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Supplemental background 

One of the most fundamental functions in the visual system is contrast perception, which is impaired in 

psychosis spectrum disorders including schizophrenia and bipolar disorder (Butler et al., 2007; Butler et al., 

2005; Calderone et al., 2013; Fernandes et al., 2019; Keri et al., 2002; Lalor et al., 2012; Martinez et al., 2008; 

Skottun and Skoyles, 2007; Slaghuis and Bishop, 2001; Yoon et al., 2009). Visual contrast is the difference in 

luminance between adjacent pixels or image regions. Electrophysiological studies of early visual cortex in 

animal models show that neurons have nonlinear contrast-response functions (i.e., the relationship between 

input, or visual stimulus contrast, and output, or neural response), with response saturation occurring at high 

contrast (Albrecht and Hamilton, 1982; Sclar et al., 1990). This is often referred to as contrast gain control and 

is thought to reflect a balance between local excitatory and inhibitory processes (Butler et al., 2008; Carandini 

and Heeger, 2012; Katzner et al., 2011). Similar nonlinearities are observed in human contrast perception 

(Boynton et al., 1999; Legge and Foley, 1980; Yu et al., 2003). Studies in humans have used psychophysical 

and functional MRI methods to link performance in visual contrast perception tasks to the magnitude of neural 

responses in early visual areas such as primary visual cortex (V1; Boynton et al., 1999; Olman et al., 2004; 

Zenger-Landolt and Heeger, 2003). With regard to psychotic disorders, early work indicated that impaired 

contrast perception might reflect a specific magnocellular deficit (Butler et al., 2007; Butler et al., 2005; Keri et 

al., 2002; Martinez et al., 2008), whereas more recent studies have suggested that contrast perception may be 

impaired more generally (i.e., for both magnocellular and parvocellular pathways; Calderone et al., 2013; Lalor 

et al., 2012; Skottun and Skoyles, 2007). A few studies have applied neuroimaging tools to investigate 

impaired contrast perception in PwPP, with some evidence suggesting reduced neural responses in early 

visual cortex (Butler et al., 2007; Calderone et al., 2013; Lalor et al., 2012; Martinez et al., 2008). 

Another visual function that appears disrupted among PwPP is visual context perception. Spatial context 

phenomena refer to the modulation (either enhancement or suppression) of the perception of a centralized 

visual target by surrounding stimuli. For example, surround suppression is a visual effect (illusion) in which the 

perceived salience of a center stimulus (e.g., the contrast of a sinusoidal grating) is reduced in the presence of 

a surrounding stimulus (e.g., a high contrast annular grating; Cai et al., 2008; Chubb et al., 1989; Petrov and 

McKee, 2006; Schallmo and Murray, 2016; Snowden and Hammett, 1998; Xing and Heeger, 2000, 2001; Yu et 

al., 2001; Yu et al., 2003). This perceptual suppression corresponds with suppressed neural activity (as 

measured by fMRI in humans) in early visual areas such as V1 (Chen, 2014; Joo et al., 2012; Nurminen et al., 

2009; Pihlaja et al., 2008; Poltoratski et al., 2017; Schallmo et al., 2016; Self et al., 2016; Vanegas et al., 2015; 

Williams et al., 2003; Zenger-Landolt and Heeger, 2003), consistent with electrophysiological studies in animal 

models showing suppression of neural responses to stimuli inside the classical receptive field by surrounding 

stimuli (Angelucci and Bressloff, 2006; Bair et al., 2003; Cavanaugh et al., 2002; Shushruth et al., 2013; 

Walker et al., 1999; Webb et al., 2005). Studies of surround suppression in people with psychotic disorders 

have generally shown weaker suppression effects (i.e., reduced illusion strength, or more veridical perception), 

especially among people with schizophrenia (Barch et al., 2012; Dakin et al., 2005; Schallmo et al., 2015; 

Serrano-Pedraza et al., 2014; Tadin et al., 2006; Tibber et al., 2013; Yang et al., 2013b; Yoon et al., 2009), and 



to perhaps a lesser extent among people with bipolar disorder (Schallmo et al., 2015; Yang et al., 2013a); for a 

meta-analysis, see (Linares et al., 2020). Relatively few studies have examined the physiological basis of 

reduced surround suppression in psychotic psychopathology; those few have suggested there might be 

impaired inhibition by GABA (Yoon et al., 2010) and / or reduced neural suppression (Anderson et al., 2017; 

Seymour et al., 2013) in early visual cortex. 

Aspects of perceptual organization, including visual contour integration and perception of more complex forms 

/ objects, also appear to be disrupted among PwPP. Contour perception involves detecting visual edges or 

boundaries, which is a critical step for distinguishing visual objects from background stimuli (i.e., figure-ground 

segmentation), and is important for navigating a visual environment (Loffler, 2008). Contour detection is often 

studied using tasks that require participants to integrate spatially separated elements; studies in healthy adults 

generally show that contour perception follows the Gestalt principles of proximity and good continuation 

(Loffler, 2008; Wertheimer, 1938). Perception of visual forms or objects involves the integration of one or more 

visual edges or contours, which facilitates perception of an isolated and / or closed visual shape. Processing of 

visual contours and shapes is reflected in neural responses in human V1 and in higher visual areas such as 

the lateral occipital complex (LOC) as measured by fMRI (Altmann et al., 2003; Keane et al., 2021; Murray et 

al., 2002; Qiu et al., 2016), in agreement with electrophysiological studies in animal models (Bauer and Heinze, 

2002; Li et al., 2006; Li et al., 2008). Behavioral studies have repeatedly demonstrated impaired detection and 

discrimination of fragmented visual contours among people with schizophrenia (Grove et al., 2018; Keane et 

al., 2016; Pokorny et al., 2021b; Robol et al., 2013; Schallmo et al., 2013; Silverstein et al., 2006; Silverstein et 

al., 2012; Silverstein et al., 2000), as well as impaired perception of illusory contours (e.g., Kanizsa figures; 

Keane et al., 2014; Keane et al., 2018). A few fMRI studies have linked impaired contour integration in 

schizophrenia to abnormal neural processing in mid-level visual areas such as LOC (Silverstein et al., 2009; 

Silverstein et al., 2015). There is also evidence for impaired perception of more complex visual objects or 

forms among PwPP, including fragmented objects (Pokorny et al., 2021a), Mooney faces (Rivolta et al., 2014; 

Uhlhaas et al., 2006), and global motion percepts (Bennett et al., 2016; Carter et al., 2017; Chen et al., 2005). 

