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Abstract

Alterations of verbal fluency may correlate with deficits of gray matter volume and hemispheric
lateralization of language brain regions like the pars triangularis (PT) in schizophrenia. Examining
non-psychotic individuals at high genetic risk (HR) for schizophrenia may clarify if these deficits
represent heritable trait markers or state dependent phenomena. We assessed adolescent and young
adult HR subjects (A=60) and healthy controls (HC; A=42) using verbal fluency tests and
Freesurfer to process T1-MRI scans. We hypothesized volumetric and lateralization alterations of
the PT and their correlation with verbal fluency deficits. HR subjects had letter verbal fluency
deficits (controlling for 1Q), left PT deficits (0=.00), (controlling ICV) and reversal of the L>R PT
asymmetry noted in HC. Right Heschl’s (p=.00), left supramarginal (p=.00) and right angular gyrii
(p=.02) were also reduced in HR subjects. The L>R asymmetry of the Heschl’s gyrus seen in HC
was exaggerated and asymmetries of L>R of supramarginal and R>L of angular gyri, seen in HC
were attenuated in HR subjects. L>R asymmetry of the PT predicted better verbal fluency across
the pooled HR and HC groups. Young relatives of schizophrenia patients have verbal fluency
deficits, gray matter volume deficits and reversed asymmetry of the pars triangularis. A reversed
structural asymmetry of the PT in HR subjects may impair expressive language abilities leading to
verbal f;uency deficits. Volumetric deficits and altered asymmetry in inferior parietal and Heschl’s
gyrii may accompany genetic liability to schizophrenia.
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1. Introduction

Schizophrenia is a devastating mental illness involving alterations of language (Crow,
1997b, 2000a, 2004) such as verbal fluency deficits (Goldberg et al., 1998; Riley et al.,
2000). Hemispheric lateralization of gray matter (Crow 1997b, 2000a, 2004) may allow
segregated language processing (functional lateralization) in right and left hemispheres
(Seldon 2005; Warrier et al., 2009). Lateralization in schizophrenia has been shown to
correlate with language function (Hoff et al., 1992). Structural (Blackwood et al., 1991; Lee
etal., 2007; McCarley et al., 2002; Meisenzahl et al., 2004; O’Donnell et al., 1995) and
functional lateralization deficits (Costafreda et al., 2006; Dollfus et al., 2005; Fu et al., 2005;
Hirshorn and Thompson-Schill, 2006; Kircher et al., 2009; Lux et al., 2008; Pearlson et al.,
1996; Prata et al., 2008; Takizawa et al., 2008; Voets et al., 2006) are associated with
language dysfunction and may correlate with verbal fluency deficits in schizophrenia
(Antonova et al., 2005; Baare et al., 1999; Costafreda et al., 2006; Crow 2000a, 2004;
Dollfus et al., 2005; Fu et al., 2005; Hirshorn and Thompson-Schill, 2006; Kircher et al.,
2009; Lux et al., 2008; Pearlson et al., 1996; Prata et al., 2008; Takizawa et al., 2008; Voets
et al., 2006).

The anterior language regions involving the inferior frontal gyri facilitate expressive aspects
of language (Hashimoto et al., 2009; Matsumoto et al., 2004; Price 2000; Shalom and
Poeppel 2008) and may mediate verbal fluency (Costafreda et al., 2006; Fu et al., 2005;
Hirshorn and Thompson-Schill 2006; Kircher et al., 2009; Lux et al., 2008; Pearlson et al.,
1996; Prata et al., 2008; Takizawa et al., 2008; \Voets et al., 2006). Altered lateralization of
structure (Kawasaki et al., 2008; Selemon et al., 2003; Venkatasubramanian et al., 2008;
Wisco et al., 2007) and function (Dollfus et al., 2005) for the pars triangularis (PT), a sub-
region of the inferior frontal gyrus (Kawasaki et al., 2008), is noted in schizophrenia.

