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Resting-state brain function in schizophrenia
and psychotic bipolar probands and their
first-degree relatives
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Background. Schizophrenia (SCZ) and psychotic bipolar disorder (PBD) share considerable overlap in clinical features,
genetic risk factors and co-occurrence among relatives. The common and unique functional cerebral deficits in these
disorders, and in unaffected relatives, remain to be identified.

Method. A total of 59 healthy controls, 37 SCZ and 57 PBD probands and their unaffected first-degree relatives
(38 and 28, respectively) were studied using resting-state functional magnetic resonance imaging (rfMRI). Regional
cerebral function was evaluated by measuring the amplitude of low-frequency fluctuations (ALFF). Areas with ALFF
alterations were used as seeds in whole-brain functional connectivity analysis. We then tested whether abnormalities
identified in probands were present in unaffected relatives.

Results. SCZ and PBD probands both demonstrated regional hypoactivity in the orbital frontal cortex and cingulate
gyrus, as well as abnormal connectivity within striatal-thalamo-cortical networks. SCZ probands showed greater
and more widely distributed ALFF alterations including the thalamus and bilateral parahippocampal gyri. Increased
parahippocampal ALFF was related to positive symptoms and cognitive deficit. PBD patients showed uniquely
increased functional connectivity between the thalamus and bilateral insula. Only PBD relatives showed abnormal
connectivity within striatal-thalamo-cortical networks seen in both proband groups.

Conclusions. The present findings reveal a common pattern of deficits in frontostriatal circuitry across SCZ and
PBD, and unique regional and functional connectivity abnormalities that distinguish them. The abnormal network
connectivity in PBD relatives that was present in both proband groups may reflect genetic susceptibility associated
with risk for psychosis, but within-family associations of this measure were not high.
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Introduction bipolar disorder; PBD), have been reported in clinical
features (Lichtenstein et al. 2009), brain structure
(Ellison-Wright & Bullmore, 2010), brain function
(Chai et al. 2011) and genetic risk factors (Lichtenstein
et al. 2009). Furthermore, there are significant rates
of both disorders in relatives of probands with either
disorder (Lichtenstein et al. 2009; Ivleva et al. 2010).
Clarifying the common and distinct neural substrates

Schizophrenia (SCZ) and bipolar disorder (BD) are
severe and debilitating psychiatric disorders. Numer-
ous overlaps between these disorders, especially for
bipolar patients with a history of psychosis (psychotic
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(Whalley et al. 2004; Houenou et al. 2012) and anterior
cingulate cortex (Yucel et al. 2007, Wessa & Linke,
2009). However, illness-specific deficits have been
reported as well, especially hypoactivity of the
thalamus in SCZ (Andreasen et al. 1996). The few
studies directly comparing functional alterations in
PBD and SCZ (Meda et al. 2012; Filippi et al. 2013)
have yielded inconsistent results. For example, using
language tasks, patients with PBD have shown higher
(McIntosh et al. 2008) and lower (Costafreda et al. 2011)
activation in the dorsal prefrontal cortex.

Besides regional functional deficits, neural network
deficits have also been studied in PBD and SCZ.
Using ‘resting-state’ functional magnetic resonance
imaging (rfMRI), a non-invasive method that can be
used to evaluate regional brain function as well as
functional connectivity (FC) within brain networks
(Lui et al. 20094), Meda et al. (2012) found shared
abnormal connectivity in fronto/occipital and anterior
default mode/prefrontal circuitry in both patient
groups, as well as distinct network alterations in
each disorder. Ongur et al. (2010) also reported both
shared and distinct abnormalities in the default mode
network (DMN). Liu et al. (2014) reported a dorsal
versus ventral prefrontal cortex differentiation in amyg-
dala/prefrontal neural system abnormalities between
SCZ and BD. Khadka et al. (2013), applying inde-
pendent component analysis on the dataset used by
Meda et al. (2012), reported fronto/occipital, frontal/
thalamic/basal ganglia and sensorimotor network ab-
normalities shared by both probands and relatives.
Chai et al. (2011) found distinct FC patterns between
the medial prefrontal cortex and the insula/ventral
lateral prefrontal cortex that distinguished BD from
SCZ. These findings suggest similar and unique FC
alterations in SCZ and BD. However, none of these
studies explored the integrity of regional function of
the brain at rest, or whether regions with altered rest-
ing function have abnormal patterns of FC with other
brain areas.

