
BackgroundBackground Magnetic resonanceMagnetic resonance

imaging (MRI) has demonstratedimaging (MRI) has demonstrated

abnormalities of brain structure,abnormalities of brain structure,

particularlyofthe temporallobes, inparticularlyofthe temporallobes, in

schizophrenia.These are thoughtto beschizophrenia.These are thoughtto be

neurodevelopmental in origin, butwhenneurodevelopmental in origin, butwhen

theybecome evident is unknown.theybecome evident is unknown.

AimsAims To determine if temporallobeTo determine if temporallobe

volumesreduce during the developmentvolumesreduce during the development

of symptoms of schizophrenia in initiallyof symptoms of schizophrenia in initially

wellpeople at highriskofthis disorder.wellpeople at highriskofthis disorder.

MethodMethod Agroup of 66 peoplewhoAgroup of 66 peoplewho

had at leasttwo first- or second-degreehad at leasttwo first- or second-degree

relativeswith schizophrenia and a controlrelativeswith schizophrenia and a control

group of 20 healthypeople had agroup of 20 healthypeople had a

structural MRI scan ofthewhole brainstructural MRI scan ofthewhole brain

whichwasrepeated after approximatelywhichwasrepeated after approximately

2 years.Regions of interest, specifically2 years.Regions of interest, specifically

the amygdala^hippocampus complexthe amygdala^hippocampus complex

and the temporallobes, were tracedand the temporallobes, were traced

semi-automaticallyby threemaskedraterssemi-automaticallyby threemaskedraters

with good inter- and intrarater reliability.with good inter- and intrarater reliability.

ResultsResults Regionalbrainvolume changesRegional brainvolume changes

over 2 years didnotdiffer betweenover 2 years didnotdiffer between

high-risk andhealthyparticipants.Withinhigh-risk andhealthyparticipants.Within

thehigh-riskgroup, the19 peoplethehigh-riskgroup, the19 people

with psychotic symptoms (12 at firstwith psychotic symptoms (12 at first

assessment) had ameanreduction ofassessment) had ameanreduction of

2163mm2163mm33 inthe righttemporallobeinthe righttemporallobe

comparedwith 97mmcomparedwith 97mm33 in the 47inthe 47

without symptoms (without symptoms (PP¼0.02).0.02).

ConclusionsConclusions Our findings suggestOur findings suggest

that people at highriskof schizophreniathat people athighriskof schizophrenia

withpsychotic symptoms showreductionswithpsychotic symptoms showreductions

intemporallobe volumes.in temporallobe volumes.

Declaration of interestDeclaration of interest None.None.

Structural brain imaging studies in schizo-Structural brain imaging studies in schizo-

phrenia have demonstrated several abnorm-phrenia have demonstrated several abnorm-

alities, particularly of the temporal lobesalities, particularly of the temporal lobes

and constituent parts, both in people withand constituent parts, both in people with

established disease and in first-episode pa-established disease and in first-episode pa-

tients (Suddathtients (Suddath et alet al, 1990; Shenton, 1990; Shenton et alet al,,

1992; Lawrie & Abukmeil, 1998; Lawrie1992; Lawrie & Abukmeil, 1998; Lawrie

et alet al, 1999; Wright, 1999; Wright et alet al, 2000). This has, 2000). This has

generally been interpreted as indicating thatgenerally been interpreted as indicating that

the brain changes are present early in life,the brain changes are present early in life,

but the timing is unknown. The Edinburghbut the timing is unknown. The Edinburgh

High-Risk Study was designed to addressHigh-Risk Study was designed to address

this uncertainty. Participants were recruitedthis uncertainty. Participants were recruited

as adolescents, having at least two affectedas adolescents, having at least two affected

relatives. Structural magnetic resonancerelatives. Structural magnetic resonance

imaging (MRI) of the brain at baselineimaging (MRI) of the brain at baseline

revealed that the mean volumes of therevealed that the mean volumes of the

amygdala–hippocampus complex in theamygdala–hippocampus complex in the

brains of people at high risk were smallerbrains of people at high risk were smaller

than those of healthy participants but largerthan those of healthy participants but larger

than in first-episode patients (Lawriethan in first-episode patients (Lawrie et alet al,,

1999, 2001). We scanned subgroups of1999, 2001). We scanned subgroups of

high-risk and healthy control participantshigh-risk and healthy control participants

on two occasions about 2 years apart. Someon two occasions about 2 years apart. Some

of the high-risk participants had experi-of the high-risk participants had experi-

enced psychotic symptoms during this time,enced psychotic symptoms during this time,

several at baseline assessment. We thereforeseveral at baseline assessment. We therefore

test two hypotheses in this report. First, wetest two hypotheses in this report. First, we

determined whether people at high riskdetermined whether people at high risk

generally show a reduction in the volumesgenerally show a reduction in the volumes

of the temporal lobes and amygdala–of the temporal lobes and amygdala–

hippocampus over time compared with ahippocampus over time compared with a

healthy control group. Second, we examin-healthy control group. Second, we examin-

ed whether these structures reduced ined whether these structures reduced in

volume in high-risk participants with psy-volume in high-risk participants with psy-

chotic symptoms.chotic symptoms.

METHODMETHOD

Ethical approval was obtained from allEthical approval was obtained from all

relevant health boards and enrolment beganrelevant health boards and enrolment began

in 1995. After a complete description of thein 1995. After a complete description of the

study had been given to participants, theirstudy had been given to participants, their

written informed consent was obtained.written informed consent was obtained.

