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Abstract
Psychosis is linked to aberrant salience or to viewing neutral stimuli as self-relevant, suggesting a possible impairment in self-
relevance processing. Psychosis is also associated with increased dopamine in the dorsal striatum, especially the anterior caudate
(Kegeles et al., 2010). Critically, the anterior caudate is especially connected to (a) the cortical default mode network (DMN),
centrally involved in self-relevance processing, and (b) to a lesser extent, the cortical frontoparietal network (FPN; Choi, Yeo, &
Buckner, 2012). However, no previous study has directly examined striatal–cortical DMN connectivity in psychosis risk. In
Study 1, we examined resting-state functional connectivity in psychosis risk (n = 18) and control (n = 19) groups between (a)
striatal DMN and FPN subregions and (b) cortical DMN and FPN. The psychosis risk group exhibited decreased connectivity
between the striatal subregions and the cortical DMN. In contrast, the psychosis risk group exhibited intact connectivity between
the striatal subregions and the cortical FPN. Additionally, recent distress was also associated with decreased striatal–cortical
DMN connectivity. In Study 2, to determine whether the decreased striatal–cortical DMN connectivity was specific to psychosis
risk or was related to recent distress more generally, we examined the relationship between connectivity and distress in individ-
uals diagnosed with nonpsychotic emotional distress disorders (N = 25). In contrast to Study 1, here we found that distress was
associated with evidence of increased striatal–cortical DMN connectivity. Overall, the present results suggest that decreased
striatal–cortical DMN connectivity is associated with psychosis risk and could contribute to aberrant salience.

Keywords Dorsal caudate . Corticostriatal loops . Attenuated psychotic symptoms . Positive schizotypy . Temporal lobe

There is a long line of evidence that the striatum plays an
important role in psychosis, with psychosis being associated
with increased dopamine in the striatum (Howes et al., 2012).
Increased dopamine in the dorsal striatum, especially in the
anterior dorsal caudate (Kegeles et al., 2010), has been found
both in people with psychotic disorders (Howes et al., 2012;
Jauhar et al., 2017) and in people at clinical high risk for
psychosis (e.g., Fusar-Poli et al., 2011). Given that the stria-
tum is the main input layer of the basal ganglia (Haber, 2016),

an important aspect of striatal functioning is its connectivity
with cortical regions, with most areas of the cortex projecting
to the striatum and with striatal projections eventually
returning to the cortex (i.e., cortico–striatal–thalamic loops;
Haber, 2014; Nelson & Kreitzer, 2014). There is evidence that
both psychosis and psychosis risk are associated with de-
creased striatal resting-state connectivity (Dandash et al.,
2014; Fornito et al., 2013; Sarpal et al., 2015), with the pos-
sibility that increased dopamine and striatal connectivity are
related (Horga et al., 2016). Importantly, distinct striatal sub-
regions have been found to be preferentially associated with
distinct cortical networks (Choi, Yeo, & Buckner, 2012).
Hence, an important way of assessing striatal connectivity is
to measure the connectivity of striatal subregions with distinct
cortical networks. The anterior dorsal caudate has been found
to be especially connected with the cortical default mode net-
work and, to a lesser extent, with the frontoparietal network.
However, to our knowledge, no previous study has directly
examined resting-state functional connectivity between dis-
tinct dorsal caudate striatal subregions and these cortical net-
works in psychosis risk.
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Alterations in functional connectivity in individuals with
schizophrenia have often been found in the default mode net-
work and the frontoparietal network (Northoff & Duncan,
2016). The default mode network is a group of functionally
connected brain regions that have been found to directly sup-
port internal mental activity, such as remembering the past,
thinking about the future, and imagining alternative scenarios
to the present (Menon, 2011). This network is also critical for
self-relevance and self-referential processing (Raichle, 2015).
Furthermore, in individuals with schizophrenia, decreased de-
fault mode network connectivity with the insula has been
found to be associated with attentional deficits, with some
researchers positing that misallocation of attention leads to
aberrant salience (Sheffield & Barch, 2016). In contrast to
the default mode network, the frontoparietal network is
thought to play an integral role in executive cognitive process-
es, such as attention, conflict monitoring, and goal-directed
behavior (Spreng, Sepulcre, Turner, Stevens, & Schacter,
2013; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008). In
addition, the frontoparietal network includes a substantial part
of the dorsolateral prefrontal cortex, which has long been
thought to be important for psychotic disorders (e.g., Barch
& Ceaser, 2012; Kerns, Nuechterlein, Braver, & Barch, 2008;
Lesh, Niendam, Minzenberg, & Carter, 2011) and has been
linked to control of cognition and emotion (e.g., Barbey,
Koenigs, & Grafman, 2013; Buhle et al., 2014; Duncan,
2013), and hence could play a role in regulating aberrant sa-
lience experiences. It is also thought that striatal dopamine
might play an important role in either updating or gating pre-
frontal cortex representations (e.g., Chatham & Badre, 2015;
Cools & D’Esposito, 2011; Frank, Loughry, & O’Reilly,
2001); hence, an updating/gating impairment could contribute
to aberrant updating of dorsolateral prefrontal cortex represen-
tations, potentially producing aberrant salience.

It is possible that decreased connectivity of the striatum
with the default mode network, and perhaps also with the
frontoparietal network, could contribute to psychosis risk by
contributing to aberrant salience. The aberrant-salience hy-
pothesis of psychosis posits that striatal hyperdopaminergia
causes inappropriate assignment of salience to external and
internal stimuli and leads to the development of hallucinations
and delusions (Howes & Nour, 2016; Kapur, 2003). Given the
default mode network’s involvement in self-relevance pro-
cessing (Buckner, Andrews-Hanna, & Schacter, 2008) and
the frontoparietal network’s involvement in cognitive control
(Duncan, 2013), this suggests that decreased connectivity be-
tween the striatum and these cortical networks could contrib-
ute to psychosis risk. However, again it is unclear whether
resting-state functional connectivity between dorsal caudate
striatal subregions and these cortical networks is impaired in
psychosis risk, and research examining the connectivity of
distinct striatal subregions could aid in the detection of psy-
chosis risk or the identification of targets for treatment.

