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Reduced Cortical Thickness as an Outcome of
Differential Sensitivity to Environmental Risks in
Schizophrenia
Petra Habets, Machteld Marcelis, Ed Gronenschild, Marjan Drukker, and Jim van Os for G.R.O.U.P.

Background: The etiology of schizophrenia is thought to involve differential—likely genetically mediated—sensitivity to environmental
exposures. However, examination of differential sensitivity in models of psychopathologic constructs is subject to bias because psychopa-
thology itself may distort exposure assessment. The use of neuroimaging phenotypes, conversely, may provide unbiased evidence for
differential sensitivity to environmental exposures. This study examined the impact of two environmental exposures associated with both
schizophrenia and magnetic resonance imaging (MRI) cerebral alterations in models of cerebral cortical thickness.

Methods: T1-weighted MRI scans were acquired from 88 patients with schizophrenia, 98 healthy siblings at higher than average genetic
risk for schizophrenia, and 87 control subjects. Freesurfer software was used to measure cortical thickness for 68 brain regions. Associations
between 1) cortical thickness and 2) cannabis use and developmental trauma were examined.

Results: A significant group � developmental trauma interaction (�2 � 9.65, p � .01), as well as a significant group � cannabis interaction
�2 � 6.04, p � .05) was apparent, indicating differential sensitivity of the patient group, which displayed stronger reductions of cortical
hickness for both exposures. A similar pattern was found in the sibling– control comparison for cannabis. For developmental trauma,
iblings did not differ from control subjects, displaying an increase in cortical thickness with higher levels of trauma.

onclusions: The findings suggest that schizophrenia and its genetic liability are associated with differential cerebral cortical sensitivity to
evelopmental environmental exposures such as cannabis. Gene– environment interactions may underlie some of the brain alterations

bserved in patients with schizophrenia and their relatives.
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I t is thought that most of the differences in liability to schizophre-
nia can be explained by genetic variation (1–3) occasioning
differential sensitivity to environmental risk factors impacting

uring critical phases of development (4 –7), a phenomenon known
as gene– environment interaction (G�E) (8 –10). Examining G�E is
difficult because, for ethical reasons, people cannot be assigned
randomly to, for example, heavy cannabis use or childhood trauma.
The problems related to G�E research can be circumvented to a
degree by 1) replacing the dependent variable in G�E analyses
with an objective biological measure that is only weakly associated
with (risk for) schizophrenia and 2) including siblings of patients as
a group at high genetic risk but without the illness phenotype
(Figure 1). This method was pioneered by Cannon and colleagues
(11), who showed that obstetric complications (an environmental
risk factor for schizophrenia) (12) was related to gray matter reduc-
tions and increased cerebrospinal fluid in patients and siblings.
Thus, patients may overreport childhood trauma and start using
cannabis because of their illness (reverse causality). However, such
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verreporting cannot readily explain, for example, why a difference
n cortical gray volume matter between exposed and unexposed
atients and particularly siblings is greater than between exposed
nd nonexposed control subjects. Thus, although only random as-
ignment can overcome reporting bias and reverse causality, sev-
ral alternatives exist in observational research that, in combina-
ion, have complementary value in the interpretation of G�E.

Because schizophrenia is associated with cortical gray matter
lterations that, to a lesser degree, are also observed in healthy
iblings (13,14), and two environmental exposures associated with
chizophrenia, cannabis use (15–18) and developmental trauma
19 –21), are also associated with cerebral alterations (22–30), the
nvironmentally sensitive (31) measure of cortical thickness (CT)
as used in the analyses. The analyses focused on differential sen-

itivity to two environmental risk factors as a function of risk for
chizophrenia, comparing patients (high genetic risk), their siblings
intermediate genetic risk), and control subjects (low genetic risk)
nd using measures of CT as the outcome. The hypothesis was that
igher genetic risk would be associated with greater impact of
nvironmental exposures on the cortical phenotype.

ethods and Materials

ubjects
Data pertain to baseline measures of an ongoing longitudinal

agnetic resonance imaging (MRI) study in Maastricht, the Nether-
ands. In selected representative geographic areas in the Nether-
ands and Belgium, patients were identified through representative
linicians whose caseload was screened for inclusion criteria. Sub-
equently, a group of patients presenting consecutively at these
ervices either as outpatients or inpatients were recruited for the
tudy. First-degree relatives were sampled through participating
atients. Control subjects were recruited from the same population
s the cases using random mailings in nearby municipalities and

hrough advertisement in newspapers. All interviews were con-
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ducted by trained psychology graduates. The sample consisted of
88 schizophrenia patients, 98 siblings of schizophrenia patients,
and 87 control subjects. The sample included 62 families, of which
39 families contributed one patient and one discordant sibling,
three families contributed one patient and two discordant siblings,
and one family contributed one patient and three discordant sib-
lings. Two families contributed two patients, seven families contrib-
uted two discordant siblings, and one family contributed three
discordant siblings. In the control group, nine families contributed
two siblings. In addition, 41 independent patients, 33 independent
siblings, and 69 independent control subjects were included. Inclu-
sion criteria were 1) age 16 to 50 years, 2) diagnosis of nonaffective
psychotic disorder, and 3) good command of the Dutch language.
In a few instances, the patient refused but the sibling wished to
participate, in which case the sibling was included; the majority
represented sib-pairs with at least one ill relative. Siblings had to be
free of any lifetime nonaffective psychotic disorder. For the control
subjects, the occurrence of any psychotic disorder in either the
subject or any first-degree family member, assessed using the Fam-
ily Interview for Genetic Studies (32), constituted an exclusion crite-
rion.

Diagnosis was based on DSM-IV criteria (33), assessed with the
Comprehensive Assessment of Symptoms and History (CASH) inter-
view (34). Patients were diagnosed with schizophrenia (n � 62),
schizoaffective disorder (n � 9), schizophreniform disorder (n � 4),
brief psychotic disorder (n � 2), and psychotic disorder not other-
wise specified (n � 11). The CASH was also used to confirm the
absence of a diagnosis of nonaffective psychosis in the siblings and
absence of a lifetime diagnosis of any psychotic disorder or any
current affective disorder in the healthy control subjects. Twenty-
one siblings and 14 control subjects had a history of major depres-
sive disorder, but none presented in a current depressive episode.