The amplitude of low-frequency fluctuations (ALFF)
in the blood oxygenation level-dependent (BOLD) sig-
nal is one way to explore regional neural function, and
has been correlated with local field potential activity
(Logothetis et al. 2001). Other research correlating the
ALFF with reaction time found that the degree of sig-
nal change in the BOLD fMRI signal is related to the
speed of visuomotor response time. Thus, the ALFF
appears to be a biologically significant parameter for
assessing regional brain function (Mohamed et al.
2004). Kiviniemi et al. (2000) reported the ALFF in
the visual cortex peaking at 0.034 Hz, suggesting that
activity in this range is related to regional spontaneous
neuronal activity. Such a conclusion was supported by
later studies of healthy individuals (Yang et al. 2007)
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and children with attention deficit/hyperactivity dis-
order (Zang et al. 2007).

The objective of the present study was to use rfMRI
to investigate both regional and network brain func-
tion during resting-state studies of SCZ and PBD pro-
bands and their first-degree relatives. Distinct from the
prior study by Meda et al. (2012), the present study
evaluated regional abnormalities of SCZ and PBD,
and the FC of identified regions with regional ALFF
abnormalities across the brain using a seed approach.
Relative to more exploratory approaches such as
graph-based network analysis and the fully inductive
connectivity modeling approach used by Meda et al.
(2012), our connectivity analysis used a hypothesis-
driven approach aimed at determining whether re-
gions with abnormal ALFF have altered FC with
other brain areas. Analyses proceeded in three steps.
First, we identified shared and distinctive regional
deficits in SCZ and PBD probands; second, we deter-
mined whether brain areas with regional dysfunction
had altered FC with other brain areas; and finally we
determined whether functional abnormalities seen in
probands were present in their first-degree relatives
and related to cognitive and symptom measures.

Method
Participants

The study was approved by the University of Illinois
at Chicago Institutional Review Board, and all partici-
pants provided written informed consent. The scans
were acquired as part of the Bipolar and Schizophrenia
Network for Intermediate Phenotypes (B-SNIP) Con-
sortium study. Subjects were interviewed with the
Structured Clinical Interview for DSM-IV (SCID) and
consensus diagnoses were made using all available
information. A full description of subject ascertainment
procedures and clinical characteristics of the sample
is available elsewhere (Tamminga et al. 2013). The fol-
lowing exclusion criteria applied to all groups: history
of significant neurological or systemic illness, positive
urine drug screen for common drugs of abuse on the
day of testing, diagnosis of substance abuse in the
prior 30 days or substance dependence in the prior
6 months, pregnancy, and head translation or rotation
movement during scanning >1.5mm. All relatives in-
cluded in this report were free of Axis I psychopath-
ology in order to study familial alterations unrelated
to illness manifestation, and were not taking psychoac-
tive medications. In total, 59 controls, 37 SCZ and
57 PBD probands, and 38 SCZ relatives and 28 PBD
relatives were included in the study (Table 1). All
patients were clinically stable for 1 month before test-
ing. All patients were receiving stable medication
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Table 1. Demographic and clinical characteristics of patients with SCZ and PBD, their first-degree relatives and healthy comparison subjects

Healthy
Patients with SCZ  Patients with PBD  Relatives of SCZ  Relatives of PBD  comparison
(n=37) (n=57) (n=38) (n=28) (n=59)
Female, 1 (%) 15 (40.5) 39 (68.4) 29 (76.3) 17 (60.7) 33 (55.9)
Handedness: right, 1 (%) 32 (86.5) 46 (80.7) 33 (86.8) 27 (96.4) 53 (89.8)
Age, years 36 (14) 34 (13) 36 (12) 37 (15) 38 (17)
Education, years 14 (3) 14 (3) 15 (2) 14 (2) 14 (3)

Illness duration, years

PANSS scores

14.81 (11.99)

Total 71.2 (15.50) 58.75 (13.67)
Negative 18.31 (6.53) 13.35 (3.98)
Positive 18.2 (4.77) 13.51 (4.52)
General 34.69 (7.39) 31.89 (8.39)
Montgomery—Asberg 11.11 (8.75) 11.33 (9.26)
Depression Rating Scale
total score
Young Mania Rating 6.17 (4.73) 5.58 (5.73)
Scale total score
Global assessment function ~ 45.69 (8.24) 56.44 (13.67)

16.89 (12.71)

Data are given as mean (standard deviation) unless otherwise indicated.
SCZ, Schizophrenia; PBD, psychotic bipolar disorder; PANSS, Positive and Negative Symptom Scale.

