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Background: Schizophrenia is associated with cognitive impairment and brain network dysconnectivity. Recent
efforts have explored brain circuits underlying cognitive dysfunction in schizophrenia and documented altered
activation of large-scale brain networks, including the task-positive network (TPN) and the task-negative default
mode network (DMN) in response to cognitive demands. However, to what extent TPN and DMN dysfunction
reflect overlapping mechanisms and are dependent on cognitive state remain to be determined.
Methods: In the current study, we investigated the recruitment of TPN and DMN using independent component
analysis in patients with schizophrenia spectrum disorders (n= 29) and healthy controls (n = 21) during two
different executive tasks probing planning/problem-solving and spatial working memory.
Results:We found reduced load-dependent DMN deactivation across tasks in patients compared to controls. Fur-
thermore, we observed only moderate associations between the TPN and DMN activation across groups, imply-
ing that the two networks reflect partly independent mechanisms. Additionally, whereas TPN activation was
associated with task performance in both tasks, no such associations were found for DMN.
Conclusion: These results support a general load-dependent DMN dysfunction in schizophrenia spectrum disor-
der across two demanding executive tasks that is not merely an epiphenomenon of cognitive dysfunction.

© 2016 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Schizophrenia (SZ) is a psychotic disorder characterized by positive
and negative symptoms, accompanied by cognitive dysfunction
(Bleuler, 1950; Kahn and Keefe, 2013; Schneider, 1959), and converging
neuroimaging evidence has implicated brain network dysfunction
(Insel, 2010; Uhlhaas and Singer, 2006). Recent efforts have conceptual-
ized the brain as a never-resting organ, of which complex functions are
enabled by the continuous cross-talk between different networks rather
than simple increases or decreases in activation of modular brain sys-
tems (Fox et al., 2005; Raichle and Snyder, 2007; Whitfield-Gabrieli
and Ford, 2012). A subset of these brain networks is referred to as
task-positive and task-negative networks as they are associated with
task-related activations or deactivations in functional magnetic reso-
nance imaging (fMRI) studies (Fox et al., 2005). Task-positive networks
(TPN) are activated by effort demanding tasks (Fox et al., 2005), and
re for Psychosis Research - TOP
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comprise several sub-networks, including the dorsal attention network
(DAN) and the central executive network (CEN). DAN is involved in top-
down goal directed processing requiring mental effort and includes the
superior parietal lobe, the inferior parietal sulcus, the posterior parietal
cortex, and the frontal eye field (Alnaes et al., 2015; Fox et al., 2005;
Szczepanski et al., 2013; Toro et al., 2008). CEN is involved in executive
processes such as sustained attention, working memory and decision
making, and includes the dorsolateral prefrontal cortex and the posteri-
or parietal cortex (Seeley et al., 2007). In contrast, the default mode net-
work (DMN), encompassing medial prefrontal, lateral parietal, and the
posterior cingulate cortices and precuneus (Buckner et al., 2008;
Garrity et al., 2007), is a task-negative network more active in absence
of specific task demands (Raichle and Snyder, 2007). The DMN is active
when individuals are engaged in internal processes not directly attribut-
ed to a specific external task, such as recall of the past and imagining of
the future, autobiographical memory, and conceiving the perspective of
others (Buckner et al., 2008; Ostby et al., 2012).

In line with the notion that cognition is enabled by the reciprocal
regulation of various brain networks (Fox et al., 2005), altered temporal
synchronization between several brain networks has been reported in
all stages of SZ, including high genetic risk, ultra-high risk, early onset
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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schizophrenia, first episode and in chronic SZ (Pettersson-Yeo et al.,
2011; Zhou et al., 2015). This is evident both during cognitive task per-
formance (Brandt et al., 2015; Repovs and Barch, 2012) and rest
(Alonso-Solis et al., 2012; Kaufmann et al., 2015; Manoliu et al., 2014),
providing support for the brain dysconnectivity hypothesis of SZ
(Stephan et al., 2009). Optimal task performance depends on efficient
suppression of the DMN (Buckner et al., 2008; Harrison et al., 2007),
in accordance with reports of reduced task-related suppression of the
DMN in SZ (Guerrero-Pedraza et al., 2012; Kim et al., 2009; Nygard et
al., 2012; Schneider et al., 2011; Whitfield-Gabrieli et al., 2009;
Williamson and Allman, 2012). Both task-positive and task-negative
networks are modulated by cognitive load (Alnaes et al., 2015; Fryer
et al., 2013; Newton et al., 2011; Repovs and Barch, 2012), and it has
been suggested that SZ patients show less flexible resource allocation
during the dynamic transitions between rest and task, partly due to an
hyperactive DMN (Nygard et al., 2012). Yet, more knowledge is needed
to clarify whether SZ spectrum disorders are primarily associated with
DMN increases or decreases compared to controls (Fryer et al., 2013;
Newton et al., 2011; Repovs and Barch, 2012). It also remains to be de-
termined if altered task-related suppression of the DMN generalizes
across tasks (Brandt et al., 2015; Repovs and Barch, 2012). Finally, it is
unclear whether TPN and DMN dysfunction in SZ spectrum disorders
represents independent markers.

