
Effective Connectivity During Episodic Memory
Retrieval in Schizophrenia Participants Before and

After Antipsychotic Medication

Nathan L. Hutcheson,1 Karthik R. Sreenivasan,2 Gopikrishna Deshpande,2,3

Meredith A. Reid,2 Jennifer Hadley,1 David M. White,1

Lawrence Ver Hoef,4 and Adrienne C. Lahti1*

1Department of Psychiatry and Behavioral Neurobiology, The University of Alabama at
Birmingham, Birmingham, Alabama

2AU MRI Research Center, Department of Electrical and Computer Engineering, Auburn
University, Auburn, Alabama

3Department of Psychology, Auburn University, Auburn, Alabama
4Department of Neurology, The University of Alabama at Birmingham, Birmingham, Alabama

r r

Abstract: Background: Impairment in episodic memory is one of the most robust findings in schizophre-
nia. Disruptions of fronto-temporal functional connectivity that could explain some aspects of these
deficits have been reported. Recent work has identified abnormal hippocampal function in unmedi-
cated patients with schizophrenia (SZ), such as increased metabolism and glutamate content that are
not always seen in medicated SZ. For these reasons, we hypothesized that altered fronto-temporal con-
nectivity might originate from the hippocampus and might be partially restored by antipsychotic medi-
cation. Methods: Granger causality methods were used to evaluate the effective connectivity between
frontal and temporal regions in 21 unmedicated SZ and 20 matched healthy controls (HC) during per-
formance of an episodic memory retrieval task. In 16 SZ, effective connectivity between these regions
was evaluated before and after 1-week of antipsychotic treatment. Results: In HC, significant effective
connectivity originating from the right hippocampus to frontal regions was identified. Compared to
HC, unmedicated SZ showed significant altered fronto-temporal effective connectivity, including
reduced right hippocampal to right medial frontal connectivity. After 1-week of antipsychotic treat-
ment, connectivity more closely resembled the patterns observed in HC, including increased effective
connectivity from the right hippocampus to frontal regions. Conclusions: These results support the
notion that memory disruption in schizophrenia might originate from hippocampal dysfunction and
that medication restores some aspects of fronto-temporal dysconnectivity. Patterns of fronto-temporal
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connectivity could provide valuable biomarkers to identify new treatments for the symptoms of schizo-
phrenia, including memory deficits. Hum Brain Mapp 36:1442–1457, 2015. VC 2014 Wiley Periodicals, Inc.
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INTRODUCTION

Schizophrenia is a chronic psychiatric illness with a
world-wide prevalence of approximately 1% (Jablensky,
et al., 1992) that is characterized by positive, negative, and
cognitive symptoms. Importantly, the cognitive deficits
(Tandon, et al., 2009) are most predictive of poor func-
tional outcome (Green, 1996; Liddle, 1987), but there cur-
rently are no effective treatments for this symptom
complex (Deserno, et al., 2012). Thus, there is a critical
need to better understand the dysfunction that character-
izes cognitive deficits to identify therapeutic targets.

Impairments in working and episodic memory are
amongst the most replicated and robust abnormalities in
schizophrenia (Aleman, et al., 1999; Heinrichs and Zakza-
nis, 1998; Kraguljac, et al., 2013a). They are often seen at the
initial diagnosis and may already be present in the prodro-
mal phase of the illness (Tandon, et al., 2009). Functional
MRI (fMRI) can reliably map episodic memory processes
using appropriate tasks (Hutcheson, et al., 2012; Ragland,
et al., 2009). Early work investigating episodic memory in
schizophrenia focused on abnormal activation of specific
brain regions such as the hippocampus (Heckers, et al.,
1999) and prefrontal cortex (Ragland, et al., 2001). More
recently, several studies have used functional connectivity,
a measure of the temporal coherence of the blood-oxygen
level dependent (BOLD) fluctuations in distinct brain
regions, and reported disruption of fronto-temporal connec-
tions in schizophrenia (Benetti, et al., 2009; Lawrie, et al.,
2002; Meyer-Lindenberg, et al., 2005; Wolf, et al., 2009).

In our previous work, we reported that, in drug free
patients with schizophrenia, regional cerebral blood flow
(rCBF) in hippocampus is elevated (Medoff, et al., 2001)
and is correlated with the severity of positive symptoms
(Lahti, et al., 2006). In addition, we found that the reduc-
tion in hippocampal rCBF with antipsychotic medication is
associated with good treatment outcome (Lahti, et al.,
2009). Furthermore, we recently reported increased hippo-
campal glutamate levels in unmedicated patients (Kragul-
jac, et al., 2013b), but not in medicated patients (Kraguljac,
et al., 2012). For these reasons, we hypothesized that
fronto-temporal disruption during memory processing in
drug-free schizophrenia patients might originate from
abnormal hippocampal function and could be partially
restored by antipsychotic medication.

Effective connectivity is a more recent data analysis
method that describes the influence one brain region exerts
over another through the analysis of time-lagged BOLD

time series (B€uchel, et al., 1999) and thereby helps clarify
how brain areas communicate (Friston, 1994b; Friston,
et al., 1993, 1994a). Understanding the transfer of neural
information in memory and how it may be disrupted in
schizophrenia may help uncover the neural bases of the
memory deficits seen in the illness. In first-episode schizo-
phrenia, a decrease in effective connectivity originating
from the hippocampus to the frontal cortex was identified
during a working memory task using dynamic causal
modeling (DCM) (Benetti, et al., 2009). DCM and structural
equation modeling (SEM) are useful techniques that
impose restrictions on the number of permissible regions
of interest (ROIs) in the model. They require prior
assumptions about the underlying connections and as
such are confirmatory methods. In contrast, effective con-
nectivity accessed with multivariate autoregressive
(MVAR) Granger causality does not require prior assump-
tions about the underlying connectional architecture, has
less restrictions on the number of ROIs that can be
included in the model and is therefore more exploratory
in its nature (Abler, et al., 2006; Deshpande, et al., 2008,
2013; Roebroeck, et al., 2005; Sathian, et al., 2011). To our
knowledge, no studies have used effective connectivity
accessed with MVAR Granger to investigate episodic
memory abnormalities in unmedicated patients with schiz-
ophrenia and to examine the effect of antipsychotic medi-
cation on effective connectivity patterns.

