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Abstract: During verbal-fluency tasks, impairments in performance and functional abnormalities in the
inferior frontal cortex have been observed in both schizophrenia patients and their unaffected relatives.
We sought to examine whether such functional abnormalities are a specific marker of genetic vulner-
ability to schizophrenia. We studied a sample of 132 subjects, comprising 39 patients with schizophre-
nia, 10 unaffected monozygotic (MZ) cotwins of schizophrenia probands, 28 patients with bipolar
disorder, 7 unaffected MZ cotwins of bipolar disorder probands and 48 healthy controls. Blood oxygen
level-dependent response was measured using functional magnetic resonance imaging during the per-
formance of an overt verbal-fluency task with two levels of task difficulty, in a cytoarchitectonic region
of interest encompassing Brodmann areas 44 and 45 bilaterally. Patients with schizophrenia and the
unaffected MZ cotwins of schizophrenia probands showed increased activation in the inferior frontal
cortex relative to healthy controls and bipolar patients. Increased engagement of the inferior frontal
cortex during verbal-fluency may thus be a marker of genetic vulnerability to schizophrenia. Hum
Brain Mapp 30:3287–3298, 2009. VC 2009 Wiley-Liss, Inc.
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INTRODUCTION

Phonological, or letter, verbal fluency is a classic mea-
sure of executive function and language processing, which
involves subjects generating a word beginning with a
given letter [Benton et al., 1994]. Patients with schizophre-
nia produce, on average, fewer words than healthy sub-
jects in letter fluency tasks [Heinrichs and Zakzanis, 1998].
This deficit has also been verified in the unaffected rela-
tives of schizophrenia subjects [Snitz et al., 2006; Szoke
et al., 2005], thus constituting a potential biomarker of
genetic liability, or endophenotype [Bearden et al., 2007;
Gottesman and Gould, 2003], for schizophrenia. Although
patients with bipolar disorder also show reduced perform-
ance during verbal fluency relative to controls, their
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impairment is significantly less pronounced than that of
schizophrenia subjects [Krabbendam et al., 2005], and it
may not extend to their unaffected relatives [Arts et al.,
2007; Bora et al., 2008], suggesting specificity in the link
between verbal fluency impairment and vulnerability to
schizophrenia.

In healthy subjects, verbal fluency reliably engages left
Brodmann areas (BA) 44 and 45, and also, to a lesser
extent, their right hemisphere homologues [Costafreda et
al., 2009]. Brodmann areas 44 and 45 in the left hemi-
sphere are often identified with the classical area of Broca,
linked to language comprehension and production by neu-
ropsychological lesion data and functional neuroimaging
evidence [Baldo et al., 2006; Costafreda et al., 2006; Dama-
sio, 1992; Fiez and Petersen, 1998]. Broca’s counterpart in
the right hemisphere is often active during language tasks
[Gernsbacher and Kaschak, 2003], although its functional
role during word production is more disputed [Price and
Crinion, 2005]. There is also neuropsychological evidence
linking inferior frontal cortex integrity with letter fluency
performance [Stuss et al., 1998, 2003], suggesting that the
performance deficits observed in schizophrenia may be
associated to abnormal function in this region.

Consistent with this link, functional neuroimaging
studies have identified significant differences between
schizophrenia subjects and healthy controls in inferior
frontal cortex during verbal fluency [Boksman et al., 2005;
Curtis et al., 1998; Fitzgerald et al., 2007; Fu et al., 2005;
Jones et al., 2004; Razafimandimby et al., 2007; Schaufel-
berger et al., 2005; Sommer et al., 2001b, 2003; Weiss et al.,
2006]. Such functional abnormalities also extend to un-
affected relatives of schizophrenia subjects [Sommer et al.,
2004b; Spence et al., 2000; Whyte et al., 2006]. Moreover,
gray matter density in Broca’s area and its right hemi-
sphere homolog has been shown to be highly influenced
by genetic factors [Glahn et al., 2007], further supporting a
role for inferior frontal cortex function as an endopheno-
type for schizophrenia liability.

Callicott et al. [2003a,b] have observed that schizophre-
nia subjects and their unaffected siblings require higher
levels of activation in dorsolateral prefrontal cortex than
healthy controls, to achieve comparable performance in a
working memory task. Using a semantic verbal-fluency
task, where participants are required to produce words
based on their meaning (e.g., animals), Ragland et al.
[2008] also reported increased activation in left prefrontal
areas in schizophrenia subjects relative to controls, in the
absence of performance differences. In the present work,
we hypothesize an analogous link between inferior frontal
cortex activation and verbal fluency whereby, after
accounting for verbal-fluency performance, schizophrenia
subjects and their unaffected monozygotic (MZ) twins
would display an excess of activation in inferior frontal
cortex relative to the healthy and bipolar control groups.

