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ARTICLE INFO ABSTRACT

Background: Converging lines of evidence from diffusion tensor imaging (DTI) studies reveal significant al-
terations in white matter (WM) microstructure in the prefrontal cortex of chronic stimulant users compared to
controls, suggesting compromised axonal microstructure and/or myelin.

Methods: A meta-analysis of DTI-based WM integrity was conducted for white matter regions across the corpus
callosum and association fibers. Articles were sourced and selected using PRISMA guidelines for systematic
review and meta-analysis. Inclusion and exclusion criteria were determined by the authors in order to best
capture WM integrity among individuals with primary stimulant use in comparison to healthy control subjects.
Results: Eleven studies that focused on region-of-interest (ROI)-based analysis of WM integrity were extracted
from an initial pool of 113 independent studies. Analysis across ROIs indicated significantly lower fractional
anisotropy (FA) values in stimulant use groups compared to controls with a small to moderate overall effect
(Hedges’ g = -0.37, 95% CI [-0.54, -0.20]). Eigenvalues were also analyzed, revealing a significant effect for
radial diffusivity (RD; Hedges’ g = 0.24, 95% CI [0.01, 0.47]) but not axial diffusivity (AD; Hedges’ g = 0.05,
95% CI [-0.20, 0.29]) or mean diffusivity (MD; Hedges’ g = 0.20, 95% CI [-0.01, 0.41]). Subgroup analyses
based on specific ROIs, primary substance use, poly-substance use, and imaging technology were also explored.
Conclusion: Results of the present study suggest a consistent effect of compromised WM integrity for individuals
with stimulant use disorders. Furthermore, no significant differences were found between cocaine and me-
thamphetamine-based groups.

Keywords:

Stimulant use disorder
White matter integrity
Diffusion tensor imaging
Meta-analysis

Cocaine
Methamphetamine

1. Introduction (Hughes et al., 2013; U.S. Department of State, 2017). Similarly, ac-

cording to recent epidemiological reports, rates of MA use disorder are

Cocaine (CO) and methamphetamine (MA) are the two most com-
monly abused psychostimulants. In the United States, these stimulants
rank third in prevalence behind marijuana and misuse of prescription
opiates, with approximately 2.8 million individuals reporting past
month use (Hughes et al., 2013). Of the stimulants, cCO presents the
largest burden to the healthcare and criminal justice systems in terms of
mortality, morbidity, violent crime, and unemployment- and this trend
has not declined significantly for decades (SAMHSA, 2014). Regions of
the US are facing what appears to be a resurgence of cocaine abuse,
with more overdose deaths in the US in 2015 to 2017 than any other
period since 2000 and a 61% increase in new users from 2013 to 2015

on the rise (Courtney and Ray, 2014). Over 535,000 individuals were
estimated to meet MA dependence criteria in 2012 as compared to
329,000 in 2011 (SAMHSA, 2014). In 2017, MA accounted for more
than 10,700 drug-related overdose deaths in the US, ranking third be-
hind deaths related to opioids and CO (Kariisa et al., 2019). Stimulant
use disorder is a chronic relapsing condition that produces an allostatic
load on the brain and body, resulting in key neurobiological alterations
(Courtney and Ray, 2014).

The last two decades of neurobiological research have yielded brain
imaging evidence for both functional and structural impairments as-
sociated with stimulant use disorder. Neuroimaging studies, including
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Table 1
Inclusion and exclusion criteria.

Item Inclusion Criteria Exclusion Rationale

1. Illicit Substance use/dependence disorder Self-reported use or other lack of formal Generalizability. Relevant to individuals who meet diagnostic criteria
based on DSM-1V, DSM-5, ICD-9, or ICD-10 diagnostic evaluation. for abuse.
criteria.

2. Stimulant use/dependence identified as the Axis 1 mental health or other non-stimulant Generalizability. Aimed at reducing confounding variables that may be
primary disorder in the stimulant use group.  substance use disorders identified as primary. responsible for WM impairment.

3. Inclusion of one or more major white matter  Individual anatomical structures; no Methodological and Data Quality. Aimed at reducing heterogeneity
tracts (e.g., corpus callosum, association association tracts due to lack of standardization related to ROI identification
fibers).

4. Experimental or quasi-experimental designs Non-experimental designs; lack of a control Methodological. Inclusion of control groups. Baseline differences
with comparison of individuals who use group. between conditions (if unmatched) can be statistically controlled.
stimulants to controls.