The present research consisted of two studies. In Study 1
we examined resting-state functional connectivity of distinct
subregions of the dorsal caudate with the cortical default mode
network and with the cortical frontoparietal network in indi-
viduals at risk for psychosis. We hypothesized that there
would be decreased resting-state functional connectivity be-
tween the striatum and these two cortical networks.
Additionally, psychosis risk has been found to be associated
with higher levels of emotional distress (e.g., Karcher, Martin,
& Kerns, 2015; Kerns, 2006). This suggests the possibility
that any abnormalities in resting-state functional connectivity
in psychosis risk could be related to emotional distress, and
not specific to psychosis risk. However, although previous
research suggested that psychosis risk could be related to de-
creased connectivity between the striatum and the default
mode and frontoparietal cortical networks, in contrast, emo-
tional distress disorders have been found to be associated with
increased connectivity between the dorsal caudate and regions
of both the default mode network (Furman, Hamilton, &
Gotlib, 2011; Hwang et al., 2016; but see Bluhm et al.,
2009) and the frontoparietal network (Kerestes et al., 2015).
Hence, in Study 2 we examined whether decreased resting-
state functional connectivity between these striatal subregions
and cortical networks was specific to psychosis risk, or wheth-
er it would also be found in people with a nonpsychotic emo-
tional distress disorder. We hypothesized that decreased con-
nectivity between the striatum and these cortical networks
would be specific to psychosis risk, and that individuals with
emotional distress disorders would have increased connectiv-
ity between the striatum and these cortical networks.

Study 1

Method

Participants

The participants were right-handed undergraduate students at
the University of Missouri. We followed the approach of
Chapman, Chapman, Kwapil, Eckblad, and Zinser (1994),
combining a questionnaire psychometric high-risk approach
with a semistructured interview of attenuated psychotic symp-
toms. Given Chapman et al.’s (1994) results and the possibility
that it might be the specific combination of extremely elevated
positive schizotypy and attenuated psychotic symptoms that
predicts increased risk of psychotic disorder in general-
population samples, the participants in the psychosis risk
group had to have both elevated positive schizotypy and atten-
uated psychotic symptoms (see Table 1 for group descriptive
statistics). Consistent with Chapman et al., we included partic-
ipants in the psychosis risk group who had longstanding (i.e.,
more than one year) and stable attenuated psychotic symptoms
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(i.e., indicative of trait-like vulnerability rather than imminent
risk). The participants in the psychosis risk group (n = 19) (a)
scored 1.96 sex-normed standard deviations (SDs) above the
mean on the Perceptual Aberration Scale (PerAb; Chapman,
Chapman, & Raulin, 1978) or the Magical Ideation Scale
(MagicId; Eckblad & Chapman, 1983), or scored a combined
three sex-normed SDs above the mean on PerAb andMagicId;
and (b) endorsed experiencing attenuated psychotic symptoms
on a weekly basis in the past month on the Structured
Interview for Prodromal Syndromes Scale of Prodromal
Symptoms (SIPS SOPS; Miller et al., 2003; i.e., a SIPS
SOPS score ≥ 3, with 3 = moderate symptom severity, in
either the unusual thought content/delusional ideation,
suspic iousness /persecutory ideas , or perceptual
abnormalities/hallucinations domains; we used only these
three SIPS domains following Chapman et al., 1994).
Previous research has shown that people with both elevat-
ed positive schizotypy and attenuated psychotic symptoms
have a 14% rate of psychotic disorders at 10-year follow-
up (Chapman et al., 1994), with an estimated lifetime risk
of psychotic disorders greater than 20% (based on
Pedersen et al., 2014)—a lifetime risk of psychotic disor-
der that is at least as high as first-degree relatives of people
with a psychotic disorder (Faridi, Pawliuk, King, Joober, &
Malla, 2009). One psychosis risk participant was excluded
from the analyses because of a permanent retainer that
produced large imaging artifacts, resulting in a final group
of 18 participants. The participants in the psychosis risk
group had a mean age of 18.33 years (SD = 0.59) and were
66.67% female, 66.67% Caucasian, 27.78% African
American, and 5.56% Asian American.

The control group (n = 19) consisted of participants who
scored from – 0.6 to 0.6 sex-normed SDs around the mean on
both PerAb and MagicId. Hence, the control group’s mean
scores were close to the population averages and they were
not an extreme-scoring group. Additionally, control partici-
pants did not endorse attenuated psychotic symptoms (i.e.,
SIPS SOPS score < 3). The participants in the control group
had a mean age of 18.37 years (SD = 0.60) and were 73.68%
female, 89.47% Caucasian, 5.26% Asian American, and
5.26% biracial.

There were no significant between-group differences on
the demographic variables age (χ2[2, N = 37] = 0.08, p =
.959, effect size V = .05, 95% CI [– .28, .37]), sex (χ2[1, N
= 37] = 0.22, p = .641, V = .08 [– .25, .39]), or ethnicity (χ2[3,
N = 37] = 6.84, p = .077, V = .43 [.12, .66]). Both groups were
antipsychotic medication naïve. The groups also did not differ
significantly in proportion of psychotropic medication usage,
χ2[1, N = 37] = 0.78, p = .380, V = .15 [– .18, .45] (in the
psychosis risk group: n = 5 taking any medication, with n = 4
taking antidepressants, n = 3 taking anxiolytics, and n = 3
taking stimulants; in the control group: n = 3 taking any med-
ication, with n = 2 taking antidepressants, n = 1 taking anxi-
olytics, and n = 1 taking stimulants). Medication use was not
significantly correlated with resting-state functional connec-
tivity, and we found a similar pattern of results if we excluded
the people using medication. Previous striatum-related behav-
ioral (Karcher, Martin, & Kerns, 2015) and electroencephalo-
graphic (Karcher, Bartholow, Martin, & Kerns, 2017) studies
comparing psychosis risk and control groups had found large
effect size differences (ds = 1.36 and 1.14, respectively; power
to detect these effect sizes in the present study = .98 and .92;

