EClinicalMedicine 38 (2021) 101005

Contents lists available at ScienceDirect

EClinicalMedicine
journal homepage: https://www.journals.elsevier.com/eclinicalmedicine

N-acetylcysteine (NAC) for methamphetamine dependence:
A randomised controlled trial
Rebecca McKetina,*, Olivia M. Deanb,c, Alyna Turnerb,e, Peter J. Kellyf, Brendan Quinng,
Dan I. Lubmanh,i, Paul Dietzeg,j, Gregory Cartere, Peter Higgsk, Barbara Sinclairl, David Reidl,
Amanda L. Bakere, Victoria Manningh,i, Nina te Pasj, Tamsin Thomasf, Ramez Bathishh,i,
Dayle K. Rafteryf, Anna Wrobelb, Lucy Saundersb, Shalini Arunogirih,m, Frank Cordarol,
Harry Hilln, Scott Halln, Philip J. Clarea,o, Mohammadreza Mohebbib,p, Michael Berkb,c,d,n,q
a

National Drug and Alcohol Research Centre, University of New South Wales, Sydney, NSW 2052, Australia
Deakin University, School of Medicine, IMPACT the Institute for Mental and Physical Health and Clinical Translation, Geelong, Australia
c
Florey Institute for Neuroscience and Mental Health, University of Melbourne, Melbourne, Australia
d
Department of Psychiatry, University of Melbourne, Parkville, Australia
e
School of Medicine and Public Health, University of Newcastle, Callaghan, Australia
f
Illawarra Health and Medical Research Institute and School of Psychology, University of Wollongong, Wollongong, Australia
g
Behaviours and Health Risks Program, Burnet Institute, Melbourne, Australia
h
Monash Addiction Research Centre, Eastern Health Clinical School, Faculty of Medicine, Nursing & Health Sciences, Monash University, Melbourne, Australia
i
Turning Point, Eastern Health, Richmond, Australia
j
National Drug Research Institute, Curtin University, Australia
k
School of Psychology and Public Health, La Trobe University, Melbourne, Australia
l
Drug and Alcohol Services, Illawarra Shoalhaven Local Health District, Wollongong, Australia
m
Monash Alfred Psychiatry Research Centre, Monash University, Melbourne, Australia
n
Health Drug and Alcohol Services, Geelong, Australia
o
Prevention Research Collaboration, School of Public Health, University of Sydney, Australia
p
Faculty of Health, Biostatistics Unit, Deakin University, Geelong, Australia
q
Orygen, The National Centre of Excellence in Youth Mental Health, University of Melbourne, Parkville, Australia
b

A R T I C L E

I N F O

Article History:
Received 1 March 2021
Revised 11 June 2021
Accepted 14 June 2021
Available online 13 July 2021
Keywords:
Substance-related disorders
Methamphetamine
N-Acetylcysteine
Randomised controlled trials
Glutamate
Mental disorders
Neuroscience
Psychiatry

A B S T R A C T

Background: Methamphetamine dependence is a signiﬁcant global health concern for which there are no
approved medications. The cysteine prodrug, N-acetylcysteine (NAC), has been found to ameliorate glutamate dysregulation in addiction, and to reduce craving for methamphetamine and other drugs. We evaluated
the efﬁcacy and safety of NAC as a pharmacotherapy for methamphetamine dependence.
Methods: A parallel double-blind randomised placebo-controlled trial of people dependent on methamphetamine recruited from Geelong, Melbourne and Wollongong, Australia, between July 2018 and December
2019. Participants were randomised to receive either 12 weeks of oral NAC (2400 mg/day) or matched placebo, delivered as a take-home medication. The primary outcome was methamphetamine use, measured in
two ways: (a) change in days of use in the past 4 weeks from baseline to weeks 4, 8 and 12, assessed using
the Timeline Followback; and (b) methamphetamine-positive oral ﬂuid samples taken weekly. Analyses
were intention-to-treat and based on imputed data. Secondary outcomes were craving, severity of dependence, withdrawal severity and psychiatric symptoms (depression, suicidality, hostility and psychotic symptoms). Signiﬁcance levels were p < 0.025 for primary outcomes and p < 0.01 for secondary outcomes.
Adverse events were compared between groups by system organ class. The study was prospectively registered, ACTRN12618000366257.
Results: Participants (N = 153; 59% male, mean [SD] age 38 [8]) were randomised to placebo (n = 77) or NAC
(n = 76). Both groups had a median (IQR) of 24 (15 28) days of methamphetamine use in the 4 weeks prior
to baseline. Both groups signiﬁcantly reduced methamphetamine use (mean [SE] reduction of 7.3 [1.2]) days
for placebo, 6.8 [1.2] for NAC) but NAC did not reduce days of methamphetamine use more than placebo
(group difference of 0.5 days, 97.5% CI -3.4 4.3). There was no signiﬁcant effect of NAC on methamphetamine-positive oral ﬂuid samples (placebo 79%, NAC 76%; mean difference -2.6, 97.5% CI -12.6 7.4). NAC did
not signiﬁcantly reduce craving, severity of dependence, withdrawal, suicidality, depression, hostility or

* Corresponding author.
E-mail address: r.mcketin@unsw.edu.au (R. McKetin).
https://doi.org/10.1016/j.eclinm.2021.101005
2589-5370/Crown Copyright © 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

