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Reduced volume of the nucleus accumbens in heroin addiction
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Abstract The neural mechanisms of heroin addiction are
still incompletely understood, even though modern neu-
roimaging techniques offer insights into disease-related
changes in vivo. While changes on cortical structure have
been reported in heroin addiction, evidence from subcor-
tical areas remains underrepresented. Functional imaging
studies revealed that the brain reward system and particu-
larly the nucleus accumbens (NAcc) play a pivotal role
in the pathophysiology of drug addiction. The aim of this
study was to investigate whether there was a volume dif-
ference of the NAcc in heroin addiction in comparison to
healthy controls. A further aim was to correlate subcorti-
cal volumes with clinical measurements on negative affects
in addiction. Thirty heroin-dependent patients under
maintenance treatment with diacetylmorphine and twenty
healthy controls underwent structural MRI scanning at 3T.
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Subcortical segmentation analysis was performed using
FMRIB’s Integrated Registration and Segmentation Tool
function of FSL. The State—Trait Anxiety Inventory and the
Beck Depression Inventory were used to assess trait anxi-
ety and depressive symptoms, respectively. A decreased
volume of the left NAcc was observed in heroin-depend-
ent patients compared to healthy controls. Depression
score was negatively correlated with left NAcc volume in
patients, whereas a positive correlation was found between
the daily opioid dose and the volume of the right amygdala.
This study indicates that there might be structural differ-
ences of the NAcc in heroin-dependent patients in compari-
son with healthy controls. Furthermore, correlations of sub-
cortical structures with negative emotions and opioid doses
might be of future relevance for the investigation of heroin
addiction.
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Introduction

Drug addiction including heroin dependence was inves-
tigated in a number of neuroimaging studies, which have
repeatedly shown that drug-induced changes of brain struc-
ture and function have contributed to impairments in cog-
nitive and emotional processes [4, 10, 24]. The neurobiol-
ogy of disrupted self-control in drug dependence includes
especially the brain reward system [involving the nucleus
accumbens (NAcc), the pallidum and the striatum], but also
memory and learning (including the amygdala and hip-
pocampus), cognitive control [e.g. prefrontal cortex (PFC)
and dorsal anterior cingulate cortex (ACC)], and motiva-
tion/drive and salience evaluation [e.g. orbital frontal cortex
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(OFQ)]. Structural imaging studies related to heroin addic-
tion traditionally used voxel-based morphometry (VBM) in
the past. Liu et al. [21] published a VBM study, in which
heroin-dependent patients showed reduced grey matter
volumes in the right PFC, ACC and the left supplementary
motor area when compared to healthy controls. Further-
more, another VBM study demonstrated a correlation of the
duration of heroin use with decreased grey matter densities
in prefrontal, temporal and cingulate cortices [58]. A fur-
ther VBM study by Lyoo et al. [22] confirmed that opioid-
dependent subjects display grey matter decreases in pre-
frontal and temporal cortices. Of note, diffusion tensor and
multimodal imaging studies also showed changes in white
matter volumes of bilateral frontal sub-gyral regions, right
precentral and left cingulate, and interestingly, the extent
and severity of white matter integrity deficits in heroin
addiction have been associated with the length of heroin
dependency [20, 32, 40]. Functional MRI during the injec-
tion of diacetylmorphine resulted in a higher BOLD-activa-
tion in the OFC in comparison with the injection of placebo
in a recent study by our group [50]. Functional connec-
tivity and default mode network studies in chronic heroin
users showed increased functional connectivity between
the NAcc and the ventral/rostral ACC and OFC, respec-
tively, and between the amygdala and OFC, while reduced
functional connectivity have been observed between the
PFC and OFC and between the PFC and ACC [23, 24, 33,
56]. Although animal studies support the key role of the
NAcc in heroin addiction [16, 44], previous imaging stud-
ies using whole brain voxel-wise approaches such as VBM
to analyse structural MRI have failed to identify structural
changes in the NAcc. At least one multimodal neuroimag-
ing study revealed a decreased volume of the amygdala in
ten opioid-addicted patients in comparison with healthy
controls, but no change in the NAcc [46].

