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Sample selection and assessment
Participants for the current study were selected from a large longitudinal sample based on two cohorts including patients with schizophrenia and healthy controls, the Utrecht Schizophrenia project and the Genetic Risk and Outcome of Psychosis (GROUP) consortium, in Utrecht, the Netherlands. In both cohorts, patients with schizophrenia recruited in various inpatient and outpatient facilities and an age-matched sample of controls recruited in the same catchment areas were included. Participants with major medical or neurological illnesses or with an estimated IQ below 80 were excluded. 
In the Utrecht Schizophrenia project, the Comprehensive Assessment of Symptoms and History (CASH) and the Schedule for Affective Disorders and Schizophrenia Lifetime version assessed by trained psychiatrists and psychologists were used for diagnostic assessment 1,2. Patients had to fulfill DSM-IV diagnostic criteria for schizophrenia or schizophreniform disorder at baseline, and had a 1-year follow-up confirmed diagnosis of schizophrenia. Healthy controls met Research Diagnostic Criteria of “never being [mentally] ill”. Participants in the patient and control samples were aged 16-70 years, and both samples were matched for age and sex 3. Exclusion criteria for both samples were the following: i) IQ below 80, ii) major medical or neurological illness (including migraine, epilepsy, hypertension, cerebrovascular disease, cardiac disease, diabetes, or endocrine disorders), iii) past head trauma, iv) alcohol or other substance dependence. 
For the GROUP consortium, diagnostic assessments were conducted by trained raters with the CASH at baseline and the Schedules for Clinical Assessment in Neuropsychiatry (SCAN) at follow-up 2,4. Patients had to fulfill DSM-IV diagnostic criteria for a non-affective psychotic disorder at baseline and a diagnosis of schizophrenia or schizoaffective disorder at follow-up 5,6. For healthy control participants inclusion criteria were absence of a lifetime diagnosis of psychotic disorder and absence of a positive family history of a psychotic disorder in first- or second- degree relatives, as established with the Family Interview for Genetic Studies 7. Participants in the patient and control samples were aged 16-50 at baseline.
For purposes of the current study, we included images of patients who fulfilled DSM-IV criteria for schizophrenia both at baseline and follow-up, had sufficient scan quality (QA procedures are described in more detail in the Supplement), and matched patient and control groups for sex, resulting in 164 healthy participants and 164 patients, contributing a total of 656 scans. 
For every participant, we recorded age at scan, sex, and estimated IQ values (based on four subtests of the short forms of the Wechsler Adult Intelligence Scale (WAIS) or the WAIS III, see 8 for further details). For the patient group, clinical severity was assessed using Positive and Negative Syndrome Scale (PANSS) scores at baseline and at follow-up 9. Duration of illness was calculated by subtracting age at the onset of illness from age at the time of scan.
Data on antipsychotics usage around time of scan was retrieved: we determined the cumulative intake (until around the time of each scan) of antipsychotic medication converted into chlorpromazine milligram equivalents (CPZ) per participant.


Image acquisition, processing and quality assessment
Image acquisition
Two scanners (same vendor, field strength and acquisition protocol) were used.  Participants were scanned twice on either a Philips Intera or Achieva 1.5 T and a T1-weighted, 3-dimensional, fast-field echo scan with 160-180 1.2 mm contiguous coronal slices (echo time [TE], 4.6 ms; repetition time [TR], 30 ms; flip angle, 30°; field of view [FOV], 256 mm; in-plane voxel size, 1x1 mm2) was acquired. All included participants had their baseline and follow-up scan on the same scanner.

Image processing
Images were analyzed using the FreeSurfer analysis suite (v5.1) with default settings to provide detailed anatomical information customized for each individual 10–12. The FreeSurfer analysis stream includes intensity bias field removal, skull stripping, and generation of a “ribbon” image and reconstruction of gray and white matter surfaces. Total brain tissue volume was derived as the sum of total gray and white matter volumes. For all images, sulcal segmentation and identification was performed with BrainVISA software (v4.5) using the Morphologist Toolbox using default settings 13. After importing the “ribbon” image into BrainVISA each sulcus is segmented with the cortical sulci corresponding to the crevasse bottoms of the “landscape,” the altitude of which is defined by image intensity. The brain hull area is derived in native space by calculating the area of the brain mesh defined via a morphologic closing of the brain mask that ensures boundary smoothness, which excludes sulcal areas during definition of the exposed cortical surface area. The median sulcal surface spans the entire space contained in a sulcus, from the fundus to its intersection with the brain hull. The median sulcal surface areas are summed to provide a measure of total sulcal surface area for each participant. The sulcation index (SI) is the ratio between total sulcal surface area and brain hull area:
 