We employed modeling of fMRI measurements of twin
and singleton data to determine whether functional abnor-
malities in inferior frontal cortex during verbal fluency

could be considered an endophenotype for schizophrenia.
To assess the specificity of potential findings to schizo-
phrenia, we also included a sample of healthy subjects,
and of subjects with bipolar disorder. By using an overt
letter fluency paradigm we were able to directly measure
task performance online. Because of the role of Broca’s
area in language production, and the evidence regarding
abnormal activation in this area and its right hemisphere
homolog in schizophrenia, we examined activation in a
cytoarchitectonic region of frontal cortex defined by
Brodmann areas 44 and 45 [Amunts et al., 1999].

METHODS

Participants

To test the hypothesis on inferior frontal cortex function,
we obtained retrospective data from four pre-existing
studies conducted at the Institute of Psychiatry, King’s
College London, United Kingdom, one of which recruited
only singleton subjects, whereas the others recruited sin-
gleton and twin subjects. The same standardized verbal
fluency neuroimaging protocol was included in all four
studies as a test of executive function in pathological pop-
ulations. The task was originally designed for the Alien
Voices study, which included singleton subjects with
schizophrenia and healthy controls [Fu et al., 2002, 2005].
The Maudsley Family study is an ongoing project recruit-
ing families with a history of schizophrenia or bipolar
disorder [McDonald et al., 2004]. The Maudsley Schizo-
phrenia Twin study and Bipolar Twin study are recruiting
twin pairs concordant and discordant for schizophrenia
and bipolar disorder, respectively, along with healthy con-
trol MZ twins [Toulopoulou et al., 2007]. The subjects
included in the present paper were recruited from 2002 to
2007, except for the Alien Voices study, which completed
its recruitment in 2004. All projects were approved by the
Ethics Research Committee at the Institute of Psychiatry,
London, England. All participants provided written, in-
formed consent.

From a full sample of 244 subjects, we included English-
speaking, medically healthy volunteers with the following
exclusion criteria: age below 18 or above 65 years, history
of a psychiatric or neurological disorder or current sub-
stance abuse or dependence (or comorbidity in patient
groups). After visual inspection of the fMRI time-series,
data from 17 subjects (5 bipolar, 9 schizophrenia and 3
healthy controls) had to be discarded because of acquisi-
tion artifacts or incomplete coverage of inferior frontal
area.

The final sample consisted of 132 participants: 39
patients with schizophrenia, 10 unaffected MZ twins of
patients with schizophrenia, 28 bipolar disorder patients, 7
unaffected MZ twins of patients with bipolar disorder and
48 healthy controls (Table I). In total, 41 MZ twin pairs
(82 subjects), as determined by genetic analysis, and 50
singletons were included in the sample. Among
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participants with schizophrenia, there were 7 MZ twin
pairs where both siblings were affected and the bipolar
disorder group included three MZ twin pairs concordant
for the disorder. Among control subjects, there were 14
MZ twin pairs where both siblings had no psychiatric
disorder.

Demographic and clinical characteristics of the sample
are summarized in Table I. Handedness was estimated
psychometrically using the Annett scale [Annett, 1970].
Verbal IQ was measured psychometrically using the
Wechsler Abbreviated Scale of Intelligence [WASI, Wechs-
ler, 1999] in the studies that recruited bipolar subjects and
healthy controls, whereas premorbid IQ was estimated
using the National Adult Reading Test [NART; Nelson,
1983] in the studies involving schizophrenia participants.
In a large sample of schizophrenia and bipolar patients,
relatives of these individuals and healthy controls [McIn-
tosh et al., 2005], NART scores were essentially the same
as verbal WASI scores for bipolar disorder patients, unaf-
fected relatives and controls, and only substantially dif-
fered for schizophrenia participants, as would be expected
from measures of premorbid (NART) and present (WASI)
IQ. Clinical and neuropsychological characteristics of the
sample are summarized in Table I. There were no signifi-
cant differences across groups with respect to IQ, years of
education, ethnic origin, handedness, disease duration and
number of twins in each sample. The groups differed in
gender distribution (P ¼ 0.002), with a higher proportion
of males in the schizophrenia sample. The test for age dif-
ferences across groups approached significance (P ¼
0.051), largely driven by the younger age of the unaffected
twins of schizophrenia subjects.

