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Abstract

Selective attention is impaired in first-episode psychosis (FEP). Selective attention

effects can be detected during auditory tasks as increased sensory activity. We previ-

ously reported electroencephalography scalp-measured N100 enhancement is

reduced in FEP. Here, we localized magnetoencephalography (MEG) M100 source

activity within the auditory cortex, making novel use of the Human Connectome Pro-

ject multimodal parcellation (HCP-MMP) to identify precise auditory cortical areas

involved in attention modulation and its impairment in FEP. MEG was recorded from

27 FEP and 31 matched healthy controls (HC) while individuals either ignored fre-

quent standard and rare oddball tones while watching a silent movie or attended

tones by pressing a button to oddballs. Because M100 arises mainly in the auditory

cortices, MEG activity during the M100 interval was projected to the auditory sen-

sory cortices defined by the HCP-MMP (A1, lateral belt, and parabelt parcels). FEP

had less auditory sensory cortex M100 activity in both conditions. In addition, there

was a significant interaction between group and attention. HC enhanced source

activity with attention, but FEP did not. These results demonstrate deficits in both

sensory processing and attentional modulation of the M100 in FEP. Novel use of the

HCP-MMP revealed the precise cortical areas underlying attention modulation of

auditory sensory activity in healthy individuals and impairments in FEP. The sensory

reduction and attention modulation impairment indicate local and systems-level path-

ophysiology proximal to disease onset that may be critical for etiology. Further,

M100 and N100 enhancement may serve as outcome variables for targeted interven-

tion to improve attention in early psychosis.
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1 | INTRODUCTION

Cognitive deficits are a core feature of psychotic disorders that are

present before psychosis, endure throughout the disorder, and are
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associated with long-term functional outcome (Caspi et al., 2003; Fett

et al., 2011). A fundamental cognitive deficit that predates the onset

of psychosis is the impairment of selective attention (Cornblatt

et al., 2003; Kraepelin, 1889). Selective attention, the focusing on one

percept among other competing stimuli, is a cognitive process essen-

tial for facilitating task performance. Cross-modal attention, for exam-

ple, attending sounds while ignoring a movie or vice versa, represent a

type of selective attention well explored in cognitive psychology

(Parasuraman, 1985). In humans, this aspect of selective attention can

be measured in the auditory system with high temporal resolution

using electroencephalography (EEG) and magnetoencephalography

(MEG). Late sensory processing of sounds is measured by the event-

related negativity present �100 ms poststimulus (N100) for EEG and

its MEG counterpart (M100). While the N100/M100 automatically

occurs in response to a sound, when healthy individuals pay attention

to a sound, N100/M100 amplitudes increase relative to ignore or

divided attention conditions (Hillyard et al., 1973; Neelon et al., 2006;

Woldorff et al., 1993). Individuals with schizophrenia have an impaired

passive N100 response and an impaired ability to enhance the N100

with attention (Foxe et al., 2011; O'Donnell et al., 1994; Rosburg

et al., 2008), demonstrating that the N100 is sensitive to both

bottom-up sensory perceptual deficits and top-down executive modu-

lation with attention in psychosis. These impairments are present as

early as the first episode of psychosis (FEP). Individuals at their FEP

have a reduced N100, though it is unclear if this was primarily due to

a sensory or executive deficit (Foxe et al., 2011; Salisbury

et al., 2010). Comparing attend and ignore conditions, we recently

demonstrated that the attentional gain modulation of N100 is defi-

cient in FEP (Ren et al., 2021). Thus, N100 enhancement is an objec-

tive measure of selective attention deficits very early in psychosis.

While the majority of sensory N100/M100 arises in auditory sensory

cortex, the dysfunction in N100 enhancement indexes a distributed

cortical circuit involving the interaction of frontal executive and tem-

poral auditory areas and presents a neurobiological system amenable

for targeted intervention. However, it is unknown which auditory cor-

tical areas contribute to this deficit in sensory gain, critical for both

understanding the local cortical circuit deficits and for development of

targeted interventions, whether employing pharmacologic or noninva-

sive brain stimulation (NIBS) techniques.

