
BackgroundBackground Numerous studies haveNumerous studies have

examinedtheneuralcorrelates of episodicexaminedtheneuralcorrelates of episodic

memorydeficits in schizophrenia, yieldingmemorydeficits in schizophrenia, yielding

bothconsistencies anddiscrepanciesinthebothconsistencies anddiscrepanciesinthe

reportedpatterns of results.reportedpatterns of results.

AimsAims To identify in schizophrenia theTo identify in schizophrenia the

brain regions inwhich activity isbrain regions inwhich activityis

consistently abnormal across imagingconsistently abnormal across imaging

studies ofmemory.studies ofmemory.

MethodMethod Data from18 studiesmeetingData from18 studiesmeeting

the inclusion criteriawere combinedusingthe inclusion criteriawere combinedusing

a recentlydeveloped quantitativemeta-a recentlydeveloped quantitativemeta-

analytic approach.analytic approach.

ResultsResults Regions of consistentRegions of consistent

differential activationbetweengroupsdifferential activationbetween groups

were observed inthe left inferiorwere observed in the left inferior

prefrontalcortex,medialtemporalcortexprefrontalcortex,medialtemporalcortex

bilaterally, leftcerebellum, and in otherbilaterally, leftcerebellum, and in other

prefrontal and temporallobe regions.prefrontal and temporallobe regions.

Subsequent analyses exploredmemorySubsequent analyses exploredmemory

encodingandretrieval separately andencodingandretrieval separately and

identified between-group differences inidentified between-group differences in

specific prefrontal andmedial temporalspecific prefrontal andmedial temporal

lobe regions.lobe regions.

ConclusionsConclusions Beneaththe apparentBeneaththe apparent

heterogeneityof published findings onheterogeneityof published findings on

schizophrenia andmemory, a consistentschizophrenia andmemory, a consistent

androbustpattern of group differences isandrobust pattern of group differences is

observed as a function ofmemoryobserved as a function ofmemory

processes.processes.

Declaration of interestDeclaration of interest None.None.

Fundingdetailed in Acknowledgements.Fundingdetailed in Acknowledgements.

Although several studies have been per-Although several studies have been per-

formed to assess the neural correlates offormed to assess the neural correlates of

memory encoding and retrieval in schizo-memory encoding and retrieval in schizo-

phrenia, there is still no consensus on thephrenia, there is still no consensus on the

specific brain regions that seem mostspecific brain regions that seem most

affected. A new quantitative meta-analyticaffected. A new quantitative meta-analytic

method is available for combining themethod is available for combining the

results from different functional brainresults from different functional brain

imaging studies (Cheinimaging studies (Chein et alet al, 2002;, 2002;

TurkeltaubTurkeltaub et alet al, 2002). This type of, 2002). This type of

meta-analysis is theoretically and methodo-meta-analysis is theoretically and methodo-

logically different from standard meta-logically different from standard meta-

analyses based on effect size (Foxanalyses based on effect size (Fox et alet al,,

1998). In contrast to the typical pooling1998). In contrast to the typical pooling

of effect sizes from different studies, thisof effect sizes from different studies, this

new technique assesses whether the peaksnew technique assesses whether the peaks

of activation reported in different studiesof activation reported in different studies

are significantly clustered (agglomerated)are significantly clustered (agglomerated)

in certain brain regions. We used this tech-in certain brain regions. We used this tech-

nique to review published reports of func-nique to review published reports of func-

tional brain imaging studies of episodictional brain imaging studies of episodic

memory in schizophrenia; our aim was tomemory in schizophrenia; our aim was to

identify the brain regions that are consis-identify the brain regions that are consis-

tently affected during the performance oftently affected during the performance of

episodic memory tasks.episodic memory tasks.

METHODMETHOD

Literature search and criteriaLiterature search and criteria
for inclusionfor inclusion

A literature search was performed toA literature search was performed to

retrieve studies that compared the brainretrieve studies that compared the brain

activation elicited by an episodic memoryactivation elicited by an episodic memory

task between a group of people with schizo-task between a group of people with schizo-

phrenia and a control group of healthyphrenia and a control group of healthy

people. Our inclusion criteria were:people. Our inclusion criteria were:

(a)(a) participation of a group of people withparticipation of a group of people with

an established diagnosis of schizo-an established diagnosis of schizo-

phrenia (or schizophrenia-spectrumphrenia (or schizophrenia-spectrum

disorders) and a healthy control group;disorders) and a healthy control group;

(b)(b) administration of a target episodicadministration of a target episodic

memory task (encoding or retrieval)memory task (encoding or retrieval)

and a reference (baseline) task concomi-and a reference (baseline) task concomi-

tant to the acquisition of functionaltant to the acquisition of functional

neuroimaging data;neuroimaging data;

(c)(c) direct statistical comparison betweendirect statistical comparison between

the pattern of activation elicited bythe pattern of activation elicited by

this memory task (relative to the refer-this memory task (relative to the refer-

ence task) in the schizophrenia groupence task) in the schizophrenia group

vv. the control group;. the control group;

(d)(d) reporting of the focus of the peaks ofreporting of the focus of the peaks of

differential activation between the twodifferential activation between the two

groups according to the Talairach/groups according to the Talairach/

Montreal Neurological InstituteMontreal Neurological Institute

(MNI) coordinate system (Talairach &(MNI) coordinate system (Talairach &

Tournoux, 1988; EvansTournoux, 1988; Evans et alet al, 1993)., 1993).

Data extraction and processingData extraction and processing

Eighteen studies published between JanuaryEighteen studies published between January

1996 and October 2004 met the criteria for1996 and October 2004 met the criteria for

inclusion in our meta-analysis (Table 1).inclusion in our meta-analysis (Table 1).

Other studies meeting our inclusion criteriaOther studies meeting our inclusion criteria

except for the absence of Talairach/MNIexcept for the absence of Talairach/MNI

coordinates (Raglandcoordinates (Ragland et alet al, 1998;, 1998;

ShihabuddinShihabuddin et alet al, 1998; Hazlett, 1998; Hazlett et alet al,,

1999, 2000; Nohara1999, 2000; Nohara et alet al, 2000) were re-, 2000) were re-

viewed but were not included in the meta-viewed but were not included in the meta-

analysis.analysis. Altogether, 228 foci reported inAltogether, 228 foci reported in

these studies corresponded to a between-these studies corresponded to a between-

group difference in brain activation duringgroup difference in brain activation during

the performance of a memory task. Studiesthe performance of a memory task. Studies

often used different methods of analysisoften used different methods of analysis

and different thresholds and so we includedand different thresholds and so we included

all foci reported to be significant using theall foci reported to be significant using the

criteria designated in the individual studies.criteria designated in the individual studies.

