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Reduced Amplitude of Low-Frequency Brain Oscillations in the
Psychosis Risk Syndrome and Early lliness Schizophrenia

Susanna L Fryer'?, Brian ] Roach?, Katherine Wiley?, Rachel L Loewy', Judy M Ford'? and
Daniel H Mathalon™'?

'Department of Psychiatry, University of California, San Francisco, San Francisco, CA, USA; ?San Francisco VA Medical Center, San Francisco,
CA, USA

Low-frequency oscillations (LFOs) of the blood oxygen level-dependent (BOLD) signal are gaining interest as potential biomarkers
sensitive to neuropsychiatric pathology. Schizophrenia has been associated with alterations in intrinsic LFOs that covary with cognitive
deficits and symptoms. However, the extent to which LFO dysfunction is present before schizophrenia illness onset remains unknown.
Resting-state FMRI data were collected from clinical high-risk (CHR; n=45) youth, early iliness schizophrenia (ESZ; n=74) patients, and
healthy controls (HCs; n=85) aged |2-35 years. Age-adjusted voxelwise fractional amplitude of low-frequency fluctuations (fALFF;
0.01 —0.08 Hz) of the BOLD signal was compared among the three groups. Main effects of Group (p <0.005 height threshold, familywise
error cluster-level corrected p<0.05) were followed up via Tukey-corrected pairwise comparisons. Significant main effects of Group
(p<0.05) revealed decreased fALFF in ESZ and CHR groups relative to HCs, with values in the CHR group falling between those of ESZ
and HC groups. These differences were identified primarily in posterior cortex, including temporoparietal regions, extending into occipital
and cerebellar lobes. Less LFO activity was related to greater symptom severity in both CHR and ESZ groups in several of these posterior
cortical regions. These data support an intermediate phenotype of reduced posterior cortical LFO amplitude in CHR individuals, with
resting fALFF values smaller than in HCs but higher than in ESZ patients. Findings indicate that LFO magnitude alterations relate to clinical

symptoms and predate psychosis onset but are more pronounced in the early stages of schizophrenia.

Neuropsychopharmacology (2016) 41, 2388-2398; doi:10.1038/npp.2016.51; published online 11 May 2016

INTRODUCTION

Dysconnectivity has been proposed as a critical pathophy-
siological mechanism in schizophrenia (Andreasen, 1999;
Cannon, 2015; Friston, 1998). Functional connectivity
studies in schizophrenia generally support dysconnectionist
models by identifying abnormal regional connectivity
patterns across task and resting conditions, often in
association with symptoms and cognitive deficits (see
Narr and Leaver, 2015). Functional magnetic resonance
imaging (FMRI)-based connectivity measures reflect
temporal synchronization of low-frequency oscillations
(LFOs) of the blood oxygen level-dependent (BOLD) signal
between brain regions (Biswal et al, 1995). Unlike inter-
regional functional connectivity measures, the amplitude of
low-frequency fluctuation (ALFF) indexes the intraregional
magnitude of BOLD oscillations (Zang et al, 2007). These
infraslow oscillations (x0.01 to .1 Hz) fall within the slowest
activities of a taxonomy of brain oscillations whose power-
law distributed frequency structure is highly conserved
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across mammalian species and includes faster activities
more commonly studied with electrophysiological methods
(Buzséki et al, 2013). Neuro-oscillatory rhythms are thought
to have roles that include biasing input selection, neuronal
assembly formation, and synaptic plasticity, implying an
exquisite dependence on temporal synchronization of these
fundamental neural processes (Buzsaki et al, 2013; He et al,
2008). Accordingly, there is increasing focus in neuroscience
on investigating the temporal organization of brain activity,
and understanding neural synchrony alterations as
potential pathophysiological mechanisms in neuropsychia-
tric disorders (Buzsdki et al, 2013; Mathalon and Sohal,
2015), including schizophrenia (Roach and Mathalon, 2008;
Uhlhaas et al, 2008).

Though hemodynamically generated, BOLD LFOs relate to
underlying electrophysiology of slow changes in cortical
potentials. In humans, BOLD LFOs in sensorimotor regions
exhibit similar spatial correlation structure to intracranial
electrocorticographic recordings of slow (1-4Hz and
<0.5Hz) cortical potentials as well as slow (<0.1Hz)
fluctuations of gamma power (He et al, 2008). Non-human
primate local field potential recordings have shown infraslow
fluctuations of band-limited power over seconds to minutes
(<0.1 Hz), particularly in the gamma band, to have high
spatial coherence across distal regions (Leopold et al, 2003),
consistent with the temporal and spatial characteristics of
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BOLD LFOs. Resting LFOs correspond with similarly scaled
fluctuations in behavioral output, suggesting a relationship
between fluctuations of intrinsic brain activity and perfor-
mance variability (Fox et al, 2007; Palva and Palva, 2012).
Though the neurophysiological origin of LFOs is unclear,
these slow spontaneous neuro-oscillatory rhythms likely
reflect anatomically widespread fluctuations in cortical
excitability, whereas faster neuro-oscillations reflect more
local changes in neuronal excitability (He et al, 2008).
Because the phase of slow oscillations modulates the
magnitude of faster oscillatory classes (ie, cross-frequency
coupling), there is a potential modulatory role for LFOs in
the organization of faster activities (Buzsaki et al, 2013).
Spontaneous infraslow (0.01-0.1 Hz) scalp potentials
recorded at rest with electroencephalography (EEG) fall
specifically within, and directly correlate with, BOLD LFOs
in FMRI-defined intrinsic functional connectivity networks,
suggesting that these slow neuro-oscillations may maintain
or gate functional brain connectivity (Hiltunen et al, 2014).

