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Abstract
Objectives The study aimed to explore the effects of codeine-containing cough syrup (CCS) exposure on cortical morphology
and the relationship between cortical characteristics and CCS dependence.
Methods Cortical morphometry based on Computational Anatomy Toolbox (CAT12) was used to compare changes in sulcal
depth, gyrification, and cortical thickness of the cerebral cortex from 40 CCS users and 40 healthy controls (HCs) with two-
sample t tests (p < 0.05, multiple comparison corrected). Relationships between abnormal cortical morphological changes and the
duration of CCS use, impulsivity traits, and age of first use were investigated with correlation analysis (p < 0.05, uncorrected).
Results CCS users exhibited significantly increased sulcal depth in the bilateral insula, bilateral lingual, bilateral superior frontal,
right precuneus, and right middle frontal regions; increased gyrification in the right precentral cortex; and increased cortical
thickness in the bilateral precentral, bilateral precuneus, and right superior temporal cortices compared to HCs. In addition, we
found significant correlations between the bilateral insula, right superior frontal cortex, and right precentral gyrus and Barratt
Impulsiveness Scale (BIS) total scores.
Conclusions Chronic CCS abuse may be associated with aberrant sulcal depth, gyrification, and cortical thickness. These
morphological changes might serve as an underlying neurobiological mechanism of impulsive behavior in the CCS users.
Key Points
• Cortical morphological changes were detected in CCS users.
• Increased sulcal depth, gyrification, and cortical thickness of some regions were found in the CCS users.
• Positive correlations between cortical morphological changes and BIS total scores were identified.
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Abbreviations
BIS Barratt Impulsiveness Scale
CAT12 Computational Anatomy Toolbox
CCS Codeine-containing cough syrup
HCs Healthy controls
INS Insula
LING Lingual
MFC Middle frontal cortex
PBT Projection-based thickness

PCUN Precuneus
PFC Prefrontal cortex
PreCG Precentral gyrus
SFC Superior frontal cortex
STC Superior temporal cortex
TIV Total intracranial volume

Introduction

Codeine-containing cough syrup (CCS) is one of the most
wildly used opiates in the world [1, 2]. Although codeine is
less addictive than other opiates, long-term use can lead to
physical and psychological dependence [3]. Neuroimaging
studies showed that addiction can induce changes in brain
structure [4–8] and function [9–11]. Nevertheless, most of
these studies focused on the illicit drugs, such as heroin [8,
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11], marijuana [12, 13], and cocaine [14, 15], and limited
studies paid attention to the abuse of licit drugs, such as
CCS [16, 17], which can be easily accessed over the counter.
Previous studies have demonstrated abnormal white matter
integrity [16] and gray matter volume [18] in the CCS users.
However, neurobiological relationships of CCS abuse still re-
main enigmatic.

Most previous studies have analyzed regional alter-
ations within the brain gray matter volume or density
in addicts in response to drug use [4–8]. For example,
Lin et al [19] found lower gray matter volume over the
right dorsal lateral prefrontal cortex in heroin-dependent
men in comparison with the controls. Ersche et al [7]
investigated the cocaine-dependent individuals and re-
ported decreases of gray matter volume in the
orbitofrontal, cingulate, insular, temporoparietal, and
cerebellar cortex, and increases in the basal ganglia.
As for the CCS users, Qiu et al [18] found decreased
gray matter volume in the ventromedial prefrontal cor-
tex, which was also correlated with the Barratt
Impulsiveness Scale (BIS) total scores and the duration
of CCS use. However, whether and how CCS depen-
dence can affect cortical characteristics is still unknown.

Cortical characteristics, such as cortical thickness, local
gyrification index, and sulcal depth, have been shown to be
sensitive to normal aging [20], cognitive performance [21],
and pathological changes [22] and seem to reflect the archi-
tecture of the cerebral column [23]. Cortical morphometric
analysis might provide more precise information about under-
ling drug-related mechanisms. Several previous studies used
surface-based morphometry to assess cortical thickness and
found abnormalities in the brain structures of a variety of
substance users, such as heroin users [8], smokers [24, 25],
alcohol users [26, 27], and marijuana users [12, 26]. To the
best of our knowledge, very few studies have explored cortical
thickness abnormalities in CCS, except that Qiu et al [28]
reported cortical thickness alterations in the young adults
who were dependent on dextromethorphan-containing cough
syrups. Nevertheless, another two morphometric characteris-
tics, gyrification and sulcal depth, that are thought to be inde-
pendent of cortical thickness [29, 30] have never been ex-
plored in CCS users.