Table 1 Descriptive statistics and group comparisons of self-report and interview measures

Psychosis Risk Control Group
Comparison

Positive Schizotypy Mean (SD) Mean (SD) d [95% CI]

Perceptual aberration 17.06 (6.86) 4.16 (1.38) 2.57 [1.67, 3.48]***

Magical ideation 20.06 (3.65) 7.79 (1.62) 4.38 [3.15, 5.61]***

SIPS SOPS Scored 3–5 (%) Scored 3–5 (%)

Unusual thought content/Delusional ideasa 88.9% 0.0% 3.84 [2.71, 4.96]***

Suspiciousness/Persecutory ideas 55.6%b 0.0% 1.57 [0.81, 2.34]***

Perceptual abnormalities/Hallucinations 94.4% 0.0% 5.59 [4.11, 7.07]***

Grandiose ideas 22.2%b 0.0% 0.73 [0.04, 1.42]*

Disorganized communication 33.3%c 0.0% 0.99 [0.28, 1.69]**

Distress Mean (SD) Mean (SD)

DASS-21 58.56 (25.75) 26.95 (12.60) 1.55 [0.79, 2.31]***

IPIP Neuroticism 28.83 (6.99) 20.21 (6.44) 1.28 [0.55, 2.01]***

SIPS SOPS = Structured Interview for Prodromal Syndromes, Scale of Prodromal Symptoms; DASS-21 = Depression Anxiety and Stress Scales-21;
IPIP = International Personality Item Pool. a Unusual thought content/delusional ideas scores reflect both persecutory and nonpersecutory ideation. b This
domain was not assessed due to time constraints for one participant. c This domain was not assessed due to time constraints for two participants. * p < .05.
** p < .01. *** p < .001

1000 Cogn Affect Behav Neurosci (2019) 19:998–1011



the present study had .80 power to detect an effect size of 0.95;
power analyses were conducted using G*Power 3.1; Faul,
Erdfelder, Buchner, & Lang, 2009). The samples in the pres-
ent studywere not sharedwith previous studies (Karcher et al.,
2015; Karcher et al., 2017).

Materials

Positive schizotypy measures Positive schizotypy, which is
thought to reflect phenotypic manifestations of risk for posi-
tive psychotic symptoms (e.g., delusions) in schizophrenia-
spectrum disorders (Kwapil & Barrantes-Vidal, 2015;
Lenzenweger, 2010), was assessed with the PerAb (α = .93
in the present study; Chapman et al., 1978) and MagicId (α =
.87; Eckblad & Chapman, 1983) scales. PerAb is a 35-item
true/false scale that detects psychotic-like experiences involv-
ing distorted perceptions of one’s own body. MagicId is a 30-
item true/false scale that detects unconventional beliefs.

Structured Interview for Prodromal Syndromes, Scale of
Prodromal Symptoms (SIPS SOPS)Attenuated psychotic symp-
toms were assessed with the SIPS SOPS (Miller et al., 2003).
SIPS SOPS attenuated psychotic symptoms have been used to
identify people at clinical high risk for psychosis and have been
found to predict future conversion to psychotic disorder (see,
e.g., Cannon et al., 2016). SIPS SOPS items are rated on a 7-
point Likert scale (0 = no symptoms to 6 = severe and psychotic)
based on severity of symptoms. In the present study, and in line
with previous research (Karcher et al., 2015), participants who
scored 3 or higher on any of three core SIPS SOPS domains,
(perceptual abnormalities/hallucinations, suspiciousness/
persecutory ideas, or unusual thought content/delusional idea-
tion), were considered to have current attenuated psychotic
symptoms. All interviews were videotaped and conducted by
an advanced graduate student, author N.R.K., who was exten-
sively trained and had considerable experience in SIPS SOPS
administration and scoring. N.R.K. was blind to group mem-
bership and participants’ questionnaire scores.

Trait and recent distress Participants completed negative af-
fect measures to assess whether negative affect was related to
resting-state functional connectivity. Trait neuroticism or a
disposition to experience negative affect was assessed with
the neuroticism 10-item subscale of the International
Personality Item Pool (IPIP, α = .83; Goldberg, 1999).
Participants rated each item on a 5-point Likert scale indicat-
ing how well each statement applied to them (1 = Strongly
disagree to 5 = Strongly agree). The total score for IPIP neu-
roticism was used in the analyses. Recent distress was
assessed with the Depression Anxiety Stress Scales (DASS-
21, α = .90; Henry & Crawford, 2005), a 21-item self-report
scale assessing experiences of depression, anxiety, and emo-
tional stress. Participants rated each item on a 4-point Likert

scale based on the severity of their experience over the past
week (0 =Did not apply to me at all to 3 = Applied to me very
much or most of the time). As is recommended by the scale
developers, the total scale score was multiplied by 2 to make
the score comparable to the original DASS.

Procedure

All questionnaires and computer tasks in Study 1 were admin-
istered on computers using E-Prime 2.0 (Psychology Software
Tools Inc., 2012). In this study, participants first completed
positive schizotypy scales and other questionnaires, as well
as the SIPS interview assessing attenuated psychotic symp-
toms, in an earlier behavioral session. Eligible psychosis risk
and control participants were then invited to complete a brain-
imaging session (the raw data for this study can be found in
Hua et al., 2018). During the brain-imaging session, in addi-
tion to the resting-state scan, participants were scanned while
completing behavioral tasks not reported here (e.g., Karcher,
Hua, & Kerns, 2019). This study was approved by the
University of Missouri’s Institutional Review Board.

