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The amplitude of low-frequency fluctuations (ALFF) in the blood oxygenation level-dependent (BOLD) signal during resting-state fMRI
reflects the magnitude of local low-frequency BOLD oscillations, rather than interregional connectivity. ALFF is of interest to studies of
cognition because fluctuations in spontaneous intrinsic brain activity relate to, and possibly even constrain, task-evoked brain responses in
healthy people. Lower ALFF has been reported in schizophrenia, but the cognitive correlates of these reductions remain unknown. Here,
we assess relationships between ALFF and attention and working memory in order to establish the functional relevance of intrinsic BOLD
oscillatory power alterations with respect to specific cognitive impairments in schizophrenia. As part of the multisite FBIRN study, resting-
state fMRI data were collected from schizophrenia subjects (SZ; n= 168) and healthy controls (HC; n= 166). Voxelwise fractional ALFF
(fALFF), a normalized ALFF measure, was regressed on neuropsychological measures of sustained attention and working memory in SZ
and HC to identify regions showing either common slopes across groups or slope differences between groups (all findings po0.01 height,
po0.05 family-wise error cluster corrected). Poorer sustained attention was associated with smaller fALFF in the left superior frontal
cortex and bilateral temporoparietal junction in both groups, with additional relationships in bilateral posterior parietal, posterior cingulate,
dorsal anterior cingulate (ACC), and right dorsolateral prefrontal cortex (DLPFC) evident only in SZ. Poorer working memory was
associated with smaller fALFF in bilateral ACC/mPFC, DLPFC, and posterior parietal cortex in both groups. Our findings indicate that
smaller amplitudes of low-frequency BOLD oscillations during rest, measured by fALFF, were significantly associated with poorer cognitive
performance, sometimes similarly in both groups and sometimes only in SZ, in regions known to subserve sustained attention and working
memory. Taken together, these data suggest that the magnitude of resting-state BOLD oscillations shows promise as a biomarker of
cognitive function in health and disease.
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INTRODUCTION

Functional magnetic resonance imaging (fMRI) can measure
blood oxygenation level-dependent (BOLD) signal oscilla-
tions during resting (ie, task-free) states. These BOLD signals
are believed to reflect intrinsic neural oscillations important

for modulating cortical excitability (Raichle, 2011). Though
hemodynamically generated, spontaneous low-frequency
BOLD signal fluctuations show strong covariation with
intracranial electrocorticographic and local field potential
recordings, both for slow oscillations in the raw electro-
physiological signals and for slow fluctuations in high-
frequency (ie, gamma-band) power (He et al, 2008; Leopold
et al, 2003). Correlations of spontaneous fluctuations of
infraslow range (0.01–0.1 Hz) scalp potentials with resting
BOLD signal fluctuations are spatially constrained within
functional connectivity networks (Hiltunen et al, 2014),
suggesting a role for infraslow fluctuations in functional
brain organization (Raichle, 2011).
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To date, resting-state BOLD low-frequency oscillations
(LFO) have primarily been studied via network-level analyses
that examine intrinsic functional connectivity between distal
regions via intercorrelations of time series data (Biswal et al,
1995; Raichle, 2011). However, the amplitude of these same
BOLD fluctuations (referred to as the amplitude of low-
frequency fluctuations (ALFF)) putatively measures variation
in BOLD signal strength at a local level, providing an index
of regional intrinsic power (Zang et al, 2007). ALFF
measures the magnitude of local LFO BOLD activity rather
than interregional connectivity. LFO measures are likely
important for understanding cognitive performance varia-
tion in light of growing evidence that spontaneous intrinsic
brain activity relates to, and possibly even constrains,
stimulus-evoked brain responses. In healthy adults, LFO
amplitude measured during resting-state fMRI relates to
cognitive task-evoked brain activation as well as behavioral
performance (Fox et al, 2007; Mennes et al, 2011;
Zou et al, 2013). Further underscoring the link between
resting LFO and cognition, the relationship between intrinsic
brain activity and task-evoked brain activity depends on
cognitive load, as stronger relationships between ALFF and
task-related activity emerge with increased working memory
load (Zou et al, 2013).
Measures of LFO amplitude have received relatively little

attention in the schizophrenia literature, despite demonstra-
tion of regionally specific LFO differences between schizo-
phrenia patients and healthy controls (He et al, 2013;
Hoptman et al, 2010; Huang et al, 2010; Lui et al, 2010;
Turner et al, 2013; Yu et al, 2013, 2014). A large sample study
from the multi-site fMRI Biomedical Informatics Network
(FBIRN) (Turner et al, 2013) reported widespread regions of
decreased fractional ALFF (fALFF) in schizophrenia, includ-
ing posterior cortex. These results converge with reports of
decreased fALFF in schizophrenia in posterior cortical
regions including occipital and precuneus/posterior cingulate
cortices (PCC) (Hoptman et al, 2010; Yu et al, 2014). There
is, however, considerable variation in the regional pattern
and direction of LFO amplitude alterations reported in
schizophrenia, possibly owing to clinical and methodological
differences among the small number of extant studies.
Regardless, LFO amplitude alterations appear to be clinically
meaningful, as fALFF values relate to symptom severity
(He et al, 2013) and reductions in ALFF normalize with
antipsychotic treatment and symptomatic improvement
(Lui et al, 2010). Moreover, positive relationships between
LFO amplitude and functional connectivity present in
healthy controls are attenuated in schizophrenia, suggesting
that normal relationships between LFO activity and func-
tional connectivity are disrupted in schizophrenia (Yu et al,
2013).
Despite compelling findings identifying between-group