Thus, in order to answer these questions, our main aims were to
compare load-dependent recruitment of TPN and DMN between pa-
tients with SZ spectrum disorders and healthy controls (HC) in two
tasks designed to probe executive functions. Secondly, in order to assess
if TPN andDMN recruitment reflects independentmechanisms,we test-
ed for associations between load-dependent activation in TPN andDMN
across tasks. Based on previous research and the pervasiveness of the
clinical symptoms of psychotic disorders we hypothesized that patients
with a schizophrenia spectrum diagnosis would show reduced load-de-
pendent DMN deactivation in both tasks, reflecting a generalized dys-
function. Further, based on previous work on the neurocognitive
specificity of various brain networks, we hypothesized that degree of
task-related activation of the TPN and DMN are only weakly associated,
and therefore may represent two independent markers of brain
function.

2. Methods and materials

2.1. Participants

Twenty-nine patients diagnosed with SZ spectrum disorders in
the early phase of illness, defined as less than five years since
starting their first adequate treatment (14 SZ, 4 schizophreniform, 5
schizoaffective disorder, and 6 psychosis not otherwise specified;
NOS), and 21 HC participants were included. The HC group was ran-
domly selected from the same catchment area as the patients using
population records, and was matched on age and sex at a group level.
The study is part of the ongoing Thematically Organized Psychosis
(TOP) Study at the University of Oslo and Oslo University hospital, and
is approved by the Regional Committee for Medical Research Ethics
and the Norwegian Data Protection Authority. All participants gave
written informed consent.

Diagnostic assessment was based on the Structured Clinical Inter-
view for DSM-IV Axis I disorders (SCID-I; (First et al., 1995)) and symp-
tom assessment on the Positive and Negative Syndrome Scale (PANSS;
(Kay et al., 1987)). Physicians or clinical psychologists administered
the clinical interviews. Symptoms were assessed within 2 weeks prior
to MRI (mean, 12 days; SD, 10), and patients were asked on the day of
scanning if they had experienced recent changes in symptoms. IQ was
assessed using the vocabulary and matrix reasoning subtests from
Wechsler Abbreviated Scale of Intelligence (WASI, (Wechsler, 2007)).

Age at onset was calculated as the age of the first SCID-verified psy-
chotic episode. Duration of untreated psychosis (DUP)was calculated as
the time in weeks from first psychotic symptoms (the first week with
PANSS score of four or above on at last one item of the Positive Scale
items 1, 3, 5, 6 or general item 9; mean: 21 years; SD: 4.0) until start
of first adequate treatment (antipsychotic medication in sufficient
amount and duration, or hospitalization for the treatment of psychotic
symptoms). Medication use is reported as current usage of one or
more antipsychotic drugs, and defined daily dose (DDD, (http://www.
whocc.no/)). Alcohol and drug usage was reported using the Alcohol
Use Disorders Identification Test and Drug Use Disorders Identification
Test (AUDIT/DUDIT, (Berman et al., 1986; Saunders et al., 1993)).

Common exclusion criteria were neurological disorders, traumatic
brain injury, IQ b 70, and MRI contraindications. HC were screened
with the Primary Care Evaluation of Mental Disorders for depressive
symptoms (Spitzer et al., 1994) and questionnaires for drug and alcohol
use. Those with a history of severe substance use the last year, a lifetime
history of psychosis or major depression, or a first-degree relative with
mental illness were excluded.

Fifty-six participants were initially included. Six participants were
excluded from the analyses; 3 (2 patients, 1 control) due to excess
head motion in the scanner (defined as 3 SD N group mean), 1 patient
due to performance below chance level (defined as b25% accuracy in
the Tower of London task), 1 patient due to missing behavioral data,
and 1 control due to incidental neuroradiological findings.

2.2. Experimental designs measuring executive performance

2.2.1. Tower of London
We used a computerized version of the Tower of London task

(Shallice, 1982), which is widely used to assess aspects of planning
and problem-solving (see Fig. 1 for details). Briefly, the task involves
movement of colored balls on three pegs, and the subjects were
instructed to calculate the minimum number of moves from an initial
state to a goal configuration. The task was designed as a blocked design
with two conditions, one problem-solving Tower of London (ToL) con-
dition (problems involving 2–5moves) and one control task (CT) condi-
tion (upper and lower halves of the image were identical). There were
six repetitions of each condition, and the duration of each block was
32 s, with continuous problems to solve in the ToL condition. The CT
condition comprised 4 tasks, each of 8 s duration. In between every
block there was a baseline rest condition (fixation cross) of 16 s
duration.

