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Abstract

Several but not all MRI studies have reported volume reductions in the hippocampus and
dorsolateral prefrontal cortex (DLPFC) in patients with schizophrenia. Given the high prevalence
of smoking among schizophrenia patients and the fact that smoking has also been associated with
alterations in brain morphology, this study evaluated whether a proportion of the known gray
matter reductions in key brain regions may be attributed to smoking rather than to schizophrenia
alone.
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We examined structural MRI data of 112 schizophrenia patients (53 smokers and 59 non-smokers)
and 77 healthy non-smoker controls collected by the MCIC study of schizophrenia. An automated
atlas based probabilistic method was used to generate volumetric measures of the hippocampus
and DLPFC. The two patient groups were matched with respect to demographic and clinical
variables.

Smoker schizophrenia patients showed significantly lower hippocampal and DLPFC volumes than
non-smoker schizophrenia patients. Gray matter volume reductions associated with smoking status
ranged between 2.2% and 2.8%. Furthermore, we found significant volume differences between
smoker patients and healthy controls in the hippocampus and DLPFC, but not between non-
smoker patients and healthy controls.

Our data suggest that a proportion of the volume reduction seen in the hippocampus and DLPFC
in schizophrenia is associated with smoking rather than with the diagnosis of schizophrenia. These
results may have important implications for brain imaging studies comparing schizophrenia
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patients and other groups with a lower smoking prevalence.

Keywords

schizophrenia; smoking; MRI; brain volume; hippocampus; DLPFC

Introduction

Among the variety of brain regions which have been implicated in schizophrenia, the
hippocampus and the lateral prefrontal cortex, in particular the dorsolateral prefrontal cortex
(DLPFC), have shown some of the most consistent, replicated abnormalities (Heckers 2001;
Crespo-Facorro et al. 2007). The hippocampus is part of the medial temporal lobe memory
system and is responsible for the consolidation of short-term into long-term memory (Squire
and Zola-Morgan 1991). Abnormalities in the hippocampus are thought to play an important
role in memory dysfunction in schizophrenia (Weiss and Heckers 2001; Saykin et al. 1991;
Saykin et al. 1994; Beatty et al. 1993). Furthermore, changes in the hippocampal formation
have been linked to the sensory gating deficits in schizophrenia, leading to a diminished
capacity to filter out unimportant features of the environment and to misperception (Adler et
al. 1998).

The DLPFC is involved in cognitive control, working memory and in the integration of
sensory and mnemonic information (Crespo-Facorro et al. 2007; Zilles et al. 2009; Potkin et
al. 2009b; Barbey et al 2012). It has also been implicated in the regulation of mental
flexibility specific to the capacity of using context and organized information for
information retrieval (Maher et al. 1995). Most importantly, DLPFC dysfunction is
associated with the genetic risk for schizophrenia (Becker et al. 2008; Potkin et al. 2009a).

Several magnetic resonance imaging (MRI) studies have demonstrated significant reductions
in gray matter (GM) density and volumes in patients with schizophrenia (SCZ), relative to
healthy controls (HC) (for review see Wright et al. 2000; Shenton et al. 2001; Haijma et al.
2012 and Shepherd et al. 2012). The two regions most consistently reported to show GM
reductions are the hippocampus and prefrontal cortex (Seidman et al. 2003; Adriano et al.
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2012; Shepherd et al. 2012). Overall, hippocampal volumes are reduced approximately 4%
in each hemisphere in SCZ patients compared to healthy subjects, and slightly smaller
reductions have been found in medication-naive, first episode patients and in individuals at
high risk for schizophrenia (Heckers 2001; Nelson et al. 1998; Watson et al. 2012; Adriano
et al. 2012; Shepherd et al. 2012). In the DLPFC, studies have shown GM volume
reductions of approximately 9-11% (Gur et al. 2000; Lopez-Garcia et al. 2006; Kikinis et al.
2010). Volumetric abnormalities of the DLPFC have been related to impairments in
executive functions such as cognitive control and working memory (Crespo-Facorro et al.
2007). In addition to GM volume, reduced cortical thickness has been found in
schizophrenia, including thinning in frontal and temporal regions (Voineskos et al. 2013;
Ehrlich et al. 2011; Takayanagi et al. 2011; Goldman et al. 2009; Narr et al. 2005). Cortical
thickness is assumed to reflect the arrangement and density of neurons in the cortex; the
decrease of regional GM volumes in schizophrenia is likely caused by a combination of
changes of the GM surface area and cortical thinning (Parent and Carpenter, 1995).