In the schizophrenia group, 35 patients were on a drug
therapy regime at the time of scanning. Of these, 30 indi-

viduals were taking atypical antipsychotics and 5 conven-
tional antipsychotics. The mean chlorpromazine equivalent
daily dose was 638.6 (SD ¼ 435.2) mg/day. Five partici-
pants with schizophrenia additionally received coadjuvant
medication, which were SSRI antidepressants in two cases
and a mood stabilizer in three cases. Symptomatology was
rated with the Scale for the Assessment of Positive Symp-
toms [SAPS; Andreasen, 1984] and the Scale for the
Assessment of Negative Symptoms [SANS; Andreasen,
1983], with mean ratings of 6.9 (SD ¼ 7.9) positive scale
and 7.8 (SD ¼ 4.6) negative scale. All bipolar disorder
patients suffered from type I disorder, and 22 of them
were on medication. Of these, 20 patients were taking reg-
ular doses of a mood stabilizer drug, which was lithium in
10 cases (mean dosage of 860.0 mg/day; SD ¼ 211.9 mg/
day); 5 subjects were taking regular doses of antipsychotic
medication (2 as monotherapy) and 5 subjects were on
antidepressants. None of the bipolar disorder participants
currently fulfilled criteria for a major depressive or manic
episode, and none had active psychotic symptoms. Clinical
status for 13 bipolar patients from the Maudsley Family
study was measured by self-report: mean of 7.86 (SD ¼
7.5) in the Beck Depression Inventory [Beck et al., 1989]
and mean of 3.4 (SD ¼ 2.3) in the Altman Self-Rating
Mania Scale [Altman et al., 1997]; and for 15 patients from
the Maudsley Bipolar Twin study, the clinical ratings
were: mean 6.6 (SD ¼ 6.2) in the Hamilton Depression Rat-
ing Scale [Hamilton, 1967] and mean 1.33 (SD ¼ 3.42) in
the Young Mania Rating Scale [Young et al., 1978].

Overt Verbal-Fluency Task

The experimental condition was a phonological letter
fluency task [Lezak, 1995] with two levels of difficulty

TABLE I. Subjects’ characteristics and group task performance

Sz, n ¼ 39 UT Sz, n ¼ 10 Bip, n ¼ 28 UT Bip, n ¼ 7 Controls, n ¼ 48 Analysis

Mean (SD) Mean (SD) Mean (SD) Mean (SD) Mean (SD) df F P

Age (years) 35.6 (10.5) 28.2 (8.9) 40.0 (12.4) 39.4 (15.8) 37.4 (9.8) 4,127 2.43 0.051
IQ 101.1 (14.1) 103.0 (12.8) 106.5 (13.4) 107.3 (9.1) 106.5 (13.0) 4,127 1.17 0.325
Education (years) 14.2 (2.5) 14.1 (2.5) 14.7 (3.2) 16.4 (3.7) 14.5 (2.8) 4,127 0.98 0.422
Gender, Men:women 30:9 8:2 12:16 1:6 25:23 4 16.48 0.002a

Ethnicity, caucasian:other 33:6 10:0 26:2 5:2 45:3 4 6.13 0.189a

Handedness, right:left 37:2 8:2 26:2 7:0 46:2 4 4.28 0.369a

Disease duration (years) 11.7 (7.8) 16.6 (12.4) 1,40 1.91 0.175
Number of twins:singletons 24:15 10:0 13:15 7:0 28:20 2 2.050 0.358a

Word output, easy condition 29.6 (4.4) 29.3 (3.5) 30.2 (4.9) 31.3 (3.9) 30.8 (3.4) 4,127 0.7 0.596
Word output, difficult condition 26.4 (4.4) 25.0 (3.4) 28.1 (5.4) 27.4 (6.0) 27.9 (5.4) 4,127 1.17 0.328

aFor ethnicity, number of twins, gender and handedness, the P value corresponds to a chi-square test for independence between each
variable and diagnostic group. For number of twins, the test compares the proportions between the schizophrenia, bipolar and healthy
control samples only.
For the rest of the variables, the P value corresponds to an F test with df(df1 ¼ number of groups – 1, df2 ¼ number of subjects – num-
ber of groups).
Sz, Schizophrenic subjects; UT Sz, Unaffected twins of schizophrenia subjects; Bip, Bipolar subjects; UT Bip, Unaffected twins of bipolar
subjects; controls, healthy controls; df, degrees of freedom.
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[Fu et al., 2002]. Subjects were instructed to overtly gener-
ate a word in response to a visually presented letter
shown at a rate of one every 4 sec, while avoiding proper
names, repetitions and grammatical variations of previous
words [Lezak, 1995]. If subjects were unable to think of a
response, they were asked to say ‘‘pass’’. The difficulty of
the condition depended on which set of letters was pre-
sented. The letters were categorized as ‘‘easy’’ (set TLBRS
or TCBPS) and ‘‘difficult’’ (set OANEG or IFNEG) accord-
ing to the mean number of erroneous responses they gen-
erated in a previous study [Fu et al., 2002]. There were
seven presentations of each letter (28 s experimental
block), followed by the control condition which was repe-
tition of the word ‘‘rest’’ presented at the same rate (28 s
control block). The ‘‘easy’’ and ‘‘difficult’’ conditions were
presented in a randomized order between subjects. Verbal
responses during scanning were recorded and correct word
output did not significantly differ between groups (Table I).

