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Abstract  
 
 
Antidepressant treatments are theorised to act by inducing a positive bias in information processing 

early on during treatment. Here, we tested for the first time whether this theory generalises to 

transcranial magnetic stimulation (TMS) treatment, an effective therapy for treatment-resistant 

depression. 49 patients with major depression received 20 sessions of open-label intermittent theta-

burst stimulation applied to left dorsolateral prefrontal cortex. At baseline and after eight stimulation 

sessions, positive bias was assessed using behavioural and functional magnetic resonance imaging 

tasks presenting emotional faces. Clinical improvement at the end of treatment was related to an early 

increase in positive bias (1) in misclassification of emotional faces, (2) in the response of the default 

mode network (DMN) to emotional faces including rostral anterior cingulate cortex (ACC), and (3) in 

connectivity between rostral ACC and DMN. These neural changes predicted clinical improvement at 

the end of treatment beyond early symptom reduction. The results suggest that TMS treatment 

increases positive bias early on during treatment, and that the neural mechanisms might differ from 

that of antidepressant drugs. 
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1 Introduction 
 

Depression has been identified by the World Health Organisation as the largest contributor to global disability 

[1]. Around 30% of patients do not respond to conventional treatments such as medication [2, 3]. Transcranial 

magnetic stimulation (TMS) applied to left dorsolateral prefrontal cortex (DLPFC) is a promising new treatment 

which has been shown to be effective for more than half of the patients who did not respond to conventional 

treatments [4-6]. However, little is known about the cognitive mechanism of action of TMS treatment. 

 

Antidepressant treatments are theorised to act by increasing the focus on positive rather than negative 

information processing early on during treatment [7-9]. Increased processing of positive information is theorised 

to counteract negative biases (i.e. excessive focus on negative information) which cause and maintain symptoms 

of depression [10]. While the neuropsychological theory of antidepressant action was developed based on 

evidence from drug treatments, increased positive bias has been proposed as a common mechanism of action 

shared across different treatment modalities [10]. To date, this theory has not directly been tested for TMS 

treatment. 

 

Negative biases in depression are hypothesised to arise from increased activity in subcortical regions (such as 

amygdala and subgenual cingulate) in response to negative stimuli, accompanied by decreased top-down control 

from DLPFC [10]. Neuroimaging studies suggest that TMS depression treatment might normalise interaction 

within this cortico-limbic circuit, however, these studies were conducted at rest in the absence of cognitive tasks 

[11-13]. Preliminary evidence from task-based studies suggests that a single session of TMS might increase 

positive bias, for example, as reflected in increased activity in frontal regions in response to positive stimuli 

[14], decreased subcortical response to negative stimuli [14, 15], and improved memory retrieval for positive 

stimuli [16, 17]. 

 
The key argument of the neuropsychological theory is that early changes in information processing precede and 

cause clinical improvement. However, previous studies on TMS treatment compared measures acquired at 

baseline to those acquired at the end of treatment (i.e. once patients have recovered)(e.g. [12]). To investigate 

potential mechanisms of action that drive clinical improvement over time, it is necessary to assess changes early 

on during the treatment (see [18]).    

 

To the best of our knowledge, this study investigated for the first time how positive bias in the processing of 

emotional stimuli changes early on during TMS treatment, when depressive symptoms start to decline. 49 

patients with a diagnosis of major depressive disorder received open-label TMS treatment including 20 daily 

sessions of intermittent theta-burst stimulation (iTBS), a condensed TMS protocol [5]. We analysed how 

behavioural and neural markers of positive bias changed early on during treatment (after 8 iTBS sessions), and 

which of these changes were related to clinical outcome at the end of treatment.  

 

Positive bias was assessed using a behavioural task (Facial Expression Recognition Task [19]) and a functional 

magnetic resonance imaging (fMRI) paradigm assessing implicit processing of emotional faces [20]. Both 
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paradigms have been shown to capture negative biases in depression, and to be sensitive to modulation by 

antidepressant treatment [8, 20-24]. Positive bias in the FERT was defined as increased accuracy or speed in the 

recognition of positive compared to negative faces, and/or a general response bias towards indicating a positive 

emotion (rather than a negative one). In the fMRI paradigm, positive bias was defined as increased BOLD 

response towards happy compared to fearful faces. An increase in positive bias might be observed in task-

positive networks, which show a positive blood-oxygen-level-dependent (BOLD) response to external stimuli 

[25], or task-negative networks (i.e. default mode network (DMN)) which show a negative BOLD response to 

external stimuli [26, 27].  

 

Based on the evidence reviewed above, we hypothesised that an early increase in these behavioural and neural 

markers of positive bias would be related to improved clinical outcome at the end of treatment. In line with our 

pre-registered predictions, our findings demonstrate that clinical response at the end of treatment was associated 

with an early increase in response bias towards classifying facial expressions as positive (rather than negative). 

On a neural level, clinical improvement at the end of treatment was associated with an early increase in positive 

bias in the response of the rostral ACC to emotional faces. This change was accompanied by increased positive 

bias in task-related connectivity between rostral ACC and posterior DMN regions. These neural changes in 

positive bias predicted clinical improvement at the end of treatment beyond early symptom reduction. This 

study advances our understanding of mechanisms of action of TMS treatment and potential differences to 

antidepressant medication. 
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2 Results 
 
2.1 Time course of HAM-D Improvement 
 
49 patients diagnosed with major depressive disorder received open-label iTBS treatment including 20 daily 

sessions over the course of 4 weeks (Figure 1). The study included two experimental sessions, one before the 

start of treatment (‘Baseline’) and one after around 8 iTBS sessions (‘Week 2’), which included clinical 

questionnaires, performance of the Facial Expression Recognition Task (FERT) [19] and an fMRI paradigm 

assessing passive processing of emotional faces (gender discrimination task) [20]. The primary clinical outcome 

measure was the Hamilton Depression Rating Scale (HAM-D)[28] which was assessed at baseline and once per 

week during treatment, and at a two-week follow-up (Week 6). Demographic and clinical baseline 

characteristics are included in Table 1. 30 patients were on a stable dose of psychoactive medication (at least 6 

weeks prior to the Baseline session)(Supplementary Table 1), the remaining patients were unmedicated. 