Although GM density, volume or thickness reductions in schizophrenia have been reported
in a large number of studies, many structural MRI studies have not confirmed these findings
(i.e. Niemann et al. 2000; Sanfilipo et al. 2000; Honea et al. 2005; Shenton et al. 2001;
Adriano et al. 2012); surprisingly, evidence for morphometric abnormalities in the
hippocampus and prefrontal cortex in schizophrenia is only moderately consistent. It
remains unclear whether the observed structural abnormalities are closely tied to the
pathophysiology of schizophrenia or whether they are due to confounding variables, such as
those associated with schizophrenia, but not a direct consequence of the illness.

One important confounding variable may be smoking behaviour, since the prevalence of
smoking is approximately 75%, three- to four-fold higher in patients with schizophrenia
compared to the general population (de Leon and Diaz 2005; Ziedonis et al. 2008). Studies
in healthy controls have found associations between cigarette smoking and a variety of
adverse central nervous system effects, such as global brain atrophy, and structural
abnormalities in prefrontal regions as well as reduced GM volumes in the anterior cingulate,
occipital and temporal cortices including the parahippocampal structures and hippocampal
substructures (Brody et al. 2004; Gallinat et al. 2006; Durazzo et al. 2013; 2010). Moreover,
smoking has been related to cerebrovascular changes such as increased cerebral blood flow
velocity and reduced vasomotor reactivity (Boyajian and Otis 2000), to biochemical
abnormalities such as reduced N-acetylaspartate concentration in hippocampus (Gallinat et
al. 2007) and to alteration of DNA methylation of specific genes (Ehrlich et al. 2012).

Despite the high prevalence of smoking in SCZ patients and the well-known adverse effects
of smoking on brain structure in healthy subjects, diagnosis-related differences in smoking
status have as yet rarely been taken into consideration (Tregellas et al. 2007; Van Haren et
al. 2010). In this study, we aimed to determine the percentage of GM volume reduction of
the hippocampus and the DLPFC in patients with schizophrenia that can be attributed to
smoking rather than to the diagnosis. Based on prior findings in healthy subjects, we
hypothesized that patients with schizophrenia who smoke will show greater volume
reduction in the hippocampus and DLPFC compared to non-smoker patients. We also
performed secondary data-driven analyses to test for similar effects of smoking in
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alternative brain regions using both a region-of-interest volumetric and a surface-wide
cortical thickness approach. Lastly, we examined the effect of additional confounding
variables such as premorbid cognitive functioning and antipsychotic medication.

Methods and materials

Participants

Instruments

The Mind Clinical Imaging Consortium (MCIC) study of schizophrenia (Ehrlich et al. 2010)
obtained baseline structural MRI scans on a total of 328 subjects from four participating
sites: Massachusetts General Hospital in Boston (MGH) and the Universities of lowa (Ul),
Minnesota (UMN) and New Mexico (UNM). All subjects provided written informed
consent prior to study enrollment. The human subjects research committees at each of the
four sites approved the study protocol. The patient group (SCZ) consists of subjects with a
DSM-1V diagnosis of schizophrenia established using structured clinical interviews and
review of case files by trained clinicians. Healthy controls (HC) were included if they had
no history of a medical or Axis | psychiatric diagnosis. All participants were required to be
at least 18 years of age and no older than 60 and to be fluent in English. Participants were
excluded if they had a history of neurologic disease, psychiatric disease other than
schizophrenia, history of a head injury with loss of consciousness, history of substance
abuse or dependence within the past month, severe or disabling medical conditions,
contraindication to MR scanning, or a premorbid cognitive achievement score less than 70
(based on the reading subtest from the WRAT-HIRT (Wilkinson 1993). The final sample
with complete and high-quality structural MRI, demographic, clinical and smoking data
comprised 112 SCZ (53 smokers and 59 non-smokers) and 77 non-smoker HC.

