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Abstract

Background: Attention-deficit hyperactivity disorder (ADHD) is overrepresented among
individuals seeking treatment for substance use disorders. We previously reported that treatment
with extended release mixed amphetamine salts (MAS-XR) increased abstinence, compared to
placebo, among patients with co-occurring ADHD and cocaine dependence. This secondary
analysis investigates the temporal relationship between ADHD improvement and cocaine
abstinence in the first six weeks of the trial.

Methods: The study was a three-arm, randomized, double-blinded, placebo-controlled, 14-week
trial comparing MAS-XR (60 mg or 80 mg daily) versus placebo among 126 participants with
ADHD and cocaine dependence. An autoregressive cross-lagged structural equation model was fit
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and evaluated weekly ADHD improvement (de-fined as =30% reduction in the Adult ADHD
Investigator Symptom Rating Scale) and urine-confirmed abstinence over the first six weeks.

Results: The proportion of patients with each of the possible overall patterns of response was:
ADHD improves before cocaine abstinence: 24%; Cocaine abstinence occurs before ADHD
improvement: 12%; ADHD improvement and abstinence occur during the same week: 6%; ADHD
improves but abstinence never achieved: 34%; Abstinence achieved but ADHD never improves:
6%; Neither ADHD improvement nor abstinence: 18%. A significant cross-lagged association was
found; subjects with ADHD improvement at week 2 had significantly higher odds of cocaine
abstinence at week 3 (p =.014).

Conclusion: When treating co-occurring ADHD and cocaine dependence with stimulant
medication, abstinence is most likely preceded by improvement in ADHD, which tends to occur
early with medication treatment. Other observed temporal patterns suggest the potential
complexity of the relationship between ADHD and cocaine dependence.
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Introduction

Attention deficit hyperactivity disorder, characterized by problems with executive deficits
and impulsive behavior, is one of the most common childhood disorders and has prevalence
rates up to 18% in children and adolescents (CDC, 2005). While some individuals have
remission of their symptoms, most continue to have impairing symptoms into adulthood
(Biederman et al., 2010; Sibley et al., 2016). Perhaps not surprisingly, ADHD is
overrepresented among individuals with substance use disorders; a meta-analysis found an
overall rate of 22% (van Emmerik-van Oortmerssen et al., 2012).

Initially it was thought that individuals with cocaine use disorders would have elevated rates
of ADHD compared to other substance use disorders because they would choose cocaine (or
other stimulants) to self-medicate their underlying ADHD symptoms (even if the patient did
not recognize it as such). Early work found elevated rates of ADHD among cocaine-
dependent individuals (Levin et al., 1998a; Perez de Los Cobos et al., 2011), but the findings
have been mixed regarding whether cocaine-dependent patients have higher rates of ADHD
than other groups of substance dependent individuals (van de Glind et al., 2014; van
Emmerik-van Oortmerssen et al., 2014). As argued by Khantzian (1997) and Mariani et al.
(2014), individuals with psychiatric disorders may use alcohol or drugs to lessen intolerable
affect or other psychiatric symptoms, albeit often unsuccessfully. Further, individuals may
initially use alcohol, nicotine or marijuana to mitigate these psychiatric symptoms, but a
number of other factors, such as drug availability, positive subjective effects, the
pharmacologic properties of the drug to induce tolerance or withdrawal, and the individual’s
perception of harm may influence which drug or drugs an individual with ADHD initiates,
consistently uses, and potentially develops a SUD from.
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Because cocaine use disorder has remained an intractable disorder for which there is no
FDA-approved pharmacologic treatment, one approach has been to focus on treating a
common psychiatric comorbidity such as ADHD in cocaine-dependent adults. Some early
open pilot studies found that ADHD improved when administering stimulants to active
cocaine users (Levin et al., 1998b; Somoza et al., 2004), but other studies have been negative
or mixed (Levin et al., 2006; Levin et al., 2007; Carpentier et al., 2005; Schubiner et al.,
2002). None of these studies found that cocaine abstinence was more likely to occur among
those receiving stimulant medication.