Therefore, the purposes of the present study were (1) to
perform a comprehensive analysis on the cortical morphology
of CCS users vs. matched healthy controls and (2) to investi-
gate the clinical significance between cortical characteristic’s
changes and clinical symptoms in the CCS users. Based on the
previous structural and functional studies of addiction, we
hypothesized that cortical morphometry would be altered in
some regions of the brain, especially in the regions responsible
for executive control. In addition, the cortical characteristics in
abnormal regions observed in CCS users may be correlated
with the impulsivity behavior.

Materials and methods

Participants

Forty CCS users (38 males, 2 females; mean age 24.13 years
± 3.16 years) were recruited from the Addiction Medicine
Division at Guangdong Second Provincial General Hospital.
Each of the CCS users was screened based on the Diagnostic
and Statistical Manual of Mental Disorders, 4th Edition
(DSM-IV) criteria to confirm the diagnosis of substance de-
pendence, along with a urine test and an interview conducted
by a clinical psychologist. Furthermore, none of the CCS
users had any known use of any other types of illicit drugs
and had drug treatments. We also recruited 40 age-, hand-, and
gender-matched healthy controls (HCs) (38 males, 2 females;
mean age 24.40 years ± 3.59 years) from the local community
by means of advertisements. Inclusion criteria for the control
subjects included lack of diagnosis of substance abuse or de-
pendence based on a clinical diagnosis and an interview.
Exclusion criteria for all participants were as follows: neuro-
logical illness, head injury, schizophrenia or affective disorder,
and other substance dependences. This study was approved by
the Ethics Committee of the Guangdong Second Provincial
General Hospital. Written informed consent was obtained
from all subjects.

Impulsivity assessment

To evaluate the impulsive personality traits, all participants
underwent BIS 11 before undergoing MRI. BIS 11 has three
oblique factors: attentional/cognitive, which measures tolera-
tion for cognitive complexity and persistence; motor, which
measures the tendency to act upon the spur of the moment;
and non-planning impulsivity, which measures the lack of
sense about the future. Items are rated from 1 (rarely/never)
to 4 (almost always/always), and the sum of all items stands
for overall impulsiveness. That is, the higher the scores, the
greater the impulsivity [31].

MRI scanning

MRI data were obtained on a Philips Achieva 1.5 T Nova
Dual MR scanner using a 16-channel NV coil in the
Department of Medical Imaging, Guangdong Second
Provincial General Hospital. Tight but comfortable foam pad-
ding was used to minimize head motion, and earplugs were
used to reduce scanner noise. Sagittal structural images [160
sagittal slices, repetition time (TR) = 25 ms, echo time (TE) =
4.1 ms, thickness = 1.0 mm, no gap, in-plane resolution =
231 × 232, field of view (FOV) = 230 mm× 230 mm, flip an-
gle = 30°] were acquired using a fast field echo (FFE) three-
dimensional T1-weighted sequence. All the CCS users were
scanned after 24–48 h from the last time of CCS use. After
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scanning, the patients were consulted, and it was determined
that none of them experience craving or withdrawal symptoms
during the MRI scanning.