All study participants underwent an extensive clinical diagnostic assessment that included
either the Structured Clinical Interview for DSM-1V (SCID) (First et al. 2002) or the
Comprehensive Assessment of Symptoms and History (CASH) (Andreasen et al. 1992). To
further characterize our sample, the severity of positive and negative symptoms was
assessed using the Scale for the Assessment of Positive Symptoms (SAPS), the Scale for the
Assessment of Negative Symptoms (SANS) (Andreasen 1984; 1983) and the Calgary
Depression Scale for Schizophrenia (Addington et al. 1993). Extrapyramidal symptoms
were assessed using the Barnes Akathisia Scale (Barnes 2003) and the Abnormal
Involuntary Movement Scale (1988). Premorbid cognitive achievement was estimated by the
Reading Subtest of the Wide Range Achievement Test (WRAT-IIRT) (Wilkinson 1993);
parental socioeconomic status (SES) was determined using the Hollingshead index
(Hollingshead 1965) and handedness was determined using the Annett Scale of Hand
Preference (Annett 1970).

Life-time exposure to smoking was recorded for all participants using site-dependent
sources (MGH and UMN: Clinical records and MRI debriefing form, Ul: CASH, UNM:
smoking-related variables were collected for a site-specific study (Leyba et al. 2008). The
total sample included only four HC who smoke, thus these participants were excluded.
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Antipsychotic history was collected as part of the psychiatric assessment using the PSYCH
instrument (Andreasen 1987), and cumulative antipsychotic exposure (cumulative dose
years) was calculated using the chlorpromazine (CPZ) conversion factors of Woods (2003).
For a more detailed account of the calculations please refer to Supplementary Material (SM)
1.1.

Structural Image Acquisition

Cross-site MRI acquisition calibration and reliability were established following guidelines
developed by the Biomedical Informatics Research Network (BIRN) test bed for
morphometry (Jovicich et al. 2009; 2006). The MRI acquisition protocol for high-resolution
coronal T1-weighted images was matched across the four different sites: Siemens 3T Trio
(UMN): TR/TE/flip angle=2.53s/3.81ms/7°, Siemens 1.5T Sonata (Ul): TR/TE/flip
angle=20ms/6ms/20°, Siemens 1.5 T Avanto (MGH and UNM): TR/TE/flip angle 12ms/
4.76ms/20°; FOV=16x16cm, 128 contiguous slices (imaging matrix=256x256, in plane
resolution=0.625x0.625mm, slice thickness=1.5mm), NEX=3. Acquisition time for this
gradient echo sequence was approximately 20 min.

Structural Image Data Processing

Structural MRI data from three consecutively-acquired, T1-weighted 3D gradient-echo
images were registered, motion corrected, realigned, averaged and analyzed in an automated
manner with the atlas-based FreeSurfer software suite (http://surfer.nmr.mgh.harvard.edu,
Version 4.0.1). This process included volumetric segmentation and cortical surface
reconstruction. Volumes of the amygdala, hippocampus, superior temporal gyrus and frontal
lobe regions are a standard output of the FreeSurfer segmentation (Fischl et al. 2002) and
parcellation (Desikan et al. 2006) procedures. These procedures rely upon variations in
voxel signal intensities, probabilistic atlas location and local spatial relationships between
the structures (Fischl et al. 2002). Total intracranial volume (ICV) was estimated with the
FreeSurfer standard procedure using the determinant of the transform matrix to align the
image with the atlas (Buckner et al. 2004). DLPFC volumes were derived from FreeSurfer
cortical parcellations (see also SM 1.2.) as detailed by (Rajkowska and Goldman-Rakic
1995). The cortical surface reconstruction was performed for each hemisphere and cortical
thickness was calculated at each vertex on the tessellated surface as the closest distance from
the gray/white boundary to the gray/cerebrospinal fluid boundary (Fischl and Dale 2000)
(see also SM 1.3).