Following a technique similar to thatFollowing a technique similar to that

used by other groups (Cheinused by other groups (Chein et alet al, 2002;, 2002;

TurkeltaubTurkeltaub et alet al, 2002; Wager, 2002; Wager et alet al, 2003,, 2003,

2004), we created a three-dimensional file2004), we created a three-dimensional file

with a value of 1 at each of these 228 fociwith a value of 1 at each of these 228 foci

and smoothed it to model each focus as aand smoothed it to model each focus as a

Gaussian sphere with a full width at half-Gaussian sphere with a full width at half-

maximum of 14 mm. After smoothing, themaximum of 14 mm. After smoothing, the

overlap of neighbouring Gaussian spheresoverlap of neighbouring Gaussian spheres

led to greater values, termed activationled to greater values, termed activation

likelihood estimate (ALE) values bylikelihood estimate (ALE) values by

TurkeltaubTurkeltaub et alet al (2002), in certain brain(2002), in certain brain

regions where multiple foci agglomerated.regions where multiple foci agglomerated.

Statistical significance of these ALEStatistical significance of these ALE

values was then determined using 1000values was then determined using 1000

simulated sets of 228 randomly distributedsimulated sets of 228 randomly distributed

foci throughout the brain. Based on thesefoci throughout the brain. Based on these

simulations, two methods were used tosimulations, two methods were used to

determine a significance threshold. First,determine a significance threshold. First,

following the method described byfollowing the method described by

TurkeltaubTurkeltaub et alet al (2002), we used as a(2002), we used as a

threshold the ALE value that was observedthreshold the ALE value that was observed

with a voxel probability of 0.001 (i.e.with a voxel probability of 0.001 (i.e.

obtained by chance only once in everyobtained by chance only once in every

1000 voxels in the simulations). Second,1000 voxels in the simulations). Second,

we also extracted the value correspondingwe also extracted the value corresponding

to 0.05 simulations (i.e. obtained byto 0.05 simulations (i.e. obtained by

chance in at least 1 voxel in only 5% ofchance in at least 1 voxel in only 5% of

the simulations). This threshold was foundthe simulations). This threshold was found

to be more restrictive than the voxelto be more restrictive than the voxel

threshold and the regions that met thisthreshold and the regions that met this
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threshold are highlighted in bold charactersthreshold are highlighted in bold characters

in Tables 3 and 4.in Tables 3 and 4.

After applying this procedure for allAfter applying this procedure for all

228 foci regardless of the tasks, we grouped228 foci regardless of the tasks, we grouped

the individual contrasts into independentthe individual contrasts into independent

categories:categories:

(a)(a) memory encodingmemory encoding vv. low-level baseline. low-level baseline

(8 studies);(8 studies);

(b)(b) memory retrievalmemory retrieval vv. non-episodic. non-episodic

retrieval comparison tasks (11 studies);retrieval comparison tasks (11 studies);

(c)(c) highhigh vv. low retrieval conditions (6. low retrieval conditions (6

studies).studies).

Only two studies used contrasts that didOnly two studies used contrasts that did

not fit into any of these categories (seenot fit into any of these categories (see

Table 1).Table 1).

For the studies using highFor the studies using high vv. low levels. low levels

of retrieval conditions, some between-of retrieval conditions, some between-

group contrasts were performed using thegroup contrasts were performed using the

within-group contrast in one direction (highwithin-group contrast in one direction (high

retrievalretrieval44low retrieval), whereas others werelow retrieval), whereas others were

in the other direction (low retrievalin the other direction (low retrieval44highhigh

retrieval). To combine the different studiesretrieval). To combine the different studies

while taking the direction of the group dif-while taking the direction of the group dif-

ference into account, within-group con-ference into account, within-group con-

trasts that were in the lowtrasts that were in the low44high retrievalhigh retrieval

direction (Crespo-Facorrodirection (Crespo-Facorro et alet al, 2001;, 2001;

WeissWeiss et alet al, 2004) were reversed by also, 2004) were reversed by also

reversing the group comparison. (Between-reversing the group comparison. (Between-

group functional neuroimaging analysesgroup functional neuroimaging analyses

are in fact group by task interactions, i.e.are in fact group by task interactions, i.e.

a contrast of contrasts. Within-subjecta contrast of contrasts. Within-subject

contrasts have to be performed firstcontrasts have to be performed first

and the output of these contrasts areand the output of these contrasts are

then used for the between-group compar-then used for the between-group compar-

isons: it is a difference of differences.isons: it is a difference of differences.

For two groups (A and B) and two tasksFor two groups (A and B) and two tasks

(1 and 2), we can say that mathe-(1 and 2), we can say that mathe-

matically (A1matically (A177A2)A2)77(B1(B177B2)B2)¼(B2(B277B1)B1)

5 0 35 0 3

Table 2Table 2 Thresholds associatedwith each category of contrasts to which themeta-analysis procedurewasThresholds associatedwith each category of contrasts to which themeta-analysis procedurewas

appliedapplied

CategoryCategory StudiesStudies

nn

FociFoci

nn

VoxelVoxel

thresholdthreshold11

SimulationSimulation

thresholdthreshold11

OverallOverall 1818 229229 0.0051400.005140 0.0062060.006206

EncodingEncoding44baselinebaseline

ControlsControls44schizophreniaschizophrenia 88 2929 0.0023800.002380 0.0031160.003116

SchizophreniaSchizophrenia44controlscontrols 22 99 0.0020300.002030 0.0024170.002417

RetrievalRetrieval44baselinebaseline

ControlsControls44schizophreniaschizophrenia 1010 115115 0.0039200.003920 0.0048440.004844

SchizophreniaSchizophrenia44controlscontrols 55 2020 0.0022800.002280 0.0025090.002509

Retrieval: highRetrieval: high44lowlow

ControlsControls44schizophreniaschizophrenia 55 1717 0.0021600.002160 0.0024630.002463

SchizophreniaSchizophrenia44controlscontrols 66 3030 0.0024100.002410 0.0029810.002981

1. The activation likelihoodestimatevalue thresholds reported in this table correspond to avoxel threshold of 0.001and1. The activation likelihoodestimatevalue thresholds reported in this table correspond to avoxel threshold of 0.001and
a simulation threshold of 0.05.a simulation threshold of 0.05.