Where  yields for hemisphere,  for sulcus, and  is area, being  the area of the brain hull for hemisphere . The SI differs from the gyrification index (GI) 14 which is calculated as:




Where  yields for hemisphere and  is area, being  the area of the cortex for hemisphere  and the area of the brain hull for hemisphere . We made a diagram which gives additional information about the differences between SI and GI:

A large majority of the cortical surface area is unexposed, sulcal, surface area. Cortical laminar architecture is different between gyri and sulci. For example, supragranular layers are thicker in sulci as compared to gyri 15-17. It is thought that this stems from cortical deformation under folding where layers that are on the outside of a fold (lower layers in sulci and upper layers in gyri) are stretched and thinner, whereas layers on the inside of folds are compressed and thicker 15. In addition, there is post-mortem evidence for supragranular layer damage associated with schizophrenia, potentially more prevalent in sulci as compared to gyri 18. The SI’s particular sensitivity to global changes in sulcal morphology (in line with sulcal width) as opposed to changes in gyri was the reason for assessing SI. A cortex with extensive folding has a large SI, whereas a cortex with low degree of folding has a small SI. At a constant outer cortex area, the SI increases with the number and area of sulcal folds, whereas the SI of a lissencephalic cortex is zero. Sulcal width is defined as the distance between each gyral bank averaged over all points along the median sulcal surface, see SFigure 1C for a graphic representation of sulcal width and the sulcation index. Using BrainVISA sulci nomenclature the recognized sulci were pooled in eleven (a priori determined) bilateral areas. These regions were used in two previous studies, using independent samples, demonstrating sulcal morphological atypicalities in patients with psychosis 19,20. The regions cover the entire cortex and consist of, or cluster around, major primary sulci 21. A list of which sulci were pooled to which region can be found in STable 1 and their visualization in SFigure 3. All sulcal nodes belonging to a region were relabeled to one label and then BrainVISA software was used to calculate sulcal width for the region. Sulcal width and the sulcation index were measured in the native space of the participant's images and left and right hemisphere values were averaged. FreeSurfer and BrainVISA derived measurements have been validated via histological and manual measurements and have demonstrated to show good test–retest reliability 22–25.
[bookmark: _GoBack]
Image quality assessment
After the completion of the preprocessing pipeline for all T1-weighted MRI scans in FreeSurfer, we rigorously assessed the quality of the data using a combination of visual inspection and the examination of several quantitative quality assessments (QA) metrics. First, we calculated five QA measurements based on the ones proposed by the Preprocessed Connectome Project (http://preprocessed-connectomes-project.org/quality-assessment-protocol/#spatial-anatomical) to identify images that were unusable: signal-to-noise ratio (SNR), contrast to noise ratio (CNR), Foreground to background Energy Ratio (FBER), percent artefact Voxels (Artifacts) and Entropy Focus Criterion (Entropy). Following ENIGMA criteria (http://enigma.ini.usc.edu/protocols/imaging-protocols/) we defined the threshold for outliers as [mean-(2.698*SD)] for SNR, CNR and FBER metrics; and Artifacts and Entropy were tested for [mean+(2.698*SD)]. Next, for each scan the whole brain mean cortical thickness, total cortical surface area, total white matter volume, total gray matter volume, subcortical gray matter volume and intracranial volume were calculated. Then, we summed for each image the amount of outliers over all measures and calculated the mean+(2.698*SD) for the amount of outliers over the whole sample and designate those above the threshold as outliers. 

