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eAppendix 

Methods 
Sample characteristics and psychological assessments  

All participating subjects were 18 to 50 years of age. Exclusion criteria included a lifetime history of significant 

general medical, psychiatric, or neurological illness, current or past psychotropic pharmacological treatment, and 

head trauma. ICD-10 and DSM-IV diagnoses for index patients were established by a mental health care 

professional. Eleven of the relatives were parents, 20 were siblings, and 23 were offspring of schizophrenia 

patients. Relatives from families with multiple different psychiatric diagnoses were not included. None of the 

healthy volunteers had a positive family history of mental illness. Clinical assessments included the Symptom 

Checklist-90-Revised (SCL-90-R)1 and the schizotypal personality questionnaire (SPQ) 2. Intelligence was 

assessed with the German multiple-choice vocabulary intelligence test (MWTB) 3.Trail Making Tests were used 

for assessment of visual attention/processing speed (TMT-A) and executive functioning (cognitive set shifting 

ability, TMT-B) 4,5. 

MRI data acquisition 

Data acquisition was performed on three matching 3 Tesla MR systems (Siemens Trio, Erlangen, Germany) 

using identical protocols. FMRI data were acquired with an echo-planar imaging (EPI) sequence and the 

following sequence specifications: TR = 2000 ms, TE = 30 ms, 28 oblique slices (aligned to the AC-PC plane), 4 

mm slice thickness, 1 mm distance factor, FA = 80°, FOV = 192 mm, 64 * 64 matrix, 266 volumes. Structural 

data were acquired with a T1-weighted 3D magnetization prepared rapid gradient echo (MPRAGE) sequence 

with an isotropic resolution of 1mm3 and the following sequence specifications: TR = 1.57 s, TE = 2.75 ms, 176 

contiguous sagittal slices, 1 mm slice thickness, FA = 15°, FOV = 256 mm. 

Reward task 

Brain function during reward anticipation was studied with fMRI and a well-established monetary incentive 

delay paradigm 6-8. Briefly, subjects were instructed to respond as fast as possible with a button press to a brief 

flashing of the screen. Four experimental conditions (Figure 1A) were indicated by different arrows preceding 

the flash: (a) a win condition (vertical arrow pointing up) indicating that subjects will earn 2€ if they respond fast 

enough, (b) a loss avoidance condition (vertical arrow pointing down) indicating that subjects will lose 2€ if they 

respond too slow, (c) a verbal feedback condition (double-headed vertical arrow) indicating that subjects will 

receive a positive or negative visual feedback to their response without monetary consequences (“you reacted 

fast!” or “you reacted slow!”), and (d) a neutral condition (double-headed horizontal arrow) without subsequent 

flashing of the screen. At the end of each trial, the balance of money won and lost so far was shown. Ten trials 

per condition were presented in a pseudo-randomized order over the course of the experiment. Reaction time 

thresholds were adaptively adjusted to individual response times (i.e., a 5% increase after slow responses and a 

5% decrease after fast responses). Further methods details are given in Figure 1A in the main manuscript 6-8. 

fMRI data preprocessing and first-level modeling 

FMRI data were processed following previously published procedures 6-8 using standard processing routines in 

SPM8 (http://www.fil.ion.ucl.ac.uk/spm/). Briefly, all images were realigned to the first image of the scan, slice-

time corrected, spatially normalized to standard stereotactic space (Montreal Neurological Institute [MNI] 

template), resampled to 3 mm isotropic voxels, and smoothed with a 9 mm full-width at half maximum (FWHM) 

Gaussian kernel. The images were then subjected to statistical analyses in a two-level procedure 

At the first level, consistent with our prior work 6,8, individual general linear models (GLMs) were specified by 
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modeling a set of stick functions coding for the onset of the different anticipatory cues (i.e., the cues were 

modeled as events without the subsequent delay period). We further modeled all target and outcome 

presentations (in the case of the neutral condition by matching dummy definitions), and included the six 

movement regressors from the realignment step (as covariates of non-interest) into the model. The task 

regressors were convolved with the canonical hemodynamic response function (HRF) implemented in SPM. At 

the model estimation stage, the data were high-pass filtered with a cutoff of 128 seconds, and an autoregressive 

model of the first order was applied. Contrast images were computed as detailed in the main manuscript. 

