
BackgroundBackground The production ofThe production of

grammatically complex sentences isgrammaticallycomplex sentences is

impaired in schizophrenia.It hasbeenimpaired in schizophrenia.It has been

suggested that impaired syntaxprocessingsuggested that impaired syntaxprocessing

reflects a risk for the disorder.reflects a risk for the disorder.

AimsAims To examine the neural correlatesTo examine theneural correlates

of syntax production inpeoplewithof syntaxproduction inpeoplewith

schizophrenia using functionalmagneticschizophrenia using functionalmagnetic

resonance imaging (fMRI).resonance imaging (fMRI).

MethodMethod Six patientswithSix patientswith

schizophrenia and sixhealthy volunteersschizophrenia and sixhealthy volunteers

spoke about seven Rorschach inkblots forspoke about seven Rorschach inkblots for

3min eachwhile correlates of brain3min eachwhile correlates of brain

activationweremeasuredwith fMRI.activationweremeasuredwith fMRI.

Participants producedvaryingamounts ofParticipants producedvaryingamounts of

syntacticallysimple andcomplex sentencessyntacticallysimple andcomplex sentences

during each 3 minrun.Thenumberofduringeach 3 minrun.The numberof

simple and complex sentenceswassimple and complex sentenceswas

correlated separately withthe BOLDcorrelated separately withthe BOLD

contrast.contrast.

ResultsResults Inthe comparisonbetweentheInthe comparisonbetweenthe

controlgroup and the patientgroup, thecontrolgroup and the patientgroup, the

numberof complex sentencesproducednumberof complex sentencesproduced

was correlatedwith activation inthewas correlatedwith activation inthe

posterior portion ofthe rightmiddleposterior portion ofthe rightmiddle

temporal (Brodmann area 21) and lefttemporal (Brodmann area 21) and left

superior frontal (BA10) gyri in the controlsuperior frontal (BA10) gyri in the control

group butnot in the patients.group butnot inthe patients.

ConclusionsConclusions The absence of activationThe absence of activation

inthe right posterior temporal and leftin the right posterior temporal and left

superior frontal cortex inpatientswithsuperior frontal cortex inpatientswith

schizophreniamightcontribute to theschizophreniamightcontribute to the

articulation ofgrammaticallymore simplearticulation of grammaticallymore simple

speech inpeoplewiththis disorder.speech inpeoplewiththis disorder.

Declaration of interestDeclaration of interest None.None.

Syntax refers to the way that words areSyntax refers to the way that words are

combined grammatically to form meaning-combined grammatically to form meaning-

ful phrases or sentences. Relative to healthyful phrases or sentences. Relative to healthy

controls, patients with schizophrenia havecontrols, patients with schizophrenia have

deficits with both comprehension (Bagnerdeficits with both comprehension (Bagner

et alet al, 2003) and production (Thomas, 2003) and production (Thomas etet

alal, 1996, 1996bb; Oh; Oh et alet al, 2002) of syntactically, 2002) of syntactically

complex sentences. These deficits are espe-complex sentences. These deficits are espe-

cially evident in patients with formalcially evident in patients with formal

thought disorder (Rodriguez-Ferrerathought disorder (Rodriguez-Ferrera et alet al,,

2001) and do not seem to be simply a func-2001) and do not seem to be simply a func-

tion of impaired semantic processing ortion of impaired semantic processing or

general intellectual functioning (Condraygeneral intellectual functioning (Condray

et alet al, 2002). It has been proposed that im-, 2002). It has been proposed that im-

paired syntax processing reflects a risk forpaired syntax processing reflects a risk for

the disorder (DeLisi, 2001).the disorder (DeLisi, 2001).

In this study we examined the neuralIn this study we examined the neural

correlates of syntax generation on acorrelates of syntax generation on a

sentence level, using functional magneticsentence level, using functional magnetic

resonance imaging (fMRI) to observe parti-resonance imaging (fMRI) to observe parti-

cipants articulating grammatically complexcipants articulating grammatically complex

sentences. As syntactic processing insentences. As syntactic processing in

healthy individuals involves the inferiorhealthy individuals involves the inferior

frontal and lateral temporal cortices (Kaanfrontal and lateral temporal cortices (Kaan

& Swaab& Swaab, 2002), we predicted that the pro-, 2002), we predicted that the pro-

duction of complex sentences would beduction of complex sentences would be

correlated with activation in these areas incorrelated with activation in these areas in

the control group, and that patients withthe control group, and that patients with

schizophrenia would exhibit attenuatedschizophrenia would exhibit attenuated

engagement of the left inferior frontal cor-engagement of the left inferior frontal cor-

tex and both left and right lateral temporaltex and both left and right lateral temporal

cortex.cortex.