fMRI Data Acquisition

All scanning was done following the same procedure on
the same acquisition system [Fu et al., 2002, 2005]. Sev-
enty-four T2*-weighted gradient-echo single-shot echo-pla-
nar volumes were acquired on a 1.5-T neuro-optimized GE
LX System (General Electric, Milwaukee) at the Maudsley
Hospital, SLAM NHS Trust. Each volume consisted of 12
noncontiguous axial planes (7 mm thickness, slice skip 1
mm, TE ¼ 40 msec, flip angle ¼ 90 degrees) parallel to the
anterior commissure–posterior commissure line. Images
were collected using a ‘‘clustered’’ sequence, in which data
acquisition took only the first 1,100 msec of each TR, to
allow subjects to make overt responses in relative silence .
A letter was presented (remaining visible for 750 msec,
height: 7 cm, subtending a 0.4 degrees field-of-view) im-
mediately after each acquisition, and a single overt verbal
response was made during the remaining silent portion
(duration ¼ 2,900 msec) of each repetition (TR ¼ 4,000 msec).

fMRI Data Analysis

The fMRI data were realigned to remove residual
motion effects, transformed into standard MNI space, and
smoothed in space with an isotropic Gaussian filter
(FWHM ¼ 8 mm), using SPM2 (Wellcome Department of
Imaging Neuroscience, London, UK). A high-pass filter
(cutoff 128 sec.) was employed to remove low-frequency
drifts. Subject-level model estimation was also performed
in SPM2 using a standard convolution model and assum-
ing an autoregressive correlation of depth 1 (AR1). Motion
parameters were included in the analysis as covariates of
no interest. We, thus, obtained two effect size maps per
subject, one for each of the conditions (easy and difficult)
for the contrast between word production and word repe-
tition. These maps were in units of percent change of the
blood oxygenation level dependent (BOLD) response rela-

tive to baseline. Using the SPM Anatomy Toolbox [Eickh-
off et al., 2005], a mask image was obtained containing the
voxels in MNI space belonging to the cytoarchitectonically
defined BA areas 44 and 45 bilaterally with a probability
of at least 50% [Amunts et al., 1999] (see Fig. 1). Using this
cytoarchitectonic template provided a valid and probabilis-
tically defined ROI, easily reproducible in other imaging
datasets.

This mask was applied to the subject-level effect size
images to extract data from selected voxels for the
between-subject modeling stage. In this second stage, the
analysis procedure had to cope with a complex within and
between-subject correlational structure. The sources of cor-
relation were two repeated measures for each subject (easy
and difficult task runs), and the presence of twin sets as
between-subject clustering factors. Ignoring these cluster-
ing effects in the analysis may lead to invalid and, in
general, overconfident results [Pinheiro and Bates, 2000].

Conventional higher-level (multisubject) fMRI methods
of analysis may still cope with these complex designs by
splitting the observations in levels to be fitted separately
according to these clustering variables [Mumford and
Nichols, 2006]. However, given that adjustment for covari-
ate effects at the intrasubject (number of valid words pro-
duced for each run) and subject level (age and gender)
was required, and that subject clusters were limited to two
individuals (twin sets), such a split-level approach would
not have led to an identifiable model. In other words, not
all model parameters could have been estimated with the
available data. We, therefore, employed an ‘‘all-in-one’’
procedure, where the full dataset is analyzed in a single
step that takes into account its hierarchical structure. In
such an approach, the estimates from clustering units with
few observations may ‘‘borrow strength’’ and be made
more precise from what can be estimated from other clus-
tering units in the model [Gelman et al., 2004].

A spatial Bayesian hierarchical model, suitable for such
integrated estimation, has been recently described for fMRI
data [Bowman et al., 2008]. We employed this method with
modifications to fit a general multilevel linear model to our
data whereas treating subjects and twin pairs as random
effects. Full details on the modified model and its imple-
mentation are found in Appendix. Briefly, we assumed that
voxel-specific effect size measurements varied about an
area-specific mean, determined by the sum of a population-
level mean parameter and a random effect component. The
area-specific population-level mean was itself a linear func-
tion of fixed and random effects. Diagnostic group, the vari-
able of interest in the analysis, was included as a fixed
effect. Also present in the model were the following covari-
ates: gender, age, task difficulty and output (i.e., the num-
ber of valid responses). Continuous variables were centered
to their mean value before model estimation. Clustering
variables were modeled through the addition of two area-
level random effect terms, for twin and individual-specific
effects assumed independent of each other and of the area-
specific residual error term. Each random effect term was
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also assumed to follow a multivariate normal distribution,
with functional correlations across areas captured through
its covariance matrix.