There are two prevailing putative mechanisms of how stimulants might reduce both ADHD
and cocaine use among ADHD individuals with cocaine use disorders. One hypothesis is
that stimulants improve executive functioning (Rubio Morell and Hernandez Exposito,
2017) resulting in better prefrontal control leading to less impulsive choices (Arnsten, 2009).
Moreover, stimulants given to ADHD individuals have been shown to improve ability to
delay reward (Shiels et al., 2009). Thus, stimulants may improve ADHD in individuals with
substance use disorders and help them to achieve abstinence, particularly if cognitive
behavioral strategies or other psychotherapeutic approaches are also utilized to resist cocaine
use. Alternatively, stimulants might directly reduce cocaine use as any agonist might in
treating a substance use disorder. Several double-blind studies have shown that
amphetamines may reduce cocaine use among cocaine-dependent individuals not
specifically diagnosed with ADHD (Grabowski et al., 2001, 2004a; Mooney et al., 2009).
Some of the most effective FDA-approved interventions for other substance use disorders
have used an agonist approach (i.e., buprenorphine and methadone for opioid use disorders
(Ayanga et al., 2016) and varenicline and nicotine replacement therapies for nicotine use
disorders (Elrashidi and Ebbert, 2014)).

Hypothesizing that earlier studies targeting ADHD and cocaine use disorders may have
produced negative results due to ineffective dosing and poor adherence, a two-site study
coordinated by our research group conducted a double-blind, placebo-controlled trial
targeting cocaine-dependent adults using robust dosing of extended-release mixed
amphetamine salts. Specifically, we evaluated the effectiveness of 60 mg/day or 80 mg/day
of extended release mixed amphetamine salts (MASXR) for adults with ADHD and cocaine
dependence. We found that, for both doses, more than half of the sample (60 mg: 75%, 80
mg; 58%) exhibited reductions in ADHD symptoms by at least 30% at the end of study
compared to baseline, whereas 40% achieved this response in the placebo arm. Similarly, the
odds of cocaine abstinence were more than four times greater for the pooled 60-mg and 80-
mg dose groups compared to the placebo (Levin et al., 2015). What was not assessed was the
temporal relationship of these improvements.

Repeatedly, double blind treatment trials in adult ADHD populations have found substantial
improvement in ADHD symptoms early on in treatment, often within the first few of weeks
(Mattingly et al., 2013; Rosler et al., 2009). Thus, we expected that this would be likely to
occur for our trial (Levin et al., 2015). Among individuals who become abstinent in cocaine
treatment clinical trials, it is less clear how soon abstinence generally occurs. We
hypothesized that clinically significant ADHD improvement would occur first or
simultaneously with cocaine abstinence, when both occur, early on in treatment.
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To date, one previous study of methylphenidate treatment for cigarette smokers with ADHD
showed that improvement in ADHD was associated with abstinence (Nunes et al., 2013),
although the sequence of improvement was not examined. Here we explore this relationship
by reporting a secondary analysis of a recently published trial in cocaine-dependent adults
with ADHD who received either extended-release amphetamine salts or placebo (Levin et
al., 2015). Using a path analysis that applied an autoregressive cross-lagged model, we
explored within the first six weeks of the trial whether improvement in ADHD symptoms
precede cocaine abstinence or occur after cocaine abstinence.

2. Methods

2.1

Participants and criteria

The methods utilized for the antecedent clinical trial and primary analyses have been
described elsewhere (Levin et al., 2015). Briefly, patients seeking treatment for cocaine
dependence were enrolled at the Columbia University/New York State Psychiatric Institute
(NYSPI) Substance Treatment and Research Service (STARS) or at the Ambulatory
Research Center (ARC) at the University of Minnesota (UMN), Department of Psychiatry.
Inclusion criteria for the study required participants to be aged 18-60, to meet criteria for
adult ADHD and current cocaine dependence as diagnosed by the Conners Adult ADHD
Diagnostic Interview for Diagnostic and Statistical Manual of Mental Disorders (DSM-1V)
(Epstein et al., 2001) and the Structured Clinical Interview for DSM-IV Disorders (SCID)
(First et al., 1995), respectively, and to be medically and psychiatrically stable. Exclusion
criteria included a history of mania, schizophrenia, or any psychosis beyond transient
symptoms related to drug use, evidence of abnormal cardiac function, or any unstable
medical or psychiatric conditions.

