairwise comparisons revealed the N2 amplitude to be smaller in the addicts 

than in the controls (t49 = 5.8, p <.01). Effect size for the interaction was .12.

Similarly, the ANOVA for the P3 revealed a main effect of response type (F49 = 8.4, p <.01) 

and a main effect of group (F49 = 4.1, p <.05), with an interaction of response type and 

group (F49 = 5.0, p <.03) . Pairwise comparisons revealed the P3 amplitude to be smaller in 

the addicts than in the controls (t49 = 6.2, p < .01). Effect size for the interaction was .095.

Correlations were performed between the mean amplitudes of the electrophysiological 

measures of interest in this task and the total anhedonia scores on the Chapman Physical and 

Social anhedonia scales, for both the cocaine abusers and the controls. In controls, a 

significant relationship was found between the mean amplitude of the N2 and anhedonia (r = 

−.513, p < .01) and between the mean amplitude of the P3 and anhedonia (r = −.429, p < .

03). However, in cocaine abusers, no relationships were detected between total anhedonia 

score and amplitude of the N2 or P3 (p-values > .06).

3.3.2. Performance Monitoring—Figure 4A shows the response-locked waveforms at 

three midline electrodes over fronto-central and parietal scalp sites for controls (black trace) 

and cocaine users (red trace) for the instances in which participants committed a commission 

error. Topographic maps of the activity across the scalp for the ERN and the Pe can also be 

seen in Figure 4B.

The ANOVA for the ERN revealed a main effect of response type (F49 = 10.1, p <.01) and a 

main effect of group (F49 = 4.7, p <.03), with an interaction of response type and group (F49 

= 4.7, p <.03). Follow up t-tests revealed the ERN amplitude to be less robust in the addicts 

than in the controls (t49 = 4.2, p <.03). The effect size of the interaction was .085.

Similarly, the ANOVA for the Pe revealed a main effect of response type (F49 = 9.8, p <.01) 

and a main effect of group (F49 = 5.4, p <.02), with an interaction of response type and 

group (F49 = 4.3, p <.04). Follow up t-tests once again revealed the Pe amplitude to be 

smaller in the addicts than in the controls (t49 = 4.1, p < .04). The effect size of the 

interaction was .089.

Correlations were performed between the mean amplitudes of the electrophysiological 

measures in this task and the total anhedonia score on the Chapman Physical and Social 

anhedonia scales, for both the cocaine abusers and the controls. In controls, no significant 

relationships were found between the mean amplitude of the ERN and anhedonia or between 

the mean amplitude of the Pe and anhedonia (p > .07). Similarly in cocaine abusers, no 

relationships were found between total anhedonia score and amplitude of the ERN or PE.

In addition, we performed correlations between behavioral indices of inhibition and the ERP 

waveforms. In controls the amplitude of the Pe was correlated with reaction time (r = −.391, 

p < .03) and post error reaction time (r = −.414, p < .03). This was not the case in cocaine 

users.

3.3.3. Predictors of Addiction Severity—To assess predictors of addiction severity 

and relapse risk, two general linear models were developed for addiction severity and for 
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reported instances of relapse with predictors of executive function (amplitudes of the N2, 

P3, ERN and Pe) and our measures of anhedonia (the SHPS and the Chapman physical and 

social trait anhedonia scales). The model was significant for addiction severity (F = 2.8, p <.

05) but only trait physical anhedonia was a significant predictor (r = .58, p < .001). The 

model was not significant for the number of episodes of relapse (F = 2.1, p > .3). A scatter 

plot showing the significant relationship between physical anhedonia and addiction severity 

is illustrated in Figure 6.

Correlations were also performed between the trait and state anhedonia and withdrawal 

scores as measured by the CSSA. CSSA scores were correlated with the state measure of 

anhedonia (r = .442, p < .03) but not with trait anhedonia measures. Correlations were also 

performed between our ERP and behavioral indices of interest and lifetime reported use of 

cocaine in years. Lifetime duration of cocaine use was found to be correlated with the 

amplitude of the N2 (r = .489, p < .02).

