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There is growing evidence suggesting that abnormalities in
cortical-basal ganglia circuitry may play a significant role
in determining outcomes in schizophrenia. The globus pal-
lidus (GP), a critical structure within this circuitry, unique
in its role as a mediator of competing inputs through the
striatum, has not been well characterized in schizophrenia.
The following study examined functional interactions of
the GP in individuals with first-episode schizophrenia
(FES). To probe the large-scale intrinsic connectivity of the
GP, resting-state fMRI scans were obtained from patients
with FES and sex and age-matched healthy controls.
Participants with FES were also evaluated after 6 months
via the Strauss—Carpenter Outcomes Scale to assess overall
functional trajectory. The GP was parcellated to generate
seeds within its substructures, and connectivity maps were
generated. Our FES cohort showed significantly lower
functional connectivity between the left GP interna and
a network of regions including the dorsolateral prefrontal
cortex, caudate, and cerebellum at baseline. In addition,
FES participants with lower overall scores of functioning
at 6 months showed significantly decreased connectivity
between the GP interna and the dorsal anterior cingulate
and bilateral insula, all regions important for motivational
salience. These results provide novel evidence for unique
abnormalities in functional interactions of the GP with key
prefrontal cortical regions in FES. Our findings also sug-
gest that reduced prefrontal-pallidal connectivity may serve
as a predictor of early functional outcome.
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Introduction

Functional outcomes of schizophrenia are heterogeneous,
with illness trajectories ranging from recovery status in a
small percentage of individuals to persistent and severe

functional disability.'* Poor illness outcome, which ac-
counts for much of the morbidity associated with the
disorder,>® cannot be predicted early in a patient’s illness
due to a lack of reliable prognostic markers and a limited
understanding of the neurobiology underlying disease
progression. Furthermore, treatment strategies for func-
tional deficits in schizophrenia are limited and represent
a critical unmet need in psychiatry.

Recent work has adopted functional neuroimaging
approaches to examine the neural circuitry underlying
clinical outcomes in schizophrenia. Much of this work
centers around abnormalities of the basal ganglia and
its connections with the cortex.”'* Changes in functional
circuitry linking the striatum and midbrain to cortical
regions important for executive cognition are associ-
ated with the efficacy of antipsychotic drugs.!>!7 Striatal
deficits are also associated with dysfunctional reward
processing and motivation in schizophrenia,'® which con-
tribute to negative symptoms of the disorder that un-
derlie poor functional outcomes."”? However, this line of
inquiry has not yet made a significant impact in under-
standing the variability in functional outcomes.

Although more recent work focuses on motivation
within the context of broader cortico-striatal-pallido-
thalamo-cortical (CSPTC) circuits,??* less work has fo-
cused on the globus pallidus (GP), a critical component
of this pathway and the main output nucleus of the basal
ganglia. Here, we focused on the GP in part due to its
distinct role within the basal ganglia in generating action
from competing striatal inputs. Cortical pathways extend
through the striatum and into the internal (GP1) segments
of the GP via excitatory direct, or inhibitory indirect
connections through the external segments (GPe).>* 2
The GPi plays a crucial role in aggregating information
from both pathways and serves as the primary output of
the basal ganglia to the thalamus, giving it control over
motoric and cognitive functions, as well as dopaminergic
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signaling via the subthalamic nucleus.”® Aberrant GP
functioning in lesion studies, independent of the stri-
atum, is linked to deficits in motivational salience and
goal-directed behavior, which are core components of
the negative and cognitive symptoms of schizophrenia
associated with functional deficits of the disorder.?’*
Supporting these findings, work in an animal model
demonstrates that excessive D2 receptor activity, a hall-
mark finding in schizophrenia, causes alterations in an-
atomical connections between the striatum and the GP.*!
In addition, the GP is an important interventional target
in neuropsychiatric illnesses. Deep brain stimulation of
pallidal substructures may hold potential as a therapeutic
strategy for individuals with schizophrenia who display
severe functional deficits.*