5. Fractional anisotropy as ROI outcome. TBSS methods. Methodological. Outcome of interest.

6. Data in article or provided by authors Ambiguous data (e.g., bar graphs without exact ~ Analysis. Necessary for data synthesis and analysis.
sufficient for effect size calculation. numbers); Unable to receive data from the

authors after contact

7. Publications sourced from a peer-reviewed Unpublished findings; articles from other Data Quality. Peer review process may add somewhat to risk of bias, but

journal journals; dissertations; poster/conference studies that have been subjected to peer-review are thought to have
presentation potentially higher methodological quality.
8. English Language Text Accessibility. Necessary for data extraction and synthesis.
9. Adult human participants (18+) Animal studies; participants < 18 years old. Generalizability. Necessary for analysis on substance use in adulthood.

Reduces possible differences based on developmental factors.

positron emission tomography (PET) and single-photon emission com-
puted tomography (SPECT), have reliably identified various prefrontal
cortex regions of activation that relate to core clinical symptoms of
addiction (Goldstein and Volkow, 2011; Volkow et al., 2003). A recent
meta-analysis of human in vivo PET and SPECT imaging studies sug-
gests altered dopamine receptor density and release is associated with
long-term exposure to the effects of stimulants; however, causal in-
ferences cannot be drawn from this dataset (Ashok et al., 2017). Neu-
roimaging studies have also revealed broad structural abnormalities,
including volume differences in prefrontal cortical regions subserving
several important cognitive functions related to impulsivity, decision-
making, and working memory (Kwako et al., 2018). Diffusion tensor
imaging (DTI) is the most common imaging modality for brain white
matter (WM) structure (Beaulieu, 2002).

DTI is an imaging technique that allows for the evaluation of WM
fibers by quantifying the diffusive properties of water within tissue.
Fractional anisotropy (FA) provides a general index of axonal integrity
by measuring the degree to which water diffusion is constrained in the
brain (Alexander et al., 2007). Principal eigenvalues represent mean,
axonal, and radial diffusivity directions. Increases in radial diffusion
(perpendicular to the direction of the fiber tract) have been associated
with altered myelin integrity in cocaine users (Albertson et al., 2004;
Moeller et al., 2005) and many other CNS-related diseases, including
multiple sclerosis, leukodystrophies, Alzheimer’s, and HIV (Acosta-
Cabronero et al., 2012; Hoare et al., 2012).

Converging lines of evidence from DTI studies reveal significant
alterations in WM microstructure in prefrontal regions of chronic sti-
mulant users compared to controls, suggesting compromised fiber and/
or myelin. WM tracts within the corpus callosum have been shown to be
particularly susceptible to the chronic effects of stimulant use (Lim
et al., 2008; Ma et al., 2009; Moeller et al., 2007, 2005). Region-specific
microstructural alterations in WM have been associated with impaired
performance on laboratory measures of cognitive control, decision-
making (Lane et al., 2010), impulsivity (Moeller et al., 2005), and
working memory (Tang et al., 2015) in chronic stimulant users. WM
microstructural deficits are positively associated with severity and
amount of substance use (Kaag et al., 2017; van Son et al., 2016v) and
inversely related to duration of abstinence from stimulant use (Bell
et al., 2011).

Studies of WM abnormalities have been meta-analytically reviewed
for other substance use disorders, including alcohol (Monnig et al.,
2013) and heroin (Wollman et al., 2015), but not CO or MA use
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disorders (versus control populations). Thus, the objective of this study
was to obtain an averaged effect size (ES) for WM integrity, as indexed
by FA metrics, associated with stimulant use disorder. Considering WM
tissue may be vulnerable to the neurotoxic effects of chronic stimulant
use, an improved understanding of the extent and focal regions of im-
pairment may help to identify previously under recognized targets and
medications for neuroprotection.

The present study evaluated the overall effect of psychostimulant
use on WM integrity across individuals with stimulant use disorders in
comparison to healthy controls (HC). The stimulant users (SU) group
was defined as individuals with diagnoses of stimulant use disorder for
methamphetamine or cocaine. Studies included baseline measurements
of DTI for SU and HC groups, regardless of treatment status.
Comparisons of WM integrity included a primary outcome of fractional
anisotropy (FA) as well as eigenvalues where provided (AD, RD, MD).
WM regions across the corpus callosum and association fibers were
included in a meta-analytic design by deriving a grand mean effect size
of FA for each study across regions-of-interest (ROI). Subgroup analyses
were conducted in order to determine differential WM disruption based
on demographic and study characteristics as well as stimulant type
(cocaine, methamphetamine).

2. Methods
2.1. Eligibility criteria

Inclusion and exclusion criteria were determined by the authors in
order to best capture WM integrity in individuals with primary stimu-
lant use (SU) in comparison to healthy control subjects (HC). Terms
were derived to capture categories of substance, problematic use, DTI
imaging, and methodology (Appendix A), as agreed upon by the com-
mittee of authors.