In this approach, the joint posterior distribution models
the spatial correlation within and between areas, by
assuming a hierarchical spatial dependency. The voxels
within an area are considered identically and independ-
ently distributed, given their area populational mean.
These area-specific mean are then given an unstructured
variance–covariance matrix, to be estimated from the data.
An advantage of this method is that it is based on anatom-
ical or cytoarchitectonical boundaries, which we know, are
likely to separate functional entities [Eickhoff et al., 2006].
The reader is referred to the introduction of Bowman et al.
[2008] for a detailed survey of the topic and justification of
this approach.

In practical terms, an important consequence of this
modeling approach is to enforce an area-specific smooth-
ing of the voxel-level parameters, whereby voxel-level esti-
mates are pulled towards their area mean. In other words,
voxel-level estimates that look implausible (too large or
small) in the context of their spatial neighborhood are neu-
tralized. The net effect of this smoothing is an area-specific
counterpart to the usual multiplicity correction [Green-
land, 2006]. Further adjustments of the computed credible
intervals (CI, the Bayesian analog of the confidence inter-
val) through a multiplicity correction strategy would be
inappropriate [Bowman et al., 2008]. Another consequence
is that the method is most powerful to detect area-level
activations, and may fail to detect small subareas of activa-

tion or large, but weak, large-scale activations encompass-
ing several areas. This is a consequence of the matched
filter theorem, and it is shared with other methods of
higher-level analysis.

Using Markov Chain Monte-Carlo methods [Gelman
et al., 2004], we obtained random samples from the joint
posterior probability distribution of the model parameters.
From these samples, we computed the voxel-wise sample
mean as a best estimate of each parameter and a 95% cred-
ible interval to reflect its variability. Similar to Bowman
et al. [2008], a thresholded posterior probability map [Fris-
ton and Penny, 2003] was obtained for each fixed effect
parameter by plotting the voxel-wise mean of the marginal
posterior distribution of the parameter, but only if their
95% CI did not include zero, that is, only for voxels with
sufficient evidence that a true effect existed. We also pro-
vide the mean estimates and credible interval limits for
the cluster maxima of the fixed effects maps.

RESULTS

During verbal fluency, healthy controls showed
increased hemodynamic response in the left inferior fron-
tal cortex during word generation relative to word repeti-
tion (Fig. 2a, Table II). Subjects with schizophrenia
displayed an additional increase in activation in inferior
frontal cortex bilaterally relative to healthy controls (Fig.
2b), when performing the verbal-fluency task, after con-
trolling for task performance. The maxima of increased
activation were located bilaterally in BA44 and in left

Figure 1.

Region of interest investigated in the present study, containing the voxels in MNI space with a

high probability (�50%) belonging to the cytoarchitectonically defined Brodmann areas 44 and

45 bilaterally. Left BA 44 is depicted in orange, left BA 45 in brown, right BA 44 in red and right

BA 45 in white. [Color figure can be viewed in the online issue, which is available at

www.interscience.wiley.com.]
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BA45 (Table II). Schizophrenia patients demonstrated
increased bilateral activation relative to bipolar disorder
patients bilaterally as well (Fig. 2c). Unaffected MZ co-
twins of schizophrenia probands also showed a statisti-
cally significant increase in activation relative to healthy
controls and bipolar disorder subjects, limited to the right
hemisphere (Fig. 2d,e). Activation maps for bipolar disor-
der patients and their unaffected MZ twins did not show
significant differences from healthy controls maps. For
completeness, we also present the effect of the covariates
included in the analysis (age, gender, task difficulty and
word output) as Supporting Information.

DISCUSSION

We found increased engagement of the inferior frontal
cortex while performing a verbal-fluency task in schizo-

phrenia patients and unaffected identical twins of schizo-
phrenia probands relative to healthy controls and bipolar
disorder subject. These findings were independent of the
number of correct words produced by the subject. In other
words, at any given task-performance level, participants
with schizophrenia and their unaffected MZ twins had a
more intense fMRI response in the inferior frontal cortex
than healthy volunteers and bipolar disorder subjects. The
detection of this exaggerated response in the unaffected
identical twins of schizophrenia probands as well suggests
that increased inferior frontal cortex activation may be
linked to the genetically mediated risk of schizophrenia,
rather than simply to the disorder itself.

Callicott et al. [2003a,b] have noted a similar candidate
endophenotype in the same population, using a working
memory task. They observed that both schizophrenia sub-
jects [Callicott et al., 2003b] and their unaffected siblings

Figure 2.

Areas of significant changes in fMRI response for (a) healthy

controls, word production versus word repetition, (b) contrast

between schizophrenia participants versus healthy controls, (c)

versus bipolar subjects, (d) unaffected twins of schizophrenia

subjects relative to healthy controls and (e) versus bipolar disor-

der patients. The maps depict the effect sizes Beta in units of

percent change of fMRI response, thresholded at P < 0.05.