2.2. Procedures

2.2.1. Study design—The original clinical trial was approved by the Institutional
Review Board at both the UMN and NYSPI. All participants provided written informed
consent. Participants were enrolled in the trial from December 2007 through March 2013,
and the study was completed in June 2013. The study was a three-arm, randomized, double-
blinded, placebo-controlled, parallel group, 14-week trial comparing placebo, MAS-XR 60
mg daily, and MAS-XR 80 mg daily. It included a placebo lead-in during week 1 for all
participants followed by randomization, an 11-week active trial, and a 2 week taper down.

Randomization was in fixed blocks of 4 stratified by baseline cocaine use (measured via
quantitative urine testing) during the lead-in week and was supervised by statisticians
independent from the study groups at both sites. Participants unable to tolerate the assigned
MASXR dose underwent dose reduction based on clinical evaluation and a predetermined
schedule. All participants were tapered off the study medication in the final week of the trial.
All participants received a standardized weekly Cognitive-Behavioral Therapy/Relapse
Prevention Treatment, that focused on addressing cocaine use, conducted by experienced
therapists.
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2.2.2. Study measures—Self-reported drug use data were obtained via the timeline
followback method, which has been validated for cannabis and cocaine use (Robinson et al.,
2014). This information included reports of all substance use by day for 28 days prior to
evaluation and then continuing weekly throughout the study. Patients were scheduled to
attend the clinic 3 times a week. Urine samples were obtained at each visit and tested for
cocaine.

Participants’ ADHD was assessed biweekly using the Adult ADHD Investigator Symptom
Rating Scale (AISRS) (Spencer et al., 2010).

2.3. Statistical analyses

A cocaine-abstinent week was defined as one in which (1) at least 2 urine drug screens were
collected, and all collected urine samples (either 2 or 3) were cocaine negative, and (2) all
self-reported cocaine use for the week was negative. A cocaine-positive week was defined as
at least 1 positive result on the urine screen or positive self-report. Weeks with insufficient
data to determine cocaine abstinence were designated as cocaine-positive weeks.

ADHD improvement was defined as at least a 30% reduction in AISRS score compared with
week 0 and was measured every 2 weeks. This definition has been routinely used as a
clinical measure of improvement (Mattingly et al., 2013). Weeks with insufficient data to
determine ADHD improvement were considered missing for the analyses. To summarize the
temporal ordering of the main outcomes throughout the entire trial, the sample of all
participants was divided into six groups: (1) achieved ADHD improvement before cocaine
abstinence, (2) achieved cocaine abstinence before ADHD improvement, (3) achieved
ADHD improvement and cocaine abstinence at the same time, (4) achieved ADHD
improvement only, (5) achieved cocaine abstinence only, and (6) neither ADHD
improvement nor cocaine abstinence achieved. A two-sample proportion test was used to
compare the proportions of participants falling in groups (1) and (2).

The temporal and cross-temporal relationship between the treatment and placebo groups on
bi-weekly ADHD improvement and weekly cocaine use abstinence, during week 2 to week
6 of the trial, was examined using an autoregressive cross-lagged structural equation
modeling design (Laursen et al., 2012) (see Fig. 1A). Although the study included an 11-
week active trial phase, the cross-lagged analysis was performed on data up to week 6 to
avoid type | error that may occur as additional paths are tested, i.e., during weeks 7-12, and
to focus on early effects of MAS-ER on ADHD and cocaine use. The logit link was used to
model the dichotomous measures of ADHD improvement (at least 30% reduction from
baseline vs. not) and cocaine use (abstinent vs. not). The effect of treatment group (60 mg or
80 mg daily MAS-XR vs. placebo) was included as a predictor of ADHD improvement and
cocaine use at week 2. Because no significant differences between the 60 mg and 80 mg
dosing were found in the corresponding primary paper, subjects who received MAS-XR
medication (60 mg or 80 mg daily) were combined into one MAS-XR group and compared
to the placebo arm. Using separate groups of subjects randomized to the 60 mg and 80 mg
doses would lead to a more complex path model which would require a higher number of
subjects to be robustly assessed.
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Structural equation modeling allows multiple factors (i.e., ADHD improvement and cocaine
abstinence) to be entered into the model at the same time, providing estimates and tests of
significance for associations between bi-weekly ADHD improvement and weekly cocaine
abstinence over time. To account for the stability of each measure over time, e.g., ADHD
improvement at week 2 and ADHD improvement at week 4, autoregressive path weights
between two consecutive time points were estimated (as represented by the horizontal
arrows between each measure; see Fig. 1A). All analyses were performed on the intent-to-
treat sample of all randomized participants and were performed in Mplus version 7.11
(Muthen and Muthen, 2007). Mplus uses full information maximum likelihood (FIML) to
account for missing data. Since ADHD measures were collected bi-weekly, i.e., at week 0, 2,
4, 6, etc., the cross-lagged analysis started at week 2 for analyses. All statistical tests were 2-
sided with a significance level of 5%.