LFO alterations in schizophrenia (Calhoun et al, 2008;
Hoptman et al, 2010; Huang et al, 2010; Turner et al, 2013;
Yu et al, 2013, 2014) and relating them to pharmacological
treatment response (Lui et al, 2010) and clinical symptoms
(He et al, 2008), the cognitive relevance of LFO magnitude
changes in this population remains largely unexamined.
This question is particularly important because though
neurocognitive deficits in domains such as attention and
working memory are commonly observed in schizophrenia
(Heinrichs and Zakzanis, 1998; Mesholam-Gately et al,

2009), and strongly influence functional outcomes (Green
et al, 2004), the pathophysiological basis of cognitive deficits
is poorly elucidated. A prior study of treatment-naive
first-episode patients with schizophrenia reported that
lower fALFF related to poorer processing speed in patients
(He et al, 2013). The generalizability of these findings to
treatment-seeking patients and to other cognitive domains
remains unclear. Accordingly, this study extends the prior
report from the FBIRN consortium (Turner et al., 2013) to
examine relationships between resting-state LFO amplitude
and neurocognitive function in patients with schizophrenia
and healthy controls. More specifically, this study examines
resting-state fALFF and neuropsychological performance
on tests of sustained attention (ie, vigilance) and working
memory in order to determine whether the magnitude
of slow fluctuations in regional BOLD activity correlates
with cognitive function and, further, to determine whether
these relationships differ between schizophrenia patients
and healthy controls. Based on prior work demonstrating
positive relationships between cognitive performance and
LFO amplitude in task-relevant brain regions (He et al, 2013;
Mennes et al, 2011; Zou et al, 2013), we predicted that better
attention and working memory performance would relate
to higher fALFF. Specifically, we expected LFO–cognition
relationships to be detected within frontoparietal circuitry
directly implicated in serving attention and working memory
functions (eg, dorsolateral prefrontal cortex, dorsal anterior
cingulate, posterior parietal cortex) (Cabeza and Nyberg,
2000; Wager and Smith, 2003) and/or circuitry thought to be
reciprocally related to these networks (eg, midline structures
including medial prefrontal cortex, PCC, precuneus, as well
as lateral parietal cortices) (Buckner et al. 2008).

MATERIALS AND METHODS

Participants

Subjects with schizophrenia (SZ; n= 168) and healthy
controls (HC; n= 166) were recruited from seven FBIRN
consortium sites (University of California Irvine, University
of California Los Angeles, University of California San
Francisco, Duke University/University of North Carolina,
University of New Mexico, University of Iowa, and
University of Minnesota). Inclusion criteria required all
participants to be adults between the ages of 18 and 65 years.
Patients were included in the SZ group if they met DSM-IV-
TR criteria for schizophrenia and were on a stable dose of
antipsychotic medication for at least 2 months. Diagnosis
of schizophrenia was confirmed by trained raters using the
Structured Clinical Interview for DSM-IV (SCID) (First et al,
2002). Current symptom severity was rated using the Positive
and Negative Syndrome Scale (PANSS) (Kay et al, 1987).
Exclusionary criteria for all participants were contraindica-
tion for MRI scanning (eg, metallic implants in the body),
current or past major medical illnesses affecting the central
nervous system, noncorrectable vision impairments, sub-
stance dependence within 5 years of study participation,
current substance abuse, or IQ estimate o75 (Blair and
Spreen, 1989). In addition, HC participants were excluded
for current or past psychiatric illness based on SCID
assessment or for having a first-degree relative with a
diagnosis of an Axis-I psychotic disorder. Participant
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socioeconomic status (SES) and parental SES were measured
by the Hollingshead 2-Factor Index (Hollingshead and
Redlich, 1958). Written informed consent was obtained
from all study participants under protocols approved by the
Institutional Review Boards at each study site.

Neuropsychological Assessment

Cognitive measures were obtained from testing with the
Computerized Multiphasic Interactive Neurocognitive
Diagnostic System (CMINDS) neuropsychological battery
(NeuroComp Systems) (O'Halloran et al, 2008). In order to
address study hypotheses regarding the relationships bet-
ween intrinsic brain activity and core domains of cognitive
impairment in schizophrenia, CMINDS tests of sustained
attention, ie, vigilance (Continuous Performance Test-
Identical Pairs (CPT-IP)) and working memory (Spatial
Memory Span (SMS)), were selected.