2

R. McKetin et al. / EClinicalMedicine 38 (2021) 101005

psychotic symptoms relative to placebo. Adverse events did not differ signiﬁcantly between placebo and NAC
groups.
Interpretation: These ﬁndings suggest that take-home oral NAC has no signiﬁcant effect on methamphetamine use or most clinically related outcomes amongst people who are dependent on the drug.
Crown Copyright © 2021 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/)

Research in context
Evidence before this study
We searched PubMed from database inception until January
6 2021 for systematic reviews on the pharmacological treatment of methamphetamine dependence using the search
string: (((amphetamine[MeSH Terms]) OR (methamphetamine[MeSH
Terms]))
OR
(amphetamine*))
OR
(methamphetamine*) Filters: Meta-Analysis, Systematic
Review, in the last 5 years. From the 6 systematic reviews
identiﬁed, no effective pharmacotherapies for methamphetamine dependence were found. Two trials of N-Acetylcysteine (NAC) were found. One trial found no difference
between a combination of naltrexone and NAC compared to
placebo on methamphetamine craving or use but was inconclusive due to the small sample size (N = 31) and high dropout (9 retained in the active group, 8 in placebo). A second
small cross-over trial (N = 23) found reductions in methamphetamine craving relative to placebo, but outcomes for
methamphetamine use were not reported.
Added value of this study
This is the ﬁrst robust trial to evaluate the effect of NAC on
methamphetamine use and related clinical outcomes. We demonstrated that NAC has no signiﬁcant effect on either methamphetamine use, craving, withdrawal, or severity of dependence.
Nor did we ﬁnd compelling evidence of reductions in depression, suicidality, hostility or psychotic symptoms.
Implications of all the available evidence
Our trial suggests that NAC is unlikely to be of beneﬁt as a takehome medication for people dependent on methamphetamine
who are engaged in daily or near daily methamphetamine use.
Our ﬁndings do not preclude potential beneﬁts in other settings
(e.g., to reduce craving during abstinence).

1. Introduction
Dependence on the illicit stimulant methamphetamine is a major
global health concern [1,2] with an estimated 7.4 million people
dependent on the drug worldwide in 2017 [3]. It is associated with
elevated mortality, increased incidence of HIV and hepatitis C infection, poor mental health (suicidality, psychosis, depression, and violence), and an increased risk of cardiovascular events [3,4]. Existing
treatment relies on psychosocial interventions [5]. With the exception of contingency management, these interventions have limited
evidence to support their efﬁcacy [3,6 8]. They are also resource
intensive [9] and have limited reach [10]. Pharmacotherapy provides
a potentially scalable cost-effective treatment option that could dramatically increase treatment coverage [5]. To date, no effective medications for methamphetamine dependence have been found
[3,11,12].