treatment for at least 1 month before testing. Of the
subjects, five SCZ and 16 PBD probands were not re-
ceiving antipsychotic medication; 38 PBD probands
were taking mood stabilizers or lithium. The mean
chlorpromazine equivalent daily dose of SCZ and
PBD probands was 483 (s.0.=386) and 236 (s.0.=249)
mg, respectively. Symptom severity and functioning
were quantified using the Positive and Negative Symp-
tom Scale (PANSS), the Young Mania Research Scale,
the Montgomery—Asberg Depression Rating Scale
and the Global Assessment of Functioning Scale
(GAF). Cognitive function was evaluated using the
Brief Assessment of Cognition in Schizophrenia
(BACS; Hill et al. 2013). Relatives were assessed for
DSM-IV-TR cluster A (psychosis spectrum) personality
disorders using the Structured Interview for Disorders
of Personality. Only three SCZ and five PBD relatives
met those diagnostic criteria, and they did not differ
significantly from other relatives on any MRI measure.

Data acquisition and preprocessing

Subjects underwent scanning using a GE Signa
EXCITE 3.0 Tesla MR imaging system and an eight-
channel phased array head coil (GE, USA). All the
imaging data were collected at the Chicago B-SNIP
site. Preprocessing and statistical analysis of functional
images were carried out using SPM8 (Wellcome
Department of Imaging Neuroscience, UK; http://
www.filion.ucl.ac.uk). Details of the MRI protocol

https://doi.org/10.1017/5003329171400110X Published online by Cambridge University Press

and data preprocessing are presented in the online
Supplementary material.

ALFF calculation

Measurement of the ALFF (0.01-0.08 Hz) of the BOLD
signal, which is considered to be physiologically mean-
ingful and related to regional spontaneous neural
activity (Cordes et al. 2001), was used to identify re-
gional cerebral function. The ALFF was calculated
using REST software (Resting-State fMRI Data
Analysis Toolkit V1.8; http://restfmri.net/forum/rest),
using methods similar to those in an earlier study
(Zang et al. 2007). After bandpass filtering (0.01-0.08
HZ) and linear-trend removal, the time series were
transformed to the frequency domain using fast
Fourier transformation (parameters: taper percentage
=0, fast Fourier transform length=shortest), and the
power spectrum obtained. Since the power of a given
frequency is proportional to the square of the am-
plitude, power was square root transformed and then
averaged across 0.01-0.08 Hz to yield a measure of
the ALFF from each voxel. The ALFF of each voxel
was then divided by the global mean ALFF value of
the individual to standardize data across subjects.

FC analysis

FC was examined using a seed voxel correlation ap-
proach (Friston, 1994; Horwitz et al. 1998) which


https://doi.org/10.1017/S003329171400110X

100 S. Lui et al.

utilized as six seeds areas where altered regional func-
tion (ALFF) was demonstrated in the proband groups:
four from the comparison between all the patients
(combined SCZ and PBD) and controls, and two ad-
ditional regions identified from the comparison of
SCZ probands and controls. This was done to focus
the analysis on determining the functional circuitry
implication of identified regional dysfunctions.

The entire volume of altered ALFF clusters with
altered regional function was averaged and used as a
seed for FC analysis between the region with altered
ALFF values and the remainder of the brain. The first
step in the analysis was to extract a reference time
series by obtaining the average of the time series of
voxels within each cluster-defined region of interest
defined by their showing a significant abnormality
of the ALFF. Correlations were then computed
between the time series of the seed reference and all
brain voxels outside the seed region after removing
voxels with high correlation with cerebrospinal fluid
or white matter, which are thought to be associated
with cardiac- or respiratory-induced variations, or
with low correlation with gray matter. Parameters
representing head motion were used as covariates.
Finally, correlation coefficients relating the time series
of the seed to each voxel outside the seed region
were transformed to Z values using the Fisher r-to-Z
transformation in order to improve normality before
averaging correlations across participants.