In the present study, we evaluated the degree of func-
tional impairments between regions of a memory network,
including fronto-temporal connections, in patients with
schizophrenia during performance of an episodic memory
task. We evaluated these impairments when patients were
off medication and after one-week of treatment with ris-
peridone, a second-generation antipsychotic medication.
We hypothesized that unmedicated patients with schizo-
phrenia would show significant reductions in directional
connectivity from the hippocampus to prefrontal regions
that would be partially restored with antipsychotic
treatment.

METHODS

Subjects

Thirty-six participants with a diagnosis of schizophrenia
or schizoaffective disorder (SZ), not currently taking anti-
psychotic medication (for at least 10 days), and seeking
treatment at the University of Alabama at Birmingham
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(UAB) were recruited for this study (Table 1). Thirty
healthy controls (HC), matched on age, gender, and paren-
tal occupation, were recruited by advertisements in flyers
and the University’s newspaper. The exclusion criteria
were major medical or neurological conditions, substance
abuse within past 6 months, previous serious head injury,
history of loss of consciousness, and pregnancy. The UAB
IRB approved this study, and all participants provided
written informed consent and the SZ performed an evalua-
tion to provide consent (Carpenter, et al., 2000). Diagnoses
were established using participants’ medical records and
the Diagnostic Interview for Genetic Studies (Nurnberger,
et al., 1994). The Brief Psychiatric Rating Scale (BPRS)
(Overall and Gorham, 1962) and the Repeatable Battery for
the Assessment of Neuropsychological Status (RBANS;
Randolph, et al., 1998) were used to characterize symptom
severity, response to antipsychotic treatment and general
cognitive function.

Experimental Design

HC were scanned once and SZ were scanned while
unmedicated (baseline scan), and then entered into a 6-
week trial with risperidone (flexible dosing regimen). At
the baseline time point 15 SZ and 10 HC were excluded

from analyses because of movement, failure to correctly
perform the memory task, and in SZ, failure to complete
their medication regimen after the end of 6 weeks. This
left us with a combined group of 21 SZ and 20 HC at base-
line. To evaluate the short-term effects of antipsychotic
medication on effective connectivity, a second scan was
performed after one week of treatment. Sixteen 16 SZ had
usable imaging data at baseline and week 1. Treatment
response was assessed calculating the percentage change
in Brief Psychiatric Rating Scale (BRPRS) total score
(Leucht, et al., 2007) from baseline to week 6 for each par-
ticipant using the formula: (B0 – BLOCF)/ (B0 – 20), where
B0 5 BPRS total score at baseline, BLOCF 5 the last observa-
tion carried forward, and 20 being the minimum score on
the 20 item BPRS scale.

Image Acquisition

All imaging was performed on a 3T head-only scanner
(Siemens Allegra, Erlangen, Germany), equipped with a
circularly polarized transmit/receive head coil. fMRI data
were acquired using the gradient recalled echo-planar
imaging sequence (repetition time/echo time [TR/
TE] 5 2100/30 msec, 70� flip angle, 24 3 24 cm2 field of
view, 64 3 64 matrix, 4-mm slice thickness, 1-mm gap, 26

TABLE 1. Group demographics (mean 6 standard deviation)

SZ (n 5 21) HC (n 5 20)

Age, years 31.2 6 10.2 36.5 6 13.4
Gender, M/F 16/5 13/7
Parental occupationa 8.8 6 6.1 7.0 6 5.3
RBANSb Total index 82.5 6 16.6 96.0 6 8.7g

First episode (yes/ no) 7/21 –
Duration of illness, (years) 9.5 6 9.2 –
Medication status (previously medicaited/ na€ıve) 12/9 –
Average medication dosage (mg of resperidone)

Week 1 2.60 –
Week 6 4.76 –

BPRSc

Baseline total 48.8 6 10.9 –
Baseline positive 13.6 6 3.5 –
Baseline negative 7.1 6 2.5 –
Treatment response totald 61.7% 6 24.2% –
Treatment response positivee 76.8% 6 29.1% –
Treatment response negativef 55.5% 6 39.9% –

HC, healthy control; F, female; M, male; SES, Socioeconomic status; SZ, patients with schizophrenia.
aRanks determined from Diagnostic Interview for Genetic Studies (1–18 scale); higher rank (lower numerical value) corresponds to
higher socioeconomic status. Data missing for five patients with schizophrenia.
bRepeatable battery for the assessment of neuropsychological status.
cBrief psychiatric rating scale, scored on a 1–7 scale; positive subscale (conceptual disorganization, hallucinatory behavior, suspicious-
ness, and unusual thought content); negative subscale (emotional withdrawal, motor retardation, and blunted affect).
dTreatment response total 5 (B0–BLOCF)/ (B0220). B0 is BPRS score at baseline, and BLOCF is the BPRS last observation carried forward.
eTreatment response positive 5 (B0–BLOCF)/ (B024).
fTreatment response negative 5 (B0–BLOCF)/ (B023).
gP< 0.005 significant difference between HC and SZ in independent samples t-test.
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axial slices). A high-resolution structural scan was
acquired using the T1-weighted magnetization prepared
rapid acquisition gradient-echo sequence (TR/TE/inver-
sion time [TI] 52300/3.93/1100 msec, 12� flip angle, 256 3

256 matrix, 1-mm isotropic voxels). An IFIS-SA system (In
Vivo, Orlando, FL) running E-Prime software (version 1.2;
Psychology Software Tools, Pittsburgh, PA) controlled
stimulus delivery and recorded responses and reaction
times.

