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ABSTRACT

Diffusion tensor imaging studies have provided evidence for white matter (WM) alterations in cocaine users. While
polysubstance use is a widespread phenomenon among cocaine users, its role in WM alterations in cocaine users is
currently unknown. This study examined the relation between the number of substances that are used(cocaine, alco-
hol and marijuana) and WM alterations in 67 male non-drug users and 67 male regular cocaine users, who were clas-
sified into five groups based on the number of used substances. Diffusion-weighted images were acquired on a 3.0 T
magnetic resonance imaging scanner. Using tract-based spatial statistics we demonstrated that there was a negative
relation between the number of used substances and fractional anisotropy, a global measure of WM integrity. Also,
we demonstrated a positive relation between the number of used substance and radial diffusivity within the prefrontal
lobe, suggesting an increase in demyelination with the number of used substances. We did not find a dose-effect be-
tween the level of substance use and WM alterations. The results of the current study may reflect the presence of a
pre-existing vulnerability to polysubstance use resulting from prefrontal WM abnormalities and related impaired cog-
nitive control although WM alterations because of polysubstance use cannot be fully excluded. This study is an impor-
tant first step in understanding the problems related to polysubstance use among cocaine users.

Keywords cocaine, DTI, polysubstance use, prefrontal cortex.

Correspondence to: Anne Marije Kaag, Department of Radiology, Z0-178 Academic Medical Centre, Meibergdreef 9, 1105 AZ, Amsterdam The
Netherlands. E-mail: amkaag@gmail.com

INTRODUCTION

Cocaine (ab)use is associated with neurotoxic molecular
and metabolic changes in the brain. The mechanism by
which cocaine may cause neural damage is suggested
to be complex and seems to involve interactions with
several neurotransmitter systems and modulation of
transcription factors (Pereira et al. 2015). Recent diffu-
sion tensor imaging (DTI) studies have demonstrated
cortical white matter (WM) alterations in cocaine users
(Lim et al. 2002, 2008; Moeller et al. 2005, 2007; Ma
et al. 2009; Lane et al. 2010; Romero et al. 2010).
However, while the majority of cocaine users are
polysubstance users, using more than one type of drug si-
multaneously or at different moments close in time,
mostly alcohol and cannabis (European Monitoring

Centre for Drugs and Drug Addiction 2009; Connor
et al. 2014), very little attention has been paid to the role
of polysubstance use in brain alterations in cocaine users.
There are several reasons for people to use multiple sub-
stances rather than a single substance, ranging from en-
hancing the effect of one substance on the central
nervous system to ameliorating the adverse effect of one
substance with another substance (Connor et al. 2014).
However, the use of different types of substances within
a short period of time, especially cocaine and alcohol
may also lead to more severe neurotoxic effects (Pereira
et al. 2015). In addition, polysubstance users are at ele-
vated risk of poor treatment outcome (Connor et al.
2014). Unfortunately, most DTI studies in cocaine users
failed to exclude or explore the effect of polysubstance
use within this population. Therefore, it is presently
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unknown to what extent WM alterations previously
demonstrated in cocaine users are related to cocaine
use per se or to polysubstance use within this population.

There are some studies on the effect of polysubstance
use in patients with an alcohol use disorder. In contrast
to their expectations, several of these studies showed that
heavy alcohol use, in combination with marijuana use
(Hamelink et al. 2005; Medina et al. 2007; Jacobus et al.
2009) or amphetamine use (Lawyer et al. 2010; Mon
et al. 2014) was related to fewer abnormalities in gray
and WM structures compared with heavy alcohol use
alone. Some of these studies postulate that the absence
of gray and WM alterations in alcohol users with co-
morbid marijuana use could be the result of the neuro-
protective properties of the cannabinoids in marijuana
(Hamelink et al. 2005), whereas others claim that gray
and WM alterations in polysubstance users might be
masked as a result of tissue inflammation and/or reactive
astrogliosis induced by amphetamines (Chang et al.
2007). In a recent study we demonstrated a similar at-
tenuating effect of marijuana use on cortical gray matter
abnormalities in cocaine users (Kaag et al. 2014). How-
ever, larger studies on polysubstance use in cocaine users
are currently lacking. Hence, it remains unclear whether
the number of other substances used by cocaine users is
associated with a linear increase in neurotoxicity, or that
other relations exist, including non-linear amplifications
or reductions of the harmful effects on brain structure
(O’Neill 2015).