The general cortical network underlying selective attention

involves the prefrontal cortex, through connections with posterior

parietal cortex, modulating activity in sensory cortices (Petersen &

Posner, 2012; Tobyne et al., 2017). In monkey visual cortex, attention

enhances neuronal responses in striate (V1), pre-striate (V2), and

extra-striate cortex (V4) (Luck et al., 1997; McAdams & Reid, 2005;

Spitzer et al., 1988). In the auditory domain, work in ferrets suggests

prefrontal cortex modulates activity in auditory cortex at multiple

hierarchical levels, with primary auditory cortex and surrounding audi-

tory belt areas playing an important role in auditory selective atten-

tion (Elgueda et al., 2019; Fritz et al., 2003). Similar enhancement with

attention in auditory cortex is seen in humans, with multimodal imag-

ing demonstrating that selective attention enhances activity in both

primary and nonprimary auditory cortex (Ahveninen et al., 2006;

Petkov et al., 2004). Despite this evidence, human research has been

limited in determining cortical areas differentially involved in specific

processes by being restricted to identifying only relatively large, ana-

tomically defined regions of interest in auditory cortex (e.g., Heschl's

gyrus), with a lack of specificity between primary and other nonprim-

ary auditory cortex areas that is necessary for animal models

(e.g., primary auditory cortex vs. auditory belt areas). The Human Con-

nectome Project's multimodal parcellation (HCP-MMP) delineates pri-

mary auditory cortex (A1) and auditory belt areas in humans that

cannot be defined by previous in vivo methods. While previous par-

cellation methods typically rely on one modality alone to define corti-

cal regions, the HCP-MMP was developed by utilizing myelination,

resting state connectivity, and task-based connectivity information,

which allows for the definition of these functional areas. Importantly,

it also has clear correspondence to human postmortem and monkey

tracing studies (Glasser et al., 2016; Sweet et al., 2005), and thus can

identify valid functional distributed systems. In addition, the collection

of multimodal data (e.g., structural MRI and resting-state functional

MRI) and implementation of the HCP processing pipelines allows for

myelination and resting-state connectivity information to drive align-

ment between individuals with a multimodal surface matching (MSM)

registration technique. Traditionally, alignment of cortical surfaces

was limited to one modality, such as curvature, but the flexible MSM

framework allows for the addition of other useful information such as

resting state connectivity to help drive alignment, ultimately improv-

ing the cortical surface alignment between individuals (Coalson

et al., 2018; Glasser et al., 2016; Robinson et al., 2014). This improved

alignment decreases variability of areal definition between individuals

and increases confidence of correct correspondence of areas between

individuals.

We source-resolved the M100 to identify where cross-modal

selective attention increased M100 gain, and where auditory sensory

and attention-related deficits arise in FEP, which have not previously

been directly investigated. While fMRI provides high spatial resolu-

tion, the measure of neural activity is indirect and less sensitive to

changes at high temporal resolution. EEG and MEG provide an advan-

tage over previous studies examining attention modulation, as neural

activity can be measured directly on the scale of milliseconds, neces-

sary for the measurement sensory processes such as the N100/

M100, and the rapid modulation of these processes with attention.

Compared to EEG, MEG provides an improved source solution for

determining cortical generators inside the head from sensors outside

the head because magnetic fields are unaffected by the skull and skin,

while keeping the high temporal resolution needed to detect rapid

neural activity. Understanding the precise cortical areas underlying

this impaired ability to modulate the N100/M100 with selective

attention in the early disease course can provide insight to the etiol-

ogy of the disorder and identify potential targets for therapeutic inter-

ventions and anatomic circuit locations for translation to animal

models.

In this study, we recorded MEG data during a cross-modal audi-

tory attention task in 27 individuals within 2 months of their first clini-

cal contact for their FEP and 31 matched healthy controls (HC).
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Submillimeter-resolution MRI data were also collected to create indi-

vidual head models for source localization of the auditory M100 and

its enhancement by attention. Multimodal MRI data (structural MRI

and resting-state fMRI) were collected for the novel utilization of the

HCP pipelines and HCP-MMP to precisely parcellate auditory cortex

provided the ability to determine the specific auditory cortex areas

involved in M100 attention modulation and which areas underlie

auditory sensory and attention deficits in FEP.

2 | METHODS AND MATERIALS

2.1 | Participants

All participants were recruited from Western Psychiatric Hospital

(WPH) inpatient and outpatient services. Participants included 27 FEP

individuals within their FEP with less than 2 months of lifetime anti-

psychotic medication exposure, and 31 HC. No participant had a his-

tory of concussion or head injury with sequelae, history of alcohol or

drug addiction or detox in the last 5 years, or neurological comorbid-

ity. Groups were matched for age, gender, parental social economic

status, and premorbid IQ, measured by the vocabulary component of

the Wechsler Abbreviated Scale of Intelligence (WASI) (Table 1). The

WASI vocabulary subtest is a measure of semantic knowledge, an IQ

measure relatively resistant to psychosis, neurodegeneration, and

deterioration over time (Bilder et al., 1988; de Oliveira et al., 2014;

Eberhard et al., 2003; Heaton et al., 2001; Hoff et al., 1999; Kremen

et al., 1995; Mohn-Haugen et al., 2022). All participants had healthy

hearing confirmed with audiometry. All participants provided

informed consent and were paid for participation. The work described

was carried out in accordance with The Code of Ethics of the World

Medical Association (Declaration of Helsinki) for experiments involv-

ing humans.