Before MRI acquisition, participants were screened for the fol-

Figure 1. Environment to genotype design using biological alterations. G�,
high genetic risk; G–, low genetic risk; E�, exposed to environmental risk; E–,
nonexposed to environmental risk. A common problem in gene– environ-
ment interaction (G�E) studies is that the illness phenotype under investi-
gation, and the dependent variable in the statistical model, influences as-
sessment of the environmental exposure, giving rise to risk of bias (left-side
figure of case– control study of G�E). Although only experimental designs
can overcome this issue, an alternative that reduces the risk of bias is to
replace the outcome under investigation by a biological phenotype that is
weakly associated with (risk of) the disease and examine differential impact
of the environmental exposure in groups at high and low genetic risk with
and without the illness phenotype (right-side figure). This study used a
family-based design in which cases and siblings represent high genetic risk
groups (with and without the illness phenotype respectively) and control
subjects the low genetic risk group.
lowing exclusion criteria: 1) brain injury with unconsciousness of (

ww.sobp.org/journal
reater than 1 hour, 2) meningitis or other neurological diseases
hat might have affected brain structure or function, 3) cardiac
rrhythmia requiring medical treatment, and 4) severe claustropho-
ia. In addition, subjects with metal corpora aliena were excluded

rom the study, as were women with intrauterine device status and
suspected) pregnancy.

The study was approved by the standing ethics committee, and
ll the subjects gave written informed consent in accordance with
he committee’s guidelines.

easures
The Positive and Negative Syndrome Scale (PANSS) (35) was

sed to measure psychotic symptoms over the previous 2 weeks.
ducational level was defined as highest accomplished level of
ducation. Antipsychotic medication (AP) use was determined
sing the reports of the participant’s psychiatrist. Best estimate

ifetime (cumulative) AP use was determined by multiplying the
umber of days of AP use with the corresponding haloperidol
quivalents and summing these scores for all periods of AP
se (36).

ubstance Use
Substance use was assessed using the Composite International

iagnostic Interview (CIDI) Sections B, J, and L (37).
Cannabis use was assessed as the reported lifetime number of

nstances of cannabis use, ranging from 1 to 5, 6 to 9, 10 to 19, 20 to
9, 40 to 59, 60 to 79, 80 to 99, or 100 times or more. In the analyses,
hree groups were created, allowing for the assessment of dose–
esponse: 1) subjects who had never used cannabis, 2) subjects who
sed cannabis between 1 and 39 times, and 3) subjects who used
annabis at least 40 times in their life, because previous research in
he Dutch and German general populations has shown that severity
f exposure, defined in terms of frequency of use, represents an
xcellent trade-off between sensitivity and specificity with regard
o clinical and subclinical psychosis outcomes (16,38). CIDI cannabis
ifetime frequency data were available for 235 subjects (14% miss-
ng data).

Hard drug use, such as stimulants, sedatives, opiates, cocaine,
CP, psychedelics, inhalants, or other (e.g., ecstasy, poppers) was
ssessed as reported frequency of use 1) during the previous 12
onths and 2) lifetime.

Alcohol use was defined as the reported number of weekly
onsumptions during the previous 12 months.

evelopmental Trauma
Developmental trauma was assessed with the Dutch version of

he Childhood Trauma Questionnaire Short Form (CTQ). The short
TQ consists of 25 items rated on a 5-point Likert scale (1 � never

rue to 5 � very often true) inquiring about traumatic experiences
n childhood. Five types of childhood maltreatment were assessed:
motional, physical and sexual abuse, and emotional and physical
eglect, with five questions covering each type of trauma (39). A
eneral measure of developmental trauma was created by calculat-

ng the mean of the 25 items. The CTQ data were missing for one
erson.

RI Acquisition and Processing
The MRI scans were acquired using a 3T Siemens scanner (Erlan-

en, Germany) and the following acquisition parameters: Modified
riven Equilibrium Fourier Transform (MDEFT) sequence � 176

lices, 1 mm, echo time 2.4 msec, repetition time 7.92 msec, inver-
ion time 910 msec, flip angle 15°, total acquisition time 12 min 51
ec; Magnetization Prepared Rapid Acquisition Gradient-Echo

MPRAGE; Alzheimer’s Disease Neuroimaging Initiative) se-
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quence � 192 slices, 1 mm, echo time 2.6 msec, repetition time
2250 msec, inversion time 900 msec, flip angle 9°, total acquisition
time 7 min 23 sec. The matrix size and field of view was 256 � 256.
The number of excitations was one. Two sequences were used
because of a scanner update during data collection. The MPRAGE
and MDEFT are similar, but to prevent any systematic bias, the total
proportion of MPRAGE scans (approximately one third) was bal-
anced between the groups.

MRI Preprocessing. Scans were processed and analyzed using
Freesurfer stable release version 4.5.0. Technical details of these
procedures are described in prior publications (40 – 46). Data were
automatically transformed into Talairach standard space.

Cortical Thickness Measurement. Before CT measurement,
he cerebral cortex was parcelled into units based on gyral and
ulcal structure (47,48). A variety of surface-based data were also
reated, including maps of curvature and sulcal depth. This method
ses both intensity and continuity information from the entire

hree-dimensional magnetic resonance volume in segmentation
nd deformation procedures to produce representations of CT,
alculated as the closest distance from the gray–white boundary to
he gray– cerebrospinal fluid boundary at each vertex on the tessel-
ated surface (41). The maps are created using spatial intensity
radients across tissue classes and are not restricted to the voxel

esolution of the original data, thus they can detect submillimeter
ifferences between groups. The CT measurement procedures
ave been validated against histological analysis (49) and manual
easurements (50,51).

Statistical Analyses

The CT surface map was loaded, for each individual and for each
hemisphere, in a group file, where individual CT values for each
predefined region of interest (hereafter region; adapted from the
Desikan atlas, 34 regions per hemisphere) (47) were calculated and
exported to Stata version 11 (52). The data set was transformed
from a wide format to a long format, resulting in a hierarchically
structured data set, with 68 regional CT measures (Level 1) nested in
subjects (Level 2) who were part of the same families (Level 3).
Because of the three-level grouping structure of the data, compro-
mising statistical independence of the observations, multilevel ran-
dom regression models were fitted (53) using the XTMIXED com-
mand in Stata with CT measures as the dependent variable and
subject number and family number modeled as random effects.
Mixed models contain both fixed and random effects, the fixed
effects being analogous to standard regression coefficients (�).