In the current study we use DTI to investigate the re-
lation between polysubstance use and WM microstruc-
ture in two general population samples including 67
healthy non-drug (ND) users and 67 cocaine users, with
most of the latter group also using marijuana, large
amounts of alcohol or a combination of both. All subjects
were classified into groups based on their self-reported
substance use, resulting in six different groups including
non-substance users, light drinkers, cocaine users, co-
caine users who also use marijuana, cocaine users who
use large amounts of alcohol and cocaine users who
use both marijuana and large amounts of alcohol.

Three different relationships between the number of
substances that were consumed and WM alterations
can be hypothesized: First, we can hypothesize that the
negative effects of alcohol and/or marijuana use in addi-
tion to cocaine use will simply add up, resulting in a lin-
ear relation between the number of substances used and
the loss in WM integrity. Second, if the negative effects of
using cocaine are amplified or attenuated by the use of al-
cohol and/or marijuana, we expect an exponential rela-
tionship between the number of substances used and
the loss of WM integrity. These models were used to in-
vestigate the relationship between poly-substance use
and total fractional anisotropy (FA) across the whole

brain. In addition we performed, voxel-wise analyses
using tract-based spatial statistics (TBSS) to test for re-
gional specific effects of polysubstance on WM integrity.
Although FA is a frequently used measure for WM integ-
rity, being sensitive to several neural features including
axon size, density and myelination (Beaulieu 2002; Mori
& Zhang 2006; Wozniak & Lim 2006), it is not very spe-
cific. Therefore, we also investigated the relationship be-
tween polysubstance use and mean diffusivity (MD),
which can be decomposed in axial diffusivity (AD; a mea-
sure sensitive for axonal integrity and deletion), and ra-
dial diffusivity (RD; a measure sensitive for myelin
integrity) (Song et al. 2002, 2005; Sun et al. 2006). Fi-
nally, simple regression analyses were conducted to ex-
plore the dose–response relationship between the level
of substance use (cocaine, alcohol and marijuana) and
WM integrity.

METHODS

Participants

A total of 67 regular cocaine users and 67 ND users were
included in this study. All participants were males (aged
18–49) recruited through local advertisement in the
greater Amsterdam area, the Netherlands. All cocaine
users were actively using cocaine and currently non-
treatment seeking. Cocaine users were included when
using cocaine at least once per week for a minimum period
of 6months. All participants were psychiatrically evalu-
ated using the MINI International Neuropsychiatric Inter-
view (Sheehan et al. 1998). Exclusion criteria for all
participants were as follows: major medical or neurological
disease, lifetime history of psychotic or bipolar disorder or
the presence of a contraindication to magnetic resonance
imaging scanning and psychotropic medication use. Non-
drug using participants were also excluded if they used or
had been using illicit drugs, more than 21 units of alcohol
per week or nicotine. Alcohol, cocaine and cannabis use in
the 6months before study inclusion was quantified using
the timeline-follow back procedure (Sobell & Sobell
1992). We relied on self-reported measures of substance
use, for all the reported substances, including nicotine.

The study was approved by the Ethical Review Board
of the Academic Medical Centre of the University of
Amsterdam, the Netherlands. All subjects gave written
informed consent.

Characterization of polysubstance use severity

In accordance with previous literature, cocaine users
were classified as heavy alcohol users if they used at least
21 units of alcohol per week (i.e. Griffiths 1996) and as
marijuana users if they used marijuana at least once a
week (i.e. Medina et al. 2007; Buckner & Schmidt
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2008). Using these criteria we ended up with four differ-
ent subgroups of cocaine users: cocaine users who only
used cocaine (C, n=23), cocaine users who were heavy
alcohol users (CA, n=17), cocaine users who also used
marijuana (CM, n=13) and cocaine users who were both
heavy alcohol and marijuana users (CAM, n=14). The
majority of ND using participants were light alcohol
drinkers, i.e. less than 21 units of alcohol per week (ND,
n=57), but a small portion did not drink alcohol at all.
This last group of non-alcohol or drug users was consid-
ered as a separate group in the analysis (NAD, n=10).
Using this classification we ended up with six groups with
an increase in the number of substances that were used,
but matched on the use of other substance(s). Because
the majority of cocaine users also smoked nicotine,
whereas nicotine use was an exclusion criterion for the
ND users, classifying nicotine smokers in a separate
subgroup would result in too small groups. Therefore,
subgroups of smoking and non-smoking cocaine users
are missing in the current study. Because the CM and
CA group both use two types of substances, these groups
were considered as one group in all analyses. It should be
noted that we did not include a group of ‘pure’ heavy al-
cohol users. Substance use characteristics can be found
in Table 1.