All tests were conducted by an expert clinical diagnostician.

Socioeconomic status for all participants and their parents was mea-

sured with the four-factor Hollingshead Scale. FEP participants' diag-

noses were based on the Structured Clinical Interview for DSM-IV

(First et al., 1997). Provisional research diagnoses were initially at

baseline, and then confirmed 5–7 months later. Symptoms were rated

using the Positive and Negative Syndrome Scale (PANSS) (Table 1)

(Kay et al., 1987). The PANSS is a 30-item assessment that measures

positive symptoms, negative symptoms, and general psychopathology.

Current cognitive ability was assessed with the MATRICS Consensus

Cognitive Battery (MCCB) (Nuechterlein et al., 2008) for all partici-

pants (HC and FEP). MCCB items were selected to capture the state-

dependent effect of psychosis on cognition, whereas WASI vocabu-

lary provides a more stable estimate of premorbid intellect. The

MCCB is a standardized cognitive battery that provides a reliable and

valid evaluation of functioning in the following cognitive domains:

speed of processing, attention/vigilance, working memory, visual

learning, reasoning and problem solving, and social cognition. Despite

estimated premorbid WASI IQ, the MCCB composite score was signif-

icantly reduced in this FEP sample (see Table 1) as expected due to

the effects of acute psychosis (Kern et al., 2011; Nuechterlein

et al., 2008).

Of the 27 FEP participants, 22 received diagnoses on the schizo-

phrenia spectrum (FESz). Seventeen received diagnoses of Schizo-

phrenia (paranoid: n = 7; undifferentiated: n = 10), one of

schizoaffective disorder (bipolar subtype), two of schizophreniform

(definite), and two of psychotic disorder NOS. Five individuals

received diagnoses of affective disorders: four of bipolar I disorder

and one major depressive disorder. While many of the FEP partici-

pants were medicated (21/27, 78%), chlorpromazine equivalent dose

did not correlate with source values from either condition or region

(p values >.1). In addition, there was no significant group difference

between medicated and unmedicated individuals (F(1,25) = 0.895,

p = .353, ηp
2 = .035), and no significant interaction between medica-

tion group and attention modulation (F(1,25) = 0.289, p = .596,

ηp
2 = .011). Details of the medication types are provided in the sup-

plementary materials (Supplementary Table S1). Medication will not

be addressed further.

2.2 | Task

A classic oddball task with a frequent tone and a rare tone was pre-

sented in two conditions to each participant. Stimuli consisted of a

standard tone (1 kHz, 50 ms duration, 10 ms rise/fall) and a deviant

tone (1.2 kHz, 50 ms duration, 10 ms rise/fall) presented with a stimu-

lus onset asynchrony of 1050–1550 ms. A total of 400 tones were

TABLE 1 Demographic, neuropsychological, and clinical
information. FEP and HC groups were matched for age, gender, PSES,
and WASI Vocab T-score (Mean (SD))

FEP HC t/X2 p

Age 23.4 (4.5) 24.9 (5.7) �1.12 .27

Gender (M/F) 17/10 22/9 0.42 .52

SES 29.8 (13.9) 41.8 (13.1) �3.39 <.01

Parental SES 43.3 (13.4) 48.5 (10.9) �1.64 .11

WASI Vocab

T-score

49.2 (9.6) 52.7 (6.2) �1.67 .11

MCCB-total 30.8 (14.6) 50.7 (7.2) �6.71 <.01

PANSS total 76.7 (19.8)

PANSS positive 20.0 (6.5)

PANSS negative 17.9 (6.0)

PANSS general 38.9 (9.8)

SAPS global 6.2 (3.7)

SANS global 10.1 (4.1)

Medication 242.3 (139.5)

Note: Medication, chlorpromazine equivalents.