Continuous Performance Test-Identical Pairs. For the
CPT-IP, participants were serially presented with spans of
digit sequences in blocks of 150 stimuli, with span complex-
ity increasing from 2 to 3 to 4 digit sequences over three
successive blocks. Participants were told to respond if and
only if the digit sequence was identical to the preceding one.
Performance was quantified using the sensitivity index d′, a
ratio of target hits to false alarms, with higher scores
indicating better performance.

Spatial Memory Span. For the SMS, participants were
presented on each trial with an array of spatially distributed
boxes that lit up in a pseudorandom nonrepeating sequence.
Upon verbal prompt, the participant was asked to use an
electronic pen to tap the boxes in the same sequence for the
Forward condition, or in the reverse sequence for the Reverse
condition. The spatial arrays spanned from 2 to 8 boxes, and
two trials were presented at each span before increasing to
the next higher span, until participants incorrectly recalled
both trials at a given span. The Reverse condition was
analyzed in this study. Performance was quantified using the
total number of correct responses, with higher scores
indicating better performance.

Resting-State Data Acquisition and Processing

Resting fMRI data were acquired at 7 sites (six 3T Siemens TIM
Trio scanners and one 3T GE MR750 scanner) using the
following T2*-weighted AC-PC aligned echo planar imaging
(EPI) sequence: TR/TE 2 s/30ms, flip angle 77°, 32 slices
collected sequentially from superior to inferior, 3.4 × 3.4×4mm
with 1mm gap, 162 frames, 5:38min acquisition time).
Imaging preprocessing was performed with Statistical

Parametric Mapping (SPM5) http://www.fil.ion.ucl.ac.uk/
spm/software/spm5/). Image preprocessing entailed motion
correction via affine registration of all functional images to
the first image using INRIAlign (http://www-sop.inria.fr/
epidaure/Collaborations/IRMf/INRIAlign.html). Images
were slice-time corrected to adjust for timing differences of
individual slice acquisitions within each TR. ACompCor, a
principal components analysis-based approach to denoising
BOLD data, was applied (Behzadi et al, 2007). ACompCor
derives principal components from the time series of voxels

within noise regions of interest defined on white matter and
cerebrospinal fluid (CSF) parcels from participants’ segmen-
ted high-resolution T1-weighted anatomical images coregis-
tered to their functional data. White matter noise regions
were derived via FreeSurfer (http://surfer.nmr.mgh.harvard.
edu/) segmentation, whereas CSF noise regions were derived
via segmentation in spm5. These principal components are
then used as nuisance regressors in voxelwise first-level
regression models to remove noise-related variance and
improve signal-to-noise ratio.
To further ensure that the data were optimally cleaned

of noise, the influence of head motion quantified by six
realignment parameters, and their derivatives, were included
along with aCompCor noise regressors in the first-level
regression model for each subject. Residual time series from
this regression model were saved, resulting in denoised
resting-state BOLD images. Normalization of the mean
functional image from the realignment step to the Montreal
Neurological Institute EPI template was done using a
12-parameter affine transformation and 4 × 5× 4 nonlinear
basis functions, including image reslicing to 3 mm3. Data
were then spatially smoothed with an 8mm full width half
max (FWHM) Gaussian filter.
In order to calculate voxelwise ALFF maps, each partici-

pant’s preprocessed and denoised resting-state time series
images were subjected to fast Fourier transformation. The
square root of the power for each frequency was calculated,
yielding amplitude values. To calculate fALFF, the sum of the
amplitude values in the 0.01 to 0.08 Hz low-frequency power
range was divided by the sum of the amplitudes over the entire
detectable power spectrum (range: 0–0.25Hz). Relative to
ALFF, fALFF is a normalized measure (normalized by the
square root of the total power) that has been shown to reduce
the influence of physiological noise (Zou et al, 2008). Group-
level analyses were then conducted on voxelwise fALFF maps,
as described in the Data Analysis section.

Data Analysis

In order to address study hypotheses, the relationship
between fALFF and cognitive test performance was exam-
ined using multiple regression to test for differences in the
regression line slopes between the HC and SZ groups,
and when the slopes did not significantly differ, to test the
pooled estimate of the common slope of the regression line
for significance. In the first model, voxelwise fALFF was
regressed on Cognitive Test performance (CPT-IP or SMS),
Group (dummy coded: HC= 0, SZ= 1), and the Group×
Cognitive Test performance interaction. Whole-brain maps
of the interaction effect, which represent the regional
distribution of slope differences between the groups, were
then tested for significance.
In a second model, in order to identify brain regions

showing significant fALFF–Cognitive Test relationships with
regression line slopes common to both groups, a voxelwise
regression of fALFF on Cognitive Test performance and
Group (dummy coded) was run, omitting the interaction
term. This model used an explicit mask that excluded voxels
showing Group×Cognitive Test interaction effects with
p-values o0.05 (uncorrected) in the first model. This
exclusive mask was based on a liberal probability threshold
in order to exclude voxels showing a trend toward slope

