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Abstract 1 

Health anxiety is oŌen linked to lower pain thresholds and heightened sensiƟvity to health-related sƟmuli, 2 

yet the relaƟonship between these psychological and physiological traits remains complex. In this study, we 3 

relied on the use of the brain’s ability to discriminate fast and periodically presented sƟmuli (i.e. oddballs) of 4 

a given image category within a stream of unrelated images, to invesƟgate whether neural responses to 5 

health-related visual sƟmuli are associated with individual differences in pain sensiƟvity and psychological 6 

traits such as anxiety and depression. We hypothesized that, if the periodically presented health-related 7 

oddball elicits a periodic neural response, this image category might lead to a stronger response in 8 

individuals with health anxiety and psychological malaise. This is the first evidence that periodically 9 

presented health-related images elicit a neural response which can be clearly differenƟated from unrelated 10 

images. AddiƟonally, this response shared a relaƟonship with depression, which was in turn moderated by 11 

the pain threshold. While these results offer insight into the interacƟon between psychological traits, pain 12 

threshold and the processing of health-related images, future studies will have to confirm the specificity of 13 

the obtained relaƟonships.  14 

Keywords: FPVS, EEG, health anxiety, frequency-tagging, pain threshold 15 

 16 
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1. IntroducƟon 1 

The human brain conƟnuously processes external sƟmuli, oŌen below the level of conscious awareness 1. 2 

Among these, health-related sƟmuli are of parƟcular interest due to their potenƟal relevance for survival 3 

and well-being. Understanding how the brain responds to such sƟmuli, even when they are not consciously 4 

perceived, can shed light on interacƟng mechanisms of conceptual and visual processing. The present study 5 

aims to invesƟgate whether the brain shows an implicit processing of health-related images and whether 6 

this response is modulated by individual psychological traits such as anxiety, emoƟon regulaƟon, 7 

impulsivity, and stress or the individuals’ pain threshold. 8 

Health anxiety, a construct characterized by excessive worry and preoccupaƟon with one's health 2, 9 

provides a compelling framework for examining selecƟve and heightened sensiƟvity to health-related 10 

sƟmuli. Numerous studies have shown that individuals with high levels of health anxiety tend to exhibit 11 

selecƟve aƩenƟon to illness-related informaƟon3,4, and this aƩenƟonal bias is oŌen accompanied by 12 

stronger emoƟonal and physiological responses when confronted with such sƟmuli. These findings suggest 13 

that health-related sƟmuli may trigger stronger responses in the brain, especially in individuals with 14 

elevated anxiety levels. However, the neural mechanisms underlying these responses remain 15 

underexplored, and understanding the neural underpinnings of these responses is crucial for developing 16 

effecƟve intervenƟons and therapies. 17 

To address this, our study seeks to determine whether we can capture neural responses elicited by health-18 

related sƟmuli. To this end, we employed the Fast Periodic Visual SƟmulaƟon (FPVS) paradigm. This 19 

technique is based on the well-established principle that a periodic sƟmulaƟon elicits a periodic modulaƟon 20 

of the EEG signal at the frequency of the sƟmulaƟon and its harmonics 5. Thus, when combined with 21 

electroencephalography (EEG), this paradigm allows to “tag” the neural response to a periodic oddball 22 

sƟmulus within a stream of unrelated images at the frequency at which both the oddballs and unrelated 23 

images were presented. This paradigm has been widely applied in vision research 6, with a parƟcular 24 

success in the  studies of facial discriminaƟon (see Rossion, et al. 7 for a comprehensive review). 25 

AddiƟonally, it has been successfully implemented in object categorizaƟon 8, the recogniƟon of leƩers and 26 

words 9,10,  as well as visual recogniƟon of semanƟc categories 11,12. To our knowledge, this is the first 27 

applicaƟon of FPVS to differenƟate between health-related and neutral visual sƟmuli, adding a novel 28 

dimension to the growing body of research using the FPVS paradigm. 29 

In addiƟon to assessing the neural response to these sƟmuli, we also explored the potenƟal role of 30 

individual psychological traits in modulaƟng this response. Psychological factors such as anxiety, emoƟon 31 

regulaƟon, impulsivity, coping strategies and stress have been linked to aƩenƟonal biases and heightened 32 

emoƟonal reacƟvity 13-16. Specifically, trait anxiety, parƟcularly health anxiety, has been associated with an 33 
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increased focus on threat-related or illness-related informaƟon, as demonstrated in numerous behavioral 1 