2.2.2. Spatial working memory
Fig. 2 provides a description of the spatial working memory task

(SWM). Briefly, the task comprised 4 different load conditions, with 1,
3, 4 or 5 black and white drawings of neutral objects (Snodgrass and
Vanderwart, 1980) presented consecutively at one of eight possible lo-
cations on screen. Task instruction was to remember every drawing-
by-location presented, followed by a test indicating by button press if
a target drawing was presented in the same location during encoding.
Load 1 was the CT condition with one presented drawing - and always
in the same central positions. We included 18 blocks per load condition,
in total 72 blocks, each followed by a fixation cross of 3 to 5 s duration
(jittered). The task block duration was between 6.05 to 9.65 s, depend-
ing on the number of drawings presented (load).

The experimental paradigms were designed using the E-Prime soft-
ware (Psychology Software Tools Inc., Pittsburgh, Pennsylvania, USA),
and presented in the scanner using video goggles, while responses
were collected using response grips (VisualSystem and ResponseGrip,
Nordic Imaging Lab, Bergen, Norway). The participants were given
task instructions and training prior to the scanning session to ensure
that they understood the task properly. All participants completed the
same amount of training for both tasks, yet they did not receive any
feedback as to how well they performed. In addition, participants prac-
ticed the use of the response grips inside the scanner and received a
brief recapitulation of the task instruction.

http://www.whocc.no
http://www.whocc.no


Fig. 1. Schematic representation of a typical task timeline. The upper half of the screen contains a goal configuration of three different colored balls on three pegs. The participant was
instructed to mentally calculate the minimum number of moves required to reach the goal configuration, given the distribution of balls in the lower half of the image, moving one ball
at a time. The session consisted of problems involving 2 to 5 moves, interleaved with control trials in which the upper and lower halves of the image were identical (“zero move”).
There were four alternative answers, and participants indicated their response by button presses of thumb and index fingers on both hands. In the control task, the participants were
instructed to indicate the location of the zero blinks with a button press. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of
this article.)
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2.3. MRI acquisition

Imagingwas performed on a 3TGeneral Electric SigmaHDxt scanner
(GE Healthcare, Milwaukee, WI, USA). For functional imaging, 36 con-
tiguous axial 3.5 mm thick slices, with a 0.5 mm gap, covering the
whole brain were acquired using a T2*-sensitive echo-planar imaging
(EPI) sequence (TR = 2000 ms; TE = 25 ms; FA = 90° (ToL)/78°
(SWM); FOV = 256 mm; matrix size 64 × 64). Three volumes were
discarded prior to analyses. For registration purposes, T1-weighted
FSPGR BRAVO data (248 contiguous axial 1.2 mm thick slices; TR =
10.9 s; TE = 4.6 s; FA = 13°; FOV: 240 × 240 mm; matrix size
352 × 224) were collected.
2.4. MRI processing and voxel-wise analysis

FreeSurfer (http://surfer.nmr.mgh.harvard.edu)was used to process
the T1-weighted images, including surface reconstruction and full brain
segmentation (Fischl et al., 2002) to obtain precise brain extracted vol-
umes for registration.

Functional images were processed using FEAT, part of FSL (FMRIB's
Software Library, http://www.fmrib.ox.ac.uk/fsl; (Jenkinson et al.,
2012)). fMRI processing included motion correction (MCFLIRT,
(Jenkinson et al., 2002)) non-brain removal (Smith, 2002), temporal
high pass filtering (ToL: 128 s; SWM: 100 s), spatial smoothing with a
Gaussian kernel with full width at half maximum (FWHM) of 8 mm.
FMRIB's Nonlinear Image Registration Tool (FNIRT, (Andersson, 2007a,
b)) was used to align the functional volumes to the Montreal Neurolog-
ical Institute (MNI) 152 standard space, using the T1-weighted scan as
an intermediate. In addition, we used boundary based registration
(BBR, (Greve and Fischl, 2009)) on all datasets to improve the functional
to structural space registrations, except in 2 cases where we performed
the registration without the BBR option due to a technical failure.

GLMs modeling task-related activation and deactivation for the ex-
perimental conditions, with the fixation periods as implicit baselines,
were specified for each subject and independently for ToL and SWM.
Themodels included independent regressors for each of the experimen-
tal conditions (ToL: CT and 2–5 moves; SWM: CT and 3–5 images) and
the subject specific motion parameters and their derivatives and
squares were included as nuisance regressors. For both tasks, contrasts
estimating average task load versus the control conditions were calcu-
lated (ToL: 2–5 moves N rest; SWM: 3/4/5 images [0.33, 0.33,
Fig. 2. The task instructionwas to remember every drawing-by-location presented along in an e
or no to whether a particular drawing was presented in the same location as during the encodi
order along with a control condition in which the drawings were always the same (load 1). An
0.33] N rest). Whereas the main hypothesis targeted the independent
component time series (see below), we also performed voxel-wise
analyses in order to enable a direct comparison between the relevant
components and the voxel-wise main effects of load in the two
tasks. In order to compare with the ICA spatial maps, the individual
level contrast parameter estimates (COPEs) were submitted to higher-
level whole brain random effects analyses, testing for main effects of
high load versus fixation across subjects using mixed effects FLAME
1 + 2 and automatic outliers de-weighting (Beckmann et al., 2003;
Woolrich, 2008).

