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Neural basis of the visual working memory deficit in
schizophrenia: merging evidence from fMRI and EEG

Molly A. Erickson:2, Britta Hahn2, John E. Kiat3, Luz Maria Alliendel, Steven J. Luck3,
James M. Gold?

1Department of Psychiatry & Behavioral Neuroscience, University of Chicago, 5841 S. Maryland
Ave, Chicago, IL 60622

2Maryland Psychiatric Research Center, University of Maryland School of Medicine

3Center for Mind & Brain and Department of Psychology, University of California, Davis

Abstract

Although people with schizophrenia (PSZ) exhibit robust and reliable deficits in working memory
(WM) capacity, the neural processes that give rise to this impairment remain poorly understood.
One reason for this lack of clarity is that most studies employ a single neural recording modality—
each with strengths and weaknesses—with few examples of integrating results across modalities.
To address this gap, we conducted a secondary analysis that combined data from an overlapping
set of subjects in previously published electroencephalographic and functional magnetic resonance
imaging studies that used nearly identical working memory tasks (visual change detection). The
prior studies found similar patterns of results for both posterior parietal BOLD activation and
suppression of the alpha frequency band within the EEG. Specifically, both signals exhibited
abnormally shallow modulation as a function of the amount of information being stored in

WM in PSZ. In the present study, both alpha suppression and posterior parietal BOLD activity
increased as the number of items stored in WM increased. The magnitude of alpha suppression
modulation was correlated with the magnitude of BOLD signal modulation in PSZ, but not

in HCS. This finding suggests that the same illness-related biological processes constrain both
alpha suppression and BOLD signal modulation as a function of WM storage in PSZ. The
complementary strengths of these two techniques may thus combine to advance the identification
of the processes underlying WM deficits in PSZ.
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Introduction

Working memory (WM) is a cognitive domain that is robustly impaired among people

with schizophrenia (Johnson et al., 2013; Lee and Park, 2005), although its biological
underpinnings remain poorly understood. A large number of investigations have attempted
to pinpoint the primary impairment that produces the WM deficit in PSZ, but these efforts
have been frustrated by (a) the wide variety of WM tasks in use, and (b) the varied
methodologies used to measure brain activity, each with its own strengths and weaknesses.
As a result, the number of potential mechanisms are nearly as varied as the methods used to
study WM in PSZ.

Within the functional magnetic resonance imaging (fMRI) literature on WM in PSZ, this
heterogeneity has been largely due to differences in WM tasks. WM paradigms that
challenge executive control by requiring manipulation or active updating of the encoded
items have produced abnormal activation patterns in the prefrontal cortex of PSZ (Glahn et
al., 2005; Kraguljac et al., 2013; Manoach, 2003; Snellenberg et al., 2006). By contrast,
tasks that engage WM storage without emphasizing executive control have revealed
abnormalities in posterior parietal cortex (PPC) activation (Hahn et al., 2018, 2017). In these
studies, the pattern of abnormalities in PSZ consists of hypoactivation relative to healthy
control subjects (HCS) when WM load is high, and hyperactivation when WM load is low.
Consequently, PSZ exhibit a significantly shallower BOLD signal increase in these areas

as a function of WM load (Hahn et al., 2018). These observations provide important clues
about the functional role of neuroanatomical structures in the WM deficit in PSZ. However,
due to the limitations of the BOLD signal—namely, its slow temporal dynamics and its
indirect measurement of neural activity—conceptual gaps remain that may be bridged using
converging evidence from methods designed to capture rapid neural processes such as
electroencephalography (EEG).

Unlike fMRI, EEG is advantageous for directly measuring neural oscillatory processes that
can become disrupted during WM in PSZ. For instance, we and others have observed
abnormally reduced event-related suppression of the alpha frequency band (9-12 Hz)

in posterior cortical regions that emerges shortly after the onset of an array of to-be-
remembered stimuli in PSZ (Bachman et al., 2008; Erickson et al., 2017; Kang et al., 2018).
In neurotypical individuals, posterior alpha suppression is consistently (a) more pronounced
with more items maintained in WM, and (b) associated with individual differences in WM
capacity (Erickson et al., 2019; Fukuda et al., 2015). We have found that, in addition to an
overall reduction in alpha suppression, PSZ exhibit significantly shallower increases in alpha
suppression as a function of WM load (Erickson et al., 2017), mirroring the pattern of PPC
BOLD impairment described above (Hahn et al., 2018). The pattern similarities between
the two indices suggest that they may be constrained by a common structural or functional

Schizophr Res. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erickson et al.