ParticipantsParticipants

Details of the recruitment process haveDetails of the recruitment process have

been described in previous papers (Hodgesbeen described in previous papers (Hodges

et alet al, 1999; Johnstone, 1999; Johnstone et alet al, 2000). Briefly,, 2000). Briefly,

individuals with schizophrenia, with aindividuals with schizophrenia, with a

family history of schizophrenia and withfamily history of schizophrenia and with

adolescent relatives, were identified fromadolescent relatives, were identified from

psychiatric hospital case records in mostpsychiatric hospital case records in most

areas of Scotland. Case-note diagnoses ofareas of Scotland. Case-note diagnoses of

schizophrenia were verified with theschizophrenia were verified with the

Operational Criteria Checklist (McGuffinOperational Criteria Checklist (McGuffin

et alet al, 1991). We then approached their, 1991). We then approached their

relatives, and high-risk subjects aged 16–relatives, and high-risk subjects aged 16–

25 who agreed to participate were given a25 who agreed to participate were given a

detailed clinical, neuropsychological anddetailed clinical, neuropsychological and

brain imaging assessment. The clinicalbrain imaging assessment. The clinical

assessment included the Present Stateassessment included the Present State

Examination (PSE, ninth edition), a struc-Examination (PSE, ninth edition), a struc-

tured psychiatric interview schedule whichtured psychiatric interview schedule which

has been widely used in studies of schizo-has been widely used in studies of schizo-

phrenia (Wingphrenia (Wing et alet al, 1974). All these assess-, 1974). All these assess-

ments were repeated after approximately 2ments were repeated after approximately 2

years in consenting participants who hadyears in consenting participants who had

enrolled in the first 2 years of the study.enrolled in the first 2 years of the study.

A control group of healthy individualsA control group of healthy individuals

without any family history of schizophreniawithout any family history of schizophrenia

was recruited from the same areas ofwas recruited from the same areas of

Scotland as the high-risk participants.Scotland as the high-risk participants.

These people were of similar age to theThese people were of similar age to the

high-risk group and their numbers werehigh-risk group and their numbers were

comparable to the number of peoplecomparable to the number of people

expected to develop psychosis. Membersexpected to develop psychosis. Members

of the control group were fully examinedof the control group were fully examined

as above and consenting individualsas above and consenting individuals

reassessed after approximately 2 years.reassessed after approximately 2 years.

SymptommeasuresSymptommeasures

At each clinical assessment, psychotic andAt each clinical assessment, psychotic and

other symptoms were identified andother symptoms were identified and

measured on a videotaped PSE. Participantsmeasured on a videotaped PSE. Participants

were initially divided into five groups onwere initially divided into five groups on

the basis of symptom severity (Johnstonethe basis of symptom severity (Johnstone

et alet al, 2000):, 2000):

0 – no symptom0 – no symptom

1 – any fully rated non-psychotic1 – any fully rated non-psychotic

symptom or behavioural itemsymptom or behavioural item

2 – partially rated psychotic symptoms2 – partially rated psychotic symptoms

(mainly isolated perceptual distur-(mainly isolated perceptual distur-

bances or partially held delusions) orbances or partially held delusions) or

behavioursbehaviours

3 – any fully rated psychotic symptoms3 – any fully rated psychotic symptoms

(hallucinations and delusions) or be-(hallucinations and delusions) or be-

haviourhaviour

4 – schizophrenia diagnosed according4 – schizophrenia diagnosed according

to PSE and ICD–10 (World Healthto PSE and ICD–10 (World Health

Organization, 1992) criteria.Organization, 1992) criteria.

For statistical analysis groups rated 0/1For statistical analysis groups rated 0/1

and 2/3 were collapsed (absence or pre-and 2/3 were collapsed (absence or pre-

sence of psychotic symptoms), and thosesence of psychotic symptoms), and those

who developed schizophrenia before thewho developed schizophrenia before the

second scan could not be included as theysecond scan could not be included as they
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only had one scan. It should be noted thatonly had one scan. It should be noted that

some of the high-risk participants hadsome of the high-risk participants had

partially or fully rated psychotic symptomspartially or fully rated psychotic symptoms

at intake (at intake (nn¼12), but most were working or12), but most were working or

studying productively and none hadstudying productively and none had

schizophrenia or any other psychoticschizophrenia or any other psychotic

disorder. By 1999, a relatively smalldisorder. By 1999, a relatively small

number of the whole cohort (number of the whole cohort (nn¼7) had7) had

gone on to meet diagnostic criteria forgone on to meet diagnostic criteria for

schizophrenia and we are thus not yet ableschizophrenia and we are thus not yet able

to examine the predictors and associationsto examine the predictors and associations

of psychosisof psychosis per seper se. We should also stress. We should also stress

that the current analyses were pre-planned,that the current analyses were pre-planned,

as were similar analyses of the neuro-as were similar analyses of the neuro-

psychological data (Coswaypsychological data (Cosway et alet al, 2000),, 2000),

as part of the first phase of the study (Milleras part of the first phase of the study (Miller

et alet al, 2002)., 2002).

Brain scanningBrain scanning

Details of the image acquisition and proces-Details of the image acquisition and proces-

sing are given elsewhere (Whalleysing are given elsewhere (Whalley et alet al,,

1999). Briefly, participants underwent MRI1999). Briefly, participants underwent MRI

scanning on a 1T Magnetom scannerscanning on a 1T Magnetom scanner

(Siemens, Erlangen, Germany). Midline(Siemens, Erlangen, Germany). Midline

sagittal localisation was followed by asagittal localisation was followed by a

double spin echo sequence to identify anydouble spin echo sequence to identify any

gross brain lesions and a fast gradient echogross brain lesions and a fast gradient echo

sequence for volumetric analysis. The lattersequence for volumetric analysis. The latter

consisted of a 180consisted of a 18088 inversion pulse followedinversion pulse followed

by a FLASH (fast low angle shot) collectionby a FLASH (fast low angle shot) collection

