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Abstract

Visual perception is abnormal in psychotic disorders such as schizophrenia. In addition to
hallucinations, laboratory tests show differences in fundamental visual processes including
contrast sensitivity, center-surround interactions, and perceptual organization. A number of
hypotheses have been proposed to explain visual dysfunction in psychotic disorders, including
an imbalance between excitation and inhibition. However, the precise neural basis of abnormal
visual perception in people with psychotic psychopathology (PwPP) remains unknown. Here, we
describe the behavioral and 7 tesla MRI methods we used to interrogate visual neurophysiology
in PWPP as part of the Psychosis Human Connectome Project (HCP). In addition to PwWPP (n

= 66) and healthy controls (n7 = 43), we also recruited first-degree biological relatives (n = 44)
in order to examine the role of genetic liability for psychosis in visual perception. Our visual
tasks were designed to assess fundamental visual processes in PwWPP, whereas MR spectroscopy

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
"Corresponding author. schal110@umn.edu (M.-P. Schallmo).

Declaration of Competing Interest
The authors declare that they have no conflicts of interest regarding the publication of this manuscript. None.

Credit authorship contribution statement

Michael-Paul Schallmo: Conceptualization, Methodology, Software, Formal analysis, Investigation, Data curation, Visualization,
Supervision, Project administration, Writing — original draft, Writing — review & editing. Kimberly B. Weldon: Formal analysis,
Investigation, Visualization, Writing — review & editing. Rohit S. Kamath: Formal analysis, Investigation, Visualization, Writing
—review & editing. Hannah R. Moser: Data curation, Formal analysis, Investigation, Writing — review & editing. Samantha

A. Montoya: Formal analysis, Investigation, Visualization, Writing — review & editing. Kyle W. Killebrew: Formal analysis,
Investigation, Visualization, Writing — review & editing. Caroline Demro: Formal analysis, Writing — review & editing. Andrea N.
Grant: Methodology, Software, Investigation, Writing — review & editing. Matgorzata Marjanska: Conceptualization, Methodology,
Software, Resources, Supervision, Funding acquisition, Writing — review & editing. Scott R. Sponheim: Conceptualization,
Methodology, Resources, Supervision, Project administration, Funding acquisition, Writing — review & editing. Cheryl A. Olman:
Conceptualization, Methodology, Software, Formal analysis, Investigation, Resources, Data curation, Visualization, Supervision,
Project administration, Funding acquisition, Writing — original draft, Writing — review & editing.

Supplementary materials
Supplementary material associated with this article can be found, in the online version, at doi:10.1016/j.neuroimage.2023.120060.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Schallmo et al. Page 2

enabled us to examine neurochemistry, including excitatory and inhibitory markers. We show

that it is feasible to collect high-quality data across multiple psychophysical, functional MR,

and MR spectroscopy experiments with a sizable number of participants at a single research

site. These data, in addition to those from our previously described 3 tesla experiments, will be
made publicly available in order to facilitate further investigations by other research groups. By
combining visual neuroscience techniques and HCP brain imaging methods, our experiments offer
new opportunities to investigate the neural basis of abnormal visual perception in PwPP.

Keywords
7 tesla; Task fMRI; MR spectroscopy; Schizophrenia; Bipolar disorder; Biological relatives

1. Introduction and background

Abnormal visual perception is a symptom of psychosis spectrum disorders (e.g.,
schizophrenia), and includes both frank hallucinations and distorted perception of actual
stimuli. The point prevalence of visual hallucinations in schizophrenia is 27%, and such
anomalies are associated with greater disease severity and poorer outcomes (Waters et

al., 2014). Laboratory assessments of visual perception have also shown more subtle
abnormalities in people with psychotic psychopathology (for reviews, see Butler et al.
2008; King et al. 2017; Klein et al. 2020a; Notredame et al. 2014; Phillips and Silverstein
2013; Yoon et al. 2013). While much is known about the neural mechanisms of visual
perception in healthy individuals, it is not yet clear what differences in neural processing
underlie visual dysfunction in people with psychotic psychopathology (PwPP), which
limits the development of more effective treatment strategies for psychotic illness (e.g.,

to improve sensory functioning). A number of hypotheses have been proposed to explain
visual disturbances in PWPP, including a disrupted balance of excitation and inhibition
(Foss-Feig et al., 2017; Lewis et al., 2005; Lisman, 2012; Moghaddam and Javitt, 2012),
thalamo-cortical dysconnectivity (Anticevic et al., 2014; Cheng et al., 2015; Damaraju et al.,
2014; Dong et al., 2019; Giraldo-Chica and Woodward, 2017; Ramsay, 2019; Ramsay et
al., 2017), abnormal visual gain control (Butler et al., 2008; Phillips and Silverstein, 2013),
impaired top-down attentional processing (Gold et al., 2018; Luck et al., 2019a; Luck et
al., 2019b), and disrupted predictive coding (Adams et al., 2013; Horga and Abi-Dargham,
2019; Sterzer et al., 2018). The current study was designed to provide a publicly available,
multimodal neuroimaging data set to facilitate testing these (and other) hypotheses regarding
the nature of visual dysfunction among PwPP.

Beyond the relevance to hallucinations and perceptual distortions, there is additional
motivation for studying visual functioning among PwPP, as the visual system offers a strong
translational bridge between basic neuroscience in animal models and studies in humans
with psychosis. Basic neuroscience research in animal models has provided a detailed
knowledge of how neural functions are linked to perception. There is significant homology
between the visual systems of well-studied animal models (e.g., cats, ferrets, and non-human
primates) and humans (Hubel and Wiesel, 1962; Van Essen et al., 1992). It is also relatively
straightforward to adapt visual paradigms from animal models for use in human studies, and
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vice versa. This allows investigators to make strong inferences about the neurophysiological
basis of perceptual anomalies seen in PwWPP, which may be challenging when studying
higher-order cognitive functions. In this study, we used visual paradigms designed to tap into
several different aspects or levels of visual functioning. We provide further details on the
background and motivation for the specific paradigms that we chose for this study in the
Supplemental Information.

Several theories have been offered regarding the physiological basis of impaired visual
perception in psychosis spectrum disorders, including an imbalance between excitation

and inhibition (E/I) within visual brain regions, which may depend on excess excitation,
reduced inhibition, or both (Foss-Feig et al., 2017; Lisman, 2012). The idea of E/I

imbalance has the advantage of merging two neurochemical theories of schizophrenia (or
psychatic disorders more generally) that have received widespread attention and support: the
glutamate hypothesis (Javitt, 2004; Moghaddam and Javitt, 2012) and the y-aminobutyric
acid (GABA) hypothesis (Gonzalez-Burgos and Lewis, 2008; Hashimoto et al., 2008;

Lewis et al., 2005). 1H magnetic resonance spectroscopy (MRS) is a popular method for
investigating neurochemistry noninvasively in the human brain, and can be used to measure
concentrations of various metabolites, including excitatory (i.e., glutamate) and inhibitory
(i.e., GABA) neurotransmitters (Mescher et al., 1998; Tk&c et al., 2001). Previous MRS
studies have offered somewhat mixed support for group differences in these metabolites
within visual regions in PwPP (Sydnor and Roalf, 2020; Taylor and Tso, 2015), with

some suggesting abnormal glutamate and / or GABA levels in visual cortex among PwPP
(Kelemen et al., 2013; Thakkar et al., 2017; Yoon et al., 2020, 2010), and others reporting no
differences versus controls (Kumar et al., 2020; Marsman et al., 2014).

There are some important methodological considerations for MR spectroscopy studies

in PWPP, including the challenge of separating signals from neurochemicals of interest
from those attributable to macromolecules (Cudalbu et al., 2021). In schizophrenia, faster
metabolite transverse relaxation time constants ( 7) have also been reported (Ongiir et al.,
2010a). This raises the possibility that reports of lower metabolite concentrations among
PwPP (versus controls) in MRS studies using sequences with longer echo times (TEs) might
reflect a difference in 75, rather than true group differences in metabolite concentrations.
Here, we used an ultra-short (8 ms) TE STEAM sequence (Marjanska et al., 2017; Tkac
et al., 2001), in order to address the potentially confounding effects of shorter 7, in PwPP
in future studies using these data. We also plan to explicitly account for the contribution
of macromolecules within our spectra based on measurements from inversion-recovery
experiments (Marjanska et al., 2017) in future analyses of these data.

Another important factor for understanding the neurobiology of visual dysfunction among
PWPP is genetics. Genetic factors play an important role in the development of psychotic
disorders (Cardno et al., 1999; Cardno and Owen, 2014), but the link between genetic
liability for psychotic illness and disordered visual perception remains unclear. Studying the
first-degree biological relatives of PWPP (i.e., parents, siblings or children, who share on
average 50% of their genes) may provide insight into the genetic basis of visual processing
abnormalities in psychotic disorders. Visual task performance and physiological measures of
visual processing in relatives may fall on a continuum between typical functioning among
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controls and the impairments observed among PwPP (Chkonia et al., 2010; Kéri et al.,

2001; Klein et al., 2020b; Pokorny et al., 2021a, 2021b; Schallmo et al., 2013; Schallmo

et al., 2015; Sponheim et al., 2006; Yeap et al., 2006). If consistent abnormalities in visual
behavior and / or neural processing can be identified across both PwPP and their biological
relatives, then such differences may be able to serve as endophenotypes (Calkins et al.,
2008; Gottesman and Gould, 2003; lacono et al., 2017), which could help elucidate the
genetic basis of abnormal visual perception in PwPP, for example by aiding the development
of animal models.

We chose to take a trans-diagnostic approach to studying visual functioning among PwPP,
rather than focusing on specific diagnostic categories (e.g., schizophrenia vs. bipolar
disorder). Because the reliability and validity of discrete categories, as defined by the
Diagnostic and Statistical Manual of Mental Disorders (DSM), have been criticized (Kotov
et al., 2017; Markon et al., 2011), we sought to examine the neurophysiology of visual
dysfunction among PwPP more generally, as well as their first-degree biological relatives.
Our approach is informed by the National Institute of Mental Health’s Research Domain
Criteria (RDoC) framework (Cuthbert, 2014), and by the notion that there may be a
spectrum of disrupted visual functioning among PwPP and their biological relatives that
extends across diagnostic categories and includes genetic liability for psychosis. We hope
that our work will help to clarify the etiology of visual dysfunction in psychosis spectrum
conditions.