2.2. Search and information sources

Articles were sourced and selected using PRISMA guidelines for
systematic review and meta-analysis (Moher et al., 2009). Inclusion and
exclusion criteria are included in Table 1 as well as rationale for each
inclusion/exclusion choice (i.e., methodological considerations, gen-
eralizability, and relevance).
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database searching
(11=204)

Records identified through

Additional records identified
through other sources

n=2)

Records after duplicates removed
(n=113)

Records excluded by
independent review/agreement
(n=11; 62.8%)

TBSS Studies
(1 =10)

Full-text articles assessed for
eligibility

Full-text articles
excluded reasons*
(n=23)

(n=44)

{Included ] [ Eligibility ] { Screening ] [ Identification J

Studies included in final
meta-analysis

n=11)

Fig. 1. Prisma flow diagram for study selection.

*Note. Lack of healthy control group (n = 2); lack of major white matter tract (n = 3); dissertation/conference paper/abstract (n = 10); duplicate data set (n = 5);

insufficient information (n = 3).

2.3. Study selection

Study selection was conducted by two independent reviewers
(Authors CB and HS) following the recommendations of the PRISMA
group (Moher et al., 2009). Information regarding the article search is
included in Fig. 1 with full search terms available in Appendix A!. The
search was conducted using Pubmed, Embase, and PSYCHINFO data-
bases. Search terms were adjusted based on the formatting of each
database for target terms within the journal text (text words). In-
dividual search terms were constructed for cocaine (CO) and me-
thamphetamine (MA) studies.

2.4. Risk of Bias

Risk of bias at the individual study level was addressed through the
process of determining methodological quality. Methodological quality
was assessed using an author-adapted rating scale from a prior study
(Hirst et al., 2017) (Appendix B). Domains evaluated included: study
design (3 items), comparability of groups (2 items), participant char-
acteristics (2 items), measurement of stimulant use disorder (3 items),
DTI methodology (3 items), and statistical analyses (2 items). Metho-
dological quality was assessed using total number of affirmative re-
sponses by calculating the Intra-class correlation with a two-way mixed
design (Hallgren, 2012).

Three studies were ultimately excluded due to lack of information.
One article that was not included reported no significant difference on
DTI metrics between individuals with stimulant use disorders and
controls (Kelly et al., 2011). The other studies found mixed results
based on region of interest (Andres et al., 2016; Chung et al., 2007).
These potential findings were considered in the risk of bias analysis,
where bias was assessed at the study level, including funnel plot ana-
lysis with Egger’s regression and publication-level Fail-Safe N
(Borenstein, 2006; Rosenthal, 1979).

2.5. Summary measures and data extraction

All analyses were conducted using Hedges’ adjusted g, a standar-
dized difference method with correction for small sample sizes (Hedges
and Olkin, 1985). Standardized differences were calculated for SU
groups in comparison to HC. Negative effect size outcomes indicate
decreased WM integrity in the SU group. Data were extracted from
articles and subsequently checked for accuracy in reporting. Where
possible, means and standard deviations were extracted (n = 9 studies).
However, one study provided data in an alternate form (Lim et al.,
2008); thus, effect sizes were calculated based on the standard differ-
ence (frontal inferior white matter) and sample size with p-value (other
measured areas). Another provided median and range values (Lederer
et al., 2016), which were converted using the recommendations of Hozo
and colleagues (Hozo et al., 2005). Data were entered into Compre-
hensive Meta-Analysis (Borenstein et al., 2013) for analysis.

2.5.1. DTI outcomes

Fractional anisotropy (FA) was identified as a primary measurement
outcome. All studies provided results for FA for both SU and HC groups
across WM association and callosal tracts, and a grand mean effect size
was calculated as the primary outcome. Additional outcomes for DTI
eigenvalues were also extracted, including mean diffusivity (MD), ra-
dial diffusivity (RD), and axonal diffusivity (AD) (Hasan et al., 2011).

2.5.2. Regions-of-interest

Regions-of-interest were derived from the articles based on inclu-
sion and exclusion criteria, specifically to address aims of evaluating
WM integrity in association and callosal fiber tracts (Wakana et al.,
2004). The decision regarding ROIs was based on author consensus
with respect to regions that clearly specified WM versus regions with
high fiber crossing and potential involvement of grey matter (Abhinav
et al., 2014). As a result, structural regions or regions not identified as
callosal or association tracts were excluded (e.g., cingulate, hippo-
campus, cingulum, insula). The supplementary material includes an
exhaustive list of regions included in the analysis. Some regions were
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consistently identified across studies (i.e., three or more studies refer-
enced the same region). These areas, including the corpus callosum
genu, splenium, and body, as well as frontal WM, were extracted for
individual analysis in order to determine the degree of WM group dif-
ferences within different areas of the brain.