 

 

 
Figure 1. Experimental procedure. Participants completed a ‘Baseline’ experimental session involving clinical assessments, 
the Facial Expression Recognition Task, and an MRI scan (including task fMRI). After ~8 iTBS sessions, a second 
experimental session (‘Week 2’) was conducted which was identical to the Baseline session. Participants received a total of 
20 iTBS sessions over 4 weeks. Clinical assessments were completed at the end of treatment (‘Week 4’) and two weeks after 
the end of treatment (‘Week 6’). Figure adapted from [29]. 
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Table 1. Baseline characteristics 

  Responders 
(n = 33) 

Non-Responders 
(n = 16) 

Gender     
    Female (%) 28 (85%) 13 (81%) 
    Male (%) 5 (15%) 3 (19%) 
Age in years, mean (SD) 39.9 (10.9) 37.6 (9.2) 
HAM-D, mean (SD) 18.3 (2.8) 17.6 (2.3) 
MADRS, mean (SD) 24.1 (4.3) 26.0 (5.3) 
YMRS, mean (SD) 0.91 (1.1) 0.88 (1.3) 
PANAS   

    Positive, mean (SD) 15.7 (3.9) 14.9 (3.1) 
    Negative, mean (SD) 29.2 (6.7) 31.2 (7.5) 
STAI     
    Trait, mean (SD) 64.5 (7.4) 61.0 (7.4) 
    State, mean (SD) 66.9 (6.9) 63.0 (8.0) 
Use of psychoactive medication   

     No. taking medication (%) 19 (58%) 11 (69%) 
 
HAM-D: Hamilton Depression Rating Scale, MADRS: Montgomery-Asberg Depression Rating Scale [30], YMRS: Young 
Mania Rating Scale [31], PANAS: Positive and Negative Affect Schedule [32], STAI: and State-Trait Anxiety Inventory 
[33]. 
 

 

 

The time course of HAM-D scores from Baseline to Week 6 is displayed in Figure 2 (Supplementary Table S2). 

The average reduction in HAM-D score was 45.4% after around 8 iTBS sessions (Week 2), and 59.7% at the 

end of treatment (Week 4). 33 participants were classified as Responders, and 16 as Non-Responders (Week 4).  
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Figure 2. (A, B) Time course of HAM-D scores from Baseline (Week 0) to Week 6. (A) Raw HAM-D scores. (B) HAM-D 
scores as percentage change from Baseline (i.e. 100 * (HAM-D – Baseline HAM-D) / Baseline HAM-D). A negative value 
indicates a reduction in HAM-D score over time. Based on percentage reduction in HAM-D score from Baseline to Week 4, 
33 participants were classified as Responders (≥50% reduction in HAM-D score), and 16 as Non-Responders. The thick 
black line represents the group average. (C-F) Change in positive bias measures from the FERT as a function of Clinical 
Response. Responders showed a relatively larger increase in Positive Bias Misclassification than Non-Responders (F). ** 
indicates .001 < p < .01. PB = Positive Bias, RT = Reaction Time, UBH = Unbiased Hit Rate. Error bars represent the 
standard error of the mean (SEM). 
 

 
 
 
2.2 TMS induces positive response bias in categorisation of facial expressions 
 
 
To analyse whether early changes in positive bias in the FERT were related to clinical outcome at the end of 

treatment, we assessed four positive bias measures which were defined based on different performance metrics 

(Unbiased Hit Rate (UBH): classification accuracy, Reaction Time: response speed, Efficiency: Unbiased Hit 

Rate / Reaction Time, Misclassifications: frequency of an emotion chosen incorrectly, see Methods). Positive 

Bias Misclassification changed from Baseline to Week 2 as a function of Clinical Response (Clinical Response 

x Session interaction: F(1,44) = 10.5, p = .002, pcorr = .009). Responders showed a relative increase in Positive 

Bias Misclassification compared to Non-Responders (Cohen’s d = 1.31, 95% CI = [0.85, 1.76]; Figure 2, 

Supplementary Figure S1, Supplementary Table S3), i.e. they misclassified more faces as positive (independent 

of the valence of the presented face). A logistic regression analysis controlling for Baseline HAM-D, Age, 

Gender, Psychoactive Medication and Number of iTBS Sessions (before the second experimental session in 

Week 2) confirmed that early change in Positive Bias Misclassification predicted Clinical Response at the end 

of treatment (Clinical Response: β = 2.18, z = 2.61, p = .009, pcorr = .036, Odds Ratio = 3.39, 95% CI = [1.5, 

9.7]). The change in the remaining positive bias measures was not related to Clinical Response (Positive Bias 
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Reaction Time: Clinical Response x Session: F(1,44) = 0.05 p = .82; Positive Bias UBH: F(1,44) = 0.77, p = 

.39; Positive Bias Efficiency: F(1,44) = 2.3, p = .13). The changes in positive bias measures did not predict 

HAM-D Improvement as continuous measure (Supplementary Figure S2).  

 

A follow-up ANOVA was run to test whether the relative increase in Positive Bias Misclassification in 

Responders was driven by a change in a particular emotion. There was a significant interaction effect between 

Clinical Response, Session and Emotion (F(5,220) = 2.4, p = .045). Post-hoc ANOVAs for individual emotions 

did not show any significant interactions between Clinical Response and Session (all pcorr > .25), suggesting that 

the change in Positive Bias Misclassification was based on a change in the overall pattern in the data rather than 

a specific emotion (Supplementary Figure S1).  

 
 
2.3 TMS induces positive bias in neural response to emotional faces 
 
The fMRI paradigm presented happy faces and fearful faces in a block design. Participants were asked to 

indicate the gender of each face. In line with previous studies, presentation of happy and fearful faces (Happy + 

Fearful contrast) elicited a positive BOLD response in large areas across the brain, including ACC, insula and 

amygdala (Figure 3A). As expected, areas associated with the default mode network (such as precuneus and 

medial prefrontal cortex) showed a negative BOLD response (- (Happy + Fearful) contrast)(Figure 3B, 

Supplementary Table S4).  

 

In the whole-brain analysis, HAM-D Improvement correlated positively with an increase in negative BOLD 

response (i.e. increase in de-activation, see [34]) in the Happy > Fearful contrast in the rostral ACC, i.e. with an 

increase in positive bias in rostral ACC response (17 voxels, tmax = 5.35, x = 8, y = 44, z =12, p = .045) (Figure 

3C). Visualisations of the correlation suggest that this effect was mainly driven by a positive correlation 

between HAM-D Improvement and increase in negative BOLD response to happy faces (Supplementary Figure 

S3). ROI analysis did not reveal any further correlations with HAM-D Improvement.  

