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Cortico-thalamic hypo- and hyperconnectivity extend
consistently to basal ganglia in schizophrenia
Mihai Avram1,2, Felix Brandl1,2, Josef Bäuml1,2 and Christian Sorg1,2,3

Schizophrenia is characterized by hypoconnectivity or decreased intrinsic functional connectivity (iFC) between prefrontal-limbic
cortices and thalamic nuclei, as well as hyperconnectivity or increased iFC between primary-sensorimotor cortices and thalamic
nuclei. However, cortico-thalamic iFC overlaps with larger, structurally defined cortico-striato-pallido-thalamo-cortical (CSPTC)
circuits. If such an overlap is relevant for intrinsic hypo-/hyperconnectivity, it suggests (i) that patterns of cortico-subcortical hypo-/
hyperconnectivity extend consistently from thalamus to basal ganglia nuclei; and (ii) such consistent hypo-/hyperconnectivity
might link distinctively but consonant with different symptom dimensions, namely cognitive and psychotic impairments. To test
this hypothesis, 57 patients with schizophrenia and 61 healthy controls were assessed by resting-state functional magnetic
resonance imaging (fMRI) and clinical–behavioral testing. IFC from intrinsic cortical networks into thalamus, striatum, and pallidum
was estimated by partial correlations between fMRI time courses. In patients, the salience network covering prefrontal-limbic
cortices was hypoconnected with the mediodorsal thalamus and ventral parts of striatum and pallidum; these iFC-hypoconnectivity
patterns were correlated both among each other and specifically with patients’ impaired cognition. In contrast, the auditory-
sensorimotor network covering primary-sensorimotor cortices was hyperconnected with the anterior ventral nucleus of the
thalamus and dorsal parts of striatum and pallidum; these iFC-hyperconnectivity patterns were likewise correlated among each
other and specifically with patients’ psychotic symptoms. The results demonstrate that prefrontal-limbic hypoconnectivity and
primary-sensorimotor hyperconnectivity extend consistently across subcortical nuclei and specifically across distinct symptom
dimensions. Data support the model of consistent cortico-subcortical hypo-/hyperconnectivity within CSPTC circuits in
schizophrenia.
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INTRODUCTION
Distinct intrinsic hypo- and hyperconnectivity from prefrontal-
limbic and primary-sensorimotor cortices with thalamic nuclei is a
characteristic feature of schizophrenia [1, 2]. Intrinsic functional
connectivity (iFC), i.e., coherence of ongoing infra-slow fluctua-
tions of brain activity, which is typically measured by correlated
resting-state functional magnetic resonance imaging (rs-fMRI)
signal time courses, is reduced between prefrontal-limbic cortices
and the mediodorsal thalamus, but increased between primary-
sensorimotor cortices and ventral thalamic nuclei [3–8]. This
hypo-/hyperconnectivity pattern appears consistently across
distinct patient groups, from ultra-high-risk to first-episode and
chronic schizophrenia [9, 10], as well as unaffected siblings [11],
suggesting cortico-thalamic hypo-/hyperconnectivity as an inher-
ent feature of schizophrenia.
Cortico-thalamic intrinsic connectivity overlaps with larger

cortico-striato-pallido-thalamo-cortical (CSPTC) circuits, represent-
ing structural connections between the cortex, basal ganglia, and
thalamus. CSPTC circuits are organized as a series of parallel-
projecting, largely segregated circuits that start in the cortex and
project via the striatum, pallidum, and thalamus back to the original
cortical projecting area [12]. Projections are topographically

organized along circuit regions, and sub-circuits underpin prefer-
entially distinct behavioral functions depending on the cortical
origin [13, 14]. Cortical projections of distinct functional territories
(e.g., roughly limbic-emotional, associative-cognitive, primary-sen-
sorimotor) project in an almost exclusive manner to distinct
functional territories of the subcortical circuit components [15, 16].
The overlap of distinct cortico-thalamic iFC and segregated closed-
loop connectivity patterns of CSPTC circuits indicates that cortico-
thalamic iFC is shaped by, and embedded in, CSPTC circuits [17].
Critically, due to the topographical inclusion of striatum and
pallidum in CSPTC circuits, such embedding of cortico-thalamic iFC
suggests for schizophrenia that intrinsic hypo-/hyperconnectivity of
distinct cortical regions with thalamic nuclei might be accompanied
by both consonant hypo-/hyperconnectivity with basal ganglia
nuclei and behavioral/cognitive impairments of the same type.
The current study tested this hypothesis, with different intrinsic

brain networks as representatives of distinct cortical regions.
Intrinsic brain networks (IBNs) are spatiotemporal patterns of
coherent slowly fluctuating ongoing activity, which organize brain
activity at large-scale level [18]. In more detail, the human cortex
can be parcellated into a set of consistent IBNs [19, 20], which
overlap with task-related functional networks indicating the
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functional relevance of IBNs [21, 22]. Critically, and in concordance
with topographically organized cortico-thalamic and cortico-basal
ganglia connections, these networks link—via iFC—distinctively
with thalamic nuclei [23–25], but also with the basal ganglia
[26, 27]. Therefore, (i) distinct dysconnectivity of a given IBN with
thalamic nuclei in schizophrenia might be consistently accom-
panied by the same type of distinct dysconnectivity with basal
ganglia nuclei, and (ii) due to overlap of IBNs with task domain-
relevant functional networks, functional impairments linked with
cortico-thalamic dysconnectivity might extend to cortico-basal
ganglia dysconnectivity.