3. Results

3.1. Sample

The sample of 126 participants from the primary study (Levin et al., 2015) was
predominantly male, unmarried, and unemployed. Approximately half were white, and half
were African American or Hispanic. Baseline ADHD scores reflected moderate ADHD
symptoms, and the average cocaine use at baseline was 11.65 (standard deviation = 7.35)
days/month.

3.2. ADHD symptoms vs. cocaine abstinence

Of the 126 subjects randomized to either MAS-XR or placebo, 24% (n = 30) improved in
ADHD first before achieving cocaine abstinence. Inversely, 12% (n = 15) of subjects
achieved cocaine abstinence first before improving in ADHD. The proportion of subjects
who improved first in ADHD was significantly different than the proportion who achieved
cocaine abstinence (24% vs. 12%; p = .013). Only 6% (n = 8) of subjects improved in
ADHD and achieved cocaine abstinence during the same week. A larger proportion of
subjects (34%, n = 43) improved in ADHD only but never achieved abstinence compared to
subjects who only achieved abstinence but never improved in ADHD (6%, n = 7). The
proportion of subjects who never achieved abstinence or improved in ADHD throughout the
trial was 18% (n = 23).

3.3. Time of first improvement

For the 30 subjects who improved in ADHD before achieving cocaine abstinence, the
median week of their first improved in ADHD was week 2, which was followed by first
cocaine abstinence at median week 4. Inversely, for the 15 subjects who achieved cocaine
abstinence first, the median week of their first cocaine abstinence was week 2, and ADHD
improvement followed at median week 6. For the 8 subjects who improved in ADHD and
achieved abstinence simultaneously, the median week when this occurred was week 2.

The autoregressive cross-lagged model of MAS-XR treatment vs. placebo on ADHD
improvement and cocaine abstinence was performed on data from week 2 to week 6, as the
aim of the paper is to understand the early effects of MAS-XR. The majority of first
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improvement in ADHD or cocaine abstinence was observed during the first 6 weeks. Fig. 1A
shows all the model paths. Autoregressive effects are represented as horizontal arrows
between the same variable at one time point to the next; cross-lagged effects are illustrated
by diagonal arrows between abstinence and ADHD improvement. Fig. 1B shows the same
model with only the paths that reached statistical significance. Corresponding model
estimated odds ratios (OR) and 95% confidence intervals (ClI) are presented in Table 1. The
model fit indices were: Akaike Information Criteria (AIC) = 921.58 and Bayesian
Information Criteria (BIC) = 989.65.

As can be seen in Fig. 1B and Table 1, at week 2 there was no significant effect of treatment
group on ADHD improvement (OR = 1.59, 95% CI = 0.69, 3.64; p = .275) or cocaine use
(OR =2.04, 95% CI = 0.54, 7.74; p = .296). Results demonstrated a significant cross-lagged
association;: ADHD improvement at week 2 was significantly associated with cocaine
abstinence at week 3 (OR = 3.28, 95% CI = 1.27, 8.45; p = .014). Autoregressive
associations between consecutive bi-weekly measurements of ADHD improvement and
cocaine abstinence were all significant.

The cross-lagged model was also fit for each treatment group separately. Within the active
medication treatment group (n = 83; AIC = 481.77, BIC = 529.16), the significant
association between ADHD improvement at week 2 and subsequent cocaine abstinence at
week 3 remained (OR = 3.13, 95% CI = 1.04, 5.25; p = .041). However, in the placebo group
(n=43; AIC = 182.35, BIC = 215.11), this association was not found significant (OR =
2.55,95% Cl =0.31,24.1; p = .383).

