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IMPORTANCE Brain imaging studies have identified robust changes in brain structure and
function during the development of psychosis, but the contribution of abnormal brain
connectivity to the onset of psychosis is unclear. Furthermore, antipsychotic treatment can
modulate brain activity and functional connectivity during cognitive tasks.

OBJECTIVES To investigate whether dysfunctional brain connectivity during workingmemory
(WM) predates the onset of psychosis and whether connectivity parameters are related to
antipsychotic treatment.

DESIGN Dynamic causal modeling study of functional magnetic resonance imaging data.

SETTING Participants were recruited from the specialized clinic for the early detection of
psychosis at the Department of Psychiatry, University of Basel, Basel, Switzerland.

PARTICIPANTS Seventeen participants with an at-risk mental state (mean [SD] age, 25.24
[6.3] years), 21 individuals with first-episode psychosis (mean [SD] age, 28.57 [7.2] years), and
20 healthy controls (mean [SD] age, 26.5 [4] years).

MAIN OUTCOME ANDMEASURE Functional magnetic resonance imaging data were recorded
while participants performed an N-backWM task. Functional interactions among brain
regions involved inWM, in particular between frontal and parietal brain regions, were
characterized using dynamic causal modeling. Bayesian model selection was performed to
evaluate the likelihood of alternativeWM network architectures across groups, whereas
bayesian model averaging was used to examine group differences in connection strengths.

RESULTS We observed a progressive reduction inWM-inducedmodulation of connectivity
from themiddle frontal gyrus to the superior parietal lobule in the right hemisphere in
healthy controls, at-risk mental state participants, and first-episode psychosis patients.
Notably, the abnormal modulation of connectivity in first-episode psychosis patients was
normalized by treatment with antipsychotics.

CONCLUSIONS AND RELEVANCE Our findings suggest that the vulnerability to psychosis is
associated with a progressive failure of functional integration of brain regions involved inWM
processes, including visual encoding and rule updating, and that treatment with
antipsychotics may have the potential to counteract this.
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A bnormal functional integration amongbrain areas has
been proposed as a pathophysiologic hallmark of
psychosis.1,2 Indeed, recent studies,3,4 which esti-

mated effective connectivity from functional magnetic reso-
nance imaging (fMRI) data, reported dysfunctional integra-
tion of regional brain activity in patients with psychoses. The
extent of this dysconnectivity has often been linked to the se-
verity of psychotic symptoms,5,6 suggesting amechanistic re-
lationbetween thedegreeof functional network integrity and
the clinical expression of schizophrenia.2

In the last decade, new research paradigms have investi-
gated individuals at increased clinical risk of developing psy-
chosis. Thesepatients,mostly thosewith schizophrenia spec-
trumdisorders,7withanat-riskmental state (ARMS)haveahigh
probability of transitioning to overt psychosis within a short
period (36%within 3years after presentation).8 TheARMScri-
teria require 1 of 3 presentations: attenuated psychotic symp-
toms, full-blown psychotic symptoms that are brief and self-
limiting, or a significantdecrease in functioning in the context
of a family history of schizophrenia.9,10 Some evidence sug-
gests that vulnerability to psychosis is associated with quali-
tatively similar, but less severe, dysfunctional connectivity as
in patients with full-blown psychosis. For example, Crossley
and colleagues11 demonstrated a progressive increase in dys-
functional frontotemporal connectivity during a working
memory (WM) task from healthy controls (HCs) to ARMS in-
dividuals and further to patientswith first-episode psychosis
(FEP). However, this study did not analyze themodulation of
effective connectivity by WM, a putative index of executive
(dys)functionand, thus,ofpathophysiologic relevance forpsy-
chotic symptoms.12 Beyond connectivity, ARMS is also asso-
ciated with abnormalities of regional brain structure,13,14

activity,15 and neurochemistry16,17 that are qualitatively simi-
lar to but less severe than those in patients with overt
psychosis.18 There is also evidence suggesting that within
ARMS individuals, prefrontal dysfunction during WM is re-
lated to gray matter abnormalities in the same regions.19