METHODS
Overview
We used rs-fMRI and psychometric assessment data from a public
database of patients with schizophrenia and healthy controls.
Spatial group independent component analysis (ICA) and dual
regression were performed on rs-fMRI data to identify individual,
spatially independent components reflecting IBNs. Group-ICA was
used to enable data-driven detection of IBNs at group level
without any spatial a priori hypothesis; group-ICA was comple-
mented by dual regression in order to detect individual IBNs; this
step was used to account for known IBN changes in patients with
schizophrenia [28, 29]. As IBNs of interest, we selected networks
covering prefrontal-limbic and primary-sensorimotor cortices.
Subsequently, partial correlations between all IBN time courses
and time series of each thalamic voxel were calculated to identify
specific iFC between IBNs of interest and thalamic nuclei. This step
was repeated for striatum and pallidum. Resulting iFC maps were
compared across groups to identify aberrant cortico-subcortical
iFC in patients and whether this dysconnectivity was conserved
along CSPTC circuits. Finally, we tested for correlations between
significantly altered iFC in patients and cognitive impairment and
positive symptoms, respectively.

Participants and clinical–behavioral scores
Imaging and clinical–behavioral data of patients with schizophre-
nia and healthy controls were derived from an open-source
database from the Center for Biomedical Research Excellence
(COBRE), (http://fcon_1000.projects.nitrc.org/indi/retro/cobre.html)
(for details see Table 1 and Supplementary Methods). Clinical

diagnosis and behavioral assessment were based on the Structured
Clinical Interview used for Diagnostic and Statistical Manual (DSM)
and other psychometric tests, of which the Controlled Oral
Word Association Test (COWAT, letters F, A, and S (FAS)) and
Positive and Negative Syndrome Scale (PANSS) were further used
in the analysis. COWAT(FAS) assesses cognitive impairment (verbal
fluency and working memory) [30, 31], while PANSS quantifies the
severity of positive, negative, and general symptoms in schizo-
phrenia in distinct subscales [32].
From the original data set comprising 74 healthy participants

and 72 patients with schizophrenia, we included 72 healthy
controls and 71 patients in the analysis: two healthy controls
(40074 and 40118) were excluded due to a history of psycholo-
gical problems and one patient (40075) due to missing volumes in
the rs-fMRI data (volumes 67–150).

Imaging parameters
See http://fcon_1000.projects.nitrc.org/indi/retro/cobre.html and
Supplementary Methods for imaging parameters.

Data preprocessing
To characterize cortico-subcortical iFC, our data analysis followed
the approach of Toulmin et al. [23], who performed single-subject
space-based partial correlation analyses on cortical-subcortical iFC.
For detailed description of data analysis procedures, see Supple-
mentary Methods. In brief, preprocessing was conducted in FSL
(version 5.0.9), Melodic (3.14) [33], and included realignment,
coregistration to structural T1, extraction of non-brain tissue,
normalization, and smoothing. Regarding head motion, we
excluded 14 patients and 11 healthy controls who exhibited
excessive head motion (defined as cumulative translation or
rotation above 3mm or 3° or mean point-to-point translation or
rotation above 0.15mm or 0.1°). Subsequently, to further control
for head motion effects across groups, we calculated the mean
relative head displacement, representing the root mean squared
volume-to-volume displacement for all brain voxels, calculated for
the preceding volume, and tested for significant differences
between the two groups [34, 35]. No differences were found
regarding mean relative head motion (p > 0.5) in the final sample
comprising 57 patients and 61 healthy controls (Table 1). To
exclude residual influences of head motion at iFC level, each
subject’s 6 motion parameters were regressed out as covariates of
no interest in subject-level partial correlation analyses (see below).
Furthermore, the mean relative head motion for each subject was
added as covariate of no interest in all group comparisons.

Group-ICA of rs-fMRI data, selection of intrinsic brain networks,
and construction of subject-specific networks by dual regression
To identify IBNs, particularly those covering prefrontal-limbic and
primary-sensorimotor cortices, data were decomposed by group-
ICA (for details see Supplementary Methods). Automatic selection
of independent components reflecting IBNs was conducted by
multiple spatial cross-correlations using T-map templates pro-
vided by Yeo et al. [20], who estimated cortical organization via
iFC clustering of 1000 healthy controls and found a robust
parcellation of 7 IBNs. For each network, the component with the
largest cross-correlation coefficient was chosen (Table S1, Fig-
ure S1). We identified components highly similar to the networks
identified by Yeo et al. [20], including ventral attention, default
mode (DMN), fronto-parietal (FPN), dorsal attention (DAN), limbic
(LIM), visual (VIS), and auditory-sensorimotor networks (A-SM).
Since the ventral attention network is often called salience
network (SAL), particularly in schizophrenia literature, we followed
this convention to facilitate comparisons of our results.
Following network selection, we conducted a winner-takes-all

analysis of IBNs with respect to cortical voxels in order to avoid
overlap between networks [23]. Subsequently, using these distinct
IBN maps, we performed dual regression analysis to identify

Table 1. Participant demographics

Patients with
schizophrenia
(Mean; s.d.)

Healthy
controls
(Mean; s.d.)