4. Discussion

We examined the timing of response of ADHD symptoms and cocaine use over the first six
weeks of the trial in a placebo-controlled trial of stimulant medication (MAS-XR) for
patients with both ADHD and Cocaine Use Disorder. Among patients who had both a
significant reduction in ADHD symptoms and achieved abstinence, a greater proportion
(24% of total sample) experienced an improvement in ADHD symptoms prior to initiation
of abstinence compared to individuals who achieved abstinence before ADHD symptom
improvement (12%). A smaller proportion (6%) had both ADHD symptom improvement
and cocaine abstinence occur simultaneously. ADHD improvement tended to occur quickly
(median at week 2) followed by cocaine abstinence first occurring at a median of week 4.

The cross-lagged structural equation model found one significant connection across time
points between improvement in ADHD and abstinence: the association between ADHD
improvement at week 2 and cocaine abstinence at week 3. That means improvement in
ADHD symptoms at week 2 was associated with higher likelihood of cocaine abstinence a
week later (at week 3). This association was significant when analyzed on all randomized
subjects and also remained significant in the sample of only subjects in the active medication
treatment group. The predominance of the significant autoregressive paths suggests that the
most predictive effect of either condition (ADHD improvement or cocaine use) was the
corresponding past week’s (or 2 weeks’) behavior. The single significant cross-lagged
association over and above the effect of the previous week suggests that effective treatment
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of ADHD may be the precursor to reducing cocaine use, though no claim of causality can be
supported since this association was no longer observed at later weeks. The significant
autoregressive paths suggest that each week’s outcome strongly depends on the
corresponding observations in the past weeks. Future studies on larger samples may show
more cross-lagged associations throughout the trial instead of just one.

The path model findings have several possible explanations. First, the effective treatment of
ADHD might result in reduction of ADHD symptoms that are associated with reduced
impulsive behavior thereby decreasing cocaine use. Second, improved cognitive control
emerges after stimulant administration for ADHD. Third, if one ascribes to the self-
medication hypothesis, then improvement in ADHD symptoms reduces the need to use
cocaine (or other drugs) to mitigate impairing symptoms. Our findings show that subjects
who improved in ADHD at week 2 were more likely to attain cocaine abstinence a week
later; however, this does not mean ADHD symptom improvement can be treated as the
underlying mechanism for promoting cocaine use for all subjects at any time during the
study. For instance, across the study weeks, about one third of participants achieved a
reduction in ADHD symptoms without attaining abstinence.

Additionally, stimulant medication may exert a direct agonist effect. Studies conducted by
Grabowski et al. (2001, 2004b), Mooney et al. (2009), as well as Nuijten et al. (2016) found
that amphetamines were more likely than placebo to promote abstinence among cocaine
dependent individuals not specifically diagnosed with ADHD. However, abstinence did not
occur immediately; instead, it required several weeks, as stimulant medication was titrated to
a robust dose. Given that there is a delay in cessation of cocaine use, albeit a small one, it
may be that chronic cocaine use leads to dopamine dysregulation that may take longer to be
compensated for by a long-acting amphetamine formulation that has dopamine enhancing
properties. And, over the course of that, ADHD symptoms may improve earlier than cocaine
use and may serve as a marker, in a sense, of whether the underlying deficit has improved
enough to eventually result in abstinence from cocaine.

Finally, and most likely, the two mechanisms in tandem altered the ultimate course of
cocaine use in this population. What can be concluded from these findings is that if titration
is conducted rapidly, as was done in this clinical trial, improvement of ADHD and possibly
cocaine abstinence may be associated with each other within the first 2-3 weeks of
treatment. When each arm was analyzed separately, the significant relationship between
week 2 improvement in ADHD and week 3 cocaine abstinence was found only in the
treatment arm but not in the placebo arm. This suggests that the mechanism of change may
be different for those receiving medication compared to those not receiving medication.