However, our understanding of the neural basis of impaired perceptual organization among PwPP remains 

somewhat limited. 

It has been proposed that abnormal visual perception among PwPP may depend on an imbalance between 

excitation / inhibition (E/I) in brain regions related to visual perception (Foss-Feig et al., 2017; Lisman, 2012). 

E/I functions have been investigated behaviorally among healthy adults using bi-stable visual paradigms, such 

as binocular rivalry or the rotating cylinder illusion (Mentch et al., 2019; Robertson et al., 2016; van Loon et al., 

2013). Bi-stable paradigms involve presenting a single visual stimulus with two competing perceptual 

interpretations, with the participant’s perceptual experience spontaneously alternating between the two. 

Previous work has suggested that differences across individuals or groups in the rate of alternation of bi-stable 

percepts may be related to differences in E/I functioning (Mentch et al., 2019; Robertson et al., 2016; van Loon 

et al., 2013). Abnormal bi-stable perception has been reported among PwPP as compared with controls (Fox, 

1965; Miller et al., 2003; Nagamine et al., 2009; Ngo et al., 2011; Schmack et al., 2017; Schmack et al., 2015; 

Xiao et al., 2018; Ye et al., 2019), which may be consistent with an E/I imbalance in visual cortex. 

There are several major challenges associated with acquiring fMRI and / or MRS data at 7 tesla (Godlewska et 

al., 2017; Henning, 2018; Olman and Yacoub, 2011), in addition to the advantages noted in the Introduction. 

These include: 1) inhomogeneity of the static magnetic field (B0), 2) inhomogeneous transmit and receive B1, 

3) limited radiofrequency amplifier power, and 4) shorter T2 relaxation times. Static B0 inhomogeneities (e.g., at 

the interface of different tissue types) result in geometric distortions that scale linearly with increasing B0 field 

strength (Dymerska et al., 2018). This makes effective approaches for mitigating geometric distortion, such as 

prospective B0 shimming and retrospective distortion compensation methods, especially important for studies 

at 7 T (Schallmo et al., 2021). In the current study, we performed prospective B0 shimming prior to MRS and 

fMRI data collection, and acquired a single gradient echo EPI scan with an opposite phase encoding (PE) 



direction, to facilitate retrospective geometric distortion compensation of our fMRI data. In addition, the 

wavelength of the radiofrequency pulse at 7 T is on the order of 12 cm (Godlewska et al., 2017; Van de 

Moortele et al., 2005), which is shorter than at lower field strengths, and is approximately equal to the average 

size of a human head. This results in patterns of destructive interference across the brain, which we refer to as 

transmit B1 inhomogeneity. There are a number of approaches that seek to address transmit B1 efficiency and 

inhomogeneity, which include the use of dielectric pads (Vu et al., 2015) to improve transmit efficiency, and B1 

shimming to improve efficiency and homogeneity on parallel transmit systems using either static (Emir et al., 

2012; Van de Moortele et al., 2005) or dynamic (Wu et al., 2013) techniques. The present study used coils 

(NOVA32 and quadrature surface coils) which do not have parallel transmit capabilities. To improve transmit 

B1 efficiency during fMRI studies, dielectric pads were used. Finally, shorter T2 relaxation times at 7 T 

(compared to lower field strengths) make it advantageous to use shorter TE and / or echo spacing (Godlewska 

et al., 2017; Olman and Yacoub, 2011), but this may impose some additional hardware constraints (e.g., 

sufficiently fast gradient slew rates, parallel imaging capabilities). For the current study, we chose an ultra-short 

TE (8 ms) STEAM sequence for MRS, and our GE EPI sequence for fMRI (TE = 22.2 ms, echo spacing = 0.64 

ms, parallel imaging acceleration factor = 2) followed the 7 T fMRI protocol in the original Young Adult HCP 

(Glasser et al., 2016; Van Essen et al., 2013; Vu et al., 2017; Vu et al., 2015). 

Supplemental methods 

Clinical measures 

We collected questionnaire and interview-based measures related to clinical psychiatric status outside of the 

scanner, prior to the MR experiments. These included the Brief Psychiatric Rating Scale (BPRS, 24 item 

version; Ventura et al., 2000), the Scale for the Assessment of Negative Symptoms (SANS; Andreasen, 1982), 

the Scale for the Assessment of Positive Symptoms (SAPS; Andreasen, 1984), the Positive and Negative 

Affect Schedule (PANAS; Watson et al., 1988), and a questionnaire about sleep habits and recent use of 

prescription and non-prescription drugs. BPRS, PANAS, and the sleep and recent use questionnaire were 

collected for all individuals, while SAPS and SANS were collected only for PwPP. Because the BPRS, SAPS, 

and SANS reflect clinical symptom levels over the past month, these measures were collected on the day of 7 

T scanning, unless the participant had completed them during another research visit within 30 days of the 7 T 

scan. These measures were collected at each visit for participants who completed two scanning sessions (e.g., 

7T-B and 7T-Z). We observed a modest degree of variability in BPRS, SAPS, and SANS scores among PwPP 

between the first and second scanning sessions (Supplemental Table 3 and Supplemental Figure 2) indicating 

that symptoms levels varied to some extent over time within this group, as expected (Long and Brekke, 1999). 