Abbreviations: FEP, first-episode psychosis; MCCB, MATRICS Consensus

Cognitive Battery composite scaled t score; PANSS, Positive and Negative

Syndrome Scale; SANS, Scale for the Assessment of Negative Symptoms;

SAPS, Scale for the Assessment of Positive Symptoms; SES,

socioeconomic status; WASI, Wechsler Abbreviated Scale of Intelligence.
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presented, including 340 standard tones (85%) and 60 deviant tones

(15%). In one condition, participants were asked to ignore the tones

and attend to a silent video. In the second condition, participants were

asked to pay attention to the tones and press a button to every devi-

ant tone (Figure 1). Blocks were counterbalanced. Only M100

responses to standard tones (not deviant oddballs) were analyzed.

2.3 | MEG data acquisition and processing

MEG data were recorded in a magnetically shielded room with a

306-channel whole-head system (Elekta Neuromag), consisting of

128 triplets (1 magnetometer and 2 planar gradiometers). Data were

recorded using a sampling rate of 1000 Hz (online band-pass fil-

ter = 0.1–330 Hz). Eye blinks and movements were recorded with

bipolar leads placed above and below the left eye (VEOG) and lateral

to the outer canthi of both eyes (HEOG). Cardiac activity was

recorded with bipolar ECG leads. A 3D-digitizer (ISOTRAK; Polhemus,

Inc., Colchester, VT) was used to continuously record the location of

four head position indicator coils placed on the scalp of each partici-

pant relative to their nasion and preauricular points. Further, addi-

tional points on the head and face were recorded to aid in the

registration to MRI data. Neuromag MaxFilter software (http://

imaging.mrc-cbu.cam.ac.uk/meg/Maxfilter_V2.2) was used to correct

for head motion during the scan. Temporal signal space separation

was used to remove electromagnetic noise originating from outside

the MEG helmet (Uusitalo & Ilmoniemi, 1997). The EEGLAB Toolbox

(Delorme & Makeig, 2004) in MATLAB was used to remove channels

and segments of data with excessive noise via visual inspection. A

high-pass filter (0.5 Hz; 12 dB/oct) was applied to the data, and an

adaptive mixture independent component analysis was performed to

remove eye-blink and ECG components.

Offline processing of the MEG was performed with Brainstorm

(Tadel et al., 2011), which is documented and freely available for

download online under the GNU general public license (http://

neuroimage.usc.edu/brainstorm). A low-pass (20 Hz) filter was applied

to the data to remove muscle and other high-frequency artifacts. Tri-

als were then segmented from 100 ms before to 1000 ms after

stimulus onset. The average baseline voltage was subtracted, and tri-

als that exceeded were ±5 pT were rejected. The remaining trials were

averaged.

In Brainstorm, MEG sensor data were registered to each partici-

pant's structural MRI in two steps. Initially, the registration was based

on three fiducial points (nasion, left ear, and right ear) that are marked

on the individual's MRI and on the participant before the MEG acqui-

sition. The points measured before acquisition were aligned with

those marked on the MRI within Brainstorm. The second step refined

the registration with the digitized points collected at acquisition and

the MRI head surface imported from FreeSurfer (see MRI methods

below). Each registration was manually inspected for accuracy. Possi-

ble sources were constrained to the individual's cortical surface. The

forward solution was modeled as overlapping spheres, and a noise

covariance matrix was calculated from the baseline window of all tri-

als. Cortical source activity was estimated using minimum norm esti-

mation with a dipole constraint of 0.4 and depth weighting applied.

Current density values were normalized with the use of dynamic sta-

tistical parametric maps (dSPM) based on the variance in the presti-

mulus baseline. Auditory cortex regions of interest were bilateral A1,

LBelt, and PBelt, defined by the HCP-MMP. Activity within these

ROIs was measured over the 80- to 140-ms poststimulus time win-

dow, which was consistent with previous measurement methods and

was chosen to capture the M100 peak and attention effects without

overlapping the subsequent component (Figure 2a).

2.4 | MRI data acquisition and processing

Submillimeter resolution MRI data were acquired on a Siemens 3 T

MAGNETOM Prisma scanner using a 32-channel phase array head

coil. Sagittal T1-weighted anatomical MR images were obtained with

a 3D MPRAGE sequence (TR/TE/TI = 2400/2.22/1000 ms, flip

angle = 7�, field of view [FOV] = 256 � 240 mm, 0.8 mm isotropic

voxel size, 208 slices, GRAPPA acceleration factor = 2). T2-weighted

T2-SPACE images were obtained (TR = 3200 ms TE = 563 ms,

FOV = 256 � 240, 0.8 mm isotropic voxel size, 208 slices). A stan-

dard fieldmap (TR = 731 ms, TE = 4.92/7.38, FOV = 208 � 180,

F IGURE 1 Auditory attention task.
(a) In the ignore condition, individuals
ignored the tones and attended to a silent
film. (b) In the attend condition,
individuals ignored the silent film and
attended to the tones and pressed a
button when the tone changed in pitch
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2.0 mm voxel size, 72 slices) was collected for correcting readout dis-