Statistical analysis

To identify differences and similarities across SCZ and
PBD in brain function, both regional measurements
(ALFF maps) and FC measurements (Z maps) were
analysed. Voxel-based comparison of ALFF maps
from patient and control groups was performed
using a one-way analysis of variance (ANOVA) and
pairwise ¢ tests in SPM8 (http://www.fil.ion.ecl.ac.uk/
spm). Connectivity of regions with identified abnor-
mality was examined as discussed above. Briefly, con-
nectivity was examined from six seed areas, then six
ANOVAs and eighteen pairwise t tests (three t tests
for pairwise group comparison for each seed) were
used to compare Z value maps among SCZ and PBD
probands and controls. Next, similar analyses were
performed to determine whether the SCZ and PBD
relative groups shared regional and connectivity ab-
normalities demonstrated by their respective proband
group (i.e. a one-way ANOVA and pairwise ¢ test to
compare the ALFF maps, six ANOVAs and 18 pairwise
t tests to compare Z value maps). In all image analyses,
a threshold of p=0.05 after AlphaSim correction
was used, an approach which utilizes Monte Carlo
simulations to correct for multiple comparisons. In
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our analyses, the probability of a false-positive detec-
tion for the study was set to p<0.05 using a minimum
cluster size of 10 contiguous voxels significant indi-
vidually at a threshold of p<0.001 (http://afninimh.
nih.gov/pub/dist/doc/manual/AlphaSim.pdf). The
AlphSim calculation was conducted using REST
software (http://restfmri.net/forum/index.php), which
integrated the true smoothness kernel estimated
based on the statistical map and mask file.

Correlations between mean ALFF values in regions
with identified abnormalities and clinical variables
(PANSS, GAF and BACS scores) were examined separ-
ately in the two patient groups. Correlation between
the probands and their relatives in mean ALFF values
of all voxels in regions with abnormal ALFF in pro-
band groups were computed separately in SCZ and
PBD groups to explore within-family consistency
(familiality) of effects.

Age, handedness, years of education and head
motion were not significantly different among the pro-
band and control groups. Sex ratios were significantly
different among SCZ, PBD and control groups, and
therefore sex was used as a covariate in the analyses
of probands and controls. There were no significant
differences in age, sex, handedness, years of education
or head motion among the SCZ relatives, PBD relatives
and controls (p>0.05, two-tailed).

All procedures contributing to this work comply
with the ethical standards of the relevant national
and institutional committees on human experimen-
tation and with the Helsinki Declaration of 1975, as
revised in 2008.

Results
Regional cerebral function

The ANOVA comparing patient groups and controls
showed significant differences of the ALFF in the
right thalamus, left precentral/postcentral gyrus, left
orbital frontal cortex and left anterior cingulate cortex
(Table 2 and Fig. 1). Relative to the control group,
the SCZ probands showed a significantly decreased
ALFF in the bilateral precentral/postcentral gyrus,
bilateral thalamus, left orbital frontal cortex, left cingu-
late gyrus (extending to the left paracentral lobule) and
an increased ALFF in the bilateral parahippocampal
gyri. PBD probands relative to controls showed a
decreased ALFF in the left orbital frontal cortex and
left anterior cingulate. Thus there were four areas of
altered ALFF detected in the patient compared with
control analysis (right thalamus, left pre/postcentral
gyrus, left orbitofrontal cortex, left anterior cingulate
cortex) and two additional parahippocampal gyri
findings in the SCZ group relative to controls. These
six areas were used as seeds in connectivity analyses.
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Table 2. The location of regions where ALFF values were altered in the whole-brain analysis

MNI: peak voxel Mean ALFF value (s.0.)

Cluster
Location x y z size p  Controls Bipolar Schizophrenia
ANOVA analyses of patient and control groups
Left precentral/postcentral gyrus# —42 -21 60 162 # 0.98 (0.29)  0.83 (0.21)  0.73 (0.17)
Right thalamus# 18 —-12 9 71 # 0.78(0.15) 0.74 (0.14)  0.65 (0.15)
Left orbital frontal cortex# —-18 36 15 20 # 0.60(0.14) 052(0.12) 0.19(0.12)
Left anterior cingulate cortex# —6 45 -3 12 # 123(0.34) 1.00(0.29) 1.10(0.25)
Control group>bipolar group
Left orbital frontal cortex/anterior —6 45 -3 98 #  1.08(0.24)  0.90 (0.20)
cingulate cortex
Control group>schizophrenia group
Left precentral/postcentral gyrus —42 =21 60 20 #  0.96 (0.25) 0.75 (0.17)
Right precentral/postcentral gyrus 39 12 42 30 #  0.81(0.26) 0.66 (0.11)
Right thalamus 18 -12 9 107 #  0.80(0.15) 0.67 (0.15)
Left thalamus -9 -15 —6 40 # 076 (0.14) 0.66 (0.14)
Left cingulated gyrus/paracentral lobule  —6 3 42 72 # 090 (0.19) 0.74 (0.12)
Left orbital frontal cortex —18 33 -15 35 #  0.60 (0.13) 0.49 (0.11)
Schizophrenia group>control group
Left parahippocampus# -18 0 =27 24 #  0.74 (0.28) 0.98 (0.42)
Right parahippocampus# 18 -8 =29 11 #  0.75(0.18) 0.94 (0.32)

ALFF, Amplitude of low-frequency fluctuations; MNI, Montreal Neurological Institute; s.p., standard deviation; ANOVA,

analysis of variance.
#p<0.001.