The primary focus of the present study was to examine behavioral and neurophysiological
markers of visual functioning in PwPP and their biological relatives. This investigation was
carried out using behavioral and 7 T imaging measures as part of the Psychosis Human
Connectome Project. These data were collected from the same study population as the 3 T
and clinical measures described in our recent publication (Demro et al., 2021). Similar to the
original Young Adult HCP (Benson et al., 2018; Glasser et al., 2016; Van Essen et al., 2013;
Vu et al., 2017), we collected 7 T fMRI data during a ‘sweeping bars’ paradigm to facilitate
population receptive field (pbRF) mapping and functional definition of retinotopic early
visual area boundaries. Our pRF paradigm additionally included simultaneous acquisition

of auditory and motor responses. We also conducted experiments using visual paradigms
focused on aspects of visual perception that may differ among PwPP, as detailed above.
Before beginning this study, we solicited input from a small number of experts in the fields
of vision science and psychosis research in order to select visual paradigms that might
provide valuable and complementary insight into such abnormalities. The paradigms that we
selected (in addition to pRF mapping) were contrast surround suppression (CSS), contour
object perception (COP), and a bi-stable structure-from-motion (SFM) task (behavioral data
only), the details of which are described below (also see Supplemental Information for
additional background on the visual tasks that we selected).

This paper describes the motivation, methods, data quality, and general pattern of results
(from controls) for each of our 7 T experimental paradigms. Acquiring our fMRI data at

7 T allowed us to achieve higher functional contrast-to-noise and higher spatial resolution
versus comparable 3 T methods (Vu et al., 2017), which is advantageous for examining
fMRI responses from retinotopically organized visual areas. Further, we conducted 7 T MR
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spectroscopy (MRS) experiments to measure neurochemical levels within occipital (OCC)
and prefrontal (PFC) cortices, in order to examine hypotheses including whether abnormal
neurochemistry contributes to visual dysfunction in psychotic disorders (Foss-Feig et al.,
2017; Lisman, 2012). The OCC region was chosen to include areas in early visual cortex
that may be relevant to abnormal visual perception in PwPP, whereas the PFC region

was selected for its potential role in higher cognitive dysfunction (e.g., decision making,
cognitive control) in PwPP (Bonilha et al., 2008; Tully et al., 2014; Venkatraman et al.,
2009). Using 7 T MRS provided higher signal-to-noise ratio (SNR) and greater ability to
study individual metabolites (e.g., separating glutamate and glutamine, reliably quantifying
GABA), in comparison to similar MRS methods at 3 T (Godlewska et al., 2017; Terpstra
et al., 2016). However, human brain imaging at 7 T also presents a number of challenges
(see Supplemental Information for further details). Repeat scan data from all experiments
were acquired from a subset of participants in order to examine longitudinal variability in
our behavioral and physiological measures, and any associations with changes in psychiatric
symptoms over time. The overall objective of this work is to provide sufficient information
about the background, methodology, and data quality to facilitate subsequent investigations
using the data, code, and other resources that we have made available as part of the
Psychosis Human Connectome Project.

2. Methods

2.1. Participants

Data were collected from three groups of participants: healthy controls with no family
history of psychosis (n = 44; controls hereafter), first-degree biological relatives of a person
with a history of psychotic psychopathology (/7= 46; relatives hereafter), and people with

a history of psychotic psychopathology (/7= 68; PwWPP hereafter). Of these, 1 control,

2 relatives, and 2 PwPP were excluded from our study after completing the experiments
described below (e.g., found to have a visual abnormality). Data from excluded individuals
are not presented here, unless otherwise noted. Our final sample size was 43 controls,

44 relatives, and 66 PwPP. Demographic and psychiatric symptom data for each group

are presented in Table 1. In Supplemental Table 1, data for PwPP are presented within

three diagnostic sub-groups (people with schizophrenia, 7= 36; those with schizoaffective
disorder, n = 10; and those with bipolar | disorder with psychotic features, 7= 20). A subset
of participants (10 controls, 39 PwPP) returned for a second experimental visit during which
repeat scan data were acquired. Because of this, a ‘data set’ in our study refers to data from a
single experimental visit and there are more data sets than unique participants.

Inclusion criteria for the Psychosis Human Connectome Project have been described
previously (Demro et al., 2021; Schallmo et al., 2021). These criteria included age 18-65
years, English as a primary language, the ability to provide written informed consent, no
legal guardian, no diagnosed learning disability or 1Q less than 70, no current or past
central nervous system disease, no history of head injury with skull fracture or loss of
consciousness longer than 30 minutes, no alcohol or drug abuse within the last 2 weeks,
or dependence within the last 6 months, no electroconvulsive therapy within the last year,
no tardive dyskinesia, no visual or hearing impairment, no condition that would physically
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inhibit task performance such as paralysis or severe arthritis. All participants in the PwPP
group had a history of schizophrenia, schizoaffective disorder, or bipolar I disorder with
psychotic features and were not adopted. Relatives had a biological parent, sibling, or child
with a history of one of these disorders (but not necessarily an enrolled participant from the
PwPP group) and were not adopted. Relatives included both individuals with and without
current psychiatric diagnoses (Table 1). These included individuals with major depressive
disorder (n=16) and panic disorder (7= 2). Controls had no personal or immediate

family history (i.e., parents, siblings, children) of psychosis spectrum disorders. Additional
inclusion criteria for 7 T scanning included the ability to fit comfortably within the scanner
bore (60 cm diameter) and the radio frequency (RF) head coil (head circumference less than
62 cm), weight less than 440 pounds, and corrected Snellen visual acuity of 20/40 (decimal
fraction = 0.5) or better. All participants had completed two 3 T fMRI scanning sessions
prior to 7 T scanning. Individuals who exceed a limit of 0.5 mm of head motion per TR (i.e.,
framewise displacement) in greater than 20% of TRs from all 3 T fMRI runs (approximately
2 h of scanning) were excluded prior to 7 T scanning.

All participants provided written informed consent prior to their participation and were
compensated approximately $20 / hour for their time. As part of the informed consent
process, participants agreed to have their de-identified data shared publicly, including the
dates of all research study visits. All experimental procedures complied with the Declaration
of Helsinki and were approved by the University of Minnesota IRB. All participants had
sufficient capacity to provide informed consent, as assessed by the University of California
Brief Assessment of Capacity to Consent (Jeste et al., 2007).

2.2. Study timeline

The time between 3 and 7 T scanning is shown for each group in Table 1. Typically,

the minimum delay was at least 1 week, owing to the need for quality assessment of

the 3 T data for screening purposes (as described above, participants with poor 3 T data
quality were excluded from 7 T scanning). We conducted repeat 7 T scans for a subset of
PwPP and a very limited number of controls (Table 1). This was done in order to permit
longitudinal assessment of neural and behavioral measures from the 7 T experiments (i.e.,
visual behavior, fMRI, MRS), and psychiatric symptom measures acquired on the day of 7 T
scanning (i.e., BPRS, SANS, SAPS; see below). The time between the first and second 7 T
scans for controls and PwPP is shown in Table 1.

The nomenclature for our different scanning sessions bears explanation. Briefly, we refer
to our first iteration of the protocol as 7T-A. Our second protocol iteration, which includes
some small changes to the visual stimuli and tasks, is termed 7T-B. Our repeat scans are
referred to at 7T-Z. For full details, please see Supplemental Information and Supplemental
Table 2.

2.3. Apparatus

Our psychophysical (quantitative behavioral) experiments were conducted in a darkened
laboratory on an Apple Mac Pro and an Eizo FlexScan SX2462W monitor with a 60
Hz refresh rate (mean luminance = 61.2 cd/m?). A Bits# stimulus processor (Cambridge
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Research Systems) was also used; when in Mono++ mode, this provided 9.6-bit luminance
resolution (for the CSS psychophysical task, see below). Participants were seated in a
height-adjustable chair with an adjustable chin rest to maintain a stable head position at a
viewing distance of 70 cm. Stimuli were generated and presented using PsychoPy (version
1.85.2; Peirce 2007). Monitor luminance was linearized using a PR655 (Photoresearch,
JADAK, North Syracuse, NY) spectrophotometer.

7 T MR data were acquired on a Siemens MAGNETOM scanner. This scanner was equipped
with an 8-kW RF power amplifier and body gradients with 70 mT/m maximum amplitude
and 200 T/m/s maximum slew rate. The scanner software was upgraded from VB17 to
VE12U in July 2019. Data quality before and after the upgrade was comparably high

(e.g., temporal SNR, image SNR; data not shown). For both MRS and fMRI, participants
were given head, neck, and lumbar padding, and instructed to minimize movement during
scanning. For our MRS data acquisition, we used a custom-built RF head coil with two
surface 1H quadrature transceivers, one for the front of the brain and one for the back of
the brain. Participants were removed from the scanner in between occipital and prefrontal
MRS scans (during the same scanning session), in order to switch the coil configuration.
A7 T MR-compatible motion tracking system (Metria Innovation Inc., Milwaukee, WI)
was used to track a Moiré Phase Tracking marker attached to the participant’s face in order
to measure head motion during MRS (but not during fMRI). Head motion was observed
by an experimenter in real time. When head motion > 5 mm was observed, MRS scans
were repeated, and participants were encouraged to remain still. Participants were removed
from the scanner in between MRS and fMRI data acquisition, in order to change scanning
equipment. For fMRI data acquisition, we used a Nova Medical (Wilmington, MA) RF
head coil (1 transmit and 32 receive channels). We used 5 mm thick dielectric pads (3:1
calcium titanate powder in water) positioned under the neck and beside the temples during
the fMRI experiments, when possible (allowing for the participant’s comfort). Previous 7 T
MRI studies as part of the HCP have shown this improves transmit B; homogeneity in the
cerebellum and temporal lobe regions (Vu et al., 2015).