Overall, the role of the GP, and to what degree it is
damaged in schizophrenia, remains largely unknown.
Abnormalities in GP functioning potentially contribute
to the impairments underlying poor functional outcomes
in schizophrenia, though its substructures and their con-
nectivity have not been examined. In this study, we used
a prospective and longitudinal approach to examine the
functional interactions of the GPina cohort of individuals
with first-episode schizophrenia (FES) with limited ex-
posure to antipsychotic treatment. We parcellated the
GP and examined whether baseline differences exist
in its connectivity in FES relative to matched healthy
controls (HC), and whether abnormal connections pre-
dict poor 6-month outcomes. We hypothesized that (1)
individuals with FES would show abnormal functional
connectivity of the GP, echoing CSPTC circuitry, and (2)
that individuals with poorer longitudinal outcomes will
demonstrate lower connectivity between the GP and re-
gions important for motivation and cognition. To test for
specificity of GP-related impairments, we also examined
whether our GP-related findings correlated with striatal
connectivity.

Methods

Participants

A total of 67 participants were included in this study.
Patients (N = 43) were recruited from clinical services
at the University of Pittsburgh Medical Center. Patients
were between the ages of 16 and 28 and experiencing
first-episode psychosis with a diagnosis of schizophrenia
(n=27), schizoaffective disorder (n = 7), schizophreniform
disorder (n = 2), or psychotic disorder not otherwise
specified (n = 7). Diagnoses were determined using the
Structured Clinical Interview for DSM-IV, completed by
trained clinicians and supplemented by information from
family members. A consensus conference review was used
to finalize the diagnosis using all available data and review
by senior diagnosticians including 2 authors (D.K.S. and
G.L.H.). Patients were excluded if psychosis was deter-
mined to be substance induced. Patients were minimally

treated with antipsychotic drugs (<2 months). At the
time of the scan, 27 patients were receiving treatment
via a second-generation antipsychotic drug, including
risperidone (n = 18), olanzapine (n = 4), aripiprazole
(n = 3), quetiapine (# = 1), and ziprasidone (n = 1).
Sixteen patients were not taking antipsychotic drugs at
time of scan. Fourteen patients were antipsychotic naive,
and 1 patient was not naive and not currently taking anti-
psychotic medication. Patients were assessed at baseline,
while entering treatment for their first episode of psy-
chosis and were re-evaluated 6 months later to establish
global functioning.

Our HC group (N = 24) included participants between
the ages of 12 and 35 that were recruited from the greater
Pittsburgh area and had no history of a major psychiatric
disorder in themselves or their first-degree family members.
Participants were excluded if they were diagnosed with
a medical illness that affects the functioning of the cen-
tral nervous system, scored lower than 75 on the Weschler
Abbreviated Scale of Intelligence (WASI),* or experienced
contraindications to magnetic resonance imaging (MRI)
scanning. Written informed consent was obtained from all
participants, and all study procedures were approved by
the University of Pittsburgh Institutional Review Board.

Clinical Ratings

Patients were assessed with a range of tools including a
demographic evaluation and the Brief Psychiatric Rating
Scale (BPRS).** Outcome status was measured using the
Strauss—Carpenter Outcome Scale (SCOS)* at a 6-month
follow-up appointment to assess global function. Nine FES
participants did not complete follow-up assessments and
were not included in our analysis of functional outcomes.

MRI Acquisition

MRI scanning was completed at baseline using a Siemens
3.0 Tesla TIM Trio scanner and 32-channel coil at the
University of Pittsburgh Medical Center Magnetic
Resonance Research Center. Participants completed a
5-minute resting-state scan during which they were asked
to keep their eyes open and look at a fixation cross at
the center of the screen. The resting-state scan was
completed as part of a larger, 60-minute scan sequence.*
Details of our scan sequences are provided in supplemen-
tary methods.

MRI Preprocessing

Preprocessing was completed in AFNI (https://afni.
nimh/nih.gov/) and FSL (http://www.fmrib.ox.ac.uk)
using an established resting-state pipeline designed to
minimize motion effects as described in Hallquist et al.*’
Preprocessing steps included simultaneous 4D slice timing
and motion correction with NIPy (http:/nipy.org/), skull
stripping, coregistration and warping to standard MNI
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space, field map unwarping with FSL FUGUE to correct
for spatial distortion, spatial smoothing using a 5 mm
full width at half maximum Gaussian kernel, high pass
filtering at 100 volumes, and grand mean intensity nor-
malization (10 000/global median).