Methods

Participants

Page 3

impairment. To date, however, it remains unclear whether alpha suppression and BOLD
abnormalities reflect the same pathology in neuronal function underlying WM deficits in
PSZ.

The purpose of the present study was to address this unanswered question by conducting

a secondary analysis of EEG (Erickson et al., 2017) and fMRI (Hahn et al., 2018) data

from nearly identical visual WM tasks, collected from partially overlapping samples of

HCS and PSZ. We then examined the correlation between PPC BOLD and posterior alpha
suppression modulation from participants who completed both protocols. We predicted that
the magnitude of signal modulation as a function of WM storage would be associated

with one another; such an observation would constitute preliminary evidence that the two
indices reflect a common neural mechanism of WM impairment, and would be a first step
toward integrating neuroimaging markers of WM deficits in PSZ and associated pathological
network processes.

Of the 30 PSZ and 31 HCS who completed the EEG task and the 37 PSZ and 37 HCS who
completed the fMRI task, 18 PSZ and 22 HCS completed both paradigms and were included
in the present study (see Table 1). There were no differences in sample characteristics
between participants who completed both paradigms compared to those who completed only
one (see Supplementary Table 1). PSZ and HCS were similar in age, both when performing
the EEG paradigm and when performing the fMRI paradigm, as well as in gender, race,

and parental education, a proxy measure for socioeconomic status. The two groups differed
in 1Q and education level. PSZ did not differ in symptom severity, social and occupational
functioning, or medication dose between the EEG and the fMRI testing session, which were
on average 3 months apart. 13 PSZ and 13 HCS completed the EEG testing session first, and
5 PSZ and 7 HCS completed the MRI testing session first. See Supplement for medications
at time of testing.

Inclusion criteria for PSZ were (a) a DSM-IV-TR (First et al., 2002) diagnosis of
schizophrenia or schizoaffective disorder; and (b) psychiatric stability with no changes in
medication for at least 4 weeks before testing. Inclusion criteria for HCS were (a) no
current Axis | diagnosis; (b) no history of psychosis or schizotypal personality disorder;
(c) not currently taking psychiatric medications; and (d) no family history of psychosis.
Both groups of participants were 18-55 years old, reported no history of neurologic injury,
and had normal or corrected-to-normal vision established using a Snellen eye chart and
the Ishihara test for colorblindness. All procedures were approved by the University of
Maryland Institutional Review Board. Written informed consent was obtained from all
participants.

Experimental Task

In both studies, participants completed a change detection paradigm (Luck and Vogel, 1997)
with minor differences between the two tasks. In the EEG study, participants viewed stimuli
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on an LCD monitor with a gray background and a continuously visible central fixation cross
at a viewing distance of 100 cm while EEG was recorded. On each trial, a sample array

was presented for 200 ms containing 1, 2, 4, or 6 colored squares (Figure 1 A) arranged
around an invisible circle with a radius of 4.1° visual angle. The colors of the squares were
drawn randomly without replacement from the following list: red, white, black, blue, purple,
green, and yellow. Following the offset of a sample array was an 1800-ms delay interval
during which participants retained the colors of the squares in memory. At the end of the
interval, a test array was presented in which all squares from the sample array reappeared.
On 50% of trials, all of the colors remained the same; on the other 50% of trials, one of

the squares changed to a new color. Participants indicated by button-press response whether
the test array was the same as or different from the sample array. Participants completed 96
trials of each set size.

The task parameters of the fMRI study were identical with the following exceptions (Figure
1B): stimuli were presented on a black background, and the list of possible colors included:
red, magenta, purple, blue, teal, cyan, green, olive, yellow, and white. Following the offset
of the 200-ms sample array, the delay period ranged from 1100-4400 ms before a test

array appeared, probing recall for one of the sample array items. Again, the probability

that the test item changed color was 50%, and participants indicated whether the item was
the same or different from the sample array color. Given that the precision of these WM
representations appears to remain stable over a period of at least 4000 ms in both PSZ and
HCS (Gold et al., 2010), as well as the fact that participants did not have advance knowledge
about which item from the sample array would be probed at test in the fMRI task, we
consider these task differences to be of minor impact on the brain processes described

here (but see Discussion for additional considerations). Finally, in the fMRI version, set
size 7 was also included; data from these trials were eliminated from the present analysis.
Participants completed 40 trials of each set size.