fMRI Task

This previously validated episodic memory task (Hutch-
eson, et al., 2012) consists of an intentional encoding
phase, followed by a recognition memory phase after a 15-
min delay. To maximize retrieval performance, a deep
encoding paradigm utilizing an animacy decision was
used. During encoding, participants saw a series of 60
words, presented one at a time for 300 msec followed by a
fixation screen. A 2-second prestimulus cue (“Alive?”)
indicated that the participant had to answer by button
press whether the upcoming word was alive or not alive.
Following a 15-min distraction task, participants per-
formed the retrieval task, where they saw 60 words,
including 30 words previously seen during the encoding
phase (old words) and 30 new words, presented one at a
time for 300 msec. A 2-sec warning stimulus (“Ready?”)
indicated that the participant had to answer by button
press whether the upcoming word was “old” or “new.”
The events of interest were the correctly identified old
words, Retrieve Old Correct (ROC), and the correctly iden-
tified new words, Retrieve New Correct (RNC). For each
task, the interstimulus interval (fixation screen) was jit-
tered, ranging from 3 to 5 sec. Behavioral measures were
compared across groups using a one-way ANOVA, and
the alpha level was set at 0.05.

fMRI Analysis and Design

Data analyses were performed in SPM8 running in
MATLAB (version R2010b). Preprocessing of the fMRI
data included slice timing correction, realignment and
reslicing to the mean functional volume, artifact/motion
correction using ArtRepair (Mazaika PK and Reiss, 2007),
coregistraton to the structural scan, and normalization to
Montreal Neurological Institute (MNI) space using DAR-
TEL (Ashburner, 2007) with 4-mm Full Width Half Maxi-
mum (FWHM) Gaussian kernel smoothing. Participants
were excluded from further analyses if 33% or more of
their data were repaired during artifact and motion
correction.

The subject-level statistical analysis consisted of an
event-related general linear model. We included the fol-
lowing regressors: ROC and RNC (Ragland, et al., 2001,
2004). All events were modeled using a canonical hemody-
namic response function, and data were high-pass filtered

(cutoff 5 256 sec). Statistical parametric maps were gener-
ated for the following contrast: ROC (Hits)>RNC (Correct
Rejects), which is referred in the literature as the “old/
new effect” or “retrieval success effect” (Vincent, et al.,
2006). At the group level, the contrasts (ROC>RNC) for
each individual were entered as conditions in a diagnosis-
by-condition factorial design (Achim and Lepage, 2005).
An independent sample t-test was used to compare the SZ
and HC groups during the baseline time point. To com-
pare the SZ group before and after 1-week of medication,
a paired-sample t-test was performed. Whole-brain results
were corrected for multiple comparisons using a cluster-
level false discovery rate (FDR) correction, P< 0.05
(Chumbley and Friston, 2009).

Seed Region Selection

We chose to investigate 11 ROIs that are part of the
memory network (5 bilateral and 1 central): bilateral infe-
rior frontal gyrus (IFG) centered at MNI coordinates, 635,
20, 25; medial frontal gyrus (medial FG), 613, 39, 32; mid-
dle frontal gyrus (MFG), 631, 6, 47; posterior hippocam-
pus, 630, 230, 210; superior temporal gyrus (STG), 645,
253, 18; and central precuneus, 0, 265, 27 (Fig. 1). The
locations for all seeds were defined based on four criteria
as follows: (1) seeds must be part of the memory network
reported in the literature (Achim and Lepage, 2005; Span-
iol, et al., 2009), (2) seeds must lie within the functional
activation generated by our retrieval task, (3) the seed area
must be activated in each subject, and (4) the coordinates
of the seed was chosen as the locations of brain regions
within the memory network reported in the literature,
which also satisfied #2 and #3 above.

Effective Connectivity Terminology

The following terminology was adopted from the field
of functional and effective connectivity (Rubinov and
Sporns, 2010). The term node refers to the 11 ROIs which
made up our memory network (Fig. 1). The terms paths
and edges indicate the unidirectional projections of infor-
mation flow from one node to another. All the paths and
edges shown in figures are significant when considering
our contrast of interest (ROC>RNC) and have greater
connectivity than 0. The degree of a node refers to the
sum of the in-degree and out-degree, which is the sum of
the number of paths the node has projecting from or pro-
jecting to itself. The subset of nodes that have the highest
degree are referred to as hubs.

Effective Connectivity Model

Directional causal influence from time series A to time
series B can be inferred if past values of time series A help
predict the present and future values of the time series B
(Granger, 1969). Based on this principle of Granger
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causality, many earlier studies have used MVAR models to
obtain the predictive relationship between time series from
different regions of the brain (Abler, et al., 2006; Deshpande
and Hu, 2012a; Deshpande, et al., 2008, 2009, 2010a, 2011,
2012b; Hampstead, et al., 2011; Krueger, et al., 2011; Lacey,
et al., 2011; Preusse, et al., 2011; Roebroeck, et al., 2005;
Sathian, et al., 2011; Strenziok, et al., 2011). However, other
reports have shown that Granger causal metrics obtained
from raw fMRI time series could be confounded due to the
variability of the hemodynamic response (David, et al.,
2008; Deshpande, et al., 2010b). Subsequently, hemody-
namic deconvolution has been proposed as a preprocessing
step before Granger causality analysis (Sathian, et al., 2013).
Therefore, in this study, to obtain accurate directional con-
nectivity information, the effect of hemodynamic response
(HRF) was removed by blind hemodynamic deconvolution
(Havlicek, et al., 2011). Hemodynamic deconvolution
removes the intersubject and inter-regional variability of the
HRF (Handwerker, et al., 2004) as well as its smoothing
effect, thus increasing the effective resolution of the signal.
By applying hemodynamic deconvolution, the underlying
neuronal variables were obtained, which were then input
into a dynamic MVAR model to obtain condition-specific
connectivity values.

Let b fMRI time series be represented as X(t) 5 [x1(t)
x2(t) . . . xb(t)]. A dynamic state-space model can be
described as follows.
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Where n, u, p are the hidden neuronal state variables,
the exogenous input, and the HRF parameter variables,
respectively. The function that links the current neuronal
state to the previous neuronal states is given by D. The
subscript s and superscript b indicate continuous time and
number of time series in the model, respectively. Q, L, and
M are zero mean Gaussian state noise vectors. The obser-
vation equation, which links the state to observed varia-
bles (i.e., fMRI time series), is as follows.

xbðtÞ5Wð~nb
t Þ1gt21

Here W represents the measurement function that links the
state variables to the measurement variables, and t and g rep-
resent discrete time and measurement noise, respectively.

Figure 1.

