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Abstract Adolescence is a unique period in neurodevelopment.
Dextromethorphan (DXM)-containing cough syrups are new ad-
dictive drugs used by adolescents and young adults. The effects
of chronic DXM abuse on neurodevelopment in adolescents and
young adults are still unknown. The aim of this study was to
investigate the differences in cortical thickness and subcortical
gray matter volumes between DXM-dependent adolescents and
young adults and healthy controls, and to explore relationships
between alternations in cortical thickness/subcortical volume and
DXM duration, initial age of DXM use, as well as impulsive
behavior in DXM-dependent adolescents and young adults.
Thirty-eight DXM-dependent adolescents and young adults
and 18 healthy controls underwent magnetic resonance imaging
scanning, and cortical thickness across the continuous cortical
surface was compared between the groups. Subcortical volumes
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were compared on a structure-by-structure basis. DXM-
dependent adolescents and young adults exhibited significantly
increased cortical thickness in the bilateral precuneus (PreC), left
dorsal lateral prefrontal cortex (DLPFC. L), left inferior parietal
lobe (IPL. L), right precentral gyrus (PreCG. R), right lateral
occipital cortex (LOC. R), right inferior temporal cortex (ITC.
R), right lateral orbitofrontal cortex (IOFC. R) and right trans-
verse temporal gyrus (TTG. R) (all p < 0.05, multiple comparison
corrected) and increased subcortical volumes of the right thala-
mus and right pallidum. There was a significant correlation be-
tween initial age of DXM use and cortical thickness of the
DLPFC. L and PreCG. R. A significant correlation was also
found between cortical thickness of the DLPFC. L and impulsive
behavior in patients. This was the first study to explore relation-
ships between cortical thickness/subcortical volume and impul-
sive behavior in adolescents dependent on DXM. These structur-
al changes might explain the neurobiological mechanism of im-
pulsive behavior in adolescent DXM users.

Keywords Dextromethorphan - Cough medicine -
Addiction - Cortical thickness - Impulsivity

Introduction

Adolescence is a unique period in neurodevelopment that in-
cludes synaptic refinement and myelination (Russell 1968).
While the developing brain may be more vulnerable to neuro-
toxic effects (Spear 2002), addiction during adolescence may
interrupt the natural course of brain maturation and key pro-
cesses of brain development. Dextromethorphan (DXM)/co-
deine-containing cough syrups have been used recently by
adolescents and young adults and have resulted in addiction
(Darboe et al. 1996; Miller 2005; Wu et al. 2016). Our previ-
ous studies have demonstrated white matter myelination
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dysplasia (Qiu et al. 2015) and orbitofrontal cortex neural cell
shrinkage (Qiu et al. 2014) in adolescents and young adults
addicted to codeine-containing cough syrups. However, the
effects of chronic DXM abuse on the neurodevelopment in
adolescents and young adults are still unknown.

Although there are no studies investigating the effects of
adolescent DXM abuse on gray matter development, previous
studies of adolescent addiction to other substances (or alcohol)
have presented inconsistent findings (De Bellis et al. 2005;
Medina et al. 2008; Medina et al. 2007; Squeglia et al.
2009). Heavy adolescent marijuana users have shown larger
posterior, prefrontal cortex, hippocampus, and global gray
matter volume than control subjects. Increased marijuana
use predicts increased volume and poorer verbal and attention
performance, which indicates that adolescent marijuana use
may subtly interfere with synaptic pruning processes,
resulting in larger gray matter volumes (Medina et al.
2008; Medina et al. 2007). However, studies have found
that heavy drinkers have smaller prefrontal cortical and
hippocampal volumes than non-drinkers. This was espe-
cially pronounced in females and might be attributed to
pathological processes involved in neuronal death or
atrophy (Squeglia et al. 2009). Whether and how ado-
lescent DXM abuse can affect neurodevelopment, espe-
cially the synaptic refinement is still unknown.