Recently, we have found that acute heroin injection
reduced negative emotions in heroin-dependent patients
[4], while it also attenuated the amygdala response to fear-
ful faces [39]. These studies might help to better under-
stand how prolonged drug-taking behaviour is maintained
through negative reinforcement mechanisms in anxious-
depressive heroin addicts. However, the influences of anxi-
ety and depression on structural brain changes in heroin
dependence remain unclear.

The crucial brain reward neurotransmitter activated by
addictive drugs is dopamine. Despite different mechanisms,
all abused drugs increase the dopamine transmission within
the NAcc [28].

Distinctive profiles of gene expression in the human
NAcc have been associated with heroin abuse [1]. Beneath
basic research on reward and the NAcc in addiction, recent
fMRI studies were able to demonstrate that craving cor-
related with the activation of the NAcc in heroin-addicted
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patients [17, 18]. In the present study, we aimed to examine
whether the volume of the NAcc differed between heroin-
dependent patients and healthy controls using an automatic
subcortical segmentation method.

Furthermore, we aimed to correlate subcortical volumes
with clinical scores on trait anxiety and depression to inves-
tigate pathophysiological relationships between subcortical
volumes, opioid doses and psychopathological hallmarks
of behaviour.

Methods

This study is a sub-analysis of a randomized, placebo-con-
trolled, crossover trial. Detailed information on the study
protocol and other analyses has already been published [11,
39, 50, 51]. After a detailed explanation of all study pro-
cedures, every subject provided written informed consent.
The study was approved by the local ethics committee,
and the study has been registered in http://clinicaltrials.gov
with the ID NCTO01174927. The study was carried out in
accordance with the declaration of Helsinki.

Participants

Thirty patients who met the DSM-IV diagnostic criteria
for opioid dependence were recruited from the Psychiatric
Hospital of the University of Basel (Switzerland). Partici-
pants were instructed to abstain from illicit drug use other
than prescribed heroin for the duration of the study, from
alcohol intake for 72 h and from tobacco consume for 2 h
before scanning. All participants were cigarette smokers.
Inclusion criteria were age older than 18 years, history of
intravenous heroin dependence, on current heroin-assisted
treatment for at least 6 months and unchanged dose dur-
ing the previous 3 months. Exclusion criteria were a posi-
tive alcohol breathalyzer test and severe additional physi-
cal, neurological or psychiatric disorder, including other
comorbid substance dependence. History of heroin and
other illicit substance use was assessed with the semi-struc-
tured interview according to ICD-10 criteria. All patients
had at least two in-patient detoxification treatments for
heroin dependence, an established opioid substitution, and
participated in the standardized heroin-assisted treatment
programme (JANUS, University of Basel, Switzerland).
This includes the prescription of diacetylmorphine and is
established for severe heroin dependence in Switzerland
and is proven to be effective [30]. The healthy controls
were screened using a semi-structured clinical interview to
exclude psychiatric or physical illness or a family history of
psychiatric illness. Controls that have ever used any other
illicit psychotropic drug other than cannabinoids or fulfilled
the criteria for alcohol dependence (who consumed >20 g
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alcohol per day) or who had any psychiatric, neurological
or severe medical illness history were also excluded. Can-
nabis and cocaine use was determined by urine test.
Controls were recruited from the general population by
advertisement in the same geographical area.

Image acquisition of MRI data

For anatomical imaging, a 3D T1-weighted MPRAGE
sequence was applied with 1 x 1 x 1 mm? isotropic resolu-
tion and with inversion time of 1,000 ms, repetition time
of 8 ms and echo time of 3.4 ms. We used a 3T scanner,
Siemens Magnetom Verio, Siemens Healthcare, Erlangen,
Germany. All scans were reviewed for significant radiologi-
cal abnormalities by an experienced neuroradiologist.