Other clinical data used in this study were collected on a separate clinical research visit on a different day, prior 

to the 7 T session. These included the Sensory Gating Inventory (SGI; Hetrick et al., 2012), the Schizotypal 

Personality Questionnaire (SPQ; Raine, 1991), and the Personality Inventory for DSM-5 (PID-5; Krueger et al., 

2012), which includes a psychoticism factor score. Full details of our clinical measures are reported in our 

companion paper (Demro et al., 2021). Table 1 shows a summary of the data from different clinical measures 

for each group. 

Prior to completing visual psychophysics and 7 T MR experiments, the participant’s visual acuity was assessed 

using a Snellen eye chart (Snellen, 1862) from a viewing distance of 100 cm and a height of 140 cm from the 

floor. Acuity data are presented in Table 1. Participants wore corrective lenses as needed; MR compatible 

frames and lenses were provided, and were worn during all experiments on the 7 T scanning day. The 

experimental protocol was discontinued for participants who did not demonstrate visual acuity (including 

correction) of 20/40 (decimal fraction = 0.5) or better. Other visual measures were collected from all 

participants during an earlier, clinically focused study visit. These include: visual questionnaires from the NIH 

PhenX Toolkit (i.e., Contact Lens Use, Personal and Family History of Eye Disease and Treatments, Personal 

and Family History of Strabismus, Visual Function questions about eyesight and driving), Mars Letter Contrast 



Sensitivity test (Arditi, 2005), and the Farnsworth Dichotomous Color Vision test (Farnsworth, 1943), as 

described in our companion paper (Demro et al., 2021). 

Protocol nomenclature 

Our first iteration of the protocol was termed version ‘A.’ 7T-A scans began in July 2017 and did not include 

MRS data from prefrontal cortex, as the radiofrequency (RF) head coil used for these scans was not yet 

available. Other data are also missing from some early 7T-A scans due to technical issues (for information 

about the number of datasets available from each protocol version, see Supplemental Table 2). In January 

2018, we began collecting data from the second iteration of our experimental protocol, which we refer to as 7T-

B. Here, we added MRS data collection from a region of the dorsomedial prefrontal cortex, as described in the 

MR spectroscopy section of the Methods. We also made some small changes to the visual stimuli and 

paradigms in the CSS (psychophysics) and COP (psychophysics and fMRI) tasks (see below). We refer to 

repeat scans in which the 7T-B protocol was repeated as 7T-Z. In some cases, participants completed both 

7T-A and 7T-B protocols; for these, the second scan is referred to as 7T-B. In other cases, individuals 

participated in both 7T-B and 7T-Z scans, but did not complete the full scanning protocol during 7T-B. In these 

cases, the scan data from the second visit are still labeled as 7T-Z, even though the 7T-B imaging data are 

incomplete or missing. 

Task versions 

Between July and December 2017, an initial group of 27 participants (20 controls, 7 PwPP) completed our 

initial experimental protocol, which we refer to as 7T-A. Following examination of the data from this initial pilot 

phase, modifications were made to the CSS (psychophysics) and COP (psychophysics and fMRI) paradigms, 

which are detailed below. The number of data sets collected from each version of these tasks is described in 

Supplemental Table 2. 

For the CSS experiment, as part of the transition to 7T-B we added a 0.65% contrast pedestal condition (with 

no surround) to the psychophysical task to better capture the expected ‘dipper’ phenomenon in the threshold 

versus contrast data (i.e., thresholds at very low pedestal contrasts that are lower than the detection threshold; 

see Figure 8B). We also increased the maximum value of the contrast increment from 20% to 40%, in order to 

better address cases in which participants struggled to discriminate stimuli with relatively large contrast 

increments. As the contrast increment during catch trials was fixed at the maximum value, this change also 

increased the increment on catch trials from 20% to 40%. 

For the COP experiment, we reduced the background clutter as part of the change to the 7T-B protocol, in 

order to make the task easier. To this end, we decreased the number of background Gabor elements (from 

207 to 155) and increased their minimum spacing (from 0.7° to 0.8°). This had the effect of increasing the SNR 

for the contour stimuli (i.e., background versus contour element spacing) from 0.75 to 0.87. 

Data processing 

For both fMRI and MRS, T1-weighted structural MRI data acquired in a separate scanning session at 3T were 

used as an anatomical reference scan (i.e., for co-registration, below). Anatomical data (T1- and T2-weighted 

scans acquired at 3 T) were processed using the HCP minimal preprocessing pipeline (version 3.22.0; Glasser 

et al., 2013), which includes gradient nonlinearity correction via gradunwarp. Both T1 and T2 data were used to 

generate white matter and pial surface models using FreeSurfer  (version 5.3.0; Fischl, 2012). We then 

removed non-brain regions from the T1 data using the 3dSkullStrip command from AFNI (version 18.2.04; Cox, 

1996), followed by correcting for inhomogeneities in the intensity profile of gray matter and white matter voxels 

using AFNI’s 3dUnifize. 



FMRI processing 

Our fMRI data processing pipeline is summarized in 

Supplemental Figure 1, and began with a few simple 

quality control (QC) assessments. This was performed 

in an automated fashion using a custom python script. 

For each fMRI session, we first determined whether 

behavioral and fMRI data sets were complete (i.e., all 

data files were present in the expected locations), 

whether scans were acquired in the expected order, and 

whether any scans were repeated. We also determined 

whether date and time stamps in behavioral and fMRI 

data matched. For data sets that passed the QC checks 

above, we automatically generated shell scripts for data 

processing, the steps for which are described below. 