To address this question, we used high resolution structural
magnetic resonance imaging (MRI) and surface-based mor-
phometry analysis to investigate cortical and subcortical gray
matter changes related to DXM-containing cough syrup abuse
in adolescents and young adults. Given that synaptic pruning
is a hallmark of the brain transformations during adolescence
(Russell 1968), we hypothesized that adolescent DXM abuse
may interfere with the synaptic pruning process, which may
result in increased cortical thickness and subcortical gray mat-
ter volume. Because synaptic pruning occurs primarily in the
prefrontal and temporal cortex and in subcortical structures
such as the striatum, thalamus, and nucleus accumbens, with
frontal lobes being the final areas of the brain to complete
development during adolescence (Giedd 2004; Sowell et al.
1999), we expected cortical thickness changes mainly in these
regions, especially the prefrontal cortex. We also expected that
cortical thickness and subcortical volume would be related to
duration of DXM abuse, initial age of DXM use, as well as the
impulsivity behavior in DXM-dependent individuals.

Material and methods
Subjects
This prospective study was approved by the local ethics com-

mittee. After receiving a written and oral description of the
aim of this study, all participants gave written informed

consent statements before inclusion. Fifty-six right-handed
male volunteers, including 18 control subjects and 38 DXM-
dependent individuals participated in this study. All DXM-
dependent individuals were randomly selected from patients
seeking treatment at the Addiction Medicine Division of
Guangdong No.2 Provincial People’s Hospital. Patients were
screened based on the Diagnostic and Statistical Manual of
Mental Disorders (DSM-IV) criteria using medical history, a
urine test, and an interview. They regularly smoked cigarettes
and denied any use of other psychotropic agents in the month
prior to undergoing the MRI scan. Patients were excluded
from participation if they had any other history of substance
abuse. Inclusion criteria for the control subjects were lack of
diagnosis of substance abuse or dependence. Exclusion
criteria for all participants included neurological illness,
schizophrenia or bipolar disorder, prior significant head trau-
ma, positive HIV status, diabetes, hepatitis C, other major
medical illness and left-handedness.

Impulsivity assessment

Impulsivity was assessed using the Barratt Impulsiveness
Scale (BIS.11) (Patton et al. 1995), which is one of the oldest
and most widely used self-report measures of impulsive per-
sonality traits. It includes 30 items that are scored according to
the following 3 oblique factors: 1) attentional/cognitive impul-
sivity, which measures tolerance for cognitive complexity and
persistence, 2) motor impulsivity, which measures the tenden-
cy to act in the spur of the moment, and 3) non-planning
impulsivity, which measures the lack of sense of the future.
Items are rated from 1 (rarely/never) to 4 (almost always/al-
ways). To determine the overall impulsiveness scores, all
items were summed, with higher scores indicating greater im-
pulsivity (Patton et al. 1995). BIS.11 is a valid and reliable
instrument for healthy and psychiatric Chinese populations
(Yao et al. 2007).

MRI scanning

MRI data were obtained on a Philips Achieva 1.5 T Nova dual
MR scanner (Philips, Netherlands) using a 16-channel NV
coil in the Department of Medical Imaging, Guangdong
No.2 Provincial People’s Hospital. None of the subjects were
taking any medications at the time of the scans. Tight but
comfortable foam padding was used to minimize head motion,
and earplugs were used to reduce scanner noise. Sagittal
structural images (160 sagittal slices, TR = 25 ms,
TE = 4.1 ms, thickness = 1.0 mm, no gap, in-plane resolution
=231 x 232, FOV = 230 x 230 mm, flip angle =30°) were
acquired using a fast field echo (FFE) three-dimensional T1
weighted sequence.
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Data analysis

Prior to processing, all scans were visually examined by a
trained rater for motion artifacts or other distortions, and only
scans without visible distortion were included in the sample.