Segmentation and surface reconstruction quality was assured by manual inspection of all
raw MRI volumes, segmented volumes in three planes and pial as well as inflated volumes.
In addition, histograms and boxplots were checked for outliers, which can indicate poor
segmentation or reconstruction quality. Five participants' MRI data failed the quality
assurance and were then recovered with minor manual intervention.

Entire cortex vertex-wise analyses of cortical thickness were performed with FreeSurfer.
Briefly, spherical cortical thickness data from all subjects were mapped to an average
subject using surface-based registration methods (http://surfer.nmr.mgh.harvard.edu/fswiki/
FsAverage) (Fischl et al. 1999). This procedure provides accurate matching of
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morphologically homologous cortical locations across subjects on the basis of each
individual's anatomy while minimizing metric distortion. Cortical thickness maps were
smoothed using a Gaussian kernel with a full-width-at-half-maximum of 10mm. Finally,
statistical maps were generated by computing general linear models (GLM) of the effects of
each predictor variable on cortical thickness at each vertex. Because of known confounding
effects and in line with similar studies, we included age, gender and field strength of
acquisition site into the models as control variables (Kuperberg et al. 2003; Narr et al. 2005;
Goldman et al. 2009; Schultz et al. 2010). All cortical thickness results were corrected for
multiple comparisons using a Monte-Carlo simulation (uncorrected results are not reported).
This procedure includes the following steps: (1) The initial vertex-wise threshold (VWT)
was set to p=0.05 to form spatially contiguous areas of association (referred to as “cluster”).
(2) The likelihood that a finding (cluster) of this size and magnitude (difference in thickness
as specified by the VWT) would appear by chance, i.e. when using repeated random
sampling, was tested using Monte-Carlo simulation with 10,000 repeats. This results in a
cluster-wise probability (CWP), which is reported as p-values throughout the results section.

Statistical analyses

Results

Chi-square statistic and analysis of variance (ANOVA) were used to compare demographic
and clinical variables between the groups (smoker SCZ patients, non-smoker SCZ patients
and HC). Analysis of covariance (ANCOVA) models were employed to compare our main
GM structures (right and left hippocampus and right and left DLPFC) across the three
groups covarying for age, gender, ICV and scanner field strength. To address the latter
variable, we also re-analyzed our data without participants from the acquisition site with a
3T MRI scanner. Post-hoc pairwise tests, Bonferroni-corrected for multiple comparisons,
were performed for measures with significant overall group differences. Secondary analyses
were conducted for additional regions of interest (superior temporal gyrus, amygdala and
thalamus) using the same model strategy. We also tested for possible associations between
smoking status and surface-wide cortical thickness. In further analyses (see SM 2.5), we
explored the effect of WRAT-IIIRT score as an additional possibly confounding variable.
We included this variable as a covariate, using the same ANCOVA models.

The percentage of GM reduction in our main ROIs in SCZ patients that can be attributed to
smoking was estimated as an R? difference between models with and without smoking as
binary variable. All statistical analyses were carried out using SPSS Statistics 19.

Sample characteristics

Smoker SCZ patients, non-smoker SCZ patients and HC did not differ in gender, race,
parental SES, handedness or ICV. Statistically significant differences were found for age
(F(2, 187)=7.19; p=0.001) and WRAT-IIIRT score (F(2, 183)=9.24; p<0.001), with HC
being slightly younger and attaining a somewhat higher WRAT-IIRT score (Table 1). We
also found no differences in demographic variables or ICV when stratifying the sample
according to the acquisition site-specific scanner field strength.
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There was no significant difference between the two patient groups regarding clinical
variables such as duration of illness, positive, negative or disorganized symptoms,
cumulative antipsychotic drug use or history of alcohol abuse or dependence (Table 2). The
two patient groups also did not significantly differ in comorbid depressive symptoms or in
extrapyramidal symptoms (Table 2). Non-smoker SCZ patients had a slightly higher
WRAT-IIIRT score in comparison to smoker SCZ patients (t(df=107)=2.188; p=0.031).