 

We further analysed the constituent contrasts Happy > Fixation and Fearful > Fixation. In the whole-brain 

analysis, HAM-D Improvement correlated with an increase in negative BOLD response for Happy > Fixation in 

three clusters overlapping with the task-negative network, including left precuneus, angular gyrus, and 

supramarginal gyrus (maximum in the precuneus: tmax = 5.70, x = 2, y = -74, z = 38, p = .008) (Figure 3D, 

Supplementary Figure S4, Supplementary Table S5). This is in line with the findings above and suggests that 

the increase in positive bias might extend beyond the rostral ACC to other areas of the DMN. No significant 

clusters emerged in the Fearful > Fixation contrast, or in the ROI analysis. 
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Figure 3. Group-average task activation: (A) Task-positive network (mean BOLD response to happy and fearful faces). The 
task activated a single large cluster spanning various areas across the brain (cluster size: 82,062 voxels). The maximum was 
located in the left temporal occipital fusiform cortex (tmax = 16.5, x = -38, y = -50, z = -22, p < .001). (B) Task-negative 
network (negative mean response to happy and fearful faces). Seven clusters showed a negative BOLD response during task 
performance, including medial prefrontal cortex, rostral ACC, precuneus, posterior cingulate and angular gyrus. The 
maximum was located in the left lateral occipital cortex (tmax = 13.9 , x = -40, y = -70, z = 34, p < .001). (C) In the Happy > 
Fearful contrast (whole-brain), HAM-D Improvement correlated positively with an increase in negative BOLD signal in a 
single cluster in the rostral ACC which overlapped with the task-negative network shown in (B)(17 voxels, tmax = 5.35, x = 
8, y = 44, z =12, p = .045). (D) In the Happy > Fixation contrast, HAM-D Improvement correlated with an increase in 
negative BOLD response in 3 clusters overlapping with the task-negative network, including left precuneus, angular gyrus, 
and supramarginal gyrus (maximum in the precuneus: tmax = 5.70, x = 2, y = -74, z = 38, p = .008). Please note that a 
positive value for ‘change in negative BOLD response’ indicates an increase in negative BOLD response (i.e. more negative 
BOLD signal). 
 
 

 

2.4 TMS induces positive bias in task-related connectivity 
 

To further investigate our main finding, the correlation between HAM-D Improvement and increase in negative 

BOLD response for Happy > Fearful faces in the rostral ACC, we conducted a psycho-physiological interaction 

(PPI) analysis [35]. In contrast to the analyses described above which focused on brain activation, PPI analysis 

captures task-specific changes in the functional connectivity between different brain areas. PPI analysis 

Task-positive network Task-negative network

Happy > Fear: Positive correlation between Clinical Improvement and increase in negative BOLD response in rostral ACC

Happy > Fixation: Positive correlation between Clinical Improvement and increase in negative BOLD response in DMN
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identifies brain areas which show an increase in connectivity (i.e. enhanced communication) with a selected 

seed region in a task-specific psychological context. We ran a whole-brain PPI analysis based on the Happy > 

Fearful contrast using the significant cluster in the rostral ACC as seed region. Significant clusters in the Happy 

> Fearful PPI contrast represent regions which showed a stronger correlation with the rostral ACC seed region 

during the presentation of happy compared to fearful faces (i.e. positive bias in connectivity).  

 

The PPI analysis revealed a positive correlation between HAM-D Improvement and increase in PPI in the 

Happy > Fearful contrast in several regions of the DMN (precuneus, posterior cingulate), sensorimotor areas 

(precentral and postcentral gyrus) and visual areas (occipital lobe)(Figure 4, Supplementary Figure S6, 

Supplementary Table S6). This indicates that HAM-D Improvement was associated with a relative increase in 

connectivity of rostral ACC with the identified areas in response to happy faces (compared to fearful faces), i.e. 

increased positive bias in connectivity.   

 

 

 
Figure 4. (A) A psycho-physiological interaction (PPI) analysis with rostral ACC as seed region revealed a positive 
correlation between HAM-D Improvement and change in PPI in the Happy > Fearful contrast in various areas of the DMN, 
sensorimotor and visual areas. The peak voxel was located in the right precentral gyrus (tmax = 4.78, x = 26, z = -24, z = 60, 
p = .014). This suggests that individuals with larger HAM-D Improvement showed a relative increase in connectivity 
between those areas and rostral ACC when happy faces were presented, and a relative decrease in connectivity when fearful 
faces were presented, i.e. an increase in positive bias in connectivity. (B) and (C) show the correlation between HAM-D 
Improvement and increase in PPI for happy vs. fearful faces in the two largest clusters spanning the left and right precuneus, 
precentral gyrus, left posterior cingulate, and right postcentral gyrus (B), as well as left cuneus and lateral occipital cortex 
(C).  
 
 

PPI analysis:
Positive correlation between HAM-D Improvement and PPI for Happy > Fearful faces

A

B C
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2.5 TMS induces positive bias in the fMRI gender discrimination task 
 
While the primary objective of the fMRI paradigm was to assess neural processing of emotional information, we 

also analysed performance in the gender discrimination task. Regression analysis suggests that an increase in 

reaction time (RT) for happy faces was a significant predictor of HAM-D Improvement, such that a larger 

increase in RT from Baseline to Session 2 predicted larger HAM-D Improvement (β = 0.015, t(35) = 2.03, p = 

.0491)(Figure S8). The change in RT for fearful faces was not related to HAM-D Improvement (Fearful: β = 

0.011, t(35) = 1.33, p = .19). Response accuracy in the gender discrimination task was not related to Clinical 

Response or HAM-D Improvement (all p > .16, Figure S8).  

 

An increase in RT for happy faces can be interpreted as attentional capture, i.e. the happy facial expressions 

might distract participants from the task (which is gender discrimination), which would be in line with an 

increase in positive bias. To test whether the increase in RT for happy faces was related to the increase in 

positive bias in brain activity and connectivity observed in the fMRI analysis, we calculated correlations 

between the change in RT for happy faces with the changes in brain activity and connectivity reported above. 