We computed an estimate of the number of items stored in WM for each subject at each set
size, which is denoted K. As the fMRI task was a partial-report design, K in this paradigm
was calculated as (hit rate — false alarm rate) * set size (Cowan, 2001). The EEG task used

a full-report design, and K from this paradigm was thus calculated as ((hit rate — false alarm
rate)/(1-false alarm rate) * set size) (Pashler, 1988; Rouder et al., 2011). Of note, K at set
size 4 is considered the closest estimate of WM capacity because it is least limited by ceiling
effects or by selection demands at large set sizes. No order effects on task performance were
observed (see Supplement).

EEG recording, preprocessing, and signal measurement

Details of the EEG methods are described by Erickson et al. (2017) Briefly, the EEG

was continuously recorded from 32 scalp locations using a BioSemi ActiveTwo EEG
recording system (BioSemi B.V., Amsterdam, Netherlands). Data were low-pass filtered
online with a half-power cutoff at 208 Hz and digitized at 1024 Hz. Vertical and horizontal
electrooculograms were also recorded.

All offline data processing was conducted in Matlab (The MathWorks, Inc., Natick, MA)
using EEGLAB (Delorme and Makeig, 2004) and ERPLAB (Lopez-Calderon and Luck,
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2014) toolboxes. Data were referenced to the average mastoid electrodes and then down
sampled to 512 Hz. Data were then segmented into 4-second epochs time-locked to the onset
of the sample array, which included a 1500 ms baseline period and a 2500 ms post-stimulus
period, and baseline corrected to the mean pre-stimulus voltage. Artifact correction was
performed using Independent Components Analysis to remove blinks and eye movements
from the data, after which ERPLAB artifact rejection routines and visual inspection were
conducted to identify and eliminate remaining artifacts. HCS retained 75% of trials whereas
PSZ retained 70% of trials (t3g=1.03; p=0.31). No participants retained fewer than 50% of
data epochs.

Following pre-processing, time-frequency analysis was conducted on single trials by
convolving a Hanning-tapered three-cycle Morlet wavelet with the EEG from each channel
using the newtimef.m EEGLab function. Alpha power (9-12 Hz) was measured from 8
posterior electrodes over the left hemisphere (P1, P3, P5, P7, P9, PO3, PO7, and O1) and
8 posterior electrodes over the right hemisphere (P2, P4, P6, P8, P10, PO4, POS8, and

02) from the entire delay period, and transformed to the proportional change in power
relative to the 1500 ms baseline period on a logarithmic scale (dB). Electrodes within each
hemisphere were then averaged together to calculate left (LH) and right (RH) hemisphere
alpha suppression.

Magnetic Resonance Imaging

Details of the fMRI methods are described by Hahn et al. (2018). Briefly, whole-brain

EPI images for measuring T2*-weighted BOLD effects [4-mm oblique (13.5°) axial slices,
128x128 matrix, FOV=22x22 cm, TR=2 s, TE=27 ms, FA=90°] were acquired on a 3-Tesla
Siemens Tim Trio scanner (Erlangen, Germany). Anatomical reference was obtained from
an axial T1-weighted image (0.8-mm? voxels, TR=2.2 s, TE=2.83 ms, FA=13°). Data were
processed using AFNI (Cox, 1996). Each volume was registered to a base volume. Several
control analyses verified that head motion did not differ between HCS and PSZ (Hahn

et al., 2018). The time series was analyzed by voxel-wise multiple regression. Regressors
corresponding to the five set sizes were expressed as a delta function time-locked to the
onset of each encoding array, convolved with a model hemodynamic response function and
its derivative. Regressors of no interest corresponded to retrieval array onset, array onsets
on trials with no or premature responses, and the six motion parameters. Thus, for each
subject, voxel-wise amplitude of signal change produced by each set size was determined.
These maps were resampled to a 1-pL resolution, converted to standard space (Talairach and
Tournoux, 1988), and spatially blurred (Gaussian 5-mm RMS).