2.5.3. Secondary analyses

Additional subgroups were identified based on study characteristics,
including polysubstance use, type of substance (CO vs. MA), and DTI-
methodology related outcomes such as magnet strength and brand (see
supplemental information)'. Where information was available, these
features were compared across studies with a grand mean effect size
based on all relevant regions. Finally, chronicity of use (i.e., average
years of use per study) was entered into a meta-regression to determine
the moderating effect of chronicity.

3. Results

Text word search yielded 118 articles from Embase (66 CO, 52 MA),
29 articles from PsychINFO (21 CO, 8 MA), and 57 from PubMed
(Fig. 1). The total number of articles sourced from all databases was
204. De-duplication was conducted by using automated and suggested
de-duplication reference management software (n = 87) as well as title
screening (n = 4). Two authors (CB and HS) reviewed the remaining
113 abstracts using Rayyan web-app for systematic reviews (Ouzzani
et al., 2016). The authors demonstrated an overall agreement of 86.7%.
Disagreements were resolved with collaborative review in the full-text
review process. Rationale for disagreements was explored per the re-
commendation of (Higgins and Deeks, 2008), and exclusions were due
to select reasons, including conference presentations or dissertations (8
articles), inclusion of gray matter only (2 articles), and lack of control
group (2 articles). Forty-four articles were selected for full-text review
based on abstract review and ancillary articles (n = 2).

Inclusion and exclusion were based on study criteria, and studies
with overlapping authors or institutions were screened by the study
team to protect from non-independence due to overlapping participant
pools. Those studies with the most relevant data for the largest number
of participants were chosen for inclusion. Authors were contacted for
studies with insufficient information for a full analysis (Andres et al.,
2016; Chung et al., 2007; Kelly et al., 2011); however, additional in-
formation was not provided, and these articles were subsequently ex-
cluded from analysis. After review and de-duplication, the process
yielded a pool of 21 studies that evaluated WM via extracting regions of
interest (n = 9), tract-based analysis (TBSS; n = 10), or both methods
(n = 2). Data for TBSS outcomes were not included, as tract-based
studies are beyond the scope of the present analysis due to differences
in data processing and presentation. These studies represent a “hold
out” sample with plans to analyze TBSS outcomes in the future.

3.1. Study characteristics

Study characteristics are presented in Table 2. All studies included
in the final analyses were performed on adults with average ages ran-
ging from 25-45. Average chronicity (i.e., years of stimulant use)
ranged from 6 to 19 years. Due to high frequencies of polysubstance use
in those with SUDs, we included studies that allowed current or past
diagnoses of other substance use disorders. Of the 11 studies, 6 studies
excluded individuals if they had a current diagnosis of other substance
use disorders (excluding nicotine), whereas 5 studies allowed other
diagnoses as long as stimulants were the primary drug of abuse. Nico-
tine, alcohol, and cannabis were the most commonly reported sec-
ondary substances used in these samples. Timing of the scan with re-
spect to last use was variable across studies, with 6 studies indicating
that the participants had to be abstinent (ranging from 72h to several
years). While most studies excluded individuals with HIV (n = 5), one
chose not to perform the test for ethical reasons (n = 1) and others did
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not mention HIV as an exclusion criterion (n = 3). Two studies speci-
fically included individuals with HIV: one included an HIV-negative
stimulant-use-disorder-positive group, and another only included an
HIV-positive and stimulant-use-disorder-positive group.

3.2. Methodological quality

Evaluator responses tended to have a restricted range such that one
evaluator provided a small range of scores (Rater 1 Range: 12-14) and
another provided a larger, though still restricted, range (Rater 2
Range = 9-16). Scores in this range on the 15-point measure suggest
excellent quality overall across studies. Due to the restricted range,
article quality was reviewed by examining frequencies. The average
score for article quality across studies was within the top third of pos-
sible scores, and 90.0% (10 studies) had scores in the top quartile
(> 11.25).

3.3. Primary analysis

A grand mean effect size was derived for FA values across all re-
ported regions. Using this method, each study provided one overall
effect size, which statistically combined the regions reported in the
study. A fixed-effects model was used due to a non-significant amount
of heterogeneity in the model (> (10) = 15.51; p > 0.05). This sug-
gests that the studies demonstrated consistency in measurement and
outcome. A forest plot of effect sizes is included in Fig. 2. The primary
analysis for FA yielded an effect size in the small to moderate range (g
= -0.37, 95% CI: [-0.54, -0.20]; Cohen 1988), indicating FA was lower
in the SU compared to the HC group across the corpus callosum and
association fibers (Table 3).