Neurocognitivedeficitsareconsideredtobeacentralmani-
festationof thepathophysiologyof schizophrenia.20Themost
consistent findings are usually observed in WM and higher-
order executive function and are evident not only at the time
of the first episode of the disease21 but also in ARMS
individuals.22 Deficits in WM may vary with illness progres-
sion during the development of psychosis, reflecting dy-
namic changes in the underlying neurobiology. However, the
resultsofpreviousstudies23havebeen inconsistent,withsome
studies reporting significant alterations and others reporting
no significantdifferences tomatched controls. These conflict-
ing findingsacross studiesprevent clinical applicationsofneu-
rocognitive assessment and neuroimaging methods in pro-
dromal psychosis because it remains unclear to what extent
the observeddeficits are consistently associatedwith vulner-
ability topsychosis andwhether theymaybepredictivemark-
ers of the illness. In the current study, we aimed to explore
whethermodulationof effective connectivityduringWMpre-
dates theonset of psychosis.Weapplieddynamic causalmod-
eling (DCM)24 to fMRI data from ARMS individuals, FEP pa-
tients, and HCs during the performance of an N-back task.

SignificantWM-associatedfrontoparietalactivationsduringthe
N-back were previously observed in these groups, whereas
ARMS individuals and FEP patients had reduced activations
in these regions compared with HCs,25 suggesting differ-
ences in the underlying brain connectivity. We hypothesized
that FEP patients would have reduced WM-induced fronto-
parietal connectivity comparedwithHCs, whereas the ARMS
groupwould have an intermediate value. In addition,we also
examinedmodulationof interhemispheric interactionsbyWM,
given previous reports suggesting altered callosal connectiv-
ity duringWMprocessing amongprefrontal andparietal areas
in patients with schizophrenia.26,27 Finally, we also tested for
the effect of antipsychotic treatment on modulation of con-
nectivity byWM in FEP patients because it has been reported
that antipsychotic treatment can alter neuroanatomical brain
structures28 and modulate brain activity during the N-back
task.29,30

Methods
The presented DCM analyses are based on the fMRI data pre-
viously published by Smieskova et al.25 Details of the mass-
univariate statistical parametric mapping (SPM) analyses are
described in the previous publication. In this article, we pro-
vide a summary of the participants’ characteristics and de-
tails of data analysis with DCM and bayesianmodel selection
(BMS). Inaddition,abrief summaryof theN-backtaskandfMRI
data acquisition protocol is given in the eMethods in the
Supplement.

Participants
We recruited ARMS individuals and FEP patients in our spe-
cialized clinic for the early detection of psychosis at the
Department of Psychiatry, Psychiatric University Hospital
Basel, Basel, Switzerland. These patients were allocated to
either the FEP or ARMS group according to the Program
Approval for Continuing Education criteria. Given the possi-
bility of FEP resulting from an initial (and possibly unno-
ticed) ARMS, it would have been interesting to address the
question of how many of our FEP patients have transitioned
from ARMS. However, because of our cross-sectional design,
this was not possible in the present study. All participants
provided written informed consent, and the study had
research ethics committee permission.

Weassessed individuals using theBasel Screening Instru-
ment forPsychosis,31 theBrief PsychiatricRatingScale (BPRS),
the Scale for the Assessment of Negative Symptoms, and the
Global Assessment of Functioning. We additionally obtained
information on current and previous psychotropic medica-
tion,nicotine, and illegaldrugconsumptionusinga semistruc-
tured interview adapted from the Early Psychosis Prevention
and InterventionCentreDrug andAlcoholAssessment Sched-
ule (eppic.org.au).

The followingexclusioncriteria for all groups applied:his-
tory of previous psychotic disorder, psychotic symptoms sec-
ondary to an organic disorder, substance abuse according to
International Statistical Classification of Diseases, 10th Revi-
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sion (ICD-10) research criteria, psychotic symptoms associ-
atedwithanaffectivepsychosisor aborderlinepersonalitydis-
order, ageyounger than 18years, inadequateknowledgeof the
Germanlanguage,andIQ less than70asmeasuredbytheMehr-
fachwahl Wortschatz Test Form B.