Measures of resting BOLD LFO magnitude are gaining
interest as biomarkers of schizophrenia (He et al, 2013;
Hoptman et al, 2010; Huang et al, 2010; Lui et al, 2010, 2015;
Meda et al, 2015; Ren et al, 2013; Sui et al, 2015; Turner et al,
2013; Xu et al, 2015; Yu et al, 2013, 2014). One of the most
consistent findings is decreased LFO magnitude in patients
with schizophrenia, relative to healthy controls, in posterior
midline and occipital regions such as the posterior cingulate,
precuneus, and cuneus (Hoptman et al, 2010; Meda et al,
2015; Turner et al, 2013; Yu et al, 2014). These findings have
been corroborated by a meta-analysis that reported decreases
in LFO magnitude in schizophrenia in sensorimotor,
posterior parietal, and occipital cortices, as well as increases
in LFO magnitude in bilateral striatum, medial temporal,
and medial prefrontal cortices (Xu et al, 2015). LFO
alterations in schizophrenia have been associated with
cognitive impairment (Fryer et al, 2015; He et al, 2013; Lui
et al, 2015; Sui et al, 2015), symptom severity (Lui et al, 2015;
Sui et al, 2015), and antipsychotic treatment response
(Lui et al, 2010).

The neurodevelopmental hypothesis of schizophrenia
(see Weinberger, 1987) supports predictions that LFO
alterations will predate illness onset in adolescents and
young adults at clinical high risk (CHR) for psychosis. Most
studies of LFOs in schizophrenia have focused on chronic
patients (Fryer et al, 2015; Hoptman et al, 2010; Lui et al,
2010, 2015; Meda et al, 2015; Sui et al, 2015; Turner et al,
2013; Yu et al, 2013, 2014), although LFO alterations
have been described in antipsychotic medication-naive
first-episode patients (He et al, 2013; Huang et al, 2010;
Lui et al, 2010; Ren et al, 2013), suggesting that observed
alterations are not a function of illness chronicity or
antipsychotic medication exposure. However, the extent to
which resting LFO alterations are present before psychosis
onset in individuals at CHR for developing schizophrenia is
currently not known. Accordingly, we examined the regional
amplitudes of resting BOLD LFOs in individuals at CHR for
psychosis relative to both schizophrenia patients early in
their illness course (ESZ) and healthy controls (HCs).
Specifically, we hypothesized that, relative to HCs, CHR
individuals would show a pattern of abnormal LFO activity
intermediate to alterations seen in patients with ESZ.
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MATERIALS AND METHODS
Participants

CHR participants (n=45) were recruited from University of
California, San Francisco’s (UCSF) Prodromal Assessment,
Research, and Treatment Clinic. Current criteria for
prospective identification of the prodromal syndrome have
demonstrated inter-rater reliability and predictive validity
(Miller et al, 2002, 2003; Woods et al, 2009), with conversion
to a psychotic disorder occurring in ~35% of CHR patients
after 2-3 years of follow-up (Cannon et al, 2008). CHR
patients met Criteria of Prodromal Syndromes (COPS) based
on the Structured Interview for Prodromal Syndromes (SIPS)
(Miller et al, 2002, 2003). COPS criteria comprise three
nonmutually exclusive subsyndromes: (1) attenuated psychotic
symptoms (n=43/45), (2) brief intermittent psychotic states
(n=0/45), and (3) genetic risk with deterioration in social/
occupational functioning (n = 5/45). Current symptom severity
in CHR patients was assessed using the Scale of Prodromal
Symptoms (SOPS), an embedded scale within the SIPS.

ESZ patients (n=74) within 5 years of illness onset
(mean=1.72+1.35 years) were recruited from the Early
Psychosis Clinic at UCSF and the community. Diagnosis
of schizophrenia or schizoaffective disorder was confirmed
in ESZ patients using the Structured Clinical Interview
for DSM-IV (SCID) (First et al, 2002). Current symptom
severity was assessed with the Positive and Negative
Syndrome Scale (PANSS) (Kay et al, 1987). The majority
of ESZ patients were prescribed antipsychotic medication
(66/74; 89.2%) vs none of the CHR participants (0/45; 0%).

HC participants (n =85) were recruited from the commu-
nity and did not meet criteria for any Axis I diagnosis based
on the SCID, or for participants <16 years of age, the Kiddie
Schedule for Affective Disorders and Schizophrenia for
School-Age Children, Present and Lifetime Version
(Kaufman et al, 1997). Inclusion criteria across all partici-
pants required good physical health, English fluency, and
a 12-35-year age range. Participants were excluded for
DSM-IV past year substance dependence (excepting nico-
tine), a history of head injury with loss of consciousness,
neurological illness, or, for HC participants, a first-degree
relative with a psychotic illness. Written informed consent or
assent was obtained from study participants under protocols
approved by the institutional review board at UCSF.