MRI data analysis, FSL/FIRST

Volumes of subcortical structures were estimated on 3D
T1-weighted images using FIRST, the FMRIB’s Inte-
grated Registration and Segmentation Tool function of FSL
(FMRIB Software Library) FSL/FIRST [7, 31]. FIRST
is implemented in the freely available FSL package [55]
and is a model-based automated registration/segmentation
tool based on a training set of 336 images. The segmenta-
tion model uses a Bayesian Appearance Model, based on
multivariate Gaussian assumptions, measuring the proba-
bilistic relationships between shape and grey matter inten-
sity and was recently developed for subcortical structural
volume analysis [31]. This method of automatic volumetry
has clear advantages compared to VBM and manual seg-
mentation. VBM has shown its value in comparing groups
of subjects in patterns of atrophy, but is prone to registra-
tion artefacts in the deep grey matter (DGM) [5]. Com-
pared to manual segmentation, FIRST has the advantage
that its segmentation is based on voxel intensities, while in
manual segmentation, the contrast differences can be dif-
ficult to detect visually. Furthermore, since an automatic
method is used, the researcher bias in segmentation is very
low [8]. Segmented structures via FIRST included: hip-
pocampus, amygdala, caudate, putamen, thalamus, NAcc,
the pallidum and the brainstem including fourth ventricle.
The deformable surfaces of deep GM structures were used
to automatically parameterize volumetric labels in terms
of meshes. The normalized intensities along the surface of
meshes were sampled and modelled. After the automated
segmentation by the software, the segmentations were visu-
ally checked one by one and confirmed for the proper seg-
mentation of all subcortical structures. An example of the
segmentation is presented in Fig. 1, showing representative
slices of the reported subcortical brain areas.

The absolute volumes of thalamus, hippocampus, amyg-
dala, caudate, putamen, pallidum and NAcc were then

estimated. Further, statistical comparisons between groups
were performed using SPSS software (IBM SPSS Statistics
for Windows, Version 19). The vertex-wise analysis was
conducted for the NAcc to detect differences on the shape
of the surface of the.

Moreover, the native brain volume (nBV) was computed
for each subjects using the high-resolution T1-weighted
images with the fully automated tool Structural Image
Evaluation using Normalization of Atrophy for cross-sec-
tional studies (SIENAX version 2.6) [41].

Clinical data assessments

The Beck Depression Inventory (BDI), a widely used
21-question multiple-choice self-report inventory, was
applied to assess depressive symptoms [2]. The BDI is
also proven to be valid in opioid addiction [13]. The Spiel-
berger State—Trait Anxiety Inventory (STAI) is one of the
most widely known self-report scales to measure anxiety
and has been used extensively in the past decades as a
research and clinical instrument [42]. The STAI consists
of two scales: one scale measures how one generally feels
(trait) and one scale measures how one feels at the moment
(state). The trait anxiety can be quantified as a compara-
tively stable personality trait and was performed in all sub-
jects. The daily dose of opioids has been registered from
the patients’ records. As some patients were on diacetyl-
morphine plus methadone or oral morphine, we translated
the doses in diacetylmorphine in accordance with estab-
lished clinical recommendations as used in other stud-
ies [47]. Craving was assessed using the 45-item Heroin
Craving Questionnaire [45] which measures positive and
negative aspects of craving on five theory-derived 9-item
scales. The corresponding scale measures the desire to use
heroin.

Statistics

Mean regional GM volumetric differences between the
study groups were investigated, using the Student’s ¢ test. A
p value <0.05 was considered to represent a significant dif-
ference. Moreover, an additional ANCOVA was performed
including age, gender, cocaine abuse and native brain vol-
ume as covariate. A rank analysis of covariates [35] was
performed when the statistical model did not meet the
assumptions for parametric ANCOVA.

Spearman rank correlation analysis was used to assess
the relationships between regional GM volumes and clini-
cal parameters such as daily opioid dose and BDI and STAI/
Trait anxiety scores. Correlation analysis was corrected for
multiple comparisons using Bonferroni correction. Twelve
correlation analyses were performed, and p < 0.0042 was
considered as p < 0.05, Bonferroni-corrected.
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Fig.1 Example of segmentation by FIRST analysis in a single sub-
ject (heroin-addicted patient). Slices are presented in radiological
convention showing the original T1 map and an overlay of segmented

Results

The main baseline characteristics of heroin-addicted
patients and healthy controls are summarized in Table 1.
Patients were aged 23-58 years (average age = 41.1,
SD = 6.4), and all patients had been in heroin-assisted
treatment for 6.7 years on average (SD = 4.5). Heroin-
maintained patients showed significantly higher STAI
and BDI scores than healthy controls. Whereas no
healthy control subject used cocaine, 53 % of patients
did.