METHODMETHOD

In the present investigation we used dataIn the present investigation we used data

derived from an earlier study: full detailsderived from an earlier study: full details

of the participants, the stimuli used, speechof the participants, the stimuli used, speech

recording, fMRI and analysis are given byrecording, fMRI and analysis are given by

KircherKircher et alet al (2001(2001bb, 2002). The patient, 2002). The patient

group comprised six right-handed men withgroup comprised six right-handed men with

a DSM–IV diagnosis of schizophreniaa DSM–IV diagnosis of schizophrenia

(American Psychiatric Association, 1994),(American Psychiatric Association, 1994),

stabilised on neuroleptic medication, withstabilised on neuroleptic medication, with

prominent positive formal thought disor-prominent positive formal thought disor-

der. The control group consisted of sixder. The control group consisted of six

healthy individuals who were matched forhealthy individuals who were matched for

age, gender, verbal IQ, immediate memoryage, gender, verbal IQ, immediate memory

recall, attention and socio-demographicrecall, attention and socio-demographic

variables; see Kirchervariables; see Kircher et alet al (2002) for(2002) for

details.details.

During scanning, seven Rorschach ink-During scanning, seven Rorschach ink-

blot plates were presented consecutivelyblot plates were presented consecutively

on a screen. Participants were asked toon a screen. Participants were asked to

speak about whatever came to mind onspeak about whatever came to mind on

viewing the inkblot, starting as soon asviewing the inkblot, starting as soon as

the stimulus appeared; they spoke freelythe stimulus appeared; they spoke freely

and no prompting was given if they pausedand no prompting was given if they paused

or stopped. Each of the seven plates wasor stopped. Each of the seven plates was

presented for 3 min (one ‘run’) with breakspresented for 3 min (one ‘run’) with breaks

of about 1 min between each presentation.of about 1 min between each presentation.

The participants’ speech during scanningThe participants’ speech during scanning

was recorded on a computer.was recorded on a computer.

Linguistic analysisLinguistic analysis

Acoustic noise generated by image acquisi-Acoustic noise generated by image acquisi-

tion was filtered from the recordings oftion was filtered from the recordings of

the participants’ speech, which was tran-the participants’ speech, which was tran-

scribed verbatim from these recordingsscribed verbatim from these recordings

and subsequently analysed from the tran-and subsequently analysed from the tran-

scripts. The number of simple sentencesscripts. The number of simple sentences

(e.g. ‘I see a moth’) and sentences with sub-(e.g. ‘I see a moth’) and sentences with sub-

ordination (e.g. ‘I see a moth that is blue’)ordination (e.g. ‘I see a moth that is blue’)

were evaluated using Brief Syntactic Analy-were evaluated using Brief Syntactic Analy-

sis (Thomassis (Thomas et alet al, 1996, 1996aa) by one of the) by one of the

authors (T.O.), who was masked to theauthors (T.O.), who was masked to the

speaker’s identity. Brief Syntactic Analysisspeaker’s identity. Brief Syntactic Analysis

is a linguistic analysis that rates sponta-is a linguistic analysis that rates sponta-

neous speech for syntactic complexity. Inneous speech for syntactic complexity. In

this analysis, sentences were classified asthis analysis, sentences were classified as

one of the following:one of the following:

(a)(a) Simple sentences: sentences consistingSimple sentences: sentences consisting

of a subject and predicate, andof a subject and predicate, and

containing one finite verb, e.g. ‘Itcontaining one finite verb, e.g. ‘It

looks like a brain’.looks like a brain’.

(b)(b) Complex sentences: sentencesComplex sentences: sentences

consisting of one independent clauseconsisting of one independent clause

together with one or more subordinatetogether with one or more subordinate

(embedded) clauses (e.g. ‘I jumped at(embedded) clauses (e.g. ‘I jumped at

the sound of his voice, which was inor-the sound of his voice, which was inor-

dinately loud in the silence’). In suchdinately loud in the silence’). In such

sentences the relationship between thesentences the relationship between the

independent clause and its subordinateindependent clause and its subordinate

clauses is a hierarchical one; aclauses is a hierarchical one; a

complex sentence may therefore havecomplex sentence may therefore have

one or more levels of embedding,one or more levels of embedding,

depending on the relationship betweendepending on the relationship between

the subordinate clauses and the mainthe subordinate clauses and the main

one.one.

Each 3 min scanning run was brokenEach 3 min scanning run was broken

down into nine epochs of 20 s, and a totaldown into nine epochs of 20 s, and a total

score for simple and complex sentencesscore for simple and complex sentences

was obtained for each epoch.was obtained for each epoch.
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Image acquisition and data analysisImage acquisition and data analysis

The method of image acquisition and dataThe method of image acquisition and data

analysis has been fully described by Kircheranalysis has been fully described by Kircher

et alet al (2002). Gradient-echo echoplanar MR(2002). Gradient-echo echoplanar MR

images were acquired using a 1.5 T GEimages were acquired using a 1.5 T GE

Signa System (General Electric, Milwaukee,Signa System (General Electric, Milwaukee,

Wisconsin, USA): 14 planes, 60Wisconsin, USA): 14 planes, 60TT22*-*-

weighted MR images; time to echo (TE)weighted MR images; time to echo (TE)

40 ms, repetition time (TR) 3000 ms,40 ms, repetition time (TR) 3000 ms,

yy¼909088, in-plane resolution 3.1 mm, slice, in-plane resolution 3.1 mm, slice

thickness 7 mm, slice skip 0.7 mm.thickness 7 mm, slice skip 0.7 mm.