tortion in the T1w and T2w images. Ten minutes of eyes-open (pas-

sive crosshair viewing) resting state BOLD fMRI data were acquired

using a multiband pulse sequence (TR = 800 ms, TE = 37 ms, multi-

band factor = 8, flip angle = 52�, FOV = 208 � 208 mm, voxel

size = 2.0 mm3, 72 slices). A single-band reference image with no slice

acceleration was acquired at the beginning of each run to improve

registrations. Finally, two spin echo EPI images (TR = 8000 ms,

TE = 66 ms, flip angle = 90, FOV = 208 � 208 mm, 2.0 mm voxel

size, 72 slices) with reversed phase encoding directions were acquired.

MRI data were collected as a separate session from the MEG data,

which was typically on a separate day (between session

mean = 9.9 ± 10.2 days, median = 7 days, range = 0–48 days).

The publicly available HCP-pipelines (https://github.com/

Washington-University/HCPpipelines) were used for MRI processing

(detailed in Glasser et al., 2013). Briefly, the structural images were

corrected for gradient nonlinearity, readout, and bias field, followed

by AC–PC alignment. Myelin maps were created by dividing the T1w

image by the T2w image. Native space images were used to generate

white and pial surfaces with FreeSurfer and were refined using T2w

data. Then, the individual's native-mesh surfaces were registered with

a MSM algorithm with MSMsulc to the Conte69 folding-based tem-

plate (Robinson et al., 2014; Van Essen et al., 2012).

The functional resting-state data were collected with the struc-

tural MRI and processed with the HCP pipelines, which utilize the

fMRI data with MSMall algorithm to improve registration and align-

ment between participants. fMRI data were first corrected for

gradient-nonlinearity. A six DOF FLIRT registration of each frame to

the single-band reference image was used to correct for motion. The

reverse phase spin-echo images were used to correct functional dis-

tortion. The single band reference image was registered to the T1w

image with FreeSurfer's BBRegister (Greve & Fischl, 2009). All the

transforms and distortion correction were applied in a single resam-

pling step. The data were brain masked and intensity normalized to a

4D whole brain mean of 10,000. Then, a voxel to surface mapping

was performed to sample the volumetric fMRI data to the individual's

native surfaces, which were subsequently resampled to a standard

32k fs_LR surface. The ICA + FIX pipeline was used to generate

resting-state ICA component spatial maps and timeseries and to

remove artifactual noise (Griffanti et al., 2014; Salimi-Khorshidi

et al., 2014).

Resting-state network component maps were calculated with a

weighted spatial multiple regression implemented in the HCP pipe-

lines. Briefly, this method is an adaptation from dual regression which

utilizes spatial and temporal regression to find individual component

maps from group maps. In Step 1, a spatial group map of a network,

provided in the HCP pipelines, was used as a spatial regressor to iden-

tify the individual-specific timeseries associated with the group map

vertices. A spatial weighting map was included that compensates for

distortion between the individual's native space and standard space

F IGURE 2 Impaired auditory cortex attention modulation in first-episode psychosis (FEP). (a) The M100 modulation time window (80–
140 ms) is highlighted in the butterfly plot of magnetometer sensors. (b) The M100 response to tones in healthy controls during the ignore
condition. The auditory cortex regions of interest defined by the Human Connectome Project multimodal parcellation (HCP-MMP) include
bilateral primary auditory cortex (A1), lateral belt (LBelt), and parabelt (PBelt) (only left hemisphere shown for reference). (c) Cortical source
activity (dynamic statistical parametric maps [dSPM]) averaged over 80–140 ms. Within A1, LBelt, and PBelt, FEP have overall less activity and
are impaired in the ability to enhance activity with attention.
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and includes upweighting for regions likely to be well aligned. In Step

2, these timeseries were regressed (as temporal regressors) in the

same individual's dataset to identify all vertices in the individual asso-

ciated with that timeseries. Finally, to refine the individual's spatial

maps, the two steps were repeated. In the second round of Step

1, the individual participant component spatial maps were used to

regress the individual timeseries associated with those vertices. Then,

this timeseries was used as a temporal regressor to identify all vertices

in the individual associated with the timeseries. The HCP pipelines

also utilized fMRI connectivity maps from primary visual cortex (V1).