Direct comparison between the proband groups
showed a lower ALFF in SCZ than PBD in the bilateral
thalamus, left medial frontal gyrus and left lingual
gyrus. Details about localization of these findings are
presented in Table 2. Neither PBD relatives nor SCZ
relatives showed significant ALFF abnormalities rela-
tive to controls.

Exploratory correlational analyses were conducted
for heuristic purposes between ALFF values and clini-
cal measures conducted separately for each group with-
out correction for multiple comparison. In SCZ
patients, the ALFF in the right parahippocampal
gyrus was correlated with positive symptoms (r=
0.37, p=0.029) and poorer BACS total scores were cor-
related with ALFF values in the left parahippocampal
gyrus (r=—0.40, p=0.015) (see online Supplementary
Tables S1-S5). Thus, the increases in parahippocampal
ALFF values in the SCZ group were related to more
severe positive symptoms and greater cognitive im-
pairment. No associations with clinical measures
were seen in PBD. Dose of antipsychotic treatment,
and anticonvulsant use in PBD, were unrelated to
identified brain abnormalities. The mean within-family
intercorrelations of ALFF values were not significant in
any region with ALFF alterations in either proband
group, suggesting that regional resting-state abnor-
malities were not highly familial.
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Neural network function

Multiple regions had altered FC with the six seed areas
described above (Table 3 and Fig. 2). Relative to con-
trols, both SCZ and PBD proband groups had in-
creased FC: (1) between the left precentral/postcentral
gyri with the bilateral striatum; and (2) between the
bilateral precentral/postcentral gyri and the right thala-
mus. Disorder-specific alterations in connectivity were
also identified. In SCZ, increased FC was seen: (1) be-
tween the right thalamus and both the right lingual
gyrus and bilateral parahippocampus; (2) between
the left parahippocampus and both the right striatum
and bilateral medial superior frontal gyrus; and (3) be-
tween the left anterior cingulate cortex and the right
middle temporal gyrus. Decreased FC in SCZ was
observed: (1) between the right thalamus and the bilat-
eral middle frontal gyrus; and (2) between the left
anterior cingulate cortex and the right orbital frontal
cortex. In PBD, disorder-specific increased FC was
observed: (1) between the right thalamus and a large
contiguous volume of the cortex including the left
insula, left pre- and postcentral gyri and the right su-
perior frontal gyrus; (2) between the right thalamus
and bilateral cuneus; and (3) between the left anterior
cingulate cortex and left precuneus (all p<0.05 using
AlphaSim to correct for multiple comparisons).
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Fig. 1. Comparisons of the amplitude of low-frequency fluctuations (ALFF) among schizophrenia probands, psychotic bipolar
probands and normal controls (p<0.05, AlphaSim corrected). The blue areas indicate lower ALFF in the latter group; the red
areas indicate higher ALFF. The slice location is marked in the upper-left. The color bars on the right indicate the T values
from comparisons of the two groups. * Areas used as seed regions. THA, Thalamus; ORB, orbital frontal cortex; PreCG,
precentral gyrus; PoCG, postcentral gyrus; CG, cingulate cortex; PARC, paracentral lobe; PHG, parahippocampus; ACG,
anterior cingulate cortex; L, left; MFG, middle frontal gyrus; LING, lingual gyrus; R, right.

Decreased FC in PBD was identified between the right
parahippocampus and the right pre- and postcentral
gyri. Differences in FC between SCZ and PBD were
not significant.

In SCZ probands, those with decreased connectivity
between the thalamus and the right middle frontal
gyrus had lower GAF scores (r=0.39, p=0.018). In
PBD probands, the increased relationship between
the thalamus and a contiguous region including
the left precentral/postcentral gyrus/left insula/right
superior frontal gyrus was correlated with negative
symptom severity (r=0.27, p=0.044) and BACS scores
(r=0.40, p=0.002), the increased functional relation-
ship between the thalamus and bilateral cuneus was
correlated with BACS scores (r=0.40, p=0.002), and
increased FC between the left anterior cingulate and
left precuneus was correlated with negative symp-
toms (r=0.36, p=0.006) (see online Supplementary
Tables S1-S5).
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FC was examined in the relative groups using the
areas with regional deficits identified in the analysis
of probands as seeds. Similar to both proband groups,
PBD relatives had increased network connectivity rela-
tive to controls between the left precentral/postcentral
gyrus and bilateral caudate. Correlations of connec-
tivity values between probands and their relatives
were not significant, suggesting limited familiality.
SCZ relatives showed no significant FC alterations par-
alleling those seen in the SCZ probands. No significant
correlations were identified between the ALFF of seed
regions and connectivity strength (p>0.05) in either
probands or relatives.