3.4. Secondary analysis: eigenvalues

Further effect sizes were calculated based on DTI eigenvalues, in-
cluding MD (n = 7 studies), AD (n = 5 studies), and RD (n = 6 studies)
(Table 3). Though these values were not present across all studies, this
secondary measurement analysis was conducted in an exploratory
fashion. Overall, a significant effect was found for RD (g = 0.24, 95%
CI: [0.01, 0.47]) but not for AD (g = 0.05, 95% CI: [-0.20, 0.29]) or MD
(g = 0.20, 95% CI: [-0.01, 0.41]). Note that higher RD values represent
decreased WM integrity (the opposite of FA), accounting for the dif-
ference in the sign of Hedges’ g between FA and RD.

3.5. Regional differences

Results from the subgroup analyses based on reported region of
interest are included in Table 4. Frontal WM was evaluated across a
number of studies, and identified areas of the Anterior-Commissure
Posterior-Commissure Plane (AC-PC Plane), inferior and superior
frontal lobes, and frontal WM were included. As with the grand mean
effect size, studies that included multiple regions of interest within
frontal WM (e.g., left and right regions, various measurements across
the AC-PC plane) received an overall effect size for frontal WM that
collapsed across regions and laterality. Frontal areas were included in 6
studies and demonstrated a large overall effect using a random effects
model (g = -0.71, 95% CI: [-1.36, -0.071; %2 (5) = 36.04, p < 0.05).

Further analyses were conducted for regions of the corpus callosum.
Identified regions across studies included the anterior and posterior
mid-body, body, corpus, genu, isthmus, rostral body, and splenium. An
overall effect size for the corpus callosum was calculated by combining
across these regions in 10 studies, yielding a small to moderate effect
under the fixed effects model (g = -0.27, 95% CI: [-0.45, -0.09]; x2
(9) = 16.43, p = 0.06). Further areas were explored, indicating a
moderate effect in the genu (g = -0.42, 95% CI: [-0.76, -0.08]; >
(9) = 31.68, p < 0.05), but failed to find significant effects in the
splenium (g = -0.16, 95% CI: [-0.38, 0.06]; %2 (6) = 7.04, p = 0.32) or
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ROI Studies

First Author Year Drug n Patients (Controls) Age Patients (Controls, years) Years Use MRI Tesla Brand Timing of Scan Other Substances
Alicata 2009 MA 30(30) 33.3(32.7) N/1 3 Siemens N/1 N
Cordero 2017 Cco 37(35) 45.5(41.3) 17.8 3 GE CUR Y
Kim 2009 MA 11(13) 34.4(35.5) 10.6 3 GE ABS N
Lederer 2016 MA 40(40) 25.5(25.0) 6.5 3 Siemens ABS N
Romero 2010 Co 32(33) 31.6(29.1) 11.4 1.5 Siemens ABS 72hrs N
Salo 2009 MA 37(17) 36.3(32.2) 11.6 1.5 GE ABS > 3wk Y
Tang 2015 ST 21(22) 37.5(39.55) N/I 3 Phillips N/I Y
Tobias 2010 MA 23(18) 32.2(33.3) 8.0 1.5 Siemens ABS 7-13 day Y
Ma 2009 Cco 19(18) 39.1(35.1) 10.7 3 Phillips N/1 Y
Lim 2002 co 12(13) 44.2(40.4) 17.3 1.5 Siemens N/I N
Lim 2008 (e(e] 21(21) 42.5(40.9) 18.9 3 Siemens ABS 4 days N

Note. PT: Patients; CTL: Controls; ST: Stimulants; CO: Cocaine; MA: Methamphetamine; ABS: Abstinent; CUR: Current Users; N/I: Not Included; Other substances: Y-
refers to studies that included participants with current diagnoses of other substance use disorders, N - refers to studies that did not include participants with current

diagnoses of other substance use disorders (with the exception of nicotine).

other areas of the body (including areas identified as: the anterior and
posterior mind-body, rostral body, corpus, body, and isthmus; g = 0.07,
95% CL: [-0.22, 0.37]; %*(2) = 2.64, p = 0.27).