A similar regression method was used to calculate the visuotopic rest-

ing fMRI functional connectivity maps. The V1 spatial regressors,

based on published maps of eccentricity and polar angle in V1, were

spatially regressed into the individual's timeseries to identify the time-

series associated the regressors. Then, these time courses were tem-

porally regressed in the individual's timeseries to generate whole

brain spatial maps in each of the individuals. Finally, the HCP MSMAll

pipeline was utilized to register individuals to a group average atlas

surface using a two-stage process based on the MSM algorithm

(Robinson et al., 2014). The first stage was driven by cortical folding

patterns (FreeSurfer's “sulc” measure), and the second stage utilized

cortical areal features (myelin, resting-state network maps, and visuo-

spatial topographic maps) (for details, see Glasser et al., 2016).

The group average HCP-MMP was applied to individuals' MRI

data and mapped to individuals' cortical surface in native space in

FreeSurfer (https://wiki.humanconnectome.org/display/PublicData/

HCP+Users+FAQ#HCPUsersFAQ-9.HowdoImapdatabetweenFreeSur

ferandHCP?). In the connectome workbench, a dense-label file was

created for each individual from the group average HCP-MMP and

converted to GIFTI format, which was resampled to fsaverage space.

In FreeSurfer, this file was converted to an annotation file and

resampled to the individual participant's surface. These individual

cortical surfaces, along with the corresponding HCP-MMP, were

imported to Brainstorm to be registered with the MEG activity for

the ROI source analysis (see MEG methods and supplementary

materials).

2.5 | Analysis

Group demographics were compared using independent samples

t test and chi-square tests where appropriate. MEG sensor data were

used to visualize the event-related fields and were not compared with

statistical analysis. Source activity was compared using repeated mea-

sures ANOVA with one between-subjects factor (group: FEP or con-

trol) and three within-subject factors (attention: attend or ignore,

hemisphere: left or right, and region: A1, LBelt, PBelt). Simple effects

were examined using follow-up one-way between-subjects ANOVA

or repeated-measures ANOVA, as appropriate. An exploratory analy-

sis was performed to investigate potential M100 modulation differ-

ences between FEP who later received a diagnosis on the

schizophrenia spectrum and FEP who later received a diagnosis of an

affective disorder (bipolar and major depression).

Exploratory correlations of attention modulated source activity

(attend-ignore) with symptom scores (PANSS total, PANSS positive,

and PANSS negative), cognitive measures (MCCB composite t score,

WASI Vocab), and social functioning (global functioning: role, global

functioning: social) were assessed with Spearman's correlations.

Results were considered significant at p < .05.

With the large number of individual items and need for multiple

comparisons correction, associations were first examined at broader

symptom groupings, then if the factors were significant, individual

items within that factor was assessed.

3 | RESULTS

3.1 | Sensor level data

MEG sensor level data were segmented and averaged to produce the

event-related field. Average magnetometer sensor waveforms for HC

and FEP are shown in Figure 2a, with M100 time-window (80–

140 ms) indicated by the shaded bar. The sensor level data were not

analyzed, but it is presented to demonstrate validity of the morphol-

ogy of the event-related field and indicate the time-window of inter-

est from which cortical source activity, the central measure of

interest, is derived.

3.2 | Cortical source data

Submillimeter resolution structural MRI scans were obtained from all

participants and processed with the HCP processing protocols. This

allows for the most accurate registration of the HCP cortical parcella-

tion, with heretofore unavailable identification of functional cortical

areas. Figure 2b shows the left hemisphere source map of M100

response in HC, demonstrating the strongest M100 source activity is

primarily found in auditory cortex. Delineation of A1, lateral belt

(LBelt), and parabelt (PBelt) are shown in Figure 2b.

MEG sensor data were registered to individual MRIs, and cortical

activity was calculated using minimum norm estimation and normal-

ized to the noise covariance with dSPM. The source activity averaged

across the ROIs are shown in Figure 2c and means and SD are

reported in Table 2. Overall, FEP exhibited significantly reduced activ-

ity compared with HC over the 80- to 140-ms time window (F

(1,56) = �7.41, p = .009, ηp
2 = .117), indicating a broad sensory defi-

cit. Of primary importance, there was a significant interaction

between group and attention (F(1,56) = 4.10, p = .048, ηp
2 = .068),

where HC enhanced source activity with attention (F(1,30) = 11.64,

p = .002, ηp
2 = .280), but FEP did not (F(1,26) = 0.80, p = .379,

ηp
2 = .030). Attention modulation differed between hemispheres (F

(1,56) = 4.41, p = .040, ηp
2 = .073), as the left hemisphere showed

significant M100 attention modulation (F(1,56) = 11.45, p = .001,

ηp
2 = .170), while the right hemisphere did not (F(1,56) = 1.86,

p = .178, ηp
2 = .032). This interaction did not differ between FEP and

HC (F(1,56) = 0.04, p = .947, ηp
2 < .001). There were no significant
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interaction with region (F(2,112) = 0.11, p = .898, ηp
2 = .004), sug-