Magnetic resonance imaging acquisition

Images were acquired on a 3 T whole body magnetic
resonance imaging scanner (Phillips Achieva), with a
32 channel SENSE head coil. Three-dimensional
T1-weighted images were acquired with the following
parameters: repetition time (TR) =8.24ms, echo time
(TE) = 3.79ms, flip angle=8°, slice thickness =1mm,
scan resolution=240mm×240mm, field-of-view
(FOV) (anterior–posterior/feet–head/right–left) = 240/
240/220mm and voxel size = 1mm. A single shot

diffusion-weighted imaging (DWI) recording was acquired
with the following parameters: TR=7542ms, TE=86ms,
number of slices=60, FOV=224×224×120, acquisition
matrix=112×112, slice thickness =2mm, along 32 gra-
dient directions, b=1000 second/mm2 with a non-
diffusion weighted baseline.

Image processing

The pre-processing of the DTI data was executed on the
Dutch Grid, using a web interface to the e-Bioinfra gate-
way (Olabarriaga et al. 2010; Shahand et al. 2011). Head
motion and deformations induced by eddy currents were
corrected for by an affine registration of the DTI data to
the non-diffusion weighted image. The gradient direc-
tions were corrected by the rotation component of the
transformation. The DWIs were resampled isotropically.
Rician noise in the DWIs was reduced by an adaptive
noise filtering method (Caan et al. 2010). Diffusion ten-
sors were estimated in a non-linear least squares sense.
Mean WM FA, AD, RD and MD were calculated.

Statistical analysis of diffusion measures

Univariate regression analysis was used to test the rela-
tion between mean FA and the number of substances
used, with age included as a covariate of non-interest.
To test whether the negative effect of the number of used
substances simply adds up, attenuates or amplifies the
negative effect of cocaine, one linear and two non-linear
models were tested: a linear decay model, a (slow) resil-
ient exponential decay models (EDM) and a (fast) sensi-
tive exponential decay model. In the (slow) resilient
EDM model, the WM damage because of the first one or
two substances of abuse is small, but this quickly (expo-
nentially) increases with the number of substances used.
In the (fast) sensitive EDM model, the WM damage

Table 1 Substance use characteristics

NAD ND C CA CM CAM

n=10 n=57 n=23 n=17 n=13 n= 14

Age 35.3 (8.9) 31.5 (8.3) 31.3 (7.2) 31.7 (6.8) 29.6 (6.6) 35.0 (9.4)
IQ 101 (9.11) 105 (8.40) 101 (8.10) 99 (11.24) 101 (7.23) 101 (7.44)
Units of alcohol per weeka — 3.8 (5.05) 9.7 (10.0) 47.4 (35.8) 8.8 (11.0) 36.9 (28.4)
Grams of cocaine per weekb — — 1.4 (1.2) 1.6 (1.4) 1.6 (1.5) 2.2 (1.7)
Occasions of marijuana use per weekc — — 0.0 (0.04) 0.0 (0.1) 6.9 (6.4) 9.7 (16.3)
Percent smokers 0 0 73.9% 70.6% 84.6% 100%
Number of cigarettes per day — — 13.5 (12) 20.0 (17.25) 15.0 (14) 16.3 (18.13)