Hippocampus and DLPFC volumes

Mean volumes in mm?3 and standard deviation for each region in each group are reported in
Table 3. A one-way ANCOVA across the three groups and controlling for, age, gender, ICV
and scanner field strength revealed significant overall group differences in the following
main region of interest volumes: right hippocampus, left hippocampus, right DLPF and left
DLPFC (for F-and p-values see Table 3). Boxplots are shown in SM 2.1, SM Fig.1.

Pairwise Bonferroni-corrected post-hoc tests revealed a significant volume reduction of the
right hippocampus in smoker SCZ patients compared to HC (p=0.009) and in smoker SCZ
patients compared to non-smoker SCZ patients (p=0.042) but no significant difference
between non-smoker SCZ patients and HC (p=1.000). For the left hippocampus, smoker
SCZ patients had reduced volumes when compared to HC (p=0.019) but we observed no
significant differences when comparing non-smoker SCZ patients and HC (p=0.499) as well
as when comparing the two patient groups (p=0.429).

We found a significant volume reduction in the DLPFC between smoker SCZ patients when
compared to HC (right p=0.003; left p=0.006) but no significant differences between non-
smoker SCZ patients and HC (right and left p=1.000). The volume of the right and left
DLPFC was significantly lower in smoker SCZ patients compared to non-smoker SCZ
patients (p=0.036 for right DLPFC and p=0.027 for left DLPFC). When comparing all SCZ
patients (smoker and non-smoker) with HC, the patients have significantly smaller
hippocampal and DLPFC volumes bilaterally (all p-values < 0.005) (see also SM 2.2, SM
Table 1). Effect sizes are shown in SM 2.3, SM Table 2. Models including only participants
measured at sites with a 1.5T MRI scanner showed identical results (see also SM 2.4, SM
Table 3).

Additional Analyses

Using the same statistical model and covariates as described above we found significant
group differences in the right amygdala and left thalamus; smoker SCZ patients showed
significant smaller right amygdala volumes in comparison to HC (p=0.015; p-values refer to
pairwise Bonferroni-corrected post-hoc tests) and non-smoker SCZ patients (p=0.001).
There was no significant difference between non-smoker SCZ patients and HC in right
amygdala volumes (p=1.000). For the left thalamus we found a statistical trend when
comparing the two patient groups (p=0.051), but no significant effects for the other group
comparisons. The effect of group reached trend-level significance for the right thalamus and
right superior temporal gyrus (smoker SCZ patients<HC, p=0.055). All other F-tests were
not significant. All mean volumes, standard deviations and F-values are shown in Table 3.
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Given the group differences in WRAT-IIIRT score, we ran additional ANCOVA models
including this variable as a covariate. All of our findings reported above remained
significant. For a more detailed account of these results see SM 2.5, SM Table 4.

Exploratory Analyses - Cortical thickness

Comparison of smoker SCZ patients with non-smoker SCZ patients showed significantly
decreased cortical thickness in smokers in the right pericalcarine area of the primary visual
cortex (Figure 1). No regions of increased cortical thickness were determined in smoker
SCZ patients in comparison to non-smoker SCZ patients.

Discussion

Using a well-validated automated segmentation procedure (Fischl et al. 2002) to measure
regional brain volumes in HC and SCZ, we evaluated the role smoking plays in GM
reductions in SCZ. We hypothesized that differences in smoking behaviour in SCZ might
explain the variability of GM volume reductions reported within the literature.

Our findings confirm results from previous studies, which have found smaller hippocampus
and DLPFC volumes in SCZ compared to HC (Honea et al. 2005; Wright et al. 2000;
Heckers and Konradi 2010; Adriano et al. 2012). However, the results of our study indicate
significant volume differences between SCZ patients who smoke and HC in the considered
brain areas, but non-significant volume differences between non-smoker SCZ patients and
HC. Compared to non-smoker SCZ patients, smoker SCZ patients showed significantly
lower volumes of the right hippocampus, right and left DLPFC and the right amygdala. It is
important to consider, that the two patient groups did not differ in their disease severity and
other symptom-related measurements. Even after covarying for premorbid cognitive
achievement these results remained the same, i.e. non-smoker SCZ patients do not show the
commonly expected volume reductions in the hippocampus and DLPFC. In fact, we found a
2.8% volume reduction in the right hippocampus and a 2.2% and 2.7% reduction in the right
and left DLPFC, respectively, in smoker SCZ patients compared to non-smoker SCZ
patients.