Striatal region of interest definition for subsequent reliability analysis, volumetry and imaging genetics 

The main goal of this work was to identify a functional intermediate phenotype for schizophrenia during reward 

anticipation, and to further establish its suitability by testing the core anatomical region where the functional 

phenotype was detected for robustness (reliability analysis), the presence of structural confounds (VBM 

analysis), and the effects of a genetic variant linked to schizophrenia by meta-analysis (NRG1 analysis). Notably, 

while we expected to see a functional deficit during reward anticipation that maps to the ventral striatum, it was 

unclear whether the intermediate phenotype would involve the whole anatomical structure or only parts of it, a 

question with potential consequences for subsequent analyses that explore the robustness, structural 

contributions, or genetic basis of this phenotype. Thus, to spatially delineate the core intermediate phenotype 

region empirically for the subsequent analyses, we created a striatal region of interest (ROI) mask based on the 

results of our fMRI analysis in unaffected first-degree relatives. For this, we thresholded the respective group 

statistics at P < 0.001, uncorrected, and intersected it with a structural mask of the striatum from the Wake Forest 

University PickAtlas. The mask was subsequently used to spatially restrict the focus the subsequent reliability, 

morphometry, and imaging genetics analyses to the functional area suggestive of genetic risk. 

Voxel-based morphometry: structural image processing and analysis 

Automated image processing was performed using the voxel-based morphometry toolbox (VBM8, 

http://dbm.neuro.uni-jena.de/vbm8/). Briefly, data processing included tissue classification, normalization to 

MNI space with a diffeomorphic image registration algorithm, correction for image intensity non-uniformity, a 

thorough cleaning up of gray matter partitions, and the application of a hidden Markov random field (HMRF) 

model. The resulting tissue segments were multiplied by the Jacobian determinants of the deformation field to 

transform the gray matter (GM) density values into volume equivalents. The segmented, normalized, noise-

corrected, and modulated GM images were smoothed with a 12 mm FWHM Gaussian kernel and subjected to a 

striatal region of interest analysis. Specifically, to examine the possibility that the observed functional 

differences relate to pre-existing group differences in striatal volume, we examined the striatal region of interest 

(the core intermediate phenotype region derived from the functional analysis, see above for details) in a 

regression model with group and volume by group interaction as variables of interest and age, sex, and site as 

covariates. Associations with striatal function in the MONEY > CONTROL contrast were tested in a multiple 

regression model that included the mean beta estimates from the same VS mask as covariate of interest, age, sex, 

and site as covariates of non-interest,  and the mean gray matter volume estimates of the VS mask as dependent 

variable. To maximize sensitivity, a significance threshold of P < 0.05, uncorrected, was adopted for all 

analyses. 

FreeSurfer morphometry: structural image processing, analysis, and results 

For cross-software comparison of our morphometric results, we further used FreeSurfer image analysis suite 

V5.1 to derive segmentations for left and right caudate nuclei, putamen and accumbens in individual space 
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(http://surfer.nmr.mgh.harvard.edu/). All FreeSurfer image processing steps were performed as described in 

detail in 9. Briefly, the FreeSurfer segmentation of subcortical structures is based on a combination of atlas space 

and Markov random fields. Quality control includes outlier monitoring and visual inspection as described in 10, 

and led to the exclusion of two relatives and one control subject from further analysis. For the remaining 

subjects, the calculated gray matter volumes for bilateral caudate, putamen and accumbens were exported as 

dependent variables to SPSS and tested for group differences (relatives vs. controls) in an ANOVA model that 

included relative status as covariate of interest, and age, sex, site and intracranial volume as covariates of non-

interest. Associations with striatal function in the MONEY > CONTROL contrast were tested in an ANOVA 

model that included the mean beta estimates of the core intermediate phenotype region in VS as covariate of 

interest and age, sex, site and intracranial volume as covariates of non-interest. To maximize sensitivity, a 

significance threshold of P < 0.05, uncorrected, was adopted for all analyses. Our complementary analyses with 

FreeSurfer V5.1 fully confirmed the negative VBM findings reported in the main manuscript, since no 

significant differences between healthy controls and unaffected relatives were detected in either the caudate, 

putamen or accumbens parcellations (all P’s > 0.12, all F’s < 2.4) and no significant associations between the 

volume estimates of these parcellations and estimates of striatal function were seen (all P’s > 0.48, all F’s < 

0.48). 