@ Springer

structures from lower slices to more cranial slices from the left to the
right. Colours indicate the different structures: blue pallidum, green
thalamus, orange NAcc, light blue Ncl. Caudatus, purple putamen

FSL-FIRST analysis

Between-group comparison revealed a significant differ-
ence (p = 0.049) in the left NAcc with a decrease in the
volume in the group of heroin-addicted patients (patients:
458.9 + 81.8 mm?>, controls; 516.7 &+ 116.4 mm?). The
rank ANCOVA showed a significant difference in the
left NAcc as well (U = 131, p < 0.001). No significant
differences were found in other subcortical areas. The
vertex-wise shape analysis did not yield any significant
local shape differences in the NAcc. An example of the
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Table 1 Baseline data of
patients and control group:

Patients (N = 30) Controls (N = 20) ¢ test/p values

comparison by Student’s ¢ test

) Age mean (SD) 41.1 (6.4) 40.2 (10.9) n.s.

with p values Male:female ratio in % 70:30 70:30 n.s.
Duration of heroin addiction in years (SD) 20.7 (6.4) - -
Daily dose of diacetylmorphine in mg 325.3 (131.4) - -
Duration of maintenance with DAM in years (SD) 6.7 (4.5) - -
Smoking in % 100 100 n.s.
Number of cigarettes per day (SD) 20.4 (9.1) 11.5(8.2) <0.001
Use of alcohol in % 0 0 n.s.
Use of cannabinoids in % 30 25 n.s.
Use of cocaine in % 53 0 <0.001
STAI Trait score (SD) 42.9 (8.8) 31.6 (6.4) <0.001
STALI State score (SD) 42.6 (9.8) 32.9(8.5) =0.001
BDI (SD) 15.2(8.1) 2.2(2.8) <0.001
HCQ (desire to use heroin) 5.29 (1.32) - -
HCQ (intentions and plans to use heroin) 5.34 (1.01) - -
HCQ (anticipation of positive outcome) 5.37 (1.01) - -

SD standard deviation, STAI HCQ (relief from withdrawal/dysphoria) 4.91 (1.17) - -

State-Trait Anxiety Inventory, HCQ (lack of control over use) 4.93 (1.05) - -

BDI Becl.< D'epression Inventory, HCQ (lack of control over use) 4.93 (1.05) - -

n.s. not significant

Table 2 Correlation analysis in heroin-addicted patients with clinical data

Correlation parameter Amyg left NAcc left Amygright NAcc right
Daily dose of diacetylmorphine in mg  Corr. coefficient (Spearmen) p  0.535%¥ p =0.002 —0.108 0.101 —0.060
STAI-trait sumscore Corr. coefficient (Spearmen) p  0.109 —0.416 —0.191 —0.276

BDI Corr. coefficient (Spearmen) p  0.030

—0.525% p=0.003 —0.243 —0.231

Spearmen correlation was used

NAcc Nucleus accumbens; Amyg Amygdala; STAI State-Trait Anxiety Inventory; BDI Beck Depression Inventory

* Significant correlation (corrected for multiple comparison)

FIRST segmentation in a single patient is presented in
Fig. 1.

Correlation analysis

Significant correlations occurred between daily doses of
opioids and the volume of the left amygdala (p = 0.002),
and a significant negative correlation has been observed
between the left NAcc and the BDI (p = 0.003) in
patients, but not in healthy controls. The correlation
analysis between clinical parameters and subcortical
volumes of the amygdala and the NAcc can be reviewed
in Table 2. The corresponding graphs are displayed in
Fig. 2, showing only significant correlations in patients.
In healthy controls, no significant correlations have been
observed in our analysis. Correlation analysis with her-
oin craving questionnaire did not show any significant
correlations.