In keeping with previous MRI studies8,13 of ARMS indi-
viduals, we recruited 17 ARMS individuals using these high-
risk criteria. Inclusion into the present study required one or
more of the following: (1) attenuated psychotic-like symp-
toms, (2) brief limited intermittent psychotic symptoms, or (3)
a first- or second-degree relativewithapsychoticdisorderplus
at least 2 additional risk factors for or indicators of beginning
psychosis according to theBasel Screening Instrument forPsy-
chosis. Inclusion because of attenuated psychotic symptoms
required that change inmental state had to be present at least
several times aweek and formore than 1week (a score of 2 or
3 on the BPRS hallucination item or 3 or 4 on BPRS items for
unusual thought content or suspiciousness). Inclusion be-
cause of brief limited intermittent psychotic symptoms re-
quired scores of 4 or above on the hallucination item or 5 or
aboveon theunusual thought content, suspiciousness, or con-
ceptual disorganization items of the BPRS, with each symp-
tom lasting less than 1 week before resolving spontaneously.
Amoredetaileddescriptionof theseARMScriteriacanbefound
in a previous publication.32,33 All ARMS individuals were an-
tipsychotic naive.

The FEP patients (n = 21) were thosewhomet the criteria
for transition topsychosis according toYung et al.34 Thesepa-
tients already fulfilled criteria for acute psychotic disorder ac-
cording to ICD-10orDSM-IVbut not yet for schizophrenia. In-
clusion required scores of 4or aboveon thehallucination item
or 5 or above on the unusual thought content, suspicious-
ness, or conceptual disorganization items of the BPRS.34 The
symptoms must have occurred at least several times a week
and persisted for more than 1 week. Seven FEP patients were
completelyantipsychoticnaive,whereas6hadpreviouslybeen
treatedwith antipsychotics butwere antipsychotic free at the
time of this study. Eight FEP patients were receiving antipsy-
chotics at the time of scanning (5 patients receiving quetiap-
ineand2patients receivingpaliperidone for less than6months
and 1 patient receiving olanzapine for less than 2 years).

We recruited 20HCs from the samegeographic area as the
other groups. TheHCshadno current psychiatric disorder; no
history of psychiatric illness, head trauma, neurologic ill-
ness, serious medical or surgical illness, or substance abuse;
and no family history of any psychiatric disorder as assessed
by an experienced psychiatrist (J.A., S.J.B., A.R.-R.) in a de-
tailed clinical semistructured interview.

Dynamic Causal Modeling
WeusedDCM-10 (revisionNo.4290) as implemented inSPM-8
to analyze effective connectivity. In DCM for fMRI, the dy-
namics of the neural states underlying regional BOLD re-
sponse aremodeledbyabilineardifferential equation thatde-
scribes how the neural states change as a function of
endogenous interregional connections,modulatory effects on
these connections, and driving inputs.24,35 The endogenous
connections represent coupling strengths in the absenceof in-

puts to the system (independent of the task), whereas the
modulatory effects represent context-specific and additive
changes in coupling (eg, task-induced alterations in connec-
tivity). The modeled neuronal dynamic is then related to the
measuredBOLDsignalusingahemodynamic forwardmodel.35

We explicitly examined how the coupling strengths between
prefrontal andparietal regions are changedby the 2-back con-
dition (modulatory effect).

Regions of Interest and Time Series Extraction
The regions of interest of our anatomical network were se-
lected on the basis of 3 sources of information: (1) the previ-
ously published second-level SPManalysis of these data,25 (2)
previous functional connectivity studies emphasizing the im-
portance of frontoparietal connections forWM,36 and (3) pre-
vious DCM studies of WM in schizophrenia.3,11 The conven-
tional second-level SPM analysis had revealed significant
activation in the bilateral superior parietal lobule (SPL) and
middle frontal gyrus (MFG) in all groups (Figure 1),25 whereas
ARMS individuals andFEPpatientshad reducedSPLandMFG
activations, suggestingdifferences inbrainconnectivityamong
groups.To test thishypothesis,wecreatedananatomicalmask
comprising the SPL and MFG taken from the automated Ta-
lairachatlas in theWakeForestUniversityPickAtlas toolbox.37

Similar to previous DCM studies in ARMS individuals,38 re-
gional time series from each participant were extracted from
spherical volumesof interestwith 12mmindiameter thatwere
centeredonthegroupmaximaof the2-backgreater than0-back
contrastwithin the anatomicalmaskusing the first eigenvari-
ateofvoxelsaboveaparticipant-specificF thresholdofP < .001
(uncorrected).Whenaparticipant hadnovoxel above thresh-
old at the groupmaxima (eTable 1 in the Supplement), we se-
lected thenearest suprathresholdvoxelwithin themask. Four
participants revealed no activated voxels under these criteria
(1HC, 2ARMS individuals, and 1FEPpatients) andwere there-
fore excluded from further analyses.