During fMRI scanning, visual stimuli were presented using an NEC projector with a 60

Hz refresh rate (mean luminance = 271 cd/m?). Participants viewed stimuli projected onto

a 3M (Maplewood, MN) Vikuiti acrylic screen at the back of the bore through a mirror
mounted to the head coil, with a viewing distance of 100 cm. Participants used a Current
Designs (Philadelphia, PA) MR-compatible 4-button response box during the visual tasks.
Auditory stimuli were delivered through Sensimetrics (Gloucester, MA) earbuds, placed in
the participant’s auditory canals by research staff and covered by medical tape, to minimize
the possibility that the earbuds became dislodged while the participant was getting into
position in the scanner. We confirmed that participants could hear auditory stimuli presented
through the stimuli prior to scanning.

2.4. Experimental protocol

2.4.1. Clinical measures—Details regarding our clinical data collection methods are
provided in the Supplemental Information.
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2.4.2. Tasks

Population receptive field (pRF).: Each participant completed at least one population

receptive field (pRF) mapping scan (Dumoulin and Wandell, 2008) for the purpose of
retinotopic mapping in visual areas, as well as simultaneous mapping of auditory and motor
regions (see below). During the task, participants were asked to maintain fixation on a
central point while a bar moved across the visual field at one of eight orientations (West
(W) — East (E), North (N) - South (S), NW - SE, NE - SW, E - W, SE - NW, S- N, SW -
NE; Fig. 1A). The moving bar was populated with dynamic and highly salient visual stimuli
from Kriegeskorte et al. (2008). The 96 images were divided into 7 categories: human

face, human body, animal face, whole animal, food, manipulable objects, and places. An
8th category, noise, was created by Fourier phase-scrambling the three color channels of
each image and re-combining the channels to make brightly colored textures with spatial
frequencies similar to the object images. Each category was presented during two bar
sweeps, chosen randomly. Reduced-contrast noise images were present as a background
during all image categories to ensure coverage of the entire bar while minimizing crowding
between object images. The bars flickered at either 2 or 12 Hz. The length of the bars
spanned a 16° disk and subtended 2° of visual angle in width and traveled across the visual
field out to 8° eccentricity. Each bar took 16 s to complete the movement across the visual
field, and each bar sweep direction occurred twice in a single scan, once with a 2 Hz refresh
rate and once at 12 Hz. There were 4 s of rest between each bar sweep and 4 s of rest at the
beginning and end of each scan, such that each scan took 324 s.

During the scan, participants heard auditory tones that varied in pitch (13 tones between

250 and 4000 Hz; Fig. 1B) for the purpose of tonotopic mapping (Allen et al., 2022; Da
Costa et al., 2011; Moerel et al., 2014; Norman-Haignere et al., 2013). Auditory tones were
presented through the headphones in the presence of constant scanner sounds (i.e., no ‘gap’
in the scanning sequence). In an auditory block, each of the 13 tones were presented in
either ascending (i.e., 250-4000 Hz) or descending (i.e., 4000-250 Hz) order for 500 ms
with a 500 ms inter-stimulus intervals. Because our fMRI scanning sequence hada 1 s TR,
the scanner sounds from each TR occurred at a fixed time relative to the tone presentation. A
full auditory block was 13 s long. For each run of the pRF task, there were 8 auditory blocks
in the first half of the scan (ascending tone order in run 1, descending in run 2) followed by
8 auditory blocks in the second half of the scan (descending in run 1, ascending in run 2).
There was a 10 s silent period (scanner noise only) at the beginning and end of each run, and
96 s in between the ascending and descending tone sets.

Participants were asked to complete a motor tapping task during the pRF paradigm, to
facilitate functional mapping of motor cortex (Lotze et al., 2000; Olman et al., 2012). In
this task, they were asked to press the left or right buttons on the button box, curl the toes
on their left or right feet, and tap their tongue to the roof of their mouth in time with the
presentation of a flashing body part cue image presented at fixation (Fig. 1C). Motor cues
were presented for 500 ms followed by a 500 ms presentation of a fixation cross, with a
motor block duration of 13 s. It was not an intentional aspect of the design that both the
motor blocks and the auditory sweeps lasted 13 s. Originally, 12 tones were included in the
auditory design; the sweeps were not intended to cycle at the same frequency as the motor
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task. In the process of optimizing the auditory stimulus, a 13 th tone was generated and the
fact that this created cycles with the same duration as blocks in the motor condition was
unfortunately overlooked.

For most participants, two 324 s pRF mapping runs were completed. Because adequate maps
may be extracted from the data from a single run, the second scan was omitted from the

end of a scanning session if the participant was experiencing fatigue or discomfort (3 of 52
scanning sessions for controls had only one pRF scan, 10 of 40 for relatives, and 38 of 84 for
PWPP).

Participants viewed the task before entering the scanner, to practice tapping in response to
the motor cues. Once participants were settled in the scanner, a sound check was performed.
The sound check consisted of playing the tones that would occur during the pRF task while
an EPI scan was being acquired. After that scan participants were asked to indicate whether
they could hear the tones over the noise of the scanner.

Example pRF results from individuals and a group of control participants are shown in the
Results section. As this manuscript focuses on describing data acquisition methods and data
quality, details of the data processing and analysis for the pRF experiment are relegated to
the Supplemental Information.

Contrast surround suppression (CSS) task.: For the CSS task, participants were asked to
determine which of two briefly presented sinusoidal luminance gratings—presented to the
left or right of a fixation mark—had higher contrast. Examples of the CSS stimuli are shown
in Fig. 2A.

In the psychophysical experiment, gratings were presented on a mean gray background at
seven pedestal contrast levels: 0, 0.65, 1.25, 5, 10, 20%. The range of pedestals was chosen
based on previous studies (Boynton et al., 1999; Legge and Foley, 1980; Schallmo et al.,
2016; Yu et al., 2003; Zenger-Landolt and Heeger, 2003) to allow investigation of threshold
and suprathreshold contrast discrimination. Two gratings (2° diameter) were presented, each
at 3° eccentricity to the left and right of a central fixation point (0.2° square; white with
black outline) along the horizontal meridian. Gratings were contrast reversing at 4 Hz,

and had a spatial frequency of 1.1 cycles/°. Four target orientations were used: vertical,
horizontal, and diagonal + 45°. In some trials, the 10% contrast pedestal was presented with
a surrounding sinusoidal grating annulus with inner and outer diameters of 2.5° and 4°,
respectively (contrast = 100%; parallel to the target grating). The edges of the target and
surrounding stimuli were blurred with a raised cosine function. A small fiducial circle (2.1°
diameter with 0.05° gap between target grating and circle line; dark gray, luminance = 31.1
cd/m?) outside the target location was used to reduce spatial uncertainty about the target
position. On each trial, a contrast increment was added to one of the two target gratings.
The contrast increment was adjusted across trials within a range of 0.13-40%, according to a
Psi adaptive staircase method (Kingdom and Prins, 2010) implemented in PsychoPy, to find
the minimum contrast increment that could be perceived with 80% accuracy (i.e., contrast
discrimination threshold for that pedestal contrast). For twelve early participants (part of the
7T-A protocol), we ran a pilot version of the task with slight differences (see Supplemental
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Information for more details about task differences; for the number of data sets collected for
each version of the task, see Supplemental Table 2). Pilot task data are not included in the
results presented below.

Participants were instructed to maintain fixation at the center of the screen while using their
peripheral vision to determine which target grating was higher contrast. CSS task timing

is illustrated in Fig. 2B. Each trial began with an audio tone (250 ms) and presentation of
the central fixation square and the two target gratings for 800 ms. Participants indicated
their response on a keyboard using the left or right arrow key. The response period was

not limited in duration, with a minimum inter-trial interval of 400 ms. The task was

divided into eight blocks, one per pedestal contrast condition plus one block with the 10%
pedestal plus the surrounding annulus. Each block included 90 trials from three separate
interleaved staircases (30 trials / staircase), which yielded 3 independent threshold estimates
per condition. Each block also contained 20 catch trials (not included in the staircases),

in which the contrast increment was set to the maximum value (45%), in order to assess
off-task performance. Each block lasted approximately 4 min, with self-timed rests between
blocks. Participants were also instructed that they could take a brief pause within a block
by withholding their response to the current trial. Task instructions and practice example
trials were presented at the beginning of the psychophysical experiment. Total task duration
(including instructions and practice) was approximately 40 min.

In the fMRI experiment, gratings were presented at five pedestal contrast levels: 0, 10,

20, 40, 80%. This range of pedestals was chosen based on previous fMRI studies (Zenger-
Landolt and Heeger, 2003). Gratings were presented with the same size, positions, and
spatial frequency as in psychophysical experiments. Grating orientation was randomized
across stimulus presentations in a range of 0°-~180° in 15° increments. For each of the
five pedestal contrasts, target gratings were presented either with or without a surrounding
sinusoidal grating annulus with inner and outer diameters of 1.25° and 2°, respectively
(100% contrast; same orientation as center).

CSS fMRI task timing is shown in Fig. 2C. Each trial began with the presentation of the
stimuli for 750 ms followed by a blank screen with a central fixation square presented for
1.05 s (600 ms response window after stimulus offset, 450 ms inter-trial interval, 1.8 s total
trial-to-trial onset). Trials were presented within blocks of 5 trials (9 s per block). Within
each block, the target contrast pedestal was either 0, 10, 20, 40, or 80% for all 5 trials.

Ten blocks (5 “target on” with pedestal contrast at either 0, 10, 20, 40, or 80%, 5 ‘target
off” with pedestal contrast at 0%) composed each condition. Within each condition, ‘target
on’ and ‘target off’ blocks were presented in an alternating order, starting with a ‘target on’
block and ending with a ‘target off.” This yielded an on-off block presentation order with

5 cycles per 90 s condition. Target pedestal contrast (10-80%) and surround contrast (O or
100%) were held constant within each condition, for a total of 8 stimulus conditions in the
main experiment. The experiment was divided into 3 fMRI runs, each 5 min long, with 3
conditions presented in each run. Each condition was presented only once across all runs,
and the order of the 8 conditions in the main experiment was randomized across participants
to one of 4 possible pseudo-random presentation sequences.
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The first condition in the first fMRI run was always a functional localizer condition (also 90
s long, also divided into 10 blocks of 9 s each), which was designed to define regions within
primary visual cortex representing the target stimuli. Here, we used a differential localizer
technique (Olman et al., 2007), in which blocks of target gratings without surrounds
(pedestal contrast = 80%, surround contrast = 0%) alternated with surround-only blocks
(target pedestal contrast = 0%, surround contrast = 100%). This allowed us to isolate voxels
in retinotopic early visual areas that responded more strongly to target stimuli than to
surrounding gratings, as in previous work (Qiu et al., 2016; Schallmo et al., 2016, 2018,
2020). This first functional localizer condition was contiguous with the rest of the first CSS
functional run (i.e., not a separate fMRI run).