P

N 57 61

Age [years] 36.59 (11.72) 36.44 (13.61) 0.95

Females (%) 26.1 29.89 0.15

Age of onset [years] 21.16 (7.17) – –

Illness duration [years] 15.19 (12.18) – –

Chlorpromazine
equivalents

349.17 (317.69) – –

IQ (WAIS) 87.89 (13.99) 102.90 (14.637) <0.05

COWAT (FAS) 38.92 (7.71) 41.12 (6.69) <0.05

PANSS (Positive) 14.52 (4.63) – –

Age, IQ, and verbal fluency scores were compared with two-sample t-tests;
gender via chi-squared test
N number of participants, s.d. standard deviation, WAIS Wechsler Adult
Intelligence Scale, COWAT(FAS) Controlled Oral Word Association Test,
letters F, A, S, PANSS Positive and Negative Syndrome Scale
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individual networks for each subject (for details see Supplementary
Methods). Briefly, dual regression is a multivariate approach that
allows the estimation of an individual version of the group-level
spatial maps of ICA. Dual regression works in two stages. First, for
each subject, the group-average ICA-generated set of spatial maps
is regressed in a multiple regression onto the subject’s 4D space-
time data set. This stage results in a set of subject-specific time
courses, one per group-level spatial map. Second, those time
courses are regressed in a second multiple regression, onto the
same 4D data set, resulting in subject-specific spatial maps, one
per group-level spatial map.

Network-specific subcortical iFC maps via partial correlation
analysis and definition of network of interests
A voxel-wise partial correlation approach was employed in order
to calculate subject-level iFC between the time series of each IBN
and each voxel in thalamus, striatum, and pallidum, respectively
(for more details see ref. [23] and Supplementary Methods). We
performed these analyses in each subject’s native space,
assuming a more optimal detection of cortico-subcortical iFC for
each subject [23, 36]. However, independent evidence for
better detection of subcortical iFC via analyses in subjects’ native
space is not available at the moment. For each correlation
between subcortical voxels and a specific IBN, the time series of all
other IBNs were regressed out, together with time series of
white matter, cerebrospinal fluid, and head motion parameters
[37]. The partial correlation approach yielded one correlation (r)
map per IBN and subcortical region for each subject,
which was converted to z-values using Fisher’s r-to-z transforma-
tion and back-transformed into MNI space to enable group
comparisons [38].
To specify our networks of interest, we relied on previous

findings. First, based on reported prefrontal-limbic hypoconnectiv-
ity with the thalamus in schizophrenia, one network of interest
should cover mainly prefrontal-limbic cortices; based on previously
reported sensorimotor hyperconnectivity, the other network
should cover mainly sensorimotor cortices [3–7]. Second, Tu et al.
[5] demonstrated specific hypoconnectivity with the thalamus only
for SAL and hyperconnectivity only for A-SM in schizophrenia.
Therefore, we chose SAL and A-SM as our networks of interest for
distinct hypo-/hyperconnectivity in schizophrenia.

Group comparisons
To test for within- and between-group effects, one- and two-
sample t-tests for thalamic, striatal, and pallidal z-maps concerning
SAL and A-SM were computed at significance threshold p < 0.05
(false discovery rate (FDR) corrected), controlled for age and
gender.

Analysis of the relationship between cortico-thalamic and cortico-
basal ganglia iFC
In patients, Pearson’s correlation analyses were performed to
study the relation between averaged iFC scores of aberrant
clusters in thalamus, striatum, and pallidum which presented
significant hypo-/hyperconnectivity with the respective IBN. We
generated masks from group difference clusters, binarized them,
and extracted the averaged z-value from all voxels in a given
cluster for each subject. This resulted in one average iFC z-value
for each subject and cluster, with which correlations between
cortico-thalamic and cortico-basal ganglia iFC were calculated. To
evaluate specificity, we performed the same analysis on the same
clusters also in healthy controls.
We additionally made an explorative analysis of a potential

relationship between cortico-subcortical dysconnectivity and
negative symptoms as measured by PANSS negative scale
(for results, see Supplementary results, 2. Analysis of the
relationship between cortico-subcortical iFC and negative
symptoms).

Analysis of the relationship between cortico-subcortical iFC and
symptom dimensions
In order to investigate the behavioral significance of dysconnec-
tivity, we analyzed whether aberrant cortico-subcortical iFC was
associated with symptom dimensions in patients. We used
COWAT(FAS) as proxy for cognitive impairment and PANSS
positive sub-scale for psychotic symptoms. For each cluster, the
average iFC z-value was associated with COWAT(FAS) and PANSS
positive scores by partial correlation analysis, with age, gender, IQ,
and chlorpromazine equivalents (CPZ) (for the patient group only,
Table 1) as covariates of no interest.

RESULTS
IBNs include prefrontal-limbic salience and auditory-sensorimotor
networks
Group-ICA yielded seven independent components similar to the
IBNs reported by Yeo et al. [20], namely SAL, DMN, FPN, DAN, LIM,
VIS, and A-SM (Figure S1). Spatial correlation scores between
components and network templates ranged from 0.33 to 0.53
(Table S1). For each component and subject, individual IBN maps
were generated via dual regression. These individual IBN maps
were used to define IBN-subcortical iFC for thalamus, striatum, and
pallidum with SAL and A-SM, which were the basis for the
following analyses regarding cortico-subcortical dysconnectivity.