and neuroimaging studies 17,18. Moreover, the interplay between health anxiety and individual traits such as 2 

impulsivity and emoƟonal regulaƟon is an area ripe for exploraƟon. Impulsivity may drive individuals to 3 

react quickly and someƟmes maladapƟvely to health-related sƟmuli, while effecƟve emoƟonal regulaƟon 4 

can help miƟgate anxiety responses. By examining these traits in conjuncƟon with neural responses to 5 

health-related images, we aimed to elucidate the complex relaƟonships that govern how individuals with 6 

varying levels of health anxiety engage with health-related informaƟon. We hypothesized that individuals 7 

with higher levels of anxiety and related traits may exhibit a stronger unconscious neural response to 8 

health-related sƟmuli, as measured by EEG during the FPVS task. 9 

Furthermore, we invesƟgated the potenƟal contribuƟon of physical traits, such as the individual pain 10 

threshold, to the neural processing of health-related sƟmuli. Pain is inherently linked to health and survival 11 

and engages in both psychological and physiological processes. Previous research reports that individuals 12 

with high levels of anxiety, including health anxiety, tend to experience lower pain thresholds 19,20 and 13 

higher pain sensiƟvity 21,22. These findings are consistent with the well-established understanding that pain 14 

percepƟon is influenced not only by physical factors, but also by affecƟve and cogniƟve processes - 15 

parƟcularly anxiety. 16 

Moreover, recent research suggests that individual differences in pain percepƟon are closely Ɵed to neural 17 

responses to threat and health-related cues 23-25. In this study, we used thermal cutaneous sƟmulaƟon to 18 

measure pain thresholds and assess whether individuals with lower pain thresholds exhibit heightened 19 

neural responses to health-related sƟmuli, aiming to understand how both psychological and physical traits 20 

may jointly influence the brain’s reacƟon to health-related informaƟon. Psychological constructs were 21 

measured using validated quesƟonnaires, each selected for its established link with aƩenƟon to threat, 22 

emoƟonal reacƟvity, or health-related cogniƟve biases. Based on previous research, the underlying 23 

hypothesis is that the periodic brain response to health-related images may be associated with higher 24 

features of psychological distress. 25 

In summary, we invesƟgated whether the brain is able to disƟnguish periodically presented health-related 26 

images from a stream of random images and explored whether this response is associated with individual 27 

differences in psychological traits and pain thresholds. 28 

2. Results 29 

ParƟcipants completed a series of quesƟonnaires assessing their psychological traits, as well as a 30 

measurement of their individual pain threshold. Then, parƟcipants had to focus on fast periodic visual 31 

sƟmuli depicƟng health-related images, which were embedded in a periodic stream of unrelated images, 32 

while their neural response to the visual sƟmuli was measured using EEG.   33 
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2.1. Behavioral response 1 

To ensure that parƟcipants were paying aƩenƟon to the presented visual sƟmuli, they had to count the 2 

number of Ɵmes the dot in the middle of the presented visual sƟmuli changed to the color red within each 3 

trial. Accuracy rates in this behavioral task were similar in both condiƟons (Original: 33.88% ± 12.28%; 4 

Scrambled: 36.72% ± 11.44%) and no significant difference was found between condiƟons in accuracy rates 5 

(F(1,40) = 1.327, p=0.256, ηp
2=0.032).  6 

2.2. Neural response 7 

In the scrambled condiƟon, only few and nonconsecuƟve oddball harmonics were staƟsƟcally different from 8 

zero (i.e., z-score > 1.64). Conversely in the original condiƟon, all oddball harmonics up to the 5th harmonics 9 

(i.e. ~7.29 Hz) showed a significant periodic response to the health-related visual sƟmuli. Thus, for the 10 

staƟsƟcal analysis, the response at the oddball frequency was summed up with the first 5 of its harmonics 11 

(excluding the 4th harmonic at ~6 Hz, which overlaps with the base presentaƟon rate). To be consistent, the 12 

same number of oddball harmonics was summed up in the scrambled condiƟon. Following the same 13 

raƟonale, the response at the base presentaƟon rate was aggregated with its first harmonic  in both 14 

condiƟons. Thus, 4 main responses were consecuƟvely analyzed: an aggregated amplitude consisƟng of 15 

oddball responses and an aggregated amplitude consisƟng of responses at the base presentaƟon frequency, 16 

for both condiƟons separately.  17 

Congruent to other invesƟgaƟons using the FPVS paradigm, the largest response to the original images at 18 

this aggregated base presentaƟon frequency was found at electrode PO8 (0.75 ± 0.65 µV, range: 0.09 - 2.56 19 