2.5. Independent component analysis (ICA and dual regression)

Group ICAwas performed usingMultivariate Exploratory Linear Op-
timized Decomposition into Independent Components (MELODIC,
(Beckmann and Smith, 2004)) using a temporal concatenation ap-
proach. To avoid a possible bias in the decomposition due to uneven
sample sizes, an age and gender matched sub-sample comprising
SWM and ToL runs from 20 patients and 20 controls were used for the
initial decomposition.

The model order was set to 40, of which spatial maps and time fre-
quency characteristics were inspected. Two components reflecting the
canonical DMNand TPN, respectively, were selected for further analyses
(Fig. 1c). Next, we used dual regression (Filippini et al., 2009) to gener-
ate subject specific maps and associated time series from the group av-
erage spatial maps. Dual regression time series were submitted to time
series modeling using the same individual level GLM design matrices as
used for the voxel-wise analysis. Individual contrast parameter esti-
mates were calculated for both networks in high (ToL (2–5) - rest,
SWM (3–5) - rest) and low (ToL CT - rest, SWM CT - rest) load task
conditions in the two runs. Also, difference scores were calculated
reflecting load-dependent activation (high - low load) of TPN and
DMN, respectively.

2.6. Statistical analysis

Statistical analyses were conducted using the Statistical Package for
the Social Science (SPSS) for Windows, version 20.0 (SPSS Inc., Chicago,
IL, USA) and MATLAB (R2014b, MathWorks, Inc., Natrick, MA, US). Chi-
square analysis compared groups on categorical variables, and group
differences on continuous variables were investigated using t-tests,
analyses of variance (ANOVA), or analyses of co-variance (ANCOVA).
ncoding phase, followed by a test where participantswere instructed to respond either yes
ng phase. Load conditions involving 3–5 drawings were presented randomly in sequential
swers (right, wrong) were indicated by button presses of right and left index finger.

http://surfer.nmr.mgh.harvard.edu
http://www.fmrib.ox.ac.uk/fsl;


Table 1
Demographics and clinical characteristics.

Demographics SZ HC Group comparison

Age 25.0(5.2a) 26.5
(5.6a)

t(48) = 0.957
p = 0.343

Education (n) 12.2 13.8
(19)

t(47) = 2.663
p = 0.011

Hand n (% right) 28 (96.6) 19
(90.5)

IQ (n) 101.4 (27) 110.5
(19)

t(44) = 2.422
p = 0.020

Gender (male) n (%) 22(75.9) 17
(81.0)

χ2(1, n = 184)
p = 0.668

Clinical characteristics
Age at onset 21 (4.0a)
DUP weeks (n25) 10b (88c)
Diagnoses

Schizophrenia 14
Schizophreniform 4
Schizoaffective 5
Other psychosis 6

Comorbid disorders; n (%)
Depression 3 (10.3)
Substance abuse 3 (10.3)

Current symptoms n (%)
PANSS positive score 11.9 (4.4a)
PANSS negative score 13.1 (4.9a)
PANSS g score 26.6 (6.7)
PANSS total 52.0 (13.5)

Medication
Antipsychotic n (%) 26 (89.7)
Months on antipsychotic medication 5.7(5.1)
DDD; mean 1.3 (0.6a)
Antidepressant n (%) 6 (20.1)
DDD; mean 1.3 (0.4a)
Anxiolytics n (%) 1(3.4)
DDD; mean 0.9
Antiepileptics n (%) 2(6.9)
DDD; mean 0.3 (0.1a)

Current drug usage (DUDIT, n) 4.8 (7.7)
Current alcohol abuse (AUDIT, n) 5.5 (6.1)

Note, SZ: schizophrenia; HC: healthy controls; PANSS: positive and negative syndrome
scale; DUP: duration of untreatedpsychosis; DDD: defined daily dose; AUDIT/DUDIT: alco-
hol/drug use disorders identification test.

a Standard deviation.
b Median.
c Interquartile range.

392 B. Haatveit et al. / NeuroImage: Clinical 12 (2016) 389–396
Task accuracy and reaction time (RT) were investigated using re-
peated measures ANOVAs within each task, with load (high, low) as
within-subject factor and group (patient, control) as between-subject
factor. Group differences in accuracy and RT were further investigated
in the different load conditions using independent sample t-tests.