All values represent mean ± standard deviation. NAD: no alcohol or drug use, ND: alcohol but no drug use, C: cocaine use, CA: cocaine and heavy al-
cohol use, CM: cocaine and marijuana use, CAM: cocaine, heavy alcohol and marijuana use. aND differed in alcohol use from all other groups, but as
intended, C and CM were matched on alcohol use. bGroup C, CA, CM and CAM were matched on cocaine and nicotine use. cGroup CM and CAM were
matched on marijuana use.
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because of the first one or two substances of abuse is al-
ready substantial, but this additional effect becomes
smaller (exponentially decrease) with the number of sub-
stances of abuse used. These models are described by the
following formula’s (Fig. 1a): y=�ax+ b for the linear
decay model, y=a�b * 2x for the slow resilient EMD
and y=�a+ b * 2�x for the fast sensitive EMD, and give
the contrast weights for each group, that were used in
the DTI analyses to test the relationship between the
number of substances that were used and WM integrity.
The x in these models represent the number of sub-
stances used, ranging from 0 for the NAD group, 1 for
the ND group, 2 for the C group, 3 for the CA and CM
group and 4 for the CAM group. In these formulas a
and b are constants that are chosen in such way that
the total contrast coefficient equals zero, resulting in
the following formulas: y=�x+ b for the linear mode,
y=1,55–0,25 * 2x for the slow resilient EDM and
y=�1,55+4 * 2�x for the fast sensitive EDM. For the lin-
ear model the resulting contrast weights (y values) were
2, 1, 0, �1 and �2; for the slow resilient EDM these y
values were 2.45, 0.45, �0.55, �1.05 and �1.3; and
for the fast sensitive EDM these y values were 1.3, 1.05,
0.55, �0.45 and �2.45 (Fig. 1b). The model with the
strongest effect size on mean diffusion measures was used
to test the relation between regional FA, MD, RD and AD
using TBSS. F-tests were applied to test for significant dif-
ferences between groups. Only in case of a significant
group effect, these F-tests were followed with a pair-wise
comparison between groups. Because cocaine use was

strongly confounded with nicotine use we could, how-
ever, not include nicotine use as a covariate in the analy-
sis, but the effects of the level of nicotine, alcohol, cocaine
and marijuana use on FA, MD, RD or AD was tested in
four regression analysis with age included as a covariate
of non-interest.

Voxel-wise statistical analysis of DTI data

Regional specific effects were tested using TBSS (Smith
et al. 2006) implemented in the FMRIB Software Library
4.1.6 (University of Oxford, Oxford, UK). All FA data were
then aligned into a common space using the nonlinear
registration tool FNIRT, which uses a b-spline representa-
tion of the registration warp field (Rueckert et al. 1999).
Subsequently, the mean FA image was created and skele-
tonized to create a mean FA skeleton, which represents
the centers of all tracts. Each subject’s aligned FA data
were then projected onto this skeleton, and the resulting
data fed into voxel-wise cross-subject statistics.

The model was assessed using Randomize, a TBSS sta-
tistical tool that computes non-parametric permutations
using the generalized linear model. Threshold-free cluster
enhancement was used to identify ‘clusters’ of significant
results in the dataset(Nichols & Ph 2010). The number of
permutations was set to 500 using age as a confound re-
gressor. Significance values were reported at p<0.05
with correction for false discovery rate (Zalesky 2011).
The principal WM tracts were derived from the John
Hopkins University WM probabilistic tractography and

Figure 1 (a) The models to test the
relation between the number of sub-
stances used and FA value. This plot
is a graphical illustration of the three
different models used to test the rela-
tion between the number of used
substances and FA value. The linear
decay model: y=�ax+ b, the slow
resilient exponential decay model:
y= a� bx and the fast sensitive expo-
nential decay model: y=�a+ b�x.
(b) The x in these formulas represent
the number of substances used
whereas the a and b values in these
formulas are constants that are cho-
sen in such way that the total contrast
coefficients (y) equal zero. The
resulting y-values were 2, 1, 0, �1
and �2 for the linear decay model,
2.45, 0.45, �0.55, �1.05 and �1.3
for the fast sensitive exponential de-
cay model and 1.3, 1.05, 0.55, �0.45
and �2.45 for the slow resilient ex-
ponential decay model
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ICBM–DTI �81 WM label atlases (Wakana et al. 2007;
Hua et al. 2008).

RESULTS

Substance use characteristics

All groups were of similar age (χ2 =4.1, p=0.53). While
there was a significant difference in alcohol consumption
between the ND using controls and both cocaine using
groups with moderate alcohol use (C and CM)
(χ2 = 22.1, p<0.001), there was no significant difference
in alcohol consumption between these two cocaine using
groups (χ2<0.001, p=0.99). There was no significant
difference in cocaine or nicotine consumption between
all four cocaine using groups (χ2= 3.9, p=0.27,
χ2 =4.2, p=0.239, respectively), nor did the CM and
CAM group differ in marijuana use (χ2 =1.5, p=0.26).
Thus, the classification of participants led to six different
groups that as intended differed with the previous group
in one substance but were relatively well matched on
other substance(s).