Recent insights into glutamate dysregulation in addiction have
provided new promise for medications to treat methamphetamine
dependence [13]. Speciﬁcally, maladaptive neuroplastic changes in
astrocyte function during addiction cause aberrant potentiation of
glutamate transmission in the projections from the prefrontal cortex to the nucleus accumbens [13]. These changes are thought to be
central to drug seeking and relapse [13]. This glutamate dysregulation can be normalised by boosting cystine levels via administration
of N-acetylcysteine (NAC) [14,15], which blocks drug seeking and
the reinstatement of drug-taking in animal models. Hence, NAC has
become a popular candidate drug for the treatment of addiction
[16].
NAC has been found to reduce craving for various drugs in
humans [17], with one small randomised cross-over trial ﬁnding
reductions in craving for methamphetamine [17,18]. However, this
effect on methamphetamine craving has not yet been replicated, and
no trial has explored whether such potential reductions in craving
for methamphetamine lead to reductions in methamphetamine use
per se. The seemingly generic effect of NAC on craving across drug
classes [17] suggests that it may also be helpful in managing polysubstance dependence, which is prevalent amongst people dependent
on methamphetamine [19]. Additionally, the antioxidant effects of
NAC may protect against free radical induced toxicity. This is one of
the key mechanisms that underpins NAC’s growing use in neuropsychiatric conditions [20]. Hence, NAC may have additional beneﬁts in
reducing methamphetamine-related neuropsychiatric sequelae
[21,22].
NAC is an appealing pharmacotherapy option because it is a
generic (off-patent) medication with no known dependence liability,
and a well-established safety proﬁle (known adverse reactions are
generally mild [23]). The ability to provide a take-home medication
to treat methamphetamine dependence would allow rapid treatment
scale-up. It could dramatically reduce service burden and improve
treatment coverage, particularly in contexts where the availability of
specialist alcohol and other drug services are limited.
The aim of the current trial was to test whether take-home oral
NAC (2400 mg daily for 12 weeks) could reduce methamphetamine
use and improve clinically related outcomes in people dependent on
the drug. The primary hypothesis was that, relative to placebo, NAC
would reduce methamphetamine use, indexed by (i) days of use and
(ii) positive oral ﬂuid samples. Secondary hypotheses were that NAC
would reduce methamphetamine craving, severity of dependence,
withdrawal severity, psychiatric symptoms (depression, suicidality,
hostility and psychotic symptoms), not increase other substance use,
and have an acceptable adverse event proﬁle.
2. Methods
2.1. Study design
We conducted a randomised, double-blind, placebo-controlled,
parallel trial across three Australian sites (Melbourne, Geelong and
Wollongong). The detailed study protocol is published elsewhere
[24]. The protocol was registered with the Australian and New Zealand Clinical Trials Registry (ACTRN12618000366257) on 9 March,
2018. The protocol was subsequently revised to replace the Montgomery Asberg Depression Rating Scale [25] with the Brief Psychiatric Rating Scale [26] items of depression and suicidality. This
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revision was made prior to initiating recruitment. The coordinating
sponsor was also changed from Curtin University to the University
of New South Wales during the trial. The trial was overseen by an
independent Data and Safety Monitoring Board and is reported
here in accordance with the CONsolidate Standards Of Reporting
Trials (appendix p 5). The ﬁrst participant was enrolled on July 9th
2018 and the ﬁnal participant was enrolled on December 6th 2019,
with the ﬁnal assessment conducted on March 30 2020. All participants provided written informed consent prior to participation
and were reimbursed $30 per assessment. Details of ethics approvals and protocol modiﬁcations can be found in the study protocol
which is available online (http://www.anzctr.org.au/).
2.2. Participants
The target population was people dependent on methamphetamine who were seeking to reduce their methamphetamine use but
not currently receiving treatment for a substance use disorder. Participants were recruited via collaboration with local service providers (e.g., needle and syringe programs), media, Facebook
advertisements, a dedicated website, ﬂyers, and word-of-mouth.
Phone screening was used to identify likely eligible participants
who subsequently underwent a face-to-face consent, eligibility
assessment and medical screening. This assessment also collected
data on drug use history, demographics, and detailed contact information for follow-up. Participants met the following inclusion criteria: aged 18 60 years, DSM-IV criteria for methamphetamine
dependence, seeking to reduce methamphetamine use, and able to
provide informed consent and comply with the trial protocol. People were excluded from participation if they were undergoing other
substance use treatment at the time of enrolling in the trial (including pharmacotherapy for substance use disorders), had a primary
psychotic disorder, were in need of acute care for psychiatric or
other major medical conditions, had a positive pregnancy screen at
baseline (or were not able to avoid pregnancy during the trial), had
a systemic medical disorder or other medical condition that may
increase the risk of adverse reactions to NAC (e.g., history of seizures, gastrointestinal ulcers or renal stones, atopy), were taking
NAC from other sources, reported previous hypersensitivity to NAC,
or were taking medications contraindicated for NAC (e.g. carbamazepine, nitroglycerin). DSM-IV methamphetamine dependence was
conﬁrmed using the Composite International Diagnostic Interview
Version 3.0 [27]. Participants were screened for a primary psychotic
disorder using the Mini International Neuropsychiatric Interview
(MINI) [28] for Schizophrenia and Psychotic Disorders Studies,
English Version 7.0.1.
2.3. Randomisation and study blinding
Eligible participants were randomly assigned (1:1) by the trial
researchers to receive either NAC (2400 mg/day for 12 weeks) or
equivalent placebo according to a computer-generated block randomisation sequence (program written by WL) which was stratiﬁed
by site, sex, and injecting vs. non-injecting methamphetamine use.
The ﬁnal randomisation schedule was generated by the DSMB statistician (MS), who provided the schedule directly to pharmacy. All trial
investigators, research staff and participants were blind to group allocation. Unblinding during the trial was done via a password-protected portal (developed by LN). Trial medication (supplied by
Pharmaceutical Packaging Professionals Pty Ltd) was encapsulated in
white size 00 capsules (600 mg NAC or placebo),and bottled in identical plastic bottles ﬁtted with eCAPTM lids (Med-ic eCAPTM , Information Mediary Corp). Participants were asked what group they
thought they were in at weeks 4, 8 and 12 (don’t know, placebo,
NAC).
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2.4. Procedures
Following conﬁrmation of eligibility, the baseline assessment was
conducted, where medication was provided along with referral information for local health services and a self-help booklet (On Ice;
National Drug and Alcohol Research Centre, UNSW). Participants
were instructed to take two capsules of the trial medication each
morning and evening. They were free to engage with other treatments and support services throughout the trial. Weekly assessments