Image acquisition and preprocessing

Scanning took place on a Siemens Trio 3-T scanner equipped
with an eight-channel head coil. During resting-state fMRI
scanning, consistent with previous studies and recommenda-
tions (e.g., Patriat et al., 2013; Smith et al., 2013; Van Dijk
et al., 2010), participants were instructed to relax and to keep
their eyes open as they viewed a blank screen with a cross-hair
fixation point. Throughout the entirety of the resting-state
scan, N.R.K. continuously monitored every scan in real time
to ensure that the participants were aware of the resting-state
scan instructions, and also to ascertain the wellbeing and
wakefulness of the participants. High-resolution structural
T1-weighted images were acquired for anatomical localiza-
tion: MPRAGE, repetition time (TR) = 1,920 ms, echo time
(TE) = 2.92 ms, flip angle = 9°, field of view (FOV) = 256 ×
256, matrix size = 256 × 256, slice thickness = 1 mm.
Functional T2* echoplanar weighted images were acquired
with 32 contiguous interleaved slices: TR = 2,000 ms, TE =
30 ms, flip angle = 90°, FOV = 256 × 256 mm, matrix size =
64 × 64, slice thickness = 4 mm. Following previous research
(Alexander & Brown, 2010; Deichmann, Gottfried, Hutton, &
Turner, 2003), scanned acquisition was tilted 30° toward the
coronal plane from the AC–PC line, to improve scanning of
the striatum and to minimize imaging artifacts.

Data preprocessing was carried out using SPM8
(Wellcome Trust Centre for Neuroimaging, 2009). The struc-
tural and functional images were reoriented to align with the
AC–PC line. Images were corrected for slice acquisition
timing, and the remaining images were realigned to each par-
ticipant’s mean image. Using the realigned images, these
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images were then co-registered with the participant’s T1 im-
age to better normalize each participant’s data to the Montreal
Neurological Institute (MNI) template. Each participant’s T1
image was then segmented into cerebrospinal fluid (CSF),
white matter, and gray matter. Using the segmentation file that
was produced, each participant’s functional data were normal-
ized by warping the data into standard MNI template space. A
6-mm spatial smoothing filter was then applied to the images.
To account for artifacts in the blood oxygenation level-
dependent response, nuisance signals (CSF, white matter,
and gray matter—i.e., global signal regression; Satterthwaite
et al., 2019), and six head-motion parameters (three translation
and three rotation), plus their temporal derivatives, were en-
tered into the model as covariates and regressed out from each
region of interest’s time series (Power, Barnes, Snyder,
Schlaggar, & Petersen, 2012; Van Dijk, Sabuncu, &
Buckner, 2012). Note that the CSF, white matter, and gray
matter time series were extracted using the MarsBar toolbox
for SPM8. A temporal bandpass filter (.01 < f < .08 Hz) was
also applied to the data. Images were then scrubbed for motion
and intensity, and time points exceeding two standard devia-
tions from the participant’s mean for any motion or intensity
parameters were identified and removed (the range of time
points removed across participants was four to 14 of the 187
in a time series; there was no group difference in number of
time points removed, p = .865). These preprocessed images
were used in the rest of the analyses.

Image analyses

Regions of interest (ROIs)All ROIs were taken from Choi et al.
(2012) and Yeo et al. (2011), and consisted of (a) the subregions
of the striatum most associated with either the default mode
network or the frontoparietal network and (b) the regions of
the cortex associated with either the default mode network or
the frontoparietal network. These ROIs were initially identified
in a sample of n = 500 and were replicated in an additional
sample of n = 500 (Choi et al., 2012; Yeo et al., 2011). In the
present research, we used bilateral ROIs (the results were sim-
ilar when using unilateral ROIs). To see the exact ROIs that
were used in the study, for the striatum see Choi et al.’s Fig. 7,
and for cortical networks see Yeo et al.’s Fig. 11 (note that in
both these figures the default mode network is red, and the
frontoparietal network is orange; for specific striatal subregion
color patches, see Supplemental Fig. 1; for specific cortical
network color patches, see Supplemental Fig. 2).

Resting-state functional connectivity ROI analyses Resting-
state time series were estimated for each participant by sam-
pling and averaging voxel time series for each ROI in
MATLAB (MathWorks Inc., 2010). Time series for each
striatal subregion and each cortical network were correlated
with each other, and correlations were then z-transformed

using Fisher’s r-to-z transformation to allow for comparisons
between groups. We followed up group differences in striatal–
cortical default mode network connectivity by examining
striatal connectivity with five distinct cortical default mode
subnetworks and their spatially distinct cortical regions (addi-
tional details regarding the default mode subnetworks, the
distinct cortical regions, and the analyses can be found in the
supplement).

Striatal seed to whole-brain resting-state functional connec-
tivity analyses In addition to examining striatal connectivity
with the default mode and frontoparietal networks as ROIs,
we also used the striatal subregions as seeds to examine con-
nectivity in a whole-brain analysis using SPM8. In ROI anal-
yses, the signal across the entire ROI is averaged; thus, it is
possible that we might miss between-group differences in
connectivity of the striatum with particular brain regions with-
in cortical networks. In the first-level within-subjects analysis,
contrast images were created for each participant by estimat-
ing the regression coefficient between each seed’s time series
and all voxels in the brain. In the second-level between-group
analysis, the psychosis risk and control groups were compared
using a two-sample t test for each of the striatal subregion
seeds. Between-group seed-to-whole-brain functional connec-
tivity maps were thresholded at an uncorrected voxel-wise
threshold of p < .001 and at a family-wise error-corrected
cluster-level threshold of p < .05 and 20 voxels.

Default mode network integrity analyses We also examined
whether significant group differences in striatal–cortical de-
fault mode network connectivity were related to the degree of
connectivity within the cortical default mode network itself.
To do this, we first divided the cortical default mode network
into its distinct subnetworks (Yeo et al., 2011), and then divid-
ed each subnetwork into spatially distinct cortical regions. We
correlated the time series for each distinct default mode net-
work cortical region with the time series of all other default
mode network cortical regions; each correlation was then z-
transformed using Fisher’s r-to-z transformation. Finally, we
correlated the average of these correlations with striatal–
cortical default mode network connectivity.

Resting-state functional connectivity with distress analyses
To examine whether our results were specific to psychosis risk
or were related to psychological distress in general, we exam-
ined correlations between resting-state functional connectivity
and the negative affect measures.