µV), which was thus chosen as electrode of interest for the original image condiƟon. In the scrambled 20 

condiƟon, responses were mainly found at the base frequency at electrode Oz (0.66 ± 0.47 µV, range: 0.07 - 21 

2.05 µV). Figure 1a illustrates the frequency spectra for these EEG responses at electrodes PO8 (original 22 

images) and Oz (scrambled images) in both condiƟons. For the correlaƟon with pain thresholds and 23 

personality traits, the aggregated oddball response (i.e. signal at electrode PO8 in the original images 24 

condiƟon) was used (0.47 ± 0.34 µV, range: -0.08-1.92 µV).  25 

The three-way ANOVA (condiƟon: original / scrambled, frequency: oddball / base, electrode: PO8/ Oz) 26 

revealed significant main effects of condiƟon (F(1,40) = 45.163, p<0.001, ηp
2=0.530), frequency 27 

(F(1,40)=161.020, p<0.001,  ηp
2 =0.801) and electrode (F(1,40)=5.761, p=0.021,  ηp

2 =0.126), as well as 28 

significant interacƟons between condiƟon and frequency (F(1,40)=46.333, p<0.001, ηp
2 =0.537), and 29 

condiƟon and electrode (F(1,40)=24.949, p<0.001, ηp
2 =0.384). Post-hoc pairwise comparisons 30 

demonstrated a significant difference between condiƟons at the oddball frequency (t(81) = 13.245, 31 

p<0.001) but not at the base presentaƟon frequency (t(81) = 0.907, p=0.367). Further, for each electrode of 32 
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interest, a significant difference was found in the log-amplitude between original and scrambled images (Oz: 1 

t(81) = 4.106, p<0.001; PO8: t(81) = 4.416, p<0.001) (Figure 1b). 2 

The mulƟ-sensor cluster-based t-test comparing the neural acƟvity at the oddball frequency between the 3 

original and scrambled condiƟon demonstrated mulƟple clusters of electrodes with larger acƟvity during 4 

the original condiƟon. Precisely, a fronto-central clusters of interest was formed (F1, Fz, FC3, FC1, FCz, FC2, 5 

C1, Cz) as well as a occipital-temporal cluster (the laƩer corresponding to frequently observed distribuƟon 6 

of responses 7 consisƟng of leŌ (PO7, PO3, P7, P9), middle (Oz, O2, O1, Iz) and right (PO8, PO10, P8, P6, P4) 7 

temporal-occipital electrodes (Figure 1c). 8 

 9 

Figure 1 10 
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2.3. Pain Threshold  1 

Pain thresholds were rated on average at 46.66 ± 2.01 °C (mean ± std dev), which corresponds to normaƟve 2 

values for this age group 26. Of the total sample, 20 parƟcipants had an above-average pain threshold.  3 

2.4. Psychological traits  4 

The psychological individual characterisƟcs of the sample are presented in Table 2. 5 

2.5. RelaƟonship between neural, behavioral and psychological factors 6 

Pearson correlaƟon analyses were conducted to explore the relaƟonships between the recorded EEG signal 7 

amplitude at the presentaƟon frequency of the oddball sƟmuli and other psychological and pain-related 8 

variables. Results indicated no significant correlaƟon between amplitude and pain threshold (r=−0.133 9 

p=0.408), or most psychological indices. However, a significant posiƟve correlaƟon was observed between 10 

amplitude and depression (r=0.327, p=0.037). This suggests a potenƟal relaƟonship between higher EEG 11 

amplitude and levels of depression. No other significant correlaƟons were found between amplitude and 12 

measures of psychological distress (e.g., anxiety, perceived stress, emoƟon dysregulaƟon) or coping 13 

strategies. 14 

Significant negaƟve correlaƟons were observed between pain threshold and several subscales of emoƟonal 15 

dysregulaƟon (i.e., “Nonacceptance of EmoƟonal Responses”, r=-0.385, p = 0.013; “DifficulƟes Engaging in 16 

Goal-Directed Behavior”, r=-0.421, p=0.006; “Impulse control difficulƟes”, r=-0.426, p=0.005; “Limited 17 