Head motion during functional MRI (fMRI) scans
influences both long-range and short-range functional
connectivity measures.®** To denoise our data and ac-
count for motion, including movement-related “spikes,”
we used wavelet despiking.* In this approach, a data-
driven method is used to identify movement-related
artifacts and remove them without the loss of data that
is typical of data “scrubbing.” An overview of this ap-
proach is described in supplementary methods. Following
wavelet despiking, signal nuisance regression with motion,
motion derivatives, cerebrospinal fluid, and white matter
was performed, as well as bandpass filtering between
0.01875 and 0.08 Hz. To confirm that our results were not
influenced by head motion, post hoc analyses were used to
determine whether our functional connectivity results were
related to measurements of framewise displacement (FD).

Functional Parcellation of the GP

To explore differences in functional connectivity of the
GP between HC and FES groups, we first parcellated
the GP to identify functionally distinct seed regions of
interest (ROIs) within its substructures. Parcellation
of the GP was conducted in our HC cohort (figure 1).
First, all 4 pallidal substructures (bilateral GPi and GPe
segments) were hand drawn, based on anatomical loca-
tion in the MNI template provided with FSL that was
used for coregistration of our functional images. Then,
to examine the intrinsic organization of fMRI signal
within the GP, we used FSL MELODIC to perform an
independent components analysis in each hemisphere,
anatomically masked by hand-drawn GP segments.
Each independent component analysis was restricted to
5 components to target peak regions for GP seeds and
avoid redundancy. Results showed one independent com-
ponent localized in each pallidal substructure in both
left and right hemispheres (figure 1). Peak coordinates
of these components were then used to generate spher-
ical seed ROIs with a radius of 2 mm (left GPi: x = =17,
y=-3,z=—4;right GPi: x = 15, y = —1, z = =2; left GPe:
x=-15y=4,z=—4;right GPe: x=17,i =4,z =1).
The mean time courses were then extracted from all 4 GP
seed ROIs, and corresponding whole-brain functional
connectivity maps were generated for all HC and FES
participants with the extracted waveforms as a reference.
The resulting connectivity maps were z-transformed.

To cross-validate that our GP ROIs functionally
correlated with brain regions outside of the GP within
distinct functional networks, group-level functional
connectivity analyses were conducted in our HC co-
hort. One-sample ¢-tests were performed with functional
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connectivity maps for each GP ROI. Results were visually
inspected and are displayed at a liberal threshold of P <
.005, uncorrected (supplementary figure 1). Binary masks
were created at this threshold to constrain subsequent
between-group analyses (described in Between-Group
Analyses). Differences in connectivity between GP ROIs
in our HC group were also assessed and are reported in
supplementary results and supplementary table 1.

Between-Group Analyses

Whole-brain connectivity differences between individuals
with FES and HC were examined for each of the 4 GP ROIs
using 3dttest++ in AFNI with cluster correction using the
ClustSim option (compile date: April 4, 2018). Next, to as-
sess the relationship between functional connectivity and
outcome, participants in the patient group with follow-up
SCOS data were split into high- and low-functioning
groups based on the median split of the distribution
of global functioning scores at 6 months. Connectivity
differences were examined using analysis of variance
(ANOVA) with each of the 3 groups entered as regressors
into 3dMVM in AFNI. All between-group analyses were
limited to a spatial extent defined by binary masks of each
seed ROI’s corresponding functional network in our HC
group, as described above (supplementary figure 1). For all
analyses, significance was defined voxel-wise as P < .00 and
with cluster correction at P < .05. Cluster correction was
performed by using 3dClustSim in AFNI after the amount
of smoothing present was estimated using a spatial au-
tocorrelation function. The resulting values were entered
into 3dClustSim along with 10 000 iterations, revealing a
corrected cluster threshold of 128 contiguous voxels.

In post hoc analyses, average connectivity values from
each participant’s resting-state scan were extracted from
each significant cluster’s peak coordinates and correlated
with FD, age, sex, 1Q, handedness, antipsychotic medica-
tion usage, and functioning at baseline and follow-up as
measured by the SCOS.