Locations of the 11 spherical ROIs used for effective connectivity analyses, overlaid on a single

subject T1 anatomic image in the axial plane. All spheres have a radius of 5 mm and coordinates

are x, y, and z in MNI space and are mirrored on the left and right hemisphere except for the

precuneus.
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The inputs to the model are exogenous inputs u (experimen-
tal boxcar function) and fMRI time series xb(t). The hidden
neuronal state variables and HRF parameters can be jointly
estimated very efficiently by the cubature Kalman filter (Hav-
licek, et al., 2011). In addition to this, the neuronal variables
can be successfully estimated at an effective temporal resolu-
tion up to 10 times smaller than TR using smaller step size in
the estimation. The neuronal state variables nb(t) were input
into the MVAR as follows

n
ðtÞ
1

n
ðtÞ
2

�

�

n
ðtÞ
b

2
666666666664

3
777777777775

5

0 a12
ð0Þ � � � a1b

ð0Þ

a21
ð0Þ 0 a2b

ð0Þ

� � 0 �

� � �

ab1
ð0Þ ab2

ð0Þ � � � 0

2
66666666664

3
77777777775

3

n
ðtÞ
1

n
ðtÞ
2

�

�

n
ðtÞ
b

2
666666666664

3
777777777775

1
X#

k51

a11
ðkÞ a12

ðkÞ � � � a1b
ðkÞ

a21
ðkÞ a22

ðkÞ a2b
ðkÞ

� � �

� � �

ab1
ðkÞ ab2

ðkÞ � � � abb
ðkÞ

2
66666666664

3
77777777775

3

n
ðt2kÞ
1

n
ðt2kÞ
2

�

�

n
ðt2kÞ
b

2
666666666664

3
777777777775

1

n1
ðtÞ

n2
ðtÞ

�

�

nb
ðtÞ

2
66666666664

3
77777777775

Where # is the order of the model determined by the
Akaike/Bayesian information criterion (Deshpande, et al.,
2009), a are the model coefficients, and n is the model error.
Note that both instantaneous influences and causal influen-
ces between the time series have been included in the
model, which are represented by a(0) and a (k), k51 . . . #,
respectively. By including both these terms in a single
model, the effect of instantaneous correlation on causality
was minimized (Deshpande, et al., 2010c). A dynamic
MVAR model was obtained by varying the model coeffi-
cients (a) as a function of time as shown below
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Using the algorithm proposed by Arnold et al (Arnold,
et al., 1998) the model coefficients aij(k,t) were taken as the
state vector of a Kalman filter and were adaptively esti-
mated. The Dynamic Granger causality was then obtained
as follows

DGCijðtÞ5
X#

k51

½aijðk; tÞ�

Effective Connectivity Analysis

For all the participants, mean time series were extracted
from the 11 ROIs. A boxcar function was derived such that
it had a value of 1 from the time the subject saw the word to
the time he/she pressed the button (Supporting Information
Fig. 1) and was used as the exogenous input to the deconvo-
lution model along with normalized fMRI time series. The
outputs from this model were the hidden neuronal varia-
bles, which were then input into the dynamic Granger cau-
sality model to obtain time-varying connectivity metrics for
each of the HC and SZ (both before and after medication).
The causal connectivity values obtained were then popu-
lated into different samples corresponding to ROC and
RNC conditions for HC and SZ (before and after medica-
tion) groups. Separate t-tests were performed between these
samples in each of the following groups: HC, SZ before
medication, and SZ after medication. Only the paths that
were significantly greater (P< 0.05, FDR corrected) in the
ROC condition as compared to RNC condition were consid-
ered for further statistical comparisons. This ROC – RNC
contrast was done to analyze functional activation associ-
ated with correct retrieval of successfully encoded informa-
tion (ROC) and to remove factors of no interest such as
reading words and button presses (Fig. 2).

For the paths identified above, we performed 2 two-
sample t-tests and 5 one-sample t-tests using the samples
derived from ROC and RNC connectivity values from the
different participant groups (HC, SZ before medication,
and SZ after medication). The 2 two-sample t-tests were
done to obtain the difference in connectivity between the
following groups: (1) HC and SZ before medication and
(2) SZ before medication and SZ after medication.

The 5 one sample t-tests were performed to obtain the
paths that were significantly greater than zero in the fol-
lowing groups: (1) HC, n 5 20; (2) a subset of the larger
HC group n516, which was done to compare to the
SZ group with data before and after medication; (3) SZ
before-medication, n521; (4) a subsample of the larger
SZ group that had data before medication, n516; and
(5) SZ after medication, n516.

Effective Connectivity–Accounting for

Differences in the Number of Memory Trials

To control for task performance, we only considered cor-
rect responses during the ROC and RNC trials (Hutcheson,
et al., 2012). Despite this approach, the HC group had a
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significantly greater number of correct trials (ROC and
RNC) compared to the SZ group. Also, unmedicated SZ had
a significantly greater number of correct trials than medi-
cated SZ. To account for this, Welch’s two-sample t-tests
were utilized for between-group analyses (P< 0.05, FDR
corrected). Welch’s two sample t-tests are robust to unequal
sample size and unequal variance (Satterthwaite, 1946).

However, Welch’s t-test is not appropriate for one-
sample t-tests. Therefore, for the HC group, which had
larger number of TRs labeled as trials of interest (e.g. ROC
and RNC), a resampling procedure was used such that the
sample size of the HC group was made comparable to the
smaller sample size in the SZ group (Supporting Informa-
tion Fig. 4). This resampling procedure entailed randomly
down-sampling the connectivity distribution of the HC
group 1,000 times, and in each of these 1000 instances,
using a one sample t-test to test whether the resulting con-
nectivity distribution of smaller size for each path was sig-
nificantly greater than zero. This resulted in a distribution
of 1000 t-values for each path, which was then tested,
using a one sample one-sided t-test, for mean greater than
zero. Paths which passed this test were deemed to be sig-
nificant within the HC group. For the schizophrenia sam-
ples with the lowest number of ROC and RNC [Baseline
SZ (n 5 21) and medicated SZ (n 5 16), down sampling
was unnecessary and a conventional one sample t-test was

performed to obtain paths that were significantly (P< 0.05,
FDR corrected) greater than zero.