At the group level, whole-brain voxel-wise multiple linear regression was performed on
these maps from 74 subjects (the original sample) to define regions whose signal was related
to WM storage irrespective of diagnostic group. K'was the regressor of interest. Group
(HCS, PSZ), the group x K interaction, set size, and subject were included as regressors

of no interest. Voxel-wise P<0.001 combined with a 946-pL clustersize threshold yielded
overall P<0.05 based on Monte Carlo simulations. Three clusters, described previously
(Hahn et al., 2018), displayed greater activation with more items maintained. A right-
hemispheric cluster spanned superior and inferior parietal lobule (SPL, IPL) and intraparietal
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sulcus (IPS), as well as right middle occipital gyrus (MOG). Symmetrical left PPC and
MOG regions were identified in two separate clusters. For the present study, we focus on
left and right PPC. Right PPC was manually separated from right MOG along anatomical
boundaries (Table 2). Analyses of left and right MOG, the results of which closely adhered
to those of the PPC, are presented in the Supplement. For each subject, BOLD activity was
averaged within each cluster at each set size.

Statistical analysis

Results

First, we examined whether the subsample of participants from the original studies (a)
performed the WM task similarly across the fMRI and EEG testing sessions, and (b)
exhibited patterns of alpha suppression and BOLD modulation that mirrored that of the
original, full sample. To accomplish this, repeated-measures ANOVAs were conducted
on task performance (set size x diagnosis x testing session), PPC BOLD modulation
(hemisphere x set size x diagnosis), and alpha suppression (hemisphere x set size x
diagnosis).

Second, we examined the relationship between alpha suppression and BOLD signal at each
set size and tested the hypothesis that the correlation between these two indices is similar
between diagnostic groups. To do this, we used a general linear model with PPC BOLD

as the dependent variable and alpha suppression, set size and diagnostic status as fully
interacting predictors.

Finally, and of central interest to the study, we examined the correlation between load-
dependent alpha suppression and BOLD modulation. To extract a measure of signal
modulation as a function of WM load, each participant's BOLD activity and alpha
suppression at each set size were paired with Kat that set size, and the four BOLD-K

or alpha suppression- K pairs were entered into a linear regression model (with K'as the
predictor and alpha suppression or BOLD as the dependent factor) to obtain the slope of
the relationship between Kand the respective neuronal activity index for each participant.
Due to non-normality of slope distribution, statistical analyses involving slope employed
non-parametric tests. Spearman correlation coefficients were calculated to examine the
relationship between BOLD slope and alpha suppression slope, as well as their associations
with symptom severity, cognitive function, and chlorpromazine equivalents (Andreasen et
al., 2010). The same pattern of results was observed using parametric tests.

Behavioral Data

The mean number of items stored in WM at each set size (K) from both experimental
sessions is presented in Figures 2A and 2B. As in the full samples, there was a main

effect of set size (F3 114=15.77; p<0.001, mp2=0.16) and group (F1 38=6.31; £<0.05;
pr:0.0G). Importantly, no significant session x set size x diagnosis interaction was
observed (F3 114=0.21; p=0.89; mp2:—0.01), indicating that the pattern of group differences
in Kacross set sizes did not significantly differ between the EEG and fMRI sessions.

Schizophr Res. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Erickson et al.

Page 7

Alpha suppression and BOLD signal across set sizes, hemispheres, and diagnostic

groups

Figure 3 summarizes the alpha suppression and fMRI results. As in the full samples,
alpha suppression increased across set size (F3 114=7.84; p<0.001,; mp2:0.02) and was
reduced in PSZ relative to HCS (F1 35=12.57; p=0.001, mp2:0.13). Note that /ncreases

in alpha suppression are represented by larger negative values as set size increases, and
reduced alpha suppression in PSZ refers to smaller negative values compared to HCS.
Furthermore, there was a significant set size x diagnosis interaction (F3 114=3.21; p<0.05;
wp?=0.01). Similarly, BOLD increased across set size (F3,114=12.32; p<0.001; w?=0.10),
was significantly different across groups (Fq 33=4.60; p<0.05; mp220.04), and exhibited

a significant set size x diagnosis interaction (F3 114=3.97; p=0.01; wpz =0.03). Neither
alpha suppression nor BOLD modulation exhibited a significant effect of hemisphere or
interaction involving hemisphere (F’s<1.11; p’s>0.29); as a result, data were averaged over
the left and right hemispheres for further analyses.