The increase in RT for happy faces correlated positively with the increase in response to happy faces in the 

precuneus (r = 0.4, t(40) = 2.7, p = .0083), and with the increase in connectivity (PPI) for happy vs. fearful faces 

in the precuneus (r = 0.41, t(40) = 2.8, p = .0073) and cuneus (r = 0.5, t(40) = 3.6, p = .0007) (Figure S9).  

 
 
2.6 Behavioural and neural increases in positive bias predict clinical response 
independently 
 
Our analyses above revealed two main findings: an early increase in positive response bias in the FERT 

(Positive Bias Misclassification) predicted Clinical Response at the end of treatment, and an early increase in 

activation to positive compared to negative faces in the rostral ACC was associated with HAM-D Improvement 

at the end of treatment. To test whether early changes in these behavioural and neural markers of positive bias 

predict Clinical Response independently, we ran a logistic regression analysis including the change in the 

behavioural and neural markers as regressors of interest. Both regressors were significant, indicating that the 

behavioural and neural changes were independent predictors of Clinical Response (change in rostral ACC: β = 

1.13, z = 2.74, p = .0061, Odds Ratio = 8.25, 95% CI = [2.31, 53.51]; change in Positive Bias Misclassification: 

β = 2.8, z = 2.42, p = .015, Odds Ratio = 4.84, 95% CI = [1.61, 22.33]).  

 

 

2.7 Neural changes predict HAM-D Improvement beyond early symptom reduction 
 
 
By the second testing time point (Week 2), HAM-D scores had already substantially improved (Figure 2). This 

raises the question of whether the changes in neural and behavioural measures of positive bias purely reflected 

early symptom improvement, or whether they predict HAM-D Improvement at the end of treatment beyond the 

early change in HAM-D scores (from Baseline to Week 2). Regression analyses were run to predict HAM-D 
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Improvement at the end of treatment including the early change in HAM-D score and the change in positive bias 

measures as regressors of interest (and Baseline HAM-D, Age, Gender, Psychoactive Medication, and Number 

of TMS Sessions as control regressors). Separate regression analyses were run for each positive bias measure 

found to be related to clinical outcome in the analyses above (change in rostral ACC response (Happy  > Fear), 

precuneus and angular gyrus response (Happy > Fixation), PPI in precuneus and cuneus (Happy > Fear), 

reaction time for happy faces (fMRI task), and in Positive Bias Misclassification (FERT)). All neural measures 

predicted Clinical Improvement beyond early HAM-D change (all p < .003, Tables S7-13). The strongest 

predictor was the change in PPI in the precuneus (β = 2.8, t(41) = 4.5, p < .0001, partial R2 = 0.33, Table S10). 

The behavioural measures did not significantly predict clinical outcome beyond the early clinical change (see 

Supplementary Material).  

 

These findings suggest that the neural changes in positive bias might predict HAM-D Improvement beyond 

early HAM-D change. To test whether early changes in neural markers might improve prediction of HAM-D 

Improvement in unseen data, we created machine-learning models (elastic net regression) which we trained and 

tested in a robust nested cross-validation procedure. An elastic net regression model trained on early HAM-D 

change (Week 2), Baseline HAM-D, Age, Gender, Psychoactive Medication achieved an R2 value of 0.19 (SD = 

0.24). Adding early changes in neural and behavioural markers of positive bias as predictors improved R2 value 

to 0.52 (SD = 0.22)(Figure S11). Inspection of the regression weights confirmed that the improved prediction 

resulted from the neural markers rather than the behavioural ones (which were assigned a regression weight of 

zero)(Figure S12).  
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3 Discussion 
 

The goal of this open-label iTBS treatment study was to test for the first time whether predictions derived from 

the neuropsychological theory of antidepressant action [7] generalise to TMS depression treatment. We 

hypothesised that early changes in behavioural and neural markers of positive bias would relate to clinical 

outcome at the end of treatment. With respect to behaviour, we found that clinical response was related to an 

increase in positive bias in misclassification of emotional faces. On the neural level, HAM-D improvement was 

associated with increased positive bias in negative BOLD response to emotional faces in the DMN including 

rostral ACC. Moreover, clinical improvement was related to an increase in positive bias in connectivity between 

rostral ACC and large areas across the brain including posterior DMN regions. These neural changes were 

correlated to increased positive bias in reaction times in the fMRI task. The increased positive response bias in 

emotion classification and neural changes in positive bias were independent predictors of clinical response at the 

end of treatment. The early change in neural measures predicted clinical improvement at the end of treatment 

beyond early clinical improvement.   

 

Negatively biased information processing is theorised to play a causal role in the development and maintenance 

of depression [10]. In our study, we used the Facial Expression Recognition Task to assess biases towards 

positive or negative facial expressions. We found that positive bias in the misclassification of facial expressions 

changed as a function of clinical response. Patients who responded to iTBS treatment showed a relative increase 

in positive bias, which supports our hypothesis. Increased positive bias in misclassifications can be interpreted 

as an increased response bias towards positive emotions, i.e. tendency to interpret ambiguous facial expressions 

as positive (even if they are not). Similar increases in the processing of positive vs. negative information have 

been reported in response to other antidepressant treatments and might contribute to symptom reduction by 

disrupting negative thought patterns [10, 21, 22, 24].  

 

Research on neural mechanisms of TMS treatment has mostly focused on resting-state connectivity. However, 

resting-state fMRI is unable to capture how the brain processes different types of stimuli in the environment, 

such as positive compared to negative stimuli. Task fMRI is able to capture such processes, is considered as 

being more interpretable, and might show stronger links to behaviour [36].  

 

Using an fMRI task involving the presentation of happy vs. fearful faces, we found strong evidence for our 

hypothesis that an early increase in positive bias was related to HAM-D improvement. HAM-D improvement 

correlated with an increase in positive bias in negative BOLD response in the rostral ACC. Pre-treatment 

activity in the rostral ACC has been shown to predict treatment response to different types of antidepressant 

treatments [37], and response to TMS treatment has been associated with an increase in rostral ACC volume 

[38]. The rostral ACC is part of the default mode network which typically de-activates during the performance 

of cognitive tasks. Depression has been associated with reduced negative BOLD response of the DMN to 

external stimuli [34, 39], especially positive stimuli [40], which is hypothesised to cause rumination and 

reduced engagement with external stimuli. Our results suggest that TMS might normalise this deficit early on 
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during treatment, by increasing de-activation of the DMN in response to positive external stimuli. We observed 

a similar relationship between clinical improvement and increase in positive bias in the precuneus and angular 

gyrus, suggesting that the positive bias induced by TMS extended beyond the rostral ACC to more posterior 

parts of the DMN. The increase in response to happy faces in the precuneus was correlated to an increase in 

reaction time to happy faces, showing that the neural change was underpinned by an increase in positive bias in 

behaviour (increased attentional capture by positive facial expressions).    