Low-frequency power and cognition in schizophrenia
SL Fryer et al

2707

Neuropsychopharmacology

http://www.fil.ion.ucl.ac.uk/spm/software/spm5/
http://www.fil.ion.ucl.ac.uk/spm/software/spm5/
http://www-sop.inria.fr/epidaure/Collaborations/IRMf/INRIAlign.html
http://www-sop.inria.fr/epidaure/Collaborations/IRMf/INRIAlign.html
http://surfer.nmr.mgh.harvard.edu/
http://surfer.nmr.mgh.harvard.edu/


differences between the groups. In the remaining voxels, the
Cognitive Test effect from the second model, representing
the common slope of the regression line fit to the data within
each group, was then tested for significance. Both models
were run separately for attention (CPT-IP) and working
memory (SMS) test scores. Statistical significance was based
on an initial voxel-level cluster-defining height threshold of
po0.01 (extent threshold= 5 voxels) followed by retaining
clusters that met a family-wise error (FWE) cluster-level
correction, with a cluster p-value o0.05.
Dummy-coded Site variables were included in all regression

models in order to account for variance attributable to the
data collection sites. Because there was no a priori basis for
expecting that fALFF–Cognition relationships should vary by
site, other than due to random sampling error, we did not
model site variation in the slopes of the fALFF–Cognition
relationships or their interactions with Group. Instead, we
adopted the more conservative and parsimonious approach of
testing the significance of the best fitting models relating fALFF
to Diagnosis and Cognition controlling for Site, with the
constraint that the best fitting model be the same across sites
(ie, we omitted interactions involving Site from our model).

RESULTS

Participant Group Characteristics

The groups did not significantly differ on age, gender, and
handedness. Participant SES and parental SES were sig-
nificantly lower, whereas scan head motion was significantly
greater, in the SZ patients than in the HC participants (all
po0.001). In addition, the SZ group performed more poorly
than the HC group on the CPT-IP d' measure of attention
and the SMS measure of working memory (all po0.001). See
Table 1 for group means on demographic and neuropsycho-
logical performance measures, statistical tests of group
differences, and clinical characteristics of the SZ group.

FALFF–Cognition Slope Differences between Groups

Group differences in the slopes of the regression lines
relating fALFF to cognitive test performance were observed
for the CPT-IP attention measure (see Table 2). FWE-
corrected clusters were detected in (1) dorsal anterior
cingulate cortex (ACC)/supplementary motor area, (2) right
dorsolateral and superior prefrontal cortex, and (3) a large
region of medial and lateral posterior cortex, including
precuneus as well as bilateral posterolateral parietal and
PCC, extending into temporal and occipital cortex. All regions
showing slope differences between the groups emerged because
of a positive relationship between fALFF and CPT-IP test
performance in the SZ but a slightly negative relationship in
the HC (see Figure 1). Thus, in SZ, but not HC, lower fALFF
was associated with poorer attention.
For the SMS working memory test, there were no clusters

of fALFF–cognitive performance slope differences between
the groups that achieved FWE-corrected significance.

Common fALFF–Cognition Slopes across Groups

After masking out regions showing slope differences between
the groups and dropping the Group ×Cognitive Test

performance interaction term from the regression model,
the remaining regions were interrogated for significant
fALFF–cognition regression line slopes common to both
groups. Several clusters surpassed our FWE-corrected
threshold, and all were indicative of positive relationships
between fALFF and cognitive test performance, such that
lower fALFF values were related to poorer performance (see
Table 2 and Figure 2). For the CPT-IP attention measure,
significant common slopes were observed in left superior
frontal cortex (Brodmann Area (BA) 6/8) and right and left
temporoparietal junction.
For the SMS measure of working memory, regional

clusters showing significant common slopes emerged in
(1) a large region of bilateral ACC/medial prefrontal cortex
(mPFC), including BA 9/10 and 32, that extended to
dorsolateral prefrontal cortex (DLPFC) in both left and right
hemispheres, (2) a right posterolateral parietal cortex region
including supramarginal and angular gyri that extended
inferiorly into temporal lobe, and (3) a left posterolateral
parietal region extending inferiorly into temporal lobe that
also included supramarginal and angular gyri. For full
neuroanatomical extents of findings and regional overlap
across cognitive domains see Supplementary Figures 1–5.

Table 1 Demographic, Neuropsychological, and Clinical Data for
Participants in the Healthy Control (HC) and Schizophrenia (SZ)
Groups

HC SZ

Na 166 168

Gender (% male) 72.29 75.00

Age (years) 37.80± 11.30 39.04± 11.32

Participant SESb,c 33.45± 12.86 50.16± 13.19

Parental SESb,c 30.22± 14.85 36.29± 14.86

Handedness (% right-handed) 94.58 90.48

Average motion displacement (mm)c,d 0.068± 0.047 0.086± 0.047

CMINDS attention score: CPT-IP d'c 3.26± 0.60 2.36± 0.88

CMINDS Working Memory Score:
Spatial Memory Spanc

7.97± 1.82 6.21± 2.15

PANSS positive sum — 15.55± 5.01

PANSS negative sum — 14.49± 5.32

PANSS general sum — 28.73± 7.46

PANSS total sum — 58.78± 14.35

Chlorpromazine equivalents (mg) — 377.76± 469.99

Antipsychotic medication type
(% typical; % atypical; % both;
% unknown)