Model Space
Across all models tested, we assumed the same network lay-
out of connections between right and left SPL andMFG. Spe-
cifically, SPLandMFGwere reciprocallyconnectedwithinboth
hemispheres, with additional interhemispheric connections
among all regions. Similar to a recentDCMstudyofWM,39 the
visual input (driving) entered the SPL bilaterally.40 Starting
fromthisbasic layout, a factorially structuredmodel spacewas
derived by considering where the modulatory effect of the
2-back WM condition might be expressed within both hemi-
spheres (for a graphic summary of the model space see
Figure 2).

BMS and BayesianModel Averaging
We used BMS to determine the most plausible models of the
onesweconsidered.TheBMSrests oncomparing the (log) evi-
dence of a predefined set of models (the model space). The
model evidence is the probability of observing the empirical
data, given a model, and represents a principled measure of
model quality, derived from probability theory.41 Concretely,
it represents the mean predicted data under random sam-
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pling from the model’s priors or, alternatively, the difference
between the accuracy (fit) of a model and its complexity. We
useda random-effectsBMSapproach for group studies,which
is capableofquantifying thedegreeofheterogeneity inapopu-
lationwhilebeingextremely robust topotentialoutliers.42This
method considers the model as a random variable and esti-
mates the parameters of a Dirichlet distribution, which de-
scribes the probabilities of all models considered. One com-
mon way to summarize the results of random-effects BMS is
to report theexceedanceprobability (EP)of eachmodel (ie, the
probability that thismodel ismore likely than anyother of the
models tested, given the group data).42

In a first step, BMSwas conducted treatingHCs, ARMS in-
dividuals, and FEP patients as one group. Because data from
the groups may be generated by different mechanisms and,
thus, differentmodelsmay explain the groupwise data best,3

we performed BMS also for each groups separately.
Statistical comparisonofmodelparameterestimatesacross

groups is only valid if those estimates stem from the same
model. Given that different models may be found to be opti-
mal across groups, bayesianmodel averaging (BMA) has been
recommended as the standard approach for clinical DCM
studies.43 The BMA averages posterior parameter estimates
overmodels,weightedby theposteriormodel probabilities.44

Thus,modelswith a lowposterior probability contribute little
to the estimation of the marginal posterior.

Group Statistic of DCMParameters
AfterBMA,weused the resultingposteriormeans fromtheav-
eraged DCM for examining differences among groups. In this
article, we focused on WM-induced changes in connectivity.
Thus, we test for group differences in the modulatory para-
metersonly.We thenused1-wayanalysisofvariance (ANOVA),
asking which of the connectivity parameters differed across
groups. In a first step, all 20 FEP individuals were treated as
one group for ANOVA.

To address the effect of antipsychotics on effective con-
nectivity, in a second step, 2 FEP subgroups were included in
a subsequentANOVAbasedonwhether theywere treatedwith
antipsychotics (n = 8) or nontreated (n = 12). Bonferroni-
corrected post hoc t tests were conducted after obtaining sig-
nificant ANOVA results.

Statistical Analysis
Clinical and sociodemographic differences were previously
analyzed and published by Smieskova et al25; we repeat them
here for completeness. Beyond those previous analyses, we
analyzedbehavioral performancesduring the2-backWMcon-
ditionusingsignaldetectiontheory.45Thesensitivity indexwas
calculated using the formula z(Hits) − z(False Alarms). The
equalweighting of hits and false alarmsprovides an objective
measure of sensitivity that is independent of participant re-
sponse bias. The sensitivity index values were further sub-
jected to a 1-way ANOVA. When the ANOVA null hypothesis
of equal means was rejected, we used Bonferroni-corrected
post hoc t tests.

Results
Participant Characteristics
Demographic and clinical group characteristics are summa-
rized in eTable 2 in the Supplement.

