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Supplementary Text 

Supplementary Results 

Discovery analyses robustness checks 

We performed several analyses to test for the stability of our main results. Inclusion of 

subcortical parcels often increased effect estimates compared to null effects (Fig. 2c), while different 

parcellation resolutions had effects comparable to those observed for resting-state networks (Fig. S6; 

Tab. S4). Analyses without interhemispheric connections resulted in only slightly decreased effect sizes 

(Fig. S7a; Tab. S4), proving that the null models correctly accounted for interhemispheric symmetry 

effects. Using the fit of a polynomial as an alternative aggregation method, we observed related but not 

fully similar AUC profiles (Fig. S7b; Tab. S4), indicating potential for future exploration of different 

aggregate metrics. 

Supplementary Methods 

Study samples and subject exclusions 

Study samples were obtained from open data repositories and multiple individual studies. For 

all rsfMRI datasets except for the MPH study, for which we obtained connectomes directly, scan 

sessions were consistently excluded if they exhibited too much motion (mean frame-wise displacement 

> 0.3).  

To assemble the rsfMRI discovery sample, we selected 132 subjects from the full HCP-YA 

dataset. These were the union of the “100 unrelated subjects” and those for which we had MEG data 

available. We retained only subjects that had a full dataset of two runs (mostly one day apart) with two 

scans each according to phase encoding directions (“LR” and “RL”). After exclusion of subjects 

without full rsfMRI data (n = 8) and high motion in at least scan (n = 12), a final sample of 112 

subjects remained. We used 3 Tesla fMRI data obtained as described by Van-Essen et al.1. The HCP-

YA MEG subdataset consisted of data from 33 subjects, which were selected, processed, and provided 
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by Golia et al.2. Finally, of 112 fMRI subjects, 64 participants with 103 sessions had high-quality heart-

rate variability data for post-hoc association analyses (see below). 

The YRSP rsfMRI/pupillometry dataset was downloaded from openneuro. Scanning parameters 

(3 Tesla) and pupillometry setups were described by Lee et al.3,4. Pupillometry data was obtained 

simultaneously with MRI scanning using an infrared eye-tracking system. Of 27 subjects with two runs 

each, a final sample of 26 subjects passed motion thresholds for both runs. After quality control of the 

pupillometry data (see below), 25 subjects with 49 sessions went into the rsfMRI-pupil diameter 

association analyses. 

The MPH data was provided and processed by Dipasquale et al.5; scanning parameters (1.5 

Tesla) and preprocessing is described in the original publication. The 30 included subjects received 20 

mg of oral MPH or placebo 90 minutes before MRI scanning in a double-blind, randomized, within-

subjects design with two sessions at least one week apart. 

The risperidone study (3 Tesla) was described in detail by Hawkins et al.6. Twenty-one 

participants received oral doses of either 0.5 mg of risperidone, 2 mg of risperidone, or placebo 120 

minutes before MRI scanning in a double-blind, randomized, within-subjects design with three sessions 

at least one week apart. The final sample, after motion criteria were applied, consisted of 19, 17, and 17 

sessions for the low-dose, high-dose, and placebo conditions, respectively. 

Details on the ketamine/midazolam study (3 Tesla) were provided by Forsyth et al.7. Thirty 

subjects received either ketamine (0.25 mg/kg bolus plus 0.25 mg/kg/h), midazolam (0.03 mg/kg bolus 

plus 0.03 mg/kg/h), or placebo intravenously at subanesthetic doses starting after minute 7 within a 17 

minute rsfMRI scan. The study was conducted in a single-blind, randomized, within-subjects design 

with three sessions at least 48 hours apart. For the main analyses, the rsfMRI scan was split into a pre- 

and a post-treatment run (the first and last ~7 minutes, i.e., 190 slices with 2.2 seconds repetition time). 

Subject numbers after exclusions were 28, 28, and 24 for the placebo, ketamine, and midazolam 

sessions, respectively. 
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The HCP-EP study8 sampled individuals across 4 sites within the first five years of onset of 

psychotic symptoms, along with a control group. The psychosis group is cross-diagnostic along the 

psychosis spectrum including individuals with diagnoses of schizophrenia, schizophreniform, 

schizoaffective, delusional, and brief psychotic disorder, as well as non-specified psychosis and 

affective disorders with psychosis. We used the first run of each subject within two scans with different 

phase encoding directions (“AP” and “PA”). Of the full sample, 159 subjects had MRI and the required 

demographic and clinical data available; of these, 151 passed motion thresholds for both runs (n = 96 

cases, n = 55 controls). 