— 10.71; 81.55; 0.06; 7.14

aSES scores not available for 3 SZ participants; CPT-IP scores not available for
2 HC and 8 SZ participants; clinical ratings not available for 2 SZ participants;
chlorpromazine equivalents not available for 30 SZ participants; medication type
not available for 12 SZ participants.
bSES (socioeconomic status) measured by the Hollingshead 2-Factor Index.
Higher Hollingshead scores indicate lower SES. All other assessment measures
are scaled such that higher scores reflect greater levels of the measured variable,
and for cognitive tests higher scores reflect better performance.
cSignificant between-group comparison, po0.05: participant SES:
t(329)=− 11.67, po0.001; parental SES: t(329)=− 3.71, po0.001; average
motion displacement: t(332)= 3.54, po0.001; CPT-IP d': t(322)= 10.78,
po0.001; Spatial Memory Span: t(332)= 8.08, po0.001.
dAverage motion displacement in mm as 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
parameters.
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Consideration of Potential Confounds on
fALFF–Cognition Slopes across Groups

We next undertook post hoc analyses to evaluate potentially
confounding factors because our groups differed on parental
SES, antipsychotic medication usage, scan motion, and
because data were collected from multiple sites.

Socioeconomic status. Regional fALFF clusters showing
either significant group differences in slopes or significant
common slopes when regressed on cognitive scores were
extracted for all subjects and analyses were repeated on the
cluster means (average fALFF values over all voxels in the
cluster) in subgroups of SZ (n= 153) and HC (n= 154)
matched on parental SES (F(1, 305)= 2.19, p= 0.14; Cohen’s
d= 0.17). All common slopes and slope differences reported
in the full sample remained significant (all po0.001) when
tested in the parental SES-matched subsample, indicating
that full-sample effects were not explained by group
differences in parental SES.

Antipsychotic medication. Next, we examined the effects
of antipsychotic medication dosage on the cognitive and
LFO variables under examination within our patient sample.
Within the SZ group, Chlorpromazine equivalent dosage did
not correlate with the attention or working memory variables
under investigation nor with mean fALFF regions showing
either slopes difference or common slope effects (all
Pearson’s ro|0.17|; all p40.05).

Head motion. Regional fALFF clusters showing either
significant group differences in slopes or significant common
slopes when regressed on cognitive scores were extracted for
all subjects and analyses were repeated on the cluster means
in subgroups of SZ (n= 158) and HC (n= 156) matched on

mean motion displacement measured in mm (F(1, 313)=
2.81, p= 0.10; Cohen’s d= 0.19). All common slopes and
slope differences reported in the full sample remained
significant (p-values o0.001 to 0.002) when tested in the
motion-matched subsample, indicating that full-sample
effects were not explained by group differences in motion.

Site. Although the main effect of data acquisition site was
controlled for in our voxelwise regression models, we further
examined the influence of Site on the mean fALFF values
extracted from all FWE-corrected clusters that showed either
significant slope differences or common slopes. Significant
Site main effects were observed among all 9 regional fALFF
clusters (p-values o0.001 to 0.002). Significant effects of Site
are consistent with what we previously reported on FBIRN
fALFF data (Turner et al, 2013), where we noted that Site
effects were largely driven by scanner manufacturer differ-
ences. However, when we reran models to include a
Group× Site interaction term we did not find any significant
Group × Site interaction effects on these fALFF values
(0.09opo0.82). The lack of significant Group × Site inter-
actions indicated that the magnitude of group differences in
fALFF did not significantly depend on data acquisition site.

Group Differences in fALFF

Whole-brain between-group comparisons of fALFF from an
overlapping FBIRN study sample are reported elsewhere
(Turner et al, 2013). We therefore restricted our current
analysis of group differences in fALFF to the regions showing
significant relationships with cognitive performance. Ac-
cordingly, mean fALFF values from FWE-corrected clusters
showing either significant slope differences or common
slopes were extracted for all participants and subjected to
independent t-tests. For all regions, the SZ group had

Table 2 Neuroanatomical Regions Showing Significant fALFF–Cognition Slopes across Healthy Control and Schizophrenia Groups

CMINDS test Cluster neuroanatomy FWE cluster-
corrected p-value

Number of
3mm3 voxels

Peak MNI
coordinate (x, y, z)

Regions showing fALFF–cognition slope differences between groups

CPT-IP d' Dorsal anterior cingulate cortex/supplementary motor area
(BA 8, 24, 32)

P= 0.04 124 3x 15y, 33z

CPT-IP d' Right dorsolateral/superior frontal cortex (BA 6, 8, 9, 46) Po0.001 322 45x, 0y, 57z

CPT-IP d' Bilateral posterior lateral parietal, medial parietal, and posterior
cingulate cortex, extending into temporal and occipital cortex
(BA 5, 7, 19, 30, 31, 39, 40)