Access to EmoƟon RegulaƟon Strategies”, r=-0.512, p<0.001; “Lack of EmoƟonal  Clarity”, r=-0.347, 18 

p=0.026), as well as overall emoƟonal dysregulaƟon (p<0.01), indicaƟng that people who tend to beƩer 19 

regulate their emoƟons have also a higher pain threshold.  AddiƟonally, a significant negaƟve correlaƟon 20 

was observed between pain threshold and the BarraƩ Impulsiveness Scale (BIS-11) subscale “Motor 21 

Impulsivity” (r=-0.38, p=0.014), as well as with the Brief-COPE subscale “PosiƟve Reframing” (r=−0.331, 22 

p=0.035), suggesƟng that individuals with higher motor impulsivity and using this coping strategy had lower 23 

pain thresholds. 24 

A linear regression analysis also revealed the predicƟve role of emoƟonal dysregulaƟon on pain threshold 25 

(B=−0.051, SE=0.013, β=−0.541, p<0.001, adjusted R²=0.274, f²=0.41). Based on this informaƟon, to beƩer 26 

invesƟgate the relaƟonship between depression and brain signal, the moderaƟng role of pain threshold was 27 

examined, using depression as the independent variable and EEG amplitude as the dependent one.  28 

The overall model was significant (F(3, 37) = 6.79, p = 0.001, R² = 0.355, f2=0.55), as well as the interacƟon 29 

of depression and pain threshold (B=0.118, SE=0.032, t(37)=3.740, p=0.006, ΔR²=0.244, f²=0.38), indicaƟng 30 
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that the laƩer significantly moderate the way depression affect brain response to health images. Figure 2a 1 

shows the model between the three variables. 2 

As shown in Figure 2b, the effect of depression on EEG amplitude was stronger at higher levels of pain 3 

threshold. Thus, at lower (1SD – mean) pain thresholds the effect of depression on EEG amplitude was not 4 

significant (B=-0.005, SE=0.083, t(37)=-0.062, p=0.951), while the effect of depression on EEG amplitude 5 

was posiƟve and significant both at medium pain threshold (B=0.231, SE=0.072, t(37)=3.195, p=0.003) and 6 

at higher (1SD + mean) pain threshold (B=0.469, SE=0.107, t(37)=4.348, p=0.0001).  7 

 8 

Figure 2 9 

Pearson correlaƟon showed a posiƟve associaƟon between depression and oddball amplitude. In the 10 

moderaƟon model, pain threshold significantly moderated this associaƟon (ΔR² = 0.244, p = 0.006). Simple-11 
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slope analyses indicated that the effect of depression on amplitude was non-significant at low pain 1 

thresholds, but posiƟve and significant at medium (B = 0.231, p = 0.003) and high pain thresholds (B = 2 

0.469, p = 0.0001). (see Figure 2a). This shiŌ in direcƟon likely reflects the influence of the moderator, 3 

emphasizing that the associaƟon between depressive symptoms and neural response is not uniform across 4 

different levels of pain sensiƟvity.  These results suggest that pain threshold moderates the relaƟonship 5 

between depression and EEG amplitude. At higher pain threshold levels, depression is more strongly 6 

associated with increased EEG amplitude, while at lower pain threshold levels, the effect of depression on 7 

EEG amplitude is not significant. 8 

 9 

3. Discussion 10 

Notably, this study is the first to demonstrate that also the periodic presentaƟon of health-related images 11 

can evoke disƟnguishable neural responses, even when these sƟmuli are more abstract and do not belong 12 

to a naturalisƟc category such as faces or tools. Specifically, the periodically presented health-related 13 

images (i.e. oddball) elicited a periodic neural response at the presentaƟon frequency of this image 14 

category, which could be clearly differenƟated from the response to images with random content. These 15 

findings support the hypothesis that FPVS can be used to "tag" neural responses to conceptual categories, 16 

broadening the applicability of this paradigm beyond its tradiƟonal domains. AddiƟonally, we found that 17 

psychophysiological features, such as depression levels and individual pain threshold, are significantly 18 

related to the neural response to those oddball sƟmuli.  19 

Generally, periodically presented sƟmuli (such as human faces) have the ability to elicit a periodic neural 20 

response, which can be easily assessed in the EEG frequency domain 6-8,27-30. As in previous studies using the 21 