(flip angle 12(flip angle 1288, repetition/echo/inversion, repetition/echo/inversion

timestimes¼10/4/200 ms, relaxation delay time10/4/200 ms, relaxation delay time

500 ms, field-of-view 250 mm). This gave500 ms, field-of-view 250 mm). This gave

128 contiguous 1.88 mm thick slices in the128 contiguous 1.88 mm thick slices in the

coronal plane. Semi-automated quality con-coronal plane. Semi-automated quality con-

trol checks of the signal-to-noise ratio andtrol checks of the signal-to-noise ratio and

radio frequency field homogeneity wereradio frequency field homogeneity were

made daily. Inhomogeneity in the head coilmade daily. Inhomogeneity in the head coil

was corrected for by scanning a flood phan-was corrected for by scanning a flood phan-

tom after each scan and normalising the datatom after each scan and normalising the data

to this. Repeat scans were conducted on theto this. Repeat scans were conducted on the

same scanner, with exactly the same imagingsame scanner, with exactly the same imaging

protocol, after approximately 2 years. Theprotocol, after approximately 2 years. The

scanner was not modified during the study.scanner was not modified during the study.

Images were processed on Sun Micro-Images were processed on Sun Micro-

systems workstations using the softwaresystems workstations using the software

package Analyze (version 7.5, Mayopackage Analyze (version 7.5, Mayo

Foundation, Rochester, Minnesota, USA).Foundation, Rochester, Minnesota, USA).

Seeds were placed in regions of interest,Seeds were placed in regions of interest,

thresholds adjusted by eye and limits placedthresholds adjusted by eye and limits placed

manually to separate adjoining structures.manually to separate adjoining structures.

The temporal lobes and amygdala–hippo-The temporal lobes and amygdala–hippo-

campus complex volumes were definedcampus complex volumes were defined

according to the criteria of Suddathaccording to the criteria of Suddath et alet al

(1990) and Shenton(1990) and Shenton et alet al (1992). The tem-(1992). The tem-

poral lobe measurements started at theporal lobe measurements started at the

temporal pole, the amygdala–hippocampustemporal pole, the amygdala–hippocampus

complex volume measurements werecomplex volume measurements were

commenced when the temporal stem whitecommenced when the temporal stem white

matter was first observable, and the poster-matter was first observable, and the poster-

ior boundary for both was taken as the firstior boundary for both was taken as the first

slice in which the crus fornicis fibresslice in which the crus fornicis fibres

formed the medial wall of the lateral ventri-formed the medial wall of the lateral ventri-

cle. The posterior boundary of the prefron-cle. The posterior boundary of the prefron-

tal lobes was taken as the first slice of thetal lobes was taken as the first slice of the

corpus callosum. Other structures werecorpus callosum. Other structures were

outlined by standard criteria or naturalisticoutlined by standard criteria or naturalistic

boundaries as in our previous studiesboundaries as in our previous studies

(Lawrie(Lawrie et alet al, 1999, 2001; Whalley, 1999, 2001; Whalley et alet al,,

1999) for exploratory analyses.1999) for exploratory analyses.

Volumetric image processing wasVolumetric image processing was

performed by three raters (H.C.W., S.S.A.,performed by three raters (H.C.W., S.S.A.,

J.N.K.) with good interrater reliability:J.N.K.) with good interrater reliability:

mean intraclass correlation coefficientmean intraclass correlation coefficient

0.92, range 0.78–0.99. The main rater0.92, range 0.78–0.99. The main rater

(H.C.W.) also measured her intrarater re-(H.C.W.) also measured her intrarater re-

liability every 6 months (mean intraclassliability every 6 months (mean intraclass

correlation coefficient 0.94, range 0.80–correlation coefficient 0.94, range 0.80–

1.00). Measurement error was quantified1.00). Measurement error was quantified

by dividing the mean difference between aby dividing the mean difference between a

pair of ratings by the mean volume of thepair of ratings by the mean volume of the

two. Expressed as a percentage, the meantwo. Expressed as a percentage, the mean

error over time was less than 1% for theerror over time was less than 1% for the

whole brain and temporal lobes, 3.2% forwhole brain and temporal lobes, 3.2% for

the amygdala–hippocampus and 1.7–5.5%the amygdala–hippocampus and 1.7–5.5%

for the remaining structures other than thefor the remaining structures other than the

third ventricle (Whalleythird ventricle (Whalley et alet al 1999). The1999). The

scans were identified by code number andscans were identified by code number and

date of birth only, so that the raters weredate of birth only, so that the raters were

masked to group membership.masked to group membership.

Statistical analysisStatistical analysis

All statistical testing was conducted usingAll statistical testing was conducted using

the Statistical Package for the Socialthe Statistical Package for the Social

Sciences (SPSS version 10.0 for PC). Demo-Sciences (SPSS version 10.0 for PC). Demo-

graphics were compared between groupsgraphics were compared between groups

with analysis of variance and the chi-with analysis of variance and the chi-

squared test. In the high-risk group,squared test. In the high-risk group,

symptom ratings on the PSE were scoredsymptom ratings on the PSE were scored

as the highest symptom levels over the firstas the highest symptom levels over the first

5 years of the study, dichotomised into5 years of the study, dichotomised into

groups of 0/1 (no psychotic symptomsgroups of 0/1 (no psychotic symptoms

ever) and 2/3 (psychotic symptoms). Anyever) and 2/3 (psychotic symptoms). Any

differential change over time in the high-differential change over time in the high-

risk and healthy control groups wasrisk and healthy control groups was

examined with repeated measures analysisexamined with repeated measures analysis

of variance (ANOVA), looking for groupof variance (ANOVA), looking for group66
time interactions. The same test wastime interactions. The same test was

employed to compare change in high-riskemployed to compare change in high-risk

individuals with and without symptoms.individuals with and without symptoms.