3.6. Substance use analysis by type

In order to determine group differences based on substance of use, a
subgroup analysis was conducted to contrast CO and MA studies
(Table 5). One study was excluded, as the article included a mixed
group (i.e., broad stimulant use) (Tang et al., 2015). Results for each
substance group were congruent, though heterogeneity was present in
the CO group (x* (4) = 9.95, p = 0.04) but not the MA group (x 2
(4) = 2.65, p = 0.62). Thus, a random-effects model was conducted for
the CO group, and a fixed-effects model was used for the MA group.
When using a random effect, WM impairment was not significant for CO
use (g = -0.37, 95% CIL: [-0.79, 0.05]) and was significant for me-
thamphetamine use (g = -0.32, 95% CI: [-0.57, -0.07]). However, no
significant differences were found between the stimulant use groups (y
2(1) = 0.04 p = 0.83), and Hedge’s g was highly similar for both drugs.
Due to heterogeneity on the cusp (p = 0.049) and a lack of significant
differences between drugs, a fixed-effects model was employed to fur-
ther explore the CO group. Under that model, a significant effect was
found for CO use (g = -0.34, 95% CI: [-0.60, -0.08]). Thus, it was
judged that differences in study measurement (Incon-
sistency = 59.82%) with a small sample size may have underestimated
the effect of CO use in the random-effects model.

3.7. Polysubstance use analysis

Studies varied in the extent to which participants were screened in
or out for co-occurring use of non-stimulant substances. As seen in
Table 2, five studies included participants who used other substances,
while six excluded for polysubstance use. A subgroup analysis was
conducted (Table 5), and no difference in subgroups was found (x2
(1) = 0.07, p = 0.80). Both groups were similar to the overall effect

Table 3
Summary effect size for FA, MD, RD, and AD for all ROIs by study.

and demonstrated a small to moderate effect for WM disruption for the
SU group compared to HC (Table 5).

3.8. Substance use chronicity

Chronicity of use was explored using meta-regression to determine
the effect of number of years of use on WM integrity. Stimulant use was
reported in nine studies and ranged from 6.5 to 18.9 years
(mean = 12.53). Chronicity did not emerge as a significant predictor of
WM impairment (8 = 0.02 95% CI [-0.02, 0.06], z = 0.84).

3.9. Risk of Bias

Study bias was evaluated using three measures. First, an analysis of
funnel plot symmetry was conducted to determine the extent to which
studies’ overall effect was captured in the grand mean effect. Fig. 3
includes the plot, for which study precision is measured by the y-axis
(standard error) and effect size measured on the x-axis. The overall
effect is represented by the diamond shape and midline of the plot
(Borenstein, 2006). Overall, most studies appeared to cluster around
the mean; however, some of the more precise studies (i.e., relatively
lower standard errors) were represented outside of the margin (Cordero
et al., 2017; Romero et al., 2010), suggesting reliable studies with
differing results. To test for funnel plot asymmetry, Egger’s regression
was derived (Egger et al., 1997), which measures asymmetry based on
differences in study precision (i.e., determining if more precise studies
have larger effect sizes). The regression did not indicate significant
asymmetry (t (9) = 1.77, p = 0.11); thus, study-level risk of bias was
determined to be non-significant.

Finally, risk of publication bias was conducted by calculating
Rosenthal’s Fail-Safe N, a measure of the number of non-significant
studies needed in order to nullify the observed overall grand mean to a
non-significant value. The present analysis indicated that 48 studies
(more than four times the studies included in the analysis) would be
needed in order to remove the estimated total effect.

95% Confidence Interval

Outcome Nstudies g Lower Upper zZ Test of Homogeneity
Fractional Anisotropy 11 —-0.37 —-0.54 -0.20 —4.22" %2 (10) = 15.51 (ns)
Mean Diffusivity 7 0.20 —0.01 0.41 1.87 % (6) = 3.40 (ns)
Radial Diffusivity 6 0.24 0.01 0.47 2.03 % (5) = 3.01 (ns)
Axial Diffusivity 5 0.05 -0.20 0.29 0.39 *% (4) = 1.22 (ns)

* p < .05 "p < .01; g Hedges’ g.

33



C.L. Beard, et al.

Drug and Alcohol Dependence 201 (2019) 29-37

Atticle g

LCI uct z »
Romero et al., 2010 -0.98 -1.52 -0.44 - 0.00 i
Tangetal., 2015 -0.89 -1.52 -0.27 - 0.01
Kim et al., 2009 -0.76 -1.58 0.05 - 0.07 =
Salo et al., 2009 -0.55 -1.13 0.04 - 0.07 -+——
Lim et al., 2008 -0.44 -1.05 0.17 - 0.16 —l_zGG—
Tobias et al., 2010 -0.36 0.97 0.25 - 0.25 —LGaG1
Ma et al., 2009 -0.35 -0.99 029 - 0.28 i
Lim et al., 2002 -0.27 -1.04 0.50 - 0.50 L
Ledereretal., 2016 -0.16 -0.59 028 - 047
Alicata et al., 2009 -0.15 -0.67 0.36 - 0.56
Cordero et al., 2017 0.15 -0.30 0.61 0.66 0.51
Overall Fixed Effect -0.37 -0.54 -0.20 -4.22 0.00 <&
-2.00 -1.00 0.00 1.00 2.00

Fig. 2. Forest plot for FA across regions of interest.