Leave-One-Out Resampling of Unmedicated

Schizophrenia Group

A leave-one-out resampling method was used to
assess the consistency of the paths identified in the
unmedicated schizophrenia group (n 5 21). To perform
this resampling 21 separate samples of size n21 (e.g., 21
– 1 5 20) were generated and the paths that were signifi-
cant in a proportion of these 21 separate samples were
then plotted in a summary figure (Supporting Informa-
tion Fig. 5).

Correlations Using Effective Connectivity Path

Weights

To explore the association between the length of ill-
ness, BPRS subscores, RBANS total scores, medication
dosages, and effective connectivity, correlations were
performed. We sought to reduce the number of correla-
tions by restricting our correlations to fronto-temporal
paths connecting the bilateral hippocampus and medial
frontal gyri.

Figure 2.

Schematic of steps used to analyze effective connectivity data.

Shown are both the preprocessing steps and the statistical

methods used to generate within- and between-group circle

plots. Abbreviations: DARTEL, diffeomorphic anatomical registra-

tion through exponentiated lie algebra; HC, Healthy Control;

HRF, hemodynamic response function; MVAR, multivariate autor-

egressive; RNC, retrieve new correct; ROC, retrieve old cor-

rect; ROI, region of interest; SPM, statistical parametric

mapping; SZ, Schizophrenia; TR, repetition time.
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Displaying Effective Connectivity Networks

An open source software, Gephi (Version 0.8.2 beta),
was used to display the memory network (Bastian, et al.,
2009; https://gephi.org/users/download/). The frontal
brain regions were plotted in red and the temporal-
parietal seeds were plotted in blue. The hierarchical mode
was used to plot the two layers and show all connections
between them. For each connection, its color correspond to
which layer it originated from (e.g., frontal- blue and pos-
terior- red), and the sizes of nodes and text labels were
associated with the node’s degree. The degree was set to
total degree, which is the total number of connections pro-
jecting to or leaving a node.

RESULTS

Demographics and Behavioral Performance

HC and SZ were not significantly different on age, sex,
or parental occupation (Table 1). At baseline, SZ per-
formed significantly worse compared to HC on all behav-
ioral measures in the episodic memory task (Table 2). In
SZ, no improvement in performance was observed after 1
week (Table 3). The demographic data on the SZ subsam-
ple, which had imaging data at the baseline and 1-week
time point, and its matched HC sample (n 5 16) are in the
Supporting Information Table 1.

fMRI Activation Analysis

In the between-group comparison at baseline, SZ showed
significantly increased BOLD signal in the middle cingulate
gyrus during ROC>RNC (Supporting Information Table 2
and Supporting Information Fig. 2). In the SZ over time

comparison, we found that SZ before medication showed
significantly higher BOLD signal during ROC>RNC in
regions including the precuneus, MFG, postcentral gyrus,
superior parietal lobule, angular gyrus, and the caudate
(Supporting Information Table III and Supporting Informa-
tion Fig. 3). The within-group results for HC, unmedicated
SZ, and medicated SZ can be found in the Supplement (Sup-
porting Information Tables IV, V, and VI, respectively).

Effective Connectivity Results in HC and

Unmedicated SZ

Both HC and SZ groups showed paths whose connectiv-
ity was significantly greater during the ROC as compared
to the RNC in within-group comparisons (Fig. 3) (Support-
ing Information Table VII, VIII). The HC group (n 5 20)
had 25 significant paths and within this graph, the two
hub regions were both in posterior regions- the right hip-
pocampus (11 connections) and the right STG (10 connec-
tions). The right hippocampus sent projections to every
other node in the network but received projections only
from the right STG. The right STG sent nine projections to
all nodes except the right IFG and received projections
originating from the right hippocampus. Overall, there
were 3 projections from frontal to posterior nodes and 11
from posterior to frontal nodes.

The unmedicated SZ group (n 5 21) had 23 significant
paths that made up the graph (Fig. 3) (Supporting Informa-
tion Table VIII); the two hub nodes with the largest degree
were the right IFG and left medial FG. The right IFG sent
out six projections to both frontal and posterior nodes and
received projections from the left medial FG and right
MFG. The left medial FG was a source for four paths,
which projected out to frontal (right medial FG and right
IFG) and posterior nodes (left hippocampus and right STG),
and was the target for three paths, which originated from
both frontal and posterior nodes. The right hippocampus

TABLE 2. Memory task performance in HC and SZa

HC (n 5 20) Baseline SZ (n 5 21)

Retrieve
Hit Rate, HRb 0.81 6 0.14h 0.65 6 0.19h

Percent Correctc 0.86 6 0.09h 0.72 6 0.11h

False Alarm Rate, FARd 0.19 6 0.14h 0.33 6 0.19h

Pr Indexe 0.64 6 0.25h 0.31 6 0.35h

Response Bias, Brf 0.50 6 0.01g 0.49 6 0.02g

HC, healthy control; RT, Reaction Time; SZ, schizophrenia.
aMean 6 SD unless indicated otherwise.
bRetrieve hit rate, HR 5 [number of correctly identified old word-
s(Hits)]/30.
cRetrieve percentage correct 5 (hits 1 correct rejections)/60.
dFalse alarm rate, FAR 5 number false alarms/30.
eIndex of discriminability, Pr 5 (HR–FAR).
fResponse bias, Br 5 [FAR/(1–Pr)].
gP< 0.05 corrected significant difference between HC and baseline
SZ in independent samples t-test.
hP< 0.005 significant difference between HC and baseline SZ in
independent samples t-test.

TABLE 3. Memory task performance-repeated

measuresa

Baseline SZ (n 5 16) 1-week SZ (n 5 16)

Retrieve
Hit Rate, HRb 0.65 6 0.05 0.60 6 0.07
Percent Correctc 0.75 6 0.02 0.71 6 0.04
False Alarm Rate, FARd 0.33 6 0.05 0.40 6 0.07
Pr Indexe 0.32 6 0.10 0.21 6 0.13
Response Bias, Brf 0.49 6 0.01 0.50 6 0.00

HC, healthy control; RT, Reaction Time; SZ, schizophrenia.
aMean 6 Standard error unless indicated otherwise.
bRetrieve hit rate, HR 5 [number of correctly identified old word-
s(Hits)]/30.
cRetrieve percentage correct 5 (hits 1 correct rejections)/60.
dFalse alarm rate, FAR 5 number false alarms/30.
eIndex of discriminability, Pr 5 (HR–FAR).
fResponse bias, Br 5 [FAR/(1–Pr)].
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and right STG, which were the hubs in HC, were of low
degree- 3 and 4, respectively in the SZ group. Within this
graph there were an equal number of projections from fron-
tal to posterior nodes and vice versa (five connections).