Distinct hypo-/hyperconnectivity of salience and auditory-
sensorimotor network with the thalamus
The first goal of this study was to replicate previous findings of
distinct cortico-thalamic hypo-/hyperconnectivity for IBNs cover-
ing prefrontal-limbic and primary-sensorimotor cortices, respec-
tively [5, 9, 10]. As expected, we found hypoconnectivity between
prefrontal-limbic SAL and thalamus as opposed to hyperconnec-
tivity between primary A-SM and thalamus (Fig. 1, Table S2). In
more detail, for patients, the peak of hypoconnectivity between
SAL and thalamus was located in the mediodorsal nucleus (x= 14,
y=−16, z= 8), while the peak of hyperconnectivity between A-
SM and thalamus was located in the ventral anterior nucleus (x=
10, y=−6, z= 4).
To control whether SAL hypoconnectivity was specific, we

tested remaining IBNs for hypoconnectivity with the thalamus in
schizophrenia. We did not find further hypoconnectivity for any
IBN (Figure S4), indicating specificity of SAL hypoconnectivity with
the thalamus.

Distinct patterns of hypo-/hyperconnectivity of salience and
auditory-sensorimotor network with thalamus extend consistently
to striatum and pallidum
To investigate whether cortico-thalamic hypo-/hyperconnectivity
of SAL and A-SM extends consistently to the basal ganglia, we
repeated the partial correlation iFC analysis for striatum and
pallidum (Fig. 1, Table S2). Remarkably, the directions of cortico-
basal ganglia dysconnectivity were consistent with cortico-
thalamic dysconnectivity. Both SAL-striatum and SAL-pallidum
iFC were reduced in patients, peaking in right ventral putamen (x
= 20, y= 16, z=−10) and right ventral pallidum (x= 20, y=−12,
z=−6), respectively, while A-SM-striatum and A-SM-pallidum iFC
were increased, with peaks in right dorsal caudate (x= 16, y=
−14, z= 22) and right dorsal pallidum (x= 18, y=−6, z= 4),
respectively. This finding suggests that schizophrenia is character-
ized by hypoconnectivity between SAL and mediodorsal thalamus,
ventral putamen, and ventral pallidum, as opposed to hypercon-
nectivity between A-SM and ventral anterior thalamus, dorsal
caudate, and dorsal pallidum.
Next, we tested whether cortico-subcortical dysconnectivity is

confounded by antipsychotic medication. Therefore, we com-
puted Pearson's correlations between CPZ and subcortical
connectivity of SAL and A-SM, respectively, for each subcortical
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region in patients. No significant correlation was found for any
cortico-subcortical connectivity (p > 0.05), suggesting that cortico-
subcortical dysconnectivity of patients is independent from
medication.
Subsequently, we tested whether cortico-thalamic and cortico-

basal ganglia dysconnectivity were related in patients (Fig. 2).
Cortico-thalamic and cortico-basal ganglia hypoconnectivity of
SAL were highly and significantly correlated across patients
(cortico-thalamic with cortico-striatal iFC: r= 0.66, p < 0.001;
cortico-thalamic with cortico-pallidal iFC: r= 0.61, p < 0.001). The
same was found for A-SM hyperconnectivity (cortico-thalamic with
cortico-striatal iFC: r= 0.58, p < 0.001; cortico-thalamic with
cortico-pallidal iFC: r= 0.30, p= 0.01). Moreover, similar results
were found for healthy controls for SAL (cortico-thalamic with
cortico-striatal iFC: r= 0.60, p < 0.001; cortico-thalamic with
cortico-pallidal iFC: r= 0.61, p < 0.001) and A-SM connectivity
(cortico-thalamic with cortico-striatal iFC: r= 0.65, p < 0.001;
cortico-thalamic with cortico-pallidal iFC: r= 0.68, p < 0.001)
(Figure S2). This consistency of correlated cortico-thalamic and
cortico-basal ganglia iFC across networks and groups suggests
that distinct cortico-thalamic and cortico-basal ganglia connectiv-
ity patterns are part of distinct CSPTC circuits.
To control whether aberrant IBN-subcortical region iFC was

confounded by aberrant global IBN connectivity, we performed a
control analysis accounting for IBN global connectivity. We
calculated an index of global connectivity for each IBN and
participant, based on IBN inter-network connectivity. In more
detail, for each of the 7 IBNs we correlated the time courses from
one IBN to all other IBNs, generating 21 correlation coefficients,
per participant, which were then averaged, resulting in one
connectivity index per IBN and subject. Subsequently, we

computed partial correlations in which we correlated SAL-
thalamic with SAL-striatal and SAL-pallidal iFC, while controlling
for the IBN global connectivity index. We repeated the procedure
for A-SM. We found that for each IBN, cortico-subcortical iFC
remains highly correlated across distinct subcortical structures, i.e.,
cortico-thalamic and cortico-basal ganglia hypoconnectivity of
SAL were highly and significantly correlated across patients
(cortico-thalamic with cortico-striatal iFC: r= 0.65, p < 0.001;
cortico-thalamic with cortico-pallidal iFC: r= 0.65, p < 0.001). The
same was found for A-SM hyperconnectivity (cortico-thalamic with
cortico-striatal iFC: r= 0.65, p < 0.001; cortico-thalamic with
cortico-pallidal iFC: r= 0.59, p < 0.001). Therefore, IBN global
connectivity does not seem to account for the correlations
between cortico-thalamic with cortico-basal ganglia iFC for neither
SAL nor A-SM.