 

Moreover, our PPI analysis demonstrates that TMS treatment did not only induce a positive bias in brain 

activity, but also in functional connectivity (i.e. communication between different brain areas). HAM-D 

improvement was associated with increased positive bias in connectivity between the seed region in the rostral 

ACC and posterior parts of the DMN (precuneus, posterior cingulate), sensorimotor and visual areas. In other 

words, patients who experienced larger clinical improvement showed an early increase in connectivity (i.e. 

communication) between rostral ACC and several cortical areas during the presentation of positive (compared to 

negative) stimuli. Depression has been associated with reduced connectivity of rostral ACC to posterior parts of 

the DMN (such as precuneus and posterior cingulate)[41], and sensorimotor regions [42]. Our findings suggest 

that iTBS treatment might normalise such impairments, which might lead to increased processing of positive 

information and enhanced emotional processing [41, 43]. In line with this, the changes in connectivity were 

correlated to increased positive bias in reaction times in the gender discrimination task, suggesting that the 

neural effects of TMS were strong enough to translate into changes in behaviour.   

 

The aim of our study was to investigate potential mechanisms of TMS treatment. By the second testing time 

point, HAM-D scores had already substantially improved, so it is unclear whether the behavioural and neural 

changes in positive bias preceded clinical improvement. To rule out the possibility that the changes in positive 

bias might purely be a reflection of early symptom improvement, we conducted regression analyses to test 

whether changes in positive bias predicted clinical improvement at the end of treatment beyond the early clinical 

change (change in HAM-D score in Week 2). All neural measures predicted clinical improvement at the end of 

treatment beyond the early clinical change. Elastic net regression applied in a robust nested cross-validation 

framework confirmed that features based on neural markers of positive bias increased the percentage of 

explained variance in unseen data from 19% to 52%. This demonstrates that the neural changes were strongly 

related to clinical improvement even after accounting for the early clinical change, making it unlikely that the 

neural changes were purely a reflection of the early clinical change. 

 

Taken together, our results provide strong evidence suggesting that the neuropsychological theory of 

antidepressant action generalises to TMS treatment. Multiple studies found that antidepressant drugs induced a 

positive bias in regions of the salience network such as dorsal ACC, insula and amygdala [8, 44-46]. 

Interestingly, we found no such effect in our study. Our results suggest that, like antidepressant drugs, TMS 

treatment might increase the processing of positive vs. negative information early on during treatment, but the 

neural mechanisms might differ. While drugs might primarily affect the salience network, TMS might primarily 

affect the DMN, likely via connections between DLPFC and subgenual ACC [13, 47-49]. 
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This study has several limitations. First, the study did not include a control group (e.g. sham stimulation). It is 

therefore possible that the observed effects might in part be due to placebo effects rather than iTBS treatment. 

Second, symptoms had already improved substantially within 8 treatment sessions. Therefore, it is unclear 

whether changes in emotional processing preceded clinical improvement. Third, a large proportion of patients in 

our sample were taking a stable dose of psychoactive medication (which was controlled for in the analysis). 

Consequently, it cannot be ruled out that the effects observed in this study might partially be related to 

interactions with medication. Replication studies are necessary to assess the replicability and generalisability of 

our findings. 
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4 Methods 
 
This study has been pre-registered (NCT04969549, https://clinicaltrials.gov/study/NCT04969549 and 

https://osf.io/rhxm2). 

 
 
4.1 Sample 
 
The Brazil-England Study on Mechanisms and Response Predictors of iTBS Treatment (BRAEN-MAP study) 

was conducted in the Instituto de Psiquiatria do Hospital das Clínicas da Faculdade de Medicina da 

Universidade de São Paulo between August 2021 and November 2022. Participants were recruited through 

social media advertisement, Google Ads and flyers posted on bulletin boards at the Hospital das Clínicas. 52 

individuals took part in the study. 3 participants discontinued the study after two weeks of iTBS treatment, 

resulting in a final sample size of 49 participants (41 female). Participants were eligible for the study if they 

were between 18 and 65 years of age, had a Hamilton Depression Rating Scale (HAM-D)[28] score of 14 or 

above, and had a current diagnosis of major depressive disorder as confirmed by the Mini-International 

Neuropsychiatric Interview (MINI)[50]. Exclusion criteria were current diagnosis of substance dependence 

(such as alcohol), severe clinical or neurological disorders, suicidal ideation, presence of psychotic symptoms, 

severe depression characterised by a HAM-D score greater than 28, manic symptoms as indicated by a score 

above 8 in the Young Mania Rating Scale. Patients with contraindications to TMS or MRI, such as metallic 

implants or a diagnosis of epilepsy, were excluded from the study. 30 of the participants were taking 

psychoactive medication (see Table S1). Clinical scores at Baseline are included in Table 1. The study was 

approved by the National Ethics Committee in Brazil (CAEE: 52384921.6.0000.0068). 

 
 
4.2 Procedure 
 

Participants were invited to a ‘Baseline’ experimental session which included clinical assessments, a 

behavioural task (Facial Expression Recognition Task (FERT)), and an MRI scan, including a structural T1 scan 

and task fMRI (other modalities were acquired but are not part of this report)(Figure 1). After completion of the 

Baseline session, participants started iTBS treatment which consisted of 20 sessions of iTBS delivered over the 

course of four weeks (Monday to Friday). The protocol included 1,800 pulses per session applied at 100% 

resting motor threshold. The resting motor threshold was defined as the lowest intensity required to elicit a 

contraction in the first dorsal interosseous muscle in 3 out of 5 TMS pulses over the motor hotspot. The resting 

motor threshold was assessed on the first two days of each treatment week. If there was a significant change of 

more than 5 percentage points between the two days, the motor threshold was reassessed on the third day (or 

even further), until there was no significant variation from one day to the next.  