Other supplemental analyses were performed to further
probe our GP connectivity findings. We assessed whether
our connectivity findings were specific to the GP versus
the striatum. In a supplemental analysis, significant func-
tional connections related to outcome were examined in
relation to striatal ROIs (see supplementary material for
methods in detail). In addition, we performed volumetric
analyses to evaluate whether group differences were
observed in pallidal volume, and whether pallidal volume
related our connectivity findings (see supplementary ma-
terial for methods in detail).

Results

Participant Demographics

Demographics of our participants and clinical character-
istics of our FES cohort are displayed in table 1. The HC
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Fig. 1. Outline of our globus pallidus (GP) parcellation method. Independent component analysis was performed on hand-drawn
regions of interest in bilateral GPi and GPe. Peak coordinates from one component in each structure were used to perform seed-based
whole-brain functional connectivity analyses and confirm successful parcellation. For color, see the figure online.

and FES cohorts were matched for age, sex, and 1Q. Of
the 29 individuals with FES taking antipsychotic medica-
tion, the mean dose in chlorpromazine equivalents at time
of scanning was 130.77 mg. Patients were entering treat-
ment around the time of scanning and received treatment
per routine clinical services. Patients were re-evaluated at
6 months for follow-up diagnostic evaluation and for an
assessment of global functioning via the SCOS.

Group Differences in Functional Connectivity of the GP

To examine the functional connectivity of the GP, we first
parcellated its structures to determine seed regions within
the GPi and GPe segments within each hemisphere in our
HC group (figure 1). Then, to address our first hypothesis
that our FES group will have lower overall connectivity,

whole-brain connectivity maps of GP were examined be-
tween our FES and HC participants. Results indicated that
patients demonstrated significantly lower functional con-
nectivity between the left GPi and the contralateral dor-
solateral prefrontal cortex, caudate, inferior frontal gyrus,
caudate, and cerebellar lobules V and VI (P < .05, corrected;
figure 2, supplementary table 2). In post hoc analyses, these
findings were not associated with antipsychotic exposure
or clinical measures at baseline (P > .05). No significant
differences in connectivity between patients and controls
were observed for seeds in left GPe, right GPe, or right GPi.

GP Functional Connectivity and Functional Outcomes

The second part of our analysis considered scores
of global functioning 6 months following scanning.
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Table 1. Participant Demographics and Clinical Information

FES (N =43) HC (N =24)
Characteristic Mean SD N  Mean SD N thy? P value
Age (y) 22.92 5.04 22.29 2.86 t=0.66 .51
Sex =132 25
Males 31 14
Females 12 10
1Q 106.4 13.76 105.9 9.28 t=0.15 .88
Number of antipsychotic naive 15
BPRS (total) 46.56 8.44 NA
BPRS (psychotic symptoms) 13.28 3.53 NA
BPRS (negative symptoms) 7.16 2.49 NA
Strauss—Carpenter follow-up total score 12.3 2.53 NA
Mean antipsychotic dosage (chlorpromazine equivalent in mg) 83.72  103.08 NA

Note: BPRS, Brief Psychiatric Rating Scale; FES, first-episode schizophrenia; HC, healthy control; NA, not available.

Cerebellum Right caudate

z=-15

Functional Connectivity

[FEs

Right inferior frontal
gyrus/ dorsolateral
prefrontal cortex

Right middle frontal
gyrus

06

HC

Fig. 2. Group differences in functional connectivity of the globus pallidus (GP). Whole-brain maps show significant between-group
differences in connectivity between left GPi and the right cerebellum, right middle frontal gyrus, right caudate, and right dorsolateral
prefrontal cortex (P < .05, corrected). Boxplots show each participant’s average connectivity value around peak coordinates.

For color, see the figure online.