Behavioral Performance DuringWMProcessing
Workingmemoryperformance as operationalized by the sen-
sitivity indexdiffered acrossHCs, ARMS individuals, andFEP
patients (F = 5.12;P = .009).Specifically,FEPpatients (P = .008)
had significantly lower WM performance than HCs. The WM
performance in theARMSgroupwasalso lower than in thecon-
trol group, but this difference did not reach statistical signifi-
cance (P = .14). In a subsequent ANOVAwe distinguished an-

Figure 1. Regional Brain Activation DuringWorkingMemory Processing (2-Back Greater Than 0-Back)Within the Anatomical Mask

A B C

A, Healthy controls. B, Individuals with an at-risk mental state. C, Patients
experiencing a first-episode psychosis. Activations are reported at a

whole-brain–corrected cluster threshold of P < .001 and a voxel size threshold
of 1400.
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tipsychotic-treated from nontreated FEP patients (F = 3.44;
P = .02) and found that only nontreated (P = .03) but not an-
tipsychotic-treatedFEP individuals (P = .27)differed fromHCs
(Figure 3).

DCMResults
BayesianModel Selection
The BMS yielded variable results across groups (Figure 4).
When testing all groups together, model 12 was found to be
most likely (EP = 47.73%), followed bymodel 4 (EP = 33.73%),
model 6 (EP = 8.55%), andmodel 9 (EP = 7.56%).When apply-
ing BMS to each group separately, however, slight variations
emerged. In HCs, model 4 emerged as the most likely model
(EP = 63.43%), whereas model 12 was only second best (EP =
22.41%) andmodel 9 the third best (EP = 6.44%). In ARMS in-
dividuals,model 12was identifiedasmost likely (EP=27.63%),
followed bymodel 2 (EP = 27.17%) andmodel 9 (EP = 21.22%).
In all FEP patients together, model 6 was clearly superior to

all othermodels (EP = 58.05%),whereasmodel 12was second
best (EP = 18.47%) and model 4 the third best (EP = 11.7%).
TheseBMSresultsacrossall groupsaresummarized inFigure4.

Group Statistics of DCMParameters
Differences in Effective Connectivity
Statistical analysisofgroupdifferences inconnectionstrengths
concerned the posteriormeans of coupling estimates, follow-
ing BMA for all 12 models. In other words, we compared the
parameter estimates fromparticipant-specificDCMs thatwere
averagedover the 12models (byusingBMA) separatelywithin
each group. Thus, in our final group-level analysis of effec-
tive connectivity, we were able to test for differences among
groups in 8 parameters describing the modulation of fronto-
parietal connections, within and across hemispheres, by the
2-backWM condition.

For the modulatory effect, significant group differences
were found for the right MFG to SPL connectivity (F = 3.70;

Figure 2. Model Space Tested in the Study
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Numbers 1 through 4 indicate right superior parietal lobule, left superior parietal
lobule, right middle frontal gyrus, and left middle frontal gyrus, respectively. We
contrastedmodels in which the 2-back workingmemory (WM) condition was
allowed tomodulate within both hemispheres: the parietofrontal connections
(top row), the frontoparietal connections (middle row), or both (bottom row).
These 3 intrahemispheric options were crossed with 4 possibilities for which

interhemispheric connections might bemodulated by the 2-backWM
condition: none (A), the interhemispheric connections between the parietal
areas (B), the interhemispheric connections between the frontal areas (C), or
both (D). As a result, our model space consisted of 12 alternative models, each
of which was fitted to the data from each study participant.
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P = .03).Bonferroni-correctedposthoc t tests revealed that the
rightMFGtoSPLconnectivitywas significantly reduced inFEP
patients compared with HCs (P = .048), whereas the MFG to
SPL connectivity in ARMS individuals was lower than in the
control group, although this finding was not statistically sig-
nificant (P = .10) (Figure 5). In contrast to these intrahemi-
spheric connectivitydifferencesamonggroups,wedidnot find
significant group differences in themodulation of interhemi-
spheric connections by the 2-backWM condition.

Effects of Antipsychotics on Effective Connectivity
After dissociating antipsychotic-treated fromnontreatedFEP
patients, a subsequent ANOVA on the modulatory effect re-

vealed significant group differences for the right MFG to SPL
connectivity across groups (F = 2.99; P = .04). In particular,
Bonferroni-corrected post hoc t tests revealed that the right
MFG to SPL connectivity in HCs is dissociable from non-
treated FEP patients (P = .046) but not from antipsychotic-
treated FEP patients (P > .99) (Figure 6). The Table summa-
rized the DCM parameters for all groups. Furthermore, using
amultiple regression analysis, we did not find any significant

Figure 3. Mean Sensitivity Indexes

0
ARMS Nontreated FEP Antipsychotic-

treated FEP

5

4

Se
ns

iti
vi

ty
 In

de
x

3

2

1

HC

a

Sensitivity indexes during the 2-back conditions in healthy controls (HCs)
(n = 19), individuals with an at-risk mental state (ARMS) (n = 15), and individuals
with first-episode psychosis (FEP) whowere nontreated (n = 12) or
antipsychotic treated (n = 8). Asterisk indicates significant differences among
the groups at P < .05. Error bars indicate SEs.