Cortical reconstruction and volumetric segmentation of the
whole brain were performed using the FreeSurfer software
package (Version 5.3.0, http://surfer.nmr.mgh.harvard.edu),
which is a widely documented and automated program for
reconstructing brain cortical surfaces (Fischl et al. 1999a;
Fischl et al. 1999b). The technical details of these procedures
have been described previously (Li et al. 2014). Briefly, we
processed the T1-weighted 3-dimensional brain structural im-
ages by removing the non-brain tissue, transforming the brain
into a Talairach-like space, and performing a segmentation to
obtain the brain gray and white matters. The boundary or
interface between the brain white and gray matters was tessel-
lated, and the topological defects in the gray-white estimate
were fixed automatically. After performing intensity normali-
zation and determining the transitions between the brain gray
matter and white matter, we identified the boundary between
the pia and gray matter by detecting the greatest shift in inten-
sity through cortical surface deformation. Thus, we produced
a linked mesh surface that was covered by the triangles. We
took each point shared by adjacent triangles on the cortical
surface as a vertex. For each subject, the entire cortex was then
visually inspected for any inaccuracies in segmentation and
manually corrected if necessary. Cortical thickness was mea-
sured as follows. We estimated the shortest distance between a
given point on the estimated pial surface and the gray-white
matter boundary and the shortest distance between a given
point on the gray-white matter boundary and the estimated
pial surface at each vertex. We then averaged these 2 values
to estimate the cortical thickness. The surface of the gray-
white matter boundary was inflated, and between-subject dif-
ferences in the cortical folding patterns of the gyri and sulci
were normalized. The reconstructed brain of each subject was
morphed and registered to an average spherical surface using a
spherical transformation. A thickness measurement at each
vertex on the cortical surface was mapped for each subject
on a common spherical coordinate system using a spherical
transformation. The normalized cortical thickness was
smoothed using a Gaussian kernel with a full-width-half-
maximum (FWHM) of 10 mm.

The subcortical volumes were obtained from the automated
procedure for volumetric measures of brain structures imple-
mented in Freesurfer. Twenty-seven volumetric measures
were investigated, and we extracted 7 subcortical structures
(accumbens, caudate, thalamus, pallidum, putamen, hippo-
campus, and amygdala) from each hemisphere. Reliability
studies on measuring cortical thickness and subcortical vol-
umes reported that within-scanner variability of cortical thick-
ness and subcortical volume measurements using Freesurfer
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were estimated to be <0.03 mm and 4.3 %, respectively (Han
et al. 2006; Jovicich et al. 2009).

Statistical analyses

Comparisons of demographics and clinical characteristics
Assumptions for normality were tested for all continuous var-
iables. Normality was tested using the Kolmogorov-Smirnov
test. All variables were normally distributed. Two-sample t-
tests were performed to assess differences in age, education,
cigarette smoking and impulsive behavior (BIS total scores,
attentional impulsivity scores, motor impulsivity score and
non-plan impulsivity scores) between the DMX-dependent
individuals and healthy control (HC) groups using SPSS
23.0. All statistical analyses had a two-tailed « level of
<0.05 for defining statistical significance.

Comparisons of brain morphometry For each vertex, a gen-
eral linear model (GLM) was used to detect significant differ-
ences in cortical thickness between the adolescent DXM
abusers and the HC using the QDEC utility. The left and right
hemispheres were analyzed separately. We regressed out the
effects of age, nicotine usage, education, and total intracranial
volume (TIV). A Monte Carlo simulation cluster analysis with
10,000 iterations and a cluster threshold of p < 0.05 was per-
formed to resolve the problem of multiple comparisons. Only
the surviving cluster is shown in this study.

The 7 subcortical structure volumes (i.€., accumubens, thal-
amus, caudate nucleus, putamen, pallidum, hippocampus, and
amygdala) were imported into the SPSS 23.0 software for sta-
tistical analyses. To assess group differences (adolescent DXM
abuse vs control) in volumes of subcortical structures, univari-
ate analysis with each volume of subcortical structures as de-
pendent variable, group as fixed factor and TIV, education,
nicotine usage, and age as nuisance variables was performed.
Results were reported at the significance level of p < 0.05 with
Bonferroni correction (7 structures x 2 hemispheres).

Association between brain measurements and clinical char-
acteristics: Based on the results of the vertex-wise analysis, we
estimated the partial correlations between the cortical thick-
ness of each significant cluster and the duration of DXM use,
initial age of DXM use, as well as impulsive behavior for the
DXM abuse participants. First, we determined significant
clusters on a statistical parametric map of the between-group
differences in cortical thickness, mapped each of these clusters
onto each individual cortical surface and extracted the mean
cortical thickness. Then, we used SPSS to calculate the partial
correlation between the mean cortical thickness of each sig-
nificant cluster and the duration of DXM use, initial of DXM
use and impulsive behavior while taking age, nicotine usage,
education, and TIV as covariates within the DXM-dependent
adolescents and young adults. In addition, we performed the
same correlation analysis (mean cortical thickness of each
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significant cluster and impulsive behavior) in the HC group.
Results were reported at the significance level of p < 0.05 with
Bonferroni correction.