[Color figure can be viewed in the online issue, which is avail-

able at www.interscience.wiley.com.]
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[Callicott et al., 2003a] required higher levels of activation
in dorsolateral prefrontal cortex than healthy controls, to
achieve a normal performance. They used the term ‘‘func-
tional inefficiency’’ to describe this phenomenon, as this
increase in fMRI response did not produce greater per-
formance accuracy. Our findings can be interpreted in a
similar fashion.

Our results are also compatible with previous functional
brain imaging language studies in schizophrenia and unaf-
fected relatives of schizophrenia subjects. Spence et al.
[2000], using PET scanning and a letter fluency task, found
‘‘qualitatively aberrant patterns of bi-frontal activation’’ in
both schizophrenia patients and obligate genetic carriers of
schizophrenia, which differed from the pattern observed
in healthy controls. These abnormalities however did not
reach statistical significance. The work of Sommer et al.
[2001b, 2003] has also revealed decreased lateralization
during language production in schizophrenia due to right
hemisphere hyperactivation rather than left-lateralized
hypoactivation, a finding that has been independently con-
firmed [Weiss et al., 2006] and which has also been
reported in MZ twins discordant for the disorder [Sommer
et al., 2004b]. Similarly, during a semantic categorization
task, relatives of schizophrenia patients showed signifi-
cantly greater response in the right inferior frontal gyrus
than controls [Whyte et al., 2006]. Increased recruitment of
the right homolog of Broca’s area as part of the endophe-
notype predisposing to schizophrenia is also consistent
with the conjecture by Crow that a loss of the normal lat-
eralization for language is a defining feature of this dis-
order [Mitchell and Crow, 2005], linked not only to
functional abnormalities but also to asymmetries in brain
structure [Sommer et al., 2001a; Petty, 1999] and neuropsy-
chological profile [Gruzelier, 1999].

We did not find statistically significant differences
between bipolar subjects and healthy controls during lan-
guage production in Broca’s area. Although subjects with
bipolar disorder also show reduced performance during

verbal fluency relative to controls, their impairment is
significantly less pronounced than that of schizophrenia
subjects [Krabbendam et al., 2005]. Because of a relative
scarcity of functional neuroimaging studies in bipolar dis-
order, it is more difficult to place our results in context.
However, using a similar overt letter fluency task in a
sample of 12 bipolar subjects, Curtis et al. [2007] found
increased activation in left frontal areas for bipolar subjects
relative to healthy controls. We could not verify a similar
effect in our present sample, but we note that the region
previously reported was centered in left dorsolateral pre-
frontal cortex and extended only marginally to the most
apical part of Broca’s area. Importantly for the specificity
of our findings, neither that report [Curtis et al., 2007] nor
an earlier one by our group [Curtis et al., 2001] found sig-
nificant differences between bipolar subjects and controls
in right inferior frontal areas. Current evidence, however,
increasingly supports an overlap in genetic risk factors
between schizophrenia and bipolar disorder [Cardno et al.,
2002; Owen et al., 2007]. In this view, susceptibility genes
result in increased risk for both disorders, although with
some specificity towards either bipolar or schizophrenia
phenotypes [Murrray et al., 2004; Owen et al., 2007]. As
our results suggest that inferior frontal functional abnor-
malities during verbal fluency may be part of the schizo-
phrenia, but not bipolar endophenotype, a prediction from
the present work would be that inferior frontal abnormal-
ities would be found in carriers of genes predisposing
towards the schizophrenia rather than the bipolar pheno-
type [Harrison and Weinberger, 2005].

A marker of genetic risk for schizophrenia, but not bipo-
lar disorder, may also have clinical utility. Because we
found increased recruitment of inferior frontal cortex in
the nonpsychotic cotwins of patients with schizophrenia
and patients with the disorder, our results are not likely to
be a consequence of chronicity or treatment with antipsy-
chotic medication and could potentially be replicated in
unmedicated, first episode patients. Confirming our results

TABLE II. Activation maxima

Left hemisphere Right hemisphere

x y z Beta 95% CI x y z Beta 95% CI

Controls
BA44 �58 16 8 0.65 [0.49;0.81]

Sz > Controls
BA44 �54 14 0 0.43 [0.27;0.59] 56 14 0 0.59 [0.43;0.75]
BA45 �56 22 16 0.39 [0.24;0.56]

Sz > Bipolar
BA45 �56 32 8 0.32 [0.16;0.48] 56 28 16 0.75 [0.59;0.91]

Utsz > Controls
BA45 56 22 8 0.39 [0.18;0.64]

Utsz > Bipolar
BA45 56 28 8 0.48 [0.26;0.70]

The effects sizes Beta are in units of percent change of the blood oxygenation level dependent (BOLD) response relative to baseline.
Sz, schizophrenic subjects; UT Sz, unaffected twins of schizophrenic subjects; CI, credible interval.
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in this subpopulation would be important to support the
use of inferior frontal abnormalities for the differential
early diagnosis of schizophrenia and bipolar disorder. Fur-
thermore, given that according to our results frontal func-
tional abnormalities depend on genetic risk and on
diagnosis, they constitute a potential marker for transition
to psychosis in high-risk subjects [Yung et al., 1998]. Such
diagnostic and prognostic decisions, based on the pattern
of activation during verbal fluency, could benefit from
recent advances on subject-level classification based on
fMRI activation maps [Fu et al., 2008; Marquand et al.,
2004].