For fMRI data analysis (BrammerFor fMRI data analysis (Brammer et alet al,,

1997), the behavioural data (number of1997), the behavioural data (number of

simple and complex sentences per 20 ssimple and complex sentences per 20 s

epoch in the two runs per individual withepoch in the two runs per individual with

the highest variance and highest numberthe highest variance and highest number

of maxima and minima) were interpolatedof maxima and minima) were interpolated

using a cubic spline to obtain a behaviouralusing a cubic spline to obtain a behavioural

value corresponding to each fMRI volumevalue corresponding to each fMRI volume

acquired (one value per TR). The depen-acquired (one value per TR). The depen-

dent variable (observed time series at eachdent variable (observed time series at each

voxel) was regressed on the independentvoxel) was regressed on the independent

variable (number of simple and complexvariable (number of simple and complex

sentences). Further analysis was performedsentences). Further analysis was performed

as described by Kircheras described by Kircher et alet al (2002). For(2002). For

group comparisons, we computed a maskgroup comparisons, we computed a mask

composed of all voxels activated at a strin-composed of all voxels activated at a strin-

gent voxel-wise threshold (0.001) in eithergent voxel-wise threshold (0.001) in either

of the two groups or conditions that weof the two groups or conditions that we

needed to compare. We then carried outneeded to compare. We then carried out

between-condition and between-groupbetween-condition and between-group

comparisons within this masked region tocomparisons within this masked region to

reduce the multiple comparison problemreduce the multiple comparison problem

and thus enhance sensitivity. Comparisonand thus enhance sensitivity. Comparison

of groups was performed by computingof groups was performed by computing

the difference between the mean levels ofthe difference between the mean levels of

activation at each voxel in standard spaceactivation at each voxel in standard space

over all participants in each group. The sig-over all participants in each group. The sig-

nificance of this difference was then as-nificance of this difference was then as-

sessed by reference to a null distributionsessed by reference to a null distribution

obtained by repeated permutation of groupobtained by repeated permutation of group

membership and recomputation of themembership and recomputation of the

mean difference.mean difference.

RESULTSRESULTS

Behavioural measuresBehavioural measures

In the two Rorschach plates per individualIn the two Rorschach plates per individual

used for the fMRI analysis, the number ofused for the fMRI analysis, the number of

simple sentences spoken by the patientssimple sentences spoken by the patients

ranged from 3 to 26 (mean 13.8,ranged from 3 to 26 (mean 13.8,

s.d.s.d.¼7.4); in the volunteers the range was7.4); in the volunteers the range was

2–28 (mean 14.2, s.d.2–28 (mean 14.2, s.d.¼8.2;8.2; PP¼0.9,0.9,

Mann–WhitneyMann–Whitney UU¼71.5). The number of71.5). The number of

complex sentences spoken by the patientscomplex sentences spoken by the patients

ranged from 5 to 13 (mean 8.5, s.d.ranged from 5 to 13 (mean 8.5, s.d.¼2.8),2.8),

whereas in the volunteers the range waswhereas in the volunteers the range was

6–20 (mean 13.5, s.d.6–20 (mean 13.5, s.d.¼4.1;4.1; PP¼0.003,0.003,

UU¼21.0). There was no correlation21.0). There was no correlation

between the number of complex and simplebetween the number of complex and simple

sentences produced in either group. Thesentences produced in either group. The

groups did not differ in the total numbergroups did not differ in the total number

of sentences produced (controls: medianof sentences produced (controls: median

31.5, maximum 36.0; patients: median31.5, maximum 36.0; patients: median

29.5, maximum 39.0;29.5, maximum 39.0; UU¼71.0,71.0, PP¼0.9).0.9).

HeadmovementHead movement

Analysis of the estimated time series of dis-Analysis of the estimated time series of dis-

placements in three dimensions revealed noplacements in three dimensions revealed no

evidence of major head motion in anyevidence of major head motion in any

individual. The maximum amount ofindividual. The maximum amount of

head movement in the three dimensionshead movement in the three dimensions

xx,, yy andand zz in the runs per patient wasin the runs per patient was

xx¼0.5 mm (s.d.0.5 mm (s.d.¼0.3),0.3), yy¼0.7 mm (s.d.0.7 mm (s.d.¼
0.3),0.3), zz¼1.4 mm (s.d.1.4 mm (s.d.¼1.6) and in the1.6) and in the

controls it wascontrols it was xx¼0.4 mm (s.d.0.4 mm (s.d.¼0.3),0.3),

yy¼0.3 mm (s.d.0.3 mm (s.d.¼0.4) and0.4) and zz¼0.8 mm0.8 mm

(s.d.(s.d.¼0.8).0.8).