Data sets that failed one or both QC checks were 

flagged for manual intervention and held out of 

automated processing. 

The first step in our fMRI data processing was to convert 

the 7T fMRI data from DICOM to compressed (g-zipped) 

nifti format using AFNI’s to3d function. We identified 

temporal outliers in the fMRI time series data using 

AFNI’s 3dToutcount, which included masking out non-

brain regions (via AFNI’s 3dAutomask) and de-trending 

the time series using 4th order Legendre polynomials. 

For each TR, the fraction of voxels within the mask that 

were flagged as outliers (based on calculating the 

median absolute deviation of that voxel’s time series) 

was found. We then performed slice time correction 

using AFNI’s 3dTshift, with the slice timing information 

extracted automatically from the header. 

Next, we performed geometric corrections and 

transformations, which included 4 steps: 1) gradient 

nonlinearity unwarping (gradunwarp version 1.0.3; 

github.com/Washington-University/gradunwarp), 

comparable to that implemented in the HCP pipeline 

(Glasser et al., 2013). 2) Motion correction using AFNI’s 3dvolreg, with the first AP functional scan (PRF 1) as 

the base. 3) Compensation for geometric distortions due to B0 inhomogeneities using AFNI’s 3dQwarp. We 

used a pair of gradient echo EPI scans with opposite phase encoding directions (posterior-anterior and 

anterior-posterior) acquired sequentially to map the distortion. We have recently shown that this technique 

yielded superior distortion compensation across the whole brain within our data set, as compared to B0 field 

mapping or spin echo opposite phase encoding methods (Schallmo et al., 2021). 4) Co-registration of the 7T 

fMRI data to the 3T T1-weighted anatomical scan using AFNI’s align_epi_anat.py. Here, we used a local 

Pearson correlation (lpc) cost function (Saad et al., 2009) and rigid-body (6-parameter) alignment. All of these 

corrections were calculated sequentially, but were applied to the 7T fMRI data in a single step (i.e., data were 

resampled only once) using AFNI’s 3dNwarpApply, in order to avoid additional blurring that would occur from 

multiple resampling steps. 

Supplemental Figure 1. Our AFNI-based data 
processing pipeline. Numbers and arrows indicate 
sequential data processing steps. Function names are 
given in italics. 

https://github.com/Washington-University/gradunwarp


Following geometric corrections, we performed spatial smoothing (2 mm full-width half-max [FWHM]) using 

AFNI’s 3dmerge. Then, non-brain regions of the fMRI data were masked out using AFNI’s 3dAutomask. We 

converted our fMRI data to percent signal change using AFNI’s 3dcalc. 

To quantify fMRI response magnitude, we performed general linear model (GLM) analyses using AFNI’s 

3dDeconvolve. This included task regressors generated in Python based on the behavioral data collected 

during fMRI scanning. We censored out (i.e., removed from analysis) TRs in which head motion (i.e., 

framewise displacement) was greater than 0.5 mm, as identified during the earlier motion correction step. 

Nuisance regressors included Legendre polynomials to capture low frequency signal oscillations (polynomial 

order was selected for each task automatically using AFNI’s default, which is 1 + [number of TRs / 150]). The 6 

motion parameters estimated during motion correction were also included as nuisance regressors. 

Following the GLM analysis, we obtained an estimate of the spatial profile of noise in our fMRI data using 

Monte Carlo simulation via AFNI’s 3dClustSim (Cox et al., 2017; Eklund et al., 2016). Finally, summary scripts 

were generated using AFNI’s gen_ss_review_scripts.py, which included information about the number of 

temporal outliers and TRs censored for excessive head motion in each fMRI scan. 

MRS processing 

We used a custom python script to perform some basic, automated QC assessments of our MRS data. These 

checks were performed separately for both the OCC and PFC VOIs in each MRS dataset. We first assessed 

whether or not all expected MRS data files were present, and verified that the correct number of shots (TRs) 

were acquired based on the number of DICOM files. Next, we verified that the VOI was correct based on 

automated parsing of the DICOM file header. Finally, we tabulated VOI position and orientation based on 

DICOM header information, as well as shim quality (water linewidth in Hz) and transmit voltage from our 

(manually entered) scanning notes. 

We processed our MRS data using the matspec toolbox (github.com/romainVala/matspec) in MATLAB 

(versions 2014a and 2009a). First, we performed eddy current correction for both our STEAM metabolite 

spectra and water reference data. To correct a known artifact, we then removed the first data point from each 

TR in the metabolite spectrum, and replaced it with a zero at the end of the spectrum. We then performed 

frequency and phase correction by finding the maximum amplitude for the spectrum at each TR within a range 

of 1.65 - 2.25 parts per million (ppm, i.e., the N-acetyl aspartate peak), and adjusting the frequency for all 

points in the spectrum such that the frequency of this maximum was 2.01 ppm. The phase for the maximum 

value was adjusted to zero on each TR. TRs with known signal artifacts (e.g., due to head motion) that could 

not be corrected in this way were removed manually. During frequency and phase correction, 4 Hz line 

broadening was applied; afterward, frequency and phase adjustments were applied to the original spectra 

without line broadening. We repeated our frequency and phase correction procedure across three iterations to 

improve correction quality. In the first two iterations, corrections were performed using the absolute value of the 

spectral data, while in the third iteration corrections were performed using the real portion of the complex data. 

A small number of data sets (n = 3 in OCC and n = 5 in PFC) were manually excluded from our analyses due 

to artifacts observed during data processing (e.g., failed water suppression). 