The smoker SCZ patients did not have lower left hippocampal volumes than the non-smoker
patients. However, the estimated mean values show a trend for smaller volumes in the left
hippocampus in smoker compared to non-smoker SCZ patients. Our exploratory analyses
found an additional significant difference between smoker SCZ patients, non-smoker SCZ
patients and HC in the right amygdala, an area that has also been implicated in
schizophrenia (Davidson and Heinrichs 2003; Honea et al. 2005; Shenton et al. 2001;
Ehrlich et al. 2010; Adriano et al. 2012). The results of our study are in line with previous
investigations in HC suggesting that smoking may impact GM (Tregellas et al. 2007; Brody
et al. 2004; Liao et al. 2010; Durazzo et al. 2013). In particular, our results parallel those of
Gallinat et al. (2006) who reported reduced GM volumes in prefrontal and medial frontal
regions and the medial temporal lobe in HC.

To date, only two previous studies have investigated the relationship between smoking and
GM volume in SCZ. Tregellas et al. (2007) reported smaller medial frontal gyrus and
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DLPFC volumes in smoker SCZ patients in comparison to HC. However, they also reported
that smoker SCZ patients had larger lateral prefrontal GM volumes relative to non-smoker
SCZ patients. This result is inconsistent with results of studies of smoking of GM in HC,
which have only found decreased GM volumes in smokers, e.g. in dorsolateral and
ventrolateral prefrontal regions (Brody et al. 2004; Gallinat et al. 2006). These discrepancies
may possibly be explained by the small sample size in the aforementioned study or
methodological differences, e.g. our use of absolute GM volumes in contrast to the voxel-
based morphometry approach of Tregalles et al.

A second study found that heavy smoking, defined as consumption of over 25 cigarettes per
day, contributes to GM volume loss in SCZ patients (Van Haren et al. 2010). However, in
less heavy smokers, there was no difference in cerebral GM volume between smoker and
non-smoker SCZ patients. Furthermore, smoking was not associated with brain volume
changes in HC.

Our study is the first to investigate the effect of cigarette smoking on GM thickness in SCZ.
Our finding of significantly decreased cortical thickness in the right pericalcarine area of the
primary visual cortex in smoker SCZ patients compared to non-smoker SCZ patients is
consistent with prior evidence for reduced thickness of the medial orbitofrontal cortex in HC
who smoke compared to never-smokers (Kiihn et al. 2010) and suggests that smoking has
widespread effects on the brain.

Cigarette smoking has also been shown to have effects on brain function and white matter
integrity. Friedman et al. (2008) examined the effect of smoking history and a diagnosis of
schizophrenia on brain function; fMRI data were collected in SCZ patients and HC while
they performed a simple visual activation task. They found a statistically significant effect of
smoking on median percent signal change in the calcarine cortex, cuneus and occipital lobe.
Heavy smokers had a 22% larger signal change, whereas the effects of diagnosis and the
diagnosis-by-smoking status interaction were not significant. However, the number of
activated voxels in smoker participants was significantly reduced relative to non-smokers.
The combination of increased activity and decreased activated volume in the occipital lobe
in smokers could be related to an increase in smoking-related cortical pruning (and thus
reduced cortical thickness). On the contrary, Leyba et al. (2008) were unable to verify an
effect of smoking history on fMRI activity in a simple sensorimotor task in SCZ. In a
diffusion tensor imaging study using MCIC participants, Cullen et al. (2012) found lower
fractional anisotropy in the frontal lobe in smoker compared to non-smoker SCZ patients.
The results from this study are consistent with our hypothesis that smoking adversely affects
overall brain structure.