Cerebral activationCerebral activation

Control groupControl group

In the control group the number of simpleIn the control group the number of simple

sentences produced per 20 s period wassentences produced per 20 s period was

positively correlated (positively correlated (PP550.001) with the0.001) with the

BOLD response in the left thalamus andBOLD response in the left thalamus and

primary visual cortex. The main correla-primary visual cortex. The main correla-

tions for complex sentences (tions for complex sentences (PP550.001)0.001)

were with responses in the posterior partwere with responses in the posterior part

of the left middle temporal gyrus, Brod-of the left middle temporal gyrus, Brod-

mann area (BA) 39, and in the posteriormann area (BA) 39, and in the posterior

portion of the right superior temporal sul-portion of the right superior temporal sul-

cus, BA 21/22 (Table 1). Between-conditioncus, BA 21/22 (Table 1). Between-condition

differences in median correlation coeffi-differences in median correlation coeffi-

cient were examined using analysis ofcient were examined using analysis of

variance (ANOVA) at each voxel withvariance (ANOVA) at each voxel with

probability of type I error atprobability of type I error at PP550.05. Sig-0.05. Sig-

nificantly stronger correlations for complexnificantly stronger correlations for complex

v.v. simple sentences were evident in the rightsimple sentences were evident in the right

posterior superior temporal sulcus (BA 21)posterior superior temporal sulcus (BA 21)

and the left superior frontal gyrus (BA 10;and the left superior frontal gyrus (BA 10;

Table 1).Table 1).

Patient groupPatient group

In the patient group the number of simpleIn the patient group the number of simple

sentences produced per 20 s period wassentences produced per 20 s period was

positively correlated (positively correlated (PP550.001) with the0.001) with the

BOLD response in the cerebellum bilater-BOLD response in the cerebellum bilater-

ally (vermal lobule VI; Schmahmannally (vermal lobule VI; Schmahmann et alet al,,

1999). The main correlations for complex1999). The main correlations for complex

sentences (sentences (PP550.001) were with responses0.001) were with responses

in the middle temporal gyri bilaterallyin the middle temporal gyri bilaterally

(BA 21), in a part anterior and inferior to(BA 21), in a part anterior and inferior to

that activated in the control group.that activated in the control group.

Between-condition differences in medianBetween-condition differences in median

correlation coefficient were examined usingcorrelation coefficient were examined using

an ANOVA at each voxel. This indicatedan ANOVA at each voxel. This indicated

210210

Table1Table1 Main foci of signal changes in the control group during production of continuous speech: correlationsMain foci of signal changes in the control group during production of continuous speech: correlations

with simple and complex sentences are shown (with simple and complex sentences are shown (PP550.001), followed by statistical differences between the two0.001), followed by statistical differences between the two

conditions (conditions (PP550.05)0.05)

RegionRegion BABA11 HemisphereHemisphere Coordinates (mm)Coordinates (mm)11 VoxelsVoxels

((nn))
xx yy zz

Simple sentencesSimple sentences

ThalamusThalamus LL 7755 7788 11 77

Primary visual cortexPrimary visual cortex 18/1918/19 LL 773030 778484 88 66

Complex sentencesComplex sentences

Superior temporal sulcusSuperior temporal sulcus 21/2221/22 RR 4242 774747 88 1212

Posterior middle temporal gyrusPosterior middle temporal gyrus 3939 LL 774949 776363 1717 88

Superior frontal gyrusSuperior frontal gyrus 1010 LL 771919 5050 1515 1111

Cingulate gyrusCingulate gyrus 2525 RR 99 77 7777 99

Caudate nucleusCaudate nucleus RR 7799 77 7777 99

ANOVAANOVA

Simple sentencesSimple sentences44complex sentencescomplex sentences

Middle occipital gyrusMiddle occipital gyrus 1919 LL 772929 778383 99 77

Complex sentencesComplex sentences44simple sentencessimple sentences

Caudate nucleusCaudate nucleus RR 7799 77 7777 88

Superior temporal sulcusSuperior temporal sulcus 21/2221/22 RR 4141 774646 99 66

Superior frontal gyrusSuperior frontal gyrus 1010 LL 7799 5656 99 44

ANOVA, analysis of variance; BA, Brodmann area; L, left; R, right.ANOVA, analysis of variance; BA, Brodmann area; L, left; R, right.
1. SeeTalairach & Tournoux (1988).1. SeeTalairach & Tournoux (1988).
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that there were significantly stronger corre-that there were significantly stronger corre-

lations for complex sentences than for sim-lations for complex sentences than for sim-

ple sentences with responses in the rightple sentences with responses in the right

middle temporal gyrus (BA 21;middle temporal gyrus (BA 21; PP550.05),0.05),

again in a region anterior and inferior toagain in a region anterior and inferior to

the site of the analogous differences in thethe site of the analogous differences in the

control group (Table 2; Fig. 1).control group (Table 2; Fig. 1).