To test the hypothesis that groups differed in their sensitivity to
developmental trauma, analyses were conducted with trauma and
group (patients, siblings, and control subjects) as well as their inter-
action term as independent variables and CT as the dependent
variable [CT � �0 � �1(trauma) � �2(group) � �3 (trauma �
group)]. The trauma � group interaction was fitted with the control
group as the reference category. The trauma exposure was entered
both as a linear variable and as dummy variables representing the
distribution of the trauma score divided by its quartiles, allowing
visualization of dose–response (0 � no trauma, 1 � low trauma, 2 �

edium trauma, 3 � high trauma).
Interaction terms were evaluated by Wald test (54). Stratified effect

izes for all trauma levels were assessed by calculating the appropriate
inear combinations from the model containing the interaction, using
he LINCOM procedure in Stata. Analyses were adjusted for the a priori
ypothesized confounders age, sex, and level of education.

Similar multilevel random regression analyses were conducted

ith the cannabis exposure as independent variable [CT � �0 � z
1(cannabis use) � �2 (group) � �3 (cannabis use � group)]; can-
abis exposure entered both as a linear variable and as dummy
ariables (0 � no cannabis use, 1 � moderate cannabis use, 2 �
eavy cannabis use).

ower Analysis
The power of the two-way and three-way interaction analyses

as calculated by empiric statistical simulation in Stata (http://
ww.stata.com/support/faqs/stat/power.html), as described pre-

iously (55). Effect sizes used were based on published work in this
rea. These power simulations showed that the two-way interac-
ions in the study had a power of 75% to find a significant effect at
n alpha of .05.

The study was not powered to examine whether the differential
mpact of trauma and cannabis varied not only with group status
ut also with brain region. Thus, the three-way interaction (trauma/
annabis � group � region) modeling these effects had only 10%
ower. Therefore, results of these three-way interactions will only
e described exploratively to generate hypotheses for future re-
earch.

esults

escriptive Analyses
Patients had lower educational level than control subjects and

iblings (Table 1). There were more men than women in the patient
roup, whereas the opposite held for the control group. Siblings
sed more alcohol than control subjects and patients. Patients

eported more cannabis use than siblings and control subjects and
ore lifetime and present (previous 12 months) hard drug use than

iblings and control subjects, with no large or significant differ-
nces between the latter two groups. For all groups, the age of first
annabis use was in adolescence, with a mean age of 16.9 years in
atients, 16.8 years in siblings, and 16.5 years in control subjects [df

2,106), F � .10, p � .90]. Patients reported more developmental
rauma than siblings and control subjects, the latter groups having
imilar levels of reported trauma.

Seventy-three patients were receiving AP (second generation:
� 70; first generation: n � 3). Furthermore, 17 patients used

ntidepressants, 6 used benzodiazepines, 5 used antiepileptic
rugs, and 2 used lithium. Three siblings and three control subjects
sed antidepressants, and one control subject used benzodia-
epines. Lifetime AP use was associated with neither CT (� � .00,
� .39) nor cannabis use (� � .00, p � .50; Table 1).

ain and Interaction Effects
Main Effects of Environmental Exposure and Group on Cor-

ical Thickness. In the model without interaction terms, there was
o significant association between developmental trauma and CT

n the total group of patients, siblings, and control subjects (� �
.001, p � .78). Heavy cannabis use was significantly associated
ith CT (� � –.05, p � .00), indicating that heavy cannabis users had

ower CT values. There was no significant association between
roup and CT (Table 2).

Interaction Between Group Status and Developmental
rauma. There was a significant group � trauma (linear variable)

nteraction (�2 � 9.65, p � .01), indicating that the effect of trauma on
T differed between groups. Stratified analyses revealed that pa-

ients had significantly lower CT values when exposed to higher
evels of developmental trauma (� � –.02, p � .03), which was not
ound in control subjects (� � .003, p � .72). The opposite pattern

as found in siblings (� � .02, p � .05), indicating higher CT values
hen exposed to higher levels of developmental trauma. Visuali-
ing the effect over the four quartile groups of trauma exposure

www.sobp.org/journal
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revealed progressively lower values of CT with progressively higher
levels of trauma in exposed patients and exposed control subjects,
whereas an opposite trend was apparent in the sibling group (Fig-
ure 2A, Table 3).

Interaction Between Group Status and Cannabis. There was
significant group � cannabis interaction (linear variable; �2 �

.04, p � .05), indicating that the effect of using cannabis on CT
aried as a function of group. Stratified analyses showed that pa-
ients with heavy cannabis use had significantly lower CT values
ompared with patients with no cannabis use (� � –.07, p � .002),

Table 1. Subject Demographics

Patients
(n � 88

Age at Scan 28.2 � 6.9
Level of Education 4.3 � 2.0
Sex n (%), Male 59 (67%)
Cannabis Use n (%)

None 28 (35%)
Moderate 14 (17.5%
Heavy 38 (47.5%

Mean Number of Times Hard Drug Use
Previous Year

10.9 � 30

Mean Number of Times Hard Drug Use
Lifetime

54.2 � 99

Alcohol Use 4.8 � 9.0
PANSS Positive 12.3 � 6.1
PANSS Negative 12.1 � 5.8
PANSS Disorganization 13.3 � 4.5
PANSS Excitement 10.3 � 2.8
PANSS Emotional Distress 13.9 � 5.4
Emotional Abuse 1.9 � .9a

Physical Abuse 1.3 � .7a

Sexual Abuse 1.3 � .7a

Emotional Neglect 2.3 � .9a

Physical Neglect 1.5 � .6a

CTQ Total 7.2 � 2.9
Age of Onset 22.7 � 6.4
Illness Duration 5.5 � 3.7
Lifetime Exposure to AP 2743.4 � 4,6

Means � SDs are reported. F/�2 and p values refer to
AP, antipsychotics; CTQ, Childhood Trauma Question
aSignificantly different from control subjects.
bSignificantly different from siblings.