In all of the CSS fMRI conditions, contrast increments were added to one of the two target
gratings on each trial, as in our psychophysical experiment. This was done to equate task
difficulty across conditions, and to keep the participants engaged and attending to the target
stimuli. On each trial, participants indicated on which side the increment appeared using

the left- or right-most button on a 4-button response box (Current Designs, Philadelphia,
PA). The fixation square turned green upon correct responses. The response period (during
the blank after each stimulus presentation) timed out after 600 ms. During our fMRI task,
contrast increments were controlled by a 3-down, 1-up staircase using PsychoPy, with
separate staircases for each of the 10 target pedestal (0, 10, 20, 40, or 80%) and surround

(0 or 100%) combinations. There were 30 ‘target on” and 30 ‘target off’ trials (on separate
staircases) within each condition. The minimum contrast increment was 1%, and maximum
contrast increment within each staircase was 25% of the target pedestal contrast, or 3%
contrast, whichever was greater. At the beginning of the fMRI experiment, participants were
briefly reminded of the task instructions, and were told that the task would not wait for them
to respond, unlike during psychophysics.

Example CSS results from individuals and a group of controls are shown in the Results.
Full details of the CSS data processing and analysis are provided in the Supplemental
Information.

Contour object perception (COP) task.: Visual stimuli in the COP experiment (Fig. 3A-D)
were based on those previously used by Silverstein and others (Silverstein et al., 2009, 2006,
2015, 2000). Stimuli consisted of a grid of 170 Gabor line elements, 14° visual angle wide
by 11.3° tall. Gabor elements had a Gaussian envelope with SO = 0.067° and a spatial
frequency of 5 cycles/®, with 2 cycles visible within each ~0.4° wide (6 SD) Gabor. Of

the 170 Gabor elements, 155 comprised the background, with a minimum spacing of 0.8°
visual angle. The remaining 15 elements positioned around the center of the display formed
an egg-shaped contour object that either pointed towards the left or right. This egg contour
was 5.9° wide by 4.7° tall. Gabor elements that composed the egg were positioned with a
minimum spacing of 1.09° and a maximum spacing of 1.13° relative to one another along
the contour axis. One thousand exemplar stimulus grids were procedurally generated and
saved for presentation during the task (chosen randomly). To manipulate the detectability

of the contour stimuli, the relative orientation of each Gabor element within the contour

was jittered with respect to the axis of the egg. This was done in steps of + 3° between 0°
(perfectly aligned) and 45° (completely scrambled). SNR, defined as the average spacing
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between adjacent background elements divided by the average spacing between adjacent
contour object elements, was 0.87.

In our COP psychophysical experiment, three different types of trials were presented

with different stimuli: scrambled (45° jitter) contour stimuli presented without background
elements (i.e., catch trials, used to assess off-task performance), aligned (0° jitter) contour
stimuli presented within a field of background elements (to measure discrimination accuracy
for fully aligned contours), and jittered contour stimuli presented with background elements.
In this third condition, the alignment of the Gabor elements was manipulated across trials to
identify the specific degree of orientation, or jitter threshold, at which the participant would
discriminate directionality of the egg (left or right) with 70% accuracy. Contour jitter varied
in increments of 3° from 0° to 45°. Contour jitter varied across trials based on a Psi adaptive
staircase method (Kingdom and Prins, 2010), implemented within PsychoPy.

The COP psychophysical task was divided into two blocks, with each block consisting

of three independent interleaved staircases of 30 trials of the jittered contour stimuli.

Each block also included 20 additional trials of the scrambled contour stimuli with no
background, and 20 of the aligned contour stimuli with a background. The experiment began
with instructions asking participants to fixate on a square at the center of the screen and

use their peripheral vision to decide whether the egg-shaped contour object was pointing
towards the left or the right. They were told to make their best guess if they were unsure in
which direction the egg was pointing. Blocks began with a central fixation square presented
for 1500 ms, followed by presentation of the stimulus for 1000 ms, and an unlimited
response period during which participants used the left and right arrow keys on a keyboard
to provide an answer (Fig. 3E). The order of trials was randomized within each block, and
participants were allowed to take a self-timed rest between blocks. They were also told that
they could take a short pause during the block if needed by withholding their response until
they were ready to proceed. Each block lasted about five minutes, with a total task duration
including instructions of approximately 15 min.

The fMRI version of the COP task was analogous to that used in our psychophysics
experiment, with a few differences (Fig. 3E). Four types of stimuli were presented, and
these were divided into different conditions: jittered or fully scrambled contours, presented
either with or without background elements. Scrambled contours with backgrounds were
included in the fMRI task in order to measure responses to a field of Gabors in which the
contour was very difficult (if not impossible) to perceive. For the jittered with background
condition, contour stimuli were presented with their degree of orientation jitter controlled
by a 3-up, 1-down adaptive staircase. Jitter level began at 0° at the start of the fMRI

task run, and changed in increments of + 3°. These staircases are expected to converge at
the jitter level for which a participant could detect the directionality of the egg with 79%
accuracy (Garcia-Perez, 1998). Contour jitter in the jittered without background condition
was matched to the jittered with background condition across blocks. The contour stimuli in
the scrambled conditions were completely scrambled (45° of jitter). Stimuli were presented
in trials with a 1 s stimulus duration, followed by a randomized inter-stimulus interval of 2—
4 s. In between each trial, a white fixation square was presented on a mean gray background
with no background Gabors present. Trials were organized into two types of blocks (24 s
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long): those with and those without background elements. Each block included six trials;
four jittered and two scrambled trials per block. The experiment began with a block of
stimuli with background elements, and alternated between the two block types. Six blocks
were administered per fMRI run. There was an additional 12 s of rest before and after the 6
main experiment blocks in each run. A single fMRI task run lasted 6 or 9 min in total (see
below), and each participant completed 2 fMRI runs within a single scanning session.

The instructions provided to the participant during the COP fMRI task were identical to
those given during the psychophysics experiment, with the exception of being asked to
provide a response as soon as possible after stimulus presentation.

The COP fMRI paradigm also included a functional localizer condition. Data from the
functional localizer condition were acquired to permit identification of retinotopic regions of
visual cortex that represented the spatial position of the egg stimuli. This condition consisted
of repeated presentations of egg-shaped contours of Gabor elements, without background
elements. In order to facilitate strong fMRI responses in early visual cortex, Gabor elements
reversed contrast at a frequency of 2 Hz. Alternating blocks of rest (fixation only) and
localizer stimuli were administered, each lasting 12 s. During the localizer stimulus blocks,
the contrast reversing egg randomly changed directionality (left or right) every 2 s. Seven
blocks of rest and 6 blocks of localizer stimuli were presented during the functional
localizer condition, which lasted about three minutes. The functional localizer condition was
presented at the beginning of the first COP fMRI run, prior to the first main experimental
block, which meant that this first COP run was longer than the second (9 min in total,

rather than 6). We note that while the functional localizer for the COP task was designed to
identify voxels that responded more strongly to contour vs. rest (i.e., fixation only), it was
not designed to localize voxels that responded more to the contour vs. the background. Thus,
some voxels within our COP ROIs responded to both contour and background stimuli, which
led to the increase in the fMRI response for the background vs. no background conditions in
the COP task (see Fig. 9).

Both the psychophysical and fMRI paradigms for the COP task were modified slightly after
an initial piloting phase (about 6 months after the study’s onset, when the change from
protocol version 7T-A to 7T-B was made). This was done to make the task easier, especially
for PwWPP, by making the spacing between background and contour Gabor elements wider
(SNR was increased from 0.75 to 0.87), thereby making the contour elements easier to
perceive. For full details, please see the Supplemental Methods, and Supplemental Table 2.

Example COP results from individuals and a group of control participants are shown in the
Results. Full details of the data processing and analysis for the COP experiment are included
in the Supplemental Information.

Structure-from-motion (SEM) task.: We collected psychophysical behavioral data during
a SFM task using the rotating cylinder illusion; SFM fMRI data were not acquired, due to
time constraints. The visual stimuli in our SFM psychophysical task (Fig. 4A) were standard
rotating cylinders (Treue et al., 1991; Ullman, 1979). The rotating cylinder is a classic
illusion in which small visual elements (here, black and white squares) move back and
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forth across a rectangular area in order to induce the perception of a 3-dimensional cylinder
rotating in the depth plane. The rotating cylinder stimuli used here were composed of 400
small black and white squares (each 0.25° wide; 200 black and 200 white) that alternated
between moving from the left to right and right to left across the width of a rectangular area,
and each positioned pseudo-randomly along the height of the rectangular region (height =
10°, width = 7°). The squares sped up as they approached the center of the rectangle and
slowed down as they approached each edge. This was done to simulate the perceived speed
of the squares as if they were positioned on a transparent cylinder rotating in the depth plane
(simulated rotation speed of 90°/s).