Differences in activations for simple sentencesDifferences in activations for simple sentences
between groupsbetween groups

Signal changes correlating with simple sen-Signal changes correlating with simple sen-

tences were compared between groupstences were compared between groups

((PP550.05). Participants in the control group0.05). Participants in the control group

activated the left primary visual cortex andactivated the left primary visual cortex and

the thalamus more than the patients,the thalamus more than the patients,

whereas those in the patient group engagedwhereas those in the patient group engaged

the right cerebellar cortex more than thethe right cerebellar cortex more than the

controls (Table 3).controls (Table 3).

Differences in activations for complexDifferences in activations for complex
sentences between groupssentences between groups

Signal changes correlating with complexSignal changes correlating with complex

sentences were compared between groupssentences were compared between groups

((PP550.05). The control group activated the0.05). The control group activated the

right posterior middle temporal gyrus (BAright posterior middle temporal gyrus (BA

21) and the supramarginal gyrus (BA 40)21) and the supramarginal gyrus (BA 40)

more than the patients, whereas the patientmore than the patients, whereas the patient

group engaged the left fusiform/parahippo-group engaged the left fusiform/parahippo-

campal gyrus more than the controls (Tablecampal gyrus more than the controls (Table

4, Fig. 1).4, Fig. 1).

DISCUSSIONDISCUSSION

In this study, participants spoke continu-In this study, participants spoke continu-

ously about Rorschach inkblots while theirously about Rorschach inkblots while their

regional brain activity was being measuredregional brain activity was being measured

with fMRI. In accordance with previous be-with fMRI. In accordance with previous be-

havioural studies on syntax production inhavioural studies on syntax production in

schizophrenia, we found that the patientschizophrenia, we found that the patient

group produced fewer complex sentencesgroup produced fewer complex sentences

than controls (Thomasthan controls (Thomas et alet al, 1996, 1996bb; Oh; Oh etet

alal, 2002). However, the numbers of simple, 2002). However, the numbers of simple

sentences produced by the two groups weresentences produced by the two groups were

similar.similar.

Syntax production in the controlSyntax production in the control
groupgroup

The rate of production of each sentenceThe rate of production of each sentence

type was correlated with the BOLD re-type was correlated with the BOLD re-

sponse in each group. In members of thesponse in each group. In members of the

control group there was a positive correla-control group there was a positive correla-

tion between the number of complex sen-tion between the number of complex sen-

tences and activation in the left posteriortences and activation in the left posterior

middle temporal gyrus, which is part ofmiddle temporal gyrus, which is part of

Wernicke’s area, and in the right superiorWernicke’s area, and in the right superior

temporal sulcus. Both these areas have con-temporal sulcus. Both these areas have con-

sistently been activated in functional ima-sistently been activated in functional ima-

ging studies of syntax comprehension inging studies of syntax comprehension in

211211

Table 2Table 2 Main foci of signal changes in participantswith schizophrenia duringproduction of continuous speech:Main foci of signal changes in participantswith schizophrenia duringproduction of continuous speech:

correlations with simple and complex sentences are shown (correlations with simple and complex sentences are shown (PP550.001), followed by statistical differences0.001), followed by statistical differences

between the two conditions (between the two conditions (PP550.05)0.05)

RegionRegion BABA HemisphereHemisphere Coordinates (mm)Coordinates (mm) VoxelsVoxels
((nn))xx yy zz

Simple sentencesSimple sentences
CerebellumCerebellum LL 771515 775757 772929 3737

RR 1010 775353 773131 1717
Complex sentencesComplex sentences
Hippocampal areaHippocampal area LL 773535 772929 771111 1919
Middle temporal gyrusMiddle temporal gyrus 2121 RR 5454 772828 7766 1515

LL 774848 774040 771010 66
Precentral gyrusPrecentral gyrus 66 RR 4646 771010 3737 1414
Primary visual cortexPrimary visual cortex 18/1918/19 LL 773131 777171 99 1111
Inferior frontal gyrusInferior frontal gyrus 4646 LL 774040 3737 99 77
Posterior insulaPosterior insula LL 772626 771515 1515 77
ANOVAANOVA
Simple sentencesSimple sentences44complex sentencescomplex sentences

CerebellumCerebellum LL 771717 775050 772929 2929
Complex sentencesComplex sentences44simple sentencessimple sentences

Postcentral gyrusPostcentral gyrus 1/31/3 RR 4949 771414 3737 99
Primary visual cortexPrimary visual cortex 1919 RR 773232 776969 99 66
Middle temporal gyrusMiddle temporal gyrus 2121 RR 5252 773333 7777 44

ANOVA, analysis of variance; BA, Brodmann area; L, left; R, right.ANOVA, analysis of variance; BA, Brodmann area; L, left; R, right.