Language area asymmetry deficits in schizophrenia (Crow 1997a, 2000a; Hallett et al.,
1986) may have genetic bases (Crow 2000a,b), and may manifest in genetically predisposed
subjects. Volumetric and lateralization alterations of the PT noted in patients (Selemon et al.,
2003; Wisco et al., 2007) may also occur in relatives of patients and underlie verbal fluency
deficits in this population (Gilvarry et al., 2001; Keefe et al., 1994; Klosterkotter et al., 2001;
Lencz et al., 2006; Simon et al., 2007). Studies in those at genetic risk for schizophrenia
independently show verbal fluency deficits (Gilvarry et al., 2001; Keefe et al., 1994;
Klosterkotter et al., 2001; Lencz et al., 2006; Simon et al., 2007) and alterations of language
area lateralization (Sharma et al., 1999) but it is unclear if these phenomena are correlated.

In this study, we primarily assessed adolescent and young adult relatives of patients on
verbal fluency, gray matter volume of the PT, its structural lateralization and correlation of
verbal fluency with PT lateralization.
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2. Experimental/materials and methods

Participants

Sixty first and second-degree young (9 to 25 years) relatives of schizophrenia patients (HR)
and forty-two age- and gender-matched healthy comparison subjects from an ongoing study
at the University of Pittsburgh participated in this study. HR subject group were composed
of forty-seven first-degree relatives and thirteen second-degree relatives. Individuals with
1Q>80, no lifetime evidence of a psychotic disorder, antipsychotic use, substance use, or
significant neurological or medical condition were included. All participants signed an
informed consent after full explanation of the study. The study was approved by the
University of Pittsburgh Institutional Review Board.

Language function

Verbal fluency measures were assessed using Multilingual Aphasia Examination Manual
(Benton and Hamscher, 1978) including a letter task (number of words generated in 20 s that
start on C, F and L alphabets) and a category task (e.g. names of animals, fruits and
vegetables). Total verbal fluency scores were assessed.

Image acquisition
MRI scans were obtained on subjects using a GE 1.5 T whole body scanner (GE Medical
Systems, Milwaukee, Wisconsin). The detailed scanning protocol has been described in an
earlier publication (Gilbert et al. 2001). Briefly, the scans were three-dimension spoiled
gradient recalled (SPGR), acquired in a steady-state pulse sequence (124 coronal slices, 1.5
mm cortical thickness, TE=5 ms, TR=25 ms, acquisition matrix=256x192, FOV=24 cm, flip
angle 40°). Images with motion artifacts were not included in the study.

Image analysis

T1-images were processed using Freesurfer. Freesurfer has three automated stages (Segonne
et al., 2004), each followed by manual image editing by an experienced neuroanatomist. The
first stage performs skull stripping, motion correction and gray-white segmentation (Fischl
etal., 2002; Han et al., 2004; Han et al., 2002). This is followed by an automated
parcellation of the cortex based on gyral anatomical landmarks and gray matter volume
measurements of the parcellated regions (Desikan et al., 2006; Fischl et al., 2004); a method
shown to be valid and reliable with manual tracing. Freesurfer has been used to study the
brain morphology of schizophrenia patients and their relatives (Kuperberg et al., 2003;
Nesvag et al., 2008; Voets et al., 2008), is reliable and accurate with manual and automated
methods (Desikan et al., 2006; Fischl et al., 2002; Fischl et al., 2004; Pengas et al., 2009;
Tae et al., 2008) and is robust to anatomical alterations noted in schizophrenia (Boos et al.,
2007).

The anterior language regions, which include the PT, facilitate expressive aspects of
language (Hashimoto et al., 2009; Matsumoto et al., 2004; Price 2000; Shalom and Poeppel
2008) and may mediate verbal fluency (Costafreda et al., 2006; Fu et al., 2005; Hirshorn and
Thompson-Schill 2006; Kircher et al., 2009; Lux et al., 2008; Pearlson et al., 1996; Prata et
al., 2008; Takizawa et al., 2008; Voets et al., 2006). The PT was primarily assessed as its
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alterations have been widely demonstrated (Gaser et al., 2004; Kawasaki et al., 2008;
Selemon et al., 2003; Spalletta et al., 2003; Venkatasubramanian et al., 2008; Wisco et al.,
2007) in schizophrenia patients and may contribute to their verbal fluency deficits (Crow
20003, b). We hypothesized that lateralization of the PT is altered and correlates abnormally
with verbal fluency in relatives. Pars opercularis, another sub-region of the inferior frontal
gyrus involved in language processing (Hsieh et al., 2001; Matsumoto et al., 2004) has not
been implicated in schizophrenia and hence was not assessed (Shenton et al., 2001).