Resting-state fMRI processing 

Preprocessing, denoising, and Pearson connectome extraction of the MPH data was performed 

by Dipasquale et al.5. The HCP-YA data was obtained directly in “minimally preprocessed” format 

(without FIX denoising). The HCP-EP data was preprocessed using the HCP pipeline 

(“GenericfMRIVolumeProcessingPipeline”)9 as described by Larabi et al.10. All other datasets were 

preprocessed in-house using FreeSurfer and fMRIprep. Following separately conducted FreeSurfer 

“recon-all” runs, processing of the structural images included intensity 

non-uniformity correction, skull-stripping, tissue segmentation, spatial normalization to 

MNI152NLin6Asym space, and resampling onto the fsLR greyordinates (91k density). Per run of the 

functional preprocessing stream, head motion was corrected relative to a reference volume, this 

reference was coregistered to the structural image, and slice timing-correction was performed if the 

timing information was available. Using the derived transforms, the BOLD time-series were then 

resampled onto the left/right-symmetric fsLR 91k surface and the associated subcortical volume in 

2mm MNI152NLin6Asym space. 

 Except for the MPH dataset, postprocessing and connectome extraction was performed using 

XCP-D based on fsLR greyordinate data from the HCP- or fMRIprep pipeline outputs. Framewise 

displacement11 was calculated from the estimated motion parameters (50 mm head radius) to derive the 



LINKING FUNCTIONAL CONNECTIVITY TO NEUROTRANSMISSION 

scan-level estimate used for motion outlier identification and as a session/group-level covariate in post-

hoc analyses. To ensure solid control of confounding physiological signals while retaining as much 

neural signal as possible, we employed the “36P” nuisance regression strategy with despiking of the 

BOLD signals12. No censoring of high-motion volumes was performed, to avoid unnecessary 

interpolation of BOLD signals. The 36 nuisance regressors included six motion and three tissue signals 

(mean global, white matter, and cerebrospinal fluid) together with their temporal derivatives, and 

quadratic expansion of the original parameters and their derivatives. The time-series and the confounds 

were band-pass filtered (second-order Butterworth; 0.01–0.08 Hz), and the BOLD time-series were 

denoised using linear regression. Average time-series were then extracted from the residual BOLD 

signals using the Schaefer13 and the HCP CIFTI subcortical9 parcellations, the latter of which 

corresponds to the FreeSurfer subcortical parcellation. If a parcel had > 50% of vertices uncovered 

(values of all zeros or NaNs), these vertices were ignored. If it had < 50% coverage, the parcel time-

series was set to zero. Finally, pair-wise Pearson functional connectivity matrices were calculated 

between all parcel time-series and Fisher z-transformed. All-zero time-series due to uncovered vertices 

resulted in all-NaN rows and columns in the connectome matrices. For HCP-YA and HCP-EP, 

connectomes were computed separately per phase-encoding direction and then averaged within runs. 

Physiological data processing and quality control 

Pupilometry data 

Pupil area time series from the YRSP dataset were provided in minimally preprocessed form 

(blink interpolation, downsampled to 1 Hz). We additionally excluded samples outside a lenient 

plausible amplitude range based on visual inspection of the data (300, 10,000 arbitrary units), applied a 

square-root transform to approximate a linear diameter scale, and removed samples whose first-

difference exceeded the median velocity plus five times the MAD (scaled by 1.4826)14. Resulting gaps 

were linearly interpolated up to 5 data points; longer gaps were replaced by NaN values. Sessions with 

fewer than 80% valid data points after cleaning were excluded. The following measures were derived: 
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the pupil unrest index (PUI)15,16, defined as the root mean square of the first-differences of the filtered 

signal, and Welch spectral power (Hann window, 256-sample segments, constant detrending) in three 

frequency bands estimated from the longest artifact-free segment of each run: sympathetic-linked low-

frequency slow oscillations (LF-S: 0.04–0.10 Hz), respiration-linked low-frequency (LF-R: 0.10–0.24 

Hz), and parasympathetic-linked high-frequency (HF-P: 0.25–0.50 Hz; upper limit set to Nyquist)17. 

All three spectral measures were log-transformed prior to statistical analyses. 

Heart rate data  

Heart rate variability was derived from photoplethysmography (PPG) signals recorded at 400 

Hz during HCP-YA rsfMRI scanning. PPG signals were processed using NeuroKit2 (Elgendi method, 

robust estimation), and two complementary HRV estimates, RMSSD18 (square root of the mean of 

squared successive differences between adjacent RR intervals) and MadNN (median absolute deviation 

of RR intervals), were computed per phase-encoding direction and run. To align with the connectome 

data, values were then averaged across directions within each run. Quality control was applied per 

metric: sessions were included if the mean NeuroKit2 PPG signal quality index exceeded a data-driven 

threshold (knee point of its empirical cumulative distribution) and if HRV values did not exceed a 

realistic threshold of 150 ms.  
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