3.3.4 Post Hoc Analyses—A potential issue with our sample of cocaine abusers is that a 

sizable proportion of them were also alcohol users, raising the question of whether 

combined usage could impact the observations we report. As such, we conducted a series of 

exploratory follow-up analyses to assess this possibility. Five participants reported over 10 

days of alcohol use to intoxication in the past month, and another 5 reported being bothered 

by their alcohol use in the past month1. These 10 participants were identified as being 

problematic alcohol users in comparison to 13 who did not report any problems with alcohol 

use and did not report any specific alcohol problems in the past month. The cocaine using 

group was thus split into high (Alcohol +) and low (Alcohol −) use cohorts, and ANOVAs 

were run for the dependent variables of interest between those two groups. ERP waveforms 

for both groups can be seen in supplementary figure 1.

The mean reaction time for alcohol users was 456.8 (SD =86.2) while the post-error reaction 

time was 492.6 (SD =91.2). The mean error rate for alcohol users was 29.9%, (SD =7.8) and 

the hit rate was 84.3% (SD =9.3). The mean reaction time for cocaine users with no alcohol 

problems was 448.3 (SD =86.2) while the post-error reaction time was 493.0 (SD =107.4). 

The mean error rate for cocaine users with no alcohol problems was 29.2%, (SD =11.7) and 

the hit rate was 85.7% (SD =12.5).

No significant between group differences were found for any behavioral measure (RT: F21 = 

003, p > .9; mean Commission Error Rate: t21 = 1.6, p > .2; Hit Rate: t21 = .20, p > .6).

As with the ERP data between users and controls, for the response-locked ERN and Pe, a 

2×2 ANOVA was run for each with factors of Group (Alcohol + and Alcohol −) and 

Response Type (correct Go-response versus incorrect No-Go-response). For the stimulus-

locked N2 and P3, a 2×2 ANOVA was run for each with factors of Group (Alcohol + and 

Alcohol −) and Response Type (correct Go-response versus correct No-Go response). The 

1Note that comparing composite scores from the ASI across measures, i.e. comparing the composite score for drug use to the 
composite score for alcohol use to ascertain which is the most problematic for the individual, is not considered a valid comparison. 
The sections are scored separately using different scoring systems, as the drug section collects information about every possible drug 
of abuse.
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ANOVA for the ERN revealed an effect of Response Type (F = 7.3, p < .04) but no effect of 

group (F21 = .9, p > .2) or any interaction effect (F21 = .62, p > .1). Similarly, an ANOVA 

for the Pe revealed an effect of Response Type (F21 = 8.1, p < .01) but no effect of group 

(F21 = .48, p > .5) or any interaction effect (F21 = .91, p > .2).

An ANOVA for the N2 revealed an effect of Response Type (F21 = 10.3, p < .01) but no 

effect of group (F21 = .3, p > .5) or any interaction effect (F21 = .01, p > .9). Similarly, 

ANOVAs for the P3 revealed an effect of Response Type (F21 = 9.1, p < .01) but no effect 

of group (F21 = .038 p >.8) or any interaction effect (F21 = .01, p > .9).

4. DISCUSSION

The purpose of this work was to investigate the relationship between executive dysfunction, 

anhedonia, and addiction severity in cocaine abusers. This was accomplished by collecting 

self report data on anhedonia and addiction severity, and by measuring the integrity of the 

cognitive control systems of both healthy and cocaine abusing participants using high-

density electrophysiological methods.

4.1. Executive function in drug abuse

Executive function deficits are pronounced in all forms of substance abuse and addictive 

behaviors see review by 56. In line with these findings, and as predicted, cocaine abusing 

participants show a decrement in inhibition and performance monitoring. They performed 

more poorly on the Go/No-Go task, committed significantly more errors of commission and 

were generally slower than controls when responding. Unlike Hester et al., 2007, there were 

significant group differences in post error response adjustments, where cocaine users did not 

show the same post error slowing that controls did. The higher number of observed 

commission errors and evidence of poorer performance monitoring in cocaine users 

corresponds well to previous findings in cocaine addicted populations, where cocaine users 

have demonstrated poorer cognitive control and impaired inhibition circuitry 3, 57, 58.