Table 2. Comparisons of Cortical Thickness by Group a

No. of
Observationsa

Control Subjectsc 5916 (87)
Siblings 6664 (98)
Patients 5984 (88)
No Cannabis Usersc 8772 (129)
Moderate Cannabis Users 2720 (40)
Heavy Cannabis Users 4488 (66)
No Childhood Traumac 4624 (68)
Low Childhood Trauma 4760 (70)
Medium Childhood Trauma 4692 (69)
High Childhood Trauma 4420 (65)

aNo. of observations � number of subjects � numbe
subjects.

b�s represent the regression coefficients from multile

of education.

cReference level.

ww.sobp.org/journal
nd a similar pattern of results was found for siblings (� � –.06, p �
01), but not for control subjects (� � .01, p � .65; Figure 2B, Table 3).
he p values were only marginally affected after adjustment for
ard drug use in patients (� � –.06, p � .01) and siblings (� � –.06,
� .01). Patients with moderate cannabis exposure had CT values

hat were intermediate to those with no or heavy use, whereas for
iblings, the effect on CT was confined mainly to the group of heavy
se (Figure 2B, Table 3).

Explorative Group � Exposure � Region Interactions. Ex-
lorative analyses of three-way interactions examining regional

Siblings
(n � 98)

Control Subjects
(n � 87) F/�2 p

29.5 � 8.7 30.7 � 10.8 1.8 .17
5.1 � 2.1 5.4 � 1.8 7.8 .00
50 (51%) 33 (38%) 14.9 .00

53 (62%) 48 (70%)
15 (17%) 11 (16%)
18 (21%) 10 (14%) 26.1 .00

.90 � 8.3 1.2 � 7.8 8.6 .00

12.8 � 42.8 3.3 � 14.1 13.9 .00

9.5 � 16.9a 4.6 � 6.9 4.5 .01
7.6 � 1.2 7.4 � 1.4 45.4 .00
8.4 � 2.1 8.2 � 1.0 29.2 .00

10.3 � .7 10.3 � 1.2 31.7 .00
8.6 � 1.4 8.3 � 1.1 25.9 .00

10.1 � 2.7 9.4 � 2.3 33.7 .00
1.4 � .6 1.5 � .7 11.3 .00
1.1 � .4 1.1 � .3 3.9 .02
1.1 � .2 1.1 � .3 9.6 .00
2.0 � .8 1.9 � .8 5.5 .00
1.2 � .3 1.2 � .4 12.2 .00
5.9 � 1.6 5.7 � 1.8 12.3 .00

een-group differences.
; PANSS, Positive and Negative Syndrome Scale.

vironmental Exposure

Cortical Thickness
Mean � SD �b p

2.59 � .37
2.58 � .37 .00 .94
2.57 � .37 �.02 .17
2.59 � .37
2.59 � .37 �.01 .36
2.56 � .36 �.05 .00
2.57 � .37
2.59 � .36 .02 .29
2.59 � .37 .02 .29
2.57 � .37 �.01 .71

gions (68); numbers in parentheses indicate number of

ear regression analyses, adjusted for age, sex, and level
)

a,b

)
)

.4a,b

.9a,b

b

a,b

a,b

a,b

a,b

a,b

,b

,b

,b

a,b

25.7
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variation of differential sensitivity revealed no significant interac-
tions for trauma. There was some suggestion for regional group
interactions with cannabis in that in patients (compared with con-
trol subjects), cortical thinning in relation to heavy cannabis use,
compared with nonusers, was apparent in the left frontal pole (�2 �
3.75, p � .05) and left (�2 � 4.65, p � .03) and right (�2 � 9.67, p �
.00) parahippocampal gyrus. In siblings, findings were partly similar
in that cortical thinning for heavy cannabis users compared with
nonusers was apparent in the left frontal pole (�2 � 5.32, p � .02),
right entorhinal cortex (�2 � 3.72, p � .05), and the right parahip-
pocampal gyrus (�2 � 3.70, p � .05).

Discussion

Our results showed that exposure to cannabis, as well as expo-
sure to trauma in childhood, was associated with cerebral cortical
thinning in individuals at high genetic risk for schizophrenia (pa-
tients), whereas this was not the case in those at low genetic risk
(control subjects). For the cannabis exposure, the pattern of results
in individuals with intermediate genetic risk (siblings) was similar to
that of the patient group. Furthermore, there was a suggestion of a
similar pattern of regional thinning in patient and sibling cannabis
users in frontal and parahippocampal regions. For the developmen-
tal trauma exposure, siblings revealed CT increases with higher
trauma levels, although this pattern was not significantly different
from control subjects.

Differential Impact of Environmental Exposures on the Brain
No previous studies on the relationship between trauma and

brain alterations in schizophrenia are available. However, child-
hood trauma has been associated with structural brain changes,
such as volume loss in the hippocampus, corpus callosum, and
prefrontal cortex (22,24,29,30,56,57).

The finding that cannabis use had a differential impact on CT in
not only patients but also siblings extends earlier findings indicat-
ing that G�E interactions may underlie the association between
cannabis and psychosis (5,58 – 60). Furthermore, the findings are
suggestive of a dose–response relationship (higher cannabis expo-
sure associated with more severe CT alteration) in the group most at
risk (patients). Studies investigating the effect of cannabis on the
brain in healthy subjects have reported only minimal evidence for
cannabis-induced brain alterations (23,25,26,61). In schizophrenia,
studies are scarce and have produced inconsistent findings ranging
from no effect of cannabis on brain morphology (62) to decreased
gray matter volume (27). The fact that similar findings were appar-
ent in the sibling– control comparison for the cannabis exposure is
in line with the initial hypothesis: siblings, at higher than average
genetic risk, also displayed differential sensitivity.