Note. Effect sizes are based on a fixed-effect model. Study weights are represented by blocks, with confidence intervals as lines through the blocks. Negative values
indicate white matter integrity lower in stimulant use participants in comparison to health controls. Confidence intervals at the “0” line indicate no significant
difference between groups. The overall fixed effect is represented as a diamond.

4. Discussion

The aim of the present analysis was to provide an overview re-
garding the effect of stimulant use on WM disruption. This was ac-
complished via a comprehensive meta-analysis using PRISMA guide-
lines in order to derive a summary of the overall effect. The
methodological quality of the reviewed studies fell within the top
quartile of possible scores. Regions of interest were collapsed across 11
studies, resulting in an overall effect size of WM integrity for stimulant
use disorder versus HC subjects. Taken together, stimulant use was
found to have a small to moderate effect on WM integrity as measured
by DTI outcomes. Overall effects on FA values and eigenvalues (where
provided) were assessed, resulting in a significant effect for RD but not
for MD or AD. Further subgroup analyses were conducted in an ex-
ploratory fashion for five studies of CO-specific and five studies of MA-
specific groups, and no significant differences were found. CO-based
studies had greater heterogeneity, suggesting more variance between
studies and possible population differences. Thus, a random-effects
estimator was used, which indicated no significant difference between
groups. This outcome should be considered cautiously in light of po-
tential underestimation of WM disruption as a result of a small, het-
erogeneous sample.

Overall the present report offers verification of white matter im-
pairment in stimulant use disorders via meta-analysis of the extant
literature. A previous meta-analysis of gray matter volume in > 2000
individuals with dependence on a range of different substances and >
1000 controls provides robust evidence of reduced cortical and sub-
cortical gray matter volumes in substance use disorders (Mackey et al.,
2018). That analysis concluded that the greatest ES on gray matter
volume was related to alcohol use disorder. Considerably less data are
available for white matter integrity in substance use disorders, and to
our knowledge this is the first meta-analysis focused on white matter in
CO and MA. Previous meta-analyses provide evidence for white matter

Table 4
Effect sizes for FA outcomes by region of interest (ROI).

disruption in alcohol use disorder (Monnig et al., 2013) and opiate use
disorder (Wollman et al., 2015). One meta-analysis examined whole
brain volume and ROIs (including WM) in chronic marijuana use but
did not report outcomes independently for WM volume or WM ROI,
thereby precluding ES estimation of WM in cannabis users (Rocchetti
et al., 2013). The estimated ES for the influence of alcohol on white
matter integrity is g = 0.30, based on a sample of 19 studies and fo-
cusing on white matter volume as the primary metric (Monnig et al.,
2013). For opiate use disorder, the estimated ROI-based ES is g = 0.35
based on DTI FA values (Hedges’ g converted from SMD z score = 4.001
and total N = 135); however, this estimate was limited to only four
studies that met the meta-analysis inclusion criteria (Wollman et al.,
2015). From these available meta-analytic studies, ES estimates for
stimulants (methamphetamine and cocaine), alcohol, and opiates are
quite similar (small-medium ES between 0.30 and 0.37) with the caveat
that outcome metrics were different across the studies. Interestingly,
while the results from each drug class suggest possible neurotoxicity to
brain white matter resulting from chronic use, there are likely both
shared and unique mechanisms of insult across the different drug
classes. An extensive review of these mechanisms across drug classes is
beyond the scope of this report.

Corroborating previous DTI studies of WM in stimulant use, the
present meta-analysis found significant effects for the RD metric but not
AD. A prevailing interpretation of this observation is compromised
myelination, commonly associated with neurological pathology
(Jelescu et al., 2016; Sbardella et al., 2013; Song et al., 2003; Yao et al.,
2018). Additionally, preclinical work in CO-exposed rodents indicates
that RD changes reflect altered myelin integrity (Narayana et al., 2014).
Psychostimulants are known to induce neuroinflammation, thus indu-
cing the activation of the glial system (Beardsley and Hauser, 2014;
Clark et al., 2013; Harricharan et al., 2017). Chronic neuroinflamma-
tion and overactivation of neuroimmune responses provide a putative
mechanism by which psychostimulants may compromise myelin