Several caveats must be taken into consideration when
interpreting our findings. The patients included in our
study were maintained in their usual medication, resulting
in a high proportion of subjects with schizophrenia on
antipsychotics. Although, as mentioned earlier, the similar
pattern of activation in MZ cotwins of schizophrenia
patients suggest that the findings are not due to confound-
ing by medication, the exclusion of such an effect requires
replication in an unmedicated sample. Our analysis was
also limited to fMRI response in inferior frontal cortex.
This region is a key node in language production, and one
where previous evidence existed of abnormalities in schiz-
ophrenia subjects and unaffected relatives. We employed
in our analysis a cytoarchitectic probabilistic map of the
area [Amunts et al., 1999], allowing for accurate and repro-
ducible mapping of the region of interest [Eickhoff et al.,
2006]. Other regions involved in normal verbal fluency
include anterior cingulate, left parietal and thalamus
[based on a meta-analysis of 16 studies, Costafreda et al.,
in press]. It would be worth exploring whether the present
results extend to such areas as well or whether this
phenomenon is specific of the inferior frontal cortex.

Additionally, although the different diagnostic groups
were similar in key aspects such as IQ and performance,
there were differences in age and gender balance, in part
reflecting the fact that in the general population, schizo-
phrenia tends to be diagnosed at a younger age than bipo-
lar disorder. There is some evidence that language-related
lateralization of fMRI response may be related to age and
gender [Shaywitz et al., 1995; Springer et al., 1999], and
although such dependency has been disputed [Sommer
et al., 2004a], we decided to include these variables as
covariates in our analysis. It would be important, however,
to reproduce our analysis in a more balanced sample.
Finally, the number of MZ twins of schizophrenia and
bipolar subjects was modest, resulting in limited power.

A key question is the functional significance of increased
recruitment of inferior frontal cortex during language
processing in schizophrenia and unaffected identical
twins. It is well established that lesions to the left inferior
frontal cortex impair language production [Baldo et al.,
2006; Damasio, 1992; Stuss et al., 1998, 2003]. The right in-
ferior frontal cortex has often been linked to language
comprehension, and in particular to the semantic and
emotional decoding of natural language [Buchanan et al.,

2000; Jung-Beeman, 2005]. Right frontal areas may also
play a role in normal language production, if increased
semantic processing is required [StGeorge et al., 1999;
Seger et al., 2000], a phenomenon that may be more pro-
nounced in schizophrenia subjects [Whyte et al., 2006].
Recruitment of right frontal regions may thus reflect a
tendency for schizophrenia patients and their nonpsy-
chotic MZ cotwins to make increased use of inefficient
semantic strategies for word generation during letter flu-
ency, relative to the other groups. Alternatively, the right
inferior frontal gyrus is often also recruited for language
production when the left hemisphere language areas are
damaged, such as in children with early lesions of the left
hemisphere [Liegeois et al., 2004] or adult patients with
production aphasia [Price and Crinion, 2005]. Interestingly,
higher task difficulty and processing demands in healthy
volunteers may also lead to increased Broca’s engagement
and mobilization of its right homolog [Just et al., 1996],
suggesting that bilateral activation in schizophrenia sub-
jects and nonpsychotic cotwins may be linked to increased
perceived task difficulty in these subjects relative to
healthy participants, or a consequence of impaired or
inefficient processing in the normally left lateralized sites
of language production.

Our findings cannot be simplified in terms of ‘‘hyper-
frontality’’ alone. Because schizophrenia patients typically
produce fewer correct words than healthy subjects, greater
inferior frontal activation in schizophrenia may be neutral-
ized or even reversed if differences in task performance
are not taken into account, through individual-level match-
ing and analytical adjustment. A similar effect, whereby
activation in frontal areas is modulated by performance
has already been identified when comparing schizophrenia
and controls during working memory [Karlsgodt et al.,
2007; Thermenos et al., 2005] and semantic fluency [Rag-
land et al., 2008], and may explain some of the inconsisten-
cies in the previous functional imaging literature on letter
fluency in schizophrenia as both increases [Razafiman-
dimby et al., 2007; Schaufelberger et al., 2005; Sommer
et al., 2001b, 2003; Weiss et al., 2006] and decreases [Boks-
man et al., 2005; Curtis et al., 1998; Fitzgerald et al., 2007;
Fu et al., 2005; Jones et al., 2004] in activation for patients
with schizophrenia relative to controls have been found.