Longitudinal studies are needed to assess to what extent structural brain changes in SCZ can
be explained by smoking and/or an interaction between smoking and illness mechanisms.
Interestingly, Durazzo et al. (2013) found a greater volume loss with increasing age in
healthy smokers. In our study, a group x age interaction term was not a significant predictor
of hippocampal or DLPFC volumes (for more details see SM 2.6, SM Table 5). One
possible interpretation of our results is that volume differences in the hippocampus and
DLPFC in SCZ may be more related to adverse effects of cigarette smoke or to an
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interaction between smoking and a primary pathological process that affects neurons of the
hippocampus and other brain regions. However, the association between smoking in SCZ
and more pronounced hippocampal and DLPFC volume reductions could be related to other
factors associated with smoking, such as poorer food intake or self-care, i.e. SCZ patients
who smoke are somehow different in some lifestyle characteristics than those who do not.
Also, the possibility that SCZ patients who smoke carry genetic variants that increase the
susceptibility for schizophrenia and addictive behaviour cannot be excluded. Furthermore,
smoking behavior could be related to the attempt to diminish side effects of antipsychotic
medications by counter-acting dopamine receptor blockade, or to an attempt to ameliorate
negative or cognitive symptoms (Winterer 2010). Due to the cross-sectional design of our
study, we were not able to measure causal relationships. Thus, it is conceivable that SCZ
patients with more pronounced structural brain changes are more prone to smoking.

Our work has to be seen in the light of the following additional limitations. First, the present
study involves acquisition sites that used MR scanners with different field strengths (3T vs.
1.5T scanner). We followed the best practice guidelines for multi-site MR acquisition by the
Biomedical Informatics Research Network (http://www.nbirn.net/). Given that statistically
controlling for site differences and excluding all participants from the sites with a 3T
scanner did not alter our results, we believe that it is unlikely that site differences influenced
our findings. This is in line with previous multi-site studies which show consistent group
differences across the sites after accounting for potential scanner-related effects in the
analyses (Stonnington et al. 2008; Segall et al. 2009). A second potential limitation is related
to the unknown influence of antipsychotic medication. Due to the fact that there is no
control group with similar exposure to antipsychotic medication, it is difficult to distinguish
between potential medication effects and the disease effect on brain volume measures.
Further, the more pronounced brain atrophy in smoking patients may also be a result of an
interaction between smoking and antipsychotic medication, insofar as smoking can increase
drug metabolism via pharmacokinetic and pharmacodynamic mechanisms (Lucas & Martin
2013). Given that in this study smoker and non-smoker SCZ patients did not differ in
cumulative antipsychotic medication exposure, it seems unlikely that an effect of medication
alone could explain the differences in brain volumes found here between the two groups.
Third, the lack of a smoker control group limits our ability to make inferences about overall
effects of smoking on the brain. A further major limitation of our study is the lack of
quantitative measures of lifetime smoking exposure. However, a relatively high stability of
smoking status in SCZ patients is supported by a recent meta-analysis (De Leon and Diaz,
2005: smoking cessation rates for SCZ patients are 50-90% lower than in the general
population).

In conclusion, our data suggest that volumetric reductions previously reported in SCZ may
be partially attributable to smoking. These results may have important implications for
structural brain imaging studies of patients with SCZ, whose smoking rate is three- to four-
fold higher than in the general population. Therefore, we recommend an assessment of
smoking status, e.g. using the Fagerstroem Test for Nicotine Dependence (FNTD;
Heatherton et al. 1991) in future MRI studies in samples including psychiatric patients.
Using this data the amount of variance explained by cigarette smoking can be estimated and
taken into account in statistical models.
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Fig. 1. Statistical map of cortical thickness
displaying a region of reduced thickness in smoker SCZ patients compared to non-smoker

SCZ patients. Cluster-wise probability (CWP) values (corrected for multiple comparisons)
are represented according to the color code. The statistical map is shown on the inflated
surface of the standard average subject, allowing visualization of data across the entire
cortical surface without interference from cortical folding.
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