Table 3Table 3 Overall regions of significant agglomeration of foci of differential activation between participants with schizophrenia and controls during the performance ofOverall regions of significant agglomeration of foci of differential activation between participants with schizophrenia and controls during the performance of

memory tasks.The foci reported in bold also met the simulation thresholdmemory tasks.The foci reported in bold also met the simulation threshold

xx11 yy11 zz11 RegionRegion BABA ALE valueALE value22 Associated voxelAssociated voxel

probabilityprobability

7744 5454 44 Left medial frontalLeft medial frontal 1010 0.0055340.005534 0.0005100.000510

774040 3232 88 Left inferior frontalLeft inferior frontal 4545 0.0084000.008400 0.0000020.000002

7766 3030 3636 Anterior cingulateAnterior cingulate 3232 0.0059620.005962 0.0002370.000237

773838 44 3434 Left precentral/middle frontal gyrusLeft precentral/middle frontal gyrus 99 0.0056000.005600 0.0004520.000452

773232 771212 772020 Left anterior hippocampusLeft anterior hippocampus 0.0073790.007379 0.0000160.000016

775050 774242 00 Left middle/superior temporal gyrusLeft middle/superior temporal gyrus 2222 0.0058300.005830 0.0003000.000300

773838 774444 772222 Left fusiform gyrusLeft fusiform gyrus 3737 0.0052370.005237 0.0008440.000844

772222 776262 774242 Left cerebellumLeft cerebellum 0.0063900.006390 0.0001080.000108

1616 4444 2020 Rightmedial frontalRightmedial frontal 99 0.0053360.005336 0.0007110.000711

2828 771010 7788 Right anteriormedial temporal lobeRight anteriormedial temporal lobe 0.0068850.006885 0.0000420.000042

2222 773232 22 Right posterior hippocampusRight posterior hippocampus 0.0063900.006390 0.0001080.000108

2424 777272 771010 Right fusiform gyrusRight fusiform gyrus 1919 0.0056990.005699 0.0003780.000378

ALE, activation likelihood estimate; BA, Brodmann area.ALE, activation likelihood estimate; BA, Brodmann area.
1. Reported according to theTalairach/Montreal Neurological Institute system.1. Reported according to theTalairach/Montreal Neurological Institute system.
2. The ALE value is a measure of agglomeration.2. The ALE value is a measure of agglomeration.

Fig. 1Fig. 1 Regions of significant agglomeration of fociRegions of significant agglomeration of foci

in the overall meta-analysis.Thein the overall meta-analysis.The yy values given forvalues given for

the coronal slices denote the coordinates in thethe coronal slices denote the coordinates in the

Talairach/MNI system; the colour range representsTalairach/MNI system; the colour range represents

the above threshold voxel probability.the above threshold voxel probability.
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77(A2(A277A1) and (A2A1) and (A277A1)A1)77(B2(B277B1)B1)¼
(B1(B177B2)B2)77(A1(A177A2). It is thus possible toA2). It is thus possible to

reverse a within-subject contrast by alsoreverse a within-subject contrast by also

reversing the group contrast.) Three-reversing the group contrast.) Three-

dimensional maps of smoothed foci weredimensional maps of smoothed foci were

then created and thresholded for each ofthen created and thresholded for each of

the three categories and each between-the three categories and each between-

group contrast direction (Table 2) withgroup contrast direction (Table 2) with

the same valid method that could also bethe same valid method that could also be

used for combining within-group contrasts.used for combining within-group contrasts.

RESULTSRESULTS

Overall meta-analysisOverall meta-analysis

When all foci were included in the meta-When all foci were included in the meta-

analysis, the areas of significant agglom-analysis, the areas of significant agglom-

eration were located in the left inferioreration were located in the left inferior

prefrontal cortex, bilateral medial frontalprefrontal cortex, bilateral medial frontal

cortex, anterior cingulate, left precentral/cortex, anterior cingulate, left precentral/

middle frontal gyrus, bilateral anteriormiddle frontal gyrus, bilateral anterior

medial temporal lobe, right posteriormedial temporal lobe, right posterior

hippocampus, left superior temporal gyrus,hippocampus, left superior temporal gyrus,

bilateral fusiform gyrus and left cerebellumbilateral fusiform gyrus and left cerebellum

(Table 3, Fig. 1).(Table 3, Fig. 1).

Specific contrastsSpecific contrasts

The clustering into three categories allowedThe clustering into three categories allowed

us to identify the regions that were eitherus to identify the regions that were either

more or less active in the schizophreniamore or less active in the schizophrenia

group relative to the control group.group relative to the control group.

For the encodingFor the encoding vv. low-level baseline. low-level baseline

category (Table 4, Fig. 2a), the controlcategory (Table 4, Fig. 2a), the control

group exhibited greater activation acrossgroup exhibited greater activation across

studies in the left inferior prefrontal cortex,studies in the left inferior prefrontal cortex,

right anterior middle frontal gyrus, rightright anterior middle frontal gyrus, right

medial frontal gyrus and right posteriormedial frontal gyrus and right posterior

hippocampus relative to people withhippocampus relative to people with

schizophrenia. No region showed signifi-schizophrenia. No region showed signifi-

cant agglomeration for the schizophreniacant agglomeration for the schizophrenia

group relative to controls.group relative to controls.