gesting relatively widespread deficits across several early auditory

cortex regions. Attention modulation values and individual t-test

statistics with effect sizes (Hedges' g) and confidence intervals for

each individual region of interest are reported in Supplemental

Table S2.

The exploratory analysis of differences between individuals with

a diagnosis of schizophrenia spectrum and those with a diagnosis of

an affective disorder (bipolar and major depression), revealed no sig-

nificant interaction with diagnostic group (F(1,25) = 0.06, p = .805,

ηp
2 = .002) (Figure 3).

3.3 | Exploratory correlations with clinical and
cognitive measures

There were no significant correlations with differential source activity

in FEP (p's > .05). In HC, only left A1 modulation was negatively asso-

ciated with WASI Vocab scores (ρ = �0.36, p = .045). With no signifi-

cant correlation with symptom factor scores, the analysis was

precluded from investigating relationships with individual items.

Nonetheless, to capitalize on the wealth of clinical symptom data

acquired, relationships with each individual PANSS item are reported

in Supplemental Tables S3 and S4 for the interested reader.

TABLE 2 Cortical source activity. Averaged dSPM source values (Mean ± SD) across the 80–140 ms time window within each auditory
cortex ROI

FEP HC

Attend Ignore Attend Ignore

Left A1 0.20 ± 0.11 0.19 ± 0.08 0.27 ± 0.17 0.21 ± 0.13

Left LBelt 0.19 ± 0.10 0.17 ± 0.08 0.24 ± 0.16 0.20 ± 0.13

Left PBelt 0.21 ± 0.11 0.19 ± 0.09 0.25 ± 0.15 0.21 ± 0.13

Right A1 0.18 ± 0.11 0.19 ± 0.08 0.30 ± 0.17 0.28 ± 0.14

Right LBelt 0.18 ± 0.09 0.19 ± 0.08 0.30 ± 0.15 0.27 ± 0.14

Right PBelt 0.16 ± 0.08 0.16 ± 0.07 0.27 ± 0.15 0.24 ± 0.12

Abbreviations: dSPM, dynamic statistical parametric maps; FEP, first-episode psychosis; HC, healthy control.

F IGURE 3 Scatterplots of the M100 modulation group differences in auditory cortex regions. Compared to healthy individuals, first-episode
psychosis (FEP) experienced general deficits in the ability to modulate the M100 with attention across all regions of interest (a–f). There was a
significant group difference between HC and FEP in the right A1 (* denotes p < .05). FEP with a schizophrenia spectrum diagnosis (FESz) are
identified separately from those with an affective disorder diagnosis (FEAFF). There were no significant differences between FESz and FEAFF
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4 | DISCUSSION

This is the first demonstration that increases in sensory M100 gain

localize to A1 and auditory belt parcels, and FEP experience both sen-

sory and attentional gain modulation deficits in these specific auditory

cortex parcels. This aligns with and improves the previous under-

standing of specific sources, as previous reports suggested M100

enhancement with attention generally localized to auditory cortex

(Ahveninen et al., 2006; Petkov et al., 2004). Previous MEG studies

source localizing the M100 have localized activity to Heschl's gyrus,

planum temporale, and superior temporal gyrus (Ahveninen

et al., 2006; Woldorff et al., 1993). This aligns with attention modula-

tion evidence from other imaging modalities. Functional MRI activa-

tion increases in both primary and nonprimary auditory cortex during

auditory attention tasks (Grady et al., 1997; Jancke et al., 1999; Rinne

et al., 2007). Similarly, PET studies have demonstrated regional cere-

bral blood flow increases in auditory cortex with attention (Alho

et al., 2003; Zatorre et al., 1999). However, here we improved the

specificity of defining this auditory attention enhancement by localiz-

ing it to more specific subregions of the auditory cortex, A1, and audi-

tory belt parcels. Primary auditory cortex, lateral belt, and parabelt,

reside in Heschl's gyrus and planum temporale, both in turn are part

of superior temporal gyrus. These parcels have clear correspondence

between the human A1 (and belt) and animal A1 (and belt) regions

(Sweet et al., 2005). Thus, this knowledge can be more readily moved

into model systems, such as the monkey or ferret to further elucidate

underlying auditory attention mechanisms within these regions. The

ferret has become a valuable animal model to understanding the neu-

robiology of auditory system, particularly understanding the neural

basis for selective attention at multiple hierarchical levels in auditory

cortex (Elgueda et al., 2019). This study provides an important transla-

tional step between human and animal models.