Data processing

The surface analysis was conducted using the Computational
Anatomy Toolbox (CAT12) (http://dbm.neuro.uni-jena.de/
cat/) that provides a fully automated method to estimate
cortical thickness and the central surface of hemispheres
based on the projection-based thickness (PBT) method [32].
All images underwent automated segmentation to gray
matter (GM), white matter (WM), and cerebrospinal
fluid (CSF); affine registration to an MNI template space;
and subsequently, a nonlinear deformation. In the CAT12, a
new fully automated method allows cortical thickness to be
measured and the central surface to be reconstructed in a sin-
gle step [32]. The program uses tissue segmentation to esti-
mate the white matter distance and projects the local maxima
(which is equal to the cortical thickness) to other gray matter
voxels using a neighbor relationship that is described by the
white matter distance. This projection-based thicknessmethod
also includes partial volume correction, sulcal blurring, and
sulcal asymmetries without sulcus reconstruction. Newly cre-
ated images were smoothed with a 15 mm FWHM of
Gaussian smoothing kernel, and total intracranial volume
(TIV) was calculated. We extracted several additional mea-
sures for surface, such as gyrification index and sulcal depth.
Gyrification index is measured as a ratio of the external brain
surface with the outer surface excluding the sulci. Gyrification
index calculation was based on absolute mean curvature [33].
Square root–transformed sulcus depth was based on the
Euclidean distance between the central surface and its convex
hull. Transformation with square root function was used to
render the data more normally distributed.

In order to compare the difference in a measure of atrophy,
we calculated the relative alterations between brain volume
and intracranial volume using the following equation:

RA ¼ GMþWMð Þ= GMþWMþ CSFð Þ ð1Þ
where GM, WM, and CSF represent the volume of gray mat-
ter, white matter, and cerebrospinal fluid, respectively.

Statistical analyses

Two-sample t tests were performed to assess the differences in
age, education, impulsive behavior, and cigarette smoking,
and a chi-square test was used to assess the gender composi-
tion between the CCS users and HCs using SPSS 22.0.

The cortical morphometric maps on the left and right hemi-
spheres were separately statistically analyzed using two-
sample t tests including age, gender, nicotine usage, and

education as covariates. Correction for multiple comparisons
was performed using the cluster-level family-wise error
(FWE) method, resulting in a cluster defining threshold of a
p value equal to 0.001 and a corrected cluster significance of a
p value < 0.05. We also performed a mean cortical thickness
measure within the regions that show sulcal depth differences
between groups.

In addition, correlation analyses were performed between
the mean cortical characteristics of each significant cluster and
the duration of CCS use, impulsivity traits, age of first use, age
while taking, gender, nicotine usage, and education as covar-
iates (p < 0.05, uncorrected).

Results

Demographics and clinical characteristics

We found no significant differences in age, gender, education,
total intracranial volume, and cigarette smoking between the
CCS users and the HCs. The mean duration of CCS use was
5.21 years, and the mean age of first use of CCS was
18.9 years. We also observed that CCS users had significant
higher attentional impulsivity, motor impulsivity, non-plan
impulsivity, and BIS total scores than the HC group (Table 1).

Alterations of cortical morphology

Sulcal depth

We found significant increases in sulcal depth in seven clus-
ters in the CCS users compared to the HCs (p < 0.05, FWE
corrected; Table 2). Figure 1 shows the location of these clus-
ters on the cortical surface, and Table 2 lists the detailed in-
formation of these clusters, including left and right insula
(INS.L and INS.R, respectively), left and right lingual gyrus
(LING.L and LING.R, respectively), left and right superior
frontal cortex (SFC.L and SFC.R, respectively), right
precuneus (PCUN.R), and right middle frontal cortex
(MFC.R).

Gyrification index

We found a significant increase in the right precentral gyrus
(PreCG.R) in the CCS users compared to the HCs (Fig. 1,
Table 2).

Cortical thickness

We found significant increases in cortical thickness in five
clusters, which were primarily located in the bilateral
PreCG, bilateral PCUN, and the right superior temporal cortex
(STC.R) (Fig. 1, Table 2).
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However, there was no inter-group difference of cortical
thickness in the brain regions showing increased sulcal depth
after multiple comparison correction.