Po0.001 3710 6x, − 69y, 51z

Regions showing fALFF–cognition slopes common to both groups

CPT-IP d' Left superior frontal cortex (BA 6, 8) P= 0.02 134 − 30x, 15y, 60z

CPT-IP d' Left temporal cortex P= 0.02 136 − 33x, − 39y, 3z

CPT-IP d' Right temporal cortex P= 0.03 128 21x, − 42y, 24z

Spatial Memory Span Medial prefrontal cortex, extending to bilateral dorsolateral
prefrontal cortex (BA 6, 8, 9, 10, 32)

Po0.001 1811 12x, 42y, 51z

Spatial Memory Span Left temporoparietal junction/inferior parietal lobule (BA 39, 40) P= 0.002 214 − 48x, − 66y, 42z

Spatial Memory Span Right temporoparietal junction/inferior parietal lobule (BA 39, 40) Po0.001 298 51x, − 42y, 30z

Abbreviation: BA, Brodmann area.
Common slopes and slope differences between groups are listed above. Cluster-corrected p-values are family-wise error (FWE) corrected, at a height threshold of
po0.01.
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significantly lower fALFF than the HC group (p-values
o0.001 to 0.002; see Table 3 for mean cluster fALFF values,
t-statistics and p-values, and effect sizes).

DISCUSSION

This study identifies novel associations between regional
magnitudes of low-frequency oscillations in BOLD signal
activity, measured by fALFF, and attention and working
memory in a large, multisite sample of patients with
schizophrenia and healthy control subjects. Analyses identi-
fying common fALFF–cognition regression line slopes across

the groups revealed that sustained attention performance
was positively associated with fALFF in left superior frontal
cortex and the right and left temporoparietal junction.
Working memory performance was positively associated
with fALFF in bilateral ACC, mPFC, right DLPFC, and
inferior parietal lobule/temporoparietal cortex in both
groups. These regions of fALFF–cognition relationships
overlap well with the frontoparietal neuroanatomy impli-
cated in attention and working memory functions (Cabeza
and Nyberg, 2000; Wager and Smith, 2003). In contrast,
several additional regions were identified where reduced
fALFF was associated with poorer sustained attention in the
schizophrenia group, but not in the healthy control group,
that instead showed a modest inverse relationship between
fALFF and cognition. These regions of group slope
differences included dorsal ACC, right DLPFC, and a large
area of bilateral medial and lateral posterior parietal cortex
(including both inferior and superior parietal lobules and
PCC), extending into occipital and temporal cortices. The set
of regions that differentiated schizophrenia patients from
healthy controls showed considerable overlap with posterior
nodes of the default mode network (DMN) (shown in
Supplementary Figure 6), suggesting that schizophrenia-
related alterations of the relationship between fALFF and
attention may particularly implicate DMN functioning.
Schizophrenia patients also had significantly poorer cogni-
tive performance on the attention and working memory
measures as well as lower fALFF in all regions with either
significant common slopes or slope differences. The
identification of regions in which fALFF and cognitive
performance covary contextualizes prior findings of LFO
amplitude alterations in schizophrenia by demonstrating that
regional amplitude reductions in schizophrenia patients are
associated with their deficits in attention and working
memory.
Although prior studies comparing BOLD LFO values

between schizophrenia patients and healthy controls have
yielded mixed results in terms of the regional pattern and
direction of schizophrenia-related alterations, there has been
some convergence of findings showing posterior cortical
decreases in patients (Hoptman et al, 2010; Turner et al,
2013; Yu et al, 2014). Within healthy individuals, resting-
state LFO amplitudes show considerable regional variation,
with the highest magnitudes occurring in midline and visual
regions that substantially overlap with DMN regions
(Fransson, 2005; Zuo et al, 2010). Though the functional
significance of this regional variation in LFO activity has
yet to be elucidated, many of the regions with large LFOs
(eg, precuneus, PCC, lateral parietal cortices) overlap with
regions previously shown to have reduced LFOs in schizo-
phrenia (Hoptman et al, 2010; Turner et al, 2013; Yu et al,
2014) as well as with regions showing positive correlations
with cognition in patients in the current study. Anomalous
activity and connectivity of the DMN has been previously
reported in schizophrenia (Anticevic et al, 2012; Whitfield-
Gabrieli and Ford, 2012). Indeed, insufficient suppression of
DMN activity during task engagement may independently
contribute to cognitive deficits in schizophrenia beyond
dysfunction of task-specific substrates (Anticevic et al, 2012).
Given that the posterior cortical slope difference findings
extend well into extrastriatal regions of the occipital cortices,
an alternative or additional explanation to DMN dysfunction