Concentrations for different metabolites were quantified from the MRS data for each VOI in each scanning 

session using LCModel version 6.3-1N (Provencher, 2001). Our basis set was derived from previous work 

(Marjańska et al., 2017), and included the following 18 metabolites: ascorbic acid, aspartic acid, creatine, 

GABA, glucose, glutamate, glutamine, glutathione, glycerophosphorylcholine, lactate, myo-inositol, N-acetyl 

aspartate (NAA), N-acetyl aspartylglutamate (NAAG), phosphocreatine, phosphorylcholine, 

phosphorylethanolamine, scyllo-inositol, taurine, as well as lipids and macromolecules. Macromolecule signals 

included in the basis set were obtained from inversion-recovery experiments (Behar et al., 1994) in the OCC 

region of 4 healthy young adults from a previous study (Marjańska et al., 2017). The Cramér-Rao Lower Bound 

https://github.com/romainVala/matspec


(CRLB) provided an estimate of the lower limit of the variance for the fit concentration values (Cavassila et al., 

2001; Landheer and Juchem, 2021). We scaled metabolite concentrations (millimolar) relative to the 

unsuppressed water signal, after correcting for gray matter (GM), white matter (WM), and CSF content within 

the region of each participant's MRS VOI. For this purpose, we used previously reported values for water 

content in these tissue types (GM = 0.8, WM = 0.71, CSF = 0.97), and the T1 and T2 relaxation time constants 

of water within each compartment (T1 GM = 2130 ms, T1 WM = 1220 ms, T1 CSF = 4425 ms, T2 GM = 50 ms, 

T2 WM = 55 ms, T2 CSF = 141 ms), based on previous work (Marjańska et al., 2017). Tissue fractions were 

quantified in each VOI in each participant using individual GM and WM surface models from FreeSurfer, after 

alignment of the in-session T1 anatomy (partial coverage due to MRS surface coil) to the whole-brain T1 data 

acquired at 3 T (processed with FreeSurfer). T1 and T2 relaxation times for the various metabolites were not 

accounted for in our analysis, as their effects are expected to be very small given the long TR(s) and the short 

TE (8 ms; Marjańska et al., 2017). 

Data analysis 

pRF analysis 

Retinotopic analyses of pRF data (demeaned and smoothed by a 2 mm kernel) were conducted in AFNI, using 

a pRF implementation for the AFNI distribution (see Silson et al., 2018). We created a 2D+time binary mask of 

the stimulus input (191 x 191 voxels) as well as a convolution reference time series for the functional data 

using AFNI’s 3dDeconvolve function with GAM as the response model. The AFNI model used these inputs and 

both Simplex and Powell algorithms to find the optimized time series/parameter sets. For each voxel, the 

model outputs the (x, y) coordinates representing the center of the receptive field, sigma, representing the 

diameter (size) of the receptive field, and R2, the explained variance of the fit used to statistically threshold the 

data. 

Temporal frequency functional localizer 

We used AFNI’s 3dDeconvolve command to run a general linear model (GLM) analysis in order to estimate the 

voxelwise magnitude of the hemodynamic responses evoked by the 2 conditions: 2 Hz and 12 Hz flicker 

frequency. The functional ROI was defined by contrasting 2 Hz minus 12 Hz.  

Functional mapping of auditory cortex 

We used Fourier analysis methods (Engel, 1997) to map fMRI responses in auditory cortex to the auditory tone 

sweep stimuli. Since each of the 2 runs started with either an increasing tone-sweep or decreasing tone-

sweep, one of the runs was time-shifted 4 frames and time-reversed so the runs could be averaged together. 

Then, we filtered out the lowest frequency, and the coherence and phase were calculated from the time series 

data in each voxel. Coherence (a value between 0 and 1 that indicates the degree of correspondence between 

two signals or time series) was defined as the amplitude at a frequency divided by the absolute value of the 

square root of the sum of squared amplitudes at all frequencies (Engel, 1997). 

Functional mapping of motor cortex 

For mapping motor cortex, we used AFNI’s 3dDeconvolve command to run a GLM analysis in order to 

estimate the voxelwise magnitude of the hemodynamic responses evoked by each of the 5 conditions: right 

fingers (RF), left fingers (LF), right toes (RT), left toes (LT), and Tongue. Functional ROIs for each condition 

were defined by contrasting the target body part with all other body parts (e.g., for RF: RF > RT + RT + LT + 

Tongue). For each ROI in each participant, we chose the largest cluster (or largest 2 clusters for the Tongue 

condition) that overlapped with precentral/paracentral gyrus as defined by that participant’s FreeSurfer 

parcellation. The group-level ROI represents the voxels significantly modulated in at least 50% of participants 

for that contrast.  



CSS analysis 

We fit the behavioral data from our CSS psychophysical contrast discrimination task with a psychometric 

(Weibull) function in order to obtain discrimination thresholds (Figure 8A). Contrast increment versus accuracy 

data were combined across the 3 independent staircases and fit within each stimulus condition (i.e., pedestal 

contrast) separately, yielding 8 independent threshold estimates (evaluated at 80% accuracy). This allowed us 

to examine threshold-versus-contrast curves, which show a characteristic ‘dipper’ shape (i.e., lowest 

thresholds at low, non-zero pedestal contrast; Figure 8B). 