Figure 4. BayesianModel Selection Among All 12 Dynamic Causal Models
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Figure 5. TheModulatory Effect of the 2-BackWorkingMemory (WM)
Condition on the Connection From the RightMiddle Frontal Gyrus (MFG)
to the Right Superior Parietal Lobule (SPL)
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Data are shown for healthy controls (HCs) (n = 19), individuals with an at-risk
mental state (ARMS) (n = 15), and all patients with first-episode psychosis (FEP)
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for all study participants and all 12 dynamic causal models (using bayesian
model averaging) with regard to the posterior mean of themodulatory effect;
this encodes changes in connection strength induced by the 2-backWM
condition. Asterisk indicates significant differences among groups at P < .05;
dagger, significant t test within each group (relative to zero) at P < .05. Error
bars indicate SDs derived from bayesian parameter averages.
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relationship between the right MFG to SPL connectivity and
clinical and demographic variables (statistics are provided in
eTable 3 in the Supplement).

Discussion
In thepresent studywe investigatedwhether therearechanges
in the modulation of within- and across-hemisphere func-
tional interactions between the SPL andMFGbyWMthat pre-

date the onset of psychosis and are related to antipsychotic
treatment. We found that the modulatory effect on the MFG
to SPL connectivity induced by the 2-backWMconditionwas
gradually reduced fromHCs to ARMS individuals and further
to nontreated FEP patients. Remarkably, nontreated but not
antipsychotic-treatedFEPpatients differed significantly from
HCs with regard to the modulatory effect of WM on the MFG
to SPL connectivity.

The behavioral performance differed between non-
treated FEP patients and HCs, whereas ARMS individuals
showed an intermediate performance, which was not signifi-
cantly altered compared with HCs. This finding is consistent
with a previous study in ARMS individuals and FEP patients,
which reported that in the FEP group the proportion of cor-
rect responseswassignificantly lower than inthecontrolgroup,
whereas in the ARMS group the proportion of correct re-
sponseswas lower than in the control group but did not reach
statistical significance.46 In contrast, other studies11,15 found
no significant group differences among HCs, ARMS individu-
als, andFEPpatients in thenumberofmissed targets,misiden-
tifiednontargets, anderror rates, respectively,while perform-
ing the N-back task. In the later study,15 the lack of behavioral
differences among groups is due to excluding from the analy-
sis individuals who performed the task badly and the study
beingpowered todetectphysiologic changes.Furthermore, in-
stead of evaluating the number of omissions or error rates, in
this studyweanalyzed the2-backWMperformancesusing sig-
nal-detection theory.45 Although this precludes a direct com-
parison with the previous studies mentioned, the advantage
ofusingthesensitivity indexis that itprovidesanobjectivemea-
sure independentof the individual’s responsebias.Thus, inour
study, when equally weighting hit rates and false alarms, the
2-back WM performance did significantly distinguish non-
treated FEP patients fromHCs,whereas theWMperformance
in ARMS individuals came out in themiddle of both groups.

Moreover, contrary tonontreatedFEPpatients, no signifi-
cant difference was found in antipsychotic-treated FEP indi-
viduals compared with HCs, indicating an improved cogni-
tive performance after antipsychotic medication. This result

Figure 6. TheModulatory Effect of the 2-BackWorkingMemory (WM)
Condition on the Connection From the RightMiddle Frontal Gyrus (MFG)
to the Right Superior Parietal Lobule (SPL)
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Data are shown for healthy controls (HCs) (n = 19), individuals with an at-risk
mental state (ARMS) (n = 15), and individuals with a first-episode psychosis
(FEP) whowere antipsychotic treated (n = 8) or nontreated (n = 12) during
scanning. The y-axis denotes themean for all study participants and all 12
dynamic causal models (using bayesian model averaging) with regard to the
posterior mean of themodulatory effect; this encodes changes in connection
strength induced by the 2-backWM condition. Asterisk indicates significant
differences among groups at P < .05; dagger, significant t test within each group
(relative to zero) at P < .05. Error bars indicate SDs derived from bayesian
parameter averages.