Figure 1 Scatterplots and neuroanatomical regions showing significant
fALFF–cognition slope differences between healthy control (HC) and
schizophrenia (SZ) groups for the test of attention (CPT-IP d'). All findings
are family-wise error cluster-level corrected at a po0.01 height threshold.
Regions shown: (a) dorsal anterior cingulate/supplementary motor area
(dACC), x= 3 mm; (b) right dorsolateral prefrontal cortex (DLPFC),
y= 21 mm; (c) bilateral medial and posterior lateral parietal cortex and
posterior cingulate cortex (PPC/PCC), z= 42 mm.
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may be that the altered LFO–cognition relationships
observed relate to early sensory processing deficits that have
been described in schizophrenia and shown to contribute to
higher-order cognitive impairments (Dias et al, 2011).
It is interesting to note that regional LFO–cognition slope

differences between the groups were limited to the CPT
measure of vigilance. One possible explanation for this is
attenuated CPT score range and variance in the control
group relative to the schizophrenia group. Nonetheless, some
regional LFO measures showed relationships with CPT
scores with a common slope across both groups, suggesting
that these relationships were detectable in both groups
despite the restricted healthy control group variance.
Furthermore, when considering the regions showing slope
differences between the groups, significant correlations were
observed in healthy controls, although in the opposite
direction to those observed in patients with schizophrenia.
Although it is possible that some compensatory mechanism

drove the positive correlation between attention and LFO
amplitudes in the schizophrenia group, and that in the
absence of schizophrenia, larger LFO amplitudes do not
promote sustained attention, it should be noted that the
control scatterplots (Figure 1) are not strongly supportive of
an inverse relationship over the full range of attention scores.
Therefore, the modest inverse relationship we observed in
healthy controls must be interpreted cautiously. Moreover,
despite a similar restriction of range in working memory
scores in the control group relative to schizophrenia group,
all regional LFO amplitude measures that correlated with
working memory performance did so with a common slope
across both groups. This suggests that the relatively larger
variance in cognitive scores in the schizophrenia group did
not necessarily lead to slope differences relative to the
control group.
In contrast to the tests of slope differences, all regions

identified by tests of common slopes indicated a positive

Figure 2 Scatterplots and neuroanatomical regions showing significant common fALFF–cognition slopes across healthy control and schizophrenia groups
for tests of attention (CPT-IP d') and working memory (Spatial Memory Span). All findings are family-wise error cluster-level corrected at a po0.01 height
threshold. Regions shown: (a) left superior frontal cortex (SFC) x=− 23 mm; (b) right temporal cortex (Temporal), z= 24 mm; (c) left temporal cortex
(Temporal), z= 16 mm; (d) anterior cingulate/medial prefrontal cortex, extending to dorsolateral prefrontal cortex (ACC/mPFC), x= 12 mm; (e) right
temporoparietal junction/inferior parietal lobule (IPL/TPJ), z= 30 mm; (f) left temporoparietal junction/inferior parietal lobule (IPL/TPJ), z= 30 mm.
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relationship between fALFF and cognition, such that lower
resting fALFF was consistently associated with poorer
performance on tests of attention and working memory.
These commonly identified regions associating fALFF and
cognition across groups support our hypothesis that better
attention and working memory performance would relate to
higher fALFF, consistent with the positive relationships
between cognitive performance and LFO amplitude pre-
viously observed in healthy controls in task-relevant regions
(He et al, 2013; Mennes et al, 2011; Zou et al, 2013). Our
demonstration that poorer cognition in schizophrenia
patients was correlated with lower resting fALFF is
consistent with the direction of the relationships reported
by He et al (2013), who showed fALFF decreases in
prefrontal gyri to be associated with reduced processing
speed in treatment-naive first-episode schizophrenia
patients. The current study observed fALFF–cognition
relationships over prefrontal areas, but also showed such
relationships in lateral parietal and posterior cingulate
cortices. The broader regional distribution of our findings
of fALFF–cognition relationships, relative to those reported
by He et al (2013), may stem from differences in the
cognitive domains examined: whereas we focused on work-
ing memory and sustained attention, He et al (2013) focused
more narrowly on speed of processing. Differences regarding
the anatomy and extent of findings between the two studies
may also relate to illness progression, as He et al (2013)
studied only first-episode patients, whereas we focused on
older chronic patients.
Although the LFO signals examined in this study are

hemodynamically generated, consensus is emerging that
BOLD and electrophysiological signals within the infraslow

frequency range may reflect the same underlying mechanism
(He et al, 2008; Hiltunen et al, 2014; Palva and Palva, 2012).
This study’s focus on the cognitive relevance of intrinsic
power in the infraslow range raises questions regarding the
mechanistic source of these LFOs, as well as how they
may interact with higher frequency oscillating brain signals
more commonly studied with electrophysiological methods.
Because of the inverse relationship between frequency and
power observable in neural brain oscillations (ie, power-law
frequency distributions), the slow fluctuations characteristic
of LFO activity are poised to entrain faster oscillatory signals
(Aladjalova, 1957; Buzsaki and Draguhn, 2004). Thus, the
well-described modulation of higher frequency power by
slower frequency phase is one way in which LFOs may exert
a role in cognitive output (Canolty and Knight, 2010).
Though the exact generator(s) of LFOs are unknown, it is
possible that the slow activity fluctuations characteristic of
LFOs reflect self-organizing emergent properties of the
networks that generate faster oscillations, or they may arise
directly from cellular-level mechanisms that induce slow
modulation of the amplitudes of high-frequency neuro-
oscillatory networks (Palva and Palva, 2012).
In contrast to interregional-phase synchronization, in this

study we focus on amplitude measures of LFO activity that
can be construed as a measure of local activity synchroniza-
tion (Roach and Mathalon, 2008; Uhlhaas et al, 2008).
It has been shown in a primate model that modulations
of local field potential-recorded band-limited power in
higher frequencies (particularly gamma-band) fluctuate
with the same low-frequency periodicity as BOLD signals
(Leopold et al, 2003). Therefore, fMRI-based LFO amplitude
measures, like the amplitude of band-limited power of