Relation between the number of substances used and
white matter diffusion measures

All three models that tested the relationship between FA
and the number of used substances were significant.
However, the linear model had the largest effect size
(F1,128 =6.86, p=0.01, partial η2 =0.051), the slow re-
silient exponential model had the smallest effect size
(F1,128 =5.92, p=0.02, partial η2 =0.040) and the effect
size of the fast sensitive model was in between the other
two effect sizes (F1,128 =6.40, p=0.02, partial
η2 =0.048). The linear model also showed a significant
relation between the number of substances used and ra-
dial diffusivity (F1,128 =4.07,p=0.046, η2 =0.031). The
model was non-significant for MD or AD.

Although the results suggest that the relation be-
tween the number of substances that were used and FA
value is best described by a linear model, the effect sizes
of the models are small and the difference between the
model fits of the three models is negligible. However, be-
cause there is no strong indication for a non-linear rela-
tionship between the number of used substances and FA
value, we used the linear model as the most parsimonious
one to present our results.

Relation between the number of substances used and
regional diffusion measures

Tract-based spatial statistics was used to test the linear
relation between the number of substances used and re-
gional deviations in FA value across the WM tracts. The
number of substances used showed a significant negative

linear relation with FA in the majority of WM tracts, in-
cluding the corpus callosum, the internal and external
capsule, the corona radiatia, the thalamic radiation, the
corticospinal tract, the cingulum (hippocampus and cin-
gulate gyrus), the forcepts major, the inferior fronto-
occipital fasciculus, the inferior longitudinal fasciculus,
the superior longitudinal fasciculus and the uncinated
fasciculus, all bilateral (Fig. 2).

The same linear model was used to test the regional
effect of polysubstance use on MD, RD and AD. The TBSS
analysis revealed a significant positive linear relation be-
tween the number of substances used and RD within
two clusters that included the anterior thalamic radia-
tion, the anterior and superior radiate, the cingulum,
the inferior fronto-occipital fasciculus, the superior longi-
tudinal fasciculus, uncinated fasciculus and the genu,
body and splenium of the corpus callosum. Similar to
our findings on total MD and AD, the TBSS analysis re-
vealed no significant linear relation between the number
of substances used and regional deviations in MD or AD.
There were no significant group differences on FA, RD,
MD or AD.

Relation between the levels of substance use and mean
diffusion measures

Four regression analysis were performed to explore the
relation between the level of nicotine, alcohol, cocaine
and cannabis use per week and FA, MD, RD or AD value,
with age included as a covariate of non-interest. None of
these analyses showed a significant relation between the
level of weekly nicotine, alcohol, cocaine or cannabis use,
corrected for the use of the other substances and FA, MD,
RD or AD, suggesting that there is no independent (lin-
ear) relation between the amount of one substance used
and WM integrity measures. This further emphasizes
that it is the number of substances used and not the level
of one substance used that is related to WM
abnormalities.

DISCUSSION

In this study we aimed to investigate the relation between
polysubstance use and WM integrity in general popula-
tion samples of ND users and regular cocaine users.
Based on their self-reported use of alcohol, cocaine and
marijuana, participants were categorized in one of six
groups ranging from a group that did not use alcohol or
drugs to a group that (ab)used cocaine, marijuana and
alcohol. It was found that FA, a global measure of WM in-
tegrity, decreased with the number of substance used. In
addition, TBSS analysis demonstrated that this negative
relation between FA and the number of substances used
was a widespread phenomenon throughout the brain. A
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similar TBSS analysis showed that there was a positive re-
lation between the number of substances used and RD, a
measure of demyelination, within the frontal WM,
whereas there were no significant relations between the
number of substances used and MD or AD. Finally, we
found that the level of use of the various substances
was not related to WM integrity.

Lower FAvalue is generally thought to reflect compro-
mised fiber tracts (Lim & Helpern 2002). Thus, the cur-
rent study suggests that WM integrity decreases with
the number of substances used. Whereas FA is a global
measure of WM integrity, which is highly sensitive to mi-
crostructural changes (Hasan et al. 2004), RD and AD
are assumed to be more specific markers for demyelin-
ation (RD) and axonal morphology (AD) (Gulani et al.
2001; Song et al. 2002, 2005).