Similarly, the ERP analyses revealed that the N2 and P3, as well as the ERN and Pe, were 

substantially reduced in current cocaine abusers. This suggests dysfunction in inhibitory 

control (indexed by the N2 and P3), conflict monitoring (indexed by the ERN), and error 

awareness (indexed by the Pe). Our findings correspond to previous ERP work that 

investigated cognitive control in cocaine users who had been abstinent for at least one 

month 12, in current cocaine users 59 and smokers 55. All of these studies found reduced 

inhibitory control in drug using populations indexed by reduced task performance and 

altered ERP amplitudes. However, our study differs from the Sokhadze study in one respect. 

In the Sokhadze study, an analysis on a subset of their participants who committed a high 

number of commission errors revealed that current cocaine abusers had larger, not smaller, 

ERN amplitudes, suggestive of improved cognitive control capabilities. Our data aligns with 

the Franken study, and the combination in our data of participants showing smaller ERN 

amplitudes while also committing more errors of commission suggests that these processes 

are generally impaired, not improved, in current cocaine abusers. It is likely that both 

functions, inhibition and performance monitoring, are impaired in cocaine abuse, and both 
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may contribute to the difficulties that drug abusers encounter when attempting to withhold 

their responses.

One finding of note was the relationship between post-error reaction time and the amplitude 

of the Pe, which was observed in controls and not addicts. Previous research on the Pe has 

suggested that it is an indicator of awareness of an error 46, 60, 61. The finding that it is 

associated with adjustment of behavior after an error further supports that interpretation and 

the reduced amplitude of the Pe accompanied by the lack of such a relationship in cocaine 

addicts might suggest reduced awareness of errors in cocaine addiction.

4.2. Anhedonia in drug abuse and its relationship to executive function

Current cocaine users were more anhedonic than controls, as indexed by increased scores on 

both the state and trait anhedonia questionnaires. This extended to both physical and social 

trait anhedonia measures. This coincides well with previous research, which has revealed 

increased anhedonia in cocaine abuse 62, 23, 63.

There was a relationship between neural indices of inhibition and anhedonia in healthy 

controls. The N2 was more pronounced in more anhedonic controls, while the P3 was 

smaller. Depressed individuals, for whom elevated anhedonia is characteristic, have 

demonstrated a similar pattern of N2 and P3 alterations 64. However, contrary to our 

predictions and contrary to what has been observed in other clinical populations like those 

with schizophrenia 28, this pattern was not observed in drug users. Degree of anhedonia was 

not associated with any of the measures of inhibition or cognitive control in this population, 

suggesting that the executive function deficits measured in this task are entirely separate 

from the reward deficits reported by the participants via the anhedonia scales. However, it is 

apparent from the data here that both executive and reward deficits are present in the 

addicted phenotype. It is also somewhat surprising that the relationship between anhedonia 

and ERP measures of inhibitory control existed in controls and not in cocaine users. It is 

possible that impaired fronto-striatal circuits in cocaine addiction 65 can lead to a disruption 

of this normal relationship between reward systems and top-down control systems. Future 

imaging work should investigate this possibility.

4.3. Differential relationship of Executive Function and Anhedonia to addiction severity

Regression analysis revealed that trait physical anhedonia was associated with more severe 

addiction in cocaine abusers, while neural indices of inhibition and performance monitoring 

were not. While it is not possible to ascertain causality from a correlation analysis, there are 

two supplementary findings from our study that suggest a role of trait anhedonia in more 

severe drug addiction. The first is that our measure of state anhedonia, the Snaith Hamilton 

Pleasure Scale which measures anhedonia experience in the last 24 hours, was not correlated 

with addiction severity. This suggests that it was not recent intense drug use that was 

associated with an increased state of anhedonia. The other finding was the lack of a 

relationship between the withdrawal scale and trait anhedonia. Previous research has 

established that withdrawal contributes to anhedonia 25 and it was indeed correlated with our 

state measure of anhedonia. However, the lack of relationship between trait anhedonia and 

withdrawal suggests that our use of the Chapman scales captured trait anhedonia throughout 
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the lifespan that was independent of any anhedonia caused by the short 24 hour period of 

abstinence participants underwent for this study.