Relationship between alpha suppression and BOLD

The relationship between alpha suppression and PPC BOLD at each set size, averaged
across hemispheres, was assessed using a general linear model with robust standard errors
and PPC BOLD as the dependent variable. We observed significant main effects of set

size (F3,106=34.93; p<0.05; w,?=0.39) and diagnosis (F1 33=4.46; p<0.05; wp?=0.02), which
were conditionalized by a significant two-way interaction between alpha suppression and

set size (F3 106=2.72; p<0.05; wp2=0.01) as well as the predicted three-way interaction
between alpha suppression, set size and diagnosis (F3 10=3.21; p<0.05; wp2:0.04). Follow-
up analyses revealed that PSZ had a numerically stronger negative correlation between alpha
suppression and BOLD than HCS at all set sizes, with the effect reaching significance at set
size 4 (see Figure 4; t106=3.24; p<0.01). That is, larger alpha suppression (i.e., more negative
values) was associated with larger BOLD (i.e., more positive values) in PSZ compared to
HCS, particularly at set size 4.

Signal modulation with the number of items stored in WM (K)

In neurotypical individuals, both alpha suppression and PPC BOLD increase as the number
of items stored in WM increases, reflecting the extent to which neural activity predicts the
number of items stored (Erickson et al., 2019; Todd and Marois, 2005). For each participant,
we calculated the slope of signal change as a function of items stored by regressing the
magnitude of alpha suppression or BOLD activation onto K across set sizes. Note that this
calculation produces negative slopes for alpha suppression and positive slopes for BOLD
modulation. Figure 5 summarizes the results, averaged over the left and right hemispheres.
For alpha suppression, the HCS group had a negative slope that differed significantly from
zero (Z=-3.07; p<0.01) but the PSZ group did not (Z=-0.37; p=0.71). For PPC BOLD, a
significant positive slope was observed in both HCS (Z=3.65; p<0.001) and PSZ (Z=2.85;
p<0.01). The difference between groups that was observed in the original samples did

not reach significance in the subsample as for either alpha suppression (Figure 5A; Mann-
Whitney U=262.00; m=22; m,=18; p=0.08) or PPC BOLD (Figure 5B; Mann-Whitney
U=140.00; m=22; m=18; p=0.12).
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Of central interest is the nature of the relationship between modulation of alpha suppression
and PPC BOLD with increasing WM load. We therefore conducted Spearman correlations
between alpha suppression and BOLD slopes to evaluate the relationship between these
two indices of WM storage (see Figures 5C and 5D). We found that HCS exhibited no
significant correlation between alpha suppression and BOLD slopes (rpp=0.14; p=0.55).

By contrast, PSZ exhibited a robust correlation between these two indices (r1g=—0.59;
p<0.01); this difference in correlation strength was statistically significant (z=2.37; p<0.05).
That is, larger load-dependent modulation of alpha suppression was associated with larger
load-dependent modulation of BOLD in this group. Analogous results were observed for
relationships between alpha suppression and occipital BOLD slopes (see Supplement).

To rule out the possibility that medication effects account for the correlation between

alpha suppression and BOLD modulation, we conducted a partial correlation between these
indices while covarying for participants’ average CPZ dose equivalent units across the two
testing sessions. We found that the correlation remained significant (r=—0.64; p<0.05). Taken
together, these observations suggest that alpha suppression and posterior BOLD modulation
with WM load may be constrained by a shared abnormal physiological process during WM
in PSZ.

Correlations with cognition, symptoms, and medication

Table 3 lists the correlations between alpha suppression slopes, PPC BOLD slopes,

and measures of symptom severity and cognitive ability for HCS and PSZ, separately.

We observed a pattern of correlations within the subsample of participants that broadly
resembled that of the original samples: larger negative alpha suppression slopes were
significantly associated with higher performance on the WRAT-4 and WTAR cognitive
measures in HCS but not PSZ; conversely, larger positive PPC BOLD slopes were
significantly associated with better performance on the WASI in PSZ but not HCS. We did
not observe evidence that alpha suppression slopes and PPC BOLD slopes exhibit mirrored
patterns of correlations with cognitive ability across the two groups.