Data Acquisition and Processing

Resting FMRI data were acquired on a Siemens 3T TIM
TRIO scanner at UCSF Neuroimaging Center using a whole-
brain echo-planar imaging (EPI) sequence with a 6-min
acquisition time: 180 functional images were acquired
(32 axial slices, 3.5 mm slice thickness, 1.05 mm interslice
gap, TR=2s, TE=29ms, flip angle=75° FOV =24cm).
Participants were instructed to rest with eyes closed and to
stay awake.

Image preprocessing was performed with Statistical
Parametric Mapping (SPMS8: http://www .filion.ucl.ac.uk/
spm/software/spm8/). Images were motion-corrected via
affine registration and slice time corrected. ACompCor,
a regression-based algorithm for denoising BOLD data, was
then applied (Behzadi et al, 2007). ACompCor performs
a principal components analysis on time series data by
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deriving white matter and CSF noise regions from partici-
pants’ segmented high-resolution T1-weighted anatomical
images coregistered to their functional data. Resulting noise
components are then entered as regressors, along with
regressors to account for scanner nonequilibrium and drift
effects (Whitfield-Gabrieli and Nieto-Castanon, 2012), in the
first-level voxelwise regression model of the resting FMRI
data for each subject.

Preprocessed/denoised data were subjected to a fast
Fourier transformation. The square root of the power for
each frequency was calculated, yielding amplitude values. To
calculate voxelwise fractional ALFF (fALFF), the sum of the
amplitude values in the 0.01 to 0.08 Hz low-frequency power
range (ie, ALFF) was divided by the sum of the amplitudes
over the entire detectable power spectrum (0 to 0.25Hz).
Relative to ALFF, the normalized fALFF measure shows
reduced influence of physiological noise (Zou et al, 2008) and
is more sensitive to proband vs control differences (Meda et al,
2015). The mean motion-corrected functional image was
normalized to the Montreal Neurological Institute (MNI) EPI
template using a 12-parameter affine transformation and
4 x 5x 4 nonlinear basis functions, and the resulting transfor-
mation matrix was applied to the fALFF images. Images were
resliced to 3mm’ voxel resolution and spatially smoothed
with a 6-mm full width half maximum Gaussian filter.

Data Analysis

To control for expected brain maturation across the age
range studied and age differences between clinical groups,
normal maturation effects were statistically removed from
the fALFF data. To do this, we modeled normal aging effects
in the HC group and then calculated age-adjusted z-scores
for all subjects based on the HC group age regression (see
Fryer et al, 2013; Pfefferbaum et al, 1992):

Age-adjusted z-score = (observed fALFF value — predicted
fALFF value based on participant’s
age)/standard error of regression
from HC age-regression model.

Thus, a participant’s age-adjusted z-score voxelwise map
reflects the deviation in fALFF activity, expressed in SD
units, from that expected for a healthy individual of the same
age. All regions showing a significant effect of Group were
evaluated for curvilinear effects of age within the HC group,
and in no region did the quadratic age term account for
significant variance in fALFF beyond the linear age effect
(0.14 <p<0.79), supporting the application of linear regres-
sion to control effects of age.

Voxelwise ANOVA was then conducted on age-adjusted
fALFF z-score maps. In order to correct for multiple
comparisons, statistical significance was based on applying
an initial voxel-level cluster-defining height threshold of
p<0.005 (extent threshold =5 voxels) to the main effect of
Group F-map followed by retaining clusters that met a
familywise error (FWE) cluster-level correction, p<0.05.
Mean fALFF values from FWE-corrected clusters showing a
significant main effect of Group were extracted for all
participants and subjected to Tukey-Kramer honest
significant difference (HSD)-corrected post hoc tests to
determine the pattern of pairwise group differences
contributing to the omnibus effect. Scan head motion was
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compared between the groups via ANOVA by calculating
the Average Motion Displacement (Van Dijk et al, 2012),
defined as the root mean square (RMS) of the scan-to-scan
change in x-y-z translation (in mm) or roll-pitch-yaw
rotation (in degrees) parameters. The impact of differences
in head motion between the groups was examined by
rerunning analyses with a covariate for the motion metrics
(translational or rotational) that differed between groups.
The effects of antipsychotic medication dosage within the
ESZ group was examined by correlating chlorpromazine
(CPZ) dosage equivalents (Woods, 2003) with extracted
fALFF cluster means from each ESZ patient within regions
showing a significant Group effect. Nonparametric correla-
tions (Spearman’s rho) were used because of the nonnorm-
ality of the CPZ variable. Next, means for all clusters
showing a significant main effect of Group were extracted
and examined between CHR participants who converted to a
psychotic disorder within 24 months of study entry (n=6) vs
nonconverters (n=18) who had been followed clinically for
at least 24 months. Finally, voxelwise parametric correlation
analyses were used to examine the relationship between
fALFF and symptom severity within each clinical (CHR,
ESZ) group, yielding correlation maps relating each symp-
tom domain examined to fALFF. For the ESZ group, PANSS
mean Positive, Negative, and General symptom subscales
were examined. For the CHR group, mean SOPS Positive,
Negative, and Disorganized symptom subscales were exam-
ined. In addition, we examined correlations with SOPS item
Pl (Unusual Thought Content/Delusional Ideas) and
P2 (Suspiciousness/Persecutory Ideas), as these items
independently contribute to the prediction of conversion to
psychosis in CHR individuals (Cannon et al, 2008).
Correlation maps were thresholded at p<0.005 (extent
threshold =5 voxels) and clusters were retained that met a
FWE cluster-level correction, p<0.05.