One inference from these findings is the importance of addressing ADHD comorbidity in
individuals with active substance use disorders. While extended-release mixed amphetamine
salts may not effectively treat all individuals (in the primary trial, over 50% in both active
treatment arms had a clinical improvement), addressing ADHD with medication options or
combined pharmacotherapy and psychotherapy may be necessary for most individuals with
both ADHD and a cocaine use disorder. Notably, few (6%) got abstinent without
improvement in ADHD symptoms.
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Limitations of this study include the choice of primary outcomes (e.g., 30% reduction in
ADHD symptoms and abstinent weeks) to ascertain the temporal relationships of
improvement of ADHD and cocaine use. The findings obtained were from a sample that was
not sufficiently large to ensure enough power for such analyses and had minor or no
additional psychiatric comorbidities; thus, the findings may not generalize to other more
psychiatrically unstable populations. Further, our first assessment of ADHD improvement
occurred at week 2, so the 12% of the sample that had cocaine abstinence improve before
the ADHD improvement might be an overestimate if both disorders improved within the first
week, but this was not captured by our methodology.

5. Conclusions

This paper is, to our knowledge, the first to evaluate the cross-temporal behavior of
improvement in ADHD and cocaine use in participants receiving treatment for their ADHD
and cocaine use disorder. This study suggests that when individuals show at least a 30%
improvement in both ADHD and achieve cocaine abstinence, ADHD most commonly
improves first. However, there are other pathways, such as cocaine abstinence first, ADHD
improvement without cocaine abstinence, cocaine abstinence without ADHD improvement,
and neither abstinence nor improvement in ADHD. Future studies might explore these
pathways in more naturalistic settings and other substance use disordered ADHD adults.
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(A). Diagram of the autoregressive cross-lagged model of MAS-XR treatment vs. placebo
on ADHD improvement and cocaine abstinence within the first 6 weeks of the trial (n =
126). Autoregressive effects are represented as horizontal arrows; cross-lagged effects are
illustrated by diagonal arrows between abstinence and ADHD improvement. (B). Paths

achieving statistical significance based on the autoregressive cross-lagged model.

Corresponding model estimated odds ratios (OR) and 95% confidence intervals (Cl) are
presented in Table 1.
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Odds Ratios and 95% confidence intervals of all paths in the autoregressive cross-lagged model of MAS-XR
treatment vs. placebo on ADHD improvement and cocaine abstinence within the first 6 weeks of the trial (n =

126).

Model Paths OddsRatio  95% Confidence Interval

Treatment Group to Week 2 Outcome
Treatment Group — ADHD Improvement at Week 2 1.59 0.69, 3.64
Treatment Group — Cocaine Abstinence at Week 2 2.04 0.54,7.74

Cross-lagged Paths

ADHD — Cocaine Use
ADHD Improvement at Week 2 — Cocaine Abstinence at Week 3 328" 1.27,8.45
ADHD Improvement at Week 2 — Cocaine Abstinence at Week 4 1.63 0.60, 4.40
ADHD Improvement at Week 4 — Cocaine Abstinence at Week 5 1.83 0.62,5.34
ADHD Improvement at Week 4 — Cocaine Abstinence at Week 6 1.36 0.40, 4.66
Cocaine Use — ADHD

Cocaine Abstinence at Week 2 — ADHD Improvement at Week 4 2.28 0.48, 10.9
Cocaine Abstinence at Week 3 — ADHD Improvement at Week 4 1.11 0.32,3.82
Cocaine Abstinence at Week 4 — ADHD Improvement at Week 6 1.46 0.40, 5.34
Cocaine Abstinence at Week 5 — ADHD Improvement at Week 6 1.11 0.30, 4.07

Autoregressive Paths
ADHD Improvement at Week 2 — ADHD Improvement at Week 4 14,0 4.29,45.6
ADHD Improvement at Week 4 — ADHD Improvement at Week 6 511 2.13,12.3
Cocaine Abstinence at Week 2 — Cocaine Abstinence at Week 3 13.6 3.64,51.1
Cocaine Abstinence at Week 3 — Cocaine Abstinence at Week 4 19.37* 6.86,54.5
Cocaine Abstinence at Week 4 — Cocaine Abstinence at Week 5 26.5 % 9.38,74.9
Cocaine Abstinence at Week 5 — Cocaine Abstinence at Week 6 5497 16.5, 182.8

Note: The significant model path are denoted with

*
p <.05, and

HokAh

p <.001. For instance, those who achieved ADHD improvement by at least 30% at week 2 had 3.28 higher odds of achieving cocaine

abstinence at week 3.
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