Two versions of the stimuli with subtle but important differences were used for the two
different task conditions, referred to as the bi-stable and real switch tasks. In both tasks
the same black and white squares moved back and forth across the rectangular area with
speed, size, and position being constant across the two tasks. In the bi-stable task, a small
red fixation point (0.6° diameter) was positioned in front of all squares in the center of
the rectangular area (Fig. 4A). When dots collided in the bi-stable task, they occluded one
another randomly, to remove this potential depth cue. In the absence of inherent depth cues,
the direction of motion is ambiguous, and perception spontaneously alternates between the
front surface rotating to the left and to the right. In the real switch task, we simulated
physical switches of the rotation direction in depth by changing which set of dots (i.e.,
those rotating left to right or right to left; surface #1 and surface #2 of the cylinder) were
presented in the front or back. To do so, we used the same red fixation dot overlaid on
another larger blue circle (1.8° diameter) and alternated which set of dots passed in front
of or behind each other and the larger fixation circle (Fig. 4B). This provided an explicit
depth cue thus biasing one percept (e.g., front rotating to the left) to become dominant.
Switches occurred every 9-13 s (order and timing were pseudo-randomized, but fixed and
identical for all participants). The real switch task was added to the experiment during the
7T-A data collection phase, about 2 months before the switch to the final 7T-B protocol.
This permitted us to assess participants’ ability to perceive and respond to real switches in
rotation direction. Thus, data are missing from a number of the early participants (7T-A)
who did not complete this condition.

In both SFM task conditions, participants were asked to fixate on the small central red circle
and told to use their peripheral vision to determine the direction of rotation of the front
surface of the cylinder, either left or right (Fig. 4C). Participants were instructed to respond
using the left or right arrow keys to indicate which direction of rotation they perceived.
Importantly, they were told to respond immediately to their initial percept at the beginning
of the stimulus presentation, and then again each time their perception changed. Each
participant first completed a short (30 s) practice version of the real switch task. Participants
then ran one block of the real switch task followed by 5 blocks of the bi-stable task. Each
block was 2 min long; the rotating cylinder was presented for the entirety of the block.

Example SFM results from individuals and a group of control participants are shown
in the Results. Additional details of the SFM analysis are included in the Supplemental
Information.
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Eye tracking.: Eye tracking data were acquired during our psychophysical experiments
using an SR Research (Ottawa, Canada) Eyelink 1000 infrared eye tracker (1000 Hz
sampling rate, binocular acquisition). The camera was mounted on the table in front of the
participant, below the monitor. Nine point calibration and validation were performed prior to
each psychophysical task, and drift correction was performed in between task blocks.

During fMRI, eye tracking data were acquired from a subset of participants using either an
SR Research Eyelink 1000 (mounted at the back of the scanner bore), or an Avotec (Stuart,
FL) Nano infrared eye tracker (mounted inside the Nova RF head coil). Information on the
number of eye tracking data sets collected in each task across participant groups is presented
in Supplemental Table 4. Note that due to logistical and safety issues during the COVID-19
pandemic, eye tracking data were not collected during fMRI experiments between March,
2020 and July, 2021.

Functional magnetic resonance imaging (fMRI).: FMRI data acquisition parameters
followed the 7 T scanning protocol in the original Young Adult HCP (Glasser et al.,

2016; Van Essen et al., 2013; Vu et al., 2017, 2015), as described below. Full details of
our scanning protocols are included in the Supplemental Materials. Gradient echo (GE)
fMRI data were acquired with TR = 1000 ms, TE = 22.2 ms, echo spacing = 0.64 ms,

flip angle = 45°, resolution = 1.6 mm isotropic, partial Fourier = 7/8, 85 oblique-axial
slices, field of view = 208 x 208 mm?, phase encode (PE) direction = anterior-posterior,
multi-band acceleration factor = 5, parallel imaging acceleration factor = 2. A single GE
scan (3 TRs) was acquired with identical parameters as above, but with an opposite PE
direction (posterior-anterior), to facilitate geometric distortion compensation (Schallmo et
al., 2021). A 7;-weighted structural scan was acquired with TR = 3000 ms, TE = 3.27 ms,
echo spacing = 8.1 ms, flip angle = 5°, resolution = 1 mm isotropic, partial Fourier = 6/8,
176 oblique-axial slices, field of view = 256 x 256 mm? , parallel imaging acceleration
factor = 2. A B field map was acquired with TR =642 ms, TEs = 4.08 & 5.1 ms, flip
angle = 32°, resolution = 1.6 mm isotropic, partial Fourier = 6/8, 85 oblique-axial slices,
and field of view = 208 x 208 mm?2. A pair of spin echo (SE) scans (3 TRs each) with
opposite PE directions (anterior-posterior and posterior-anterior) were acquired with TR

= 3000 ms, TE = 60 ms, echo spacing = 0.64 ms, flip angles = 90° & 180°, resolution

= 1.6 mm isotropic, partial Fourier = 7/8, 85 oblique-axial slices, field of view = 208 x
208 mm?2, multi-band acceleration factor = 5, parallel imaging acceleration factor = 2. The
imaging field-of-view positioning (yellow box in Fig. 5A) was standardized using Siemens
AutoAlign. An example sagittal image from a GE EPI scan in a single participant is shown
in Fig. 5B.

In order to reduce magnetic field inhomogeneity, By shimming was performed within a 130
x 170 x 120 mm3 oblique-axial region (i.e., adjustment volume; green box in Fig. 5A),
centered on the brain. We measured the linewidth of water in the Siemens Interactive Shim
tab; for values > 80 Hz, shim currents were re-calculated to obtain a better shim solution. We
used a local software program (shimcache) to apply the computed shim values before each
scan to ensure there was no loss of By shim values during scanning.
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Magnetic resonance spectroscopy (MRS).: MRS offers a non-invasive method for
examining several metabolites of interest in psychosis. As noted in the Introduction,
examining glutamate and GABA concentrations may be relevant for understanding neural
dysfunction among PwPP. However, it is also worth noting that these MRS markers

do not directly reflect neural excitation or inhibition per se. Glutamate and GABA are
found at much higher concentrations within presynaptic neurons than in the synaptic cleft;
experimental evidence suggests that GABA concentrations are about 1 mM intracellularly,
and glutamate is found at intracellular concentrations of about 5-10 mM, whereas
extracellular concentrations of glutamate and GABA have been reported in the low
micromolar range (about 2 uM; Cavelier et al., 2005; Featherstone, 2010; Wu et al.,
2007). Only a portion of the intracellular glutamate and GABA in the brain is localized

in presynaptic terminals, and there are also substantial metabolic pools within cell bodies
(Rae, 2014). Thus, it can be difficult to draw strong conclusions about the role of these
metabolites as neurotransmitters (versus other metabolic functions) from MRS data alone.
Glutamine is another important player in the glutamate and GABA metabolic cycles that
may be relevant for understanding abnormal neurochemical functioning among PwPP. After
glutamate is released from pre-synaptic neurons, it is taken up by astrocytes, converted

to glutamine, transported back to pre-synaptic neurons, and converted back to glutamate
(Schoushoe and Sonnewald, 2016). In addition, glutathione plays a number of important
roles in brain function, including as an anti-oxidant, and glutathione functioning may also be
disrupted among PwPP (Matsuzawa et al., 2008; Perkins et al., 2020).

Occipital cortex (OCC).: For our MRS experiments in OCC, we acquired data using a
stimulated echo acquisition mode (STEAM) sequence (Marjanska et al., 2017) with the
following parameters: TR = 5000 ms, TE = 8 ms, mixing time (TM) = 32 ms, hsinc

pulse = 1.28 ms, volume-of-interest (VOI) size = 30 mm (left-right) x 18 mm (anterior-
posterior) x 18 mm (inferior-superior), transmitter frequency = 3 ppm, 3D outer volume
suppression interleaved with variable power and optimized relaxation delay (VAPOR) water
suppression (Tk&c et al., 2001). Chemical shift displacement error was 4% per ppm. We
acquired 2048 complex data points with a 6000 Hz spectral bandwidth. The OCC VOI

was placed within the medial occipital lobe, superior to the cerebellar tentorium, posterior
to the occipitoparietal junction, and anterior to the sagittal sinus (Fig. 5C and D). This
mid-occipital VOI encompasses early visual cortical areas including V1, which are involved
in visual functions including perception of motion and contrast, spatial context processing,
and contour integration. We chose to keep this VOI aligned squarely within the occipital
lobe (based on Siemens AutoAlign), in order to: (1) position the VOI within the region

of maximal transmit signal based on the geometry of our occipital surface coil, and (2)
maximize positioning consistency across scanner operators. For repeat (7T-Z) scans, VOIs
were placed in the same anatomical position as in the first scan using a saved copy of the
scan protocol along with AutoAlign. The full details of our scanning protocols are included
in the Supplemental Materials. We note that our study conforms to the minimum reporting
standards for MRS work recently recommended by a group of MRS experts (Lin et al.,
2021).
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Our acquisition protocol was as follows. We began by acquiring a 7;-weighted anatomical
scan to facilitate voxel placement, using the following parameters: TR = 2500 ms, TE = 3.2
ms, echo spacing = 7.9 ms, flip angle = 5°, resolution = 1.3 mm isotropic, partial Fourier =
6/8, 64 mid-sagittal slices, field of view = 160 x 160 mm? . After positioning the OCC voxel
based on the individual participant’s occipital anatomy, we performed shimming within the
VOI using FAST(EST)MAP (Gruetter, 1993; Gruetter and Tkac, 2000) to obtain a linewidth
of water < 15 Hz (measured using Spectroscopy card in Siemens software), repositioning
the voxel slightly as necessary. The B; field for the 90° pulse and the water suppression flip
angles were calibrated by adjusting the transmit voltage for each VOI in each participant.
We then conducted a brief STEAM scan (4 TRs) to review the quality of water suppression.
Next, we acquired our primary metabolite STEAM spectra (96 shots or TRs; 8 min), from
which metabolite concentrations were quantified. Finally, three additional reference scans
were acquired without water suppression to permit eddy current correction and absolute
quantification of metabolite concentrations relative to water. The first was the same as the
previous STEAM scan, but with the transmitter frequency = 4.7 ppm, and without VAPOR
water suppression (1 TR). The second was the same as the first, but included 4 TRs to permit
phase cycling. The third was the same as the first (1 TR), but did not include outer volume
suppression.