Discussion

Using rfMRI, the present study directly compared re-
gional brain function (ALFF) and FC within widely
distributed brain networks in SCZ and PBD probands.
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Table 3. Significant alterations of functional connectivity with the six identified seed regions in probands with schizophrenia and psychotic

bipolar disorder
MNI (peak voxel)
Area with altered functional Cluster
Seed area connectivity p? X y z size
Schizophrenia group>control group
Left precentral/postcentral Right striatum 0.024 18 18 3 59
Left striatum 0.005 -9 10 -2 99
Right thalamus <0.001 9 —18 10 284
Right thalamus Bilateral precentral/postcentral gyri <0.001 57 -9 33 1767
Right parahippocampus 0.004 24 -3 —27 111
Left parahippocampus 0.031 21 -6 —27 54
Right lingual gyrus 0.021 9 —60 0 13
Left parahippocampus Right striatum 0.003 18 0 21 106
Bilateral medial superior frontal gyri 0.036 —6 69 3 47
Left anterior cingulate cortex Right middle temporal gyrus 0.049 45 —60 18 45
Control group>schizophrenia group
Right thalamus Right middle frontal gyrus 0.043 33 48 30 46
Left middle frontal gyrus 0.039 36 30 51 48
Left anterior cingulate cortex Right orbital frontal cortex 0.038 12 51 —24 51
Bipolar group>control group
Left precentral/postcentral Right striatum 0.002 18 15 6 130
Left striatum 0.002 15 3 3 136
Right thalamus <0.001 15 —12 6 275
Right thalamus Right precentral/postcentral gyri 0.002 63 -9 27 128
Left precentral/postcentral gyri/ <0.001 36 —-18 18 1831
left insula/right superior frontal gyrus
Right insula <0.001 36 —15 12 199
Bilateral cuneus 0.012 -9 —78 24 76
Left anterior cingulate cortex Left precuneus 0.045 -7 —54 40 45
Control group>bipolar group
Right parahippocampus Right precentral/postcentral gyri 0.035 12 -33 75 47
Bipolar relatives group >control group
Left precentral/postcentral Left striatum 0.026 —12 12 3 59
Right striatum <0.001 12 6 6 198

Schizophrenia relatives group>control group
No significant results

MNI, Montreal Neurological Institute.

?p Value was corrected with Monte Carlo simulations in AlphaSim.

Though SCZ and PBD probands shared regional and
FC deficits within striatal-thalamo-cortical networks,
SCZ showed more and greater regional functional
deficits and more nodes with abnormal network con-
nectivity. However, there were no significant differ-
ences in FC between SCZ and PBD probands when
the groups were compared directly. Second, we inves-
tigated the unaffected relatives of the probands to
determine whether they expressed abnormalities ob-
served in their proband relatives in order to assess
their potential as endophenotypes for family genetic
risk. We observed one such effect: an alteration in
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frontostriatal circuitry in PBD relatives that was iden-
tified in both proband groups.

SCZ and PBD probands showed similar reductions
of the ALFF in the left orbital frontal cortex and left
cingulate gyrus. Deficits in these regions have been
demonstrated in prior structural/anatomical studies
of SCZ (Wang et al. 2007; Nakamura et al. 2008) and
PBD (Bora et al. 2010). Independent studies of PBD
(Rolls, 1996) and SCZ (Gur et al. 2000) have revealed
relationships between deficits of the orbitofrontal and
cingulate cortex with abnormalities of cognition, behav-
ior and emotion. Our findings thus suggest a role of
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of peak group differences within clusters, and the size indicates the T value from the statistics analysis. * Connectivity
correlated with clinical measures (detailed in online Supplementary Tables S1-S5). ACG, Anterior cingulate cortex; PHG,
parahippocampus; PreCG, precentral gyrus; PoCG, postcentral gyrus; THA, thalamus; MFG, middle frontal gyrus; L, left;
SFGmed, superior frontal gyrus (medial); MTG, middle temporal gyrus; R, right; LING, lingual gyrus; ORB, orbital frontal

cortex; PCUN, precuneus; INS, insula; CUN, cuneus.

hypoactivity of the orbital frontal cortex and cingulate
gyrus in pathogenesis across psychotic disorders,
including both PBD and SCZ.