For the retrievalFor the retrieval vv. non-episodic retrie-. non-episodic retrie-

val comparison tasks category (Table 4,val comparison tasks category (Table 4,

Fig. 2b), control participants had clustersFig. 2b), control participants had clusters

of greater activation in the left inferior pre-of greater activation in the left inferior pre-

frontal cortex, left middle frontal gyrus, leftfrontal cortex, left middle frontal gyrus, left

medial frontal gyrus, right subgenualmedial frontal gyrus, right subgenual

region, left precentral gyrus, bilateralregion, left precentral gyrus, bilateral

thalamus, left anterior hippocampus,thalamus, left anterior hippocampus,

right fusiform gyrus and bilateralright fusiform gyrus and bilateral

cerebellum. The only region to show sig-cerebellum. The only region to show sig-

nificant agglomeration for people withnificant agglomeration for people with

schizophrenia relative to controls wasschizophrenia relative to controls was

the right anterior medial temthe right anterior medial temporal lobeporal lobe

5 0 45 0 4

Table 4Table 4 Regions of significant agglomeration of foci of differential activationbetweenparticipantswith schizophrenia and controls for three categories of contrasts. TheRegions of significant agglomeration of foci of differential activationbetweenparticipantswith schizophrenia and controls for three categories of contrasts. The

foci reported in bold also met the simulation thresholdfoci reported in bold also met the simulation threshold

xx yy zz RegionRegion BABA ALE valueALE value Associated voxelAssociated voxel

probabilityprobability

EncodingEncoding44baselinebaseline

ControlsControls44schizophreniaschizophrenia

774242 3030 66 Left inferior frontal gyrusLeft inferior frontal gyrus 4545 0.002850.00285 0.0003190.000319

2424 5454 22 Right anteriormiddle frontal gyrusRight anteriormiddle frontal gyrus 1010 0.0038860.003886 0.0000250.000025

2020 4444 2020 Rightmedial frontal gyrusRightmedial frontal gyrus 99 0.0031390.003139 0.0001720.000172

2020 773434 22 Right posterior hippocampusRight posterior hippocampus 0.0032310.003231 0.0001410.000141

SchizophreniaSchizophrenia44controlscontrols No significant clusters of activationNo significant clusters of activation

RetrievalRetrieval44baselinebaseline

ControlsControls44schizophreniaschizophrenia

7744 5454 44 Leftmedial frontal gyrusLeftmedial frontal gyrus 1010 0.0052940.005294 0.0000590.000059

773838 3636 3636 Left middle frontal gyrusLeft middle frontal gyrus 99 0.0043150.004315 0.0004370.000437

774242 2626 1616 Left inferior frontal gyrusLeft inferior frontal gyrus 4545 0.0062210.006221 0.0000080.000008

774040 22 2626 Left precentral gyrusLeft precentral gyrus 66 0.0040240.004024 0.0008040.000804

7744 771212 1414 Left thalamusLeft thalamus 0.0043150.004315 0.0004370.000437

773030 771414 772020 Left hippocampusLeft hippocampus 0.0055590.005559 0.0000340.000034

772222 776262 774242 Left cerebellumLeft cerebellum 0.006750.00675 0.0000030.000003

7722 778080 771414 Cerebellum/lingual gyrusCerebellum/lingual gyrus 1818 0.0046320.004632 0.0002290.000229

44 2626 7788 SubgenualSubgenual 3232 0.0047910.004791 0.0001660.000166

88 772424 1010 Right thalamusRight thalamus 0.0047380.004738 0.0001830.000183

2626 777474 7788 Right fusiform gyrusRight fusiform gyrus 1818 0.00540.0054 0.0000470.000047

SchizophreniaSchizophrenia44controlscontrols

2828 7788 771010 Right anteriormedial temporal lobeRight anteriormedial temporal lobe 0.0041050.004105 0.0000040.000004

Retrieval: highRetrieval: high44lowlow

ControlsControls44schizophreniaschizophrenia

2424 772828 00 Right posterior hippocampusRight posterior hippocampus 0.0036790.003679 0.0000140.000014

SchizophreniaSchizophrenia44controlscontrols

7788 3030 3636 Anterior cingulateAnterior cingulate 3232 0.0042120.004212 0.0000110.000011

3838 771616 773434 Right parahippocampal gyrusRight parahippocampal gyrus 2020 0.0026590.002659 0.0005080.000508

4444 775454 5252 Right superior parietal lobuleRight superior parietal lobule 4040 0.0025100.002510 0.0007180.000718

ALE, activation likelihood estimate; BA, Brodmann area.ALE, activation likelihood estimate; BA, Brodmann area.
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(border between hippocampus and(border between hippocampus and

amygdala).amygdala).

For the high retrievalFor the high retrieval vv. low retrieval. low retrieval

category (Table 4, Fig. 2c), a cluster ofcategory (Table 4, Fig. 2c), a cluster of

greater activation for the control partici-greater activation for the control partici-

pants was observed in the right posteriorpants was observed in the right posterior

hippocampus. For participants withhippocampus. For participants with

schizophrenia, clusters were observed inschizophrenia, clusters were observed in

the cingulate gyrus, right parahippo-the cingulate gyrus, right parahippo-

campal gyrus and right superior parietalcampal gyrus and right superior parietal

cortex.cortex.

DISCUSSIONDISCUSSION

Using a new meta-analytic approach, weUsing a new meta-analytic approach, we

performed a quantitative review of func-performed a quantitative review of func-

tional neuroimaging studies of episodictional neuroimaging studies of episodic

memory in schizophrenia. This meta-memory in schizophrenia. This meta-

analysis revealed a set of brain regionsanalysis revealed a set of brain regions

showing consistent patterns of differentialshowing consistent patterns of differential

activation between people with schizo-activation between people with schizo-

phrenia and healthy individuals during thephrenia and healthy individuals during the

performance of diverse memory tasks.performance of diverse memory tasks.

Consistent with previous models of brainConsistent with previous models of brain

dysfunctions in schizophrenia and qualita-dysfunctions in schizophrenia and qualita-

tive reviews on this same topic (Weiss &tive reviews on this same topic (Weiss &

Heckers, 2001), the regions that showedHeckers, 2001), the regions that showed

the most consistent differences betweenthe most consistent differences between

people with schizophrenia and healthypeople with schizophrenia and healthy

participants were located in the prefrontalparticipants were located in the prefrontal

cortex and in the temporal lobe. Hypoth-cortex and in the temporal lobe. Hypoth-

eses relating to the potential causes of thiseses relating to the potential causes of this

differential frontal and temporal activitydifferential frontal and temporal activity

in schizophrenia are discussed below. Fociin schizophrenia are discussed below. Foci

of consistent differential activation betweenof consistent differential activation between

groups were also observed in the thalamusgroups were also observed in the thalamus

and cerebellum and provide support forand cerebellum and provide support for

abnormalities in the cortical–thalamic–abnormalities in the cortical–thalamic–

cerebellar–cortical circuit in schizophrenia.cerebellar–cortical circuit in schizophrenia.