The mean absolute change in regionalThe mean absolute change in regional

volumes was calculated as the mean differ-volumes was calculated as the mean differ-

ence between the two scans (scan 2ence between the two scans (scan 277scanscan

1), such that a negative value indicates1), such that a negative value indicates

volume reduction. Relative change as avolume reduction. Relative change as a

percentage was calculated with referencepercentage was calculated with reference

to the appropriate volume on the first scan,to the appropriate volume on the first scan,

i.e. ([scan 2i.e. ([scan 277scan 1]/scan 1)scan 1]/scan 1)66100.100.

RESULTSRESULTS

Changes in regional brain volumesChanges in regional brain volumes
over timeover time

Second scans were performed in 66 high-Second scans were performed in 66 high-

risk and 20 healthy participants an averagerisk and 20 healthy participants an average

of 1.8 (s.d.of 1.8 (s.d.¼0.4) years after the first0.4) years after the first

assessment. The mean ages of the twoassessment. The mean ages of the two

groups were almost identical and theregroups were almost identical and there

were no significant differences in the otherwere no significant differences in the other

descriptive variables (Table 1). Repeateddescriptive variables (Table 1). Repeated

measures ANOVA revealed no statisticallymeasures ANOVA revealed no statistically

significant groupsignificant group66time interactions. Theretime interactions. There

were no significant differences in volumewere no significant differences in volume

changes between control and high-riskchanges between control and high-risk

participants in the left (participants in the left (FF1,841,84¼2.9,2.9, PP¼0.09)0.09)

and right (and right (FF1,841,84¼2.2,2.2, PP¼0.14) amygdala–0.14) amygdala–

hippocampus, nor in the left (hippocampus, nor in the left (FF1,841,84¼2.3,2.3,

PP¼0.13) and right (0.13) and right (FF1,841,84¼0.1,0.1, PP¼0.7)0.7)

temporal lobes. The absolute and relativetemporal lobes. The absolute and relative

changes in these and other regional brainchanges in these and other regional brain

volumes in the two groups are listed involumes in the two groups are listed in

Table 2.Table 2.

Changes in regional brain volumesChanges in regional brain volumes
by symptomsby symptoms

Nineteen of the high-risk participants hadNineteen of the high-risk participants had

psychotic symptoms (12 at baseline) andpsychotic symptoms (12 at baseline) and
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Table 1Table 1 Demographic characteristics of high-risk and control study participantsDemographic characteristics of high-risk and control study participants

High-risk groupHigh-risk group

((nn¼66)66)

Control groupControl group

((nn¼20)20)

PP

Mean age at second assessment (years)Mean age at second assessment (years) 23.1 (s.d.23.1 (s.d.¼2.7)2.7) 22.9 (s.d.22.9 (s.d.¼2.2)2.2) 0.80.8

Gender (male/female)Gender (male/female) 34/3234/32 13/713/7 0.30.3

Mean height (cm)Mean height (cm) 172.3 (s.d.172.3 (s.d.¼10.6)10.6) 173.0 (s.d.173.0 (s.d.¼10.5)10.5) 0.80.8

Handedness (right/left/mixed)Handedness (right/left/mixed) 57/6/357/6/3 16/2/216/2/2 0.60.6

Paternal social class:Paternal social class: 0.30.3

Non-manualNon-manual 3131 1313

ManualManual 3333 77

UnknownUnknown 22 ^̂
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47 did not. The demographic characteris-47 did not. The demographic characteris-

tics of these two groups are given intics of these two groups are given in

Table 3. Women and shorter individualsTable 3. Women and shorter individuals

were non-significantly overrepresented inwere non-significantly overrepresented in

the high-risk group with symptoms. Therethe high-risk group with symptoms. There

was little difference in the time betweenwas little difference in the time between

scans in the two groups: 1.7 (s.d.scans in the two groups: 1.7 (s.d.¼0.2)0.2)

years and 1.8 (s.d.years and 1.8 (s.d.¼0.5) years, respectively.0.5) years, respectively.

Repeated measures ANOVA found oneRepeated measures ANOVA found one

significant groupsignificant group66time interaction, in thetime interaction, in the

right temporal lobe (right temporal lobe (FF1,641,64¼5.4,5.4, PP¼0.023).0.023).

There was no significant interaction in theThere was no significant interaction in the

left (left (FF1,641,64¼0.2,0.2, PP¼0.7) or right (0.7) or right (FF1,641,64¼0.7,0.7,

PP¼0.4) amygdala–hippocampus, or in the0.4) amygdala–hippocampus, or in the

left temporal lobe (left temporal lobe (FF1,641,64¼1.0,1.0, PP¼0.3).0.3).

Table 4 lists the absolute and relativeTable 4 lists the absolute and relative

changes in regional volumes in the twochanges in regional volumes in the two

groups. The mean absolute reduction ingroups. The mean absolute reduction in

the right temporal lobe in high-risk individ-the right temporal lobe in high-risk individ-

uals with symptoms was 2163 mmuals with symptoms was 2163 mm33 com-com-

pared with a reduction of 97 mmpared with a reduction of 97 mm33 in thosein those

without symptoms. These represent relativewithout symptoms. These represent relative

reductions of 2.5% and 0.04%, respec-reductions of 2.5% and 0.04%, respec-

tively (Fig. 1). There are similar reductionstively (Fig. 1). There are similar reductions

in volume in the left temporal lobe (2.3%in volume in the left temporal lobe (2.3%

and 0.8%, respectively). The differences inand 0.8%, respectively). The differences in

absolute and relative changes are similarabsolute and relative changes are similar

or greater in other structures such as theor greater in other structures such as the

left and right prefrontal lobes, but theleft and right prefrontal lobes, but the

measurement error and variance are alsomeasurement error and variance are also

higher.higher.