Correlation

Correlation analysis demonstrated significantly positive-
ly correlations between mean sulcal depth in the bilat-
eral INS (INS.R, r = 0.343; INS.L, r = 0.421) and SFC.R
(r = 0.352) and BIS total scores in CCS users (Fig. 2).
We also found a significant positive correlation between

the thickness in the PreCG.R (r = 0.340) and the BIS
total scores (Fig. 2). However, we did not find signifi-
cant correlations between mean cortical characteristics
and the initial age of CCS use or BIS total scores in
the other clusters listed in Table 2. In addition, we did
not find significant correlations between characteristics
and the duration of CCS use as well as the BIS sub-
scales in CCS users. Within the HC, we also did not
find significant correlations between the cortical charac-
teristics and impulsive behavior. Unfortunately, for any
region listed in Table 2, we found no significant

Table 1 Demographic and
clinical characteristics of the
codeine-containing cough syrup
(CCS) users and healthy controls
(HCs)

Characteristic CCS users (n = 40) HCs (n = 40) p value

Age (years) 24.13 ± 3.16 24.40 ± 3.59 0.16

Gender (female/male) 2/38 2/38 1

Education (years) 12.38 ± 3.14 12.13 ± 3.10 0.57

Total intracranial volume (cm3) 1551.65 ± 141.38 1419.89 ± 138.22 0.92

Atrophy measure (%) 83.81 ± 2.12 83.23 ± 2.67 0.24

Nicotine (no. of cigarettes/day) 16.53 ± 8.01 15.88 ± 9.12 0.54

Age of first use of cough syrups 18.9 ± 3.25

Cough syrup use (years) 5.21 ± 1.71 (range 1–8) NA –

Mean dose (mL/day) 420.50 ± 334.37 (range 60–1800) NA –

BIS total scores 72.00 ± 5.14 55.35 ± 2.97 0.001

Attentional impulsivity 19.48 ± 3.25 16.55 ± 1.88 0.039

Motor impulsivity 22.60 ± 1.87 18.90 ± 2.73 0.010

Non-plan impulsivity 29.90 ± 2.85 19.90 ± 1.72 0.002

Table 2 Clusters showing
significantly changed cortical
morphology in the codeine-
containing cough syrup (CCS)
users compared to the healthy
controls (HCs)

Hemispheres/cortical morphology Brain regions Cluster size T value MNI

X Y Z

Sulcal depth

LH Insula 18,070 8.7 − 35 − 9 14

Lingual 2934 4.2 − 11 − 68 2

Superior frontal 433 4.5 − 7 49 14

RH Insula 12,187 8.4 36 − 19 15

Lingual 3202 5.9 20 − 55 − 1
Precuneus 975 4.8 11 − 52 30

Superior frontal 637 3.8 7 64 17

Rostral middle frontal 393 5.0 36 52 10

Gyrification

RH Precentral 625 4.6 38 − 20 64

Cortical thickness

LH Precentral 5198 6.2 − 37 − 14 46

Precuneus 900 5.0 − 13 − 67 12

RH Precentral 3119 4.9 35 − 23 46

Superior temporal 1058 4.8 57 − 15 7

Precuneus 868 4.5 7 − 61 19

LH left hemisphere, RH right hemisphere
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correlations between the mean cortical characteristics
and the BIS total scores when we performed the multi-
ple comparison correction.

Discussion

In the current study, cortical morphometry based on CAT12
was applied to quantify the sulcal depth, gyrification, and
cortical thickness in the codeine-containing cough syrup users
compared to healthy controls. We found abnormal changes in
cortical morphology in the CCS users in clusters primarily
located in the frontal and temporal cortices as well as in the
insula (Fig. 1). In addition, we also observed positive correla-
tions between the mean sulcal depth/cortical thickness with
BIS total scores.

We found significantly increased sulcal depth in the bilateral
SFC and MFC.R, which are located in the prefrontal cortex
(PFC) and belong to the cognitive control circuit of drug addic-
tion [34]. The circuit plays a vital role in the higher-order cog-
nitive function, including goal-directed attention [35, 36], deci-
sion [37, 38], and execution [39]. Previous neuroimaging stud-
ies in the drug addiction have revealed disruption across regions
of the control circuit [4, 5, 7, 8, 12, 18, 19]. Several fMRI studies
indicated that resting-state abnormalities of the prefrontal cortex
in the addicts were associated with the degree of cognitive im-
pairments [11, 40]. Brain morphological studies also revealed