Between-group comparative analysis of HC and unmedi-
cated SZ showed that HC has six paths that had signifi-
cantly increased connectivity during ROC>RNC compared
to unmedicated SZ (Fig. 3) (Supporting Information Table
XII). Two of the paths were among regions in the frontal
nodes (left medial FG! right medial FG and left medial FG
! right MFG). Two of these paths were frontal to temporal
projections (Left medial FG ! left hippocampus and right
MFG ! left STG) and two were posterior to frontal projec-
tions (right hippocampus ! right medial FG and right STG
! left MFG). Unmedicated SZ showed four paths with sig-
nificantly increased connectivity compared to HC group.

Consistency of Paths in the Unmedicated

Schizophrenia Group Measured Using a Leave-

One-Out Resampling Technique

Many of the paths present in the original unmedicated
schizophrenia group (Fig. 3) were also present when the
leave-one-out resampling procedure was performed (Fig. 4

and Supporting Information Fig. 4) (Supporting Informa-
tion Table VIII).Using the most stringent criteria, 9 paths
were found to be present in all 21 subsamples. Four of
these paths originated from the right IFG, three originated
from the precuneus, one originated from the left hippo-
campus, and one originated from the left medial FG. In 18
out of 21 samples, a total of 12 paths were present- the
three additional paths were the left MFG ! left IFG, left
hippocampus ! left MFG, and left medial FG ! right
STG. By measuring approximately half of the subsamples,
10 out of 21, we observed a pattern of connectivity nearly
identical to the original result (see Fig. 3). The only path
present in this plot that was not present in the original
plot is the projection from the precuneus ! right STG.

Effective Connectivity Results in Participants

with Schizophrenia Before and After 1-week of

Medication

The subsample of the larger unmedicated SZ group
(n 5 16) had 19 edges that made up its connectivity graph
(Fig. 5) (Supporting Information Table IX). The three
regions with the largest degree were the right IFG (six

Figure 3.

Effective connectivity paths among the 11 ROI within the mem-

ory network in Healthy Controls (HC) and unmedicated

patients with schizophrenia (SZ). The top row has within-group

results for the unmedicated SZ group (n 5 21) and matched HC

group (n 5 20). The bottom row has the between-group results

showing paths that were significantly greater in HC than unme-

dicated SZ (HC> SZ) or paths that were significantly greater in

SZ compared to HC (SZ>HC). Frontal brain regions are

depicted in red and the posterior brain regions in blue. The

sizes of the ROI circle and its label correspond to that region’s

degree (number of in and out paths). Paths with greater strength

(t values) are depicted as having thicker lines- t values range:

3.35–7.31. ROIs are arranged as if looking on top of head from

above with left on left and right on right. Abbreviations: HIP,

posterior hippocampus; IFG, inferior frontal gyrus; Medial,

medial frontal gyrus; MFG, middle frontal gyrus; STG, superior

temporal gyrus. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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connections), the left medial FG (five connections), and
right MFG (five connections). The right IFG sent three pro-
jections to frontal regions (right MFG, left medial FG, left
IFG) and two projections to temporal regions (right hippo-
campus, and right STG) and received projections from the
right middle FG. There were more projections from frontal
to posterior nodes (six connections) than in the opposite
direction (three connections).

After 1-week of medication, the SZ group’s (n 5 16) con-
nectivity graph consisted of 32 edges. The ROI with the
highest degree was the right hippocampus (13 connec-
tions), sending projections to every other node (10 out-
ward projections) and only acting as the target for three
frontal nodes (left MFG, left medial FG, and right IFG).
The three nodes with the second highest degree were all
in frontal areas- left medial FG, right medial FG, and right
IFG (8 connections) (Fig. 5) (Supporting Information Table
X). The medicated SZ group exhibited more connections
from frontal to posterior nodes (12 connections) than from
posterior to frontal nodes (6 connections).

A matched subsample of the larger HC group (n 5 16)
(Supporting Information Table XI) is also shown here to
compare with the smaller SZ group (n 5 16). This HC sub-
sample graph had 21 edges, and its two nodes with the
highest degree remained the right hippocampus (seven con-
nections) and the right STG (six connections) (Figs. 3 and
4). Both the right hippocampus and STG acted mainly as
sources by sending projections (six outward projections
each) to both frontal and posterior regions. The right hippo-
campus only received a projection from the right STG, and
the right STG only received a projection from the right
MFG. Also, following the same pattern as the larger HC
group, this group had more connections that projected from
the posterior to frontal network (eight connections) than
from the frontal to posterior network (four connections).

Repeated measures analysis of the SZ group showed
that unmedicated SZ had five paths with significantly
greater connectivity than medicated SZ (Fig. 5) (Support-
ing Information Table XIII). Two of these connections were
among frontal nodes (left MFG ! left IFG and right MFG

Figure 4.

Effective connectivity paths among the 11 regions measured

using a leave-one-out resampling technique within the sample of

unmedicated participants with schizophrenia (n 5 21). The plots

show paths that were present in a portion of the 21 leave-one-

out samples. Frontal brain regions are depicted in red and pos-

terior brain regions in blue. The size of the Region of Interest

(ROI) circle and its label correspond to that region’s degree

(sum of the number of in and out paths). Paths with greater

strength (t values) are depicted as having thicker lines- t values

range 7.92–26.67. ROIs are arranged as if looking on top of

head from above with left on left and right on right. Abbrevia-

tions are as follows: HIP, posterior hippocampus; IFG, inferior

frontal gyrus; Medial, medial frontal gyrus; MFG, middle frontal

gyrus; STG, superior temporal gyrus. [Color figure can be

viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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! right medial FG) and three were frontal to posterior
projections. After 1-week of antipsychotic medication, the
SZ group showed 19 paths with significantly greater con-
nectivity than unmedicated SZ (Fig. 5) (Supporting Infor-
mation Table XIII). Two hubs in this graph were the right
hippocampus (10 connections) and left medial FG (7).