The posterior language regions of the planum temporale, Heschl’s gyrus and inferior parietal
lobule (Costafreda et al., 2006; Fu et al., 2005; Phelps et al., 1997; Price, 2000; Shalom and
Poeppel 2008) perform receptive language functions (Aboitiz and Garcia 1997; Catani et al.,
2005; Shenton et al., 2001) and hence may not be directly involved in verbal fluency. These
were secondarily assessed given their role in language function (Price 2000; Shalom and
Poeppel 2008) and that they are altered in schizophrenia (Buchanan et al., 2004; Erwin and
Rosenbaum 1979; Gaser et al., 2004; Goldstein et al., 1999; Hulshoff Pol et al., 2001;
Kawasaki et al., 2008; Matsumoto et al., 2001; Shenton et al., 2001; Zhou et al., 2007). The
planum was not assessed as Freesurfer does not parcellate this area separately.

Statistical methods

3. Results

Data was rank transformed before being analyzed using parametric methods as some
measures were not normally distributed [Shapiro-Wilk’s test (W statistic, £>0.05)]. Verbal
fluency scores were compared between groups using ANCOVA controlling 1Q. Gray matter
volumes for each side were first compared between groups using ANCOVA controlling for
ICV and age. Bonferroni threshold of p=.006[0.05/8] was used to control the experiment-
wise error of these eight [2 sidesx4 regions] comparisons. Volumes were also compared
using repeated-

measures ANCOVA with side as the within-subject factor and study group as between-
subject factor to assess groupxside interactions, controlling ICV and age. Laterality indices
(laterality index=Left volume-right volume/Left volume+ right volume) were compared
between groups using ANCOVA, controlling age. Bonferroni threshold of p=.012 [0.05/4]
was applied to each of these sets of four comparisons. Partial correlations (two tailed,
controlling for age and 1Q) between verbal fluency scores and PT laterality index were
performed pooled over control and HR subjects and also separately for each group.

Healthy controls had higher 1Q scores than HR [£4.51, p=0.000] and did not differ from HR
on age [controls (16.6, 4.5), HR (15.4, 3.6), (Mean, SD, years), =1.79, p=0.1), handedness
(Chi-square=0.1, p=0.7), race (Chi-square=0.33, p=0.57) and gender (controls: 42% males,
HR: 53% males, Chi-square=0.16, p=0.20).

HR subjects performed poorly on the letter but not category verbal fluency test [total verbal
fluency score A1,99)=5.01 p=0.027, letter verbal fluency score A1,99)=4.89, p=0.029,
category verbal fluency score, p=0.193] after controlling 1Q. HR subjects had smaller left PT
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[A(1,98)=8.04 p=0.005] and reversal of the L>R lateralization of PT seen in HC after
Bonferroni corrections (see Table 1 and Fig. 1).

HR subjects had deficits of left supramarginal [ A1,98)= 11.05 p=0.001], right Heschl’s
[A(1,98)=8.70, p=0.004] and right angular gyrii [A1,98)=6.48, p=0.012] which survived the
Bonferroni threshold. The L>R lateralization seen in HC for the supramarginal gyrus was
attenuated in HR. The lateralization of the angular gyrus was R>L in HC which was
attenuated in HR. The Heschl’s gyral L>R asymmetry in the HC was exaggerated in HR
subjects (see Table 1).

Letter verbal fluency scores positively correlated with the lateralization index of the PT
when correlations were performed pooled over HR and control groups (/=0.22, p=0.026).
Total verbal fluency (/#=0.24, p=0.019), but not category verbal fluency scores (~2=0.16, p
=0.12) also positively correlated with the lateralization index of the PT. These results
suggest that leftward structural lateralization of the pars triangularis predicts better verbal
fluency. Within-group correlations showed that the PT lateralization index in HR subjects
correlated with letter verbal fluency (/=0.29, p=0.027) and total verbal fluency scores (R =
0.30, p=0.025). PT lateralization index in healthy controls did not correlate with letter(~R =
0.04, p=0.7) and total (/2=0.03, p=0.8) verbal fluency scores (see Fig. 2).