Results and discussion

Group differences in connectivity between striatal subregions
and cortical networks Data were analyzed using a 2 (striatal
subregion: striatal default mode network [DMN] vs. striatal
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frontoparietal network [FPN]) by 2 (cortical network: cortical
DMN vs. cortical FPN) by 2 (group: psychosis risk vs. con-
trol) design. Hence, as can be seen in Table 2, there were four
striatal–cortical connectivity dependent variables (i.e.,
Fischer’s r-to-z transformed correlations): (1) striatal DMN
with cortical DMN; (2) striatal DMN with cortical FPN; (3)
striatal FPN with cortical DMN; and (4) striatal FPN with
cortical FPN.

As expected (Choi et al., 2012), we found a significant
striatal subregion by cortical network interaction, F(1, 35)
= 20.66, p < .001, d = 1.50, 95% CI [0.74, 2.25], such
that, as can be seen in Table 2, resting-state functional
connectivity correlations were higher within a network
(i.e., striatal DMN with cortical DMN and striatal FPN
with cortical FPN) than between networks (i.e., striatal
FPN with cortical DMN and striatal DMN with cortical
FPN). However, as can also be seen in Table 2, there
was also significant connectivity between each striatal
subregion and the other cortical network (with the single
exception of striatal FPN subregion connectivity with cor-
tical DMN in the psychosis risk group). This makes sense,
since these striatal subregions were identified on the basis
of what cortical networks they were most connected with,
and not of what cortical networks they were exclusively
connected with. In addition, we also examined across all
subjects the Spearman correlations between the four
striatal–cortical connectivity dependent variables (e.g., to
what extent striatal DMN–cortical DMN connectivity was
correlated with striatal FPN–cortical DMN connectivity),
which results, as can be seen in Table 3, in six correlations
among the four dependent variables. Overall, connectivity
of the two striatal subregions with the cortical DMN was
very highly correlated; likewise, connectivity of the two
striatal subregions with the cortical FPN was also very
highly correlated.

Most importantly, we also observed a significant group
by cortical network interaction, F(1, 35) = 7.33, p = .010, d
= 0.89, 95% CI [0.19, 1.59]. As can be seen in Table 2 and
Fig. 1, this interaction reflected that, as compared to the
control group, the psychosis risk group showed a greater
difference in striatal connectivity to the cortical DMN

versus striatal connectivity to the cortical FPN. In addition,
the psychosis risk group also exhibited decreased resting-
state functional connectivity with the cortical DMN relative
to the control group,F(1, 35) = 4.30, p = .046, d = 0.68 [0.005,
1.37] (note that this difference was no longer significant if we
used a sequential Bonferroni correction), with this decrease
being found for striatal FPN connectivity with cortical
DMN, t(35) = 2.14, p = .039, d = 0.70 [0.02, 1.39] (note:
striatal DMN connectivity with cortical DMN, t(35) = 1.79,
p = .082, d = 0.59 [– 0.09, 1.27]).On the other hand, we found
no significant between-group differences for correlations be-
tween striatal subregions and the cortical FPN; if anything,
these correlations were numerically larger in the psychosis
risk group, F(1, 35) = 0.99, p = .326, d = 0.33 [– 0.34,
1.00]: for striatal FPN with cortical FPN, t(35) = – 0.81, p =
.423, d = – 0.27 [– 0.94, 0.40]; for striatal DMN with cortical
FPN, t(35) = – 1.08, p = .289, d = – 0.36 [– 1.02, 0.31]. Note
that within the psychosis risk group, attenuated psychotic
symptoms were not related to striatal connectivity measures
(all ps > .562). Hence, overall, the psychosis risk group ex-
hibited decreased connectivity between striatal subregions and
the cortical DMN.

Seed to whole-brain resting-state functional connectivity

Thus far, we have been reporting results based on cortical
network ROIs. Next we compared the psychosis and con-
trol groups using whole-brain analyses to examine connec-
tivity with striatal subregions. As can be seen in Table 4
and Fig. 2, the psychosis risk group exhibited significantly
decreased connectivity between the striatal FPN subregion
and a right anterior middle and superior temporal gyrus
region. Note that this right temporal lobe region was locat-
ed predominantly within DMN Subnetwork 16 (Yeo et al.,
2011), a subnetwork consisting of this right temporal lobe
region as well as medial prefrontal cortex and posterior
cingulate cortex regions. In contrast, the psychosis risk
group exhibited greater connectivity than the control group
between the striatal FPN and part of the anterior cingulate
cortex (ACC), with this part of the ACC being within the
ventral attention network (Yeo et al., 2011).

Table 2 Striatal–cortical connectivity means (with SDs) and 95% confidence intervals between striatal subregions and cortical networks

Striatal–Cortical Connectivity Psychosis Risk Control

M (SD) 95% CI M (SD) 95% CI

1. Striatal DMN with cortical DMN .08 (.23) [– .04, .19] .20 (.20) [.11, .30]

2. Striatal FPN with cortical DMN – .03 (.20) [– .13, .07] .13 (.26) [.01, .26]

3. Striatal DMN with cortical FPN .18 (.18) [.09, .26] .11 (.17) [.03, .20]

4. Striatal FPN with cortical FPN .21 (.24) [.09, .33] .15 (.21) [.05, .25]

DMN = default mode network; FPN = frontoparietal network

Cogn Affect Behav Neurosci (2019) 19:998–1011 1003



Correlations with DMN integrity

Given that psychosis risk was associated with decreased con-
nectivity between the striatum and the cortical DMN, we next
examined whether this relationship could be related to the
integrity of the cortical DMN itself. Across participants, we
correlated each participant’s striatal–cortical DMN connectiv-
ity scores with their within-cortical-DMN connectivity scores.
Overall, these correlations were very close to zero (striatal
DMN, rs = – .007, 95% CI [– .33, .32], p = .961; striatal
FPN, rs = – .001 [– 0.32, 0.32], p = .993). Hence, it did not
appear that decreased striatal–cortical DMN connectivity in
psychosis risk was related to connectivity within the cortical
DMN itself.