Discussion

To the best of our knowledge, this is the first study demon-
strating a structural volume decrease in the left NAcc in her-
oin-addicted patients compared with healthy controls using
the segmentation technique FIRST. The NAcc is part of the
reward circuitry involved in drug-seeking behaviours [7]. The
NAcc discriminates the motivational value of conditioned
stimuli, and it predetermines behaviour for unconditioned
stimuli, including the repeated use of addictive drugs [27]. In
contrast to a previous study showing reduced volume in the
bilateral amygdala in a small sample of ten opioid-dependent
patients [46], we found no significant changes in the amygdala
volume. The fact that we did not observe such differences in
the amygdala might be partly explained by differences in the
number of patients between the studies and the different kind
of diseases, which were investigated (heroin addiction versus
prescription opioid dependence). The volume reduction in the
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Fig. 2 Significant correlations (after correction for multiple comparisons) of volumes of the left NAcc and the left amygdala (y-axis) with clini-

cal parameters (x-axis) in patients with heroin addiction

left NAcc was not shown to be a matter of the surface/shape
as indicated by the shape analysis. The reason for that might
be either that the structure is too small to show significant dif-
ferences in the local shape or that the volume difference is not
based on volume loss on the surface but in the depth of the
NAcc. That could be a result of different binding densities of
mu-opioid receptors within the NAcc, which have been shown
to have a higher binding in the core of the NAcc and the dor-
somedial NAcc compared with the ventral NAcc shell [36].
In heroin addiction, reduced frontal and cingulate grey mat-
ter volumes were mostly reported in former VBM studies [19,
57]. Moreover, these volume reductions have been shown to
be correlated with impulsivity behaviour in heroin addiction
[34]. Some of the alterations observed in VBM studies even
seem to be reversible after abstinence [53]. It is imaginable
that the decrease observed in the NAcc in our study could be
a consequence of the chronic intake of opioids. From animal
studies, it is well known that morphine alters the structure of
neurons in the NAcc and neocortex: in rats, prior exposure to
morphine decreases the complexity of dendritic branching and
the number of dendritic spines on medium spiny neurons in
the shell of the NAcc and on pyramidal cells in the prefrontal
and parietal cortex [37]. In animal studies of other addictive
states, Wheeler et al. [54] reported in animal studies with mice
exposed to cocaine during adolescence a bilateral decrease in
the NAcc. A second hypothesis might be that the reduction in
the left NAcc is prior to the development of heroin addiction.
At least anhedonia has been linked to decreased NAcc vol-
umes [49] and deep brain stimulation of NAcc can decrease
ratings of anxiety and depression [3]. Therefore, increased
depression and anxiety might occur in humans with decreased
NAcc volumes, leading secondly to an increased risk of her-
oin consumption and higher doses of opioids. The interaction
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between addiction and depressive symptoms might be mainly
influenced by the reward system. In line with this hypothesis,
it has been shown that mood disorders are characterized in
part by profound deficits in reward-related behaviour. A recent
study has identified important structural and functional altera-
tions within the brain’s reward circuitry—particularly in the
ventral tegmental area—NAcc pathway—that are associated
with symptoms such as anhedonia and aberrant reward-associ-
ated perception and memory [38].