were conducted thereafter (follow-ups 1-12) either at the trial site or
at a location convenient to the participant (e.g., cafes, malls). Replacement medication bottles were provided at weeks 3, 6 and 9. Oral ﬂuid
samples were taken at each assessment using a Quantisal Oral Fluid
Collection DeviceTM and analysed for methamphetamine and
amphetamine content by the Victorian Institute of Forensic Medicine.
Medication adherence data were collected using eCAPTM bottle lids
which record the exact time and date of each bottle opening. eCAPTM
data were uploaded to a secure online data repository at each assessment via a near-ﬁeld communication-enabled smart phone, and on
bottle return using a CertiScan RFID desktop Reader (Med-ic Certiscan Version 2.5.1; Information Mediary Corp 2014-2018). De-identiﬁed trial data were entered onto a centralised secure online
electronic database via REDCap (Research Electronic Data Capture
[29]). All assessments were done one-on-one and face-to-face (or by
phone where face-to-face interviews were not practical) by researchers who were trained in all assessment procedures. Weekly meetings
were held across sites to review data collection. Primary endpoint
data were double entered. Further details on procedures and measures can be found in the study protocol [30].
2.5. Measures
The primary outcome was methamphetamine use, which was
measured in two ways: (1) change in days of methamphetamine use,
and (2) number of methamphetamine-positive oral ﬂuid samples (
25 mg/L) during the medication phase. Days of methamphetamine
use was assessed for the past 4 weeks prior to baseline and prior to
weeks 4, 8, and 12, using the Timeline Followback (TLFB), with selfreported use updated at each weekly assessment [31].
We considered both of these primary outcomes as equally important but qualitatively distinct. Biological markers of abstinence are
the accepted outcome for illicit substance use trials [32]. However,
there is increasing recognition that achieving abstinence is an unrealistic treatment goal and that this outcome is insensitive to change
[32]. Days of use assessed using the TLFB has been recommended as a
more sensitive outcome for stimulant use trials [33].
Secondary outcomes were assessed for the past week at baseline
and at each follow-up assessment. These included severity of methamphetamine dependence (Severity of Dependence Scale, SDS) [34],
craving for methamphetamine (Craving Experience Questionnaire,
CEQ) [35], withdrawal symptoms (Amphetamine Withdrawal Questionnaire, AWQ) [36], and psychiatric symptoms (Brief Psychiatric
Rating Scale [BPRS, 26] hostility score of 4+, depression score of 4+,
suicidality score of 3+, and psychotic symptoms were a score of 3+ on
any of the items of unusual thought content, suspiciousness or hallucinations). Inter-rater reliability on 161 audiotaped BPRS ratings gave
an inter-rater agreement of 83% (kappa 0.51) for psychotic symptoms, and inter-rater agreement of > 90% (kappa 0.82 0.87) for
other BPRS measures. The Cronbach’s alpha for the SDS, CEQ and
AWQ at baseline was 0.77, 0.88 and 0.79, respectively.
Polysubstance use was deﬁned as the total days use for other drug
classes (tobacco, alcohol, cannabis, cocaine, ecstasy, hallucinogens,
inhalants, and heroin) in the 4 weeks prior to baseline and prior to
weeks 4, 8, and 12. Medication adherence was assessed as the percentage of non-missed medication doses according eCAPTM data.
Concomitant substance use treatments and psychoactive medication
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use were recorded at baseline and updated at each assessment. Concomitant medications were categorized according to MIMS Class
[37]. Tolerability was assessed using the Treatment Satisfaction Questionnaire for Medication version II (TSQM-II) [38]. Adverse events
were coded by System Organ Class according to the Medical Dictionary for Regulatory Activities (MedDRA) [39].
2.6. Data analysis
Our planned sample size was 180, which was designed to detect a
group difference of at least 3.5 days of methamphetamine use at follow-up [30] (appendix p 14). We undertook a post-hoc power analysis to determine what group difference we could conﬁdently detect
given the ﬁnal sample size (N = 153) and the distribution of our primary outcome measure (appendix p 59). Based on this post-hoc calculation, we could detect an incidence-rate ratio of 0.78 with 80%
power (two-sided test with p set at 0.025), which corresponds to a
difference of 5.3 days of methamphetamine use between groups,
across all follow-ups. For positive oral ﬂuid samples, we could detect
a 6% difference between groups (rate ratio of 0.92) with 80% power
(two-sided test with p set at 0.025). Reductions in the frequency of
stimulant use are associated with improvements in function,
although the magnitude of change required to produce clinically
meaningful beneﬁts is unclear [32].
Full details of the statistical analysis plan (September 2, 2020) can
be found in the appendix (p 7). The analysis was conducted in Stata
Version 16.0 (ÓStatacorp LLC, College Station, TX). All tests were
two-sided with adjustment of the p value for multiple comparisons,
with signiﬁcance set at p < 0.025 for the two primary outcomes,
p < 0.01 for the secondary outcomes, and p < 0.05 for all other tests
(with 97.5%, 99% and 95% CIs reported, respectively).
Analyses of the primary and secondary outcomes were conducted
blind to group assignment on both the imputed intention-to-treat
dataset (N = 153) and on the unimputed modiﬁed intention-to-treat
dataset, which included all participants who received at least one
dose of medication (n = 149). Missing data were imputed using multiple chained equations. Imputation models included data from the eligibility assessment (available for all participants) on days of
methamphetamine use in the past four weeks and baseline variables
that correlated with missing outcome data (see appendix pp 28 30
for correlates of missing data and p 53 for imputation models). For
the primary outcomes, we speciﬁed the imputed intention-to-treat
analysis as the main analysis. For secondary outcomes, we speciﬁed
the unimputed analysis as the main analysis. This was done because
secondary outcomes were not assessed at eligibility and therefore
could only be included in the imputation model for participants who
were not lost to follow-up.
The effect of NAC on methamphetamine use days was tested with
a group (NAC vs. placebo) by time contrast (baseline [0], week 4 [1],
week 8 [1] and week 12 [1]) interaction. A negative binomial generalised linear mixed model was used to model this effect, where the outcome was days of methamphetamine use in the past 4 weeks at each
time point. An exposure (offset) term was included in the model for
length of each follow-up period (28 days at baseline; median [IQR]
days at 4 weeks: 28 [26 29], 8 weeks: 28 [25 30], and 12 weeks: 28
[27 31]). The effect of NAC on days of other substance use was similarly tested with a group (NAC vs. placebo) by time contrast (baseline
[0], week 4 [1], week 8 [1] and week 12 [1]) interaction using a negative binomial generalised linear mixed model with an offset term for
the length of each follow-up period. The effect of NAC on methamphetamine-positive oral ﬂuid samples was tested using a main effect
of group (NAC vs. placebo) using a Poisson mixed model. A Poisson
model was used because of the small number of negative oral ﬂuid
samples. The outcome in this model was a time-varying variable for
whether or not the participant had a methamphetamine-positive
oral ﬂuid sample [1 vs. 0] at each of the follow-ups (weeks 1 12).