AA post hocpost hoc repeated measures ANOVArepeated measures ANOVA

of a groupof a group66timetime66gender interaction forgender interaction for

the right temporal lobe volumes in high-riskthe right temporal lobe volumes in high-risk

participants was not significant (participants was not significant (PP¼0.5).0.5).

Neither of the high-risk groups significantlyNeither of the high-risk groups significantly

differed from the control group in thediffered from the control group in the

changes in right temporal lobe volume.changes in right temporal lobe volume.

The high-risk participants with psychoticThe high-risk participants with psychotic

symptoms at baseline and those whosymptoms at baseline and those who

developed psychotic symptoms sub-developed psychotic symptoms sub-

sequently also did not differ significantlysequently also did not differ significantly

on this measure. As the numbers in theon this measure. As the numbers in the

three main subject groups were unequal,three main subject groups were unequal,

we conducted pairedwe conducted paired tt-tests for within--tests for within-

group changes ingroup changes in temporal lobe volumes:temporal lobe volumes:

both left andboth left and right sides showed statisti-right sides showed statisti-

cally significant reductions in those withcally significant reductions in those with

symptoms (bothsymptoms (both PP550.015) but not in those0.015) but not in those

without (bothwithout (both PP440.25), and the brains of0.25), and the brains of

control subjects showed significant reduc-control subjects showed significant reduc-

tions only on the left side.tions only on the left side.

DISCUSSIONDISCUSSION

Main findingsMain findings

We did not find evidence to support ourWe did not find evidence to support our

first hypothesis, of a reduction in temporalfirst hypothesis, of a reduction in temporal

lobe volumes in all high-risk individuals, aslobe volumes in all high-risk individuals, as

the control group showed non-significantlythe control group showed non-significantly

greater reductions. Our findings are,greater reductions. Our findings are,

however, in keeping with our secondhowever, in keeping with our second

hypothesis, as the right temporal lobeshypothesis, as the right temporal lobes

reduced in volume in high-risk participantsreduced in volume in high-risk participants

with psychotic symptoms. This suggestswith psychotic symptoms. This suggests

that brain structure may change inthat brain structure may change in

association with psychotic symptoms.association with psychotic symptoms.

Methodological considerationsMethodological considerations

This novel finding is unlikely to beThis novel finding is unlikely to be

artefactual. We tested two specificartefactual. We tested two specific

hypotheses – although we did so forhypotheses – although we did so for

bilateral structures in two different con-bilateral structures in two different con-

trasts, these were not independent andtrasts, these were not independent and

would not, therefore, be suitable for awould not, therefore, be suitable for a

Bonferroni correction. The volume calcula-Bonferroni correction. The volume calcula-

tions were done by masked raters withtions were done by masked raters with

good inter- and intrarater reliabilities, andgood inter- and intrarater reliabilities, and

measurement error was less than the mainmeasurement error was less than the main

difference we found. High-risk participantsdifference we found. High-risk participants

with and without symptoms did notwith and without symptoms did not

substantially differ in descriptive variables;substantially differ in descriptive variables;

the greatest difference was in genderthe greatest difference was in gender

distribution, but we found no symptomdistribution, but we found no symptom66
timetime66gender interaction.gender interaction.

14 014 0

Table 2Table 2 Mean absolute and relative changes in regional brain volumes in 66 high-risk and 20 controlMean absolute and relative changes in regional brain volumes in 66 high-risk and 20 control

participantsparticipants

RegionRegion Absolute changeAbsolute change

(scan 2(scan 277scan 1)scan 1)

mean (s.d.)mean (s.d.)

Relative changeRelative change

([scan 2([scan 277scan 1]/scan 1)scan 1]/scan 1)66100100

High-riskHigh-risk

(mm(mm33))

ControlControl

(mm(mm33))

High-riskHigh-risk

(%)(%)

ControlControl

(%)(%)

BrainBrain 772060 (35590)2060 (35 590) +3152 (31378)+3152 (31378) 770.20.2 +0.3+0.3

Third ventricleThird ventricle 7787 (158)87 (158) 7796 (159)96 (159) 7710.010.0 7720.320.3

Fourth ventricleFourth ventricle 77134 (217)134 (217) 77124 (208)124 (208) +0.2+0.2 7715.815.8

Left lateral ventricleLeft lateral ventricle 77434 (839)434 (839) 77365 (702)365 (702) 777.57.5 7711.011.0

Right lateral ventricleRight lateral ventricle 77399 (838)399 (838) 77389 (793)389 (793) 774.74.7 7711.311.3

Left amygdala^hippocampus complexLeft amygdala^hippocampus complex 77126 (445)126 (445) 77321 (468)321 (468) 772.22.2 775.75.7

Right amygdala^hippocampus complexRight amygdala^hippocampus complex +116 (499)+116 (499) 7770 (464)70 (464) +3.5+3.5 771.21.2

Left temporal lobeLeft temporal lobe 771063 (4290)1063 (4290) 772640 (3044)2640 (3044) 771.21.2 773.13.1

Right temporal lobeRight temporal lobe 77692 (3373)692 (3373) 77991 (4205)991 (4205) 770.80.8 771.11.1

Left prefrontal lobeLeft prefrontal lobe 77204 (5217)204 (5217) +1034 (4976)+1034 (4976) +0.1+0.1 +1.0+1.0

Right prefrontal lobeRight prefrontal lobe +841 (5967)+841 (5967) +1044 (5967)+1044 (5967) +1.6+1.6 +1.3+1.3

Left thalamusLeft thalamus 77113 (661)113 (661) 77348 (538)348 (538) 770.80.8 774.74.7