SCZ probands showed more extensive regional func-
tional deficits than PBD probands. SCZ showed
reduced function in the left precentral and postcentral
gyri, in the bilateral thalamus and in the left para-
central lobule, as well as an increased rather than
decreased ALFF in the parahippocampus that was re-
lated to more severe cognitive deficit and positive
symptoms. Previous studies have found hippocampal
system hyperactivity in SCZ related to positive symp-
toms (Medoff et al. 2001). Additionally, it is note-
worthy that even relative to the PBD probands, the
SCZ probands indicated more severe and widespread
regional functional deficits within thalamo-cortical net-
works. These findings provide important new direct
evidence to support the model that thalamo-cortical
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network abnormalities are important in the patho-
genesis of psychotic disorders, and that they are
greater in psychotic disorders with more persistent
psychotic symptoms and greater cognitive deficits as
are typically more pronounced in SCZ than PBD.
Consistent with the regional function findings,
we also identified both overlapping and unique ab-
normalities of FC within striatal-thalamo-cortical net-
works in SCZ and PBD probands. These findings in
broad terms parallel those observed in a recent rfMRI
study using an exploratory whole-brain FC analysis
method in a different sample (Khadka et al. 2013).
Using seed-based correlation analysis, the current
study identified areas with regional dysfunction, and
then evaluated the FC of those regions with other
brain areas. Compared with data-driven methods,
this hypothesis-driven approach for examining FC
provides a direct assessment of functional correlates
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at the network level of abnormalities seen in regional
brain function (Shehzad et al. 2009; Cole et al. 2010).
Additionally, correction for multiple comparison to
control type I error can be less stringent by limiting
the number of statistical tests to only those areas
with demonstrated regional dysfunction (Poldrack,
2007), enhancing statistical power and robustness
of statistical results. This approach has been useful in
previous fMRI studies of both healthy individuals
and several neuropsychiatric disorders (Horwitz et al.
1998; Lui et al. 20094, b, 2011).

Both proband groups showed increased FC between
the basal ganglia and both motor and somatosensory
cortical areas, which are important components of
the striatal-thalamo-cortical loops. Consistent with
our findings, previous task-based fMRI studies of
SCZ (Siegel et al. 1993) and PBD (Blumberg et al.
2003) demonstrated abnormality in these areas. Also,
previous findings have shown that striatal-thalamo-
cortical networks have changed after antipsychotic
treatment in both SCZ (Keedy et al. 2009; Lui et al.
2010) and PBD (Phillips et al. 2008), and the alterations
is relation to clinical improvement.

Though SCZ and PBD probands showed over-
lapping abnormalities in FC, unique circuitry dysfunc-
tions of each disorder were also prominent. Multiple
lines of evidence from functional and structural
imaging studies and postmortem work (Minzenberg
et al. 2009; Welsh et al. 2010) support a core role of
thalamo-cortical systems in SCZ, the dysfunction of
which may account for a range of its clinical and cog-
nitive symptoms (Kyriakopoulos et al. 2009). Of note,
the thalamo-cortical alterations were somewhat differ-
ent in PBD, including an increased FC between the
thalamus and bilateral insula that was associated
with more severe negative symptoms. Previous studies
have implicated a role for insular abnormalities in BD,
which is part of the paralimbic cortex that plays a criti-
cal role in emotion processing (Wang et al. 2011).
Increased connectivity of the parahippocampus with
the thalamus and striatum was seen only in SCZ
probands.

It should be noted that some altered connectivity in
SCZ and PBD belonged to the same general networks,
but differed in detail. For example, though both SCZ
and PBD showed increased connectivity between the
thalamus and visual cortex, SCZ probands showed
abnormal connectivity with the lingual gyrus, while
in PBD it involved the cuneus and precuneus.
Further, though both SCZ and PBD showed abnormal
connectivity between the right thalamus and prefrontal
areas, some abnormalities were in opposite directions
although related to clinical dimensions. Finally, we
observed that both SCZ and PBD probands showed
abnormal connectivity within the DMN but involving
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different areas. A recent study also suggested that
different DMN alterations distinguish SCZ and PBD
from each other and from healthy controls (Calhoun
et al. 2011).