RESULTS
Participant Demographic and Clinical Data

The groups did not differ on gender or handedness
(p>0.37). There was a significant main effect of Group
(p=0.04) on parental socioeconomic status (pSES)
(Hollingshead and Redlich, 1958), explained by the ESZ
group’s lower pSES compared with the HC group (p = 0.047).
Analysis of average brain image motion displacement
revealed no significant Group effect on rotational movement
but a significant Group effect (p =0.009) on the translational
movement, owing to the ESZ group moving significantly
more than the HC group (p=0.009). There was a statistical
trend toward a Group effect on age (p=0.07), with post hoc
tests showing the HC group was older than the CHR group
(p=0.05), with the ESZ differing from neither group
(p=0.28). See Table 1 for group means on demographic
measures, statistical tests of all pairwise group differences,
and clinical characteristics of the patient groups.

Group Differences in Amplitude of LFOs

FWE-corrected clusters of age-adjusted fALFF values
indicating a main effect of Group were detected in nine
regions. For all regions, the CHR group had mean fALFF



Table I Demographic and Clinical Data for Participants in the
Healthy Control (HC), Clinical High Risk for Psychosis (CHR), and
Early lliness Schizophrenia (ESZ) Groups

HC CHR ESZ
Mean+SD Mean+SD Mean+SD

N? 85 45 74
Gender (% male) 60.00.% 53.33% 66.22%

*Age (years) 22654645 2034+470 21.89+422
Range: 12-35

*Parental SES
Handedness (% right-handed)

*Average Translational Motion
Displacement (mm)©

4484 +20.17 5478+ 1677 54.19 £ 13.80
92.94% 86.67% 91.89%
0059 +0.026 0062+0.031 0073+003

Average Rotational Motion 0.038+0.019 0.043+0.022 0.042+0.021

Displacement (degrees)®

Chlorpromazine equivalents (mg) — — 27611 +341.88

Total symptom ratings for patient

groups
SOPS Positive — 933417 —
SOPS Negative — [1.63+£594 —
SOPS Disorganized — 544+3.38 —
SOPS General — 8.68+4.56 —
PANSS Positive — — 13.86+4.75
PANSS Negative — — 1725+655
PANSS General — — 3331873
% Antipsychotic medication (% — — 2.7%; 81.1%;

typical; atypical; unknown; none) 5.4%; 10.8%

*Significant omnibus test, p <0.05:

*Age (trend toward significance): F(2, 201)=2.73, p =0.07; Tukey—Kramer HSD
post hoc tests HC>CHR, p=0.05;

*pSES: F(2,202) =329, p =0.04; Tukey—Kramer HSD post hoc tests, HC <ESZ,
p=0.05.

*Average Translational Motion Displacement: F(2, 201)=4.78, p =0.009;
Tukey—Kramer HSD post hoc tests HC <ESZ, p=0.009.

Nonsignificant (p>0.05) comparisons:

Gender: y* (2, N=204)=199, p=037,

Handedness: x> (2, N=204)= 151, p=047,

Average Rotational Motion Displacement: F(2, 201)=1.26, p =0.29.

*Symptom ratings within 30 days of MR scan not available for | ESZ participant;
all CHR patients had positive symptom SOPS ratings but 6 were missing
disorganized and general symptom ratings and 7 were missing negative symptom
ratings because of incomplete assessment sessions.

PParental socioeconomic status (pSES) measured by the Hollingshead 2-Factor
Index. Higher Hollingshead scores indicate lower pSES. All other assessment
measures are scaled such that higher scores reflect greater levels of the measured
variable.

“Average Motion Displacement defined by Van Dijk et al (2012) as the root
mean square (RMS) of the scan-to-scan change in the x—y—z translation (in mm)
or roll-pitch—yaw rotation (in degrees) parameters.

values that were in between HC values and the lower
amplitudes observed in ESZ patients (ie, HC > CHR > ESZ).
See Figure 1 and Table 2 for mean fALFF cluster values and
test statistics for pairwise group follow-up tests. Results are
reported below for each regional cluster, including Tukey
HSD-corrected pairwise follow-up comparisons. See Supple-
mentary Information for depiction of full extent of voxelwise
findings, plots of cluster means unadjusted for age, and
results and plots of additional analyses examining subcortical
regions of interest.
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Bilateral temporoparietooccipital/posterior cingulate cortex
(PCC). This posterior cortical cluster contained mostly
left-sided medial parietoocciptal cortex (including bilateral
cuneus, precuneus, PCC, and lingual gyri), extending to the
temporal lobe to include parahippocampal gyrus. fALFF was
marginally reduced in the CHR relative to HC (p=0.06)
group, and reduced in the ESZ group relative to both CHR
(p=0.01) and HC (p<0.001) groups.

Precuneus/PCC. This cluster contained bilateral precuneus
and PCC. fALFF was reduced in the CHR (p=0.01) and ESZ
(p<0.001) groups relative to the HC group.