FPVS paradigm, a consistent periodic response was found at the base image presentaƟon frequency (~6Hz), 22 

for both the presentaƟon of original as well as scrambled images. Scalp topographies and channels with the 23 

largest acƟvity at this frequency also matched these previous invesƟgaƟons, highlighƟng that the basic 24 

assumpƟons of the paradigm have been met. More importantly though, a periodic neural response was also 25 

found at the presentaƟon frequency of the health-related oddball images (~1.2 Hz and harmonics), with 26 

neural acƟvity being distributed similarly over the scalp as in the base response. PresenƟng scrambled 27 

images led to a much smaller, but nevertheless staƟsƟcally significant periodic response at some oddball 28 

harmonics (but not its frequency of presentaƟon). Thus, this demonstrates that an abstract image category 29 

as oddball sƟmulus can lead to a periodic neural response in the FPVS paradigm, even considering the 30 

relaƟvely low rate of correct answers in the behavioral task. Previously, it had already been demonstrated 31 

that the FPVS paradigm elicits neural responses not only related to faces or tools but also related to 32 

semanƟc processing. This was achieved by presenƟng images which could be categorized into semanƟc 33 

categories of different specificity (e.g. natural vs non-natural, animal vs non-animal images) 12 and natural vs 34 
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man-made images 11. While the present results extend these findings, as the health-related images 1 

represent a more abstract image category than the semanƟc subgroups and support the use of FPVS to 2 

study conceptual processing beyond tradiƟonal domains, cauƟon is needed in interpreƟng the specificity of 3 

response. Although the comparison with scrambled images addressed low-level visual confounds, we 4 

cannot aƩribute this response specifically to the “health” content of the images, as we did not include a 5 

control image category (e.g., tools or neutral objects) matched for affecƟve valence and arousal, but 6 

unrelated to health (e.g., sƟmuli of violence or accidents). Indeed, FPVS studies demonstrate that emoƟonal 7 

salience can modulate neural responses 31,32, therefore, it is possible that the observed neural response 8 

reflects a general processing of emoƟonally salient or images, rather than a specific response to health-9 

related content. In addiƟon, other semanƟc dimensions that are not explicitly controlled (i.e., animacy and 10 

naturalness) may also have contributed to such neural discriminaƟon. Also, the absence of formal validaƟon 11 

for arousal and valence for neutral images is a further limitaƟon in the interpretaƟon of health-specific 12 

effects. Future studies could address this limitaƟon by using standardized and validated sets such as the 13 

InternaƟonal AffecƟve Picture System (IAPS; 33), which provide standardized raƟngs for valence and arousal. 14 

One possible explanaƟon for the small but nevertheless present response during the scrambled oddball 15 

images would be that it was not only the recogniƟon of the image category itself which led to the periodic 16 

response at the oddball frequency, but also some low-level qualiƟes in this image category. Basic features 17 

such as contrast, and luminance were controlled by adjusƟng these characterisƟcs across the enƟre image 18 

sample (including both health-related and non-health-related images) pre-experiment.  Yet, other features 19 

such as animacy 34 or spaƟal frequency and orientaƟon 11 (commonly assessed qualiƟes in machine learning 20 

algorithms for visual features) could also elicit a neural response. Although luminance and contrast were 21 

standardized using the SHINE toolbox, other uncontrolled visual or semanƟc dimensions (e.g., spaƟal 22 

frequency orientaƟon, animacy) might sƟll have contributed to neural discriminaƟon. Future studies should 23 

include non-health control categories matched for valence and arousal to more rigorously assess the health-24 

specificity of neural responses. Nevertheless, as demonstrated by our cluster-based analysis, the responses 25 

to the intact oddball images were not only considerably larger than the ones elicited by the oddball using 26 

scrambled images, but also demonstrated a different distribuƟon of the neural acƟvity across the scalp, 27 

with a marked frontal acƟvity which was not present in the scrambled condiƟon (similar to Stothart, et al. 28 
12). As any of these low-level characterisƟcs should be present in both the original as well as scrambled 29 

images, they are unlikely to be the main contributor to the observed response to the health-related images.  30 