Consistent association between hypo-/hyperconnectivity and
symptom dimensions across subcortical nuclei
Behavioral relevance of cortico-subcortical dysconnectivity was
investigated with a multivariate model incorporating all factors. In
more detail, we computed a multivariate analysis of variance, with
COWAS and PANSS+ as dependent variables, and included all
other factors (i.e., cortico-subcortical iFC and nuisance variables) as
covariates in the model. We found the multivariate model to be
significant for both COWAT (F(10, 42)= 4.80, p < 0.001) and PANSS
+ (F(10, 42)= 2.35, p= 0.02). Further, we found a significant
association between A-SM-pallidum iFC and PANSS+ (F(1, 42)=
12.15, p= 0.001) as well as for SAL-thalamic iFC and COWAT(FAS)
(F(1, 42)= 3.55, p= 0.04). Since for each IBN, iFC with distinct
subcortical regions are highly correlated among each other (Fig. 2),
we tested whether shared variance in IBN-subcortical iFC across

Fig. 1 Cortico-subcortical dysconnectivity for SAL and A-SM in schizophrenia. Top Hypo-/hyperconnectivity between SAL and A-SM and
thalamus. Middle Hypo-/hyperconnectivity between SAL and A-SM and striatum. Bottom Hypo-/hyperconnectivity between SAL and A-SM
and pallidum. Left (all panels): iFC between corresponding IBN and subcortical structure for patients and controls, respectively (voxel-wise
one-sample t-tests, p < 0.05, FWE-corrected). Right (all panels): between-group differences for iFC between corresponding IBN and subcortical
structure (voxel-wise two-sample t-tests, p < 0.05, FDR-corrected). The color bar indicates t-values, with brighter colors representing higher t-
values. HC healthy controls, SZP patients with schizophrenia, SAL salience network, A-SM auditory/sensorimotor network
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striatum, pallidum, and thalamus explains various symptom
dimensions distinctively for SAL and A-SM. We performed a
principal component analysis on cortico-subcortical hypoconnec-
tivity (SAL-thalamic, SAL-striatal, and SAL-pallidal iFC) and put the
extracted Eigenvalues of ‘shared’ dysconnectivity into partial
correlation analyses for COWAS and PNASS+ with age, gender, IQ,
and medication as nuisance variables. We found a significant
positive association between hypoconnectivity Eigenvalues and
COWAT(FAS) (r= 0.43, p= 0.002) as well as a positive association
between A-SM Eigenvalues and PANSS+ scores (r= 0.47, p <
0.001). This result indicates that SAL-subcortical hypoconnectivity
and A-SM-subcortical hyperconnectivity links distinctively with
cognitive impairment and psychotic symptoms. To present the
link between single IBN-subcortical region iFC and symptom
dimensions for given IBN and subcortical region, we repeated the
just described partial correlation analysis for this IBN-subcortical
region iFC (Fig. 3, Table S3). First, we tested for associations
between cortico-subcortical hypoconnectivity in patients and
cognitive impairments and psychotic symptoms, respectively.
We found a significant positive correlation between COWAT(FAS)
scores and SAL-thalamic hypoconnectivity (r= 0.36, p= 0.006)
and, correspondingly, both SAL-striatal (r= 0.36, p= 0.006) and
SAL-pallidal (r= 0.26, p= 0.03) hypoconnectivity (Fig. 2). No signi-
ficant correlation was found for SAL-subcortical hypoconnectivity
and psychotic symptoms for thalamus (r= 0.03, p= 0.81), striatum
(r=−0.09, p= 0.51), or pallidum (r=−0.05, p= 0.71), suggesting
a specific link between SAL-subcortical hypoconnectivity and

cognitive impairment. Furthermore, no significant associations
between SAL-subcortical iFC and COWAT(FAS) scores were found
for healthy controls—analyzed separately, suggesting specificity
for patients and dysconnectivity (Figure S3). Additionally, we
tested whether the association between SAL-subcortical hypo-
connectivity and cognitive scores extended to other cognitive
measures beyond COWAT(FAS). We found such associations for
two additional cognitive measures, namely Matrics working
memory scale and Wechsler memory scale III, indicating that
SAL-subcortical hypoconnectivity is relevant for impaired cogni-
tion independent of the applied cognitive measure (for further
details see Supplementary results).
Second, we tested for associations between cortico-subcortical

hyperconnectivity in patients and cognitive impairment and
psychotic symptoms, respectively. Significant positive correlations
were found between PANSS positive scale and A-SM-thalamus
hyperconnectivity (r= 0.26, p= 0.03) and, correspondingly, both
A-SM-striatum (r= 0.25, p= 0.04) and A-SM-pallidum (r= 0.54,
p < 0.001) hyperconnectivity (Table S3, Fig. 3). No associations
were found between A-SM-subcortical hyperconnectivity and
cognitive impairment for striatum (r=−0.22, p= 0.11) or pallidum
(r=−0.20, p= 0.15), and only a trend for thalamus (r=−0.25,
p= 0.06). No significant associations between A-SM-subcortical
iFC and COWAT(FAS) scores were found for healthy controls
(Figure S3). These results suggest a specific link between
A-SM-subcortical hyperconnectivity and psychotic symptoms
in patients.