QA-based exclusions
After the evaluation of the computed quantitative measures of image quality, 138 scans were considered of insufficient quality and were excluded from our analysis (see SFigure 1A). These excluded scans were validated by manually assessing image quality after preprocessing to assure that all preprocessing steps worked and to avoid the dissemination of error along the analysis. The parameters that were most useful to objectively detect artefacts visually were agreed on between researchers, e.g. incorrect sulcal labelling or insufficient quality of sulcal segmentation resulting in gross anatomical abnormalities. These visual checks were performed in BrainVISA. Those scans with poor initial sulcal labelling were manually edited, which often resulted in better sulcal labelling when manually inspected (see SFigure 1B) for examples of “good”, “medium” and “bad” quality sulcal labelling after first preprocessing of the images). In addition, 14 scans were excluded after this manual inspection. 










SFigure 1. A) Flowchart summarizing the exclusion criteria process: from an initial sample of 1824 total scans, a total of 760 scans were excluded for subsequent analysis. The final sample before matching for sex is comprised of 912 scans: a. indicates the number of included scans; b. the number of excluded scans and c. the exclusion criteria (initial and imaging criteria) applied to the sample.  B) Illustrates examples of sulcal segmentation of different qualities performed with BrainVISA: good quality of sulcal reconstruction, medium quality of sulcal reconstruction, included after manual sulcal editing; and bad quality scan which shows a lump caused by incorrect sulcal reconstruction which caused exclusion. C) Graphical representation of sulcal width and the sulcation index (SI). Left: sulcal width is defined as the distance between each gyral bank averaged over all points along the median sulcal surface. Right: total hemispheric sulcal surface is defined as the sum of the area of all sulcal median meshes (blue), brain hull area (transparent triangulated surface) is derived by calculating the area of the brain mesh defined via a morphologic closing of the brain mask which excludes sulcal areas during definition of the exposed cortical surface area 13. SI, sulcation index; Asulcus, the hemispheric sulcus surface area; Abrain hullhemisphere , the brain hull area. 





SFigure 2. Age at scans for all subjects. Each of the 656 scans obtained is represented by a dot; each of the 328 subjects is shown in a different row, with their scans connected by a straight line. Healthy controls and patients are marked separately. 










STable 1. Regions with their respective sulci.
The regions are based on the eleven regions from 19,20. Names of the sulci follow the BrainVISA nomenclature which can be found at: http://BrainVISA.info/web/_static/images/bsa/nomenclature.png.
	Region
	Sulci

	Calcarine
	F.Cal.ant.-Sc.Cal.

	Frontal Medial
	F.C.M.ant.; F.C.M.post.; F.C.M.r.AMS.ant.; S.Call.; F.C.M.sup.r.asc.ant.; S.p.C.; S.C.LPC.; S.F.int.AMS.; S.F.int.; S.F.int.pol.; S.F.int.sup.; S.R.sup.; S.R.inf.

	Parietal Occipital Medial
	F.P.O.; S.s.P.; S.Pa.int.; S.Pa.t.; S.Li.; S.Li.ant.; S.Li.post.; S.Cu.

	Sylvian Fissure
	F.C.L.p.; F.C.L.r.sc.post.; F.C.L.a.; F.C.L.r.ant.; F.C.L.r.asc.; F.C.L.r.diag.; F.C.L.r.sc.ant.

	Occipital
	OCCIPITAL.; S.O.p.

	Parietal
	F.I.P.Po.C.inf.; F.I.P.Po.C.sup.; F.C.L.r.retroC.tr.; S.Pa.sup.; F.I.P.Horiz.; F.I.P.ParO.; F.I.P.r.trans.; F.I.P.r.int.1.; F.I.P.r.int.2.; S.Po.C.sup.; S.GSM.

	Prefrontal lateral
	S.F.median.; S.F.polaire.tr.; S.F.marginal.; S.F.orbitaire.; S.Or.; S.Or.l.; S.Olf.; S.F.sup.; S.F.sup.post.; S.F.sup.ant.; S.F.sup.moy.; S.F.inter.; S.F.inter.ant.; S.F.intern.moy.; S.F.inter.post.; S.F.inf.; S.F.inf.ant.; S.F.inf.moy.; S.F.inf.post.

	Central Sulcus
	S.C.; S.C.sup.; S.C.inf.; S.C.sylvian.;

	Precentral
	S.Pe.C.sup.; S.Pe.C.marginal.; S.Pe.C.median.; S.Pe.C.inf.; S.Pe.C.inter.