The effect of NAC on each secondary outcome was tested with a
group by time (baseline [0] vs. weeks 1 12 [1]) interaction using a
mixed model. A linear model was used for continuous outcomes, a
logit model was used for depression, psychotic symptoms and hostility, and a Poisson model was used for suicidality due to the low number of participants reporting suicidality. All models used an
unstructured covariance model and included a random intercept
term for participant identiﬁer to account for clustering of data on
repeated measures. Mean group differences and their conﬁdence limits were based on marginal effects extracted from these models (see
appendix pp 55 104).
Time trends were examined by replicating the above analyses
using a factorial time contrast that divided the 12-week medication
period into 4-week blocks (i.e., baseline [0] vs. weeks 1 4 [1], weeks
5 8 [2], and weeks 9 12 [3]). Sensitivity analyses were conducted
which adjusted for variables that differed between the placebo and
the NAC group at the eligibility assessment, and which also adjusted
for the number of other substance use treatment episodes that the
participant initiated during the study. Per-protocol analyses used
unimputed data and included participants who took at least one dose
of the study medication, who were not lost to follow-up, and who
were not withdrawn from the study for reasons unrelated to the
study medication (Fig. 1).
Safety analyses compared the number and percentage of participants reporting adverse events in each treatment group by System
Organ Class [39]. Groups were compared using chi-square tests.
Other descriptive group comparisons were made using chi-square
tests for categorical data, t-tests for normally distributed data, and
median comparison tests for skewed continuous data, where interquartile ranges are presented and conﬁdence limits were bootstrapped [40]. Spearman correlations were used.
2.7. Role of the funding source
The funding source, the Australian National Health and Medical
Research Council (NHMRC Project Grant No. 1128147) played no role
in the design of the study or the collection, analysis, and interpretation of data, or in writing the manuscripts from the study.
3. Results
3.1. Participants
Of the 409 participants screened for the study 153 were enrolled:
77 were randomised to placebo, 76 to NAC (Fig. 1). Participants had a
mean (SD) age of 38 (8) years, and 59% were male. Both groups had a
median (IQR) of 24 (15 28) days of methamphetamine use in the 4
weeks prior to baseline. Other characteristics were similar between
groups at baseline except that the NAC group were less likely to be
unemployed or on a low income (Table 1). There was no signiﬁcant
difference between groups in whether participants received other
treatment for substance use disorders during the trial (Table 1). Concomitant medications taken during the trial differed only for hyperacidity, reﬂux and ulcers (placebo 3%, NAC 12%, p = 0.027).
Psychotropic medication use was relatively common (antidepressants 35%, antianxiety agents 18%, antipsychotic agents 12%) but did
not differ between groups (Table S5, appendix p 51). Other substance
use consisted primarily of tobacco, alcohol and cannabis use, with no
group difference in the total number of days that other substances
were used (Table 1) or the use of speciﬁc substances (Table S7,
appendix p161).
Four participants (3 on placebo, 1 on NAC) did not receive the trial
medication and did not complete any assessments, ﬁve were withdrawn (all on placebo), and seven discontinued medication (6 on
NAC, 1 on placebo) (Fig. 1). Two participants in the NAC group were
unblinded due to serious adverse events, one in week 5, and one in