Left inferior parietal lobule (IPL). This left hemispheric
IPL cluster included Brodmann area (BA) 40. fALFF values
were reduced in the ESZ group relative to both HC
(p<0.001) and CHR (p=0.002) groups.

Left temporoparietal junction (TP]). This left hemispheric
TPJ cluster contained supramarginal gyrus and BA 39, and
extended inferiorly to the superior and middle temporal gyri.
fALFF values were reduced in the CHR (p=0.002) and ESZ
(p<0.001) groups relative to the HC group.

Right inferior parietal lobule. This right hemispheric IPL
cluster included BA 40. FALFF values were reduced in the
CHR (p=0.007) and ESZ (p<0.001) groups relative to
the HC group.

Right anterior inferior parietal lobule. This right hemi-
spheric anterior IPL cluster was anterolateral to the right IPL
cluster. It overlapped with BA 40, extending slightly into
pre- and post-central gyri. fALFF values were reduced in the
CHR (p=0.007) and ESZ (p<0.001) groups relative to the
HC group.

Right parietooccipital cortex. This right hemispheric
cluster contained parietooccipital cortex, including precu-
neus and cuneus. fALFF values were reduced in the CHR
(p=0.009) and ESZ (p<0.001) groups relative to the
HC group.

Left cerebellum. This cluster encompassed the left poster-
ior cerebellar lobe. fALFF values were reduced in the CHR
(p=0.001) and ESZ (p<0.001) groups relative to the
HC group.

Midline cerebellum. This midline cerebellar cluster
included posterior vermis. fALFF values were reduced in
the CHR (p=0.009) and ESZ (p<0.001) groups relative to
the HC group.

For all regions, unless reported otherwise, the CHR and
ESZ groups did not differ from each other (p>0.1). In
addition, lower fALFF in the ESZ relative to HC group was
also observed in the thalamus and caudate based on region-
of-interest analysis (see Supplementary Information),
although effects were of smaller magnitude than those
reported in the primary whole-brain voxelwise analysis.
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Bar graphs display age-adjusted z-score cluster mean (& SEM) fractional amplitude of low-frequency fluctuations (fALFF) by Group for each cluster

showing a significant (p < 0.005 height threshold; p <0.05 familywise error FWE cluster-corrected) main effect of Group. Regions correspond to cluster labels
reported in Results section: (a) Bilateral temporoparietooccipital cortex/posterior cingulate cortex (PCC), (b) precuneus/PCC, (c) left inferior parietal lobule,
(d) left temporoparietal junction, (e) right inferior parietal lobule, () right anterior inferior parietal lobule, (g) right parietooccipital cortex, (h) left cerebellum,
and (i) cerebellum midline. Age-corrected z-scores are based on age relationships modeled in healthy control (HC) group (see text). Accordingly, HC

means =0.

Consideration of Motion Artifact and Medication
Dosage on Group Effects

Regional fALFF clusters showing a significant main effect of
Group were extracted for all subjects and analyses were
repeated adding translational displacement as a covariate. All
group magnitude differences reported in the original analysis
remained significant (main effect of Group p-values all
<0.001). Corrected pairwise comparisons also revealed the
same pattern of significance (p<0.05), suggesting that
observed effects were not explained by group differences in
motion. Next, we examined the effects of antipsychotic
medication dosage on fALFF within our ESZ patient sample.
CPZ dosage did not correlate with mean fALFF within any of
the regions showing a main effect of Group (all Spearman’s
rho <10.16l; all p>0.20).

Neuropsychopharmacology

Conversion Effects with CHR Group

Within the CHR group, there were no differences on
extracted cluster means for any of the 9 regions showing a
main effect of Group between individuals with longitudinal
follow-up data who converted to a psychotic disorder (n=6)
vs those who did not (n=18) within a 24-month period of
clinical follow-up (0.27 <p<0.97).

Correlation of LFO Amplitude with Clinical Symptoms

CHR group. Within the CHR group, voxelwise correlations
between fALFF and mean SOPS clinical ratings revealed
several significant associations (see Table 3 and Figure 2). No
significant associations were observed between fALFF and
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Table 2 Brain Regions Showing Significant® Group Differences in fALFF When Comparing Age-Adjusted Z-Scores of Healthy Control (HC),
Clinical High Risk for Psychosis (CHR), and Early lliness Schizophrenia (ESZ) Groups (N =204)

Cluster anatomy Omnibus group Pairwise follow-up Pairwise Cohen’s d Cluster size Peak MNI
F-map FWE cluster- tests® (in 3 mm? voxels)  coordinate (x, ¥, z)
corrected p-value