Right thalamusRight thalamus 77114 (569)114 (569) 77202 (465)202 (465) 771.21.2 773.03.0

Left caudateLeft caudate +45 (285)+45 (285) 7742 (354)42 (354) +1.3+1.3 770.40.4

Right caudateRight caudate +53 (326)+53 (326) +6 (302)+6 (302) +1.5+1.5 +0.3+0.3

Left lenticular nucleusLeft lenticular nucleus +114 (570)+114 (570) +36 (431)+36 (431) +2.7+2.7 +1.2+1.2

Right lenticular nucleusRight lenticular nucleus +98 (520)+98 (520) +195 (473)+195 (473) +2.3+2.3 +4.1+4.1

Table 3Table 3 Demographic characteristics of high-risk participants with andwithout psychotic symptomsDemographic characteristics of high-risk participants with andwithout psychotic symptoms

High-risk withHigh-risk with

symptoms (symptoms (nn¼19)19)

High-risk withoutHigh-risk without

symptoms (symptoms (nn¼47)47)

PP

Mean age at second assessment (years)Mean age at second assessment (years) 23.0 (s.d.23.0 (s.d.¼2.7)2.7) 23.2 (s.d.23.2 (s.d.¼2.7)2.7) 0.70.7

Gender (male/female)Gender (male/female) 7/127/12 27/2027/20 0.10.1

Mean height (cm)Mean height (cm) 169.5 (s.d.169.5 (s.d.¼9.6)9.6) 173.4 (s.d.173.4 (s.d.¼10.9)10.9) 0.20.2

Handedness (right/left/mixed)Handedness (right/left/mixed) 18/0/118/0/1 39/6/239/6/2 0.30.3

Paternal social class:Paternal social class: 0.30.3

Non-manualNon-manual 66 2525

ManualManual 1212 2121

UnknownUnknown 11 11
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The results do, however, need cautiousThe results do, however, need cautious

interpretation. We analysed the data byinterpretation. We analysed the data by

symptoms rather than psychosis both tosymptoms rather than psychosis both to

optimise statistical power and becauseoptimise statistical power and because

the causes of symptom development inthe causes of symptom development in

schizophrenia are so poorly understood. Itschizophrenia are so poorly understood. It

is not therefore possible to state whetheris not therefore possible to state whether

these results apply to those who willthese results apply to those who will

develop psychosis rather than individualdevelop psychosis rather than individual

psychotic symptoms, although the sympto-psychotic symptoms, although the sympto-

matic participants had at least partial ormatic participants had at least partial or

isolated delusions or hallucinations andisolated delusions or hallucinations and

the diagnosis of schizophrenia is largelythe diagnosis of schizophrenia is largely

made on the grounds of these symptoms.made on the grounds of these symptoms.

We do not expect all the high-risk groupWe do not expect all the high-risk group

with individual psychotic symptoms to de-with individual psychotic symptoms to de-

velop frank schizophrenia, and symptomsvelop frank schizophrenia, and symptoms

fluctuate over time for unknown reasons.fluctuate over time for unknown reasons.

We are also not able to state whether theWe are also not able to state whether the

changes in brain structure precede or followchanges in brain structure precede or follow

symptoms, as many of the symptomaticsymptoms, as many of the symptomatic

high-risk individuals had symptoms athigh-risk individuals had symptoms at

baseline assessment. It is unlikely thatbaseline assessment. It is unlikely that

the symptoms themselves effect volumethe symptoms themselves effect volume

reductions, but even if the temporal lobereductions, but even if the temporal lobe

reductions are primary, an explanationreductions are primary, an explanation

is required.is required.

The measurement error of the volu-The measurement error of the volu-

metric technique we used is more likely tometric technique we used is more likely to

have obscured differences where theyhave obscured differences where they

actually existed rather than to lead to falseactually existed rather than to lead to false

positive results. This is a possible explana-positive results. This is a possible explana-

tion for our failure to find volumetion for our failure to find volume

reductions in the amygdala–hippocampusreductions in the amygdala–hippocampus

in high-risk participants, particularly thosein high-risk participants, particularly those

with psychotic symptoms. Measurementwith psychotic symptoms. Measurement

error is in the region of 5% for theseerror is in the region of 5% for these

and other relatively small structures. Ourand other relatively small structures. Our

previous findings of reduced amygdala–previous findings of reduced amygdala–

hippocampus volumes at baseline couldhippocampus volumes at baseline could

imply that those with the smallest volumesimply that those with the smallest volumes

would be most likely to develop symptoms,would be most likely to develop symptoms,

but this is not the case – at least thusbut this is not the case – at least thus

far (Lawriefar (Lawrie et alet al, 2001). Alternatively,, 2001). Alternatively,

the reduced volumes of the amygdala–the reduced volumes of the amygdala–

hippocampus complex usually found inhippocampus complex usually found in

schizophrenia may only be manifested withschizophrenia may only be manifested with

the onset of psychosisthe onset of psychosis per seper se..