R. McKetin et al. / EClinicalMedicine 38 (2021) 101005

5

Fig. 1. Trial proﬁle (Notes. N-Acetylcysteine (NAC), intention to treat (ITT)).

week 10. In total, 69% of assessments were completed (73% placebo
vs. 65% for NAC x2 df = 1 = 14.4, p < 0.001). Data on days of methamphetamine use were available for 88% of timepoints (placebo 90%,
NAC 86%, x2 df = 1 = 1.7, p < 0.194). Oral ﬂuid samples (n = 1,150)
were available for more participants in the placebo group than the
NAC group (67% vs. 58% x2 df = 1 = 15.1 p < 0.001). See appendix p
23,24 for detailed data on follow-up. Medication adherence was 66%

(IQR 52 79%; placebo 69% vs. NAC 62% x2 df = 1 = 1.2, p = 0.268; based
on 447 of 596 dispensed bottles from 139 participants). Satisfaction
with the medication (TSQM-II scales) did not differ between groups
(Table S3, appendix p 43). Similar proportions in each group believed
they were receiving NAC, although there was a trend toward participants on NAC being more likely to say that they did not know their
group allocation rather than believing that they were on placebo
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Table 1
Participant characteristics by group allocation.

Age, mean (SD)
Male, n (%)
Immigrant, n (%)
Married/de-facto, n (%)
Unemployed, n (%)
Net income in past fortnight, n (%)
< $400
$400-799
$800-1199
$1200+
Years of schooling, median (IQR)
Qualiﬁcations, n (%)
No tertiary education
Trade or technical
University
Prison history, n (%)
Methamphetamine use
Treatment history, n (%)
Injecting, n (%)
Duration of use, median (IQR) years
Days of use in past 4 weeks, median (IQR)
Days of other substance use,a median (IQR)
Drug treatment during the trial, n (%)
Received any other treatment, n (%)
Number episodes (if received treatment), median (IQR)

Placebo (n = 77)

NAC (n = 76)

P value

Total sample (N = 153)

37.9 (7.9)
46 (60)
8 (10)
24 (31)
36 (47)

37.5 (8.4)
45 (59)
2 (3)
19 (25)
49 (64)

0.75
0.95
0.052
0.40
0.027

37.7 (8.1)
91 (59)
10 (7)
43 (28)
85 (56)

15 (19)
29 (38)
14 (18)
19 (25)
10 (10 12)

6 (8)
43 (57)
9 (12)
18 (24)
11 (10 12)

0.037
0.019
0.27
0.89
0.91

21 (14)
72 (47)
23 (15)
37 (24)
11 (10 12)

24 (31)
44 (57)
9 (12)
19 (25)

20 (26)
49 (64)
7 (9)
22 (29)

0.51
0.35
0.62
0.55

44 (29)
93 (61)
16 (10)
41 (27)

43 (56)
27 (35)
14 (8 22)
25 (17 28)
30 (28 43)

42 (55)
27 (36)
14 (9 24)
24 (17 28)
33 (28 50)

0.94
0.95
0.94
0.94
0.38

85 (56)
54 (35)
14 (8 22)
25 (17 28)
31 (28 47)

18 (23)
2 (1-3)

16 (21)
2.5 (1 3.5)

0.73
0.33

34 (22)
2 (1 3)

Interquartile range (IQR).
a
Summed across all drug types in the past 4 weeks.

(these differences were not statistically signiﬁcant at either 4, 8 or 12
weeks; Table S8, appendix p162).
Methamphetamine use outcomes are shown in Fig. 2 and treatment effects are shown in Table 2 (see appendix p 39 for data at each
follow-up, and p 60 for full models). There was a signiﬁcant reduction
in methamphetamine use days during the 12-week medication
period compared to baseline, but NAC did not reduce methamphetamine use days more than placebo (Table 2). There was also no effect
of NAC on days of methamphetamine use at any speciﬁc follow-up

(week 4, week 8 and week 12) relative to baseline week 4: b(SE) = 0.01 (0.09) p = 0.890; week 8: b(SE) = 0.08 (0.09) p = 0.406; week 12 b
(SE) = 0.08 (0.09) p = 0.374 (appendix p 142). Seventy-nine per cent
(903 of 1150) of oral ﬂuid samples tested positive for methamphetamine, with no signiﬁcant difference between the NAC and placebo
groups (placebo 80%, NAC 76%; Table 2). Nor was there any evidence
of a time trend effect for NAC on methamphetamine oral ﬂuid samples (appendix pp 143). Results did not change after adjusting for
unemployment, income or other substance use treatment received

Fig. 2. Methamphetamine use outcomes (median days of use in the past 4 weeks [97.5% CIs]; % methamphetamine positive oral ﬂuid tests) by group.

Table 2
Primary and secondary endpoints at baseline and follow-up by group with treatment effects.
Baseline

Treatment effectsa

12-week trial period
Unimputed

Imputed

Mean (SE) /
Group difference /
b (SE)
Mean reduction (SE)b Group difference in
b
reduction, mean (CI)

b (SE)

P value

-3.8 (-16.5 8.8)

-0.05 (0.07) 0.50

0.79 (0.03)
0.76 (0.03)

-2.6 (-12.6 7.4)

-0.03 (0.06) 0.56

0.40 (-3.70 4.50)

0.04 (0.08)

0.63

-7.3 (1.2)
-6.8 (1.2)

0.46 (-3.36 4.29)

0.05 (0.08)

-0.27 (-0.92 0.38)

-0.27 (0.25) 0.28

-1.6 (0.2)
-1.8 (0.2)

-0.15 (-0.91

0.60)

-0.15 (0.29) 0.60

-0.34 (-1.43 0.76)

-0.34 (0.42) 0.43

-2.1 (0.3)
-2.3 (0.3)

-0.19 (-1.40 1.03)

-0.19 (0.47) 0.69

-0.70 (-2.96 1.55)

-0.70 (0.88) 0.42

-3.7 (0.7)
-3.9 (0.7)

-0.21 (-2.78 2.37)

-0.21 (1.01) 0.84

3.5 (-14.3 21.2)

0.19 (0.46)

0.67

-14.4 (5.3)
-10.2 (5.1)

4.2 (-14.8 23.2)

0.22 (0.42)

-14.4 (-33.0 4.3)

-1.0 (0.45)

0.021

-13.1 (5.4)
-24.6 (5.3)

-11.6 (-31.2 8.1)

-0.72 (0.41) 0.080

-1.3 (-18.9 16.3)

-0.11 (0.48) 0.81

-10.9 (4.9)
-11.4 (4.9)

-0.6 (-19.6 18.5)

-0.04 (0.42) 0.92

-2.4 (-32.8 27.9)

-0.30 (0.42) 0.48

-5.9 (4.0)
-5.7 (3.9)