Fig. 1Fig. 1 Brain activationmaps: functionalmagnetic resonance imaging signal changes correlatedwith theBrain activation maps: functional magnetic resonance imaging signal changes correlatedwith the

amount of syntactically complex sentences produced per 20 s epoch across two 3min runs, showing significantamount of syntactically complex sentences produced per 20 s epoch across two 3min runs, showing significant

differences in power of response between the patient and control groups (differences in power of response between the patient and control groups (PP550.05).Blue voxels indicate greater0.05).Blue voxels indicate greater

power of response in the control participants (right posterior middle temporal and left superior front gyrus,power of response in the control participants (right posterior middle temporal and left superior front gyrus,

right nucleus accumbens); red voxels indicate greater power of response in the participants with schizophreniaright nucleus accumbens); red voxels indicate greater power of response in the participants with schizophrenia

(left parahippocampal gyrus).The left side of the brain is shown on the right side of the image;Talairach(left parahippocampal gyrus).The left side of the brain is shown on the right side of the image;Talairach zz co-co-

ordinates (Talairach & Tournoux,1988) are given below each slice.ordinates (Talairach & Tournoux,1988) are given below each slice.
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healthy volunteers (Kaan & Swaab, 2002).healthy volunteers (Kaan & Swaab, 2002).

However, whereas previous studies investi-However, whereas previous studies investi-

gated syntax in the context of sentencegated syntax in the context of sentence

comprehension, the neural correlates incomprehension, the neural correlates in

our study were those of syntactic produc-our study were those of syntactic produc-

tion during continuous speech. We thus in-tion during continuous speech. We thus in-

terpret the signal changes in the left middleterpret the signal changes in the left middle

temporal gyrus and right superior temporaltemporal gyrus and right superior temporal

sulcus as being related to the production ofsulcus as being related to the production of

syntactically complex sentences.syntactically complex sentences.

Syntax production in the patientSyntax production in the patient
groupgroup

In the patient group the production of com-In the patient group the production of com-

plex sentences was also correlated with bi-plex sentences was also correlated with bi-

lateral activation in the temporal cortex,lateral activation in the temporal cortex,

but in regions anterior and inferior to thosebut in regions anterior and inferior to those

engaged in the controls. Direct comparisonengaged in the controls. Direct comparison

of the correlations in the two groups re-of the correlations in the two groups re-

vealed significantly greater activation invealed significantly greater activation in

the right posterior middle temporal gyrus,the right posterior middle temporal gyrus,

right supramarginal gyrus and left superiorright supramarginal gyrus and left superior

frontal gyrus in the control group com-frontal gyrus in the control group com-

pared with the patients. This weaker en-pared with the patients. This weaker en-

gagement of the posterior temporal cortexgagement of the posterior temporal cortex

and adjacent inferior parietal lobule mayand adjacent inferior parietal lobule may

be related to the impairment in producingbe related to the impairment in producing

complex sentences that we observed in thecomplex sentences that we observed in the

patients at the behavioural level. However,patients at the behavioural level. However,

we cannot entirely exclude the possibilitywe cannot entirely exclude the possibility

that these functional differences were re-that these functional differences were re-

lated to semantic processing. Complex sen-lated to semantic processing. Complex sen-

tences are more complicated than simpletences are more complicated than simple

sentences in terms of syntax as well as theirsentences in terms of syntax as well as their

semantic content. Reading sentences in-semantic content. Reading sentences in-

volves the temporal cortex (Kuperbergvolves the temporal cortex (Kuperberg etet

alal, 2000), and patients with schizophrenia, 2000), and patients with schizophrenia

show deficits in semantic processing at theshow deficits in semantic processing at the

behavioural level (Bagnerbehavioural level (Bagner et alet al, 2003)., 2003).

However, if semantic content were solelyHowever, if semantic content were solely

responsible for the temporal activations,responsible for the temporal activations,

we would also expect at least small signalwe would also expect at least small signal

changes in these areas for the correlationschanges in these areas for the correlations

with simple sentences. An increased num-with simple sentences. An increased num-

ber of simple sentences per unit of time alsober of simple sentences per unit of time also

conveys increased semantic content. We didconveys increased semantic content. We did

not find such a correlation in either groupnot find such a correlation in either group

and would therefore suggest that, in lineand would therefore suggest that, in line

with recent research (Kaan & Swaab,with recent research (Kaan & Swaab,

2002), the temporal activations reflect syn-2002), the temporal activations reflect syn-

tactic complexity.tactic complexity.