Individuals at their FEP experienced sensory and attention impair-

ments in these auditory regions. It was previously found that FEP has

an impaired sensory EEG-recorded N100 in addition to an impaired

ability to modulate the N100 amplitude with attention (Ren

et al., 2021). However, the cortical regions underlying this deficit

remained unknown. Here, we showed that FEP had reduced sensory

activity in both primary and nonprimary auditory cortex bilaterally.

Further, FEP were deficient in enhancing cortical activity with atten-

tion across these regions as well, suggesting that they have relatively

widespread sensory and attention modulation deficits in auditory cor-

tex, encompassing primary and nonprimary auditory cortex. The speci-

ficity of localizing this functional deficit in primary and auditory belt

regions may provide insight to the emergence of psychosis, as specific

temporal lobe abnormalities (e.g., Heschl's gyrus gray matter reduc-

tion) are present very early in the disorder (Curtis et al., 2021; Kasai

et al., 2003) and show progressive pathology with disease duration

(Salisbury et al., 2007). Understanding how the underlying progressive

pathology relates to decline in functional abilities such as auditory

attention modulation can provide a better understanding of this inter-

play at the emergence of psychosis. Future longitudinal analyses in

combination with structural gray matter/white matter information can

address this directly. Further, this study provides specific target areas

for therapies to modulate activity using NIBS, such as transcranial

direct stimulation or repetitive transcranial magnetic stimulation.

Interventions initiated early in the disease improve functional out-

come and reduce long-term treatment costs (Eack et al., 2010; Kane

et al., 2016; Srihari et al., 2012). These early interventions would

improve from a more precise understanding of the specific cortical

regions to engage during treatment.

As a follow-up to previous work on the N100 attention modula-

tion in FEP and informed from previous source localization of the

M100, this work was limited to a specific hypothesis-driven analysis

of auditory cortex activity within the time window the M100 atten-

tion modulation. While there is a distinct deficit within these auditory

regions, it is unclear if this impairment is restricted to auditory cortex

or is due to an inability of long-range cortical communication from

frontal cortex to modulate activity within auditory cortex. Previously,

the N100 enhancement was related to functions that involve the

frontal executive network (e.g., cognition, negative symptoms, and

social functioning) (Ren et al., 2021). The general executive attention

network includes the prefrontal cortex, posterior parietal cortex, and

sensory areas (Hopfinger et al., 2000; Petersen & Posner, 2012;

Tobyne et al., 2017). While fMRI provides ample evidence for general

auditory attention network, the dynamics underlying modulation of

the N100/M100 with attention are unknown. Attention is related to

increased gamma band synchrony in sensory areas, and this appears

to be coordinated from PFC (Gregoriou et al., 2009; Gregoriou

et al., 2012). The long-range synchrony is likely mediated by a low car-

rier frequency (theta/alpha), as sensory gamma oscillations become

organized by alpha modulations in the PFC (Spaak et al., 2012). In the

auditory cortex, it may likely be mediated by theta band oscillations,

as phase amplitude coupling in the auditory cortex is primarily

observed between the theta and gamma amplitude (Doesburg

et al., 2012; Lizarazu et al., 2019; Murphy et al., 2020). There has been

little study of oscillatory mechanisms associated with attentional

impairments in psychosis, with one MEG study showing decreased

alpha desynchrony in schizophrenia in the context of an oddball task

(Koh et al., 2011) and others showing intact phase-amplitude coupling

in schizophrenia during auditory steady state stimulation (Kirihara

et al., 2012; Murphy et al., 2020). Future work will extend this investi-

gation to understand functional connectivity with auditory-executive

frontal cortex that may mediate this attentional modulation deficit.

The current study is the first to provide crucial insight into the

specific cortical areas involved in auditory attentional gain modulation

in HC and into the sensory and early attention deficits in FEP. The

novel use of the HCP-MMP revealed the precise cortical areas under-

lying attention modulation and impairments in FEP, providing an

understanding critical for translational study and for potential early

interventions. The M100 sensory reduction and failure to modulate

with selective attention may indicate local and systems-level patho-

physiology proximal to disease onset that may be critical for etiology.
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