Functional MRI data from our CSS task were analyzed within regions-of-interest (ROIs) in area V1. These V1 

ROIs were defined using the functional localizer data (i.e., the first 90 s task condition from the first scanning 

run). We used a Fourier analysis (Engel, 1997; Schallmo et al., 2016) to identify voxels that responded 

selectively to the center > surrounding stimulus (green voxels in Figure 8C). Center-selective voxels were 

identified based on a coherence (a value between 0 and 1 that indicates the degree of correspondence 

between two signals or time series) threshold ≥ 0.2, and phase values between 7π/8 to 11π/8 (i.e., in phase 

with the center stimulus presentation, accounting for the delayed hemodynamic response). V1 ROIs were 

defined in AFNI using a cluster correction method (Cox et al., 2017; Eklund et al., 2016), with a whole-brain 

significance threshold of p < 0.01. V1 clusters were identified in each hemisphere in each individual and 

scanning session using a V1 anatomical mask (Wang et al., 2015) from FreeSurfer and manual inspection of 

the participant’s functional activation map and occipital anatomy in SUMA and AFNI. We chose to use V1 

anatomical masks, rather than functionally-defined masks from the pRF data, to allow our CSS and pRF data 

processing streams to proceed independently. V1 responses in the CSS fMRI task were quantified in terms of 

percent signal change using a Fourier analysis in MATLAB, based on the stimulus presentation frequency (5 

cycles of target-on, target-off per 90 s stimulus condition). 

COP analyses 

Our analyses of the psychophysical and fMRI data from the COP task matched that in the CSS task above, 

with the following differences. Data from the 3 staircases in each block were combined for fitting purposes, 

yielding 2 independent threshold estimates for contour jitter versus accuracy (1 in each block; Figure 9A). 

Thresholds were assessed at 70% accuracy in the COP psychophysical task. This was done in order to enable 

quantification of thresholds for participants with relatively low ceiling performance (i.e., contour discrimination 

accuracy ~80% for aligned contours with 0° jitter). V1 ROIs in the COP task were defined using a Fourier 

analysis (contour > blank), with a correlation threshold ≥ 0.3 and phase values 0 to 3π/8 and 15π/8 to 2π 

(Figure 9C). V1 responses in the COP fMRI task were quantified in terms of percent signal change (i.e., beta 

weights) using a GLM analysis in AFNI (see FMRI Processing in Supplemental Methods). 

SFM analysis 

Switch rates (in Hz) for bi-stable percepts were quantified by dividing the number of switches reported in each 

2 min block and dividing by 120 sec, and then averaging across all 5 bi-stable stimulus blocks. Repeated 

responses indicating the same perceived direction were ignored. 

MRS analysis 

In order to visualize average MRS VOI positions in OCC and PFC, we transformed binary VOI masks from the 

individual participant space to MNI space using FreeSurfer’s mri_convert function and the talairach.xfm from 

each participant. We then computed the voxel-wise average VOI position using AFNI’s 3dMean. Average VOIs 

were visualized on a canonical brain image in AFNI (Figure 12B & D), thresholded at > 30% overlap across 

participants. MRS results from LCModel were analyzed in MATLAB. 

  



Supplemental results 

 

Supplemental Table 1. Demographics, cognitive, and symptom measures for PwPP, by diagnostic group. Data are 
presented as mean (standard deviation), unless otherwise noted. Racial and ethnic designations (as defined by the 
National Institute of Health) are abbreviated as follows: A = Asian or Pacific Islander, B = Black (not of Hispanic origin), H 
= Hispanic, N = Native American or Alaskan Native, W = White (not of Hispanic origin), M = More than 1 race or ethnicity, 
or other. Visual acuity was assessed with a Snellen eye chart (Snellen, 1862); the decimal fraction is reported (e.g., 0.5 
indicates 20/40). Visual contrast sensitivity was assessed with the Mars Letter Contrast Sensitivity test (Arditi, 2005). 
Estimated IQ was assessed using the Wechsler Adult Intelligence Scale (WAIS-IV; Wechsler, 2008). BACS = Brief 
Assessment of Cognition in Schizophrenia, Z-score (Keefe et al., 1999), BPRS = Brief Psychiatric Rating Scale (Ventura 
et al., 2000), SGI = Sensory Gating Inventory (Hetrick et al., 2012), SPQ = Schizotypal Personality Questionnaire (Raine, 
1991), PID-5 psychoticism = psychoticism factor from the Personality Inventory for DSM-5 (Krueger et al., 2012), SANS = 
Scale for the Assessment of Negative Symptoms (Andreasen, 1982), SAPS = Scale for the Assessment of Positive 
Symptoms (Andreasen, 1984). Diagnoses were based on the Structured Clinical Interview for DSM-IV-TR disorders 
(SCID; First, 1997). Data collected at repeat scans were not included here. The statistics column shows the test statistic 
and p-value for differences across all three groups in each measure. For measures where normality and / or homogeneity 
of variance were not observed, non-parametric Kruskal-Wallis tests (Χ2-values) were used in place of analyses of variance 
(F-values). 

 Schizophrenia,  
n = 36 

Schizoaffective 
disorder, n = 10 

Bipolar disorder, 
n = 20 

Statistics 

Age in years 39.9 (11.1) 37.5 (12.9) 36.3 (12.0) F(2,63) = 0.66,  
p = 0.5 

Sex assigned at 
birth 

11 F, 25 M 4 F, 6 M 16 F, 4 M Χ2
(2) = 12.8, 
p = 0.002 

Race / ethnicity (%; 
A / B / H / N / W / 
M) 

5.6 / 22.2 / 2.8 / 0 / 
66.7 / 2.8 

10.0 / 10.0 / 10.0 / 0 
/ 70.0 / 0 

0 / 5.0 / 0 / 0 / 
90 / 5.0 

- 

Education (years) 13.5 (2.0) 13.3 (2.2) 16.0 (1.9) F(2,63) = 10.5,  
p = 1 x 10-4 

Visual acuity 
(decimal fraction) 