abnormalities in the frontal cortex of drug users, which have
reported decreases in gray matter volume/density or in cortical
thickness of the PFC in addicts compared to control subjects [5,
8, 12, 24]. In the current study, despite no significant changes in
cortical thickness of the PFC, the increased cortical complexity
of sulcal depth may lead to controversial results in contrast to
previous studies. The discrepancy may be explained by two
ways. First, different substance dependencesmay induce diverse
neurotoxic effects on the cortex. Some may result in neural cell
death or shrinkage [41], while others may bring about synaptic
refinement [28, 42]. Previous studies have shown that drug tak-
ing plays a role in blocking the dopamine transporters (DATs) to
reinforce effects [17, 43, 44]. By blocking DATs, CCS increases
the concentration of DA in the synapse, enhancing its signal.
Synaptic refinement involves eliminating unnecessary neural
connections to reduce gray matter [45]. The increased concen-
tration of DA may interfere with synaptic pruning processes,
which may explain the increased cortical complexity of sulcal
depth in the CCS addicts [46, 17]. Second, altered developmen-
tal trajectory of the frontal cortex may attribute to the increases
in sulcal depth of the CCS abuse. Previous studies have shown
linear decreased gray matter in frontal regions with age from
adolescent to adulthood years [47–50]. The increased DA levels
induced by drug taking have an important role in coding reward
and prediction of reward [51]. What is more, the PFC has been
involved in processing the reward value of various stimuli [52].
Thus, our findings of abnormal cortical characteristics in the

Fig. 1 Clusters showing
statistically significant increases
between the codeine-containing
cough syrup (CCS) users and the
healthy controls (HCs) on sulcal
depth, gyrification, and cortical
thickness. LH, left hemisphere;
RH, right hemisphere
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PFC may be responsible for seeking rewards and the compul-
siveness of drug taking in CCS, which may disrupt the original
developmental trajectory. Combined with previous addictive
studies, our finding might indicate that the frontal cortex is sus-
ceptible to CCS dependence.

In this study, we also detected increases in cortical com-
plexity in the INS of the CCS users. Daglish et al [10] applied
the functional connectivity analysis and found abnormal brain
activation in the INS in opiate users while they were exposed
to environmental cues. Hester et al [53] studied chronic can-
nabis users with a Go/No-Go response inhibition task and also
found abnormal insula activity. Previous studies [54–56] sug-
gested that the INS plays a broader role in the interoception
and subjective feeling states that are usually changing with
satiety and with the top-down cognitive modulation of crav-
ings. A study of Contreras et al [57] inactivated the insular
cortex in amphetamine-experienced rats, which prevented the
urge to seek amphetamine in a place preference task. Naqvi
et al [58] also found that smokers with brain damage involving
the insula were more likely than smokers with brain damage

not involving the insula to undergo a disruption of smoking
addiction. Thus, we speculated that the increases of sulcal
depth in the INS may induce to more sensitively perceive
inner subjective feeling states of stimulation after drug intake,
leading to increased impulsivity in drug use [54]. In addition,
the INS, connected with precentral and temporal regions, be-
longs to the salience network [56]. Previous studies have sug-
gested the salience network played a role in dynamically con-
trolling changes of activity of other brain networks [59], and
in the integration of sensations, self-awareness, and informa-
tion which could contribute to how addicted individuals de-
cide about taking drugs [60, 61]. The increased changes in the
network might suggest that CCS abuse influences the
Bsalience^ processing, such as connection with cognitive con-
trol network [59]. Therefore, the increased cortical character-
istics (cortical thickness, gyrification, and sulcal depth) in the
insula and in the precentral and temporal cortices within sa-
lience network may cause CCS users to be unable to make
appropriate decisions to avoid of craving when exposed to
drug cues.