Fig. 2a, b and c. Scatterplots of total and letter verbal fluency scores on the Y-axis and pars
triangularis laterality index on the X-axis. Three plots for pooled and within-group
correlation analyses are shown. HR subjects show correlations between verbal fluency and
laterality but these relations were not noted for healthy controls.

All the above results survived exclusion of left handed and ambidextrous subjects (two
subjects in HC and two in HR groups), except for those for the Heschl’s gyral laterality.
Heschl’s gyral laterality difference between groups was significant after the exclusion of left
handed and ambidextrous subjects at a trend level (AH1,94)=3.01, p=0.07). All volumetric
reductions and laterality index alterations observed in HR subjects maintained statistical
significance after performing the same analyses comparing only first-degree relatives (7=47)
to healthy control subjects, except for the supramarginal gyral laterality attenuation in HR
which became non-significant [A1,85)=2.21, p=0.19]. The correlation between the PT
laterality index and letter and total verbal fluency noted in HR subjects lost significance for
the first-degree relative group, possibly due to reduced power.

4. Discussion

Deficits in letter verbal fluency, gray matter volume reductions and reversal of asymmetry of
PT were seen in adolescent and young adult HR subjects suggesting that verbal fluency
deficits in HR subjects may be related to abnormal lateralization of the anterior language
areas.

Verbal fluency deficits were noted in the letter verbal fluency but not in category verbal
fluency domain, consistent with previous findings of reduction in letter verbal fluency but
not category in relatives of schizophrenia patients (Egan et al., 2001; Keefe et al., 1994).
This may suggest more severe alterations of the anterior language regions which primarily
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sub serve letter fluency (Baldo et al., 2006; Kircher et al., 2008; Mummery et al., 1996)
compared to alterations of the hippocampus and posterior language regions which mediate
category fluency. The leftward asymmetry of the PT noted in control subjects was reversed
in HR subjects who showed a rightward lateralized PT. Higher letter verbal fluency scores
were positively predicted by increased leftward lateralization of the PT suggesting a leftward
lateralized functional lateralization for letter verbal fluency in HR subjects. Although a
correlation of verbal fluency with increased language area lateralization has been posited for
both healthy and HR subjects (Crow, 2000a), we unexpectedly found this relation only for
HR subjects. A rightward lateralized (reversed) structural asymmetry of the PT in HR
subjects may compromise verbal fluency by interfering with the leftward lateralized
functional lateralization. These findings imply the importance of the coherence of structural
and functional lateralization for verbal fluency. Functional MRI studies reveal abnormally
lateralized BOLD responses of the inferior frontal gyrus during language tasks in patients
(Elvevag et al., 2001; Gourovitch et al., 2000; Ragland et al., 2008; Schaufelberger et al.,
2005). A lateralized BOLD response may be caused by a lateralized oxygen requirement
(Bennett et al., 2008; Lilja et al., 2006) which may reflect structural lateralization and not
necessarily a right lateralized preference of processing per se. Studies of functional laterality
must control for structural asymmetry. Alterations of white-matter, cortical folding, cortical
thickness (Gaser et al., 2004; Kawasaki et al., 2008; Selemon et al., 2003; Spalletta et al.,
2003; Venkatasubramanian et al., 2008; Wisco et al., 2007) and functional lateralization
(Dollfus et al., 2005) of the PT have been noted in patients but are as yet unexplored in their
relatives.