Discussion

We tested the hypothesis that the abnormal WM-dependent modulation of alpha suppression
and PPC BOLD in PSZ are related, possibly implicating a common underlying pathological
mechanism. We first examined group differences in the relationship between alpha
suppression and PPC BOLD across set sizes. We found that diagnosis and set size both

had a moderating effect on the relationship between PPC BOLD and alpha suppression, with
PSZ exhibiting a larger negative relationship between the two indices compared to HCS. The
between-groups difference in this relationship was significant at set size 4, which is likely

to be the set size during which WM processes are optimally engaged. These results indicate
that, among PSZ, larger BOLD signal was associated with larger alpha suppression in a set
size-dependent manner as indicated by negative p weights.

We next examined the correlation between load-dependent modulation of alpha suppression
and BOLD. We found that PSZ exhibited numerically shallower slopes than did HCS,
although this effect did not reach statistical significance. As these effects were significant
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in the original full samples, we attribute the lack of significant differences in slopes to
reduced statistical power to detect such effects. Importantly, we observed a significant and
robust correlation between slopes in PSZ, suggesting that the WM network dynamics that
constrain alpha suppression also constrain BOLD modulation in this patient population.
This robust correlation was observed even though the EEG and fMRI assessments were not
performed concurrently as part of the same study; thus, this relationship is likely to be an
underestimation of the true relationship between these variables.

The present results expand upon a body of literature that reveals a complex relationship
between alpha power and BOLD fluctuation (e.g., Goncalves et al., 2006). The negative
relationship between alpha and BOLD that we observed in PSZ supports a model of brain
function wherein alpha suppression represents a release of tonic inhibition to facilitate
local processing (see Jensen and Mazaheri, 2010 for a review), which may be reflected in
larger BOLD signal. However, this negative relationship was absent in HCS, indicating
that this hypothesis cannot account for all observations. One possible explanation for

the observed dissociation between HCS and PSZ may be between-group differences

in thalamocortical connectivity. Recent modeling work has revealed that the correlation
typically observed between alpha power and BOLD represents an emergent property of
variation in corticothalamic and intrathalamic functional connectivity (Pang and Robinson,
2018). Together with reports that posterior thalamic nuclei exhibit hyperconnectivity with
posterior cortical regions in PSZ (Anticevic et al., 2014; Cheng et al., 2015; Ramsay, 2019),
it may be that between-group differences in thalamocortical connectivity can account for
the inconsistent pattern of correlation between HCS and PSZ. More research is needed to
directly test this intriguing hypothesis.

Finally, we did not observe a straightforward pattern of correlation between measures of
cognition and these two neurophysiological indices of WM storage. In PSZ, BOLD signal
but not alpha suppression slope values were correlated with 1Q, while in HCS, alpha
suppression but not BOLD signal slope values were correlated with tests more reflective of
crystalized intellectual functioning. More research is needed to shed light on the relationship
between test-based cognitive performance and alpha suppression and BOLD activation. Of
note, the diverging pattern of association with test performance contradicts the possibility
that the correlation between these two indices was secondary to a generalized cognitive
deficit.

There are some limitations to the study. First, the analyses described here were conducted
on a sub-sample of participants who completed both the Erickson et al. (2017) and Hahn

et al. (2018) protocols. The relatively smaller number of participants compared to the
original samples may have reduced our power to detect significant effects; furthermore, the
significant effects that were observed should be replicated in a new and larger sample of
participants. Second, some features of the tasks used in the two protocols were not identical,
such as the length of the delay period between the sample and test arrays. We believe that
these task differences are trivial given that WM capacity estimates remain stable across
delay periods of 1 to 4 seconds (Gold et al., 2010). Furthermore, we observed that there
was no behavioral interaction between testing session, set size, and diagnosis, suggesting
that the pattern of group differences in K'did not differ between the two paradigms. Finally,
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future studies will be necessary to examine the specificity of the relationship between alpha
suppression and BOLD modulation to the PPC and MOG regions. Altogether, the present
results suggest that abnormal alpha suppression and BOLD modulation during WM storage
share a common underlying neural pathology in PSZ. Future experiments exploiting the
complementary strengths of fMRI and EEG techniques may pinpoint the disease mechanism
underlying these cognitive deficits. (Andreasen, 1989; Hawk et al., 1975; Overall and
Gorham, 1962; Wechsler, 2011, 2001; Wilkinson and Robertson, 2006)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Trial sequence for EEG task (A) and fMRI task (B).
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Average change detection task performance for the same subsamples of HCS (N=22) and
PSZ (N=18) in the EEG (A) and the fMRI session (B). There was no significant session x set
size x diagnosis interaction, indicating that the pattern of group differences in performance

was the same across the two testing sessions.