Table 3 Between-Group Comparisons of fALFF for Neuroanatomical Regions Showing Significant fALFF–Cognition Slopes

CMINDS test Cluster neuroanatomy Mean cluster fALFF
(HC, M±SD; SZ, M±SD)

T-test, p-value Cohen’s d

Regions showing fALFF–cognition slope differences between groups

CPT-IP d' Dorsal anterior cingulate cortex/supplementary motor area HC: 0.37± 0.03
SZ: 0.36± 0.04

t(322)= 3.60
po0.001

0.40

CPT-IP d' Right dorsolateral/superior frontal cortex HC: 0.38± 0.03
SZ: 0.37± 0.03

t(322)= 4.07
po0.001

0.45

CPT-IP d' Bilateral posterior lateral parietal, medial parietal, and
posterior cingulate cortex, extending into temporal and
occipital cortex

HC: 0.40± 0.03
SZ: 0.39± 0.03

t(322)= 4.36,
po0.001

0.48

Regions showing fALFF–cognition slopes common to both groups

CPT-IP d' Right temporal cortex HC: 0.33± 0.03
SZ: 0.32± 0.03

t(322)= 4.21
po0.001

0.35

CPT-IP d' Left temporal cortex HC: 0.32± 0.02
SZ: 0.31± 0.02

t(322)= 2.87
p= 0.004

0.32

CPT-IP d' Left superior frontal cortex HC: 0.36± 0.03
SZ: 0.35± 0.03

t(322)= 3.19
p= 0.002

0.47

Spatial Memory Span Medial prefrontal cortex, extending to bilateral dorsolateral
prefrontal cortex

HC: 0.38± 0.03
SZ: 0.37± 0.03

t(332)= 4.01,
po0.001

0.45

Spatial Memory Span Left temporoparietal junction/inferior parietal lobule HC: 0.42± 0.04
SZ: 0.40± 0.04

t(332)= 3.81,
po0.001

0.42

Spatial Memory Span Right temporoparietal junction/inferior parietal lobule HC: 0.41± 0.03
SZ: 0.39± 0.03

t(332)= 3.68,
po0.001

0.40
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electrophysiological recordings, may also reflect synchroni-
zation of activity in local neuronal assemblies. Such local
synchronization strength is a necessary precursor to
network-level connectivity. Indeed, in healthy adults, fMRI-
based LFO amplitude measures within intrinsic functional
connectivity network nodes correlate with interregional
network connectivity strength, indicating that within net-
work connectivity is related to the magnitude of local low-
frequency activities of network components (Di et al, 2013).
In addition, higher LFO magnitudes in the precuneus node
of the DMN are associated with stronger negative con-
nectivity between DMN and task-positive networks (Di et al,
2013). Schizophrenia-related LFO alterations reported in the
literature (He et al, 2013; Hoptman et al, 2010; Huang et al,
2010; Lui et al, 2010; Turner et al, 2013; Yu et al, 2013, 2014),
as well as findings from our study linking lower LFO regional
magnitudes to poorer cognitive task performance, may
therefore reflect dysfunction of an important mechanism
for gating functional neural connectivity. This speculation
is consistent with conceptual accounts of schizophrenia
as a disease predominantly of network dysconnectivity
(Andreasen, 1999; Friston, 1998). The extent to which
variations in the magnitudes of local LFO activity levels
play a role in maintaining or gating correlated and anti-
correlated functional network dynamics has been relatively
unexplored in the schizophrenia literature and remains an
important direction for future research.
Our study is limited by several factors. Antipsychotic

medication usage differed between the groups, as did SES
and scan head motion, although analysis of these potential
confounds was not consistent with their accounting for
observed effects. In addition, further parsing of the infraslow
frequency band may be informative in future research
examining the association between LFOs and cognition. LFO
activity alterations in schizophrenia may depend, in part,
on the frequency of LFO examined, as one study has
demonstrated group-by-frequency interactions by examining
subranges within the 0.01 to 0.1 band (Yu et al, 2014).
Our work also did not examine group differences in the
relationship between regional brain volume or task-based
activity and LFO amplitude, which are worthwhile avenues
for further investigation. Despite these limitations, our
findings, relating decreased regional fALFF to worse atten-
tion and working memory, help establish the functional
relevance of previously reported LFO amplitude reductions
with respect to specific cognitive impairments frequently
present in schizophrenia. Our findings support a growing
literature relating features of slow intrinsic brain activity
oscillations with cognitive abilities in both health and
disease. Furthermore, the relationships between lower fALFF
and poorer attention and working memory demonstrated by
this study suggests that intrinsic infraslow-range brain
activity alterations likely have implications for understanding
the pathophysiology of cognitive deficits in schizophrenia.
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