	Temporal basal
	S.O.T.lat.ant.; F.Coll.; S.Rh.; S.O.T.lat.post.; S.O.T.lat.int.; S.O.T.lat.med.

	Temporal lateral
	S.T.s.; S.T.pol.; S.T.i.post.; S.T.i.ant.; S.T.s.ter.asc.post.; S.T.s.ter.asc.ant.






















SFigure 3. The eleven sulcal regions used in the study. 


Lateral, posterior and medial view of the eleven sulcal regions (as in 19,20) used in the current study.














To examine whether variability of PBSI-SW across the lifespan was constant and whether it differed between patients and controls we first calculated the residuals from the GAMM with age, scanner and total brain volume as fixed effects and participant identifiers as random effects. The quadratic value of the residuals was then used in a linear regression:

There were no significant effects of age or diagnosis.















SFigure 4. Pearson correlation between Z-values for sulcal width from the current study with those from Nispat 26. r=Pearson correlation coefficient; CI, confidence interval.
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SFigure 5. Density plots of PBSI-SW-Z at baseline and follow-up for healthy controls and patients. The dashed line represents PBSI-SW-Z = -2. 
[image: ]
Note the increased presence of patients in the left tail, particularly at follow-up. 

SFigure 6. Means and standard errors for the non-outlier and outlier patients for five image quality metrics. SNR, Signal-to-Noise Ratio; CNR, Contrast-to-Noise Ratio; FBER, Foreground to Background Energy Ratio; Artifacts, percent artifact voxels; Entropy, Entropy focus criterion. For more information about the image quality metrics see http://preprocessed-connectomes-project.org/quality-assessment-protocol/#spatial-anatomical.
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The symmetrized annual percent change (APC) for PBSI-SW for each subject was calculated using the following formula:

[image: ]
where Δ represents measures changes. Changes between the same metric, , obtained at two different time points, 0 and 1, and the time lapse between them in years, being  the subject age at a specific time point. Finally, , yields for the average of both metrics. We then converted the APCs of PBSI-SW into Z-scores. There are three subjects with an absolute Z-score above 5, see SFigure 7. 













SFigure 7. Z-scores for symmetrized Annual Percent Change of PBSI-SW. 
[image: ]










SFigure 8. Three subjects with absolute value of Z for symmetrized annual percent change larger than 5 (see SFigure 7) are marked in blue in the plots of image quality metrics. These suggest relatively normal values on QA-metrics for these three subjects.














SFigure 9. For the three subjects with an absolute Z-score above 5 the regional values were plotted against the mean values from the healthy controls, at baseline (grey dots) and follow-up (black dots). 

[image: ]
Subject 1 had a large sulcal width of one region (calcarine) compared to the average of the healthy controls at follow-up. The sulcal labelling for this region/subject looked valid. PBSI-SW uses Spearman rank order correlation which diminishes the influence of the sulcal width of this region on the size of the PBSI-SW. Excluding this subject did not change the results. 







SFigure 10. Plots showing the non-significant (all p’s > 0.05) association between A) estimated Intelligence Quotient (IQ) at baseline and Person-Based Similarity Index for sulcal width (PBSI-SW) and B) sulcation index and PBSI-SW in patients. Solid line represents the linear association at baseline. 













SFigure 11. Plots showing associations between PBSI-SW and chlorpromazine equivalents and change in PANSS scores. Solid line represents the linear association at baseline.

A correlation of 0.22 (uncorrected p = 0.01) between PBSI-SW at baseline and change in PANSS positive symptoms (follow-up - baseline) did not survive Bonferroni correction for multiple comparisons. 