CONCLUSIONS

We observed increased recruitment of the inferior fron-
tal cortex during word production in a large sample of
patients with schizophrenia and their unaffected MZ cot-
wins, which can be interpreted as compensatory recruit-
ment to remediate physiological brain inefficiencies.
Increased activation of the right homolog of Broca’s area
was also present in unaffected twins of schizophrenia
subjects, but not in healthy controls, patients with bipolar
disorder or their unaffected MZ twins, suggesting that
increased recruitment of the inferior frontal gyrus during
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verbal fluency may be part of the genetically-mediated
endophenotype predisposing to schizophrenia.
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APPENDIX: SPATIAL BAYESIAN

HIERARCHICAL MODEL

The reader is referred to Bowman et al. [2008] for the
original presentation of the spatial Bayesian hierarchical
model for fMRI data. In the following, we will focus on
the modifications that we have introduced to their model
to reflect the clustered nature of our subject sample.

After first-level analysis using SPM2 and masking using
the SPM Anatomy Toolbox [Eickhoff et al., 2005], the input
for the multi-subject modeling process is a masked effect
size map per subject i (i ¼ 1, 2, : : : , 132) for each task diffi-
culty j (j ¼ 1, 2; indexing easy and difficult letters), reflect-
ing the voxel-wise estimates of BOLD response changes

during word production relative to the baseline. Each
masked effect size map is parcellated in G regions,
indexed by g ¼ 1, : : : ,G (in our application, G ¼ 4 with BA
44 and 45, right and left). The number of voxels for region
g is represented by Vg. We will then express the parcel-
lated effect size maps from first-level modeling for subject
i performing subtask j as bi,j,g, with distribution:

bi;j;g � Normalðli;j;g;r2
gIÞ

li;j;g ¼ X0
ijBg þ atwinðiÞ;g þ aindðiÞ;g

(A1)

In other words, the expectation of bi,j,g is li,j,g, itself a
linear function of the relevant fixed and random effects.
Xij is a column vector containing the quantities associated
with the explanatory variables and Bg contains the
unknown maps of fixed effects parameters to be estimated
from the data.

Letting k ¼ 1, : : : ,K index the fixed effects, then Bg ¼
(b1g, : : : ,bKg)

0, where each bkg ¼ (bkg(1), : : : ,bkg(Vg))
0. The

prior distribution for a given fixed effect k is:

bkg � Normalð1ck;g;k2kgIÞ (A2)

In our application, we included fixed effects terms for
sex and age (as a centered continuous variable), diagnostic
group, task difficulty, and output (i.e., the number of valid
responses), in addition to an intercept effect. The hyperp-
riors for the fixed effects are given by:

k�2
kg � Gammaðe0; f 0Þ

ckg � Normalðn0; p0Þ
(A3)

The terms atwin(i),g and aind(i),g in Eq. (1) represent the
twin and individual random effects. In the following
explanation, we will focus on the twin effect, but analo-
gous prior distributions were assumed for the individ-
ual random effect. The grouping factor twin(i) allocates
subject i to its specific twin set. Defining atwin(i) ¼
(atwin(i)1, : : : , atwin(i)G), the prior and hyperpriors distri-
butions for the twin random effect are given by:

atwinðiÞ � Normalð0;CtwinÞ
C�1
twin � Wishartððh0Htwin;0Þ�1; h0Þ

(A4)

Finally the error term r2
g in Eq. (1) represents the resid-

ual or random variation, after accounting for all the fixed
and other random effects in the model, with prior distri-
bution:

r�2
g � Gammaðc0; d0Þ (A5)

We chose weakly informative (i.e., high variance or
equivalently, low precision) priors by setting c0 ¼ d0 ¼ e0
¼ f0 ¼ 0.001, n0 ¼ 0 and p0 ¼ 1000. We set the degrees of
freedom h0 of the Wishart distribution to G ¼ 4 (i.e., the
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rank of Ctwin), representing vague prior knowledge. For
Htwin,0, in an analog approach to Bowman et al. [2008] we
used the sample variance–covariance matrix for each ran-
dom effect computed from the mean effect size estimates
for each region.

Bayesian models were coded using the Bayesian Infer-
ence Using Gibbs Sampling (BUGS) language [Gilks et
al., 2003], and fitted using a Cþþ MCMC inference
engine [Plummer, 2003]. The MCMC chain updated at a

speed of over 5,000 iterations/h on a Linux machine
with 2.4 GHz and 8 GB of RAM memory. Samples
from the joint posterior distribution were drawn from
100,000 iterations after a burn-in period of 50,000 itera-
tions. Convergence diagnoses were run by inspection of
trace plots of all area-level parameters and of randomly
chosen voxel-level parameters. The samples were
then used to compute summaries of the fixed effect
images bkg.
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