Fig. 2 Correlations of cortico-thalamic and cortico-basal ganglia iFC in patients. A Pearson’s correlations of SAL-thalamic iFC with SAL-striatal
(left) and SAL-pallidal iFC (right). B A-SM-thalamic correlations with A-SM-striatal (left) and A-SM-pallidal iFC (right). iFC intrinsic functional
connectivity, SAL salience network, A-SM auditory/sensorimotor network, r Pearson's correlation coefficient
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DISCUSSION
Using rs-fMRI and clinical–behavioral assessments, we tested
whether in schizophrenia, prefrontal-limbic hypoconnectivity and
primary-sensorimotor hyperconnectivity with thalamic nuclei
extend consistently to basal ganglia nuclei and symptom dimen-
sions. First, we found consistent and inter-correlated hypoconnec-
tivity between prefrontal-limbic salience network and thalamus,
striatum, and pallidum, respectively, as well as consistent and
inter-correlated hyperconnectivity between auditory-sensorimotor
network and the same subcortical structures. Second, SAL cortico-

subcortical hypoconnectivity was specifically linked with cognitive
impairment but not psychotic symptoms, while A-SM cortico-
subcortical hyperconnectivity was associated with psychotic
symptoms but not cognitive impairment. These results relate—to
our knowledge for the first time—previous findings of distinct
cortico-thalamic dysconnectivity in schizophrenia in a consistent
way with distinct cortico-basal ganglia dysconnectivity and specific
behavioral impairments. In summary, data support a model of
consistent cortico-subcortical hypo- and hyperconnectivity within
CSPTC circuits in schizophrenia.

Fig. 3 Cortico-subcortical dysconnectivity is distinctively associated with symptom dimensions in schizophrenia. A Pearson’s correlations
between iFC of SAL-hypoconnectivity clusters (thalamus, striatum, pallidum) and COWAT(FAS) (top) and PANSS positive scale (bottom).
B Pearson's correlations between iFC of A-SM-hyperconnectivity clusters (thalamus, striatum, pallidum) and COWAT(FAS) (top) and PANSS
positive scale (bottom). iFC intrinsic functional connectivity, SAL salience network, A-SM auditory/sensorimotor network
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Cortico-thalamic hypo-/hyperconnectivity extends consistently to
basal ganglia and symptom dimensions
We found that cortico-thalamic and cortico-basal ganglia hypo-/
hyperconnectivity of the same intrinsic brain network were
consistent across subcortical nuclei in schizophrenia (Figs. 1 and
2). Prefrontal-limbic hypoconnectivity of SAL with the dorsomedial
thalamus extends consistently to cortico-striatal and cortico-
pallido hypoconnectivity in the ventral putamen and ventral
pallidum, respectively, in patients (Fig. 1), while primary-
sensorimotor hyperconnectivity of A-SM with the ventral thalamus
extends consistently to cortico-striatal and cortico-pallido hypo-
connectivity in the dorsal caudate and dorsal pallidum (Fig. 1).
Furthermore, both distinct cortical hypoconnectivities and hyper-
connectivities were correlated among each other for different
subcortical nuclei across patients, supporting the notion of
consistent cortico-subcortical hypo-/hyperconnectivity in schizo-
phrenia (Fig. 2). Single dysconnectivities such as prefrontal-limbic
hypoconnectivity with the dorsomedial thalamus replicate (for
thalamus and striatum) or extend (for the pallidum) previous
findings and are discussed in detail in the supplement (Supple-
ment Discussion).
Furthermore, we found that distinct cortico-subcortical hypo-/

hyperconnectivity was consistently linked with different symptom
dimensions (Fig. 3, Table S3). SAL hypoconnectivity with thalamus,
striatum, and pallidum was specifically associated with cognitive
impairment in terms of reduced verbal fluency, but not psychotic
symptoms measured by the PANSS+ scale, while A-SM hyper-
connectivity with subcortical nuclei was specifically associated
with psychotic symptoms, but not with cognitive impairment. SAL
has a central role in the detection of behaviorally relevant stimuli
and flexible control of goal-directed behavior [39], being relevant
for cognitive control and working memory in general, and verbal
fluency in particular [40–42]. Consistent with our findings, several
studies have linked aberrant SAL-iFC with thalamus and basal
ganglia to verbal fluency and working memory impairments in
schizophrenia [43–45]. Similarly, Giraldo-Chica et al. [46] found a
specific association between reduced prefrontal-thalamic struc-
tural connectivity and working memory in patients with schizo-
phrenia. In contrast, previous findings about the link between
sensorimotor cortices and associated subcortical connectivity with
psychotic symptoms are mixed (for review see Giraldo-Chica and
Woodward [1]). For instance, Anticevic et al. [3] reported an
association between sensorimotor cortico-thalamic hyperconnec-
tivity and general psychopathology, Cheng et al. [47] with
negative symptoms, and other groups found no association with
clinical assessments [5, 8, 10]. Concerning striatum, hyperconnec-
tivity with auditory cortices has been linked to auditory
hallucinations, a key positive symptom in schizophrenia [48].
Intrinsic brain networks such as SAL and A-SM parcellate the
cortex into ensembles of coherent ongoing brain activity [20, 49],
with this parcellation extending to basal ganglia and thalamus via
cortico-subcortical iFC [23, 26]. Furthermore, the IBN-based
parcellation overlaps with task domain-based parcellations of
functional networks [21, 50]; for example, as mentioned above,
SAL is consistently involved in cognitive control. Our finding of
consistent IBN-subcortical dysconnectivity and symptom dimen-
sion corresponds with this task domain-relevant parcellation of
functional network based cortico-subcortical connectivity.