Table. Dynamic Causal Modeling Parameter Estimates: Modulatory Effects of the 2-BackWorkingMemory Conditiona

Modulatory Effect Healthy Controls ARMS Individuals

FEP Patients

Nontreated Antipsychotic Treated
2b on left to right SPL −0.0137 (0.3462) −0.0241 (0.1050) −0.0175 (0.1830) −0.0986 (0.1778)

2b on left SPL to MFG −0.1578 (0.5928) −0.0720 (0.3571) −0.0260 (0.0513) −0.1081 (0.2420)

2b on right to left SPL 0.0625 (0.1475) 0.0782 (0.4639) −0.0236 (0.0777) −0.1070 (0.4057)

2b on right SPL to MFG −0.1359 (0.4615) 0.0822 (0.3934) 0.0055 (0.0397) −0.0188 (0.0390)

2b on left MFG to SPL 0.0233 (0.1807) 0.0113 (0.0558) −0.0062 (0.0230) 0.1625 (0.4259)

2b on left to right MFG 0.2003 (0.4263) 0.0274 (0.0693) −0.1006 (0.3419) 0.0314 (0.0681)

2b on right MFG to SPLb 0.2998 (0.4219)c 0.0610 (0.1911) −0.0275 (0.0684) 0.1503 (0.3754)

2b on right to left MFG 0.1122 (0.6503) 0.0763 (0.2796) 0.0559 (0.1767) 0.0736 (0.1634)

Abbreviations: ARMS, at-risk mental state; FEP, first-episode psychosis; MFG,
middle frontal gyrus; SPL, superior parietal lobule.
a Parameter estimates of themodulatory effects of the 2-backWM condition on
frontoparietal connections for healthy controls (n = 19), individuals with an
at-risk mental state (n = 15), and patients with FEP whowere either
nontreated (n = 12) or antipsychotic treated (n = 8) during the scanning.

Data are means (SDs) of parameters after BMA.
bF = 2.99, P=.04 for analysis of variance, and P=.046 (healthy controls greater
than nontreated FEP patients) for Bonferroni-corrected post hoc t test.

c Significant t test within each group (compared with zero) are reported at
P = .007.
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is in linewith recent studies in early-psychosis patients47 and
in thosewith chronic schizophrenia,48which reported signifi-
cant improvements inneurocognitionafter the treatmentwith
antipsychotics.

Our previously published conventional fMRI analysis re-
vealed significant activations in thebilateral SPLandMFGdur-
ing the N-back task in all groups,25 consistent with previous
N-back studies in ARMS individuals.15,19 However, the ARMS
and FEP individuals revealed reduced activations in these re-
gions relative to HCs. Therefore, in this studywe aimed to in-
vestigate whether these different SPL and MFG activations
among HCs, ARM patients, and FEP patients could be medi-
ated by aberrant task-induced modulation of connectivity,
given that interactionsbetween frontal andparietal regionsare
crucial for WM performance.49

We founda gradual reductionof themodulatory effect on
the MFG to SPL connectivity from HCs to ARMS individuals
and further to nontreated FEP patients. Although our result
of a reduced right MFG to SPL connectivity in nontreated
FEP patients agrees with reports on reduced frontoparietal
connectivity in patients with schizophrenia,3 Crossley et al11

reported a progressive increase in the frontotemporal con-
nectivity in individuals with FEP. However, the results of the
2 studies are not directly comparable because of several
major methodologic differences, including different con-
trasts used to identify WM-associated activations and differ-
ent regions of interest. Furthermore, and perhaps most
importantly, Crossley and colleagues focused on endoge-
nous connections and not on connectivity changes, reflect-
ing changes in the endogenous coupling between regions
that are induced by experimental manipulations (ie, 2-back)
as in this study.