Prefrontal cortex (PFC).: We acquired STEAM data within PFC using the same protocol
as for OCC, except that the VOI size = 30 mm (left-right) by 30 mm (anterior-posterior) by
15 mm (inferior-superior). The PFC voxel was oriented obliquely within the sagittal plane,
and placed within the dorsomedial prefrontal cortex, dorsal and anterior to the cingulate
gyrus, along a line extending 135° from the anterior edge of the genu of the corpus callosum
(Fig. 5E & F). This region was chosen based on our review of previous prefrontal MRS
studies among PwPP (Egerton et al., 2017; Ongiir et al., 2010b; Rowland et al., 2013;
Salavati et al., 2014; Wijtenburg et al., 2015). Although some previous MRS studies have
used VOlIs that included portions of both the dorsomedial prefrontal cortex and the anterior
cingulate cortex, we chose to avoid including the anterior cingulate in this study, in an
attempt to limit the functional heterogeneity of the tissue within our VOI. We also sought
to place the VOI within the region of maximal transmit efficiency based on the geometry
of our prefrontal surface coil, and to facilitate inter-operator consistency. The dorsomedial
prefrontal cortex is thought to be involved in a number of cognitive functions affected

by schizophrenia, including cognitive control and decision making (Bonilha et al., 2008;
Tully et al., 2014; Venkatraman et al., 2009). Our PFC and OCC VOlIs were intended

to complement one another (e.g., to permit testing the specificity of possible associations
between MRS data from a given VOI and visual task measures). PFC data acquisition did
not begin until January, 2018, when the frontal MRS coil became available; MRS data

sets acquired prior to this included OCC data only. For an initial group of 30 participants
with PFC data, we acquired 128 shots (TRs) of metabolite STEAM data. After ensuring
that data quality was comparable between PFC and OCC, we reduced this number to 96
shots for subsequent participants, in order to shorten the scan time and reduce participant
burden. OCC data were always acquired prior to PFC data within a scanning session.
Participants were removed from the scanner in between OCC and PFC scans, in order to
switch from posterior to anterior transceiver coils. The entire MRS experiment duration was
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approximately 80 min (40 min each for OCC and PFC). MRS data were always acquired
prior to fMRI scanning. Participants were removed from the scanner between MRS and
fMRI scans and given a short (~30 min) break, during which we prepared the scanner
environment for the fMRI experiments.

Data processing

We provide a summary of fMRI and MRS data processing pipelines in the Supplemental
Information. This processing enabled us to assess data quality and the general pattern of
results, as presented in the Results section.

Data quality assessment

2.6.1. Psychophysical & fMRI data quality—We assessed multiple retrospective
quality metrics for the psychophysical and fMRI data from our visual tasks. For the CSS
and COP psychophysical tasks, poor task engagement was defined as achieving less than
80% (CSS) or 85% accuracy (COP) across all catch trials. For the SFM psychophysical
experiment, poor task engagement was defined based on performance in the real switch task
as having fewer than 7 correct responses (< 63.6% accuracy) made within 4 seconds of a
physical stimulus change.

For fMRI data quality, we first defined excessive head motion during a given task as having
= 0.5 mm of motion (i.e., framewise displacement) across > 20% of TR pairs. This was
quantified using AFNI’s gen ss review scripts.py, based on the Euclidean norm of the six
head motion parameters from AFNI’s 3dvolreg. We also quantified the fraction of stimulus
presentations in each fMRI task for which a behavioral response was recorded (either correct
or incorrect, assuming a response was required), as a measure of task engagement. For the
pRF fMRI task, we defined poor task engagement as having made no button press responses
(at all) during > 10% of left- and right-hand finger tapping blocks in the motor tapping

task. During the CSS and the COP fMRI tasks, we defined poor task engagement as not
responding to > 10% of all stimulus presentations.

2.6.2. MRS data quality—We examined a number of metrics to assess the quality of
our MRS data. First, we measured the linewidth of the unsuppressed water signal (in Hz),
which provides a measure of the shim quality (i.e., By homogeneity) within the selected
VOI. Poorer shim quality will reduce the fidelity with which different peaks can be resolved
in the spectrum. Specifically, we quantified the linewidth of the unsuppressed water signal
(FWHM in Hz) within the MRS VOI during the scanning session by fitting a mixed
Gaussian-Lorentzian function in the Spectroscopy tab on the Siemens console, as described
above, to a phased water signal. This linewidth value was assessed prospectively (i.e., prior
to MRS data acquisition), and manually recorded by the scanner operators. We set an &
priorithreshold for poor shim quality as a water linewidth of > 15 Hz. When linewidth
values exceeded this limit, shimming was performed again to obtain a better shim solution.
Head motion during MRS data acquisition was also examined prospectively using a Metria
motion tracking system, as noted above. A very small minority of MRS data sets (1= 3)
were acquired with shim values > 15 Hz (e.g., cases in which better shim solutions could
not be found). Additionally, the spectrum linewidth and SNR as quantified using LCModel
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were also used as retrospective MRS data quality metrics. LCModel defines SNR as the
maximum signal (/\V-acetylaspartate peak) minus baseline divided by twice the root mean
square of the residuals. We set data quality thresholds for these two metrics based on post
hoc inspection of the data. Poor data quality was defined as > 5 Hz spectrum linewidth, or
SNR < 40.

Our MRS data quality allowed us to quantify concentrations for 18 metabolites (for the full
list of quantified metabolites, please refer to the Supplemental Information) including the
excitatory and inhibitory neurotransmitters glutamate and GABA (respectively).

2.7. Data analysis

For this report, we preprocessed all datasets to compute data quality metrics and compare
across groups. We present behavioral, fMRI, and spectroscopy results for controls in order
to show representative results, rather than an exhaustive analysis. Analyses were performed
in MATLAB (version 2016a) unless otherwise noted. Details of our analysis methods are
provided in the Supplemental Information.

2.8. Statistics

We performed statistical analyses of group differences between controls, relatives, and
PwPP in terms of demographic, cognitive, and symptom measures (Table 1), psychophysical
and fMRI data quality metrics (Supplemental Table 5), and MRS data quality metrics
(Supplemental Table 6). We used repeated measures ANOVAS (~values) in cases where
data were normally distributed with equal variance across groups (based on visual
inspection). Otherwise, we used Kruskal-Wallis nonparametric 1-way ANOVAs (X2-values),
in which cases we excluded repeat scan data, as Kruskal-Wallis tests cannot acommodate
repeated measures. For our assessment of clinical measures over time (Supplemental Fig.

2), we calculated Pearson correlations (r~values) and intra-class correlations (ICC(3,k); Koo
and Li 2016) to quantify longitudinal variability, as well as paired #tests to quantify changes
across sessions (Supplemental Table 3).

2.9. Code and data availability

Our experimental task code and our data processing code are available from GitHub
(github.com/mpschallmo/PsychosisHCP). Unprocessed (i.e., DICOM) imaging data and
associated behavioral data files will be available from the Human Connectome Project
(db.humanconnectome.org; data release planned in 2023). Note that the publicly available
data from each scanning session are in native (i.e., scanner) space. Details of our
procedures for integrating data across scanning sessions are provided in the Supplemental
Information. Clinical and other (non-imaging associated) behavioral data, as well as notes
for each scanning session, will be available from the National Data Archive (nda.nih.gov/
edit_collection.html?id=3162). Processed data will be made available by the investigators
upon request.
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3. Results

In order to characterize visual perceptual functioning in PwWPP, we acquired
neurophysiological data from a group of 43 healthy controls, 44 biological relatives, and

66 PwPP. The dataset includes visual psychophysical (i.e., behavioral task) data and 7

T functional MRI data, using tasks focused on basic aspects of visual perception (e.g.,
retinotopy, context processing, object perception). We also acquired 7 T MR spectroscopy
data in the occipital and frontal lobes, in order to characterize the concentrations of different
metabolites in these same participants. A subset of PwPP and controls were recruited to
return for an identical repeat session a few months after their initial experimental session
(see Table 1 for information about the time between first and repeat sessions). Table 2
summarizes the number of unique participants and repeat sessions for each experiment.
Below, we provide a description of data quality and example results from each of the various
experiments.

3.1. Psychophysical & fMRI results

We defined a set of data quality metrics for our psychophysical and fMRI task experiments
based on a priorithresholds for poor task performance. These included excessive head
motion or failing to respond during fMRI tasks, and low accuracy during psychophysical
catch trials. In general, the data we collected were of good quality as measured by these
metrics, with 87% of our > 700 psychophysical and fMRI data sets passing quality control
checks (Fig. 6; green bar). Statistical comparisons of these quality metrics are provided in
Supplemental Table 5. Summaries of data quality metrics for each participant group in each
experiment are presented in Supplemental Fig. 3 (psychophysics) & Supplemental Fig. 4
(fMRI). Data quality and example results for each of the experiments are described below.
In Supplemental Fig. 5 we provide additional information regarding our fMRI data (the
average head motion per TR, as well as temporal outliers per TR, across both groups and
experiments). A chart detailing data quality for each experimental session in each participant
is provided in Supplemental Fig. 6.

3.1.1. pRF results—Our population receptive field (pRF) mapping fMRI experiment
used sweeping bars as visual stimuli to permit retinotopic mapping, as well as auditory
tone sweeps and a motor tapping task. The top row of Fig. 7 shows retinotopic polar angle
(A) and eccentricity (B) maps from one individual as well as a group of 7= 49 control
participants (C & D). Visual stimuli were presented at two different temporal frequencies
(2 and 12 Hz), which permitted functional examination of temporal frequency selectivity
across visual cortex (Fig. 7E-H). Our auditory tone sweep sequences (250-4000 Hz) also
enabled tonotopic mapping in auditory cortical regions (Fig. 71-L). Our motor tapping
task involved rhythmic tapping of 5 body parts, with cue images presented at fixation

(left and right thumbs, left and right toes, and tongue; see Methods). This permitted the
functional identification of somatomotor cortical regions that were responsive during the
tapping task (Fig. 7M-0). Data quality in our pRF experiment, as assessed by head motion
and behavioral response rate, was generally high (Supplemental Fig. 4, left column), but
differed significantly across groups (Supplemental Table 5), and was lowest among PwPP.
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3.1.2. CSS results—Our contrast surround suppression (CSS) experiment permitted us
to examine two visual phenomena: contrast-response functions and surround suppression. To
this end, we acquired both psychophysical and 7 T fMRI data during a CSS task. Example
CSS psychometric data are shown in Fig. 8A, which illustrates how contrast discrimination
thresholds were defined from our psychophysical data. Threshold versus contrast data from
control participants (7= 32) are shown in Fig. 8B, and illustrate the expected “dipper’ shape
(open symbols); thresholds decrease slightly between pedestal contrasts of 0% (detection)
and 0.6%, before increasing again at higher pedestal values. Further, there is a clear surround
suppression effect in the 10% contrast pedestal data (the only with-surround pedestal
condition we examined in the behavioral dataset): contrast discrimination thresholds are
higher with versus without surrounding stimuli (Fig. 8B; filled vs. open symbols), indicating
surround suppression of contrast perception.