Left inferior prefrontal cortexLeft inferior prefrontal cortex

The left inferior prefrontal cortex was theThe left inferior prefrontal cortex was the

main region that distinguished betweenmain region that distinguished between

control and schizophrenia groups in thiscontrol and schizophrenia groups in this

meta-analysis. This region showed the mostmeta-analysis. This region showed the most

significant agglomeration of foci in thesignificant agglomeration of foci in the

overall meta-analysis, and was found tooverall meta-analysis, and was found to

be consistently more active in controlsbe consistently more active in controls

relative to people with schizophrenia dur-relative to people with schizophrenia dur-

ing both encoding and retrieval relative toing both encoding and retrieval relative to

baseline conditions. The region is involvedbaseline conditions. The region is involved

in elaborative semantic or phonologicalin elaborative semantic or phonological

processing and in the implementation ofprocessing and in the implementation of

strategies (e.g. organisation) during epi-strategies (e.g. organisation) during epi-

sodic memory encoding (Dempster &sodic memory encoding (Dempster &

Brainerd, 1995; Simons & Spiers, 2003);Brainerd, 1995; Simons & Spiers, 2003);

it is also active during strategic search, theit is also active during strategic search, the

maintenance of successfully retrievedmaintenance of successfully retrieved

information and response selection duringinformation and response selection during

5 0 55 0 5

Fig. 2Fig. 2 Regions of significant agglomeration of foci in category of contrasts: (a) encodingRegions of significant agglomeration of foci in category of contrasts: (a) encoding vv. low-level baseline; (b) retrieval. low-level baseline; (b) retrieval vv. non-episodic retrieval baseline; (c) high. non-episodic retrieval baseline; (c) high .v.v..

low retrieval.Thelow retrieval.The yy andandxx values denote the coordinates in theTalairach/MNI system for the coronal slices and sagittal slices, respectively; the colour ranges represent thevalues denote the coordinates in theTalairach/MNI system for the coronal slices and sagittal slices, respectively; the colour ranges represent the

above-threshold voxel probability.above-threshold voxel probability.
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retrieval (Badre & Wagner, 2002; Petrides,retrieval (Badre & Wagner, 2002; Petrides,

2002; Petrides2002; Petrides et alet al, 2002; Simons &, 2002; Simons &

Spiers, 2003). Interestingly, it has beenSpiers, 2003). Interestingly, it has been

postulated that during encoding, peoplepostulated that during encoding, people

with schizophrenia fail to engage spon-with schizophrenia fail to engage spon-

taneously in efficient elaborative processing.taneously in efficient elaborative processing.

RaglandRagland et alet al (2001) have suggested that(2001) have suggested that

people with schizophrenia process stimulipeople with schizophrenia process stimuli

on a more superficial level and do not spon-on a more superficial level and do not spon-

taneously use semantic processing to guidetaneously use semantic processing to guide

memory encoding and retrieval. None thememory encoding and retrieval. None the

less, it seems that people with schizo-less, it seems that people with schizo-

phrenia can use specific cues or strategiesphrenia can use specific cues or strategies

to improve their performance when theyto improve their performance when they

are provided with them (Kubickiare provided with them (Kubicki et alet al,,

2003; Ragland2003; Ragland et alet al, 2003). For example,, 2003). For example,

RaglandRagland et alet al (2003) used a level of pro-(2003) used a level of pro-

cessing paradigm (Craik & Lockhart,cessing paradigm (Craik & Lockhart,

1972) to study verbal recognition memory1972) to study verbal recognition memory

in schizophrenia. During encoding, partici-in schizophrenia. During encoding, partici-

pants were instructed to make either ‘upperpants were instructed to make either ‘upper

case’case’ vv. ‘lower case’ judgements (shallow. ‘lower case’ judgements (shallow

encoding) or ‘concrete’encoding) or ‘concrete’ vv. ‘abstract’ judge-. ‘abstract’ judge-

ments (deep encoding). On a subsequentments (deep encoding). On a subsequent

recognition memory test there was no sig-recognition memory test there was no sig-

nificant difference in performance betweennificant difference in performance between

control participants and those with schizo-control participants and those with schizo-

phrenia, and both groups benefited fromphrenia, and both groups benefited from

deeper encoding. Similarly, Pauldeeper encoding. Similarly, Paul et alet al

(2005) observed a modulation of recogni-(2005) observed a modulation of recogni-

tion memory performance by the level oftion memory performance by the level of

processing in schizophrenia, although inprocessing in schizophrenia, although in

their study patients performed more poorlytheir study patients performed more poorly

on the recognition tasks relative to the con-on the recognition tasks relative to the con-

trol group. It follows that it is not primarilytrol group. It follows that it is not primarily

the capacity to use elaborative processingthe capacity to use elaborative processing

to improve memory performance that isto improve memory performance that is

affected in schizophrenia, but rather theaffected in schizophrenia, but rather the

tendency to use a deep elaborative encodingtendency to use a deep elaborative encoding

strategy when no specific instructions arestrategy when no specific instructions are

provided.provided.

In healthy participants a relationshipIn healthy participants a relationship

between left inferior prefrontal cortexbetween left inferior prefrontal cortex

activity and the use of deeper processingactivity and the use of deeper processing

during encoding has been extensively re-during encoding has been extensively re-

ported (e.g. Kapurported (e.g. Kapur et alet al, 1994; Kubicki, 1994; Kubicki etet

alal, 2003; Petersson, 2003; Petersson et alet al, 2003). This same, 2003). This same

relationship was examined in people withrelationship was examined in people with

schizophrenia by Kubickischizophrenia by Kubicki et alet al (2003),(2003),

who contrasted the neural correlates ofwho contrasted the neural correlates of

elaborative semantic processing with thoseelaborative semantic processing with those

related to perceptual processing. Relativerelated to perceptual processing. Relative

to controls, people with schizophreniato controls, people with schizophrenia

showed reduced activation of the leftshowed reduced activation of the left

inferior prefrontal cortex for the contrastinferior prefrontal cortex for the contrast

between semantic and perceptual encoding,between semantic and perceptual encoding,

despite their normal performance anddespite their normal performance and

despite the normal modulation of memorydespite the normal modulation of memory

performance by level of processing (Craikperformance by level of processing (Craik

& Lockhart, 1972). This difference in& Lockhart, 1972). This difference in

activation may stem from a between-groupactivation may stem from a between-group

difference in stimulus processing, reflectingdifference in stimulus processing, reflecting

either relatively reduced processing duringeither relatively reduced processing during

semantic encoding or relatively increasedsemantic encoding or relatively increased

processing during perceptual encoding,processing during perceptual encoding,

even if this difference does not affecteven if this difference does not affect

subsequent recognition performance.subsequent recognition performance.