Bilateral parietooccipital/ p<0.001 HC>CHR p=0.06; HC vs CHR=041; 1594 —36,—73,43
posterior cingulate HC>ESZ p<0.001; HC vs ESZ=0.98
BA: 7, 17,18, 19, 30, 31 CHR>ESZ p=00I CHR vs ESZ=0.57
Bilateral precuneus p=0.002 HC>CHR p=001I; HC vs CHR=0.52; 193 -9, —46,49
BA: 7 HC>ESZ p<0.00l HC vs ESZ=0.80
Left Inferior parietal lobule p=0.009 HC>ESZ p<0.001 HC vs ESZ=0.89; 130 —30, —43, 37
BA: 40 CHR>ESZ p=0.002 CHR vs ESZ=0.64
Left temoporoparietal p=0.008 HC>CHR p=0.002 HC vs CHR=0.62; 110 —51, =55, 31
junction/inferior parietal HC>ESZ p<0.001 HC vs ESZ=0.79
lobule
BA: 39
Right inferior parietal p=004 HC>CHR HC vs CHR=0.59; 123 42, =55, 46
lobule p=0.007; HC vs ESZ=0.73
BA: 40 HC>ESZ
p<0.001
Right anterior inferior p=00lI HC>CHR HC vs CHR=0.54; 90 57, —40, 46
parietal lobule/postcentral p=0.007; HC vs ESZ=0.84
gyrus HC>ESZ
BA: 40 p<0.001
Right parietooccipital p=00lI HC>CHR p=0.009; HC vs CHR=0.58; 154 21, =70, 49
cortex, including precuneus HC>ESZ p<0.001 HC vs ESZ=0.79
BA: 7, 19
Left cerebellum p=004 HC>CHR p=0.001; HC vs CHR=0.68; [ —18,-73,-50
HC>ESZ p<0.00l HC vs ESZ=0.66
Cerebellum midline p=00lI HC>CHR HC vs CHR=0.58; 184 -9, —49, -50
p=0.009; HC vs ESZ=0.75
HC>ESZ
p<0.001

Abbreviation: BA, Brodmann area.
“Cluster-corrected p-values are familywise error (FWE) corrected at a height threshold of p<0.005.
PTukey—Kramer HSD post hoc tests, two tailed, p < 0.05.

Table 3 Brain Regions Showing a Significant® Correlation between fALFF and Symptom Severity within the Clinical High Risk for Psychosis
(CHR) Group

SOPS symptom rating Cluster anatomy FWE cluster- Cluster size Peak MNI
corrected p-value (in3 mm? voxels) coordinate (X, y, z)

Negative correlation: higher LFO activity associated with lower symptom severity

Unusual thought content/ Bilateral superior parietal lobule/ p=00lI 153 6, —55, 37
delusional ideas precuneus BA: 7, 31
Unusual thought content/ Left temporoparietal junction, p=0.00lI 234 -39, —76, 31
delusional ideas extending to occipital cortex

BA:7, 19, 39

Positive correlation: higher LFO activity associated with greater symptom severity
Negative symptom average Left inferior prefrontal cortex BA: 47 p=0.007 170 -39, 44, 19

Disorganized symptom average Left inferior frontal and anterior insular p=0.002 212 —36,32,22
cortex BA: |3, 46, 47

Abbreviation: BA, Brodmann area.
“Cluster-corrected p-values are familywise error (FWE) corrected and based on a cluster-defining height threshold of p<0.005.

Neuropsychopharmacology



hpg)

Low-frequency power in clinical high risk for psychosis
SL Fryer et al

2394

B Precuneus
3.0

2.0

1.0

fALFF age z-score

0 1 2 3 4

5

L Temporoparietal

3.0
2.0

®
1.0 8

0 1 2 3 4 5

L Inferior Prefrontal

Unusual Thought Content Score

Unusual Thought Content Score

L Inferior Prefrontal

3.0 1

2.0 1 &
©
= o
o | 1.0 1 o0 o)
¢ o ®
N L
o | 0.0 * °
o ® e of
© 095
w (-1.0 1 0.
TH ®.
=)
= o
= | -2.0 1@

e
°
-3.0 -

0 1 2 3

3.0

2.0

1.0

0 1 2 3 4 5

Negative Symptom Score

Disorganized Symptom Score

Figure 2 Correlation maps showing significant (p <0.005 height threshold; p <0.05 FWE cluster-corrected) associations between clinical symptom severity
and fALFF within the clinical high risk for psychosis (CHR) group. The scatterplot and regression line are shown for the peak voxel within the cluster to
illustrate the effect. Clinical scores are from the Scale of Prodromal Symptoms (SOPS).

the Positive symptom subscale, or item P2 (Suspiciousness/
Persecutory Ideas).

Negative correlations. For SOPS item P1 (Unusual
Thought Content/Delusional Ideas), we observed two
regions with significant negative correlations (ie, lower
fALFF associated with more severe symptoms): one in
medial superior parietal cortex and the other in left TP]. The
medial superior parietal region was bilateral, although it
contained mostly left-sided precuneus and superior parietal
lobule. The left TP] region contained primarily middle
temporal gyrus and precuneus and extended into occipital
cortex. Both of the regions showing a negative correlation
overlapped slightly with regions showing a main effect of
group in fALFF.

Positive correlations. Significant positive correlations
were observed between fALFF and SOPS Negative and
Disorganized symptom subscales. For the Negative Symptom
subscale, greater symptom severity was associated with
higher fALFF in a left prefrontal cortical cluster encompass-
ing middle and inferior frontal gyri. For the Disorganized
Symptom subscale, a significant positive correlation cluster

Neuropsychopharmacology

emerged in the left prefrontal and anterior insular cortex that
was larger than, but overlapping with, the cluster showing a
positive correlation with the Negative Symptom subscale.
There was no overlap between regions showing a positive
correlation (ie, higher fALFF related to higher symptom
levels) and regions showing a main effect of group in fALFF.