Effective Connectivity Correlation Results

Correlations between length of illness, BPRS subscores,
RBANS total scores, medication dosages, and effective con-
nectivity path strengths in the unmedicated and medicated
shcizophrenia group between the bilateral hippocampi
and medial frontal gyri did not yield significant findings.

DISCUSSION

To our knowledge, this is the first study to use effective
connectivity accessed with MVAR Granger causality to

investigate episodic memory abnormalities in unmedicated
SZ and to examine the effect of antipsychotic medication
on effective connectivity patterns. We observed that unme-
dicated SZ showed altered connectivity within the episodic
memory network, including reduced right hippocampal to
right medial frontal effective connectivity, compared to
HC. After 1-week of antipsychotic treatment, connectivity
more closely resembled the patterns observed in HC,
including increased effective connectivity from the right
hippocampus to all frontal regions.

In HC, the two major nodes of connectivity were the
right hippocampus and the right STG, which is consistent
with prior work implicating these brain regions in episodic
memory processes (Spaniol, et al., 2009). The hippocampus
is thought to mediate the relational binding of events dur-
ing encoding as well as memory trace reactivation during
retrieval (Miller and D’Esposito, 2012; Tamminga, et al.,
2010). Given the nature of our task (word encoding and
retrieval) (Hutcheson, et al., 2012), the identification of the
STG as a major node is consistent with its role in

Figure 5.

Effective connectivity paths among the 11 regions measured

within a sample of patients with schizophrenia (SZ; n 5 16)

before and after medication and Healthy Controls (HC; n 5 16).

The top row shows the withingroup results for SZ before and

after medication and a matched HC subsample. The bottom

row shows paths that were significantly greater in SZ after 1

week of medication compared to unmedicated SZ (Medicated

SZ>Unmedicated SZ) and paths that were significantly greater

before medication (Unmedicated SZ>Medicated SZ). Frontal

brain regions are depicted in red and the posterior brain regions

in blue. The size of the Region of Interest (ROI) circle and its

label correspond to that region’s degree (number of in and out

paths). Paths with greater strength (t values) are depicted as

having thicker lines- t value range 3.10–19.09. ROIs are arranged

as if looking on top of head from above with left on left and

right on right. Abbreviations: HIP, posterior hippocampus; IFG,

inferior frontal gyrus; Medial, medial frontal gyrus; MFG, middle

frontal gyrus; STG, superior temporal gyrus. [Color figure can

be viewed in the online issue, which is available at wileyonlineli-

brary.com.]
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interpreting and monitoring language (Sun, et al., 2009). In
HC, we observed a functional connection between the left
and right hippocampus that could be supported by the
commissural fibers connecting the two hippocampi (Gloor,
et al., 1993). The finding that the nodes were located in the
right hippocampus and right STG is perhaps surprising in
view of previous work indicating right and left hippocam-
pal involvement for spatial and for context-dependent
memory, respectively (Burgess, et al., 2002; Frisk and Mil-
ner, 1990). However, as previously noted, the hippocampi
are structurally connected, and findings that the left hip-
pocampus can be activated in navigation tasks suggests
that the hippocampal lateralization is not definitive (Bur-
gess, et al., 2002). In HC, the majority of connections were
directed from temporal to frontal nodes with only few
connecting frontal to temporal. Regions of the prefrontal
cortex are important for successful episodic memory by
allowing for a strategic search method to be used and
memories’ source to be verified (Simons and Spiers, 2003;
Spaniol, et al., 2009). Our data are consistent with a signifi-
cant role of the hippocampus in orchestrating fronto-
temporal connectivity. A similar “bottom-up” direction of
influence has been observed between the hippocampus
and the prefrontal cortex during the construction phase of
autobiographical memory retrieval (McCormick, et al.,
2013).

In contrast, in unmedicated SZ neither the hippocampus
nor the STG were identified as major nodes of connectiv-
ity; instead multiple nodes were observed in frontal and
temporal regions. In addition, the temporal nodes (hippo-
campus and STG) showed altered connections to frontal
nodes: on the right, there was a decreased temporal to
frontal connectivity; on the left the pattern was more com-
plex with decreased left medial FG to left hippocampus
and right MFG to left STG, but increased left STG to left
MFG and right IFG to left STG. Importantly, a similar pat-
tern of decreased effective connectivity from the right hip-
pocampus to the right IFG has been reported in both first-
episode and at risk mental state (ARMS) for psychosis
subjects during a delayed matching to sample task (Ben-
etti, et al., 2009). Likewise, altered patterns of coupling
between the STG and MFG have been observed in first
episode and ARMS subjects (Crossley, et al., 2009). Altered
patterns of connectivity (of unspecified direction) between
temporal and frontal regions have been observed both in
task (Crossley, et al., 2009; Meyer-Lindenberg, et al., 2005;
Wolf, et al., 2009) and during resting-state analyses in
first-episode (Zhou, et al., 2007) and chronic patients
(Zhou, et al., 2008). The pattern of overall altered connec-
tivity between hippocampal and frontal regions is consist-
ent with a recent mouse model of schizophrenia that is
characterized by impaired frontal-hippocampal connectiv-
ity during memory performance (Sigurdsson, et al., 2010).
Furthermore, healthy individuals, who were carriers of a
polymorphism of a gene linked to increased risk for the
disease, exhibited alterations in fronto-temporal coupling
(Esslinger, et al., 2009). When considering structural stud-

ies, one should note a recent study using SEM, which
found significant decreases in the path connecting the
entorhinal cortex to the prefrontal cortex in schizophrenia
(Corradi-Dell’Acqua, et al., 2012). In addition, another
structural study found that structural abnormalities in a
cortical network including medial temporal and frontal
cortices, as well as putamen increase the likelihood of
experiencing hallucinations (van Tol et al., 2014). In sum-
mary our findings along with previous studies underscore
the importance of fronto-temporal dysconnectivity in
schizophrenia.