Our main analysis tested for effects of group on load-dependent ac-
tivation (difference scores: high - low load) of each of the networks
using repeated measures ANCOVAs with task (ToL, SWM) as within-
subject factor, and group (patient, control) as between subject factor,
and age and sex as covariates. The statistical threshold was set to
p b 0.025, corresponding to a Bonferroni alfa level correction for two
tests (DMN, TPN). For components showing main effect of group in
the repeated measures analysis, ANCOVAs covarying for sex and age
were performed within tasks (ToL, SWM).

In subsequent descriptive analyses we used one-sample t-tests
within groups to estimate the IC parameters model fit with the task de-
sign (high, low loads, see Supplementary). Effects of loadwere estimat-
ed in the two networks using one-sample t-tests on the difference score
(see Supplementary).

To address possible confounding effects and their influence on the
main results, additional ANCOVAs were performed, including in-scan-
ner motion (displacement from one timepoint to the next) task perfor-
mance (ACC, RT), IQ and education level as covariates in themodel (one
at the time) in addition to age and sex. Further, we tested for associa-
tions between clinical variables and network activation within patients
using ANCOVAswith the difference score as dependent variable, adding
PANSS total score (composite of positive, negative, and general score),
DDD, AUDIT and DUDIT on at the time as covariate, in addition to and
age and sex. For all post hoc analyses, the statistical threshold was set
to a nominal p ≤ 0.05.

Finally, in order to assess the generalizability of the activation pat-
terns we used Pearson correlation analysis to investigate associations
between the parameter estimates in the two networks and tasks. The
statistical thresholdwas set to p b 0.0125, corresponding to a Bonferroni
correction for four tests. For transparency, and in order to facilitate com-
parisons with previous and future studies, both uncorrected p values
and Bonferroni corrected p values will be reported throughout the
manuscript.

3. Results

3.1. Demographics

Table 1 summarizes demographic and clinical characteristics. Briefly,
there were no group differences in age (t(48) = 1.0 p = 0.343) or sex
distribution (χ2[1, n = 184] p = 0.668). There were significant differ-
ences in IQ (t(44) = 2.4, p = 0.02) and education (t(47) = 2.7, p =
0.011), with lower levels in patients.

3.2. Task performance

We found significant effects of load both on accuracy and RT (ToL ac-
curacy: F(1,48)= 93.3, p b 0.001; ToL RT: F(1,44)= 412.6, p b 0. 001; SWM
accuracy: F(1,48)= 161.2, p b 0.001; SWMRT: F(1,48)= 696.9, p b 0.001),
indicating decreasing accuracy and increasing RT with increasing load.
Compared to controls, patients revealed significantly reduced accuracy
(F(1,48) = 11.6, p = 0.001) but no differences in RT (F(1,48) = 0.0, p =
0.848) in SWM. In ToL, patients showed increased RT compared to con-
trols (F(1,44)=12.4, p=0.001), but no group differenceswere observed
in accuracy (F(1,48) = 0.2, p=0.665). In addition, we found a significant
load x group interaction effect on accuracy in SWM (F(1,48) = 7.6, p =
0.008), indicating decreasing accuracy in patients with increasing load
in comparison to the control group.We also observed a load x group in-
teraction effect on RT in both tasks (ToL RT: F(1,44) = 14.7, p b 0.001;
SWM RT: F(1,48) = 8.2, p = 0.006) (Table A.1a,b).
3.3. Voxel-wise analyses – main effects of load conditions

Fig. 3 (uncorrected t N 2) and Table A.2 show themain effects for the
contrast high load N rest in the two tasks. Briefly, we observed highly
overlapping task-related activation patterns across tasks including the
paracingulate gyrus, precentral gyrus, middle frontal gyrus, superior
frontal gyrus, and the superior parietal lobe and lateral occipital cortex.
We found overlapping deactivation in the lateral parietal cortices, tem-
poral lobe, posterior cingulate gyrus, precuneus, and dorso- and ventro-
medial frontal regions including the paracingulate and cingulate gyri.
3.4. ICA analysis

Fig. 3c shows the group ICA spatial maps representing the TPN and
DMN. Fig. S1 summarizes the IC parameter estimates obtained from
the two tasks for each group. Briefly, one-sample t-tests revealed signif-
icant (0.05/16= p b 0.003, Bonferroni corrected)main effects of all con-
ditions in both tasks except for theDMN in the low load condition in ToL
in controls (t = −1.54, p = 0.140), and in low SWM load in patients
(t = −2.0, p = 0.054) and controls (t = 3.0, p = 0.007). As expected,
the marginal means were negative for the DMN and positive for the
TPN, suggesting negative and positive task-relatedmodulations, respec-
tively (Fig. A.1).