Cortico-subcortical hypo-/hyperconnectivity is embedded within
CSPTC circuits
Consistent cortico-subcortical hypo-/hyperconnectivity suggests
that consonant cortico-striatal/pallidal/thalamic dysconnectivity of
schizophrenia reflects consistent dysconnectivity within larger
closed feedback CSPTC circuits, which are defined by structural
connectivity [13, 14]. (i) We found that network-specific subcortical
iFC of distinct subcortical nuclei is correlated among them not
only in patients (Fig. 2) but also in healthy controls (Figure S2). This

indicates the strong link between cortico-striatal, cortico-pallidal,
and cortico-thalamic iFC for a given cortical region or network,
and supports the notion that such cortico-subcortical iFC is
embedded in CSPTC circuits. (ii) We found that peaks of iFC
changes in patients between SAL and basal ganglia and thalamus
matched a specific CSPTC circuit, namely the limbic/emotional
circuit (for more details see below), with peaks in ventral putamen,
ventral pallidum, and dorsomedial thalamus. Likewise, peaks of
iFC changes between A-SM and basal ganglia and thalamus
matched another specific CSPTC circuit, namely the sensorimotor
circuit (see below), with peaks in dorsal caudate, dorsal pallidum,
and ventral thalamus (Fig. 1). This correspondence between
cortico-subcortical iFC changes and distinct CSPTC circuits
suggests that consistent cortico-subcortical dysconnectivity
reflects distinct impairments in different CSPTC circuits. (iii) CSPTC
circuits have characteristic topographic and functional organiza-
tion, which corresponds with distinct IBN-based cortico-subcor-
tical dysconnectivity in schizophrenia. In more detail, the output of
a given cortical sub-region of a CSPTC circuit, mainly from layer 5
pyramidal cells, to striatum, pallidum, and thalamus is topogra-
phically organized. Topographic CSPTC circuits’ projections
segregate into functional circuits, largely defined by the function-
ality of the originating cortical region [51]. For instance, a typical
limbic/emotional circuit originates in the anterior cingulate cortex
(ACC) and projects to ventral striatum, followed by ventral
pallidum, mediodorsal nucleus in the thalamus, and finally back
to ACC, while central cortices of sensorimotor function project
more caudally to dorsal striatum and mainly putamen, followed by
dorsal pallidum, ‘sensorimotor’ nuclei of the thalamus such as
anterior ventral nuclei, and finally back to cortical ‘sensorimotor’
areas [14, 52]. Our findings of IBN-based normal and aberrant
cortico-striatal/pallidal/thalamic iFC in controls and patients
corresponds with this topographic and functional organization
of CSPTC circuits, suggesting that iFC-based (dys)connectivity
patterns reflect CSPTC circuits. In line with these results, a recent
study assessed cortico-thalamic connectivity by parcellating the
human thalamus and linking these parcels with functional and
structural connectivity to the cortex [53]. Despite the different
approach, Kumar et al. [53] also found iFC between prefrontal
association areas corresponding to parts of SAL and thalamic
mediodorsal nuclei, as well as somatosensory areas and the
ventral anterior nuclei of the thalamus.

Possible neural mechanisms underlying consistent cortico-
subcortical dysconnectivity in schizophrenia
Dysconnectivity of specific cortical networks across several
subcortical nuclei might reflect distinct pathophysiological
changes along distinct parts of CSPTC circuits, namely cortical
and subcortical regions. (i) Concerning cortical pathophysiology,
recent studies show and propose several cortical cellular
mechanisms that might be changed in schizophrenia, resulting
in imbalanced excitatory and inhibitory activity of infragranular
output [54–56]. For example, multiple pre- and postsynaptic
abnormalities in GABAergic parvalbumin-containing interneurons,
which weaken inhibitory control of layer 2/3 neurons on cortical
output layers 5, have been associated with schizophrenia [56–58].
Based on assumed cortical NMDA-receptor hypofunction, a recent
study demonstrated a specific link between cortical microcircuitry
pathophysiology and large-scale iFC systems [59]. More specifi-
cally, in a microcircuit model-based approach, Yang et al. [59]
showed that selective iFC dysconnectivity within associative and
primary-sensorimotor networks was linked to cortical imbalances
of excitatory and inhibitory activity. However, interpreting our
results in terms of cortical pathophysiology is complicated by
several factors, including the complexity of CSPTC circuitry
and resting-state fMRI signal. First, CSPTC circuitry is difficult
to disentangle due to both projection type (i.e., unidirectional—
such as cortico-striatal—and bidirectional projections—cortico-
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thalamic/thalamo-cortical), and additional direct cortico-thalamic
connections, which has been shown to influence CSPTC circuitry
[60]. Second, it is difficult to link cellular cortical pathology to
resting-state fMRI, which is limited by both spatial resolution and
lack of directionality.
(ii) Subcortical nuclei disturbances might also contribute or