The impaired posterior temporal activ-The impaired posterior temporal activ-

ation we observed in the patients is in lineation we observed in the patients is in line

with other data demonstrating structuralwith other data demonstrating structural

and functional abnormalities in this areaand functional abnormalities in this area

in schizophrenia. Thus, the production ofin schizophrenia. Thus, the production of

thought-disordered speech in another studythought-disordered speech in another study

of the same patients correlated negativelyof the same patients correlated negatively

with signal changes in the left superior tem-with signal changes in the left superior tem-

poral gyrus (Kircherporal gyrus (Kircher et alet al, 2001, 2001bb), and), and

lateralisation changes in the same areaslateralisation changes in the same areas

have been described during a sentence com-have been described during a sentence com-

pletion task, also in the same samplepletion task, also in the same sample

(Kircher(Kircher et alet al, 2001, 2001aa). The temporal cor-). The temporal cor-

tices have been implicated in the generationtices have been implicated in the generation

of auditory verbal hallucinations (Dierksof auditory verbal hallucinations (Dierks

et alet al, 1999; Shergill, 1999; Shergill et alet al, 2000). Structural, 2000). Structural

imaging studies (for review, see Shentonimaging studies (for review, see Shenton etet

alal, 2001) have described volumetric anoma-, 2001) have described volumetric anoma-

lies in the lateral temporal gyri in schizo-lies in the lateral temporal gyri in schizo-

phrenia, particularly in patients withphrenia, particularly in patients with

formal thought disorder. Our findings areformal thought disorder. Our findings are

also consistent with abnormalities in thealso consistent with abnormalities in the

planum temporale during simple acousticplanum temporale during simple acoustic

processing, where abnormalities in latera-processing, where abnormalities in latera-

lisation patterns have been describedlisation patterns have been described

(Rockstroh(Rockstroh et alet al, 1998; Kircher, 1998; Kircher et alet al, 2004)., 2004).

Frontal lobeFrontal lobe

Apart from the temporal cortex, the onlyApart from the temporal cortex, the only

other region that was significantly moreother region that was significantly more

correlated with complex rather than simplecorrelated with complex rather than simple

sentence production in the control groupsentence production in the control group

was in the left prefrontal cortex, close towas in the left prefrontal cortex, close to

the frontal pole (BA 10). This differencethe frontal pole (BA 10). This difference

was not evident in the patient group andwas not evident in the patient group and

direct contrast of the correlation maps fordirect contrast of the correlation maps for

complex sentences in the two groups re-complex sentences in the two groups re-

vealed significantly greater activation invealed significantly greater activation in

the controls than in the patients. Otherthe controls than in the patients. Other

studies have found activation in the proxi-studies have found activation in the proxi-

mity of this region during syntax compre-mity of this region during syntax compre-

hension in healthy volunteers (Newmanhension in healthy volunteers (Newman etet

alal, 2001). Although we predicted impaired, 2001). Although we predicted impaired

differential engagement of the left inferiordifferential engagement of the left inferior

frontal gyrus rather than this more anteriorfrontal gyrus rather than this more anterior

region in the two groups, these observa-region in the two groups, these observa-

tions suggest that this might also be relatedtions suggest that this might also be related

to impaired syntactic processing in peopleto impaired syntactic processing in people

with schizophrenia.with schizophrenia.

It has been proposed that Broca’s areaIt has been proposed that Broca’s area

is involved in syntactic processing onlyis involved in syntactic processing only

when the demands on verbal working mem-when the demands on verbal working mem-

ory are high (Kaan & Swaab, 2002).ory are high (Kaan & Swaab, 2002).

Although the articulation of syntacticallyAlthough the articulation of syntactically

complex sentences might have engaged ver-complex sentences might have engaged ver-

bal working memory to a greater extentbal working memory to a greater extent

than simple sentences, the difference inthan simple sentences, the difference in

the memory load might have been too smallthe memory load might have been too small

to lead to differential left inferior frontalto lead to differential left inferior frontal

activation. The absence of correlations be-activation. The absence of correlations be-

tween the production of complex sentencestween the production of complex sentences

and the engagement of motor-related areasand the engagement of motor-related areas

more generally may seem surprising, givenmore generally may seem surprising, given

that the participants were articulatingthat the participants were articulating

speech; however, as they were speaking atspeech; however, as they were speaking at

212212

Table 3Table 3 Differences in activation (Differences in activation (PP550.05) for simple sentences between patient and control groups0.05) for simple sentences between patient and control groups

RegionRegion BABA HemisphereHemisphere Coordinates (mm)Coordinates (mm) VoxelsVoxels

((nn))
xx yy zz

Simple sentences: controlsSimple sentences: controls44patientspatients

Primary visual cortexPrimary visual cortex 18/1918/19 LL 772929 778383 99 77

ThalamusThalamus LL 7733 7766 7722 55

Simple sentences: patientsSimple sentences: patients44controlscontrols

CerebellumCerebellum RR 66 774747 771818 1010

BA, Brodmann area; L, left; R, right.BA, Brodmann area; L, left; R, right.