Of course, it is always possible that lifetime drug use contributed to anhedonia rather than 

anhedonia contributing to lifetime drug use, and it is not possible to fully disentangle these 

two interpretations. The fact that the trait anhedonia measures correlated with addiction 

severity suggests a need for future investigations into the interplay of this trait in severe drug 

use. Other data have suggested the same. Those who have low baseline response to reward 

report greater responses to drugs than others 62, and smokers with increased anhedonia 

reported greater motivation to smoke 66. Further, research examining the idea of the 

“Reward deficiency syndrome,” which postulates that reward deficiency comes about due to 

low levels of dopamine receptors in the brain 26, found repeatedly that individuals with 

fewer dopamine D2 type receptors reported more pleasure from acutely administered 

methylphenidate 67, 68. Finally, it is well known that anhedonia is associated with craving 

during treatment 21, 69, and is considered a risk factor for relapse 63. These studies, along 

with our findings, suggest that anhedonia may be a trait that contributes to more severe 

dependence. Future work should investigate the development of drug use longitudinally with 

anhedonia as a predictor. It is possible that anhedonia contributes to more severe drug 

dependence via a “self-medication” mechanism. This is especially relevant considering the 

finding that physical, but not social, anhedonia was correlated with severity.

Of surprise to us was the finding that neither behavioral nor electrophysiological measures 

of inhibition or performance monitoring were associated with addiction severity in our 

regression model, especially considering the finding that duration of drug use was indeed 

correlated with measures of cognitive control. Previous research has established a 

relationship between self-reported amount of drug used and self reported impulsivity, as 

well as between self reported impulsivity and treatment outcome 70. Research by Verdejo 

and colleagues found that drug severity scores on the Addiction Severity Index and 

disinhibition subscale scores as measured by the self reported Frontal Systems Behavioral 

Scale were correlated 71. However, similar to the findings here, they found no correlation 

between the ASI score and actual performance on a Go/No-Go task. In a study investigating 

cocaine and heroin abusers, it was once again found that inhibition and cognitive control, as 

measured via a battery of neuropsychological tests, were not significantly correlated with 

severity 5. Another study that investigated correlations between severe cocaine use and 

executive function 7 identified a correlation between performance on a Stroop task and 

amount of cocaine used during peak use. However, users were at least 15 days abstinent in 

that study, so their result does not bear on acute effects. It is possible that while executive 

dysfunction contributes to drug dependency, and cumulative neurotoxic effects of long 

periods of drug use may contribute to worsened cognitive control, worsened executive 

dysfunction, at least as measured by commonly used laboratory tasks, is not necessarily 

associated with increased intensity of drug use.

The current findings also suggest that the toxic vaso-constrictive effects of cocaine 72 may 

not necessarily result in more impaired executive function as drug use grows more severe in 

the short term, but instead may operate over much longer periods of time, as evidenced by 

the correlation between duration of drug use and the amplitude of the N2 component. Of 
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course, it is also possible that the associations observed here were due to earlier onset of 

drug use in those with increased drug use durations 73. Work explicitly investigating indices 

of executive control as a function of age of onset, and how age of onset and subsequent 

duration of drug use each relate to executive functions will be required to shed further light 

on this issue.

Finally, it is surprising to us that no variables in our regression analyses predicted relapse 

rates as reported on the ASI. However, considering that relapse rates were determined from 

self-reports of previous times in treatment, it is possible that the lack of specificity weakened 

any effects. In addition, not all participants were treatment seekers and a significant cohort 

had never entered treatment throughout their lifetime (N=8).