generate impaired cortico-subcortical iFC. Concerning thalamus as
a potential source of dysconnectivity for instance, recent evidence
suggests that thalamic neurons exhibit infra-slow fluctuations
between 0.01 and 0.1 Hz, which are in the same range as intrinsic
fluctuations measured by rs-fMRI, and may as such contribute to
cortico-thalamic iFC [61]. Based on such evidence, the thalamus,
and in particular the mediodorsal nucleus, is thought to gate
cortico-cortical iFC [62–64]. Therefore, disturbances of these
functions in schizophrenia, particularly in the mediodorsal
nucleus, could contribute to altered cortico-thalamic iFC. This
idea is also supported by post-mortem studies showing that
thalamic inputs to the cortex are reduced in schizophrenia,
suggesting that at least some iFC aberrations could be related to
thalamic pathology [65]. Concerning the striatum as a potential
source of cortico-subcortical dysconnectivity, altered striatal
dopamine levels could play an important role: striatal dopamine
levels are consistently elevated in patients with schizophrenia [66]
and enhanced dopamine has been suggested to increase fronto-
striatal iFC [67]. Therefore, striatal dopamine dysfunction could
contribute to cortico-striatal dysconnectivity in schizophrenia.

STRENGTHS AND LIMITATIONS
The current study has some strengths and limitations. First, to
analyze cortico-subcortical iFC, we used IBNs as cortical sources of
iFC. Next, to analyze cortico-subcortical iFC, we used ICA-based
IBNs as cortical seeds of iFC. Several points have to be made
explicit regarding this ICA-based-IBN approach. (i) In contrast to
regions or lobes as cortical seeds of iFC, IBN seeds reflect a
‘natural’ parcellation of the cortex based on the coherence of
ongoing cortical slowly fluctuating activity, with such parcellation
being on the one hand highly robust across individuals (including
patients) and states [20], on the other hand being detectable in a
data-driven way without previous a priori assumptions [20].
Furthermore, IBNs represent a reasonable trade-off for the size
of cortical sources: using anatomically (thus hypothesis-free)
defined whole lobes as iFC sources would bear the risk that
cortical representative time courses are mixed and unspecific,
while using smaller regions as sources might be more specific but
requires a priori assumptions for region definition [29]. However,
group-ICA-based IBN detection might also induce some con-
founds on aberrant cortico-subcortical connectivity. IBN parcella-
tion assumes relatively homogenous blood oxygen level
dependent (BOLD) fluctuations within IBNs across patients and
controls; however, patients with schizophrenia show aberrant
segregation and integration within and across IBNs [29], suggest-
ing aberrant homogeneity of BOLD fluctuations within cortical
seed IBNs. Such BOLD non-homogeneity might confound aberrant
IBN subcortical connectivity. To account for such individual
variability of IBNs, we complemented group-ICA-based parcella-
tion with a dual regression approach, which provides more
‘individual’ versions of IBN time courses and spatial outlines.
Nevertheless, one should be aware that observed IBN dysconnec-
tivity to subcortical regions might include aberrant IBN homo-
geneity. (ii) IBN parcellation is reflected by corresponding
organization in subcortical nuclei such as striatum [26] and
thalamus [23] via cortico-subcortical iFC; however, one has to be
aware that this assumption of IBN-compatible subcortical organi-
zation has not been shown for the pallidum yet, nor for the
thalamus, based on the IBNs defined by Yeo et al. [20]. Therefore,
one should have in mind that definitive evidence for IBN-based
pallidum organization is missing. Second, we defined our main

outcome measures (i.e., IBNs for the seed-based analysis) in each
subject’s native space following the approach of refs. [23, 37].
Although such approaches might lead to a more reliable definition
of regions of interest (ROIs, particularly subcortical ROIs) in each
individual’s anatomy than the canonical approach (i.e., in MNI
space), likely resulting in improved detection of individual iFC, this
has not been shown explicitly for resting-state fMRI. At the
moment, only indirect evidence for the superiority of our
approach is available, based on task-fMRI [36]. Third, regarding
data sample, the patient group included patients with varying
severity of psychotic symptoms and number of psychotic
episodes, and therefore it is unclear whether the observed
dysconnectivity is related to the disorder’s status (chronic,
acute, remission) or represents a permanent feature of schizo-
phrenia [9, 11]. Fourth, despite controlling for medication via
chlorpromazine equivalents, we cannot exclude medication effect
confounders. It is well known that antipsychotics influence iFC,
and therefore our results should be interpreted carefully [68, 69].
Future studies may address this issue by investigating cortico-
subcortical iFC in unmedicated patients. Finally, the duration of
the rs-fMRI acquisition is relatively short. Although several rs-fMRI
studies have shown that a scan time in the range of 5–7min
results in the acquisition of stable IBNs [70–72], a longer duration
beyond 13min can increase the reliability of iFC [73].

CONCLUSION
Both prefrontal-limbic hypoconnectivity and primary-
sensorimotor hyperconnectivity in schizophrenia extend consis-
tently across thalamus, striatum, and pallidum, and link specifically
with impaired cognition and psychotic symptoms, respectively.
These results suggest that cortico-thalamic and cortico-basal
ganglia dysconnectivity are integrated in a consistent way—i.e.,
for direction of change, subcortical nuclei, and associated
symptom dimension—in larger cortico-striato-pallido-thalamo-
cortical circuits.
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