In addition, regression analyses were performed to deter-
mine the contribution of clinical variables (duration of illness,
initial age of DXM use and impulsive behavior) to subcortical
structural volumes.

Results
Demographics and clinical characteristics

There were no significant differences in age, formal years of
education, or number of cigarettes smoked per day between
the DXM-dependent adolescents and young adults and the
HC groups. The mean duration of DXM use was 5.15 years,
and mean age of first use of DXM was 18.9 years (Table 1).
DXM-dependent adolescents and young adults had signifi-
cantly higher attentional impulsivity, motor impulsivity, non-
plan impulsivity, and total scores than the HC group (Fig. 1).

Increased cortical thickness in DXM-dependent
adolescents and young adults

We found significant increases in cortical thickness in 9 clus-
ters, 3 in the left hemisphere and 6 in the right hemisphere, in
the DXM-dependent adolescents and young adults compared
with the HC (p < 0.05, corrected, Table 2, Fig. 2). Figure 2
shows the location of these clusters on the cortical surface, and
Table 2 lists detailed information of these clusters. The clus-
ters with increased thickness were located primarily in the
bilateral precuneus (PreC. L and PreC. R), left dorsal lateral

prefrontal cortex (DLPFC. L), left inferior parietal lobe (IPL.
L), right lateral occipital cortex (LOC. R), right inferior tem-
poral cortex (ITC. R), right lateral orbitofrontal cortex (IOFC.
R), right transverse temporal gyrus (TTG. R) and right
precentral gyrus (PreCG. R).

Increased right thalamus and right pallidum volume
in DXM-dependent adolescents and young adults

DXM-dependent adolescents and young adults had signifi-
cantly increased right thalamus and right pallidum volume
compared with HC (Fig. 3). Other subcortical structures did
not show significant differences between the2 groups.

Cortical thickness correlated with initial age of DXM
use in patients

Pearson correlation analysis demonstrated significantly nega-
tive correlations between mean cortical thicknesses in the
DLPFC. L, PreCG. R and initial age of DXM use (Fig. 4),
and a significant positive correlation between mean cortical
thicknesses in the DLPFC. L and BIS total scores in DXM-
dependent adolescents and young adults (Fig. 5). Notably, we
also found a significant negative correlation between the thick-
ness in the DLPFC. L and the initial age of DXM use
(Supplementary Fig. 1), and a significant positive correlation
between the thickness in the DLPFC. L and the BIS total scores
(Supplementary Fig. 2) in the DXM-dependent adolescents and
young adults using a voxel-based manner (Supplementary
Figs. 1 and 2). However, we did not find significant correlations
between mean cortical thickness and the initial age of DXM use
or BIS total scores in the other clusters listed in Table 2. In
addition, we did not find significant correlations between

Table 1 Characteristics of

DXM-dependent adolescent and Characters DXM-dependent adolescents  healthy controls tvalue  p value

young adults and healthy controls and young adults (n = 38) (n=18)
Age(years) 23.7(2.63) 24.0(3.08) -1.358 0.178
Gender (Male/Female)® 38/0° 18/0° - -
Nicotine (no. cigarettes/day) 14.4(6.46) 12.4(6.11) 1.089 0.281
Handedness (R/L)° 38/0° 18/0° - -
Education (years) 13.84(2.94) 14.22(2.44) -0.476 0.636
Duration (years) 5.15(1.87) - - -
Initial age of DXM use 18.9(2.88) - - -
Mean dose (ml/day)° 481.1(380.9) - - -
Total intracranial volume 1.50E + 6(1.42E + 5) 1.51E+6(1.70E +5)  -1.697 0.094

(TIV, mm®)

Unless indicated otherwise, data are means (standard deviation)

Data are number of subjects

® Pearson Chi-Square test was used

¢ Mean dose of DXM-containing cough syrups
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Fig. 1 Impulsivity differences between DXM-dependent individuals and
healthy controls. DXM-dependent individuals had higher BIS total
scores, attentional impulsivity scores, motor impulsivity scores and
non-plan impulsivity scores than the control group. DXM,
Dextromethorphan. s ¢ Jd °> p < 0.01 (multiple comparison correction
with Bonferroni)

cortical thickness, subcortical volume and the duration of DXM
use as well as the BIS subscales in DXM-dependent adoles-
cents and young adults. Within the HC, we also did not find
significant correlations between the cortical thickness, subcor-
tical volume and impulsive behavior.