0.2 (-14.2 14.6)

0.06 (0.56)

0.91

1.29 (-2.47 5.06)

-0.02 (0.03) 0.36

0.1 (1.1)
0.9 (1.4)

0.80 (-2.73 4.32)

0.02 (0.04)

0.72

0.55

0.60
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Methamphetamine-positive oral ﬂuid, n (%)
Placebo
497 (80)
0.80 (0.04)
NAC
406 (76)
0.77 (0.04)
Methamphetamine use days in past 4 weeks, median (IQR)
Placebo 24 (15 28) 16 (7 23)
-7.3 (1.3)
NAC
24 (15 28) 16 (8 23)
-6.9 (1.3)
Craving, mean (SD) CEQ score
Placebo 5.0 (2.4)
3.3 (2.3)
-1.6 (0.2)
NAC
5.2 (2.3)
3.3 (2.2)
-1.9 (0.2)
Severity of dependence, mean (SD) SDS score
Placebo 8.0 (4.1)
5.6 (4.0)
-2.3 (0.3)
NAC
8.1 (3.4)
5.3 (3.7)
-2.7 (0.3)
Withdrawal, mean (SD) AWQ score
Placebo 20.0 (7.6)
16.0 (8.2)
-3.5 (0.6)
NAC
19.9 (7.3)
15.4 (7.7)
-4.2 (0.6)
Psychotic symptoms, n (%)
Placebo 30 (41)
172 (26)
-14.6 (4.9)
NAC
26 (35)
134 (24)
-11.2 (4.8)
Hostility, n (%)
Placebo 30 (41)
187 (29)
-11.1 (5.0)
NAC
34 (45)
94 (17)
-25.5 (5.2)
Depression, n (%)
Placebo 31 (42)
201 (31)
-10.9 (4.8)
NAC
31 (41)
162 (29)
-12.3 (4.9)
Suicidality, n (%)
Placebo 16 (22)
97 (15)
-6.8 (9.0)
NAC
13 (17)
59 (10)
-9.2 (7.2)
Days of other substance use in past 4 weeks,c median (IQR)
Placebo 29 (8 46) 29 (14 44)
0.6 (1.1)
NAC
33 (28 52) 33 (25 51)
2.0 (1.6)

P value Predicted mean / Predicted group difference
Predicted mean Predicted/ group difference in
reduction (SE)b
reduction, mean (CI)b

Standard error (SE), standard deviation (SD), interquartile range (IQR), conﬁdence interval (CI), N-Acetylcysteine (NAC), Craving Experience Questionnaire (CEQ), Amphetamine Withdrawal Questionnaire (AWQ), Severity of Dependence Scale (SDS).
a
Treatment effects for oral ﬂuid samples were based on a group difference over all follow-ups; for all other outcomes, treatment effects were based on a time (baseline vs all follow-up time
points) by group allocation (placebo vs. NAC) interaction. Model coefﬁcients were derived from mixed Poisson regression (oral ﬂuid samples), mixed negative binomial regression (methamphetamine use days), mixed logistic regression (depression, psychotic symptoms, hostility and depression), and mixed linear regression (CEQ, AWQ, SDS).
b
Marginal effects for baseline vs. 12 week medication period are estimated from models. Conﬁdence Intervals (CIs) are 97.5% for the two primary methamphetamine use outcomes, 95% for
days of other substance use and 99% for remaining outcomes.
c
Includes tobacco, alcohol, cannabis, ecstasy, cocaine, heroin, inhalants, other hallucinogens.
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during the study (appendix pp 103, 104) and equivalent results were
obtained in the unimputed dataset (appendix p 83) and the per protocol dataset (appendix pp 132 133). Post-hoc analyses conﬁrmed
that results did not change when including stratiﬁcation variables in
the model (i.e., site, sex and injecting vs. non-injecting methamphetamine use). There was no signiﬁcant change in the use of other substances during the 12-week trial period compared to baseline
(appendix pp 81, 101), nor did NAC signiﬁcantly change other substance use at follow-up relative to placebo (Table 2).
There was a signiﬁcant reduction in craving, severity of dependence
and withdrawal during the 12-week medication period compared to
baseline (Table 2; appendix pp 87 91). However, NAC did not reduce
any of these outcomes more than placebo in either the imputed or the
non-imputed analysis (Table 2), or in the per-protocol analysis (appendix pp 134 136). There were also no signiﬁcant effects (p < 0.01) at
any of the speciﬁc 4-week intervals (appendix pp 152 154).
NAC did not signiﬁcantly reduce psychotic symptoms, depression,
or suicidality more than placebo during the 12-week medication
phase (Table 2; see appendix pp 137 140 for per-protocol analysis).
Nor were any signiﬁcant effects found at any of the speciﬁc 4-week
intervals during the medication phase (appendix p155 158). There
was a non-signiﬁcant trend toward NAC reducing hostility more than
placebo (Table 2), which persisted after adjustment for employment,
income and exposure to other substance use treatment during the
trial (b(SE) = -1.05 (0.44) p = 0.019) but was reduced when missing
data were imputed (-0.72 (0.41) p = 0.080). There was no evidence of
a time trend for the effect of NAC on hostility (appendix pp 156).
Detailed data on secondary outcomes at each follow-up can be found
in the appendix (p 40).
There was no difference between the NAC and placebo groups in
the percentage of participants reporting adverse events by System
Organ Class (Table S6, appendix p 160). Eleven serious adverse events
occurred (affecting 10 participants: 6 on NAC, 4 on placebo). These
were related to surgery after injuries (n = 3), psychosis (n = 2), drug
overdose (n = 1), seizures (n = 1), meningoencephalitis (n = 1), nonfatal strangulation (n = 1), gastroenteritis (n = 1), and hospitalisation
for detoxiﬁcation (n = 1).
4. Discussion
We found that take-home NAC did not produce a clinically meaningful reduction in methamphetamine use amongst people dependent
on the drug when compared to placebo. We also failed to conﬁrm
putative beneﬁts of NAC on methamphetamine craving [17,18], and
we did not ﬁnd evidence of improvements in other indicators of methamphetamine use (severity of dependence or withdrawal). We also
did not ﬁnd any clear beneﬁt of NAC in reducing comorbid psychiatric
symptoms (psychotic symptoms, hostility depression, or suicidality)
amongst people dependent on methamphetamine.
Potential beneﬁts of NAC previously found in other contexts (e.g.,
reducing relapse in people who have achieved abstinence from
stimulants [41], reducing cannabis use in adolescents[42]) should not
be discounted based on the current ﬁndings. However, our ﬁndings
are consistent with two of the more recent larger placebo-controlled
trials of NAC for substance use disorders (one for cocaine use [41]
and one for cannabis use disorder [43]). Like the current study, both
trials had high baseline levels of substance use and sub-optimal medication adherence. Although participants in our sample engaged in
other substance use (particularly cannabis, tobacco and alcohol use),
this is typical of people who use illicit drugs [44]. We found that NAC
did not change other substance use, and nor did other substance use
account for our null ﬁndings. We also do not think that the reduced
ﬁnal sample size signiﬁcantly compromised our ability to detect a
clinically meaningful effect of NAC on methamphetamine use. This is
because we still had sufﬁcient statistical power to detect 5 or more
days difference in use between groups (over the previous 4 weeks),