PBSI-CT
PBSI-Cortical Thickness (PBSI-CT) was calculated using the same methodology as PBSI-SW using all the regions from the Freesurfer Desikan atlas 27. The PBSI-CT trajectories were not significantly different between groups (age-by-diagnosis interaction: F<0.001, p=0.69, see SFigure 12A below). Cross-sectional comparisons of PBSI-CT between patients and controls at baseline and at follow-up demonstrated no significant difference with small effect sizes (baseline mean PBSI-CT for controls = 0.86, for patients = 0.86, t = 0.24, df = 321.88, p = 0.81, mean difference 0.00, 95% confidence interval (CI): -0.01,0.01, Cohen’s d = 0.03, follow-up mean PBSI-CT for controls = 0.87, for patients = 0.87, t = 0.69, df = 325.6, p = 0.49, mean difference 0.00, 95% confidence interval (CI): -0.004,0.01, Cohen’s d = 0.08 ), see SFigure 12B. Eight controls had PBSI-CT-Z < -2 and 15 patients. Out of the 23 outliers, one outlier was also an outlier for PBSI-SW-Z. We recalculated lifespan PBSI-CT trajectories excluding outliers and the age×diagnosis interaction was not significant (age-by-diagnosis interaction: F=0.42, p=0.23), see SFigure 12A.















SFigure 12. A) Generalized additive mixed models (GAMM) for Person Based Similarity Index for Cortical Thickness (PBSI-CT). Four fits over the spaghetti plot are shown: 1) healthy controls, 2) patients, 3) non-outlier healthy controls, 4) non-outlier patients. Outliers were participants with |PBSI-CT-Z| > 2, i.e., markedly deviating from the normative morphometric value at any time point. GAMMs included total brain volume and scanner as covariates. The age×diagnosis interaction was not significant before and after removal of the outliers. B) PBSI-CT values for healthy controls and patients at baseline and follow-up. PBSI-CT was residualized for age, scanner and total brain volume. B, baseline; FU, follow-up.  


Outlier and non-outlier patients did not differ in estimated IQ at baseline (mean (se) estimated IQ non-outliers: 97.65 (16.89), outliers: 97.3 (12.99), t = -0.08, df = 11.93, p = 0.94, mean difference: -0.35, 95%CI: -9.96,9.26, Cohen’s d = -0.02).”

Regional contribution to PBSI-SW
To calculate the regional contribution to the PBSI-SW values we used a leave-one-region-out method, i.e., recalculating each individual’s PBSI-SW after removing one region at a time. The region’s contribution was calculated by subtracting the recalculated residualized PBSI-SW values from the original residualized PBSI-SW value (as in 28). Thus, regional contribution values to PBSI-SW were calculated as (average PBSI-SW(all-regions-included) - average PBSI-SW(leave-one-region-out)). Average regional contributions were calculated for healthy controls, non-outlier patients and outlier patients at baseline and follow-up. A larger positive contribution meant that the recalculated PBSI-SW decreased more, i.e., the region contributed more to the original PBSI-SW value. A more negative contribution value meant that excluding the region increased the recalculated PBSI-SW more, i.e., the region had a larger negative impact on the original PBSI-SW.
The regions were then ranked by contribution value from healthy control participants at baseline (Figure 4). For each region, contributions were compared between healthy controls, patient non-outlier and outlier groups using the Welch t-test and corrected for multiple comparisons using FDR (baseline and follow-up, 66 comparisons). Effect sizes for mean differences are given as Cohen’s d.
In controls, regional contribution showed a similar pattern at baseline and follow-up with frontal regions contributing negatively to PBSI-SW (see SFigure 13). i.e. leaving the region out increased the PBSI-SW. This pattern was also present in non-outlier patients. For the temporal basal region at follow-up the contribution was significantly higher in non-outlier patients compared to controls after correction for multiple comparisons (t = -4.032, df = 270.77, p < 0.01, mean difference -0.01, 95%CI: -0.013,-0.004, Cohen’s d = -0.45). The outlier patient group did not differ from the other groups in contribution value for any of the regions. 




















SFigure 13: Baseline and follow-up heat maps for the contribution of each of the 11 sulcal regions to the Person Based Similarity Index for Sulcal Width (PBSI-SW) in healthy controls and non-outlier patients. Sulci are identified by sulcal median meshes 29. The regional contribution value to PBSI-SW was calculated as (average PBSI-SW(all-regions-included) - average PBSI-SW(leave-one-region-out)), thus a negative contribution value implies that leaving the region out increases the PBSI-SW, i.e., the region has a negative effect on the PBSI-SW. 
[image: ]
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