Associations between resting-state functional connectivity
and distress measures

Thus far, we have reported decreased connectivity between
striatal subregions and the cortical DMN in the psychosis risk
group. However, as can been seen in Table 1, given that the

psychosis risk group reported more recent and trait distress
than the controls, with between-group effect sizes being large,
we next examined whether the decreased connectivity be-
tween striatal subregions and the cortical DMN was related
to measures of distress. We found no significant associations
between trait neuroticismwith resting-state functional connec-
tivity between the striatal subregions and the cortical DMN.
However, within the full sample we did find that self-reported
recent distress on the DASS-21 (i.e., depression, anxiety, and
stress) was associated with decreased connectivity between
the striatal subregions and the cortical DMN: for striatal
DMN, Spearman rs = – .33, 95% CI [– .59, – .007], p =
.045; for striatal FPN, rs = – .35 [– .61, – .03], p = .034.
When we examined the groups separately, these associations
were not significant: within just the psychosis group, rs = – .21
[– .50, .12] and rs = – .28 [– .55, .05]; within just the control
group, these same associations were close to zero and numer-
ically positive, rs = .004 [– .32, .33] and .07 [– .26, .39] (see
Supplemental Fig. 3 for scatterplots of these associations).
This suggested that the decreased connectivity between
striatal subregions and the cortical DMN associated with psy-
chosis risk could have been related to recent distress in the
people at risk for psychosis. We examined this issue further in
Study 2.

Study 2

In Study 1, the psychosis risk group exhibited significantly
decreased connectivity of striatal subregions with the cortical
DMN, as compared to the control group. However, this de-
creased connectivity was also associated with increased recent
emotional distress. This suggests that the decreased connec-
tivity in Study 1 might have been related to increased emo-
tional distress and not specifically to psychosis risk. We were
able to examine this possibility further in Study 2 in a sample
of people with a nonpsychotic emotional distress disorder who
(a) experienced an average level of emotional distress compa-
rable to that in the psychosis risk group, as assessed with the
same measure of distress, and (b) were scanned using

Table 3 Study 1 zero-order Spearman correlations [with 95% confidence intervals] for connectivity values between striatal subregions and cortical
networks across all subjects

1 2 3 4

Striatal–Cortical Connectivity

1. Striatal DMN with cortical DMN —

2. Striatal FPN with cortical DMN .80** [.64, .89] —

3. Striatal DMN with cortical FPN .15 [– .18, .45] .23 [– .10, .52] —

4. Striatal FPN with cortical FPN .11 [– .22, .42] .29 [– .03, .56] .78** [.61, .88] —

DMN = default mode network; FPN = frontoparietal network. ** p < .01

Fig. 1 Study 1 resting-state functional connectivity correlations (r-to-z
transformed values) between striatal subregions and cortical networks in
the psychosis risk and control groups. Error bars represent standard errors.
DMN = default mode network; FPN = frontoparietal network
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procedures identical to those in Study 1. If decreased connec-
tivity between striatal subregions and the cortical DMN is
specifically related to psychosis risk, it might be expected that
the correlation between connectivity and distress might be

different in an emotional distress disorder than in psychosis
risk. Consistent with the latter hypothesis, at least one previ-
ous study has reported increased striatal–cortical DMN con-
nectivity in emotional distress (Hwang et al., 2016). Hence, it
is possible that instead of a negative correlation, as in Study 1,
with the emotional distress disorders in Study 2 we might find
that striatal connectivity with the cortical DMN was, if any-
thing, positively correlated with recent distress.

Method

Participants

The participants were 29 right-handed women, four of whom
did not provide complete recent distress data, resulting in a
final group of 25 participants. The participants were currently
receiving mental health treatment and met the Diagnostic and
Statistical Manual of Mental Disorders (5th ed., DSM-5;
American Psychiatric Association, 2013) criteria for at least
one of the following emotional distress disorders: mood dis-
order (major depressive, bipolar I, or bipolar II disorder); one
of several anxiety disorders (specifically, either generalized
anxiety disorder, posttraumatic stress disorder, or social anxi-
ety disorder); or borderline personality disorder. Participants
with a history of psychosis were excluded. Trained graduate
students interviewed the participants using the Mini-
International Neuropsychiatric Interview (M.I.N.I. 7.0 for
DSM-5; Sheehan et al., 1998) and the Structured Interview
for DSM-IV Personality (SIDP-IV; Pfohl, Blum, &
Zimmerman, 1997). Note that in contrast to Study 1, the pri-
mary goals of Study 2 did not involve the striatum and were
related to connectivity between the amygdala and the medial
orbitofrontal cortex (the main results of this study will be
published elsewhere). Thus, given potential heterogeneity
across multiple diagnostic groups and evidence that sex mod-
erates the relationship between amygdala–medial
orbitofrontal cortex connectivity and emotional distress

Fig. 2 Whole-brain connectivity results when using the striatal subregion
most connected to the cortical frontoparietal network as the seed: (a) The
psychosis risk group exhibited decreased connectivity between the striatal
subregion and a region in right middle and superior temporal gyrus; (b)
conversely, the psychosis risk group exhibited greater connectivity
between the striatal subregion and a region in the cingulate gyrus

Table 4 Brain regions exhibiting greater activation in group comparisons for striatal seeds

Seed Cluster-Level Peak-Level Anatomical Peak Regions MNI

pFWE-corr kE T puncorr (mm mm mm)

Control Group > Psychosis Risk Group

Striatal FPN < .05 132 5.31 < .001 Middle temporal gyrus 54 – 8 – 18

4.49 < .001 Superior temporal gyrus 58 0 – 14

Psychosis Risk Group > Control Group

Striatal FPN < .05 156 – 4.91 < .001 Cingulate gyrus 2 16 38

– 3.57 < .001 Paracingulate gyrus – 6 8 46

– 3.53 < .001 Cingulate gyrus – 6 16 30

FPN = frontoparietal network; FWE-corr = family-wise error-corrected; kE = volume of voxels (mm3 ); uncorr = uncorrected; MNI = Montreal
Neurological Institute
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symptoms (Burghy et al., 2012), to attempt to decrease het-
erogeneity, the study was limited to women. Twenty-three of
the participants were taking psychiatric medication (82.6%
antidepressant, 26.1% mood stabilizer, and 30.4% other anx-
iety medication). The participants had a mean age of 25.28
years (SD = 6.05) and were 84% Caucasian, 8% African
American, 4% Latino/Latina, and 4% Native American.