4.4. Limitations

Examination of drug abusing populations always raises the risk that the effects observed are 

due to acute effects of the drug or due to sudden abstinence from the drug (i.e. withdrawal 

effects). While participants were asked to refrain from drug use for 24 hours, and a goal of 

this work was to examine the neurocognitive profiles of cocaine users without requiring 

them to alter their normal usage patterns, it is always possible that the effects observed could 

be due to acute effects of cocaine or to effects resulting from abstinence, especially in those 

who did not show cocaine-positive urines. However, the 24-hour period of abstinence we 

asked participants to undergo was not onerous considering the “binge” use patterns seen in 

typical cocaine users 74, 49. In addition, our data is a snapshot of the neurocognitive profile 

of users who have not, or who have just entered, treatment, which is valuable information 

for treatment providers.

Another difficulty that arises when investigating drug use is the tendency of drug users to 

abuse more than one substance. It is difficult to generalize the findings here only to cocaine, 

despite this substance being the drug of choice for every participant, as most participants 

also used nicotine and many reported alcohol problems. However, a strength of this study is 

that this population more accurately reflects general drug using populations, making our 

findings very relevant to treatment providers who seek to treat individuals who may report 

drugs of choice but actually abuse many different substances.

4.5. Conclusions

Despite these limitations, our findings suggest that drug abuse is a result of a unique 

phenotype of affective dysregulation and executive dysfunction. Inhibition and cognitive 

control deficits are present in drug abusers, but these executive factors are not related to 

affective dysregulation in this population. The usual relationship between anhedonia and 

executive function observed in healthy controls was not detected in cocaine users, but 

duration of drug use was associated with alterations in a neural marker associated with 

cognitive control. Our findings also suggest that it is anhedonia, not executive dysfunction, 

that contributes most strongly to more severe recent cocaine use. Future work should 

examine abstinent drug abusers longitudinally and establish whether executive function and 

anhedonia can recover once cocaine abuse has ceased.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Cocaine users show reward dysregulation in the form of anhedonia

• Cocaine users have worse performance in tasks of inhibitory control and 

performance monitoring

• Cocaine users show reduced amplitudes of ERP indices of inhibitory control and 

performance monitoring

• ERP indices of inhibitory control are correlated with anhedonia in controls, but 

not in cocaine users

• A regression model demonstrates that anhedonia, not executive functioning, is 

correlated to addiction severity in cocaine users
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Figure 1. 
Reaction times, accuracy rates and commission error rates for drug abusers and non-abusing 

control participants are displayed for the response inhibition task. Drug abusers committed 

significantly more errors of commission than non-abusing controls.
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Figure 2. 
The No-Go N2 and No-Go P3 response waveforms associated with successful inhibitions 

for drug abusers and non-abusing control participants in the response inhibition task are 

displayed in Figure 2a. Topographic maps of activity across the scalp are displayed in 2b.
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Figure 3. 
The ERN and Pe waveforms associated with commission errors for drug abusers and non-

abusing control participants in the response inhibition task are displayed in Figure 3a. 

Topographic maps of activity across the scalp are displayed in 3b.
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Figure 4. 
Scatter plots demonstrating the relationship in non-abusing controls between scores as 

summed from the Chapman Physical and Social Anhedonia scale and the amplitudes of the 

N2 and P3 waveforms, as well as scatter plots demonstrating the relationship between 

amplitude of the Pe waveform and reaction time. Higher levels of anhedonia were associated 

with more robust, negative N2 waveforms. Higher levels of anhedonia were also associated 

with lower amplitudes in the P3. Lower Pe amplitudes were associated with slower reaction 

times and more post error slowing.
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Figure 5. 
A graph demonstrating the relationship in drug abusers between the Chapman Physical 

Anhedonia scale and the composite scores for drug use from the Addiction Severity Index. 

More anhedonia was associated with higher levels of severity.
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Figure 6. 
A graph demonstrating the relationship between drug use duration and the amplitude of the 

N2. Longer duration of drug use was associated with less robust N2 amplitude.
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