It has been suggested that some of theIt has been suggested that some of the

cognitive impairments in schizophreniacognitive impairments in schizophrenia

might be secondary to patients’ impairedmight be secondary to patients’ impaired

ability to use organisational strategies toability to use organisational strategies to

maximise performance (Bauman, 1971;maximise performance (Bauman, 1971;

KohKoh et alet al, 1976; Iddon, 1976; Iddon et alet al, 1998; Hazlett, 1998; Hazlett

et alet al, 2000). For instance, people with, 2000). For instance, people with

schizophrenia do not spontaneously useschizophrenia do not spontaneously use

semantic clustering as a strategy to improvesemantic clustering as a strategy to improve

their memory performance (Goldtheir memory performance (Gold et alet al,,

1992; Paulsen1992; Paulsen et alet al, 1995; Brebion, 1995; Brebion et alet al,,

1997, 2004; Hazlett1997, 2004; Hazlett et alet al, 2000; Nohara, 2000; Nohara

et alet al,, 2000). Organisational strategies are2000). Organisational strategies are

thoughtthought to rely at least in part on the leftto rely at least in part on the left

inferior prefrontal cortex during both en-inferior prefrontal cortex during both en-

coding and retrieval (Fletchercoding and retrieval (Fletcher et alet al, 1998;, 1998;

WagnerWagner et alet al, 1999; Simons & Spiers,, 1999; Simons & Spiers,

2003). With regards to retrieval, Nohara2003). With regards to retrieval, Nohara

et alet al (2000) have observed a significant(2000) have observed a significant

correlation between categorical clusteringcorrelation between categorical clustering

and the activation in this cortical region inand the activation in this cortical region in

control participants that was not observedcontrol participants that was not observed

in people with schizophrenia. Taken to-in people with schizophrenia. Taken to-

gether, these results suggest that the differ-gether, these results suggest that the differ-

ential activation of this region in peopleential activation of this region in people

with schizophrenia could be related to theirwith schizophrenia could be related to their

inability to use efficient strategiesinability to use efficient strategies

spontaneously during both encoding andspontaneously during both encoding and

retrieval.retrieval.

Another possibility is that the decreasedAnother possibility is that the decreased

activation of the left inferior prefrontalactivation of the left inferior prefrontal

cortex is related to memory performancecortex is related to memory performance

because this region has also been thoughtbecause this region has also been thought

to be involved in retrieval success (Habibto be involved in retrieval success (Habib

& Lepage, 2000; Konishi& Lepage, 2000; Konishi et alet al, 2000)., 2000).

The region was, however, observed to beThe region was, however, observed to be

deactivated in schizophrenia even whendeactivated in schizophrenia even when

there was no significant difference in per-there was no significant difference in per-

formance between groups (Andreasenformance between groups (Andreasen etet

alal, 1996; Wiser, 1996; Wiser et alet al, 1998; Ragland, 1998; Ragland et alet al,,

2001; Hofer2001; Hofer et alet al, 2003, 2003aa; Kubicki; Kubicki et alet al,,

2003). Even if it has been shown that2003). Even if it has been shown that

people with schizophrenia are less likelypeople with schizophrenia are less likely

to base their recognition judgements onto base their recognition judgements on

conscious recollection relative to controlconscious recollection relative to control

participants (Huronparticipants (Huron et alet al, 1995; Danion, 1995; Danion

et alet al, 1999), it is unlikely that the de-, 1999), it is unlikely that the de-

activation of this cortical region observedactivation of this cortical region observed

in this group relates to the reduced pro-in this group relates to the reduced pro-

portion of successfully or consciouslyportion of successfully or consciously

recollected items, because there was norecollected items, because there was no

significant clustering of differential activ-significant clustering of differential activ-

ation between groups in that region foration between groups in that region for

the contrast between high and low retrievalthe contrast between high and low retrieval

conditions.conditions.

Medial temporal lobesMedial temporal lobes

Functional neuroimaging studies in healthyFunctional neuroimaging studies in healthy

individuals have consistently implicated theindividuals have consistently implicated the

medial temporal lobes in both memorymedial temporal lobes in both memory

encoding and memory retrieval (Lepageencoding and memory retrieval (Lepage etet

alal, 1998; Schacter & Wagner, 1999). Dur-, 1998; Schacter & Wagner, 1999). Dur-

ing encoding, the hippocampal formationing encoding, the hippocampal formation

is thought to support the encoding of infor-is thought to support the encoding of infor-

mation in a meaningful way, such as creat-mation in a meaningful way, such as creat-

ing new associations (Vandenbergheing new associations (Vandenberghe et alet al,,

1996; Henke1996; Henke et alet al, 1997, 1999; Lepage, 1997, 1999; Lepage etet

alal, 2000; Davachi, 2000; Davachi et alet al, 2001; Davachi &, 2001; Davachi &

Wagner, 2002; Achim & Lepage, 2005Wagner, 2002; Achim & Lepage, 2005bb).).

Medial temporal activation during encod-Medial temporal activation during encod-

ing has also been shown to predict sub-ing has also been shown to predict sub-

sequent recognition success (Brewersequent recognition success (Brewer et alet al,,

1998; Wagner1998; Wagner et alet al, 1998; Davachi, 1998; Davachi et alet al,,

2003; Chua2003; Chua et alet al, 2004; Jackson &, 2004; Jackson &

Schacter, 2004), supporting the implicationSchacter, 2004), supporting the implication

of this structure in the creation of durableof this structure in the creation of durable

memory traces. Our meta-analysis revealedmemory traces. Our meta-analysis revealed

a significant agglomeration of foci ofa significant agglomeration of foci of

reduced activation in people with schizo-reduced activation in people with schizo-

phrenia in the right hippocampus duringphrenia in the right hippocampus during

encoding, possibly reflecting the less effi-encoding, possibly reflecting the less effi-

cient or less associative encoding strategiescient or less associative encoding strategies

used by people with schizophrenia.used by people with schizophrenia.