For the trauma exposure, there was evidence for an opposite
effect in patients and siblings, whereas the pattern of results in
siblings did not significantly differ from the pattern in control sub-

jects. The directionally opposite finding in the siblings may repre- m
ent chance or noise. Alternatively, siblings and control subjects
ay differ from patients in that the effect of exposure to traumatic

xperiences may be neutral (control subjects) or even trophic (sib-
ings). To the degree that the effects of trauma on the brain are

ediated by long-term psychological adaptation, resilience, and
oping may moderate the outcome of traumatic experiences over
ime, possibly mitigating the risk for later psychotic outcomes. In
ther words, not only sensitivity may be an important moderator
etermining the psychiatric outcome but also individuals’ resil-

ence and coping. An individual’s resilience is thought to be medi-
ted by adaptive functioning of distinct molecular machineries and
rain circuits that allow the individual to experience positive emo-

ions rather than negative and search positive ways to reframe
tressful events (63). Given the fact that siblings only share some of
heir genes and environments with patients, the opposite effect in
atients and siblings observed for childhood trauma may be ex-
lained by 1) genetic variants not shared between the sibs, 2)
onshared environmental exposures, and 3) illness effects. In addi-

ion, evidence has emerged that this type of contrast in the findings
ay indicate genetic plasticity (64): the same gene may confer

ositive sensitivity to an exposure in some environments, but neg-
tive sensitivity in others. To the degree that differential negative
ensitivity to childhood trauma may be contingent on illness ex-
ression, underlying illness-related brain changes or treatment fac-

ors such as antipsychotic medication may play a role. For the
annabis exposure, however, genes contributing to differential
ensitivity to the environment may be shared between patients and
heir siblings and not be illness-dependent.

inal Common Pathway
The effects of cannabis or traumatic stress may have an impact

long a final common pathway. Prefrontal cortical alterations could
ave an impact on the stress-buffering system, resulting in me-
olimbic hyperdopaminergia. Repeated exposure to stress or can-
abis may lead to prolonged changes in dopaminergic signaling
nd eventually to dopamine sensitization (65– 68). There was some
vidence that cannabis-related regional thinning in patients and
iblings was anatomically congruent with the hypothesis of impact
n dopamine projections because there was a suggestion of differ-
ntial impact of cannabis on the frontal pole, the entorhinal cortex,
nd the parahippocampal gyrus.

ossible Underlying Mechanisms
During childhood, the brain is still in full development and thus

ulnerable to environmental exposures. Studies suggest that de-
elopmental trauma alters hypothalamic-pituitary-adrenal (HPA)
xis functioning (69). These neurobiological abnormalities (70)
ould, in concert with an existing genetic liability, contribute to an

ncreased risk for schizophrenia. The changes in the HPA axis could
e the result of a hypersensitive glucocorticoid release or abnor-

Figure 2. Interaction between environmental risk factors
and group on cortical thickness. (A) Interaction between
childhood trauma and group (linear trauma � group in-
teraction, p � .01). (B) Interaction between cannabis use
and group (cannabis x group interaction, p � .05).
alities in glucocorticoid receptors consequently on (chronic)
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tress exposure (71). Because of synergism between the activity of
he HPA axis and the dopaminergic circuits, glucocorticoid secre-
ion may increase dopamine activity in the mesolimbic system (71).
ome brain regions, such as the hippocampus or the prefrontal

obe, may be particularly sensitive to stressors (57,72).
Delta-9-tetrahydrocannabinol (�-9-THC), the active psychotro-

ic ingredient of cannabis, activates the cannabinoid-1 (CB1) recep-
or, the primary binding site of endogenous cannabinoids. THC may
nfluence dopamine firing in the ventral tegmental area, resulting in
ncreased striatal DA levels; in addition, THC is also believed to affect
ynaptic plasticity, which is thought to be impaired in schizophre-
ia (73). Furthermore, THC-related glutamatergic effects may affect
ray matter volume, and possibly CT, through a mechanism of
eurotoxicity (74,75). However, the exact influence of THC on endo-
annabinoid, dopamine, gamma-aminobutyric acid, and gluta-
ate signaling remains to be elucidated, as is the relationship with

euronal network alterations and psychosis.

imitations
Gene– environment interaction studies assume that the inter-

cting variables are independent. In some instances, this assump-
ion did not hold because patients reported more cannabis use and
rauma than both control subjects and siblings. The consequence
f this is that the interpretation of interaction cannot distinguish
etween moderation (genetic risk influences sensitivity to the en-
ironment) and mediation (genetic risk influences exposure to the
nvironment). The fact that the violation of independence for the
annabis exposure does not apply to the siblings suggests that
oderation rather than mediation is the underlying mechanism

ecause siblings displayed similar differences from the control sub-
ects as did patients. Although for trauma exposure we cannot
xclude mediation in the case– control comparison, it is unlikely
hat mediation is the only underlying mechanism because for most
xposures in psychiatry, both moderation and mediation usually
pply (76).

Assessments of childhood trauma in patients with psychotic
isorder may be biased. However, recent work suggests that pa-

ient reports of environmental exposures such as childhood trauma
ave good reliability and validity and are not subject to reverse
ausality (77).

Although our design including a biological measure as depen-
ent variable reduces the risk of reporting bias and thus represents
n alternative to previous studies using this paradigm, it cannot be
uled out that brain alterations that are weakly associated with the
llness still have a minor impact on the reporting of childhood
rauma or cannabis use. This, of course, applies to all neuroimaging
tudies that are observational in nature and cannot experimentally
ssign individuals to cannabis use or childhood trauma.

Although the effect of heavy cannabis use on mean CT was
arger in patients (standardized effect size: –.18) relative to control
ubjects (standardized effect size .03), giving rise to the reported
ignificant two-way interaction, absolute effect sizes were small
nd difficult to interpret in terms of biological and clinical rele-
ance. Effects were analyzed across 68 CT measures, hierarchically
lustered within persons, so that larger effect sizes (as, e.g., hypoth-
sized in frontal areas and temporal areas) were averaged with
maller effect sizes. Future studies with larger sample sizes may
rovide more precise estimates of regional CT effect sizes associ-
ted with cannabis use.

Patients used cannabis more often than control subjects, which
ay distort interaction analysis given more precise estimates of
cannabis effects on gray matter in the patients; however, siblingsTa
b

En
v

N
o

Lo
w

M
e

H
ig

�
L

N
o

M
o

H
ea

�
L

si
ze

.sobp.org/journal



1

1

1

1

1

1

2

2

2

2

2

2

2

2

2

2

3

3

3

3

3

3

3

3

3

3

P. Habets et al. BIOL PSYCHIATRY 2011;69:487–494 493
and control subjects did not differ in cannabis exposure, and a
similar interaction was apparent in these groups.

Freesurfer CT measurements appear to be relatively robust to
differences in MRI protocols and scanners (41). Thus, in our data, no
large or significant interaction was found between scan type and
group on CT (�2 � .99 p � .61). Similarly, adjusting for scanning
sequence did not affect direction or significance of the results (re-
sults available upon request).