Patients were divided into low- and high-functioning
groups based on our assessment of functional outcome
with the SCOS. We performed a 3-group ANOVA with
baseline GP maps between HC participants and low-
and high-functioning FES individuals. Results revealed
significant group differences in connectivity between
the left GPi and the anterior cingulate, left and right in-
sula, left and right parietal lobule, middle frontal gyrus,
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right thalamus, and left caudate (figure 3; supplementary
table 3), regions of the salience network. Significantly
lower connectivity was also seen between the right GPi
and the anterior cingulate, right inferior frontal gyrus,
and left putamen (P < .05, corrected; figure 3; supple-
mentary table 3). Post hoc analyses showed that con-
nectivity differences between controls and patients with
lower overall functioning scores at 6 months were driven
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Fig. 3. Globus pallidus (GP) and longitudinal functional outcomes. Whole-brain maps show significant between-group differences in
connectivity between (a) left GPi and bilateral cingulate gyri, left inferior parietal lobule, and left insula, and (b) right GPi and bilateral
cingulate gyri and right inferior frontal gyrus (P < .05, corrected). Plots display average functional connectivity around each cluster’s
peak coordinate in lower-functioning (Low) and high-functioning (High) first-episode schizophrenia and healthy control participants.

For color, see the figure online.

by the observed group differences for right GPi-cingulate
and all left GPi connectivity results. No significant
differences in connectivity between the high-functioning
group and the low-functioning group were observed for
these regions, except the high-functioning group did
show significantly higher connectivity between the right
GPi and right inferior frontal gyrus when compared
with the low-functioning group. No significant connec-
tivity differences for any seed were observed between
patients in the upper follow-up functioning score group
and controls. To ensure that our results were not related
to motion artifact, findings were compared with meas-
ures of FD in post hoc analyses. Results were not sig-
nificant. Supplemental analyses also supported that our
findings are not related to pallidal volume or functional

connectivity of the striatum (see supplementary material
for further detail).

Discussion

The GP is a crucial component of the basal ganglia that
may play an important role in the functional deficits
observed in schizophrenia. In this study, we parcellated
the GP and examined its intrinsic connectivity in rela-
tion to functional outcomes in a cohort of minimally
treated individuals with FES. Substructures of the GP
revealed distinct whole-brain functional interactions.
Individuals with FES demonstrated lower functional
connectivity between GPi and brain regions critical
for executive functioning. Those with poorer overall
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functioning at 6-month follow-up showed lower connec-
tivity between the GPi and key regions of the salience
network important for motivational drive, inhibitory
control, and goal-oriented behavior. These connections
were specific to the GPi, and not the striatum, based on
post hoc confirmatory analyses. This study is the first
to concentrate on functional connectivity of the GP in
FES in relation to measures of outcome. These findings
reveal unique pallidal impairments in individuals with
FES, while contribute to our understanding of CSPTC
circuits in schizophrenia, and the neurobiology of ill-
ness trajectories.

Our parcellation of the GP in HC participants, the
first to our knowledge, uncovered functional seed regions
in bilateral GPi and GPe segments. We cross-validated
our GP ROIs with whole-brain connectivity maps that
demonstrated a topography inclusive of regions in the stri-
atum, thalamus, and cortex.”*?® Of note, functional con-
nectivity between GP and the cortex emerges while there
are no direct connections between these structures, further
indicating that our findings tap into larger CSPTC circuitry.
Connectivity of the right GPi was subsumed by the ipsilat-
eral GPe, which may reflect activity of the indirect pathway
via functional connections of the cortex through the thal-
amus. Interestingly, we did not observe this pattern in the
left hemisphere, which may be related to intrinsic laterality
of the GP* We also did not see differences in functional
connectivity between the left and right GPi. This nega-
tive finding may reflect the similar bottlenecking of diffuse
inputs flowing through these structures. Differences in GP
connectivity probably exist in the topographic routes of
neuronal input flowing into the GPi, via indirect or direct
pathways, rather than the net amount of input converging
onto either the left or right GPi. Supporting this idea, all of
our functional connectivity differences between GP ROIs in
our HC group involve the GPe, reflecting a greater amount
of variance in how much information flows through the
indirect pathway (via the GPe), rather than in how much
converges onto the GPi. Though our GP parcellation,
overall, reveals unique connectivity patterns, future work
with larger cohorts is needed to replicate our findings and
relate them to the precise wiring of the basal ganglia.>?**