95% Confidence Interval

Region of Interest Nstudies g Lower Upper VA Test of Homogeneity
Corpus Callosum 10 -0.27 —0.45 -0.09 —2.98%* %2 (9) = 16.43 (ns)
Splenium 7 -0.16 -0.38 0.06 -1.39 %2 (6) = 7.04 (ns)
Genu 10 —0.42 —-0.76 —0.08 —2.42% Xz (9) = 31.68*
Body 3 0.07 —0.22 0.37 0.47 x2 (2) = 2.64 (ns)
Frontal Cortex 6 -0.71 -1.36 —-0.07 -2.18 x2 (5) = 36.04**

Note: Effect size estimates are included for outcomes with greater than two studies. * p < .05; ** p < .01; g: Hedges’ g. Includes: Body, anterior mid-body, posterior
mid-body, isthmus, and rostral body “Includes: AC-PC plane, inferior and superior frontal lobes, frontal white matter (left and right).
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Table 5
Subgroup Analyses for FA in combined ROIs.

95% Confidence Interval

Nstudies g Lower Upper VA Test of Homogeneity

Polysubstance Abuse Included 5 -0.32 —0.58 -0.07 —2.48* x2 (4) = 7.94 (ns)
Polysubstance Abuse Excluded 6 —0.41 —0.64 -0.18 —3.45* x2 (5) = 7.32 (ns)

Polysubstance Overall Between xZ (1) = 0.07 (ns)
Random Effects

Cocaine Use 5 -0.37 -0.79 0.05 -1.74 x2 (4) = 9.95%

Methamphetamine Use 5 —-0.32 —-0.57 —0.07 —2.49 x2 (4) = 2.65 (ns)
Fixed Effects

Cocaine Use 5 —0.34 —0.60 —0.08 —2.58*

Methamphetamine Use 5 —-0.32 -0.57 -0.07 —2.49*

Stimulant Type Overall Between

%2 (1) = 0.04 (ns)

integrity. Indeed, changes in FA and RD values can reflect alterations in
astrocyte and oligodendrocyte structure (Budde et al., 2011; Franklin
and Ffrench-Constant, 2017). The foregoing suppositions will require
confirmation via more extensive and systematic investigation, including
preclinical, in vitro, and post-mortem research.

Several limitations were evident in the present study. First, the
overall effect size was derived from a small group of studies (n = 11),
which was particularly concerning for the exploratory subgroup ana-
lyses. This small number of studies hinders the generality of conclusions
that may reasonably be drawn and calls for further work in this area.
Furthermore, some factors were considered for separate analysis but
were not clear across studies and thus remain unanswered, such as the
relative contribution of HIV. The authors therefore decided to include
groups within studies that best matched the comparisons of interest, but
this may have introduced potential sources of heterogeneity. While
acute effects of psychostimulants are unknown and not well-established
in white matter disruption, information regarding the timing of each
scan in proximity to substance use may have also contributed to the
study as a covariate in the analyses. Future studies should include data
regarding prior use in order to rule-out acute effects as a possible
moderator. Finally, a conservative approach to defining regions of in-
terest was taken in the present study, which limited white matter re-
gions to association and callosal fibers. Other regions, such as those in
areas of the limbic system and projection fibers, may be relevant.
However, these were beyond the scope of the present study due to
considerable variability identifying particular regions and in data re-
porting practices across studies.

Because WM integrity is critical for efficient cognitive functioning,
it is likely that WM abnormalities account in part for the cognitive
impairments observed in chronic stimulant using individuals. In CO or
MA use disorder, WM integrity has been associated with performance

on attention, working memory, and impulse control tasks, with greater
impairment predicting worse treatment outcome (Lane et al., 2010;
Moeller et al., 2005; Xu et al., 2010). As such, pharmacological inter-
ventions with cognitive-enhancing effects have been recommended to
improve response to treatment (Sofuoglu, 2010). None of the candidate
medications tested to date have targeted WM structure, with one ex-
ception. In a recent proof-of-concept study we found that the activation
of peroxisome proliferator-activated receptor gamma (PPAR-y) by
pioglitazone resulted in measurable improvement (pre-to-post treat-
ment changes) in WM integrity (FA values) compared to no change with
placebo (Schmitz et al., 2017). Pioglitazone, as well as other novel anti-
inflammatory and neuroprotective agents, e.g., ibudilast (Ray et al.,
2017), merit further investigation given their potential to enhance WM
integrity as a target for improving treatment outcome. Cognitive en-
hancement may show promise irrespective of whether the source of
white matter impairment was directly due to drug-induced neurotoxi-
city or other factors. Indeed, most structural brain changes related to
substance use are likely due to a confluence of factors that accompany a
substance abusing lifestyle (Tannous et al., 2019).

In conclusion, the present study supports existing research re-
garding the association between stimulant use disorder and decline in
WM integrity observed in callosal and association fibers. Further sum-
mative research on WM tracts and whole-brain WM integrity is war-
ranted.
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