This work was sponsored by the Dutch organization for scientific
research NWO (Genetic Risk and Outcome of Psychosis [G.R.O.U.P])
and the European Community’s Seventh Framework Programme un-
der Grant Agreement No. HEALTH-F2-2009-241909 (European Net-
work of National Schizophrenia Networks Studying Gene-Environ-
ment Interactions Consortium).

We thank Truda Driesen and Inge Crolla for their coordinating roles
in the data collection, as well as the G.R.O.U.P. investigators: René S.
Kahn, Don H. Linszen, Jim van Os, Durk Wiersma; Richard Bruggeman,
Wiepke Cahn, Lieuwe de Haan, Lydia Krabbendam, Inez Myin-
Germeys.

JvO is or has been an unrestricted research grant holder with, or
has received financial compensation as an independent sympo-
sium speaker from, Eli Lilly, BMS, Lundbeck, Organon, Janssen-Cilag,
GlaxoSmithKline, AstraZeneca, Pfizer, and Servier. MM has received
financial compensation as an independent symposium speaker from
Eli Lilly and Janssen-Cilag. All other authors report no biomedical fi-
nancial interests or potential conflicts of interest.

1. Kennedy JL, Farrer LA, Andreasen NC, Mayeux R, St. George-Hyslop P
(2003): The genetics of adult-onset neuropsychiatric disease: Complex-
ities and conundra? Science 302:822– 826.

2. Cannon TD, Kaprio J, Lonnqvist J, Huttunen M, Koskenvuo M (1998): The
genetic epidemiology of schizophrenia in a Finnish twin cohort. A pop-
ulation-based modeling study. Arch Gen Psychiatry 55:67–74.

3. Sullivan PF, Kendler KS, Neale MC (2003): Schizophrenia as a complex
trait: Evidence from a meta-analysis of twin studies. Arch Gen Psychiatry
60:1187–1192.

4. Nicodemus KK, Marenco S, Batten AJ, Vakkalanka R, Egan MF, Straub RE,
Weinberger DR (2008): Serious obstetric complications interact with
hypoxia-regulated/vascular-expression genes to influence schizophre-
nia risk. Mol Psychiatry 13:873– 877.

5. Caspi A, Moffitt TE, Cannon M, McClay J, Murray R, Harrington H, et al.
(2005): Moderation of the effect of adolescent-onset cannabis use on
adult psychosis by a functional polymorphism in the catechol-O-meth-
yltransferase gene: Longitudinal evidence of a gene x environment
interaction. Biol Psychiatry 57:1117–1127.

6. Spauwen J, Krabbendam L, Lieb R, Wittchen HU, van Os J (2006): Impact
of psychological trauma on the development of psychotic symptoms:
Relationship with psychosis proneness. Br J Psychiatry 188:527–533.

7. van Os J, Marcelis M (1998): The ecogenetics of schizophrenia: A review.
Schizophr Res 32:127–135.

8. van Os J, Kapur S (2009): Schizophrenia. Lancet 374:635– 645.
9. van Os J, Rutten BP (2009): Gene-environment-wide interaction studies

in psychiatry. Am J Psychiatry 166:964 –966.
10. van Os J, Rutten BP, Poulton R (2008): Gene-environment interactions in

schizophrenia: Review of epidemiological findings and future direc-
tions. Schizophr Bull 34:1066 –1082.

11. Cannon TD, van Erp TG, Rosso IM, Huttunen M, Lonnqvist J, Pirkola T, et
al. (2002): Fetal hypoxia and structural brain abnormalities in schizo-
phrenic patients, their siblings, and controls. Arch Gen Psychiatry 59:
35– 41.

12. Marcelis M, van Os J, Sham P, Jones P, Gilvarry C, Cannon M, et al. (1998):
Obstetric complications and familial morbid risk of psychiatric disor-
ders. Am J Med Genet 81:29 –36.

13. Whitfield-Gabrieli S, Thermenos HW, Milanovic S, Tsuang MT, Faraone
SV, McCarley RW, et al. (2009): Hyperactivity and hyperconnectivity of

the default network in schizophrenia and in first-degree relatives of
persons with schizophrenia. Proc Natl Acad Sci U S A 106:1279 –1284.
4. Boos HB, Aleman A, Cahn W, Pol HH, Kahn RS (2007): Brain volumes in
relatives of patients with schizophrenia: A meta-analysis. Arch Gen Psy-
chiatry 64:297–304.

5. Moore TH, Zammit S, Lingford-Hughes A, Barnes TR, Jones PB, Burke M,
Lewis G (2007): Cannabis use and risk of psychotic or affective mental
health outcomes: A systematic review. Lancet 370:319 –328.

6. Henquet C, Krabbendam L, Spauwen J, Kaplan C, Lieb R, Wittchen HU,
van Os J (2005): Prospective cohort study of cannabis use, predispo-
sition for psychosis, and psychotic symptoms in young people. BMJ
330:11.

7. Verdoux H, Tournier M, Cougnard A (2005): Impact of substance use on
the onset and course of early psychosis. Schizophr Res 79:69 –75.

8. Ongur D, Lin L, Cohen BM (2009): Clinical characteristics influencing age
at onset in psychotic disorders. Compr Psychiatry 50:13–19.

9. Morgan C, Fisher H (2007): Environment and schizophrenia: Environ-
mental factors in schizophrenia: Childhood trauma—A critical review.
Schizophr Bull 33:3–10.

0. Read J, van Os J, Morrison AP, Ross CA (2005): Childhood trauma, psy-
chosis and schizophrenia: A literature review with theoretical and clini-
cal implications. Acta Psychiatr Scand 112:330 –350.

1. Janssen I, Krabbendam L, Bak M, Hanssen M, Vollebergh W, de Graaf R,
van Os J (2004): Childhood abuse as a risk factor for psychotic experi-
ences. Acta Psychiatr Scand 109:38 – 45.

2. Andersen SL, Tomada A, Vincow ES, Valente E, Polcari A, Teicher MH
(2008): Preliminary evidence for sensitive periods in the effect of child-
hood sexual abuse on regional brain development. J Neuropsychiatr Clin
Neurosci 20:292–301.