ESZ group. Within the ESZ group, we found no significant
correlations between fALFF and PANSS Positive, Negative, or
General subscales. However, when examining the distribution
of PANSS variables, we noted that a majority of items had a
mode of 1 (indicating that the symptom was not present for
the majority of individuals) and it was evident that PANSS
items were more skewed than SOPS items in our sample
(mean PANSS item skewness 1.12 +.97, range = 0.02 to 4.34 vs
mean SOPS item skewness 0.68 +0.58, range = — 0.45 to 1.66).
Because of concerns about the appropriateness of conducting
correlational analyses on PANSS subscales that included
many skewed items, we instead conducted correlation analyses
with individual PANSS items that met the following
criteria: mode >2, skewness <25th percentile of all
items. Out of 30 PANSS items, 4 met these distributional
requirements: Attention, Anxiety, Emotional Withdrawal, and
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Table 4 Brain Regions Showing a Significant” Correlation between fALFF and Symptom Severity within the Early lliness Schizophrenia (ESZ)
Group

FWE cluster- Cluster size Peak MNI

PANSS symptom rating Cluster anatomy
corrected p-value (in 3 mm® voxels) coordinate (x, y, z)

Negative correlation: higher LFO activity associated with lower symptom severity

PANSS Attention Item Left temporooccipital cortex, extending to cerebellum p<0.001 330 —33,-37,-23
BA: 18, 19, 20, 37

PANSS Attention Item Left posterior parietal cortex (superior and inferior parietal p<0.001 858 —24,-70,52
lobules), extending into occipital cortex
BA: 7, 19, 39

PANSS Anxiety ftem R temporoinsular cortex p<0.00l 966 51,-16,-5
BA: 13, 21, 22, 38, 4|

PANSS Anxiety ltem L temporoinsular cortex p<0.001 655 -39, - 13, - 14

BA: 13, 21, 22, 38, 41

Abbreviation: BA, Brodmann area.
*Cluster-corrected p-values are familywise error (FWE) corrected and based on a cluster-defining height threshold of p<0.005.

L Temporo-Occipital L Posterior Parietal
3.0 1 0] °
@ . | )
5|20 2.0 " .
m .
f | 1.0 1 1.0 1
]
g1 00
L
W |10 104 ° g :
i [}
- -2.0 1 2.0 - e 8 ' : ]
® o o ’
-3.0 - -3.0 -
0 1 2 3 4 5 6 0o 1 2 3 4 5 6
Inattention Score Inattention Score
R Temporo-Insula L Temporo-Insula
3.0 1 3.0 1 *
® [ ]
2.0 - 2.0 - 8
g 2 l ® o
o | 1.0 e ° ° 101 e o
? l °© 3 o
5 | 0.0 s—=| 00
7 §
w |10 | \'\'\:\ 4.0
i e 8 3o
< |-2.0 1 -2.0
3.0 - 3.0 - e
0 1 2 3 4 5 6 0o 1 2 3 4 5 6
Anxiety Score Anxiety Score

Figure 3 Correlation maps showing significant (p <0.005 height threshold; p <0.05 FWE cluster-corrected) associations between clinical symptom severity
and fALFF within the early illness schizophrenia (ESZ) patient group. Clinical scores are from the Positive and Negative Syndrome Scale (PANSS).

Passive/Apathetic  Social Withdrawal. No correlations Negative correlations. We observed two significant
were identified with either the Emotional or Passive/Apathetic ~ regions with negative correlations in the left posterior
Social Withdrawal items, but significant associations were  parietal and left temporooccipital cortices for which

identified between LFO activity and Attention and Anxiety = lower LFO activity related to higher inattention symptoms
items. (see Table 4 and Figure 3). Both of the inattention
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correlation clusters overlapped with regions showing a main
effect of Group in fALFF. In addition we observed two
significant negative correlation clusters in bilateral tempor-
oinsular cortex for which lower LFO activity related to higher
anxiety levels. The left-sided anxiety correlation cluster
overlapped with regions showing a main effect of Group
in fALFF.

Positive correlations. There were no positive correla-
tions identified, indicating that for no regions examined did
higher LFO activity relate to higher symptom levels.

DISCUSSION

We identified a number of posterior cortical and cerebellar
regions where the strength of resting LFO BOLD activity
oscillations differed across CHR, ESZ, and HC groups.
Within all regions revealing a significant voxelwise
main effect of Group, CHR individuals had LFO
amplitudes intermediate between the HC and ESZ groups
(ie, HC>CHR>ESZ), consistent with a potentially ‘pro-
dromal’ effect (see Figure 1). Similarly, pairwise effect sizes
of reduced LFO amplitude, relative to the HC group, were
larger (average Cohen’s d=0.80) and ranged from ‘medium
to large’ effect sizes in the ESZ patient group compared with
the reductions in the CHR group (average Cohen’s d =0.52)
that ranged from ‘small to medium’ effect sizes (Cohen,
1988). Examination of subcortical (thalamus, caudate, puta-
men) regions of interest (see Supplementary Information)
yielded borderline significant between-group differences
between the ESZ and HC groups in the caudate and
thalamus. Subcortical group effects were of considerably
smaller magnitude than those observed in the primary
voxelwise analysis and did not involve the CHR group.