Fig. 3.Main effects of task conditions a) Results from the voxel-wiseGLManalysis showing
task activations and deactivations in SWM (a) and ToL (b) (uncorrected t-stats, |t| N 2). c)
Group ICA spatial maps reflecting the TPN (hot colors) and DMN (cold colors). (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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3.5. Load-dependent activation in TPN and DMN

Fig. 4 shows the load-dependent activation of TPN andDMN for both
groups and tasks, as measured using the difference scores (high - low
load). One-sample t-tests revealed significant (0.05/8 = p b 0.006,
Bonferroni corrected) main effects of load on the parameter estimates
in both groups, tasks and networks, indicating robust load-modulation
across brain networks, tasks, and groups.

Repeated measures ANOVA testing for load-dependent associations
(high - low load) inDMNacross tasks (TOL and SWM,within factor) and
group (patients and controls, between factor) revealed no effects of task
(F(1,48) = 3.7, p = 0.060, ηp

2 = 0.08), and no interaction (F(1,48) = 0.2,
p = 0.697, ηp2 = 0.0), but a main effect of group (F(1,48) = 5.6, p =
0.022, ηp2 = 0.11, significant after Bonferroni correction, alpha level of
p b 0.025), indicating an overall reduced load-dependent deactivation
in patients compared to controls across tasks. Post hoc ANCOVAs for
DMN within task revealed group differences in ToL (t(46) = −2.2,
p = 0.034), and trend effects in SWM (t(46) = −1.8, p = 0.088).

For TPN, repeated measures ANOVA revealed a trend effect of task
(F(1,48) = 4.1, p = 0.049, ηp2 = 0.08) and a trend group by task interac-
tion (F(1,48)=4.9, p=0.031, ηp2=0.10) (not significant after Bonferroni
correction alpha level of p b 0.025), and no main effects of group
(F(1,48) = 3.1, p = 0.085, ηp2 = 0.06), indicating a trend for stronger
load-dependent TPN activation in ToL compared to SWM. Explorative
post hoc ANCOVAs revealed group differences in SWM (t(46) = 3.0,
p=0.005), and no differences in ToL (t(46) =−0.1, p=0.936) in TPN.
Fig. 4.Main effects on large-scale brain networks revealed by ICA. Regression coefficients
difference between high and low (high - low) load conditions within groups in TPN and
DMN. One-sample t-tests revealed significant main effects (p b 0.006, Bonferroni
corrected) of load on the parameter estimates within groups, tasks and networks.
3.6. Confounding effects related to age, sex, motion, behavioral perfor-
mance, IQ and education

Therewas no effect of age or sex on themain group effects. Including
in-scanner head motion in the model did not influence the results, and
therewere no unique effects of motion on load-dependent activation in
either task or network. Task accuracy showed moderate unique
associations with TPN activation in ToL (t = 2.0, p = 0.053) and SWM
(t= 3.2, p= 0.002), indicating higher accuracy with stronger load-de-
pendent activation. Therewas nounique effect of RT on load-dependent
activation. There were no unique effects of IQ or education on load de-
pendent activation in either network or task, but the effect of group
on DMN deactivation disappears when controlling for IQ in ToL
(t = −1.4, p = 0.181). Furthermore, the trend level group effect on
DMN deactivation in SWM becomes weaker when controlling for IQ
(t = −0.8, p = 0.437) and education (t = −1.4, p = 0.182). (Table
A.3a,b).

3.7. Clinical confounders

DMN deactivation showed a trend association with medication dos-
age in ToL (t=1.9, p=0.075, ηp2= 0.12), but not in SWM (t=0.1, p=
0.910), indicating a tendency for decreased activation with increased
medication use in ToL. There were no association between DMN activa-
tion and symptom severity (as measured with the PANSS total score) in
ToL (t=−1.2, p= 0.245) or in SWM (t= 0.5, p= 0.656), nor any as-
sociation between DMN activation and substance use (ToL: t = −1.3,
p = 0.194; SWM: t = −1.0, p = 0.318) or alcohol use (ToL:
t = −0.4, p = 0.720; SWM: t = −1.3, p = 0.197). For TPN there
were no associations with medication dosage (ToL: t = −0.4, p =
0.684; SWM: t = −0.6, p = 0.528), symptom severity (ToL:
t = −0.3, p = 0.736; SWM: t = −1.3, p = 0.205) drug (ToL:
t = −0.3, p = 0.795; SWM: t = −0.3, p = 0.753) or alcohol use
(ToL: t = −0.7, p = 0.525; SWM: t = 0.2, p = 0.825).

3.8. Correlations within and between components across tasks and groups

We found moderate correlations between load-dependent activa-
tion (high - low load) of the TPN and the DMN both in ToL
(r=−0.28, p=0.051,), and SWM (r=−0.27, p= 0.054), indicating
that subjects with a strong load-dependent activation in TPN only to a
moderate extent showed a strong load-dependent deactivation of the
DMN within tasks. The correlation was slightly stronger in patients in
SWM (r=−0.442, p= 0.016), while in ToL the correlation was stron-
gest in the controls (r = −0.479, p = 0.028).