The N-back task comprises numerous simultaneous cog-
nitive processes, including a continuous encoding of incom-
ingvisual letters and ruleupdating.AlthoughWMresearchhas
traditionally focused on mechanisms for maintaining stimu-
lus representations,more recently the importance of rules for
relating those stimuli to pending responses has been
emphasized.49 These rules embody the if-then relationships
that underlie decisions (eg, “If the letter presently displayed
corresponds to the letter shown2 trials ago,press the rightbut-
ton”) and thatmay change in time, as in theN-back task. Con-
nections fromtheparietal cortex to the frontal cortexmaycon-
tribute to the encoding of incoming stimuli,39 whereas the
connections from the frontal to the parietal cortex likely me-
diate the updating of rules (eg, 2-back).36 Our DCM analyses
suggest a reducedmodulation ofMFG to SPL connectivity by
the2-backWMcondition (relative to0-backand1-back) innon-
treatedFEP individuals. If the common interpretationsof bot-
tom-up and top-down connections betweenparietal andpre-
frontal areas mentioned above are correct, this result would
indicate a specific failure in rule updating duringWM in non-
treated FEP individuals. However, this specific interpreta-
tion should be treated with caution because our experimen-
tal design did not separately manipulate demands on visual
stimulus encoding and rule updating.

Notably, the reduction of the right MFG to SPL connec-
tivity between HCs and nontreated FEP patients was not

found between HCs and antipsychotic-treated FEP patients.
This is consistent with previous fMRI studies reporting that
antipsychotic treatment can modulate brain activity during
cognitive tasks29,30 and, more specifically, functional con-
nectivity in circuits that are involved in mediating the cogni-
tive symptoms in schizophrenia.50 Furthermore, our result
fits with a recent study51 in FEP patients reporting that after
6 weeks of treatment with second-generation antipsychotic
drugs, frontoparietal-temporal network connectivity during
resting state was no longer significantly different from con-
trols. Our present results echo this finding and suggest that
antipsychotic treatment also normalizes frontoparietal con-
nectivity during a WM task in FEP patients, which might
explain their improved cognitive performance relative to
nonmedicated patients.

Dynamic causal modeling is a suitable technique for
inferring on synaptic plasticity, and disordered brain con-
nectivity in schizophrenia is thought to result from abnor-
mal regulation of N-methyl-D-aspartate receptor–dependent
synaptic plasticity by neuromodulatory transmitters such as
dopamine.2 Accordingly, abnormal N-methyl-D-aspartate
receptor signalingmaycontribute toalteration inprefrontal con-
nectivity in patients with schizophrenia.52 Thus, the effects
of antipsychotic treatment onWM-dependentmodulation of
brain connectivity found in this study might reflect antipsy-
chotic-induced alterations of dopaminergic regulation of
N-methyl-D-aspartate receptor–dependent synaptic plastic-
ityof frontoparietal connections.Thiswouldbeconsistentwith
recent studies that reported that dopamine influences pre-
frontal control of parietal processing in WM53 and that al-
tered prefrontal activation in patients with an ARMS for psy-
chosis is related to elevated striatal dopamine function.16

There are some limitations to be considered in the pre-
sent study. Because of the chosen block design in this study,
we were not able to distinguish among the different compo-
nents of theWMprocess, althoughpatientswithpsychosis re-
veal different impairments during encoding, retrieval, and in-
formation manipulation.54,55 Furthermore, we used a fairly
simplistic neuronal network underlying WM-dependent ef-
fectiveconnectivitywithbilinearmodulationofconnections.24

There are also other brain regions involved inWM tasks, such
as theanterior cingulate cortex,39whose structural abnormali-
ties have also been reported to be predictive for development
ofpsychosis13 but thatwedidnot include inourpresentmodel
for reasons of parsimony and comparability with previous
studies3ofconnectivityduringWMtasks inschizophrenia.Fur-
thermore, the 8 antipsychotic-treated FEP patients received
different antipsychoticmedication in terms of substance and
duration of the treatment. With this relatively small sample
size, it is impossible to further subdivide the groupof antipsy-
chotic-treated FEP patients and determine drug-specific ef-
fects. Finally, the short duration of clinical follow-up did not
allow investigating transitionoutcome–associated connectiv-
ity abnormalities.

In conclusion, our present findings suggest that abnor-
malities inWM-inducedmodulationof connectivitymaysepa-
rateHCs fromARMSindividualsandFEPpatientsandmaythus
serve as a physiologic marker that predates the onset of psy-
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chosis. Moreover, as demonstrated in previous studies,53 the
current study further demonstrates the potential of quantita-
tive connectivity analysis for inferring the effects of antipsy-

chotic treatment.These findingsmayparticularlybenefit clini-
cal efforts to predict the onset of psychosis from the extent of
dysfunctional connectivity during WM.
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