Imaging brain developmentImaging brain development

The imaging literature on developmentThe imaging literature on development

changes in brain structure is relativelychanges in brain structure is relatively

sparse. Most brain development issparse. Most brain development is

completed in the first few postnatalcompleted in the first few postnatal

months, but competitive elimination ofmonths, but competitive elimination of

synapses, axonal myelination and dendriticsynapses, axonal myelination and dendritic

arborisation continue throughout lifearborisation continue throughout life

(Huttenlocher, 1990; Bourgeois &(Huttenlocher, 1990; Bourgeois &

Goldman-Rakic, 1994; Jernigan & Sowell,Goldman-Rakic, 1994; Jernigan & Sowell,

1997). Some MRI studies have found age-1997). Some MRI studies have found age-

related reductions inrelated reductions in TT22-weighted signal-weighted signal

suggestive of myelination throughout thesuggestive of myelination throughout the

hemispheres in adolescence and early adult-hemispheres in adolescence and early adult-

hood (Jernigan & Sowell, 1997). We arehood (Jernigan & Sowell, 1997). We are

aware of only three MRI studies employingaware of only three MRI studies employing

similar measures of regional brain volumessimilar measures of regional brain volumes

in control groups of similar age to our own,in control groups of similar age to our own,

two from the same research group in antwo from the same research group in an

overlapping sample, which suggest thatoverlapping sample, which suggest that

the frontal and temporal lobes reduce inthe frontal and temporal lobes reduce in

size during early adulthood (Jernigan &size during early adulthood (Jernigan &

Sowell, 1997; BartzokisSowell, 1997; Bartzokis et alet al, 2001),, 2001),

possibly due to ‘synaptic pruning’. Auto-possibly due to ‘synaptic pruning’. Auto-

mated voxel-based morphometry studiesmated voxel-based morphometry studies

support these findings, but suggest thesupport these findings, but suggest the

reductions are greater in the frontal lobesreductions are greater in the frontal lobes

(Giedd(Giedd et alet al, 1999; Sowell, 1999; Sowell et alet al, 1999)., 1999).

Our results in healthy control participantsOur results in healthy control participants

are compatible with these findings,are compatible with these findings,

particularly if measurement error isparticularly if measurement error is

taken into account. This could alsotaken into account. This could also

explain theexplain the apparent reductions over timeapparent reductions over time

of ventricular volumes in the control group,of ventricular volumes in the control group,

but it is uncertain whether ventricularbut it is uncertain whether ventricular

volumes begin to increase from the age ofvolumes begin to increase from the age of

20 years (Jernigan20 years (Jernigan et alet al, 1991) or 30, 1991) or 30

years (Pfefferbaumyears (Pfefferbaum et alet al, 1994) in healthy, 1994) in healthy

individuals.individuals.

These processes do not appear from ourThese processes do not appear from our

current data to differ significantly in allcurrent data to differ significantly in all

the high-risk participants, or in eitherthe high-risk participants, or in either

of the high-risk groups, compared withof the high-risk groups, compared with

the healthy control group. We cannot,the healthy control group. We cannot,

therefore, determine whether the reductionstherefore, determine whether the reductions

141141

Table 4Table 4 Mean absolute and relative changes in regional brain volumes in19 high-risk participants withMean absolute and relative changes in regional brain volumes in19 high-risk participants with

psychotic symptoms and 47 high-risk participants without psychotic symptomspsychotic symptoms and 47 high-risk participants without psychotic symptoms

RegionRegion Absolute changeAbsolute change

(scan 2(scan 277scan 1)scan 1)

mean (s.d.)mean (s.d.)

Relative changeRelative change

([scan 2([scan 277scan 1]/scan 1)scan 1]/scan 1)66100100

SymptomsSymptoms

((nn¼19)19)

(mm(mm33))

No symptomsNo symptoms

((nn¼47)47)

(mm(mm33))

SymptomsSymptoms

((nn¼19)19)

(%)(%)

No symptomsNo symptoms

((nn¼47)47)

(%)(%)

BrainBrain 7712 616 (31302)12 616 (31302) +2207 (36 331)+2207 (36331) 770.90.9 +0.2+0.2

Third ventricleThird ventricle 7755 (145)55 (145) 77100 (162)100 (162) +6.1+6.1 7716.516.5

Fourth ventricleFourth ventricle 7786 (217)86 (217) 77154 (216)154 (216) 779.79.7 +4.2+4.2

Left lateral ventricleLeft lateral ventricle 77428 (906)428 (906) 77437 (821)437 (821) 771.11.1 7710.010.0

Right lateral ventricleRight lateral ventricle 77423 (941)423 (941) 77389 (803)389 (803) +1.4+1.4 777.17.1

Left amygdala^hippocampus complexLeft amygdala^hippocampus complex 7787 (492)87 (492) 77141 (429)141 (429) 771.31.3 772.62.6

Right amygdala^hippocampus com-Right amygdala^hippocampus com-

plexplex

+32 (565)+32 (565) +150 (472)+150 (472) +1.5+1.5 +3.8+3.8

Left temporal lobeLeft temporal lobe 771901 (3050)1901 (3050) 77723 (4685)723 (4685) 772.32.3 770.80.8

Right temporal lobeRight temporal lobe 772163 (3093)2163 (3093) 7797 (3328)97 (3328) 772.52.5 770.040.04

Left prefrontal lobeLeft prefrontal lobe 77334 (4868)334 (4868) 77151 (5401)151 (5401) 770.30.3 +0.3+0.3

Right prefrontal lobeRight prefrontal lobe 77718 (5845)718 (5845) +1471 (5961)+1471 (5961) 770.40.4 +2.4+2.4

Left thalamusLeft thalamus +68 (573)+68 (573) 77186 (685)186 (685) +2.4+2.4 772.22.2

Right thalamusRight thalamus +74 (473)+74 (473) 77190 (591)190 (591) +2.1+2.1 772.52.5

Left caudateLeft caudate 7741 (292)41 (292) +79 (278)+79 (278) 770.70.7 +2.1+2.1

Right caudateRight caudate 7768 (324)68 (324) +102 (317)+102 (317) 771.11.1 +2.5+2.5

Left lenticular nucleusLeft lenticular nucleus 7720 (634)20 (634) +168 (540)+168 (540) +0.2+0.2 +3.7+3.7

Right lenticular nucleusRight lenticular nucleus 7765 (633)65 (633) +165 (457)+165 (457) 770.60.6 +3.4+3.4