HR subjects also had deficits of the left supramarginal right angular and right Heschl’s gyrii,
posterior language regions as yet unexplored in relatives of patients. The L>R lateralization
of the supramarginal gyrus and R>L lateralization of the angular gyrus noted in HC were
attenuated in HR subjects. The Heschl’s gyral L>R asymmetry in the HC was exaggerated
(i.e. L>R) in HR subjects. Gray matter alterations have been observed in schizophrenia
patients in the supramarginal gyrus (Gaser et al., 2004) albeit inconsistently (Buchanan et
al., 2004; Goldstein et al., 1999; Hulshoff Pol et al., 2001). A rightward [R>L] asymmetry in
the angular gyrus has been reported in chronic (Niznikiewicz et al., 2000) and first episode
patients (Nierenberg et al., 2005). The Heschl’s gyrus may show leftward (Kasai et al.,
2003) or bilateral (Hirayasu et al., 2000; Yamasue et al., 2004) or no volumetric deficits in
patients (Cotter et al., 2004; Yamasaki et al., 2007). In line with previous studies, our
findings of verbal fluency deficits and coincident altered lateralization of language areas in
young individuals genetically predisposed to schizophrenia implicate genetic liability (Crow,
2000a) and early intra-uterine events (Sommer et al., 2002; Spaniel et al., 2007) in causing
alterations of cerebral lateralization and accompanying language dysfunction. Structural
lateralization of language areas may enable the “compartmentalized” language processing
which involves relegating abstract language processing to the right and motor processing to
the left hemisphere (Crow, 2004). Disruptions of structural lateralization effect a breach of
this hemispheric segregation of language processing possibly causing language dysfunction
in schizophrenia patients (Crow, 2004). Auditory verbal hallucinations (AVH) (Gross and
Huber, 2008; Thorup et al., 2007) may share a common neurological substrate with verbal
fluency deficits. Altered functional and structural lateralization of language areas have may
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correlate with severity of AVH (Crow, 2000a; Shapleske et al., 2001; Sommer et al., 2001;
Zhang et al., 2008). Verbal fluency deficits may be potential cognitive markers of future
auditory—verbal hallucinations and of schizophrenia (Klosterkotter et al., 2001; Lencz et al.,
2006).

Our study is limited by the relatively small sample size, assessment of both first and second
degree relatives (which may have diluted the observed effect by reducing the degree of
familial genetic risk), and lack of data on receptive language (Portocarrero et al., 2007).
Structural asymmetry may not necessarily imply functional lateralization and suggests the
need for confirmatory functional imaging studies. Notwithstanding these limitations, most of
the volumetric and lateralization deficits revealed by this study survived the conservative
(Lin, 2005) Bonferroni threshold suggesting these to be critical alterations in those at a
familial diathesis for schizophrenia. The study demonstrates a relation between verbal
fluency deficits and lateralization abnormalities of language areas in young relatives of
schizophrenia patients.
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Fig. 1.
Reversed lateralization of the gray matter volumes of the pars triangularis.
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a. Pooled over HR and healthy control subjects
140

o, Letter verbal fluency
o \ Total verbal fluency scores

04 -03 02 -01 00 01 02 03 04
PT Laterality-index
b. HR subjects

\Lener verbal fluency score
110 “u_Total verbal fluency score

120

-0.4 -0.3 -0.2 -0.1 0.0 0.1 0.2 0.3 0.4
PT Laterality-index

C. Healthy controls

140
o, Letter verbal fluency scores
o ™o, Total verbal fluency scores
120 o
o B 3
100 o I -
o % gog
oo °
50%
s B, 28, = [0
B ° o
GOM
Qca g ° L
& @ 9 o% °
40 .
° | o
o
20
(]
-0.2 -0.1 0.0 0.1 0.2 0.3 0.4

Pars triangularis laterality-index

Fig. 2.

a,% and c. Scatterplots of total and letter verbal fluency scores on the Y-axis and pars
triangularis laterality index on the X-axis. Three plots for pooled (2a) and within-group
correlation analyses (2b and 2c) are shown. HR subjects show correlations between verbal
fluency and laterality but these relations were not noted for healthy controls.
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Repeated-measures ANCOVASs showing groupxside interaction effects and laterality index comparisons

between HC and HR.

Across group laterality

Group by side index comparison F(1,98), Lateralization in HR
interaction F(1,98), p p Direction of lateralization compared toHC
Pars triangularis 7.78,.008 4 7.15, .008 @ HC :L>R Reversed
HC :L<R
Heschl’s gyrus 2.23,.137 .6,.030 HC :L>R Exaggerated
HC :L>R
Angular gyrus 10.31, .002 @ 7.25, .008 @ HC :.L<R Attenuated
HC :L<R
Supramarginal gyrus ~ 3.57,.062 7.20,.009 @ HC :L>R Attenuated
HC :L>R

Bonferroni threshold of £p=.0125 (.05/4) was used to separately correct repeated-measures ANCOVAs and laterality comparisons for four

comparisons for experiment-wise error.

laSurvived the Bonferroni threshold.
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