Discussion

Combining cortical thickness analysis and subcortical volume
measurement, our study mainly verified the following: 1) The
DXM-dependent adolescents and young adults had significantly
increased cortical thickness and increased subcortical gray matter

(right thalamus and right pallidum) volume compared with HC.
2) The cortical thicknesses of DLPFC. L and PreCG. R were
associated with the initial age of DXM use. 3) The cortical thick-
ness of DLPFC. L positively correlated with the BIS total scores
in DXM-dependent adolescents and young adults. Synaptic re-
finement is a hallmark of brain transformation during adoles-
cence and involves reductions of gray matter by eliminating
unnecessary neural connections (Gogtay et al. 2004). The in-
creased cortical thickness and subcortical volume observed in
the present study may represent unpruned synapses in adolescent
DXM addicts. Thus, we suggest that adolescent DXM use may
interfere with synaptic pruning processes, especially in the pre-
frontal and occipital cortices, right thalamus and pallidum.
Moreover, interruption of synaptic refinement may underlie im-
pulsive behavior and correlate with initial age of DXM use, with
greater impact when exposure occurs during early life.

We found significantly increased cortical thickness in 9
clusters, 3 in the left hemisphere and 6 in the right hemisphere,
in the DXM-dependent adolescents and young adults com-
pared with the HC (Fig. 1 and Table 2). These regions are
mainly located in the bilateral frontal and occipital lobes, es-
pecially in bilateral frontal cortices. We also found significant-
ly increased right thalamic and pallidum volumes in addicted
individuals compared with HC. These findings are consistent
with the fact that synaptic pruning occurs primarily in the
prefrontal and temporal cortices as well as in subcortical struc-
tures such as the striatum, thalamus, and nucleus accumbens,
with frontal lobes being the final areas of the brain to complete
development during adolescence (Gogtay et al. 2004).

The DLPFC is thought to play an important role in coding
external events into internal representations and volitional scan-
ning, which enables contents of consciousness to be selected
deliberately rather than reflexively, be they events in the environ-
ment (Mesulam 2002). The 10FC is involved in stimulus-
outcome associations and evaluation and possibly reversal of

Table 2  Clusters showing significantly changed cortical thickness in the DXM-dependent adolescent and young adults (Patients) compared with the

healthy controls (Controls)

Hemispheres Brain Regions Cluster Size Mean thickness (SD) Talairach coordinates x,y,z CWwpP
Patients Controls

LH Precuneus 3451.89 1.97 (0.26) 1.69 (0.24) -10.1,-58.6,43.9 0.00010
Inferior parietal 3348.95 1.80 (0.25) 1.56 (0.23) -37.5,-83.3,12.9 0.00010
Pars triangularis 5007.66 1.79 (0.24) 1.55(0.22) -45.1,32.3,-3.2 0.00010

RH Precentral 2240.54 1.71 (0.28) 1.43 (0.16) 58.4,3.3,23 0.00070
Lateral occipital 3027.45 1.81 (0.28) 1.56 (0.15) 26.8,-87.5,11.3 0.00010
Inferior temporal 1977.74 2.11 (0.30) 1.85(0.27) 44.2,-38.6,-13.4 0.00200
Lateral orbitofrontal 2514.02 2.19(0.33) 1.90 (0.27) 33.9,27.0,-7.3 0.00200
Transverse temporal 1253.11 2.15(0.45) 1.79 (0.42) 35.8,-26.6,11.5 0.04680
Precuneus 1614.90 1.93 (0.37) 1.60 (0.35) 12.4,-59.8,28.1 0.00970

LH (RH), left (right) hemisphere; SD, standard deviation; CWP: p-value of the cluster (cluster-wise p-value)
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Fig. 2 Cross-cohort comparisons of cortical thickness between DXM-
dependent adolescents and young adults and healthy controls. Controlling
for age, education, total intracranial volume and nicotine usage, DXM-
dependent individuals had significantly increased cortical thickness in the
bilateral precuneus (PreC. L and PreC. R), left dorsal lateral prefrontal