The positive relationship between the number of sub-
stances used and RD, but not AD, suggest that alterations
in FA are assumed to be related to demyelination rather
than to axonal damage (Song et al. 2002), although in-
terpretations of DTI indices in terms of underlying neural
pathologies should be carried out with caution (Wheeler-
Kingshott & Cercignani 2009). While polysubstance use
was associated with smaller FA value across a wide range
of brain regions, polysubstance use was associated with
increases in RD only in the frontal regions of the brain.
Moreover, because RD has a much smaller signal-to-noise
ratio compared with FA (Hasan et al. 2004), this may
suggest that abnormalities in WM integrity related to
polysubstance use are largest within the prefrontal re-
gions, whereas changes in RD might be too small to be
detected in the other parts of the brain.

The current study is not the first to demonstrate WM
alterations in cocaine users, but it is, to our knowledge,
the first to demonstrate that there is a negative relation
between the number of other substances that are used by

cocaine users andWM integrity. Our results are in linewith
previous studies in cocaine users (Lim et al. 2002, 2008;
Moeller et al. 2005, 2007; Ma et al. 2009; Romero et al.
2010). While these studies claim that these WM alter-
ations are an important characteristic of cocaine use disor-
der, the results of the current study suggest that WM
alterations previously demonstrated within these popula-
tion are at least partly explained by polysubstance use
and not cocaine use per se.

In rats it has been demonstrated that cocaine expo-
sure induces increases in neuro-inflammation and a de-
crease in myelin and FA within the corpus callosum
(Narayana et al. 2009, 2014). It may therefore be specu-
lated that the negative relation between the number of
used substances and WM alterations is the result of a
similar process. However, the absence of any significant
relation between the level of substance use and diffusion
measures suggests that polysubstance use per se is not
the driving force behind the WM abnormalities in this
population of cocaine users. An alternative explanation
therefore could be that WM alterations represent a pre-
existing vulnerability to use multiple drugs. Support for
this statement comes from several DTI studies that dem-
onstrated WM alterations in non-affected siblings of
addicted individuals (Ersche et al. 2012) and subjects
with a family history of alcohol addiction (Herting et al.
2010). Thus, WM alterations in polysubstance users
may be a pre-existing vulnerability to deficient cognitive
control, resulting in (uncontrolled) polysubstance use.

The prefrontal cortex (specifically the orbital frontal
cortex) plays a critical part in addiction related behavior
such as drug-craving, impulsive-compulsive behavior
and impaired decision making (Crews & Boettiger
2009). Previous studies demonstrated that lower FA
and higher RD in cocaine users are both related to im-
pairments in decision-making (Lane et al. 2010) and

Figure 2 (a) The left figure displays
the wide range of brain regions that
show a negative linear relationship
between the number of substances
used and FA value. The plot on the
right displays the mean FA value
within the clusters that showed a sig-
nificant linear relation between the
number of substances used and FA
value. (b) The left figure displays the
prefrontal brain regions that show a
positive linear relationship between
the number of substance used and
RD value. The plot on the right dis-
plays the mean RD value within the
clusters that showed a significant lin-
ear relation between the number of
substances used and RD value
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shorter self-reported abstinence after treatment (Xu et al.
2010). Although the current study design does not allow
us to conclude that these WM alterations in polysubstance
users are a cause or a consequence of polysubstance use,
the finding of reduced WM integrity in cocaine users,
who also use other substances compared with cocaine
users who do not use other substances, could (partly) ex-
plain why treatment outcome is poorer in polysubstance
users compared with single substance users (Dutra et al.
2008; Connor et al. 2014), because reduced WM integrity
has been shown to be associated with early relapse in co-
caine use (Xu et al. 2010).