Schizophr Res. Author manuscript; available in PMC 2022 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Erickson et al.

Page 15

B HCS
O PSZ

'-h" =T
1 |
|

1 2 4 6
Set Size

-
T

Beta weights
o
|

5
L

Figure 3.
Alpha suppression from the left (A) and right (B) hemisphere electrodes by set size; scalp

map of alpha suppression averaged across all four set sizes (C); % BOLD signal change in

the left (D) and right (E) posterior parietal cortex; posterior parietal cortex ROI’s (F). HCS

and PSZ both exhibited a load-dependent increase in alpha suppression and BOLD, with an
interaction between set size and diagnosis.
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Relationship between alpha suppression and BOLD at each set size by diagnostic group.
PSZ exhibited more negative associations between alpha power and BOLD, with a
significant group difference at set size (SS) 4.
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Figure 5.
Average slope following regression of alpha suppression onto K (A); average slope

following regression of % BOLD signal change onto K (B); scatterplot depicting
relationship between alpha suppression and BOLD slope for HCS (C) and PSZ (D).
PSZ exhibited numerically but not significantly shallower slopes than did HCS, and the
magnitude of those slopes was correlated among PSZ but not HCS.

Ap<0.10

**p <0.01
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Demographic information (mean + SD)

Table 1.

Healthy Controls  People with Schizophrenia
Gender (M : F) 15:7 13:5
Age
EEG Assessment 38.05 +11.47 35.56 +10.78
fMRI Assessment 38.00 £ 11.49 36.06 +10.80
Race (AA: C) 8:14 7:11
Education (years) 15.50 +2.06 1272 £234™
Parental Education 14.61 + 2.46 13.75 + 2.60
Chlorpromazine dose equivalent (mg/day)
EEG Assessment —_ 458.30 + 326.89
fMRI Assessment — 595.52 + 572.32
BPRS —
EEG Assessment 29.72 + 6.69
fMRI Assessment 29.56 £7.01
SANS —
EEG Assessment 22.94 +9.63
fMRI Assessment 21.67 £10.77
LOF (Total) —
EEG Assessment 21.89 +4.69
fMRI Assessment 22.22+£4.92
WASI 115.62 + 6.79 10433 +13.37°°
WRAT-4 114.38 + 11.88 101.94 £17.95™
WTAR 115.48 + 6.47 102.39+ 18.95
*
p<0.05
-
p<0.01
<0001

Page 18

BPRS = Brief Psychiatric Rating Scale; SANS = Scale for the Assessment of Negative Symptoms; LOF = Level of Functioning; WASI = Wechsler

Abbreviated Scale of Intelligence; WRAT = Wide Range Achievement Test; WTAR = Wechsler Test of Adult Reading
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Table 2.

Parietal clusters identified as displaying linear activation change with working memory (K) across all 74
participants reported from Hahn et al. (2018). Occipital clusters are reported in Supplementary Table 1. The
right parietal and occipital clusters were artificially separated for the purposes of the present study.

Center of mass (mm)

Region Side  Volume (uL) LR PA IS
1 Superior & inferior parietal lobule, precuneus R 9815 268 -579 468
2 Superior & inferior parietal lobule, precuneus L 7991 46.6 —-61.7 46.6
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Correlations between alpha suppression slope, parietal BOLD slope, symptom severity, and cognition.

Table 3.

HCS PSZ
Alpha Alpha Parietal BOLD
suppression  Parietal BOLD  suppression
WASI IQ -0.31 0.10 -0.14 048"
WRAT-4 054~ 0.07 0.07 0.32
WTAR 0477 0.00 0.00 0.37
Chlorpromazine Dose Equivalent — — -0.09 0.21
BPRS Total — — -0.14 -0.18
SANS Total — — 0.08 -0.32
LOF — — 0.32 0.447
+
p<0.10
*
p<0.05
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BPRS = Brief Psychiatric Rating Scale; SANS = Scale for the Assessment of Negative Symptoms; LOF = Level of Functioning; WASI = Wechsler

Abbreviated Scale of Intelligence; WRAT = Wide Range Achievement Test; WTAR = Wechsler Test of Adult Reading
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