3. Block RI, O’Leary DS, Ehrhardt JC, Augustinack JC, Ghoneim MM, Arndt S,
et al. (2000): Effects of frequent marijuana use on brain tissue volume
and composition. Neuroreport 11:491– 496.

4. Bremner JD (2005): Effects of traumatic stress on brain structure and
function: relevance to early responses to trauma. J Trauma Dissociation
6:51– 68.

5. Matochik JA, Eldreth DA, Cadet JL, Bolla KI (2005): Altered brain tissue
composition in heavy marijuana users. Drug Alcohol Depend 77:23–30.

6. Quickfall J, Crockford D (2006): Brain neuroimaging in cannabis use: A
review. J Neuropsychiatr Clin Neurosci 18:318 –332.

7. Rais M, Cahn W, Van Haren N, Schnack H, Caspers E, Hulshoff Pol H, Kahn
R (2008): Excessive brain volume loss over time in cannabis-using first-
episode schizophrenia patients. Am J Psychiatry 165:490 – 496.

8. Szeszko PR, Robinson DG, Sevy S, Kumra S, Rupp CI, Betensky JD, et al.
(2007): Anterior cingulate grey-matter deficits and cannabis use in first-
episode schizophrenia. Br J Psychiatry 190:230 –236.

9. Teicher MH, Dumont NL, Ito Y, Vaituzis C, Giedd JN, Andersen SL (2004):
Childhood neglect is associated with reduced corpus callosum area. Biol
Psychiatry 56:80 – 85.

0. Tomoda A, Suzuki H, Rabi K, Sheu YS, Polcari A, Teicher MH (2009):
Reduced prefrontal cortical gray matter volume in young adults ex-
posed to harsh corporal punishment. Neuroimage 47(suppl 2) 71.

1. Kaymaz N, van Os J (2009): Heritability of structural brain traits an
endophenotype approach to deconstruct schizophrenia. Int Rev Neuro-
biol 89:85–130.

2. Maxwell ME (1992): Family Interview for Genetic Studies (Figs): Manual for
FIGS. Bethesda, MD: Clinical, Neurogenetics Branch, Intramural Re-
search Program, National Institute of Mental Health.

3. APA (2000): Diagnostic and statistical manual of mental disorders, 4th ed.
Washington, DC: American Psychiatric Association.

4. Andreasen NC, Flaum M, Arndt S (1992): The comprehensive assess-
ment of symptoms and history (CASH). An instrument for assessing
diagnosis and psychopathology. Arch Gen Psychiatry 49:615– 623.

5. Kay SR, Fiszbein A, Opler LA (1987): The positive and negative syndrome
scale (PANSS) for schizophrenia. Schizophr Bull 13:261–276.

6. Cahn W, Hulshoff Pol HE, Lems EB, van Haren NE, Schnack HG, van der
Linden JA, et al. (2002): Brain volume changes in first-episode schizo-
phrenia: A 1-year follow-up study. Arch Gen Psychiatry 59:1002–1010.

7. WHO (1990): Composite International Diagnostic Interview (CIDI) Geneva:
World Health Organization.

8. Van Os J, Bak M, Hanssen M, Bijl RV, de Graaf R, Verdoux H (2002):
Cannabis use and psychosis: A longitudinal population-based study.
Am J Epidemiol 156:319 –327.

9. Bernstein DP, Ahluvalia T, Pogge D, Handelsman L (1997): Validity of the

Childhood Trauma Questionnaire in an adolescent psychiatric popula-
tion. J Am Acad Child Adolesc Psychiatry 36:340 –348.

www.sobp.org/journal



6

6

6

6

6

6

6

6

6

6

7

7

7

7

7

7

7

7

494 BIOL PSYCHIATRY 2011;69:487–494 P. Habets et al.

w

40. Dale AM, Fischl B, Sereno MI (1999): Cortical surface-based analysis. I.
Segmentation and surface reconstruction. Neuroimage 9:179 –194.

41. Fischl B, Dale AM (2000): Measuring the thickness of the human cerebral
cortex from magnetic resonance images. Proc Natl Acad Sci U S A 97:
11050 –11055.

42. Fischl B, Salat DH, Busa E, Albert M, Dieterich M, Haselgrove C, et al.
(2002): Whole brain segmentation: Automated labeling of neuroanat-
omical structures in the human brain. Neuron 33:341–355.

43. Fischl B, Sereno MI, Dale AM (1999): Cortical surface-based analysis. II:
Inflation, flattening, and a surface-based coordinate system. Neuroim-
age 9:195–207.

44. Han X, Jovicich J, Salat D, van der Kouwe A, Quinn B, Czanner S, et al.
(2006): Reliability of MRI-derived measurements of human cerebral cor-
tical thickness: The effects of field strength, scanner upgrade and man-
ufacturer. Neuroimage 32:180 –194.

45. Jovicich J, Czanner S, Greve D, Haley E, van der Kouwe A, Gollub R, et al.
(2006): Reliability in multi-site structural MRI studies: Effects of gradient
non-linearity correction on phantom and human data. Neuroimage 30:
436 – 443.

46. Segonne F, Dale AM, Busa E, Glessner M, Salat D, Hahn HK, Fischl B
(2004): A hybrid approach to the skull stripping problem in MRI. Neuro-
image 22:1060 –1075.

47. Desikan RS, Segonne F, Fischl B, Quinn BT, Dickerson BC, Blacker D, et al.
(2006): An automated labeling system for subdividing the human cere-
bral cortex on MRI scans into gyral based regions of interest. Neuroim-
age 31:968 –980.

48. Fischl B, van der Kouwe A, Destrieux C, Halgren E, Segonne F, Salat DH, et
al. (2004): Automatically parcellating the human cerebral cortex. Cereb
Cortex 14:11–22.

49. Rosas HD, Liu AK, Hersch S, Glessner M, Ferrante RJ, Salat DH, et al.
(2002): Regional and progressive thinning of the cortical ribbon in Hun-
tington’s disease. Neurology 58:695–701.

50. Kuperberg GR, Broome MR, McGuire PK, David AS, Eddy M, Ozawa F, et
al. (2003): Regionally localized thinning of the cerebral cortex in schizo-
phrenia. Arch Gen Psychiatry 60:878 – 888.