Relative to the HC group, our FES cohort showed lower
functional connectivity between the GP and corticostriatal
structures important for goal-directed behavior, including
the dorsolateral prefrontal cortex, inferior frontal gyrus,
and the caudate.” These findings are consistent with re-
cent cross-sectional work in schizophrenia that describe
overall dysconnectivity between intrinsic canonical atten-
tional networks and basal ganglia structures, including the
GP.* Task-based imaging has linked cortico-basal ganglia
pathways to working memory and inhibitory control.*#
Findings of abnormal cortico-pallidal connectivity at rest
may echo results from studies in schizophrenia patients
that directly activate executive networks.* Deficits have
been observed in GP and prefrontal cortical activation
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during attentional control across an antipsychotic treat-
ment course.*” Evidence from animal studies and lesion
studies support the link between GP functioning and goal-
oriented cognition.** Of note, our results did not show
significant group effects on connectivity between the GPi
and ipsilateral striatal structures. Considering that GPi is
dependent on descending striatal signals, our observation
of contralateral results may reflect unique disease-related
abnormalities of the GPi.

In addition to cross-sectional differences in connectivity,
we were interested in the relationship between GP con-
nectivity and clinical outcome. Individuals with FES were
divided into high- and low-functioning groups based on
SCOS score at 6-month follow-up. Baseline whole-brain
connectivity maps revealed prominent differences between
low-functioning FES and HC participants in bilateral GPi
connectivity to key nodes within the salience network,
including the anterior cingulate and insula. The salience
network is involved in regulating environmental expecta-
tions and has been shown to be dysfunctional in schizo-
phrenia.®=? Our results show reduced connectivity between
GPi and anterior cingulate in low-functioning patients
and support prior work that demonstrated reduced GP
and salience network connectivity in schizophrenia.?>#-%
These results show a notable resemblance to findings in
patients with akinetic mutism. These patients exhibit poor
functioning and phenotypic elements similar to the nega-
tive symptoms observed in schizophrenia.* More broadly,
the connectivity-related findings with the salience network
may represent a transdiagnostic biomarker that globally
captures impaired functioning, irrespective of DSM-based
diagnosis.** Lower connectivity between the GP and sali-
ence network may be the result of an imbalance between
the inhibitory indirect pathway and the excitatory direct
pathways of the basal ganglia, such that the direct pathway
is less active and less able to incite goal-directed behavior.”
Our observed relationship between low-functioning
patients and reduced GPi and salience network connec-
tivity was not significantly associated with symptom se-
verity at baseline, suggesting that this relationship is
independent of acute psychosis. Furthermore, impacted
striatal nodes did not show abnormal connections to stri-
atal seeds in FES patients when compared with controls,
supporting unique pallidal dysfunction in FES. Although
more work is needed to characterize the link between the
GP and the salience network, the present findings suggest
that it may be crucial for motivation and goal-oriented be-
havior. Future work will also be necessary to characterize
GP connectivity across development in the context of cog-
nitive functions such as inhibitory control.>>%

Limitations of our study include our circumscribed clin-
ical follow-up that focused on global functioning and did
not include a second scan. Though our results were not
associated with antipsychotic exposure at baseline, future
work focused on antipsychotic response will be impor-
tant to examine GP connectivity in relation to treatment.
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Future work with larger data sets and transdiagnostic
approaches will be important for establishing whether the
functional deficits and lower GP circuitry we observe is
specific to schizophrenia. The present study offers a pre-
liminary glimpse into the role of the GP in schizophrenia,
and further work is necessary to characterize its place
alongside other structures that make up the basal ganglia.

In summary, this study demonstrates the presence of
abnormal functional interactions of the GP in FES and
evidence of their association with longitudinal deficits
observed relatively early in the course of the disorder. These
results shed light on the neurobiological underpinnings
of heterogeneous clinical trajectories observed in schizo-
phrenia by anchoring them to network-based differences
in connectivity within cortico-basal ganglia circuitry.
Reduced connectivity between the GPi and large-scale
cognitive networks in lower-functioning FES individuals
suggests that GP connectivity has unique implications for
functional and clinical outcomes that may affect the mor-
bidity associated with this illness.”® Future work is neces-
sary to determine whether these findings may serve as a
target for novel therapeutic interventions or may be used
as an indicator of long-term prognosis.

Supplementary Material

Supplementary data are available at Schizophrenia
Bulletin online.
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