behavior (Walton et al. 2010). Both regions have been implicated
in drug addiction in previous studies. Studies have demonstrated
that addicts have lower gray matter volume/density (Alia-Klein
et al. 2011; Filbey et al. 2014; Gallinat et al. 2006; Qiu et al.
2013) and lower cortical thickness (Makris et al. 2008) in the
DLPFC and 10FC compared with control subjects, which may
be attributed to neural cell death or shrinkage. In adolescent
addicts, some studies showed reduced gray matter volume or
cortical thickness in the DLPFC (Medina et al. 2008), IOFC
(Yuan et al. 2013), while others showed opposite changes
(Kuhn et al. 2014). This disparity may be due to the following:
1) Different addictive substances may have diverse neurotoxic
effects. Some may lead to neural cell death and shrinkage (Crews
et al. 2000), while others may interfere with synaptic refinement
(Medina et al. 2007; Squeglia et al. 2009). 2) Addiction effects on
the brain may have a nonlinear trajectory. For example, marijua-
na use during adolescence increases the size of the hippocampus

1.E4 *

H

8.E3

6.E3 —

4.E3

THAL.R Volume(mm3)

2.E3

0.E0 -

T
Control DXM-dependent

individuals
Fig. 3 Increased right thalamus and right pallidum volume in DXM-
dependent adolescents and young adults compared with controls. Controlling
for age, education, nicotine usage and total intracranial volume (TIV), DXM-
dependent adolescents and young adults had significantly increased right

cortex (DLPFC. L), left inferior parietal lobe (IPL. L), right lateral
occipital cortex (LOC. R), right inferior temporal cortex (ITC. R), right
lateral orbitofrontal cortex (IOFC. R), right transverse temporal gyrus
(TTG. R) and right precentral gyrus (PreCG. R). Color bars indicate the
T value. (p < 0.05, Alphasim corrected)

(Squeglia et al. 2009). However, after long-term heavy marijuana
use, the size of the hippocampus eventually decreases by 12 %
(Yiicel et al. 2008). In the present study, we found significantly
increased cortical thickness in the left DLPFC and the right
IOFC, which may represent interference with neural refinement
in DXM-dependent adolescents and young adults at this partic-
ular stage. However, the long-term effects of DXM abuse must
be clarified in a longitudinal follow-up.

We also found an increased volume in the right thalamus and
right pallidum in DXM addicts. The thalamus and pallidum play
vital roles in substance addiction. The thalamus receives input
from the prefrontal cortex and the limbic system and in tumn
relays signals to the prefrontal association cortex. As a result, it
plays a crucial role in attention, planning, decision-making, or-
ganization, abstract thinking, multitasking, and active memory
(Alcaraz et al. 2015). The pallidum is a brain region reciprocally
innervated by the ventral tegmental area and the nucleus

2.E3 * T
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o ]
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o
>
©
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3 5.E2
K
o
0.E0 T
Control DXM-dependent

individuals

thalamus and right pallidum volumes compared with healthy controls.
DXM, Dextromethorphan; R, right; THAL, thalamus. ¢ % denote p < 0.05
(multiple comparison correction with Bonferroni)
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Fig. 4 Cortical thickness of the DLPFC. L and the PreCG. R correlated
with the age of initial DXM use in DXM-dependent adolescents and
young adults. Pearson correlation analysis demonstrated significant

accumbens, and it is a critical mediator of drug-induced behav-
ioral sensitization. The ventral pallidum is also a central conver-
gent point for input from the orbitofrontal, prefrontal and
infralimbic cortices, the amygdala, the lateral hypothalamus,
the ventral tegmental area, the parabrachial nucleus, the subtha-
lamic nucleus, and other structures related to reward (Mickiewicz
et al. 2009). The thalamus and pallidum are subcortical gray
matters frequently reported to show structural abnormalities in
addicts. However, the findings have been inconsistent across
studies. Increased thalamic gray matter volume and fractional
anisotropy (FA) have been reported in adolescents and young
adults addicted to online games, and the increase in thalamic
FA was shown to correlate positively with Young’s Internet
Addiction Scale (YIAS) scores (Dong et al. 2012; Han et al.
2012). While reduced thalamic gray matter volume was reported
in heroin dependent individuals, thalamic gray matter was signif-
icantly influenced by alcohol use (Reid et al. 2008). Consistent
with previous studies on adolescents addicted to online games,
our finding also revealed significant increases in right thalamic
and right pallidum gray matter volume in adolescents and young
adults addicted to DXM, which may represent unpruned synap-
sis in these regions. Unpruned synapses in the DLPFC and
pallidum are also consistent with the addition model of impaired