Different lines of evidence suggest thatDifferent lines of evidence suggest that

during memory retrieval the hippocampusduring memory retrieval the hippocampus

supports conscious recollection of in-supports conscious recollection of in-

formation from memory, whereas theformation from memory, whereas the

parahippocampal gyrus is involved inparahippocampal gyrus is involved in

familiarity assessment (Yonelinas, 2002).familiarity assessment (Yonelinas, 2002).

It has also been suggested that people withIt has also been suggested that people with

schizophrenia could have a specific deficitschizophrenia could have a specific deficit

in conscious recollection (Huronin conscious recollection (Huron et alet al,,

1995; Danion1995; Danion et alet al, 1999; Weiss, 1999; Weiss et alet al,,

2003). The results from our meta-analysis2003). The results from our meta-analysis

support this idea by showing that peoplesupport this idea by showing that people

with schizophrenia present a deactivationwith schizophrenia present a deactivation

of the region implicated in consciousof the region implicated in conscious

recollection (i.e. the hippocampus) whenrecollection (i.e. the hippocampus) when

exposed to conditions favouring theexposed to conditions favouring the

recovery of information from memoryrecovery of information from memory

(high(high vv. low retrieval). Moreover, this. low retrieval). Moreover, this

hippocampal deactivation is accompaniedhippocampal deactivation is accompanied

by an overactivation of the regionby an overactivation of the region

implicated in familiarity assessment (i.e.implicated in familiarity assessment (i.e.

the parahippocampal gyrus), suggestingthe parahippocampal gyrus), suggesting

that people with schizophrenia use famili-that people with schizophrenia use famili-

arity assessment rather than consciousarity assessment rather than conscious

recollection as a basis for retrieval.recollection as a basis for retrieval.

Another interesting observation is aAnother interesting observation is a

focus of agglomeration of greater activationfocus of agglomeration of greater activation

in schizophrenia relative to controls duringin schizophrenia relative to controls during

memory retrievalmemory retrieval vv. baseline, centred in the. baseline, centred in the

5 0 65 0 6
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right anterior medial temporal lobe. Inright anterior medial temporal lobe. In

contrast, control participants show greatercontrast, control participants show greater

left lateralised activation in this region forleft lateralised activation in this region for

the same comparison. This pattern ofthe same comparison. This pattern of

activation is consistent with the idea thatactivation is consistent with the idea that

people with schizophrenia show lesspeople with schizophrenia show less

lateralised medial temporal activation as alateralised medial temporal activation as a

function of stimulus type (verbal and non-function of stimulus type (verbal and non-

verbal) (Crowverbal) (Crow et alet al, 1989; Gur, 1989; Gur et alet al,,

1994), because all studies included in the1994), because all studies included in the

retrievalretrieval vv. baseline category used verbal. baseline category used verbal

stimuli.stimuli.

Other frontal regionsOther frontal regions

A few other prefrontal regions showedA few other prefrontal regions showed

significant agglomeration of foci in oursignificant agglomeration of foci in our

meta-analysis. For instance, the left middlemeta-analysis. For instance, the left middle

frontal gyrus showed significant agglom-frontal gyrus showed significant agglom-

eration of foci in the controls relative toeration of foci in the controls relative to

people with schizophrenia for the retrievalpeople with schizophrenia for the retrieval

vv. baseline contrast. This region is known. baseline contrast. This region is known

to support post-retrieval monitoring duringto support post-retrieval monitoring during

episodic memory retrieval, with activationepisodic memory retrieval, with activation

typically in the right middle frontal gyrustypically in the right middle frontal gyrus

for more simple monitoring and additionalfor more simple monitoring and additional

involvement of the left middle frontal gyrusinvolvement of the left middle frontal gyrus

for more complex tasks (Achim & Lepage,for more complex tasks (Achim & Lepage,

20052005aa). The observation that the left). The observation that the left

middle frontal gyrus shows a greatermiddle frontal gyrus shows a greater

activation in controls suggests a specificactivation in controls suggests a specific

impairment of more complex post-retrievalimpairment of more complex post-retrieval

monitoring processes in schizophrenia, amonitoring processes in schizophrenia, a

view consistent with the finding that moreview consistent with the finding that more

complex tasks reveal greater memorycomplex tasks reveal greater memory

impairment (Danionimpairment (Danion et alet al, 1999)., 1999).

The anterior medial prefrontal cortexThe anterior medial prefrontal cortex

also showed significant agglomeration inalso showed significant agglomeration in

the general meta-analysis as well as in en-the general meta-analysis as well as in en-

codingcoding vv. baseline and retrieval. baseline and retrieval vv. baseline.. baseline.

This region is thought to be involved inThis region is thought to be involved in thethe

retrieval of self-relevant or self-retrieval of self-relevant or self-generatedgenerated

information (Simons & Spiers, 2003;information (Simons & Spiers, 2003;

FossatiFossati et alet al, 2004), although the specific, 2004), although the specific

mechanisms remain to be understood. Fail-mechanisms remain to be understood. Fail-

ure to activate these regions in people withure to activate these regions in people with

schizophrenia could reflect their difficultyschizophrenia could reflect their difficulty

in using sources of information other thanin using sources of information other than

the ones provided by the task.the ones provided by the task.

The anterior cingulate also showedThe anterior cingulate also showed

significant agglomeration in both the over-significant agglomeration in both the over-

all meta-analysis and the highall meta-analysis and the high vv. low. low

retrieval category. Pausretrieval category. Paus et alet al (1998) have(1998) have

suggested that the anterior cingulate has asuggested that the anterior cingulate has a

role in memory and cognitive effort. Itrole in memory and cognitive effort. It

could be the case that this activity reflectscould be the case that this activity reflects

the greater effort needed by people withthe greater effort needed by people with

schizophrenia to perform these memoryschizophrenia to perform these memory

tasks.tasks.