One could furthermore ask about the lateralization with
respect to the result of volume decrease in the left NAcc
presented in our study. This point is difficult to interpret,
but what is known from a clinical observational study in
China, which investigated physiological and psychological
reactions to electric stimulation of the amygdaloid nucleus
and the NAcc in heroin patients, is that stimulation of
either the amygdala or the NAcc induces euphoria similar
to heroin-induced euphoria, especially when the left amyg-
dala or left NAcc was stimulated [9]. This is in line with
our results, and we hypothesize that via chronic intake of
opioids, the “overstimulation” of the NAcc by exogenous
opioids could lead to a volume decrease starting in the
left NAcc. A more simple explanation of the lateralization
observed in our results might be an insufficient number of
subjects included. Given the fact that the NAcc is quite a
small structure and the variance in segmentation studies of
this structure is relatively broad [29] and from a statistically
point of view, it is imaginable that the observed effects in
our study might be even greater. In our correlation analy-
sis, we found that depression scores were negatively corre-
lated with left NAcc volume in patients, but not in healthy
controls, i.e. patients with depressive symptoms showed a
lower NAcc volume.
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We can argue that heroin-dependent patients with
depressive symptoms may use the drug mainly from nega-
tive reinforcement [39]. Negative reinforcement can be
defined as the process by which removal of an aversive
stimulus such as a negative emotional state increases the
probability of drug-taking behaviour [14]. We already
could demonstrate that acute heroin administration was
associated with reduced stress and negative emotions [39,
51, 52]. One could argue that the NAcc—characterized as a
key system in drug reward—is mainly involved in the posi-
tive reinforcement of drug-taking behaviour via a dopamine
increase in the NAcc [48]. Our results could contribute a
clinical marker to distinguish subgroups of patients by the
volume of the NAcc with respect to depressive symptoms.
This seems relevant as pheno- and genotyping of different
subtypes of heroin addiction and related behaviours have
recently attracted high attention [43]. Whether the nega-
tive correlation of the NAcc with depression we observed is
specific for heroin addiction or might be caused by depres-
sion itself without a relation to addiction must be investi-
gated. Numerous studies have shown no change in NAcc
volume in major depression [6, 12]. Both cited studies used
older classical semi-automatic and non-standardized volu-
metric approaches, and therefore, it is not easy to exclude
a methodological bias in these studies. But, interestingly,
functional activity of the NAcc (and the ventral striatum
as a whole) was shown to be reduced in major depressive
disorders [26]. One study investigated the influence of the
antidepressant duloxetine on subcortical volumes of first-
episode patients with major depressive disorder and panic
disorder and showed modest increases in volumes of the
bilateral NAcc amongst others [15]. Interestingly, we also
found a correlation between amygdala volume and the
injected heroin dose. This could also be interpreted in the
context of negative emotional processing in heroin depend-
ence. In a recent fMRI study, our group was also able to
demonstrate acute effects heroin on the amygdala activity
with negative emotional processing using response to fear-
ful faces [39]. Although we found no difference in the vol-
ume of the amygdala between patients and controls, one
might speculate that the correlation of absolute volume
of the amygdala with the injected heroin might be associ-
ated with increased anxiety, since increased volumes of the
amygdala have also been shown in anxiety disorders [25].

Limitations

There are some limitations that have to be considered in the
present study:

The major limitation of this study is that the result
of the FIRST analysis is statistically weak and will not
be significant after correction for multiple comparisons.

Nevertheless, in our opinion, this result is supported by for-
mer studies and hypotheses, which showed a key role of the
NAcc in heroin addiction. Therefore, our result could lead
future studies, which might be able to confirm the struc-
tural difference in the NAcc. Furthermore, the improve-
ment of subcortical segmentation tools will help to clarify
the results of our study in future.

Minor limitations of this study are that healthy controls
and patients may differ in several variables such as educa-
tional level, level of employment or polysubstance use such
as consumption of nicotine and cocaine, what may have led
to confounding our results. Even though we excluded patients
with additional psychiatric diagnoses, we cannot definitely
exclude that heroin-addicted patients might suffer from other
“sub-threshold symptoms” in detail depressive and anxiety
symptoms [4] which might lead to bias our results.

Moreover, our patients were recruited from a population
which mainly consisted of individuals with long-standing
polysubstance use. Patients in heroin-maintenance pro-
gramme are usually in severe status of heroin dependence
and may have more comorbidity mental health problems and
polydrug use. Although this problem is virtually inevitable
when chronic heroin-dependent individuals are examined, it
may have biased the results. The findings may thus not apply
to all groups of heroin users and/or maintenance patients.

Conclusion

In conclusion, we were able to show a volume decrease in
the left NAcc volume in heroin-addicted patients on main-
tenance treatment with diacetylmorphine. We could further
show that depression scores correlated negatively with the
volume of the left NAcc. Our results suggest that smaller
volume of the left NAcc in patients with a depressive phe-
notype constitutes a biological substrate of opioid addiction
and therefore could possibly be useful in further studies
investigating risk prediction.
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