Fig. 1Fig. 1 Error bar plot (mean and 95% confidenceError bar plot (mean and 95% confidence

interval) of relative (percentage) changes in the leftinterval) of relative (percentage) changes in the left

and right temporal lobe volumes in 47 asymptomaticand right temporal lobe volumes in 47 asymptomatic

high-risk individuals and19 individuals with psychotichigh-risk individuals and19 individuals with psychotic

symptoms.symptoms.
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in the temporal lobes in symptomatic high-in the temporal lobes in symptomatic high-

risk individuals are attributable to physio-risk individuals are attributable to physio-

logical or pathological processes. Thelogical or pathological processes. The

patterns of change in the temporal lobespatterns of change in the temporal lobes

are similar in the symptomatic high-riskare similar in the symptomatic high-risk

and control groups, suggesting that the de-and control groups, suggesting that the de-

velopment of symptoms may be triggeredvelopment of symptoms may be triggered

by physiological events in the otherwiseby physiological events in the otherwise

predisposed (Feinberg, 1982; Weinberger,predisposed (Feinberg, 1982; Weinberger,

1987). It should be noted, however, that1987). It should be noted, however, that

whole-brain volume and prefrontal lobewhole-brain volume and prefrontal lobe

reductions are only apparent in the high-reductions are only apparent in the high-

risk group with symptoms, which suggestsrisk group with symptoms, which suggests

that ‘synaptic pruning’ may be morethat ‘synaptic pruning’ may be more

widespread in these people but greatest inwidespread in these people but greatest in

the temporal lobes. It should also bethe temporal lobes. It should also be

noted that post-mortem studies do notnoted that post-mortem studies do not

always find reductions of the amygdala–always find reductions of the amygdala–

hippocampus and prefrontal lobes inhippocampus and prefrontal lobes in

schizophrenia (Harrison, 1999).schizophrenia (Harrison, 1999).

Clinical implicationsClinical implications

Structural MRI studies have reported thatStructural MRI studies have reported that

abnormalities of the hemispheres (DeLisiabnormalities of the hemispheres (DeLisi

et alet al, 1997) and temporal lobes (Rapoport, 1997) and temporal lobes (Rapoport

et alet al, 1999) may progress in the first few, 1999) may progress in the first few

years after the onset of schizophrenia inyears after the onset of schizophrenia in

patients of similar ages to our study grouppatients of similar ages to our study group

and at a similar rate (about 1% per year).and at a similar rate (about 1% per year).

Other studies have, however, localisedOther studies have, however, localised

changes to the frontal lobes (Gurchanges to the frontal lobes (Gur et alet al,,

1998) or found them to be limited to the1998) or found them to be limited to the

lateral ventricles in poor-outcome sub-lateral ventricles in poor-outcome sub-

groups (Liebermangroups (Lieberman et alet al, 2001). These, 2001). These

changes could be due to antipsychoticchanges could be due to antipsychotic

medication effects, but none of the high-medication effects, but none of the high-

risk participants reported here was takingrisk participants reported here was taking

such medication when assessed or, indeed,such medication when assessed or, indeed,

at any previous time. The differencesat any previous time. The differences

between reports may reflect differentialbetween reports may reflect differential

measurement errors in semi-automatedmeasurement errors in semi-automated

studies, and we are currently engaged instudies, and we are currently engaged in

an entirely automated comparison. As faran entirely automated comparison. As far

as psychotic symptoms can be localised,as psychotic symptoms can be localised,

temporal lobe abnormalities have beentemporal lobe abnormalities have been

linked to auditory hallucinations similarlinked to auditory hallucinations similar

to those described by our high-risk partici-to those described by our high-risk partici-

pants (Shentonpants (Shenton et alet al, 1992; Lawrie &, 1992; Lawrie &

Abukmeil, 1998). We cannot tell from theAbukmeil, 1998). We cannot tell from the

present analysis whether particular partspresent analysis whether particular parts

of temporal lobes are reducing or whetherof temporal lobes are reducing or whether

reductions represent a general loss ofreductions represent a general loss of

temporal lobe tissue, but we are currentlytemporal lobe tissue, but we are currently

usingusing more detailed techniques to deter-more detailed techniques to deter-

minemine this and any specific relationshipsthis and any specific relationships

with particular psychotic symptoms. Thesewith particular psychotic symptoms. These

novel analytical methods may be suffi-novel analytical methods may be suffi-

ciently sensitive for clinical use.ciently sensitive for clinical use.

Our scanning results are compatibleOur scanning results are compatible

with our neuropsychological findings, inwith our neuropsychological findings, in

the same study group, of a decline inthe same study group, of a decline in

memory (and executive) function asmemory (and executive) function as

psychotic symptoms develop (Coswaypsychotic symptoms develop (Cosway

et alet al, 2000). It may be that the, 2000). It may be that the

development of psychotic symptoms isdevelopment of psychotic symptoms is

triggered by one or more processes asso-triggered by one or more processes asso-

ciated with reduction in temporal lobeciated with reduction in temporal lobe

volume and that the processes lead to thevolume and that the processes lead to the

development of a psychotic illness anddevelopment of a psychotic illness and

continuing reduction in temporal lobecontinuing reduction in temporal lobe

volumes in at least some people. Thesevolumes in at least some people. These

findings therefore raise the possibility thatfindings therefore raise the possibility that

people destined to develop schizophreniapeople destined to develop schizophrenia

might be identifiable before (or at leastmight be identifiable before (or at least

while) the disorder develops, and mightwhile) the disorder develops, and might

potentially benefit from treatment withpotentially benefit from treatment with

antipsychotic or even neuroprotectiveantipsychotic or even neuroprotective

drugs.drugs.
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