We also examined unaffected SCZ and PBD relatives
to ascertain if they showed similar changes to those
seen in their proband relatives. Neither SCZ nor PBD
relatives showed parallel regional functional altera-
tions in the ALFF seen in their proband relatives, and
a whole-brain analysis of ALFF values failed to iden-
tify abnormalities relative to controls in either relative
group. This suggests that some functional brain altera-
tions seen in the patients reflect physiological altera-
tions related to a history of psychosis in patients, its
treatment, rather than manifestations of common fam-
ilial/genetic risk factors. Even though our patients were
clinically and pharmacologically stable, this possibility
is raised by findings indicating that some resting-state
functional changes in SCZ can change after anti-
psychotic treatment and clinical remission (Lui et al.
2010). It is also possible that by excluding relatives
with any Axis I DSM-IV disorder to identify familial
characteristics unrelated to illness expression we may
have excluded relatives more likely to manifest brain
alterations of interest. Last, it remains possible that
some additional abnormalities, group differences or
trends in family members might be detected with
larger samples.

One finding in the PBD relatives of particular
interest was the increased connectivity between the
precentral/postcentral gyrus and bilateral striatum,
an alteration that was seen in both SCZ and PBD pro-
bands. This suggests that PBD relatives may more
often, or with greater penetrance than in SCZ, show
alterations in this circuitry, and that it may represent
a useful endophenotype for tracking risk. This would
be consistent with the fact that some familial endo-
phenotypes for psychosis, such as saccadic and pursuit
eye movement abnormalities, are heavily dependent
upon the integrity of striatal-precentral connectivity
(Sweeney et al. 1996, 1998). However, certain negative
findings from the present study fail to support this
line of inference: (1) SCZ relatives did not show this
finding; (2) this finding was not increased in the
small group of relatives with psychosis spectrum per-
sonality disorders; and (3) within-family correlation
of the abnormality was not observed. However, we
note again that some effects of interest might not be
identified due to our sample size or confounds related
to illness chronicity, medication and possible progress-
ive cerebral changes in probands. Future studies test-
ing untreated first-episode patients could help clarify
familiality effects. As the B-SNIP study is the first
large parallel study of these relative groups with
these measures, more work is needed to validate this
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and other resting-state abnormalities as endopheno-
types for psychotic disorders. Further validation of
methods for combining resting-state data from sites
with different MRI scanners, especially for connectivity
analysis, will benefit this effort.

The strategy used in the present study, which was
relatively novel in the parallel recruitment of SCZ
and PBD probands and their relatives, was also novel
in its data-analytic approach. This latter aspect of our
study brings both strengths and limitations. To pro-
ceed in a focused hypothesis-driven manner, we exam-
ined whole-brain resting physiology to define regions
of dysfunction in SCZ and PBD, then tested for poten-
tial impact of those deficits on the integration of those
regions in functional brain circuitry, and whether
regional and connectivity alterations identified in
probands were present in unaffected relatives. Thus,
analyses of connectivity in probands and of regional
function and connectivity in relatives were focused
on areas where patients demonstrated regional abnor-
malities. While this approach reduced the risk of false-
positive findings and increased the power to detect ef-
fects of interest, it does not rule out the possibility of
other connectivity abnormalities or compensations
in the unaffected relatives. Other factors should be con-
sidered when interpreting the present results. First,
medications used to treat the SCZ and PBD were not
equivalent. While treatments were stable, and correla-
tional analyses of MRI data and medication treatment
were not significant, medication treatments may have
influenced regional and neural network function mea-
surements in our study (Phillips et al. 2008; Lui et al.
2010), perhaps differentially in the two patient groups.
Second, although we examined relationships between
fMRI data and current clinical symptoms, an important
remaining question is the relationship between brain
function and course-of-illness factors that distinguish
BPD and SCZ, such as the persistence of psychosis
and the prominence of affective features during acute
episodes over the course of illness. Future studies
with such data will further clarify the relationships
of abnormal brain function and dimensions of illness
presentation across the disorders, and the extent
to which there is a continuum of such effects in
schizo-affective patients between SCZ and PBD. Also,
generalization to other psychotic disorders remains to
be determined.

Overall, SCZ and PBD probands showed similar
regional deficits in prefrontal cortex and parallel
abnormalities of FC within striatal-thalamo-cortical
networks, but different regional and neural network
deficits as well. The overlapping findings present in
both disorders might account for some clinical simila-
rities across them. The pattern of both overlapping
and distinctive patterns of abnormalities in SCZ and
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PBD probands suggests a model for rapprochement
between continuum views of psychosis and views
that the disorders are fully distinct. Future studies
combining brain measurements with behavioral data
over the course of illness can provide a better under-
standing of similarities and differences between SCZ
and PBD and how to best define them. Better under-
standing of these boundaries and relationships is cru-
cial not only to develop better models of the
pathophysiology of psychosis, but for improving and
bringing greater objectivity to clinical diagnosis and
treatment planning.
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