Other regions: cerebellum,Other regions: cerebellum,
thalamusthalamus

The cerebellum projects to motor andThe cerebellum projects to motor and

prefrontal regions of the cerebral cortexprefrontal regions of the cerebral cortex

through synapses in the thalamus. Throughthrough synapses in the thalamus. Through

this circuit, the cerebellum is thought tothis circuit, the cerebellum is thought to

modulate and coordinate both motor andmodulate and coordinate both motor and

cognitive functions (Andreasencognitive functions (Andreasen et alet al,,

1996, 1998, 1999). Converging evidence1996, 1998, 1999). Converging evidence

has pointed to dysfunctions of thishas pointed to dysfunctions of this

cortical–cerebellar–thalamic–cortical circuitcortical–cerebellar–thalamic–cortical circuit

in schizophrenia, and our findings of signif-in schizophrenia, and our findings of signif-

icant agglomerations of foci observed inicant agglomerations of foci observed in

the cerebellum and thalamus are consistentthe cerebellum and thalamus are consistent

with this notion. The specific neuralwith this notion. The specific neural

mechanisms underlying the coordinationmechanisms underlying the coordination

of cognitive activity by the cerebellum,of cognitive activity by the cerebellum,

however, remain to be clarified. It has beenhowever, remain to be clarified. It has been

proposed that the cerebellum couldproposed that the cerebellum could

modulate memory processing through amodulate memory processing through a

mechanism for correction of discrepanciesmechanism for correction of discrepancies

(Schmahmann, 1991; Fink(Schmahmann, 1991; Fink et alet al, 1996;, 1996;

GreveGreve et alet al, 1999) or through a mechanism, 1999) or through a mechanism

for coordination between different pieces offor coordination between different pieces of

information (Fabbro, 2000).information (Fabbro, 2000).

Studies without Talairach/MNIStudies without Talairach/MNI
coordinatescoordinates

Five functional neuroimaging studies ofFive functional neuroimaging studies of

memory in schizophrenia could not bememory in schizophrenia could not be

included in the meta-analysis because noincluded in the meta-analysis because no

Talairach/MNI coordinates were reportedTalairach/MNI coordinates were reported

(Ragland(Ragland et alet al, 1998; Shihabuddin, 1998; Shihabuddin et alet al,,

1998; Hazlett1998; Hazlett et alet al, 1999, 2000; Nohara, 1999, 2000; Nohara

et alet al, 2000). Two of these studies used, 2000). Two of these studies used

restricted regions of interest either in therestricted regions of interest either in the

thalamus (Hazlettthalamus (Hazlett et alet al, 1999) or in the, 1999) or in the

striatum (Shihabuddinstriatum (Shihabuddin et alet al, 1998) and, 1998) and

observed decreased activation in theseobserved decreased activation in these

regions in schizophrenia relative toregions in schizophrenia relative to

controls. The other three studies examinedcontrols. The other three studies examined

the entire brain and, consistent with ourthe entire brain and, consistent with our

results, reported reduced activation inresults, reported reduced activation in

participants with schizophrenia in the leftparticipants with schizophrenia in the left

inferior frontal gyrus and other frontalinferior frontal gyrus and other frontal

regions (Raglandregions (Ragland et alet al, 1998; Hazlett, 1998; Hazlett etet

alal, 2000; Nohara, 2000; Nohara et alet al, 2000) as well as in, 2000) as well as in

the temporal lobe (Raglandthe temporal lobe (Ragland et alet al, 1998;, 1998;

HazlettHazlett et alet al, 2000) during episodic, 2000) during episodic

memory tasks. Overall these results arememory tasks. Overall these results are

consistent with those that reportedconsistent with those that reported

Talairach/MNI coordinates for peaks ofTalairach/MNI coordinates for peaks of

activation, making it unlikely that theactivation, making it unlikely that the

exclusion of these five studies from ourexclusion of these five studies from our

meta-analysis biased our results.meta-analysis biased our results.

Future researchFuture research

In summary, the quantitative aspect of thisIn summary, the quantitative aspect of this

meta-analytic method represents anmeta-analytic method represents an

improvement over current qualitativeimprovement over current qualitative

methods because it offers an objective waymethods because it offers an objective way

of regrouping studies and summarisingof regrouping studies and summarising

results. However, it must be noted thatresults. However, it must be noted that

most of the studies reviewed here comparedmost of the studies reviewed here compared

a memory task (encoding or retrieval) witha memory task (encoding or retrieval) with

a low-level baseline. Such contrasts are nota low-level baseline. Such contrasts are not

ideal for discriminating the neural corre-ideal for discriminating the neural corre-

lates of specific memory processes andlates of specific memory processes and

instead are likely to reflect several cognitiveinstead are likely to reflect several cognitive

and perceptual processes (Stark & Squire,and perceptual processes (Stark & Squire,

2001). More sophisticated experimental2001). More sophisticated experimental

designs would increase our chances ofdesigns would increase our chances of

identifying selective deficient processes inidentifying selective deficient processes in

schizophrenia and ultimately the neuralschizophrenia and ultimately the neural

correlates of these abnormal processes.correlates of these abnormal processes.
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CLINICAL IMPLICATIONSCLINICAL IMPLICATIONS

&& Peoplewith schizophrenia have abnormal patterns of brain activation during bothPeoplewith schizophrenia have abnormal patterns of brain activation during both
memory encoding and retrieval.memory encoding and retrieval.

&& Several brain regions, including the prefrontal cortex and hippocampus, areSeveral brain regions, including the prefrontal cortex and hippocampus, are
implicated in these abnormalmemory functions.implicated in these abnormalmemory functions.

&& One challenge to the cognitive remediation ofmemory problems in schizophreniaOne challenge to the cognitive remediation ofmemory problems in schizophrenia
will be to take into consideration thesemultiple faultymemory processes andwill be to take into consideration thesemultiple faultymemory processes and
possibly executive dysfunctions when devising an intervention.possibly executive dysfunctions when devising an intervention.

LIMITATIONSLIMITATIONS

&& Itwas notpossible to integrate theresults from studies thatdidnotreport specificItwas notpossible to integrate theresults from studies thatdidnotreport specific
coordinates for their activation foci.coordinates for their activation foci.

&& The results obtained using thismeta-analytic approachmight have been biased byThe results obtained using thismeta-analytic approachmight have been biased by
the inclusion of studies that used regions of interest (e.g. the hippocampus).the inclusion of studies that used regions of interest (e.g. the hippocampus).

&& The number of studies in each category was insufficient to assess the effect ofThe number of studies in each category was insufficient to assess the effect of
important variables such asmedication status or age on thepattern of agglomerationimportant variables such asmedication status or age on thepattern of agglomeration
of activation foci.of activation foci.
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