Materials

Recent distress As in Study 1, recent distress was assessed
with the DASS-21 (α = .92). The range of scores on the
DASS-21 in the Study 2 sample was comparable to that found
in Study 1. In Study 2, the emotional distress disorder group
had mean = 53.68, SD = 25.73, 95% CI [43.06, 64.30], range
14–124. In Study 1, the entire sample had mean = 42.32, SD =
25.48, [33.83, 50.82], range 0–110. Specifically, the Study 1
psychosis risk group had mean = 58.56, SD = 25.75, [45.75,
71.36], range 26–110; alternatively, the Study 1 control group
had mean = 26.95, SD = 12.60, [20.87, 33.02], range 0–48
(and if the one control participant who had a score of 0 was
dropped, the next lowest control participant score was 10).

Imaging procedures and analyses

The protocols for acquiring and analyzing the resting-state
fMRI data were identical to those in Study 1.

Procedure

In Study 2, after an initial interview and questionnaire session,
eligible participants were then invited to complete the brain-
imaging portion of the study. Most participants completed the
DASS-21 in the first session, before the scanning session;
however, due to variability in diagnostic interview durations,
eight of the participants completed the DASS-21 one week
after the scanning session (note that we found no significant
difference in distress between the participants who completed
the DASS-21 before vs. after the scanning session). This study
was approved by the University of Missouri’s Institutional
Review Board.

Results and discussion

Associations between resting-state functional connectivity
and negative affect measures

In this study, we found that increased self-reported recent ex-
periences of distress on the DASS-21 (i.e., depression, anxi-
ety, and stress) were positively but nonsignificantly associated
with increased connectivity between striatal subregions and
the cortical DMN: striatal DMN, rs = .12, p = .580, 95% CI [–
.29, .48]; striatal FPN, rs = .35, p = .084, [– .05, .66]. Hence, as

can be seen in Fig. 3, in contrast to Study 1, we found that the
associations between recent distress and striatal connectivity
with the cortical DMN were quite different in Study 2, with
these associations being, if anything, positive in individuals
with nonpsychotic emotional distress disorders (whereas they
were significantly negative in individuals at risk for psycho-
sis). Using Fisher’s r-to-z transformation, we directly com-
pared striatal connectivity with the cortical DMN in Studies
1 and 2. The comparison between the two studies was signif-
icant for the striatal FPN subregion (z = 2.68, p = .007; note:
for the striatal DMN subregion, z = 1.68, p = .093). It should
be noted that there were systematic differences between the
samples in Studies 1 and 2 (e.g., the Study 2 sample included
individuals who had graduated from college and included on-
ly females; note, however, that the correlations with distress
among only the females in Study 1 were generally similar to
the correlations across the full Study 1 sample).

General discussion

To our knowledge, the present study is the first to directly
examine resting-state functional connectivity of striatal subre-
gions with the cortical default mode and frontoparietal net-
works in psychosis risk. We found that psychosis risk was
associated with decreased striatal connectivity with the default
mode network but intact connectivity with the frontoparietal
network. Thus, the present results seem generally consistent

Fig. 3 Spearman correlations between recent distress and resting-state
functional connectivity of striatal subregions and the cortical DMN in
Study 1 (N = 37) and in Study 2 (N = 25). Bars represent 95%
confidence intervals. DMN= default mode network; FPN = frontoparietal
network
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with the aberrant-salience view, that decreased connectivity
with the default mode network might affect the processing
of self-relevance in individuals experiencing trait-like vulner-
ability for psychosis. Because the psychosis risk sample in the
present study was not recruited on the basis of multiple factors
that predict imminent risk (e.g., Fusar-Poli et al., 2016), this
suggests that impairment in connectivity between the striatum
and the cortical default mode network can best be generalized
to individuals in the general population who endorse trait-like
vulnerability for psychosis.

In the present study, we examined connectivity of two dor-
sal anterior caudate striatal subregions with the cortical default
mode network and the frontoparietal network. Consistent with
previous research (Choi et al., 2012), we also found that these
striatal subregions were more strongly associated with their
own cortical network than with the other cortical network.
Nevertheless, we also found that each striatal subregion was
also associated with the other cortical network. This makes
sense, given that these striatal subdivisions were based on
which cortical network the subregion was more strongly as-
sociated with, and was not based on each subregion being
exclusively correlated with just one or the other cortical net-
work (Choi et al., 2012). Furthermore, we found that the ex-
tents of connectivity between the two striatal subregions and
the same cortical network were very strongly correlated.

Using these striatal subregions, the present study has pro-
vided novel evidence that psychosis risk is associated with
altered striatal–cortical connectivity. As compared to the con-
trol group, the psychosis risk group had relatively less striatal–
default mode network connectivity than striatal–frontoparietal
network connectivity. Furthermore, in whole-brain analyses
we found decreased striatal connectivity in psychosis risk spe-
cifically with a region of right middle and superior temporal
lobe that overlaps with a default mode subnetwork (i.e.,
Subnetwork 16) composed of three regions: medial prefrontal
cortex, posterior cingulate cortex, and right temporal lobe
(Yeo et al., 2011). Although no other study has directly exam-
ined connectivity between striatal subregions and the cortical
default mode network, the present results are generally con-
sistent with some previous research finding decreased striatal
connectivity with cortical default mode network regions in
both individuals at risk for psychosis and individuals with
schizophrenia (Dandash et al., 2014; Fornito et al., 2013;
Sarpal et al., 2015; Wang, Ettinger, Meindl, & Chan, 2018).
Furthermore, we found that decreased connectivity between
the striatum and cortical default mode network was unrelated
to connectivity within the cortical default mode network itself.
In fact, previous research had shown that, if anything, the
cortical default mode network might exhibit increased
within-network connectivity in psychosis risk and psychotic
disorders (Shim et al., 2010; Whitfield-Gabrieli & Ford,
2012). Hence, the present research provides further evidence
that psychosis risk might be associated with altered striatal–

cortical connectivity, especially with the cortical default mode
network.