0.83 (0.25) 1.14 (1.10) 1.02 (0.45) F(2,44) = 1.11,  
p = 0.3 

Visual contrast 
sensitivity 

1.79 (0.08) 1.76 (0.07) 1.81 (0.04) F(2,63) = 1.72,  
p = 0.19 

Estimated IQ 93.4 (9.8) 96.4 (11.1) 104.2 (8.9) F(2,63) = 7.95,  
p = 8 x 10-4 

BACS -0.79 (0.70) -0.75 (0.56) -0.39 (0.67) F(2,62) = 2.40,  
p = 0.10 

BPRS 45.0 (11.2) 46.1 (6.6) 35.8 (8.6) Χ2
(2) = 12.8, 
p = 0.002 

SGI 72.1 (27.1) 82.9 (30.3) 57.6 (30.5) Χ2
(2) = 5.04, 
p = 0.081 

SPQ 33.2 (14.5) 38.3 (13.7) 21.5 (12.6) Χ2
(2) = 11.5, 
p = 0.003 

PID-5 psychoticism 1.28 (0.63) 1.31 (0.58) 0.88 (0.58) Χ2
(2) = 6.37, 



p = 0.042 

SAPS 6.19 (4.73) 5.60 (3.06) 1.90 (2.43) Χ2
(2) = 12.7, 
p = 0.002 

SANS 8.03 (3.32) 5.30 (2.71) 3.25 (3.42) Χ2
(2) = 19.8, 

p = 5 x 10-5 

Days between 3 T 
and 7 T scans 

222 (298) 256 (367) 267 (319) - 

# of 7 T return visits 18 5 16 - 

Days between 7 T 
repeat scans 

222 (306) 257 (268) 288 (345) - 

 

 

  



Supplemental Table 2. Number of data sets collected under the protocols we refer to as 7T-A and 7T-B / Z in each 
experiment and participant group. Note that the number of unique participants is lower than the total number of data sets, 
as some participants returned for a repeat scan, as reported in Table 1. Psych. = psychophysics. 

  Controls  Relatives PwPP 

7T-A CSS psych. 10 0 5 

 COP psych. 17 0 5 

 COP fMRI 12 0 3 

7T-B / Z CSS psych. 33 44 100 

 COP psych. 34 44 100 

 COP fMRI 33 39 74 

 

 

  



Supplemental Table 3. Longitudinal variability of clinical measures. Data presented are from n = 38 PwPP who completed 
two scanning sessions (e.g., 7T-B & 7T-Z) and for whom BPRS (Ventura et al., 2000), SANS (Andreasen, 1982), and 
SAPS (Andreasen, 1984) data were acquired during both visits. Rows show data for these three measures, columns show 
the metrics quantifying change between scans after taking the absolute value (abs.) of the difference between data from 
scan 1 and scan 2, as well as statistics comparing data from scans 1 & 2. No significant changes (i.e., no consistent 
increases or decreases) in BPRS, SANS, or SAPS scores were observed between sessions. SD = standard deviation. 

 Mean abs. change SD abs. change Median abs. 
change 

Statistics 

BPRS total score 6.37 5.01 4.5 t(37) = 0.56, p = 0.6 

SANS total global 
score 

2.37 2.42 1.5 t(37) = -1.37, p = 0.2 

SAPS total global 
score 

2.00 1.93 2 t(37) = 0.46, p = 0.6 

 

  



 

Supplemental Figure 2. Scatter plots of clinical measures over time. Data presented are from n = 38 PwPP who 
completed two scanning sessions (e.g., 7T-B & 7T-Z) and for whom BPRS (Ventura et al., 2000), SANS (Andreasen, 
1982), and SAPS (Andreasen, 1984) data were acquired during both visits. A) BPRS total score, B) SANS total global 
score, C) SAPS total global score. X-axes show data from scanning session 1, y-axes show data from session 2. Black 
line shows the linear trend. ICC = intraclass correlation coefficient, ICC(3,k), (Koo and Li, 2016); r = Pearson’s r-value.  



Supplemental Table 4. Number of data sets with eye tracking data. Note that the number of unique participants is lower 
than the total number of data sets, as some participants returned for a repeat scan, as reported in Table 1. 

  Controls  Relatives PwPP 

Psychophysics CSS 24 33 81 

 COP 24 34 81 

 SFM 26 35 85 

fMRI pRF 19 20 42 

 CSS 18 19 40 

 COP 13 17 34 

 

 

  



Supplemental Table 5. Statistical comparisons of psychophysics and fMRI data quality metrics between groups. For 
visualizations of these data, see Supplemental Figure 3, Supplemental Figure 4, & Supplemental Figure 5. As most 
metrics were not normally distributed, Kruskal-Wallis nonparametric 1-way ANOVAs were used to quantify between-group 
differences. 

 pRF CSS COP SFM 

Psychophysical 
catch trial accuracy 

- Χ2
(2) = 8.99, 
p = 0.011 

Χ2
(2) = 4.30, 
p = 0.12 

Χ2
(2) = 2.37, 

p = 0.3 

fMRI head motion 
(# TRs censored) 

Χ2
(2) = 7.71, 
p = 0.021 

Χ2
(2) = 11.8, 
p = 0.003 

Χ2
(2) = 14.4, 

p = 8 x 10-4 
- 

fMRI behavioral 
responses (% of 
trials) 

Χ2
(2) = 10.1, 
p = 0.006 

Χ2
(2) = 6.08, 
p = 0.048 

Χ2
(2) = 3.45, 
p = 0.18 

- 

fMRI head motion 
(avg. per TR) 

Χ2
(2) = 8.99, 
p = 0.011 

Χ2
(2) = 10.1, 
p = 0.006 

Χ2
(2) = 10.0, 
p = 0.007 

- 

fMRI temporal 
outliers (% of 
voxels per TR) 

Χ2
(2) = 6.87, 
p = 0.032 

Χ2
(2) = 11.1, 
p = 0.004 

Χ2
(2) = 10.8, 
p = 0.005 

- 

  



 
Supplemental Figure 3. Psychophysical data quality checks across groups and experiments. Panels show catch trial 
accuracy from the CSS (left) and COP (middle) psychophysical (psyphys.) tasks, as well as accuracy for responses made 
in < 4 s in the SFM real switch psychophysical task (right). The number of data sets (not unique individuals) per group and 
experiment are shown in parentheses. C = healthy controls (green), R = first-degree biological relatives (blue), P = people 
with psychotic psychopathology (red). Thick lines show group medians, boxes show 25-75%, whiskers show 1.5 x 
interquartile range, dots show individual data points, dashed black lines show data quality thresholds.  