51. Salat DH, Buckner RL, Snyder AZ, Greve DN, Desikan RS, Busa E, et al.
(2004): Thinning of the cerebral cortex in aging. Cereb Cortex 14:721–
730.

52. StataCorp (2009): Stata statistical software, Release 11. College Station,
TX: StataCorp LP.

53. Snijders T, Bosker R (1999): Multilevel Analysis: An Introduction to Basic
and Advanced Modeling. London: Sage Publications.

54. Clayton D, Hills M (1993): Statistical Models in Epidemiology. Oxford:
Oxford University Press.

55. Versmissen D, Janssen I, Johns L, McGuire P, Drukker M, á Campo J, et al.
(2007): Verbal self-monitoring in psychosis: A non-replication. Psychol
Med 37:569 –76.

56. Bremner JD (2003): Long-term effects of childhood abuse on brain and
neurobiology. Child Adolesc Psychiatr Clin N Am 12:271–292.

57. Teicher MH, Andersen SL, Polcari A, Anderson CM, Navalta CP (2002):
Developmental neurobiology of childhood stress and trauma. Psychiatr
Clin North Am 25:397– 426:vii–viii.

58. Henquet C, Murray R, Linszen D, van Os J (2005): The environment and
schizophrenia: The role of cannabis use. Schizophr Bull 31:608 – 612.

59. Henquet C, Rosa A, Delespaul P, Papiol S, Fananas L, van Os J, Myin-

Germeys I (2009): COMT ValMet moderation of cannabis-induced psy-

ww.sobp.org/journal
chosis: A momentary assessment study of “switching on” hallucinations
in the flow of daily life. Acta Psychiatr Scand 119:156 –160.

0. Verdoux H, Gindre C, Sorbara F, Tournier M, Swendsen JD (2003): Effects
of cannabis and psychosis vulnerability in daily life: An experience sam-
pling test study. Psychol Med 33:23–32.

1. Yucel M, Solowij N, Respondek C, Whittle S, Fornito A, Pantelis C, Lub-
man DI (2008): Regional brain abnormalities associated with long-term
heavy cannabis use. Arch Gen Psychiatry 65:694 –701.

2. Cahn W, Hulshoff Pol HE, Caspers E, van Haren NE, Schnack HG, Kahn RS
(2004): Cannabis and brain morphology in recent-onset schizophrenia.
Schizophr Res 67:305–307.

3. Feder A, Nestler EJ, Charney DS (2009): Psychobiology and molecular
genetics of resilience. Nat Rev Neurosci 10:446 – 457.

4. Belsky J, Jonassaint C, Pluess M, Stanton M, Brummett B, Williams R
(2009): Vulnerability genes or plasticity genes? Mol Psychiatry 14:746 –
754.

5. Ujike H (2002): Stimulant-induced psychosis and schizophrenia: The
role of sensitization. Curr Psychiatry Rep 4:177–184.

6. Howes OD, McDonald C, Cannon M, Arseneault L, Boydell J, Murray RM
(2004): Pathways to schizophrenia: The impact of environmental fac-
tors. Int J Neuropsychopharmacol 7(suppl 1):S7–S13.

7. Laruelle M (2000): The role of endogenous sensitization in the patho-
physiology of schizophrenia: Implications from recent brain imaging
studies. Brain Res Brain Res Rev 31:371–384.

8. Lieberman JA, Sheitman BB, Kinon BJ (1997): Neurochemical sensitiza-
tion in the pathophysiology of schizophrenia: Deficits and dysfunction
in neuronal regulation and plasticity. Neuropsychopharmacology 17:
205–229.

9. Heim C, Newport DJ, Heit S, Graham YP, Wilcox M, Bonsall R, et al. (2000):
Pituitary-adrenal and autonomic responses to stress in women after
sexual and physical abuse in childhood. JAMA 284:592–597.

0. Nemeroff CB (2004): Neurobiological consequences of childhood
trauma. J Clin Psychiatry 65(suppl 1):18 –28.

1. Walker EF, Diforio D (1997): Schizophrenia: A neural diathesis-stress
model. Psychol Rev 104:667– 685.

2. Sowell ER, Thompson PM, Holmes CJ, Batth R, Jernigan TL, Toga AW
(1999): Localizing age-related changes in brain structure between child-
hood and adolescence using statistical parametric mapping. Neuroim-
age 9:587–597.

3. Kuepper R, Morrison PD, Van Os J, Murray RM, Kenis G, Henquet C (2010):
Does dopamine mediate the psychosis-inducing effects of cannabis? A
review and integration of findings across disciplines. Schizophr Res 110:
107–117.

4. Gaspar PA, Bustamante ML, Silva H, Aboitiz F (2009): Molecular mecha-
nisms underlying glutamatergic dysfunction in schizophrenia: Thera-
peutic implications. J Neurochem 111:891–900.

5. Stone JM, Day F, Tsagaraki H, Valli I, McLean MA, Lythgoe DJ, et al. (2009):
Glutamate dysfunction in people with prodromal symptoms of psycho-
sis: Relationship to gray matter volume. Biol Psychiatry 66:533–539.

6. van Os J, Henquet C, Stefanis N (2005): Cannabis-related psychosis and
the gene-environment interaction: Comments on Ferdinand et al. Ad-
diction 2005:100:874 – 875.

7. Fisher HL, Craig TK, Fearon P, Morgan K, Dazzan P, Lappin J, et al. (2009):
Reliability and comparability of psychosis patients’ retrospective re-
ports of childhood abuse [published online ahead of print Oct 7]. Schizo-

phr Bull.


	Reduced Cortical Thickness as an Outcome of Differential Sensitivity to Environmental Risks in Schizophrenia
	Methods and Materials
	Subjects
	Measures
	Substance Use
	Developmental Trauma
	MRI Acquisition and Processing
	MRI Preprocessing
	Cortical Thickness Measurement


	Statistical Analyses
	Power Analysis

	Results
	Descriptive Analyses
	Main and Interaction Effects
	Main Effects of Environmental Exposure and Group on Cortical Thickness
	Interaction Between Group Status and Developmental Trauma
	Interaction Between Group Status and Cannabis
	Explorative Group � Exposure � Region Interactions


	Discussion
	Differential Impact of Environmental Exposures on the Brain
	Final Common Pathway
	Possible Underlying Mechanisms
	Limitations

	References