Previous research has found that the default mode network
is strongly related to processing self-relevant information and
autobiographical memory (Nelson et al., 2009). Hence our
results suggest that psychosis risk is associated with decreased
striatal connectivity with regions centrally involved in self-
relevant information processing and autobiographical memo-
ry processing. This seems generally consistent with other ev-
idence that this subnetwork is related to decreased insight in
people at risk for psychosis (Clark et al., 2018), and that psy-
chosis risk is associated with decreased self-concept clarity
(Cicero, Becker, Martin, Docherty, & Kerns, 2013) and other
indicators of altered self-processing (Nelson et al., 2009; Sass
& Parnas, 2003). This also seems generally consistent with the
aberrant salience view of psychosis (Kapur, 2003).
Potentially, decreased striatal connectivity with the default
mode network would detrimentally affect the ability to accu-
rately process self-relevant information and would contribute
to aberrant salience.

In the present research, striatal–cortical default mode net-
work connectivity in psychosis risk was also associated with
increased recent distress. Thus in Study 2, we examined the
association between striatal–cortical default mode network
connectivity and recent distress in people with nonpsychotic
emotional distress disorders. Comparing the two studies, we
found that distress was significantly more positively associat-
ed with striatal–cortical default mode network connectivity in
Study 2 than in Study 1. Our results in Study 2 appear gener-
ally consistent with one previous study reporting increased
striatal–cortical default mode network connectivity in emo-
tional distress (Hwang et al., 2016; but see Bluhm et al.,
2009). Hence, overall, it appears that the association between
distress and decreased striatal–cortical default mode network
connectivity might be specific to psychosis risk and not shared
by people with nonpsychotic emotional distress disorders.
However, it is possible that within psychosis risk that emo-
tional distress might impact striatal connectivity, with previ-
ous evidence finding that stress can contribute to psychosis
(Walker, Mittal, & Tessner, 2008) and might increase striatal
dopamine (Egerton et al., 2016). This suggests that it may be
the case that distress is implicated in decreased striatal con-
nectivity in psychosis risk, with distress having a different
effect in psychosis risk than it does in non-psychotic emotion-
al distress disorders. Thus, since the associations were in op-
posite directions and significantly different between Studies 1
and 2, this might be an interesting question to examine further
in future research.

In contrast to finding decreased striatal–cortical default
mode network connectivity in psychosis risk, in the present
research we did not find evidence of decreased striatal–
cortical frontoparietal network connectivity. However, there
is other evidence of decreased integrity within the
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frontoparietal network itself in psychotic disorders (Baker
et al., 2014). Furthermore, some earlier findings appear con-
sistent with decreased striatal–cortical frontoparietal network
connectivity in psychosis (e.g., Dandash et al., 2014; Fornito
et al., 2013). Given the marked heterogeneity within psychotic
disorders (Tandon, Keshavan, & Nasrallah, 2008), a potential-
ly important issue is what aspect of psychotic disorders might
be associated with frontoparietal network dysfunction. Our
results suggest that the presence of attenuated psychotic symp-
toms and risk for full-blown positive psychotic symptoms
may not be specifically related to decreased connectivity be-
tween the striatum and the frontoparietal network. Future re-
search could continue to examine what specific aspects of
psychosis risk and psychotic disorders are associated with
altered striatal–cortical frontoparietal network connectivity.

Some limitations of the study were the small sample size
for each group and that the participants in Study 1 were un-
dergraduate students. Another possible limitation was that
some participants in both Studies 1 and 2 were taking psychi-
atric medication, which could have affected the imaging re-
sults, although, importantly, both samples were antipsychotic
medication-naïve. However, we found no evidence in Study 1
that medication use was related to striatal functional connec-
tivity or altered the pattern of group differences. Furthermore,
the Study 1 participants were at risk for a psychiatric disorder,
whereas the Study 2 participants were all being treated for a
psychiatric disorder, and it is possible that distress might be
related to striatal connectivity differently in at-risk versus dis-
order groups. In addition, in Study 1 we did not formally
assess for the presence of comorbid psychiatric diagnoses,
and in Study 2 we did not assess for attenuated psychotic
symptoms.

Future research should examine the self-relevance process-
ing correlates of decreased striatal–cortical default mode net-
work connectivity. For instance, potentially decreased connec-
tivity is related to behavioral indices of aberrant salience
(Roiser et al., 2009). Another issue for future research will
be to examine the relationship between the level of attenuated
psychotic symptoms and striatal connectivity. Note that in the
present study, within just the psychosis risk group, the level of
attenuated psychotic symptoms was not associated with
striatal connectivity. It is possible that this reflects a truncated
range, since all people in the psychosis risk group had current
attenuated psychotic symptoms. However, it also suggests the
possibility that striatal connectivity is a marker of psychosis
risk and is not specifically related to the level of attenuated
psychotic symptoms. Thus, it might also be relevant to exam-
ine whether decreased striatal–cortical default mode network
connectivity has some value in psychosis risk detection or
prediction, or as a treatment target. In addition, decreased
activation in core regions of the salience network has been
associated with impaired salience related to delusions and hal-
lucinations (Menon, 2011). There is also evidence that

atypical interactions of the salience network with the default
mode and frontoparietal networks are associated with auditory
hallucinations (Alderson-Day et al., 2016). Hence, future re-
search should further examine the relationship of the salience
network in psychosis risk. Furthermore, researchers have var-
ied in whether they measured resting-state connectivity with
eyes closed or open. We are not aware of any study that has
examined the effect of these methodological differences on
FPN connectivity. Thus, future research should examine the
impact of eyes open versus closed on FPN connectivity.

Overall, in the present study we found novel evidence of
decreased resting-state functional connectivity between the
striatum and the cortical default mode network in psychosis
risk. This adds to other research implicating the dorsal caudate
as a region where decreased connectivity to cortical regions is
associated with psychosis (e.g., Horga et al., 2016). The pres-
ent findings also appear to be generally consistent with the
aberrant-salience view of psychosis (Kapur, 2003), and with
evidence of self-relevance processing disturbances in psycho-
sis risk and psychotic disorders (Nelson et al., 2009).
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