These results extend prior findings of LFO amplitude
alterations in schizophrenia by demonstrating that regional
amplitude abnormalities are present, but attenuated, in
individuals at elevated clinical risk for psychosis.

For both clinical groups, LFO strength was associated with
symptoms (see Figures 2 and 3). Within the ESZ patient
group, smaller LFO amplitudes in left temporooccipital and
posterior parietal cortex and bilateral temporal-insular
cortex related to higher levels of inattention and anxiety,
respectively. Within the CHR group, lower LFO activity in
bilateral superior parietal lobule, precuneus, and left TPJ
related to higher levels of unusual thought content. Unusual
thought content is one of the several clinical risk factors
shown to contribute uniquely to psychosis conversion risk
(Cannon et al, 2008). For both ESZ and CHR groups, most of
the regions showing negative correlations with symptoms
partially overlapped with regions showing significant reduc-
tions in fALFF relative to the HC group (see Supplementary
Information), lending clinical relevance to these fALFF
reductions. Finally, increased LFO amplitude was associated
with more severe disorganized and negative symptoms in the
CHR group in left inferior prefrontal cortex. Importantly,
this PFC region is anatomically distinct from posterior
regions showing negative correlations between LFO ampli-
tude and symptom severity and also did not show LFO
amplitude differences between the groups.
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We did not observe LFO amplitude differences between
those CHR individuals who subsequently converted to a
psychotic disorder vs those who did not during a 24-month
clinical follow-up period. Owing to the relatively small
sample of longitudinal follow-up data, and particularly the
small number of converters, these null findings must be
interpreted with caution. Therefore, an important future
research direction is to identify what aspects of clinical
prognosis (eg, adaptive functioning decrements, distress
levels, conversion to psychosis) do the observed alterations in
regional LFO amplitude relate to. LFO amplitudes were
reduced in first-degree relatives of schizophrenia patients in
some (Guo et al, 2015; Tang et al, 2015), but not all (Lui et al,
2015; Meda et al, 2015), prior studies, suggesting that LFO
amplitude deficits may be related to genetic risk for
schizophrenia. Regardless, our findings suggest that intrinsic
BOLD LFO functioning relates to clinical risk for psychosis,
and furthermore may represent an illness vulnerability
marker that worsens after illness onset.

The potential role of LFO activity in gating or maintaining
functional connectivity likely has particular relevance for
understanding schizophrenia pathophysiology, given the
prominence of large-scale connectivity to conceptual under-
standings of the disorder (Andreasen, 1999; Friston, 1998).
With regard to illness risk and conversion, functional
dysconnectivity may be a final pathological consequence of
aggregated genetic and environmental vulnerabilities that
confer risk toward developing schizophrenia (Cannon,
2015). Dysconnectivity of intrinsic functioning has been
identified in samples of CHR youth, including patterns of
aberrant default mode network (Shim et al, 2010), pre-
frontal-thalamic and thalamic-sensorimotor (Anticevic et al,
2015) connectivity. Limited research has examined
schizophrenia-related functional connectivity measures in
light of LFO function. However, one small study found that
areas of frontoparietal and occipitoparietal hypoconnectivity
in schizophrenia showed reduced intraregional homogeneity
and power spectral density, suggesting that functional
dysconnectivity may reflect local LFO signal reduction and
reduced signal-to-noise ratio (Zalesky et al, 2012).

This study is limited by insufficient longitudinal follow-up
data to permit well-powered comparisons of CHR indivi-
duals who subsequently converted to a psychotic illness vs
those who did not. This limits inferences that we can make
regarding whether the LFO amplitude reductions observed in
our CHR group reflect an intermediate level of abnormality
that progresses during the transition to psychosis or a full-
blown abnormality evident only in the subgroup of high-risk
patients who later develop a psychotic disorder. Future
studies employing a longitudinal design across the illness
course from clinical high-risk states to conversion to
psychosis are needed to address this important question. In
addition, antipsychotic medication status differed between
the groups. However, analysis of medication effects on LFO
magnitude within the medicated ESZ patients was not
consistent with dosage accounting for observed effects, and
the presence of LFO magnitude alterations within
antipsychotic-naive CHR individuals further argues against
medication effects accounting for the fALFF abnormalities
observed in the ESZ patients. Furthermore, the previous
literature is inconsistent regarding the direction and
anatomical distribution of resting LFO alterations in



schizophrenia. To the extent that these inconsistencies result
from sampling error and insufficient power common in
smaller studies, they may be clarified through further
research with larger samples. However, prior inconsistencies
may also validly reflect clinical, neurocognitive, and patho-
physiological heterogeneity in schizophrenia, with results
varying depending on how this heterogeneity is represented
in any given patient sample. Therefore, there is a need to
examine the relationships between resting LFO and clinical
and neurocognitive functioning in patients and healthy
individuals, rather than assuming that these functional domains
are consistently represented across study samples. Despite
these limitations, our results suggest that the amplitude of
intrinsic LFO activity, which is easily and reliably measure-
able with resting-state FMRI, is modulated by illness stage
and covaries with clinical symptoms. Our findings of similar
but less pronounced LFO amplitude reductions in prospec-
tively identified, antipsychotic medication-free CHR youth
add to a growing body of literature indicating that intrinsic
functional activity alterations associated with schizophrenia
predate psychosis onset.
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