Test-retest reliability of striatal activation measures 

The robustness of activation measures was quantified by focal reanalysis of the test-retest reliability data 

reported in 6, a study that did not quantify the reliabilities of the functional contrasts examined here.  Briefly, in 

this independent study, 25 healthy subjects (mean age: 24.4 years, 10 males) were scanned twice with the same 

reward anticipation task (mean retest interval: 14.6 +/- 2.1 days, range 12–21). All participants were recruited 

from communities in and around the city of Mannheim, Germany, and provided written informed consent for a 

protocol approved by the institutional review board of the University of Heidelberg. To minimize basic 

physiological confounds, we assessed sleeping hours, cigarette consumption and caffeine intake, and instructed 

the participants to keep these habits constant over the course of the experiment (all P values > 0.10, see for 6 

details). Our reanalysis for the current study focused on the core intermediate phenotype region identified in our 

first-degree relatives analysis (details on the ROI definition are given in the eMethods above) and the main 

functional contrasts of interest pursued (i.e., MONEY > CONTROL, LOSS > NEUTRAL). Consistent with our 

prior work 6, outcome measures of interest were intraclass correlation coefficients (ICCs) of mean BOLD 

amplitudes of voxels within the striatal ROI. Reliability was quantified using two variants of the ICC as defined 

by Shrout and Fleiss 11, namely the absolute (ICC2,1) and relative (ICC3,1) agreement between sessions defined 

as 

ICC(2,1) = (BMS – EMS) / ((BMS + (k – 1) ∗ EMS + k ∗ (JMS – EMS) /N) 

ICC(3,1) = (BMS – EMS) / (BMS + (k – 1) ∗ EMS) 

where BMS is the between-subject mean square, EMS is the residual mean square, JMS is the between-session 

mean square, N is the number of subjects, and k is the number of sessions. Further details on the methods are 

given in 6. Analyses were performed using PASW Statistics 20 (IBM SPSS Statistics, Chicago, IL) and Matlab 

2011b (MathWorks). Consistent with the nomenclature of Bennett and Miller (2010) 12, we interpreted ICC 

values below 0.4 as indicative of poor test-retest reliability, ICC values between 0.4 and 0.75 as “fair to good”, 

and those above 0.75 as “excellent”. 

Analysis of NRG1 genotype effects 
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We examined the effects of NRG1 genotype on striatal function during reward anticipation in n = 78 healthy 

volunteers from the control group with usable genotype information. All individuals were of self-identified 

European ancestry. We used standard methods to extract DNA from white blood cells and determined genotypes 

for rs10503929 with Illumina Human 610-Quad and Illumina Human 660W-Quad arrays (Illumina, San Diego, 

CA, USA). We did not observe evidence for a reduced quality of our genotypes during application of standard 

quality control procedures. Specifically, the observed genotype distribution (49 TT, 28 CT, 1 CC) did not deviate 

from Hardy-Weinberg equilibrium (χ2 = 1.68, P = 0.16). The analysis focused on the striatal core intermediate 

phenotype region defined by the area where abnormalities were seen in healthy first-grade relatives (see above 

for details). Contrast images of the MONEY > CONTROL contrast were examined in SPM using a multiple 

regression model with NRG1 genotype (T/T homozygotes, C allele carriers) as a covariate of interest and age, 

sex, and site as nuisance covariates. Significance was measured at P < 0.05 family-wise error (FWE) corrected 

for multiple comparisons in the striatal region of interest derived from the relatives’ analysis. 

Multisite quality procedures 

The number of included subjects per group (relatives vs. controls) and site (Bonn, Mannheim, Berlin) are given 

in Table 1; there were no significant differences in the group-specific distribution of subjects over sites (P = 

0.38). All data reported in this work were acquired on three matching 3T Siemens Trio scanner systems using 

identical MRI sequence specifications, subject instructions, and prescan training protocols across sites. For 

quality assurance, phantom measurements were conducted on each data acquisition day and site according to an 

established multisite QA protocol 13 to ensure scanner magnet stability over time. As in prior work from our 

consortium (e.g., 14-16) and other consortia we have participated in (e.g., 10), a covariate of non-interest, coding 

for site, was included in all group-level analyses. To specifically address the question whether site effects may 

have impacted ventral striatal responses during reward anticipation, we performed a supplementary analysis in 

our combined relatives and control sample by specifying an F-contrast that specifically tested for the effects of 

site on brain activation for the MONEY > CONTROL contrast in imaging space. Notably, even at a nominal 

threshold of P < 0.05, uncorrected, no effects of site were seen in the ventral striatum (voxel-wise uncorrected 

Pmin = 0.24). Taken together, site-dependent effects are thus an unlikely explanation for the observed brain 

functional differences. 