Fig. 2 Scatter plots of the mean sulcal depth of the clusters in the bilateral
insula (INS) and the right superior frontal cortex (SFC.R), and the mean
cortical thickness of the right precentral gyrus (PreCG.R) positively

correlated with the BIS total scores in the codeine-containing cough syrup
(CCS) users
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In addition, we also found increased cortical characteristics
(cortical thickness and sulcal depth) in the precuneus (extending
to cuneus) and lingual regions. Previous studies suggested that
the PCUN had been involved in visual processing and inhibitory
control [62]. The increased cortical thickness in the precuneus
observed in the present study is consistent with several previous
addictive studies [8, 28]. For example, in a study of heroin ad-
diction, researchers reported increased amplitude of low-
frequency fluctuation of the spontaneous neuronal activity in
the left precuneus compared to controls [63]. Another study of
active and abstinent marijuana users performed visual-attention
tasks and detected greater activation in various parietal and oc-
cipital regions, including the precuneus and lingual regions [64].
As for the morphometric studies, Lopez-Larson et al [12] inves-
tigated brain structural alterations in marijuana users and found
significantly increased cortical thickness in the lingual and tem-
poral regions. A study by our group about heroin-dependent
individuals has also reported increased cortical thickness in the
PCUN and LING regions [8]. Thus, the increased cortical char-
acteristics of the PCUN and LING regions may indicate the
presence of neuroadaptive processes in the brains of drug users.

In this study, we reported that the group difference in sulcal
depth was greater than that of cortical thickness. Previous
studies have indicated that sulcal depth is sensitive to cortical
atrophy and development [65–67]. For example, in mild cog-
nitive impairment, when detecting group differences between
control and patients, measuring the degree of sulcal widening
was more sensitive than cortical thickness [65]. In normal
aging, while cortical thickness undergoes relatively small
changes, the average span of sulcal spaces is greatly increased
[66, 67]. Thus, our finding of increased sulcal depth may also
prove the point that sulcal depth is a more sensitive measure of
function than cortical thickness.

We found that in the bilateral INS and SFC, the sulcal depth
was significantly positively correlated with BIS total scores,
and that in the PreCG.R, the cortical thickness was significant-
ly positively correlated with BIS total scores. That is, the in-
creased cortical characteristics of the INS, SFC, and PreCG
are associated with the higher impulsivity of the CCS use. The
study of Qiu et al [28] reported similar findings, which ana-
lyzed alterations in cortical thickness in adolescents and
young adults dependent on dextromethorphan-containing
cough syrups, and found a positive correlation between thick-
ness of the prefrontal cortex and BIS total scores. Therefore,
the correlations between cortical characteristics and BIS
scores may indicate that abnormalities in these brain regions
might be a major influencer in the craving of drug taking.
However, when multiple comparison correction had been per-
formed, no correlations remained significant. The possible
explanation is that the different severities of addiction among
abusers may contribute to the findings. The light or moderate
severity of CCS users may reduce the relationships between
the impulsive behaviors and cortical characteristics. Further

studies should pay more attention to the effects of classifica-
tion of severity on the brain structure.

This study has several limitations. First, because this was a
cross-sectional study, we cannot conclusively clarify the caus-
al relationship between cortical morphological differences and
CCS use. Second, most of the CCS users and healthy controls
in the present study also used nicotine, which may confound
the results, despite taking nicotine as a covariate in our anal-
ysis. In the future studies, we may need to recruit non-nicotine
users to exclude the possible effect. Third, we could not assess
the influence of severity of CCS use on the cortical morphol-
ogy, because we did not quantitatively measure them with
specific scales. This issue should be considered in the future
study. Last but not the least, the gender composition was im-
balanced. Although neuroimaging studies have investigated
gender effects on brain structure in drug users [13, 68], any
gender differences in the relationship between cortical mor-
phology and CCS use are worth further exploration.

Conclusion

In summary, this is one of the first studies to evaluate cortical
morphology with sulcal depth gyrification and cortical thickness
in CCS users compared to non-users. We detected alterations in
the cortical morphology of the prefrontal cortex (SFC and
MFC.R) and insula in CCS users, which may affect the capacity
of inhibitory control and self-interoception and contribute to con-
scious drug craving. We also found increased cortical character-
istics of the INS, SFC, and PreCG.R correlated with the BIS total
scores. These results may provide important information to neu-
rophysiological mechanisms of impulsive behavior in CCS
users.
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Methodology
• prospective
• cross-sectional study
• performed at one institution
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