An example ROl in primary visual cortex (V1) from the CSS fMRI task in a single
participant is shown in Fig. 8C. The differential (i.e., center vs. surround) localizer produced
the expected retinotopic activation pattern on the V1 cortical surface, with voxels that
respond selectively to the center stimuli (green) surrounded by voxels responding to

the surround (blue). 7 T fMRI responses in V1 from controls (7= 36) are shown in

Fig. 8D. These data show the expected increase in V1 fMRI responses with increasing
stimulus contrast, as well as the expected surround suppression effect; V1 fMRI responses
from center-selective ROIs are lower with versus without surrounding stimuli (Fig. 8D;
filled versus open symbols). Data quality in the CSS task, as assessed by psychophysical
catch trials, fMRI head motion, and fMRI behavioral task responses, was generally high
(Supplemental Figure 3 & Supplemental Fig. 4), but was significantly different across
groups (Supplemental Table 5), and lowest among PwPP.

3.1.3. COP results—We acquired psychophysical (outside the scanner) and 7 T fMRI
data during a contour object perception (COP) task. The degree of collinearity (i.e.,
orientation jitter) among Gabor contour elements and the presence or absence of irrelevant
background elements were manipulated in order to examine contour integration and figure-
ground segmentation (see Methods). Fig. 9A shows an example psychometric function

from the COP task, which illustrates how decreasing contour jitter was associated with
higher shape discrimination accuracy, as well as how jitter thresholds (70% accuracy) were
quantified. Threshold data from a group of 7= 33 control participants are shown in Fig. 9B.
Fig. 9C shows an example ROI identified using the COP localizer data in right V1 from

a single participant. As expected, the COP localizer yields a stripe of activation across V1
(orange), roughly perpendicular to the calcarine sulcus. In Fig. 9D, we show an example

of 7 T fMRI responses from V1 in n= 30 controls across our 4 COP task conditions.

This illustrates that the addition of background stimuli yielded higher fMRI responses (as
would be expected with a larger number of stimuli on the screen), whereas contour jitter had
little effect on the V1 fMRI response amplitude. We saw high data quality overall in our
COP experiments (Supplemental Figs. 3 and 4), as assessed by psychophysical catch trials,
fMRI head motion, and fMRI behavioral task responses. Of these, only head motion differed
significantly across groups (Supplemental Table 5) and was highest (worst) among PwPP.
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3.1.4. SFM results—We obtained psychophysical (but not fMRI) data from a structure-
from-motion (SFM) task using the bi-stable rotating cylinder illusion. This task provided us
with a behavioral measure of the stability of visual motion and form integration during

the perception of a bi-stable illusion. Participants reported the perceived direction of
rotation (clockwise or counterclockwise in depth) for an array of dots without explicit
depth cues. This bi-stable stimulus yielded spontaneous alternations in the perceived
direction of rotation. Example behavioral responses time courses from 7= 32 healthy
control participants are shown in Fig. 10A. In Fig. 10B, we show the average switch rates
within the same group. On average, percept direction alternated about every 10 s, but

there was substantial variability in bi-stable switch rates between individuals, as expected.
Participants also completed a ‘real switch’ task as an experimental control condition, in
which explicit depth cues were used to define physical changes in the rotation direction

of the stimulus. A fair number of participants showed poor behavioral performance on the
real switch task, which we interpret as difficulty in understanding and performing the task
as instructed. Participants with poor performance were excluded from our analyses (see
Methods). Performance in the SFM real switch task did not differ significantly across groups
(Supplemental Table 5).

3.2. MRS results

To assess data quality in our MRS experiments, we defined a set of quality metrics, both

a priori (linewidth of the unsuppressed water peak) and post hoc (spectrum linewidth and
SNR). We observed high quality overall in our MRS data, with 92% of all of our > 300
MRS data sets passing all quality thresholds (Fig. 11; green bar). MRS data quality metrics
for each group and VOI are shown in Supplemental Fig. 7, which indicates that data quality
is generally comparable across groups and VOIs (Supplemental Table 6 shows statistical
comparisons between groups for MRS quality metrics). A detailed summary of data quality
for each VOI from each MRS scanning session in all participants is shown in Supplemental
Fig. 8.

Example MR spectra from individual participants in both OCC and PFC VOIs are shown
in Fig. 12A & C, respectively. Here we show example spectra (black) fit by LCModel
(red), and the residual error after fitting, to illustrate the fit quality. Example voxel
placement, and the proportion of gray matter, white matter, and CSF within each voxel
are also illustrated. We fit a combination of 18 different metabolites using LCModel (see
Supplemental Information for more details); examples of individual fits for glutamate and
GABA are shown at the bottom of Fig. 12A & C.

To visualize the consistency of voxel placement across participants, we transformed voxel
masks for each VOI in each scanning session into MNI canonical space, and then computed
the percent overlap in space across participants and sessions. This is shown for both OCC
and PFC voxels in Fig. 12B & D, respectively, and indicates a fairly high degree of
consistency in voxel placement across individuals.

Finally, in Fig. 13 we show the quantification of glutamate (A) and GABA (B) in both
OCC and PFC voxels across controls (7= 42 in OCC, 30 in PFC; fewer PFC data sets
were collected due to a delay in hardware availability, as noted in the Methods). These plots
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illustrate that metabolite concentrations, scaled relative to water, are within the expected
range for our healthy adult population, as measured by this MRS technique (Marjarska et
al., 2017). We note that previous studies have also observed numerically higher glutamate
levels in prefrontal as compared to occipital cortex (Marsman et al., 2014; Zhang and Shen,
2015), though such differences were not statistically significant.

4. Discussion

This report of the data collected as part of our Psychosis HCP project is intended to
facilitate the use of this dataset by the research community. We are pleased that, overall, this
project yielded a substantial number of data sets, and relatively few were hampered by the
expected confounds of head motion, fatigue, difficulty complying with task instructions, or
equipment malfunction. For this report, we have included results of analyses that extract a
small number behavioral or physiological parameters from a subset of control participants,
in order to provide a sense of effect sizes and measurement error in the dataset. No results
from PwPP or relatives are included in this report; more thorough analyses of these datasets
will be included in future publications focused on the findings from group comparisons.
The primary goal of this report is to document methods and promote the availability of this
dataset.

This dataset is one of many available through db.humanconnectome.org as part of the
Human Connectome Project. In addition to the 7 T visual pRF data acquired as part of the
original Young Adult HCP (Benson et al., 2018), other HCP studies have focused on the
structure and function of the visual system in conditions such as macular degeneration, low
vision, blindness, and sight restoration. Further HCP data that are relevant to the current
study are available from other projects focused on topics including early psychosis and the
genetic basis of mental disorders (e.g., Amish Connectome).

We have reported here only on experiments performed during visits for 7 T scanning
sessions. Our 3 T dataset has been described in a previous publication (Demro et al., 2021).
All participants at 7 T also participated in 3 T scanning sessions, and although we have

not detailed the potential approaches in this report, it is entirely feasible to design analyses
that integrate 3 T resting state or cortical parcellation derived from 3 T data with functional
responses or neurotransmitter concentrations measured at 7 T. Thus, we hope that this
multimodal dataset, once fully released in 2023, will provide the basis for many multimodal
analyses by diverse research groups.

Because symptoms vary over time for PwPP, and performance on visual tasks such as
contour object perception has been found to correlate with symptom severity (Keane et al.,
2018; Silverstein et al., 2000), a subset of PWPP participating in this study were scanned
on 2 occasions, separated by at least 1 month. Although not all PwPP returned for a
second visit, we successfully obtained 39 pairs of repeat datasets in this group. The BPRS,
SANS, and SAPS were collected at both 7 T visits, to provide a snapshot of clinical
symptomatology that can be analyzed in conjunction with visual task performance, fMRI
responses, and prefrontal or occipital metabolite concentrations. The goal of this aspect of
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the project is to provide data that may help elucidate the neural changes underlying shifts in
symptom levels and visual task performance.

Naturally, acquiring a dataset this size is not without challenges, particularly when the
project coincides with a worldwide viral pandemic. We have provided detailed information
in the Methods and Supplemental Information describing which datasets are complete and
incomplete, and which experimental protocols were changed over time. The authors are
more than happy to consult with potential users of this dataset to help them navigate the
details of exactly which data are available for which subsets of participants and experiments.

In sum, this dataset offers novel opportunities to investigate specific neurophysiological
responses during visual experiments designed to study particular neural mechanisms (e.g.,
contour facilitation, contrast surround suppression) among PwPP, their relatives, and healthy
controls, both cross-sectionally and across time. Our data may also facilitate investigating
the role of neurochemical functioning (via MRS) in these groups. Researchers may also
wish to explore relationships with structural and resting state functional connectivity
measures acquired in the same participants at 3 T (Demro et al., 2021). For each usage

case, approximately 150-200 high-quality datasets (including repeated scans) are publicly
available to support future analyses. We know of very few other 7 T fMRI or MRS data sets
that are currently publicly available, and even fewer that are designed to investigate visual
functioning (Allen et al., 2022; Benson et al., 2018; Sengupta et al., 2017) and / or psychotic
psychopathology.

5. Conclusion

We show that it is feasible to collect a diverse array of high quality brain imaging data in
visual cortex at ultra-high field (7 tesla) from a relatively large sample of healthy controls
(V= 43), biological relatives (N = 44), and PwPP (/N/ = 66) at a single research site.