Table 4Table 4 Differences in activation (Differences in activation (PP550.05) for complex sentences between patient and control groups0.05) for complex sentences between patient and control groups

RegionRegion BABA HemisphereHemisphere Coordinates (mm)Coordinates (mm) VoxelsVoxels

((nn))
xx yy zz

Complex sentences: controlsComplex sentences: controls44patientspatients

Posterior middle temporal gyrusPosterior middle temporal gyrus 2121 RR 5858 775050 44 88

Nucleus accumbensNucleus accumbens RR 99 66 7777 66

RR 66 33 771313 66

Superior frontal gyrusSuperior frontal gyrus 1010 LL 771414 5656 1515 55

Supramarginal gyrusSupramarginal gyrus 4040 RR 5252 774444 2626 44

Complex sentences: patientsComplex sentences: patients44controlscontrols

Fusiform/parahippocampal gyrusFusiform/parahippocampal gyrus 35/3635/36 LL 773535 772525 771313 77

BA, Brodmann area; L, left; R, right.BA, Brodmann area; L, left; R, right.
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a rate that was self-paced and felt naturala rate that was self-paced and felt natural

for them, the demands on articulatory pro-for them, the demands on articulatory pro-

cessing might have been relatively constant.cessing might have been relatively constant.

Activation in motor areas might thus haveActivation in motor areas might thus have

been at ceiling and not have shown a mea-been at ceiling and not have shown a mea-

surable response to fluctuations in thesurable response to fluctuations in the

amount of speech produced in associationamount of speech produced in association

with the production of complex sentenceswith the production of complex sentences

(Kircher(Kircher et alet al, 2002)., 2002).

Methodological considerationsMethodological considerations

Although overt speech can be associatedAlthough overt speech can be associated

with artefacts in fMRI studies secondarywith artefacts in fMRI studies secondary

to articulation-related head movementto articulation-related head movement

(Bullmore(Bullmore et alet al, 1999), we quantified head, 1999), we quantified head

movement during image acquisition, andmovement during image acquisition, and

found it to be minimal in both groups. Ar-found it to be minimal in both groups. Ar-

tefacts can also be introduced by air volumetefacts can also be introduced by air volume

changes in the pharynx during phonation.changes in the pharynx during phonation.

However, when scanning at 1.5 T these ef-However, when scanning at 1.5 T these ef-

fects are likely to be small, except in areasfects are likely to be small, except in areas

close to the orbital frontal cortex (Barchclose to the orbital frontal cortex (Barch

et alet al, 1999). Functional MRI is also asso-, 1999). Functional MRI is also asso-

ciated with significant scanner noise, butciated with significant scanner noise, but

all our participants reported that they wereall our participants reported that they were

able to hear themselves speak during theable to hear themselves speak during the

task.task.

Concluding remarksConcluding remarks

Our data implicate the left posteriorOur data implicate the left posterior

superior temporal sulcus (Wernicke’s area),superior temporal sulcus (Wernicke’s area),

the right posterior middle temporal gyrusthe right posterior middle temporal gyrus

and the left prefrontal cortex in the produc-and the left prefrontal cortex in the produc-

tion of syntactically complex sentences intion of syntactically complex sentences in

healthy individuals. Patients with schizo-healthy individuals. Patients with schizo-

phrenia failed to show this pattern ofphrenia failed to show this pattern of

activation, with significantly weakeractivation, with significantly weaker

engagement of the right temporal and leftengagement of the right temporal and left

prefrontal cortex, which may underlie theprefrontal cortex, which may underlie the

reduced production of grammatically com-reduced production of grammatically com-

plex sentences in these patients. Languageplex sentences in these patients. Language

abnormalities seem to be the only symptomabnormalities seem to be the only symptom

that is genetically transmitted among rela-that is genetically transmitted among rela-

tives of people with schizophrenia (Cardnotives of people with schizophrenia (Cardno

et alet al, 2001). The way in which language,, 2001). The way in which language,

genes, the brain and schizophrenia relategenes, the brain and schizophrenia relate

to each other is a very intriguingto each other is a very intriguing

question (Crow, 2000) and needs furtherquestion (Crow, 2000) and needs further

investigation.investigation.
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CLINICAL IMPLICATIONSCLINICAL IMPLICATIONS
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&& Abnormalities in the superior temporal gyrus, which is a key region in theAbnormalities in the superior temporal gyrus, which is a key region in the
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syntactically complex structures in these patients.syntactically complex structures in these patients.

&& Impaired syntactic processingmay be a risk factor in the development ofImpaired syntactic processingmay be a risk factor in the development of
schizophrenia.schizophrenia.

LIMITATIONSLIMITATIONS

&& The syntactic measures used in our study could be complemented by a more fine-The syntactic measures used in our study could be complemented by a more fine-
grained linguistic analysis.grained linguistic analysis.

&& Because the study did not include a group of participants with schizophreniawhoBecause the study did not include a group of participants with schizophreniawho
were not prone to formal thoughtdisorder, it is not possible to separate the effect ofwere not prone to formal thoughtdisorder, it is not possible to separate the effect of
schizophrenia in general from the specific propensity to produce formal thoughtschizophrenia in general from the specific propensity to produce formal thought
disorder.disorder.

&& The study would have benefited from the inclusion of an unmedicated patientThe study would have benefited from the inclusion of an unmedicated patient
group and a greater sample size.group and a greater sample size.
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