Analysis of head motion 

In further supplementary analyses we adopted two different approaches to explore the potential impact of head 

motion on the observed group differences in striatal brain activations. First, we calculated volume-to-volume 

excursions from the realignement parameters as detailed in 6. Specifically, between-group comparisons were 

performed using a MANOVA model that included group as a factor (relatives vs. healthy control), age, sex, and 

site as nuisance covariates, and the following dependent variables: a) maximum translational excursion 

calculated from the root mean square (RMS) of the three translational motion vectors, b) maximum translational 

excursion calculated from the RMS of the three rotational vectors transformed into translations at the brain edge 

by the relation d = rθ with r = 85 mm approximating the antero-posterior head radius, c) the sum of the volume-

to-volume translational excursions through the time series, d) the sum of the volume-to-volume rotational 

excursions through the time series, e) the sum of the absolute value of the volume-to-volume translational 

excursions through the time series, and f) the sum of the absolute value of the volume-to-volume rotational 

excursions through the time series. No significant differences were detected between relatives and controls for 

any of these parameters (P> 0.23, F< 1.3). As this method may underestimate micromovements in deeper 
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subcortical structures such as the striatum, we further used the toolbox DPARSF 17 to quantify individual voxel 

wise displacements as described in more detail in 18,19, and performed a between-group comparison with the 

same 2nd level model covariate specifications as in fMRI activation analysis and at an uncorrected significance 

threshold of P < 0.05 (to maximize sensitivity). Notably, no single voxel in the brain survived this lenient 

threshold. Taken together, these findings make systematic differences in head movements between study groups 

an unlikely explanation for the observed brain functional differences. 

Analysis of the effects of the type of first-degree kinship 

In another supplementary analysis we examined the question whether the type of first-degree kinship to the 

index patient in relatives (i.e., parent, child or sibling) had an effect on striatal response during reward 

anticipation. For this analysis, we examined the MONEY > CONTROL contrast images of the first-degree 

relatives in an ANOVA model, in which we specified the type of first-degree kinship as factor, and age, sex, and 

site as covariates of non-interest. Notably, even at a lenient threshold of P < 0.05, uncorrected, no effect of type 

of kinship was seen in the ventral striatum.  
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eFigure 1 Course of cue-dependent striatal responses 

 

Time course of the BOLD signal (arbitrary units) 5 TRs (or 10 seconds) subsequent to the cue presentation (TR 
= 0) in the ventral striatum. The left graph (HC) depicts the time course for the healthy controls, the right graph 
(REL) depicts the time course for the relatives (REL). In both graphs, the time course of the canonical 
hemodynamic response function used for modeling (HRF, light blue line) is depicted for comparison purposes as 
well as the observed time course for the MONEY (green line) and the CONTROL cues (red line). Observed time 
courses were obtained by fitting single-subject finite impulse-response models for each individual and 
subsequent averaging of estimates for each time point within groups. Error bars represent standard errors. As 
expected, a pronounced increase in signal is seen for the MONEY relative to the CONTROL cues with a typical 
peak around 6 seconds (or 3 TRs) after cue onset. While the first-grade relatives show a clear relative increase in 
BOLD signal to the MONEY cues the corresponding relative increase in healthy matched individuals is more 
pronounced. In both figures, the mean signal of the striatal core intermediate phenotype region (used for later 
reliability, morphometric, and NRG1 imaging genetics analyses) is plotted (see eMethods for details). 
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eFigure 2 One sample t-test results for controls and relatives 

 