Here we demonstrated that there is a negative relation
between the number of used substances and WM alter-
ations. However, previous studies in alcohol users sug-
gested that co-morbid substance use is associated with
less abnormalities in gray and WM structure (Hamelink
et al. 2005; Medina et al. 2007; Jacobus et al. 2009;
Lawyer et al. 2010; Mon et al. 2014). There are two im-
portant differences between our study and these previous
studies in alcohol users that could explain these differ-
ences: first, we tested for a linear effect, whereas the other
studies tested for a group effect. Another important differ-
ence is that the previous studies compared only three
groups: ND users, users of one substance (alcohol) and
users of two substances (alcohol +marijuana or amphet-
amine), whereas we added two additional groups to this
comparison: non-alcohol or drug users and users of three
types of substances (alcohol, cocaine and marijuana).
Hence, this different methodological approach could ex-
plain why we did not find an attenuating effect of using
marijuana in addition to cocaine. Alternatively, it could
be that the added effect of polysubstance use on alcohol
use is different from the added effect of polysubstance use
on cocaine use. Therefore, we would like to stress the im-
portance of studying the effect of polysubstance use in dif-
ferent populations (e.g. cocaine users, alcohol users and
marijuana users) to further clarify the effect of using multi-
ple substances on WM integrity.

In the current study we collected DTI data of 67 ND
users and 67 regular cocaine users. This large population
enabled us to investigate the effect of polysubstance use
in a general population sample. While this is an impor-
tant strength of the current study, using a naturalistic de-
sign like this also has several limitations. First, individuals
were classified into groups based on the type and number
of substances used. These groups were assigned a value
that was used to calculate the contrast weights in the
analysis, ranging from 0 (no alcohol or drugs use to 3
(heavy alcohol, cocaine and marijuana use). According
to this classification, we assumed that the difference be-
tween not drinking alcohol at all and drinking less than
21 units of alcohol per week is similar to the difference
between drinking less than 21 units per week and

drinking less than 21 units per week in combination with
using cocaine. Thus, the nature of the relation between
the number of substances used and WM reductions could
have been affected by these assigned values. Related to
this, it should be noted that although the linear model
showed the strongest effect size, the effect sizes of the
three models were small and very similar. The conclusion
on the linear nature relation between polysubstance use
and WM integrity should therefore be taken with cau-
tion. Second, while we hoped that the different groups
would differ from each other only in one type of sub-
stance used, ND users used significantly less alcohol com-
pared with cocaine users. Third, it would have been more
sophisticated if we had included subgroups of non-
smokers, as none of the ND users smoked nicotine
whereas the majority of cocaine users smoked nicotine.
However, tobacco use was highly confounded with co-
caine use. Therefore, it was not useful to include cigarette
smokers with no other substance use as a separate group
in the analysis. Although we did not find a significant re-
lation between the number of cigarettes smoked and WM
measures, the percent smokers among cocaine users who
used both alcohol and marijuana was larger than among
cocaine users who did not use heavy alcohol or mari-
juana. Previous studies have demonstrated both in-
creases and decreases in FA related to smoking (Savjani
et al. 2014; Yu et al. 2015). Hence, it could be that the
use of cigarettes partly explains the relation between
polysubstance use and WM integrity. Fourth, the two ex-
treme groups (non-alcohol or drug users and cocaine
users also using heavy alcohol and marijuana) were rela-
tively small. However, the standard error of these mea-
sures was not larger within these groups compared
with the other groups, suggesting that these smaller
groups did not result in less reliable WM measures. Fifth,
visual inspection of the data seems to suggest that there is
a large difference between non-alcohol and drug users,
and moderate users of alcohol (3.8 units per week). How-
ever, the observed difference is not significant, and we
should be cautious with interpretations. Thus, although
Fig. 2 seems to suggest that even moderate alcohol is
strongly associated with a loss of WM integrity, it should
not be interpreted as a consequence of moderate alcohol
use, and it is also difficult to interpret it as some predis-
posing factors for moderate alcohol us. Future research
with larger samples are needed to explain this finding. Fi-
nally, because this study was aimed to investigate WM al-
terations in cocaine users, we did not include non-
cocaine using heavy alcohol users. Further research is
needed to investigate whether the relation between the
number of substance used and WM alterations also holds
in non-cocaine users.

In summary, this study demonstrated that there is a
negative relationship between the number of substances

White matter and cocaine use 7

© 2016 Society for the Study of Addiction Addiction Biology



used and WM alterations, mainly within the prefrontal
lobe. Because this region is involved in drug-craving,
impulsive–compulsive behavior and decision-making,
these results may explain some of the difficulties encoun-
tered in the treatment of polysubstance users. In addition
this study is an important first step in understanding how
certain substances interact on a neural level. Further re-
search is needed on the pathophysiology of these changes
and the potential relevance of these findings in the treat-
ment of polysubstance use.
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