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Methods
MRI Acquisition and Analysis

High-resolution, three-dimensional cerebral MRI scans were acquired at 3 T (Ingenia, Philips
Healthcare, Best, the Netherlands; Intera, Philips Healthcare, Best, the Netherlands). Scanning
parameters for the T1-weighted magnetisation prepared rapid acquisition gradient echo sequence
were as follows: flip angle=8°, echo time (TE)=3.9ms; repeat time (TR)=8.3ms and reconstructed
voxel size=0.94x0.94x1mm3. For the 3 T Intera the parameters were as follows: flip angle=8 °; echo
time (TE)=3.3ms; repeat time (TR)=7.3ms and reconstructed voxel size =0.83x0.83x0.9x1mm?. The rs-
fMRI sequence was obtained after participants were asked to remain as still as possible in the
scanner and while they were fixated on a cross to avoid brain wandering. The scan was a a T2*-
weighted pulse sequence with the following parameters: TR 2600ms, TE 3.5ms, in-plane pixel
dimensions 1.8mm x 1.8mm, contiguous trans-axial slices 4mm orientated in the oblique axial plane.
We acquired 150 volumes with a total scan time of 6.5 minutes.

Cortical reconstruction and volumetric segmentation were performed with the Freesurfer software
(https://surfer.nmr.mgh.harvard.edu) to determine cortical thickness (mm), volume (ml) and vertices.

Regions of interest were chosen in regions related to somatomotor function (primary somatosensory
[S1] and motor [M1] cortex, insular cortex, anterior cingulate [ACC] gyrus, thalamus) and key regions
involved in prescription opioid dependence (putamen, amygdala, nucleus accumbens and caudate
nucleus).

This processing includes motion correction and averaging [1] of volumetric T1 weighted images,
removal of non-brain tissue using a hybrid watershed/surface deformation procedure [2], affine-
registered to the Talairach atlas [2, 3], intensity normalization, tessellation of the grey matter white
matter boundary, automated topology correction [4, 5], and surface deformation following intensity
gradients to optimally place the grey/white and grey/cerebrospinal fluid borders at the location
where the greatest shift in intensity defines the transition to the other tissue class [6, 7]. Surface
based maps are created from the intensity and continuity information from the entire 3D MR
volume in segmentation and deformation procedures to produce representations of cortical
thickness (mm), calculated as the closest distance from the grey/white boundary to the grey/CSF
boundary at each vertex on the tessellated surface [4].

Voxel based morphometric analysis was performed according to a set of prior guidelines [8]. Both
pre-processing and statistical analysis of anatomical data were carried out using the FMRIB Software
Library (FSL, version 6.0.3). Voxel-based morphometry (VBM), an optimised voxel-based
morphometry analysis toolbox implemented in FSL was used as this approach is validated, operator-
independent and efficient [9]. After an initial weak bias field correction, structural images were brain-
extracted and grey matter-segmented before being registered to the MNI 152 standard space using
non-linear registration [10]. Next a study specific grey matter template was created by averaging and
flipping the images along the x-axis creating a left-right symmetric. All native grey matter images
were then non-linearly registered to this study-specific template and "modulated" to correct for local
expansion (or contraction) due to the non-linear component of the spatial transformation. A
smoothing kernel of 3mm full-width at half-maximum (FWHM) was applied to the segmented gray
matter images to enhance statistical robustness and account for inter-subject variability.

Voxel wise general linear modelling was applied using permutation-based (5,000 permutations)
nonparametric testing. Clusters of significance were identified using the threshold-free cluster


https://surfer.nmr.mgh.harvard.edu/

enhancement method [11], taking family-wise error rate—corrected p < 0.05. The family-wise error
multiple comparison correction is based on Bonferroni method and controls the likelihood of false
positive findings in analysis. Probabilistic anatomical descriptors were determined using FSL atlas
guery avoiding labelling bias, and cluster peak information was extracted using the FSL cluster tool
for voxels that had survived multiple comparison correction.

We conducted a region of interest (ROI) analysis using the CONN toolbox to examine functional
connectivity patterns. Preprocessing of fMRI data included realignment, slice-timing correction,
normalization to MNI space, and spatial smoothing. ROls were defined using the Automated
Anatomical Labeling (AAL) atlas and literature-specific coordinates. We extracted the mean BOLD
signal from each ROI, calculated Pearson correlation coefficients between ROI pairs, and applied
Fisher Z-transformation for normality. Group-level statistical analyses, including one-sample and two-
sample t-tests, were performed to identify significant within-group and between-group connectivity
patterns, with False Discovery Rate (FDR) correction applied for multiple comparisons. Results were
visualized on a 3D brain template, highlighting significant connections to interpret functional
connectivity networks relevant to the study's hypotheses.

Results

ROI-to-ROI effects:
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ESM Figure 1. Seed-to-voxel analysis using the right caudate as the seed in O+ compared to O- (MNI
152 co-ordinate, -8, +22, +62; cluster size 238; prpr=0.03), sagittal and coronal views.
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