For DMN,we observed a positive correlation between tasks (r=0.41,
p = 0.003, significant after Bonferroni correction, alpha level of
p b 0.0125), indicating that subjects with strong load-dependent deacti-
vation during ToL tended to show strong deactivation during SWM. For
TPN, similar analysis revealed no relationship across task and group
(r=0.19, p=0.183), but a moderate positive correlation was observed
within SZ (r = 0.42), indicating that patients with a strong load-depen-
dent activation in ToL tended to show a strong load-depended activation
in SWM.

4. Discussion

We investigated cognitive load-dependent activations and deactiva-
tions of two canonical task-related brain networks in patients with SZ
spectrum disorders and HC during two executive tasks. There are
threemain findings. First, we found reduced deactivation of DMN in pa-
tients across tasks. Second, load-dependent TPN activationwas reduced
in SZ compared to HC in SWM. Lastly, whereas DMN deactivation was
relatively reliable across tasks, we found onlymoderate associations be-
tween load-dependent activation of TPN and DMN, indicating that they
reflect partly independent mechanisms.
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4.1. Load-dependent activation across tasks and networks

Overall, our findings are in agreement with previous reports show-
ing reduced deactivation of the DMN in SZ (Anticevic et al., 2011;
Guerrero-Pedraza et al., 2012; Pomarol-Clotet et al., 2008; Schneider
et al., 2011;Whitfield-Gabrieli et al., 2009). Yet, few studies have tested
the generalizability across tasks in the same sample. Schneider et al.
(2011) reported stronger DMNdeactivation during low load and weak-
er in high load for SZ compared to controls. Theywere, however, unable
to replicate this pattern across different goal-directed tasks, concluding
that patients show decreased differentiation between reference (low
loads) and experimental state in task-specific brain regions. We found
reduced load-dependent deactivation of DMN in SZ across tasks, with
significant effects in ToL and trend effects in SWM. However, our find-
ings of increased deactivation in the low load condition in ToL and de-
creased deactivation in the high load condition in SWM in SZ (see
Appendices section) may indicate a more complex pattern including
some task-dependency, which may partly explain the heterogeneity in
previous reports (Harrison et al., 2007; Hasenkamp et al., 2011;
Mannell et al., 2010; Repovs and Barch, 2012; Schneider et al., 2011;
Whitfield-Gabrieli et al., 2009). In addition, task difficulty and length
of block could potentially influence the degree of deactivation. It has
previously been shown that task-induced deactivation increases with
longer response time and task difficulty (Harrison et al., 2007;
McKiernan et al., 2006; McKiernan et al., 2003; Weissman et al.,
2006). We observed increased DMN deactivation in the low ToL load
in patients, whichmay indicate that SZ patients allocate more cognitive
resources during low load conditions, possibly yielding a reduced po-
tential for additional deactivation when increasing load (Fryer et al.,
2013; Schneider et al., 2011), reflecting less efficient and flexible shifts
in cognitive resources (Weissman et al., 2006).

Nygard et al. (2012) suggested that patients with SZ show both re-
duced up-regulation of TPN and reduced down-regulation of the
DMN. This is partly in line with our findings of reduced load-dependent
TPN activation in the SWM task. Compared to HC, patients with SZ
showed reduced load-dependent activation in TPN, and decreased per-
formance during SWM. In contrast, we observed no activation or accu-
racy differences in ToL. Hence, across-task generalizability of TPN
differences between SZ and HC may partly depend on behavioral
differences.

Several studies have investigated brain function during working
memory tasks in SZ, generally reporting reduced task performance,
and both prefrontal hypoactivation as well as medial and temporal hy-
peractivation (Callicott et al., 2000; Callicott et al., 2003; Glahn et al.,
2005; Landin-Romero et al., 2015; Pomarol-Clotet et al., 2008). Similar
findings of hypo- and hyper-activity in specific areas have been ob-
served in ToL (Beauchamp et al., 2003; Liemburg et al., 2015; Rasser et
al., 2005). Along this line, prefrontal hypo- and hyper activation in SZ
might partly reflect altered recruitment and connectivity of large-scale
task-positive and task-negative brain networks. Yet, few studies have
investigated TPN dysfunction in SZ across rest and different tasks
(Repovs and Barch, 2012). ToL is a complex task implicating several cog-
nitive domains, includingworkingmemory, which is required for hold-
ing and counting moves ahead, in addition to planning and problem
solving. Our current lack of group effects in ToL could therefore also rep-
resent involvement of multiple cognitive processes in extended TPN
areas (Cole et al., 2014).