After 1 week of treatment, the hippocampus was
restored as the main network hub together with increased
connections toward all frontal nodes; frontal (especially
left medial) to temporal connections were also significantly
increased. Altered fronto-temporal connectivity could orig-
inate from known abnormal hippocampal function in
schizophrenia (Medoff, et al., 2001; Schobel, et al., 2009;
Tregellas, et al., 2014), and partial restoration of connectiv-
ity postmedication may be linked to normalized hippo-
campal function with treatment. Both hippocampal rCBF
(Medoff, et al., 2001) and hippocampal glutamate levels
(Kraguljac, et al., 2013b) are elevated when patients are
unmedicated but not when they are medicated (Hutche-
son, et al., 2012; Medoff, et al., 2001). Because elevated glu-
tamate levels might result from gamma-aminobutyric acid
interneuron hypofunction (Olney and Farber, 1995) and
hippocampal interneurons generate oscillations in the
gamma frequency ranges that are thought to synchronize
brain activation (Symond, et al., 2005), their dysfunction
could affect functional/effective connectivity, including
temporal-frontal connectivity. Schizophrenia is currently
conceptualized as a disorder of altered connectivity (For-
nito, et al., 2012; Skudlarski, et al., 2010) with symptoms
such as hallucinations and delusions emerging as a possi-
ble result (Symond, et al., 2005). Changes in functional
connectivity with treatment could be a necessary interme-
diary step (Hadley, et al., 2014; Keshavan, et al., 2008) to
symptomatic improvement. In our prior work we found
that, after 1 week of treatment, both hippocampal rCBF
decrease (Lahti, et al., 2009) and changes in the functional
connectivity between the frontal cortex and hippocampus
were predictive of treatment response to medication (Bold-
ing, et al., 2012). Animal studies have shown that antipsy-
chotics can be used to restore cortical synchronization and
functional connectivity after disruption with hallucino-
genic agents (Celada, et al., 2008; Kargieman, et al., 2012).
It is also possible that functional connectivity changes are
the result of changes in myelination of white matter tracts
that could affect the synchronicity of neural transmission.
The effect of medications on fractional anisotropy (FA), a
measure of white matter tract integrity, is still question-
able, with studies in first episode reporting reductions in
FA (Szeszko, et al., 2014; Wang, et al., 2013) and one study
reporting increase in FA (Reis Marques, et al., 2014) with
treatment. Animal data suggest that antipsychotics upreg-
ulate dopamine D2 receptors (Lidow and Goldman-Rakic,
1994) and nerve growth factor (NGF) (Angelucci, et al.,
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2005) in major network hubs within the frontal, parietal,
temporal, and occipital lobes. Specifically, work in NGF
and brain-derived neurotrophic factor (BDNF) suggests
that administration of atypical antipsychotics, such as the
one used in this study, can cause increases in NGF and
decreases in BDNF in the hippocampus. Both of these neu-
rotrophins are involved in neuronal survival and synapse
formation and could lead to altered connectivity within
the temporal lobe. These mechanisms suggest ways by
which antipsychotic medication could affect functional
connectivity within neural networks.

Interestingly, after 1 week of treatment, decreased con-
nectivity was observed between bilateral MFG and precu-
neus nodes. The precuneus has known implications for
episodic memory retrieval and shows connectivity with
the prefrontal cortex and posterior cingulate cortex during
the performance of memory tasks (Cavanna and Trimble,
2006). It is possible that increased precuneus/frontal con-
nectivity when patients were untreated represents a com-
pensatory mechanism.

Although, SZ showed increased connectivity within the
memory network after 1-week and significant improve-
ments in their symptom severity over 6 weeks, they did
not show significant improvements in their memory
scores. Although it is generally believed that antipsy-
chotics do not improve cognition in schizophrenia (Tan-
don, et al., 2010), studies that included large numbers of
subjects such as CATIE (Keefe, et al., 2007) and EUFEST
(Davidson, et al., 2009) have shown that treatment with a
wide variety of both first and second generation antipsy-
chotics is associated with moderate improvements on cog-
nitive tests. It will be important to establish whether the
changes in connectivity patterns observed in this study are
associated with improvement in memory processes, as
they could provide biomarkers potentially leading to the
identification of novel agents for the treatment of cognition
in schizophrenia.

STRENGTHS AND LIMITATIONS

There are a number of strengths to the present study.
First, we analyzed effective connectivity within the mem-
ory network using an episodic memory task in unmedi-
cated SZ, a population that is difficult to recruit.
Therefore, this study will be a significant addition to the
body of literature. Second, we chose an exploratory
approach by using a MVAR Granger causality model,
which does not require a priori specification of the under-
lying network architecture and allows for data-driven
inferences. Third, since effective connectivity was obtained
from latent neural signals estimated from blind deconvolu-
tion of fMRI, our results are unlikely to be confounded by
hemodynamic variability. A limitation of this study is that
the patient group consisted of a mixed group of previ-
ously treated and medication-na€ıve patients. Also, the
addition of a placebo group or scanning a control popula-

tion at both the baseline and after 1-weeks of antipsy-
chotics would more clearly show that the increase in
connectivity during the memory task following 1-week of
medication was a effect of medication and not repeated
exposure to the memory task. In our future longitudinal
work we will implement such approaches. Finally, future
work in analyzing memory networks with effective con-
nectivity would benefit from the multimodal integration of
structural connectivity metrics such as diffusion tensor
imaging (Skudlarski, et al., 2010).

CONCLUSION

In conclusion, using Granger causality methods, we
found altered connectivity patterns within an episodic
memory network, including reduced right hippocampal to
medial frontal effective connectivity in unmedicated
patients with schizophrenia and the reinstatement of the
right hippocampus as a major node of this network after 1
week of antipsychotic treatment. These results support the
notion that memory disruption in schizophrenia might
originate from hippocampal dysfunction and that medica-
tion restores some aspect of fronto-temporal dysconnectiv-
ity. Patterns of fronto-temporal connectivity could provide
valuable biomarkers to identify new treatment for the
symptoms of schizophrenia, including memory deficits.
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