 

After around 8 iTBS sessions, participants completed a second experimental session (‘Week 2’) including the 

same clinical assessments, behavioural task, and MRI as in the ‘Baseline’ session. Due to practical 

considerations, the exact number of iTBS sessions varied between 7 and 10. Most participants completed the 
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second experimental session after 8 iTBS sessions (4/37/4/4 participants received 7/8/9/10 iTBS sessions before 

the second experimental session). Participants completed the clinical assessments again at the end of treatment 

(Week 4), and two weeks after the treatment completion as follow-up (Week 6).  

 

4.3 Clinical and questionnaire measures 
 

The primary outcome measure was the change in Hamilton Depression Rating Scale (17-item version)(HAM-

D)[28] score from Baseline to the end of treatment (Week 4). Clinical Response was defined as a categorical 

variable reflecting a reduction in HAM-D score from Baseline to Week 4 by at least 50% (‘Responders’), or less 

than 50% (‘Non-Responders’). Since the use of a continuous outcome variable might increase statistical power 

[51], HAM-D Improvement was used as additional continuous outcome variable, defined as the improvement in 

HAM-D score from Baseline to Week 4 (i.e. Baseline HAM-D – Week 4 HAM-D, a positive value indicates 

symptom reduction). Additional clinical assessments are included in Table 1. 

 

The HAM-D score at Week 4 was missing for one participant (Week 6 score was available). Reduction in 

HAM-D score at Week 4 was estimated by fitting an exponential decay function to the remaining HAM-D 

reduction scores for this participant (Week 0-3).  

 
 
4.4 Facial Expression Recognition Task (FERT) 
 

The FERT was adapted from [19]. The task protocol included 250 trials in total, separated into two blocks of 62 

and two blocks of 63 trials. On each trial, a face with an emotional expression was presented for 500ms. 

Participants were instructed to indicate the emotion of the face as quickly and accurately as possible by clicking 

onto the corresponding key on a labelled keyboard. Emotions included happy, surprise, anger, fear, sadness, 

disgust and neutral. Each emotion (apart from neutral) was presented at 10 different intensities, by four different 

actors (i.e. 4 x 10 images per emotion). Ten neutral face were included as well. 

 

As outcome measures, four Positive Bias measures were defined based on different performance metrics. These 

performance metrics were calculated separately for positive (happiness, surprise) and negative emotions (fear, 

anger, sadness, disgust). Positive Bias measures were defined as the ratio of each performance metric for 

positive vs. negative stimuli, and were log-transformed to ensure symmetry and interpretability. All Positive 

Bias measures were defined in a way so that a higher value indicates a more positive bias. 

 

 

Positive Bias Unbiased Hit Rate:  

The Unbiased Hit Rate (based on signal-detection theory [52]) is a measure for how accurately participants 

identified each emotion. It takes into account how often each emotion was correctly identified, but also how 

often each emotion was chosen incorrectly:  

 

 . CC-BY 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted January 14, 2025. ; https://doi.org/10.1101/2025.01.13.25320448doi: medRxiv preprint 

https://doi.org/10.1101/2025.01.13.25320448
http://creativecommons.org/licenses/by/4.0/


 17 

𝑈𝑛𝑏𝑖𝑎𝑠𝑒𝑑	𝐻𝑖𝑡	𝑅𝑎𝑡𝑒 = 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒	𝑒𝑚𝑜𝑡𝑖𝑜𝑛	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦	𝑖𝑑𝑒𝑛𝑡𝑖𝑓𝑖𝑒𝑑 ∗	
𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑟𝑖𝑎𝑙𝑠	𝑒𝑚𝑜𝑡𝑖𝑜𝑛	𝑐𝑜𝑟𝑟𝑒𝑐𝑡𝑙𝑦	𝑐ℎ𝑜𝑠𝑒𝑛

𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑡𝑟𝑖𝑎𝑙𝑠	𝑒𝑚𝑜𝑡𝑖𝑜𝑛	𝑐ℎ𝑜𝑠𝑒𝑛  

 

The measure of interest was Positive Bias Unbiased Hit Rate, defined as the log-transformed ratio of Unbiased 

Hit Rate averaged across positive emotions (happy, surprise) divided by averaged Unbiased Hit Rate for 

negative emotions (fear, sadness, anger, disgust).  

 

Positive Bias Reaction Time: 

For each emotion, the median reaction time was calculated by taking the median across all trials in which the 

emotion was correctly identified. Positive Bias Reaction Time was calculated as the log-transformed ratio of the 

median reaction time for negative emotions divided by the median reaction time for positive emotions.  

 

Positive Bias Efficiency: 

Efficiency combines accuracy and speed into one measure, by dividing Unbiased Hit Rate by the median 

reaction time. Positive Bias Efficiency was defined as the log-transformed ratio of Efficiency for positive 

emotions divided by Efficiency for negative emotions.  

 

Positive Bias Misclassification: 

In addition to the measures specified in our preregistration, we also analysed misclassifications. The number of 

Misclassifications for each emotion was the number of times the emotion has been chosen incorrectly. Positive 

Bias Misclassification was defined as the log-transformed ratio of Misclassifications for positive emotions, 

divided by the number of Misclassifications for negative emotions (this is independent of whether the correct 

emotion was positive or negative). In contrast to the above measures which capture a bias in the ability to 

recognise emotions, this measure captures a bias in the response criterion (i.e. how often participants indicated 

that a positive (vs. negative) emotion was shown, although a different emotion was actually presented), and has 

been found to be sensitive to the effects of antidepressant medication [22]. 

 

 

4.5 FERT analysis 
 

FERT data were analysed in R (version 4.1.1) [53]. To test whether changes in positive bias were related to 

Clinical Response, an ANOVA was conducted for each positive bias measure as dependent variable, Time 

(Baseline vs. Week 2) as within-subject factor and Clinical Response (Responders vs. Non-Responders) as 

between-subject factor. Significant findings were cross-validated using a logistic regression analysis predicting 

Clinical Response. Change in positive bias was included as regressor of interest, and Baseline HAM-D, Age, 

Gender, use of Psychoactive Medication (yes/no) and Number of iTBS Sessions (before ‘Week 2’ time point) as 

control regressors. Significant interaction effects of Clinical Response and Time were followed up using an 

ANOVA to test whether the effect was driven by a specific emotion (change in positive bias as dependent 

variable, Emotion (Happiness, Surprise, Fear, Anger, Sadness, Disgust) and Time as within-subject factors, and 

Clinical Response as between-subject factor).  
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To test whether changes in positive bias might predict HAM-D Improvement as continuous variable, linear 

regression analyses were performed separately for each positive bias measure, using HAM-D Improvement as 

dependent variable, and change in positive bias as predictor. Baseline HAM-D, Age, Gender, Psychoactive 

Medication and Number of iTBS Sessions were included as control regressors.   