4.2. Association with possible confounders

Previous studies have reported an association between DMN deacti-
vation and task performance in healthy individuals (Anticevic et al.,
2012; Anticevic et al., 2011) and in patients with SZ (Whitfield-
Gabrieli et al., 2009), and it has been argued that reduced deactivation
of DMNmay be confined to tasks where performance is impaired in pa-
tients (Schneider et al., 2011). We found no association between load-
dependent deactivation of the DMN and task accuracy. For TPN we ob-
served that task accuracy had a unique effect on load-dependent activa-
tion in both tasks, indicating that higher accuracy is associated with
stronger load-dependent activation in these tasks. Also, the observed
group differences in brain activation mirrored the performance differ-
ences in SWM, i.e. SZ patients exhibited both reduced accuracy and
load-dependent activation of TPN compared to HC. This is in accordance
with one previous finding of associations between reduced activations
in TPN regions, including the dorsolateral prefrontal cortex, and im-
paired performance in patients (Pomarol-Clotet et al., 2008). These re-
sults indicate that task performance is associated with load-dependent
activation, and suggest that performance differences may partly explain
the reduction in load-dependent activation in patients.

Furthermore, as expected the group effects on DMN becomeweaker
when controlling for IQ and education. However, the inherent associa-
tions between severemental illness, cognitive functioning and brain ac-
tivation, respectively, make it very difficult to disentangle one from the
other.

Several previous studies have demonstrated influence of in-scanner
motion, age, and gender on network activation and connectivity (Filippi
et al., 2013; Mowinckel et al., 2012; Zeng et al., 2014).We found no sig-
nificant associations between brain network activation and any of these
variables. Further, there were no associations between load-dependent
DMN or TPN activation and symptom severity as measured with PANSS
in our patient sample, which is in line with several previous studies
(Guerrero-Pedraza et al., 2012; Landin-Romero et al., 2015; Nygard et
al., 2012). Also, whereas others have reported relationships between
medication dosage and task-induced deactivations (Schneider et al.,
2011) and connectivity (Brandt et al., 2015) in patients, and usage of an-
tipsychotic medication has been related to modulation of DMN connec-
tivity (Sambataro et al., 2010), we found no significant relationship
between network activation and medication dosage, alcohol or drug
use.

Summing up, these results indicate that load-dependent activation
of TPN and DMN is not substantially affected by clinical characteristics
within patients, nor by in-scanner subject motion or any demographic
variables including IQ within the total sample. Task accuracy was, how-
ever, associated with load-dependent activation of TPN, implying that
cognitive performance and SZmight bemediated by overlappingmech-
anisms. In contrast, the reductions in DMN deactivations in SZ were
seen independently of task performance differences, implying that the
observed effect is notmerely an epiphenomenon of reduced taskperfor-
mance in patients.
4.3. Association between task-positive and default mode network

Strong task-related activation and deactivation of the TPN and DMN,
respectively, have often been associated with the functioning of a
healthy brain (Fox et al., 2005), yet the interdependencies between
these metrics have rarely been explicitly tested (Dørum et al., 2016).
Therefore, the final aim of the current study was to assess the relative
independence of the activation patterns of the two large-scale brain net-
works by testing for relationships between load-dependent activation
of the TPN and DMN. We found only moderate correlations between
load-dependent activation of the TPN and DMN within tasks in accor-
dance with Dørum et al. (2016) finding in healthy individuals. This
may be due to the task difficulty (McKiernan et al., 2003) or it could re-
late to variable performance within the sample. It has been shown that
stronger negative correlation between TPN and DMN is associated with
less variable behavior in healthy individuals (Kelly et al., 2008), imply-
ing that TPN connectivity may partly contribute to the modulation of
DMN efficiency during cognitive performance (Mannell et al., 2010).
Further, we foundno relationship in the level of TPN activation between
tasks across groups. For DMNwe found a positive relationship between
tasks, both across and within groups, implying that the recruitment of



395B. Haatveit et al. / NeuroImage: Clinical 12 (2016) 389–396
the DMN is relatively generalizable across different executive tasks,
supporting its use as an intermediate neuroimaging phenotype.

4.4. Study limitations

Limitations of the current study include that most patients were on
antipsychotic medication, and that the groups were unevenly matched
on IQ and education. The potential effects of antipsychotic medications
on network activity are difficult to disentangle using the present study
design because of the inherent collinearity between the different
types, dosage, symptom severity, and diagnosis. Reduced cognitive
function likely reflects pathophysiological mechanisms, which compli-
cates statistical corrections for such differences since it is difficult to sta-
tistically isolate any unique associations with IQ and education from
disease processes.

5. Conclusions

In summary, our analysis revealed reduced load-dependent DMN
deactivation across two executive tasks in patients with SZ compared
to healthy controls. Further, we found that load-dependent TPN activa-
tion was reduced in SZ compared to HC in SWM, and associated with
task performance in both tasks. Finally, whereas DMN deactivation
was relatively reliable across tasks, we found only moderate associa-
tions between the degree of network-level activation of TPN and
DMN, implying that the two brain networks reflect partly independent
mechanisms.
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