We demonstrate how cutting-edge multimodal imaging and behavioral methods can be
applied to investigate visual neurophysiology in PwPP. By applying visual neuroscience
methods along with standardized imaging methods from the Human Connectome Project
(Benson et al., 2018; Glasser et al., 2016; Van Essen et al., 2013), our datasets offer new
opportunities to investigate the role(s) of structural and functional connectivity in abnormal
visual processing among PwPP. Hypotheses of neural dysfunction in PwPP that might

be examined include a disruption in the balance of excitation and inhibition (Foss-Feig
etal., 2017; Lewis et al., 2005; Lisman, 2012; Moghaddam and Javitt, 2012), thalamo-
cortical dysconnectivity (Anticevic et al., 2014; Cheng et al., 2015; Damaraju et al., 2014;
Dong et al., 2019; Giraldo-Chica and Woodward, 2017; Ramsay, 2019; Ramsay et al.,
2017), abnormal visual gain control (Butler et al., 2008; Phillips and Silverstein, 2013),
impaired top-down attentional modulation (Gold et al., 2018; Luck et al., 2019a, 2019b), and
disrupted predictive coding (Adams et al., 2013; Horga and Abi-Dargham, 2019; Sterzer et
al., 2018). In summary, our goal is to provide sufficient information to facilitate subsequent
investigations of visual processing in PwPP using the data, code, and resources that we have
made available as part of the Psychosis Human Connectome Project. We invite interested
researchers to reach out to us for collaboration and support.
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Fig. 1.

Pc?pulation Receptive Field (pRF) mapping task. (A) Visual stimuli (dynamic sweeping bars,
flickering at 2 or 12 Hz temporal frequency) were presented which traveled in one of eight
directions (arrows, top right). Sweep duration was 16 s. (B) Auditory stimuli (pure tones,
250-4000 Hz) were presented in ascending or descending order during 13 s blocks. Tone
duration was 500 ms with 500 ms of silence (scanner noise only) in between. (C) Motor
task cue stimuli were presented at the center of the screen (i.e., fixation point, see A).

Five different body part images were presented: left and right hands, left and right toes,

and tongue. The participants’ task was to tap the relevant body part in time with the cue
presentation (500 ms on, 500 ms off, 13 s block duration).
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Fig. 2.
Contrast surround suppression (CSS) task. (A) Circular grating stimuli were present alone

(left) or inside surrounding annular gratings (right; to induce the surround suppression
illusion). Panel B shows the sequence for a single trial in our CSS psychophysical
experiment. Participants were instructed to fixate on the center square and report which
grating appeared ‘stronger,” or higher contrast (left or right). In panel C, we illustrate

the blocked experimental design for both the No Surround and With Surround conditions
from our CSS fMRI task. Target and baseline stimuli were presented in 9 s blocks. Five
stimulus presentations (trials) composed one block, with 5 pairs of target and baseline blocks
composing one condition (90 s). In each trial, a contrast increment (red) was added at one
of the two target locations. Surrounding stimuli (0% or 100% contrast for No Surround
and With Surround, respectively) were held constant across both baseline and target blocks
within each condition.
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Fig. 3.
Contour object perception (COP) task. Panels A-D show example stimuli from 4 conditions:

No background - aligned, Background - aligned, No background - scrambled, and
Background - scrambled. Panel E (left column) shows the timing for a single trial from our
COP psychophysical task. Participants were asked to report which direction an egg-shaped
contour object pointed (left or right). In the right column, we show the timing for our

COP fMRI paradigm, which included an initial 12 s rest period, followed by 1 s stimulus
presentations with a jittered 2-4 s inter-stimulus interval.
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Fig. 4.

Structure-from-motion (SFM) task. Example stimuli for the real-switch task (A) and bi-
stable task (B) conditions are shown. Panel C shows hypothetical examples of perceived
switches in stimulus rotation direction across time during the bi-stable task.
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Fig. 5.

Fugnctional MRI and MR spectroscopy acquisitions. A) Field of view (yellow) and
adjustment volume (green) for fMRI. B) Example sagittal image from a GE EPI scan in
a single participant. Panels C-F show example MRS volume placement (red) for occipital
(C & D) and prefrontal (E & F) volumes-of-interest in axial (C & E) and sagittal (D & F)
images from individual participants.
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Fig. 6.
Behavioral and fMRI data quality. Chart shows the number and percentage of behavioral

(psycho-physics) and fMRI data sets (not unique individuals) that passed or failed various
data quality checks across 4 experiments (pRF, CSS, COP, & SFM).
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Retinotopy

Visual rate (Hz)

Fig. 7.
Results from the pRF fMRI task. Top row shows retinotopic fMRI results from the

sweeping bars paradigm. Polar angle (A) and eccentricity (B) maps are shown from a
single participant, as well as from a group of 7= 49 controls (C & D). Color maps

indicate retinotopic selectivity (e.g., right visual field locations are represented in the left
hemisphere). Primary visual cortex is outlined in white in A. In the second row, responses
to visual stimuli presented at 2 vs. 12 Hz were compared, to examine temporal frequency
selectivity. Panel E shows response to all visual stimuli - none in 1 participant, F & G show
2 Hz - 12 Hz contrast from the same participant (lateral and medial views, respectively).
Panel H shows the 2 Hz - 12 Hz contrast from a group of /7= 49 controls. White circles in

F & H indicate human MT complex (hMT+), a region selective for high temporal frequency
stimuli (blue) in the lateral occipital lobe. Third row shows tonotopic fMRI responses to

the auditory sweep stimuli. Panels I, J, & K show individual tonotopic responses in left and
right hemispheres from a single participant, L shows data from a group of /7= 49 controls.
Color bar indicates voxel peak auditory frequency selectivity, from a Fourier analysis. White
circles in J & K highlight auditory core regions on Heschl’s gyrus. Note that spurious
regions of activation outside of auditory cortex are present (e.g., central sulcus) due to the
accidental confound of having 13 s blocks for both motor and auditory tasks. Figures in

the bottom row (panels M, N, & O) show regions with selective fMRI responses during

the motor tapping task from a group of 7= 49 controls. Colors indicate selectivity for
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different body parts. The relative position of different body part ROIs follows the expected
‘homunculus’ pattern in the region of the central sulcus. ROIs were defined using a contrast
between the body part of interest and all other body parts. Voxels are included in the group
level ROI if they were included in the individual level ROI for > 50% of participants.
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Fig. 8.

cgs task results. A) Example psychometric data from a single pedestal contrast condition
in one participant. Data (black, size = # of trials) were fit with a Weibull function (blue) to
obtain a discrimination threshold (red) at which stimulus contrast could be perceived with
80% accuracy (dashed line). B) Group threshold-versus-contrast data for 7= 32 control
participants in 8 different stimulus conditions (7 pedestal contrasts [x-axis], plus 10%
pedestal with surround [filled circle]). These data show the expected ‘dipper’ function, with
thresholds in the 0.6% pedestal condition being lower than for detection (0% pedestal). Gray
dots show individual data points, green dots show group geometric means, error bars show
median absolute deviation. C) Functional localizer data from the CSS fMRI task in a single
participant. A region of primary visual cortex is highlighted, which shows spatial selectivity
for the center stimulus region (green) versus the surround (blue). Color indicates the phase
of the fMRI response from a Fourier analysis (Engel, 1997). D) CSS fMRI responses from
V1 center-selective ROIs in the no surround (open, offset left) and with surround (closed,
offset right) conditions across 4 pedestal contrasts, in a group of /7= 36 controls. Gray dots
show individual data points, green dots show group means, error bars show S.E.M.
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Fig. 9.
COP task results. A) Example COP psychophysical data (black, size = # of trials) from

a single participant were fit with a Weibull function (blue) to obtain a jitter threshold

(red), reflecting 70% contrast discrimination accuracy (dashed line). B) Jitter thresholds

for n= 33 controls. Thick line shows median, box shows 25-75%, whiskers show 1.5 x
interquartile range, gray dots show individual data points. C) COP functional localizer data
from area V1 in the right hemisphere from an example participant. Color indicates statistical
significance from a Fourier analysis (Engel, 1997) showing voxels selective for the COP
localizer stimulus > blank. D) COP fMRI responses from retinotopic contour ROIs in area
V1 across 4 stimulus conditions in a group of /7= 30 controls. The presence of background
stimuli increased the fMRI response (as expected, with more stimuli on the screen), whereas
we saw little effect of contour alignment in the V1 fMRI response.
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Fig. 10.
SFM results. A) Example behavioral response time courses from the bi-stable task, showing

perceived switches between clockwise (CW, blue) and counterclockwise (CCW, yellow)
rotation in depth. Data from a single 120 s block are shown for /7= 32 control participants.
B) Bi-stable switch rates from the same group of participants. Thick line shows group
median, box shows 25-75%, whiskers show 1.5 x interquartile range, dots show individual
participants.
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Fig. 11.
MRS data quality. Chart shows the number and percentage of MRS data sets (not unique

individuals) that passed or failed various data quality checks across 2 VOIs (OCC and
PFC). H,O LW = water linewidth, LCM LW = LCModel linewidth, LCM SNR = LCModel
signal-to-noise ratio.
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Fig. 12.
Example MRS spectra and average VOI positions. A) OCC spectrum from a single

participant (black) fitted with LCModel (red). Top left inset shows a sagittal view of OCC
VOI placement. Top right inset shows a coronal view of the OCC VOI, with gray matter
(orange), white matter (yellow), and cerebrospinal fluid (CSF, red) highlighted. Bottom rows
show glutamate (Glu) and GABA components, as fitted by LCModel. B) Average OCC

VOI placement across 7= 193 data sets (including repeats). Color shows overlap across
participants. VOI masks were transformed from individual to MNI space, and thresholded at
30% overlap. C and D show the same as A & B, but for the PFC VOI (n = 147 data sets in
D).
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PFC,n=30

MRS results showing (A) glutamate and (B) GABA concentrations in OCC and PFC, from
a group of n=42 & 30 participants, respectively. Fewer PFC data sets were collected due to
a delay in hardware availability, as noted in the Methods. Thick lines show group medians,
boxes show 25-75%, whiskers show 1.5 x interquartile range, gray dots show data points

from individual participants.
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