and because the observed group differences were negligible (< 1 day
use in the past 4 weeks). However, we may have not had sufﬁcient
statistical power to detect small effects on our secondary outcomes
at our nominated p value, and this may have accounted for our null
ﬁnding on hostility, where we observed a 14% difference between
groups in favour of NAC. Taken together with previous results, our
ﬁndings cast doubt on the utility of take-home NAC as an agent that
can reduce substance dependence in people who are actively
engaged in heavy substance use.
The large post-treatment reduction in methamphetamine use
seen in both the NAC and placebo groups is typical of clinical trial
outcomes [45,46]. This so-called placebo responding is often considered troublesome in trials because it can reduce statistical power
make it difﬁcult to detect treatment effects [47]. In the context of this
trial, these non-speciﬁc reductions in methamphetamine use are
likely to reﬂect expectations about the efﬁcacy of the trial medication
[48,49] and the interaction with the trial staff (particularly the regular
monitoring of substance use during the trial and provision of adjunctive support) [49]. Other factors, including natural remission [50] and
demand bias seen with self-reported outcomes [45,50], may also play
a role. These non-speciﬁc reductions in methamphetamine use have
potential clinical relevance given the lack of effective medications to
treat methamphetamine dependence. Although placebo interventions pose ethical issues, they have been actively used in clinical practice [51,52], and even have beneﬁt over no treatment when they are
labelled as placebo [48].
The main strength of our study was that it was powered to detect a
clinically meaningful reduction in methamphetamine use, and we had
relatively complete data on our primary endpoint of methamphetamine use days. The main limitation was sub-optimal medication
adherence (with a median of 66% of doses taken). However, poor
adherence is typical of stimulant treatment trials [3,41], and is probably at least as good as what could be expected if the medication was
made available in routine clinical practice. It could be argued that 12
weeks was not sufﬁcient to obtain clinically meaningful beneﬁts, and
this is likely to be the case for psychiatric symptoms, where beneﬁts
can take up to 4 6 months to emerge [53]. However, beneﬁts of NAC
on craving have been seen within days in experimental settings [54],
and have developed within 4 weeks in clinical trial settings [18].
Hence, any beneﬁts of NAC on methamphetamine dependence should
have emerged within the 12-week timeframe. One possible explanation for the failure to demonstrate the previously observed beneﬁts of
NAC on methamphetamine use is that this oral formulation and dosage
may not have been sufﬁcient to normalise glutamate function in the
context of ongoing methamphetamine use [55]. For example, although
previous studies have found that NAC can reverse glutamate dysregulation during abstinence from stimulant use [15], this normalisation of
glutamate function was not seen in a more recent trial of people who
continued to use stimulants while on NAC [55].
In sum, we failed to replicate early promising results for NAC in
managing methamphetamine dependence [18] and our ﬁndings are
inconsistent with previous positive outcomes for NAC on substance
dependence more generally [17,42]. Taken together with other
recent ﬁndings [41,43,55], our results cast doubt on the utility of
take-home NAC as an agent that can reduce methamphetamine
dependence, and arguably dependence on other substances, in people who are actively engaged in daily or near daily substance use.
Future exploration of NAC’s potential in drug dependence should perhaps instead focus on its potential to reduce relapse amongst people
who have already achieved abstinence, or who have less entrenched
patterns of substance use.
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