85—
o
75— O °5
S10- g o O GEO
® o) ©
mes| O O
60— O r=0.558, p=0.000

[ I [ I [ I
1.4 16 18 20 22 24

Thickness of DLPFC.L
Fig. 5 Cortical thicknesses in the left DLPFC correlated with BIS total
scores in DXM-dependent adolescents and young adults. There was a
significant positive correlation between mean cortical thicknesses in the
DLPFC. L and BIS total scores in DXM-dependent adolescents and
young adults
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negative correlations between cortical thicknesses of the DLPFC. L a,
the PreCG. R b and age of initial DXM use in DXM-dependent
adolescents and young adults.

response inhibition and salience attribution (I-RISA) (Goldstein
and Volkow 2011). In this model, balances between the prefron-
tal cortex, such as the DLPFC involved in higher-order control,
and subcortical structures such as the striatum involved in more
automatic emotion-related processes, are impaired. Thus, the un-
pruned synapses in these regions may represent an imbalance of
cognitive control and emotional processes, which fits well with
the I-RISA model.

Interestingly, we found a significantly negative correlation
between the thickness of the DLPFC. L, PreCG. R and the
initial age of DXM use, which means that DXM use at a youn-
ger age leads to thicker DLPFC and PreCG. It also suggests a
greater impact when exposure occurs early in life. This finding
may demonstrate that young adolescents are more prone to the
deleterious effects of DXM use. We also found a positive cor-
relation between thicknesses of DLPFC. L and BIS total scores
in adolescent and young adult DXM abusers, which means that
increased thickness of the DLPFC. L is associated with higher
impulsivity of the DXM abuser. This finding is consistent with
arecent study of healthy young adults, which demonstrated that
reductions in both gray matter volume and cortical folding in
the ventromedial PFC, ventrolateral PFC, and DLPFC predict-
ed better common executive function, shifting-specific, and
updating-specific performance, respectively (Smolker et al.
2014). This correlation is also in agreement with a study related
to training with a commercial video game, which revealed that a
video gaming training group that was trained for 2 months for at
least 30 min per day with a platform game had significantly
increased gray matter volume in the right hippocampal forma-
tion, right DLPFC and bilateral cerebellum relative to control
subjects. Furthermore, they found that gray matter increases in
the hippocampus and DLPFC correlated with participants’ de-
sire for video gaming, which suggests that volume change plays
a role in predicting desire (Kuhn et al. 2014).

Limitations

We acknowledge that our present study has several limita-
tions. First, the present study is a cross-sectional case-control
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design study that revealed increased cortical thickness and
larger subcortical gray matter volume in adolescent and young
adult DXM addicts, but the trajectory of the DXM effects on
brain development is unclear. A longitudinal study is needed
to elucidate this issue. Second, the sample size is not large,
which may reduce the statistical power. Enrollment of more
subjects would resolve this issue. Third, the pathology-
imaging correlation is not clear, but we postulate that in-
creased cortical thickness and subcortical gray matter volume
is due to unpruned synapses. The exact pathological mecha-
nism should be verified in future animal model studies.
Fourth, we only enrolled male participants, so females must
be included in future studies to fully understand DXM effects
on brain development. Finally, we did not evaluate withdrawal
symptoms in the present study. Evidences from a previous
study showed that severity of opioid withdrawal correlated
with local and remote cortical functional connectivity
(Fingelkurts et al. 2007). Thus, potential effects of withdrawal
symptoms may exist in the present study.

Conclusion

This is the first study to demonstrate the structural alternations
in cortical and subcortical gray matter in DXM-dependent
adolescents and young adults. DXM-dependent adolescents
and young adults had increased cortical thickness of several
brain regions and larger subcortical gray matter volume of the
right thalamus and right pallidum. Increased cortical thickness
of the DLPFC. L and PreCG. R correlated with the age of
initial DXM use, and increased cortical thickness of the
DLPFC. L also correlated with the BIS total scores. These
findings provide novel insight into the impact of DXM on
brain structural alternations in adolescents and young adults.
Moreover, these findings may also provide targets for inter-
vention methods or medical treatments that restore the abnor-
mally thick regions to normal and potentially reduce symp-
toms or severity of addiction.
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