 

Reported p-values are either uncorrected (‘p’), or corrected for multiple comparisons using Bonferroni 

correction (‘pcorr’) (analysis of positive bias measures was corrected for the number of positive bias measures 

(four), analysis of individual emotions was corrected for the number of emotions (six)).  

 
 
4.6 Emotional Faces fMRI Task 
 
Participants completed a gender discrimination task which involved passive processing of emotional facial 

expressions [20]. The task included four blocks of happy faces and four blocks of fearful faces, which were 

interleaved by nine blocks displaying only a fixation cross. In total, 120 fearful and 120 happy faces were 

presented for 100ms each. Participants were instructed to report the gender of the presented face via button 

press. Although the emotional expression of the faces is irrelevant to the task, the task has been shown to 

activate emotional processing networks [8, 20]. We did not expect TMS treatment to have an effect on 

performance in the gender discrimination task, but have included an analysis of task performance in the 

Supplementary Material for completeness (Supplementary Figure S3).  

 

4.7 FMRI pre-processing 
 
FMRI data were analysed using FSL (FMRIB Software Library)[54]. Structural T1-weighted images were 

brain-extracted using the Brain Extraction Tool (BET)[55]. Motion correction using MCFLIRT was applied [56, 

57]. FMRI data were smoothed using a Gaussian kernel with Full Width Half Maximum of 6mm, and 

normalised using grand mean scaling. A high-pass filter with a cut-off of 100s was used. To correct for 

distortions, B0 unwarping was applied using field map images (rads and magnitude). Since some field maps 

included distortions, affected field maps were replaced by a mean field map calculated across 20 undistorted 

field map images [58]. For the first-level analysis, FILM pre-whitening was applied. 

 

For advanced artefact removal, the task fMRI data were denoised using independent component analysis. The 

MELODIC (multivariate exploratory linear optimized decomposition into independent components) tool was 

used to decompose the data into independent components [59]. 20 randomly chosen datasets were manually 

labelled as signal, noise or unknown [60]. FIX (FMRIB's ICA-based Xnoiseifier)[61, 62] was trained on the 

hand-labelled data, and the trained algorithm was then applied to all datasets. Components labelled as noise 

were removed from the signal, whereas components labelled as signal or unknown were retained.  

 

FMRI images were registered to the high-resolution T1-weighted images via Boundary-Based Registration 

(BBR) using FMRIB’s Linear Image Registration Tool (FLIRT) [56, 57]. Non-linear transformations from 

 . CC-BY 4.0 International licenseIt is made available under a 
perpetuity. 

 is the author/funder, who has granted medRxiv a license to display the preprint in(which was not certified by peer review)preprint 
The copyright holder for thisthis version posted January 14, 2025. ; https://doi.org/10.1101/2025.01.13.25320448doi: medRxiv preprint 

https://doi.org/10.1101/2025.01.13.25320448
http://creativecommons.org/licenses/by/4.0/


 19 

structural to MNI space were calculated using FMRIB’s Non-Linear Image Registration Tool (FNIRT) [63]. 

These non-linear transformations were applied to the contrast images for higher-level analyses.  

 

4.8  FMRI Analysis 
 

FMRI data were analysed using FSL (FMRIB Software Library)[54]. Data and task design were modelled using 

General Linear Models (GLM) in FEAT (FMRI Expert Analysis Tool) by convolving a gamma hemodynamic 

response function with the task regressors for the presentation of happy and fearful faces. The temporal 

derivatives were added as additional regressors. On the first level, the main contrast of interest was Happy > 

Fearful, but the constituent contrasts Happy > Fixation and Fearful > Fixation were analysed as well. As 

additional method for motion correction, each individual’s motion parameter estimates from MCFLIRT were 

included in the GLM (6 additional regressors for rotation or translation). On the second level, a fixed-effects 

analysis was run for each individual, to assess increase in BOLD response from Baseline to Week 2 (Week 2 > 

Baseline). 

 

On the third level, data from all participants were combined in a mixed-effects analysis to test for relationships 

between increase in positive bias from Baseline to Week 2 and clinical outcome at Week 4. Changes in positive 

bias might be observed in task-positive networks (positive BOLD response) or task-negative networks (negative 

BOLD response). We refer to increases in de-activations (i.e. more negative BOLD signal) in task-negative 

networks as ‘increase in negative BOLD response’(this terminology was adopted from [34]). Please note that an 

increase in positive bias can also be interpreted as a change in negative bias in the opposite direction (e.g. an 

increase in Happy > Fear is equivalent to a decrease in Fear > Happy). Statistical inference was performed using 

Randomise (FSL’s tool for nonparametric inference) [64] and threshold-free cluster enhancement (TFCE) [65] 

controlling the family-wise error rate at 0.05. The GLM included HAM-D Improvement as continuous regressor 

to test for correlations with changes in brain activity.  

 

Additional analyses were run including Clinical Response as categorical regressor (instead of HAM-D 

Improvement), which yielded similar results (see Supplementary Material and Supplementary Figure S5). All 

analyses included Baseline HAM-D, Age, Gender, Psychoactive Medication and Number of iTBS Sessions 

(before the second fMRI scan) as control regressors of no interest. All regressors were de-meaned. 

In addition to whole-brain analyses, region-of-interest (ROI) analyses were performed for our a priori ROIs (left 

and right amygdala, left and right insula, ACC, ventral striatum). Small volume correction analyses were 

performed using anatomical masks based on the Harvard-Oxford Structural Atlas in FSL (threshold = 50%, i.e. 

all voxels with a probability of belonging to the ROI of at least 50%) based on the GLMs described above. The 

mask for the ventral striatum was derived from the Oxford-GSK-Imanova Structural–anatomical Striatal Atlas. 

Significance within the anatomical masks was assessed using TFCE and Randomise. To correct for multiple 

comparisons across the six ROIs, the alpha level was set to 0.05/6 = 0.0083 (maps thresholded at 1-p = 0.9917).  