 
Supplemental Figure 4. FMRI data quality checks across groups and experiments. Top row shows the proportion of TRs 
with < 0.5 mm of head motion (i.e., framewise displacement) in the pRF (left), CSS (middle), and COP (right) fMRI tasks. 
Bottom row shows the same, but for the proportion of trials in which a behavioral (beh.) response was recorded 
(regardless of accuracy). The number of data sets (not unique individuals) per group and experiment are shown in 
parentheses. C = healthy controls (green), R = first-degree biological relatives (blue), P = people with psychotic 
psychopathology (red). Thick lines show group medians, boxes show 25-75%, whiskers show 1.5 x interquartile range, 
dots show individual data points, dashed black lines show data quality thresholds. Note that in the pRF motion plot (top 
left), an outlier data point from a single PwPP is not shown, in order to better visualize the distributions of the other data 
points. The same is true for COP motion (top right; 1 control and 1 PwPP), pRF fMRI behavior (bottom left; 2 controls, 4 
PwPP), and COP fMRI behavior (bottom right; 1 relative, 2 PwPP).  



 

 
Supplemental Figure 5. Motion per TR and temporal outliers per TR, across groups and fMRI experiments. Top row 
shows the average (avg.) head motion per TR (i.e., framewise displacement) for the pRF (left), CSS (middle), and COP 
(right) fMRI tasks. The bottom row shows the same, but for the percent of voxels labeled as temporal (temp.) outliers per 
TR. The number of data sets (not unique individuals) per group and experiment are shown in parentheses. C = healthy 
controls (green), R = first-degree biological relatives (blue), P = people with psychotic psychopathology (red). Thick lines 
show group medians, boxes show 25-75%, whiskers show 1.5 x interquartile range, dots show individual data points. Note 
that in the COP average motion plot (top right), an outlier data point from a single PwPP is not shown, in order to better 
visualize the distributions of the other data points. 

  



 

 
 
Supplemental Figure 6. Psychophysics and fMRI data quality detailed summary. Rows show individual data sets labeled 
by participant ID number and protocol (A, B, or Z). The font color for the row labels indicates whether there is a full data 
set (black), psychophysics & fMRI only (blue), psychophysics & MRS only (red), or psychophysics only (magenta). 
Columns show data for the 4 different visual paradigms (pRF = population receptive field modeling, CSS = contrast 
surround suppression, COP = contour object perception, SFM = structure-from-motion). Colors within the table show the 
number of data quality checks that were failed (black = missing data). Letters within the table indicate which checks were 
failed (m = motion, b = fMRI behavioral task, p = psychophysical catch trials, e = excluded data). Note that data sets that 
were collected but subsequently excluded (e) appear here for the sake of completeness, but are not included elsewhere in 
the manuscript unless otherwise noted. 

 

  



Supplemental Table 6. Statistical comparisons of MRS data quality metrics between groups. For visualization of these 
data, see Supplemental Figure 7. Kruskal-Wallis nonparametric 1-way ANOVAs were used to quantify between-group 
differences. 

 OCC PFC 

H2O linewidth Χ2
(2) = 1.12, 

p = 0.6 
Χ2

(2) = 3.02, 
p = 0.2 

LCModel linewidth Χ2
(2) = 3.24, 

p = 0.2 
Χ2

(2) = 2.33, 
p = 0.3 

SNR Χ2
(2) = 6.87, 
p = 0.032 

Χ2
(2) = 2.08, 

p = 0.4 

  



 
Supplemental Figure 7. MRS data quality checks across groups and experiments. Top row shows the linewidth of water 
(H2O) in the OCC (left) and PFC (right) VOIs. Middle row shows the same, but for the linewidth of the fitted spectrum from 
LCModel (LCM), whereas the bottom row shows SNR from LCModel. The number of data sets (not unique individuals) 
per group and experiment are shown in parentheses. C = healthy controls (green), R = first-degree biological relatives 
(blue), P = people with psychotic psychopathology (red). Thick lines show group medians, boxes show 25-75%, whiskers 
show 1.5 x interquartile range, dots show individual data points, dashed black lines show data quality thresholds. 
Participants with missing quality data (e.g., linewidth of water was not recorded during scanning) are not shown. Note that 
in the PFC H2O linewidth plot (top right), outlier data points from two PwPP are not shown, in order to better visualize 
distributions of the other data points. The same is true for PFC LCModel SNR (bottom right; 1 relative, 2 PwPP). 

  



 
 

Supplemental Figure 8. MRS data quality detailed summary. Rows show individual data sets labeled by participant ID 
number and protocol (A, B, or Z). The font color for the row labels indicates whether there is a full data set (black), 
psychophysics & fMRI only (blue), psychophysics & MRS only (red), or psychophysics only (magenta). Columns show 
data for the 2 different MRS VOIs (OCC = occipital cortex, PFC = prefrontal cortex). Colors within the table show the 
number of data quality checks that were failed (black = missing data). Letters within the table indicate which checks were 
failed (w = linewidth of water, l = linewidth from LCModel, s = SNR from LCModel, e = excluded data). Note that data sets 
that were collected but subsequently excluded (e) appear here for the sake of completeness, but are not included 
elsewhere in the manuscript unless otherwise noted. 
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