 
Whole-brain significant striatal responses during the performance of the MONEY trials relative to the 
CONTROL trials in both healthy first-degree relatives (left panel) and controls (right panel). The illustrated 
functional maps were derived from separate one-sample t-tests of the groups thresholded at PFWE > 0.05, whole-
brain corrected. The color bar represents t values. In the direct statistical comparison of groups, the differences in 
brain activation were regionally highly specific and limited to the ventral striatum (see main manuscript for 
details). Abbreviation: FWE = family wise error. 
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eTable 1 Demographics and psychological parameter for NRG1 genotypes 

 CC/CT allele  TT allele risk P value 
Demographic variables n = 29 n = 49  

Sex: males/females 13/16 28/31 0.48 
Age: mean (SD ), years 32.34 (9.59) 34(10.14) 0.48 
Education: mean (SD), years 14.55 (2.66) 15.32 (2.51) 0.20 
Handedness: right/left/both 26/2/1 45/2/2 0.31 
Smoking status: lifetime/never 15/12 25/17 0.74 
Site: Bonn/Mannheim/Berlin 15/7/7 14/18/17 0.12 
    
Psychological assessments    
MWTB, mean (SD) 55.97 (7.96) 56.27 (6.07) 0.34 
SPQ, mean (SD) 9.82 (8.4) 10.36 (8.33) 0.78 
SCL-90 somatization, mean (SD) 46.55 (5.78) 45.24 (8.61) 0.47 
SCL-90 obsessive-compulsive, mean (SD) 46.45 (9.29) 48.13 (7.44) 0.41 
SCL-90 interpersonal sensitivity, mean (SD) 45.79 (7.47) 46.04 (8.26) 0.89 
SCL-90 depression, mean (SD) 44.21 (8.45) 45.98 (7.94) 0.47 
SCL-90 anxiety, mean (SD) 47.14 (7.17) 44.91 (6.91) 0.16 
SCL-90 hostility, mean (SD) 46.71 (7.17) 46.11 (6.19) 0.75 
SCL-90 phobic anxiety, mean (SD) 45.34 (3.83) 46.57 (5.74) 0.31 
SCL-90 paranoid ideation, mean (SD) 46.72 (8.79) 45.72 (7.6) 0.6 
SCL-90 psychoticism, mean (SD) 44.9 (5.97) 45.63 (5.74) 0.96 
TMT-A, mean (SD) 22.87 (6.38) 25.05 (8.45) 0.23 
TMT-B, mean (SD) 47.47 (14.21) 55.37 (22.93) 0.06 
    
fMRI task Performance    
Monetary win, mean (SD), €  9.42 (3.36) 8.75 (3.99) 0.36 
RT win condition: mean (SD), ms 219.81 (43.1) 229.57 (39.17) 0.21 
RT loss condition: mean (SD), ms 210.94 (53.48) 220.67 (44.13) 0.28 
RT verbal condition: mean (SD), ms 239.14 (60.0) 247.71 (47.49) 0.39 

 

Abbreviations: MWTB = multiple-choice vocabulary test (T-transformed), SPQ = schizotypical personality 

questionnaire, SCL-90  = symptom checklist 90 (T-transformed), RT = reaction time, SRRS = social 

readjustment rating scale, TMT = trail making test, SD = standard deviation. 
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eTable 2 Additional contrast of between group (HC>REL) analysis 

Contrast Region Coordinate P-value Z-value 
WIN>VERBAL R Accumbens 12 8 -9 PFWE = 0.032 2.90 

WIN>NEUTRAL R Accumbens 
L Accumbens 

12 17 -9 
-12 17 -6 

PFWE = 0.006 
PFWE = 0.008 

3.41 
3.33 

LOSS>VERBAL R Accumbens 
L Accumbens 

12 17 -6 
-12 17 -9 

PFWE = 0.007 
PFWE = 0.013 

3.42 
3.22 

LOSS>NEUTRAL R Accumbens 
L Accumbens 

9 17 -6 
-12 17 -9 

PFWE = 0.0002 
PFWE = 0.0003 

4.28 
4.21 

WIN>LOSS - - n.s. - 

LOSS>WIN - - n.s. - 
 

Outcome of the fMRI group comparison (relatives < controls) for other functional contrasts. Peak coordinates 
refer to the standard space as defined by the Montreal Neuroimaging Institute (MNI). All P-values are FWE-
corrected for multiple comparisons for an anatomical mask of the ventral striatum derived from the Harvard-
Oxford (HO) atlas. Abbreviations: FWE = family wise error,  n.s. = not significant. 
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