 

To visualise the results, individual parameter estimates for significant clusters were extracted from the first-level 

statistical maps (using Featquery). 
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To further investigate our main finding, a correlation between Clinical Improvement and increase in negative 

BOLD response for Happy > Fear in the rostral ACC, we conducted a psycho-physiological interaction (PPI) 

analysis [35] using the significant cluster in the rostral ACC as seed region. A binary mask was created based on 

the significant cluster in the rostral ACC. This mask was warped into individual participant space. The 

Fslmeants tool was used to extract the timecourse of the signal within the mask for each participant and each 

session. The design matrix on the first level included regressors for the presentation of fearful and happy faces, 

one regressor representing the mean timecourse extracted from the rostral ACC mask, a PPI regressor for happy 

faces (interaction between Happy regressor and timecourse extracted from the rostral ACC mask), and a PPI 

regressor for fearful faces (interaction between Fearful regressor and timecourse extracted from the rostral ACC 

mask). The contrast of interest was Happy > Fearful, i.e. brain regions that show higher connectivity with rostral 

ACC during the presentation of happy compared to fearful faces (i.e. positive bias in connectivity). In line with 

the task fMRI analysis described above, the second level combined Baseline and Week 2 sessions for each 

participant to calculate the change between them (Week 2 > Baseline). On the third-level, group-level statistics 

were evaluated using Clinical Improvement as regressor of interest. The analysis included Baseline HAM-D, 

Age, Gender, Psychoactive Medication and Number of iTBS Sessions (before the second fMRI scan) as control 

regressors of no interest. 

 

To ensure that our results were not confounded by changes in motion between sessions or groups, we analysed 

whether estimates of absolute or relative motion changed over time and whether there was a relationship with 

clinical outcome. There was no evidence for such potential confounds (see Supplementary Material, Figure 

S10).  

 

4.9 Analysis of task performance in the fMRI gender discrimination task 
 

For each participant, the median reaction time (RT) was calculated separately for happy faces and fearful faces 

(correct responses only). Accuracy was defined as the percentage of correct responses for happy or fearful faces. 

RT and accuracy were analysed in repeated-measures ANOVAs, including Session, Emotion and Clinical 

Response as independent variables (see Supplementary Material).  

 

4.10  Combined behavioural and fMRI analysis 
 
To test whether the observed behavioural (change in Positive Bias Misclassification) and neural (change in 

rostral ACC in Happy > Fearful contrast) changes in positive bias are independent predictors of the clinical 

outcome at the end of the treatment, we ran a logistic regression analysis to predict Clinical Response using the 

change in behavioural and neural positive bias as regressors of interest. Both analyses included Baseline 

HAM-D, Age, Gender, and use of Psychoactive Medication as control regressors.  

 

4.11 Regression analysis including early clinical change 
 
Six regression analyses were run to predict HAM-D Improvement, using early change in HAM-D (from 

Baseline to Week 2) and change in positive bias measures as regressors of interest. Baseline HAM-D, Age, 
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Gender, Psychoactive Medication and Number of iTBS Sessions were included as control regressors. Each 

analysis included the change in one of the positive bias measures (change in rostral ACC response (Happy  > 

Fear), precuneus and angular gyrus response (Happy > Fixation), PPI in precuneus and cuneus (Happy > Fear), 

reaction time for happy faces (fMRI task)). For the change in Positive Bias Misclassification, a logistic 

regression analysis was run predicting Clinical Response (since this measure was found to differ between 

Responders and Non-Responders).  

 

4.12 Elastic net regression 
 

To test whether the change in positive bias measures might improve prediction of HAM-D Improvement beyond 

early HAM-D change and demographic variables, two elastic net regression models were trained in Python 

(version 3.11.3) using Scikit-Learn (version 1.5.2). Elastic net is a regularised regression technique which 

combines L1 and L2 penalties to restrict the regression weights to avoid overfitting. The first model included 

early HAM-D change (Week 2), Baseline HAM-D, Age, Gender and Psychoactive Medication as predictor 

variables. The second model additionally included the change in all positive bias measures which were found to 

be related to clinical outcome (change in rostral ACC response (Happy  > Fear), precuneus and angular gyrus 

response (Happy > Fixation), PPI in precuneus and cuneus (Happy > Fear), reaction time for happy faces (fMRI 

task), and in Positive Bias Misclassification (FERT)). The models were trained and evaluated in a nested cross-

validation procedure using the R2 score (coefficient of determination) as evaluation metric. In the outer cross-

validation loop, the dataset was divided into 5 equal folds one of which was held back as test set. The remaining 

part of the dataset was used for hyperparameter tuning using conventional 5-fold cross-validation. The ‘L1 ratio’ 

parameter was optimised using grid search in the range of 0.1 to 1 in steps of 0.01. The model was then fitted to 

all 4 folds of the outer cross-validation loop using the best hyperparameter value, and model performance was 

evaluated on the test set. Since this test set was not involved in hyperparameter tuning, this technique provides a 

more accurate estimate of performance in independent datasets. Hyperparameter tuning was run five times so 

that each fold in the outer cross-validation loop served as test set once. The entire procedure was repeated 10 

times, so that 50 estimates for model performance were obtained in total for each model. 

 
4.1 Deviations from pre-registration 
 

We decided to analyse the clinical outcome at Week 4 (instead of Week 6) to focus on the initial response to 

iTBS treatment rather than maintenance of the antidepressant effect. We included an additional positive bias 

measure in the analysis of the FERT, i.e. Positive Bias Misclassification. In contrast to the other positive bias 

measures, Positive Bias Misclassification captures a bias in response criterion, and has been shown to be 

sensitive to modulation by antidepressant treatment [22]. We added the ventral striatum as additional region of 

interest in the fMRI analysis since depression is associated with decreased response of the ventral striatum to 

rewards, and selective serotonin reuptake inhibitors have been shown to normalise activity in this region [66, 

67]. In addition to our pre-registered analysis, we conducted a PPI analysis to assess changes in task-related 

connectivity which provides a more complete and interpretable picture of the effects of iTBS treatment. We 
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added the regression analyses and machine learning models including early clinical change to test whether the 

change in positive bias measures predicted HAM-D Improvement beyond early clinical change.  

 

 

5 Data availability statement 
 

Analysis scripts are available at https://osf.io/fmhpt/. Due to the sensitive nature of our data, we are unable to 

share our data.   
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