An exploratory objecƟve of the study was to examine whether individual differences in psychological traits, 31 

such as anxiety, depression, emoƟonal regulaƟon, impulsivity or coping strategies, modulate neural 32 

responses to health-related images. Although in previous studies emoƟonal dysregulaƟon has been 33 

associated with aƩenƟonal biases (e.g., Ciccarelli, et al. 35;Harrison, et al. 36 ), and health anxiety has been 34 

linked to stronger responses to illness-related sƟmuli 4,37, in the current invesƟgaƟon a significant 35 
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correlaƟon was only observed between the neural responses to the oddball sƟmuli and one of the major 1 

psychological traits, namely depression. It should be noted that anxiety was assessed using a general trait 2 

measure, capturing disposiƟonal anxiety rather than health-specific concern. While this approach allows us 3 

to examine whether broader trait-level vulnerabiliƟes influence neural responses to health cues, the 4 

absence of a dedicated health anxiety scale also explains why anxiety did not emerge as a significant 5 

predictor. These findings should be interpreted with cauƟon, as they represent exploratory and secondary 6 

analyses. Nevertheless, they are  consistent with the hypothesis of an aƩenƟonal bias toward emoƟonally 7 

salient sƟmuli in depressed individuals (see Suslow, et al. 38 for a comprehensive review), and with evidence 8 

indicaƟng amplified processing of signals of threat or vulnerability to illness 39,40 in those individuals. 9 

However, a parƟcularly novel element of this study concerns the role of pain threshold in moderaƟng this 10 

relaƟonship. Indeed, moderaƟon analyses showed that the associaƟon between depression and neural 11 

response to health sƟmuli was significant only in parƟcipants with medium or high pain thresholds, whereas 12 

it was absent in subjects with low thresholds. AddiƟonally, pain threshold was negaƟvely predicted by 13 

emoƟonal dysregulaƟon trait. This finding not only align with prior research linking emoƟonal dysregulaƟon 14 

to heightened pain sensiƟvity 41,42, but suggests that pain threshold, potenƟally indicaƟve of broader 15 

affecƟve and physiological funcƟoning 43, may influence, in specific psychological condiƟons, how an 16 

individual processes this kind of periodic informaƟon. 17 

This analysis on pain threshold shed light on an interesƟng and potenƟally counterintuiƟve aspect. Indeed, 18 

emoƟonal dysregulaƟon represents a transdiagnosƟc factor commonly associated with depression44,45 and 19 

is in turn correlated to an increased experience of pain46. Nevertheless, our data show that the 20 

psychophysiological relaƟonship between depression and neural response to health-related sƟmuli is only 21 

significant in parƟcipants with higher pain threshold (i.e., with an improved emoƟonal regulaƟon). This 22 

apparent inconsistency can be interpreted in light of neurocogniƟve models that consider the role of 23 

residual affecƟve-sensory resources in modulaƟng brain responses, such as the allostaƟc load model 47-49 24 

and related research on chronic stress and pain interacƟons (e.g.,  50-52) which posit that the ability to 25 

process emoƟonally salient informaƟon depends on available affecƟve-sensory resources. These models 26 

propose that the ability to allocate neural resources to emoƟonally salient sƟmuli depend on residual 27 

effecƟve-sensory capacity. In the case of our study, the individual’s affecƟve system may need to maintain 28 

sufficient responsiveness to allow depression to amplify neural acƟvity in response to emoƟonally relevant 29 

sƟmuli, such as the health-related images. Accordingly, individuals with augmented levels of depression and 30 

with higher pain threshold (i.e., potenƟally more emoƟonally regulated) may have enough neural resources 31 

to acƟvely process the sƟmulus and have an increased EEG response to that. On the contrary, individuals 32 

with augmented levels of depression but lower pain threshold (i.e., potenƟally less emoƟonally regulated) 33 

may have a blunted neural response as a response of combined affecƟve vulnerability and sensory 34 

overload. Although these findings converge with epidemiological evidence showing a posiƟve relaƟonship 35 
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between pain severity and allostaƟc load (e.g., 53,54), as well as with model describing how chronic stress 1 

affects pain and HPA-axis regulaƟon 55, this interpretaƟon remains speculaƟve and should be approached 2 

with cauƟon. Furthermore, while the moderaƟon analysis was staƟsƟcally robust, we cannot rule out a 3 

priori the influence of potenƟal confounding factors (e.g., age, sex, medical status, medicaƟon use) on pain 4 

sensiƟvity and affecƟve processing, which were not considered in our analysis due to the small sample size 5 

and lack of variety in these variables. 6 

These findings have several implicaƟons for the understanding of neural processing of health-related 7 

sƟmuli. First, they demonstrate the feasibility of using FPVS to explore neural responses to abstract and 8 

potenƟally emoƟonally salient categories. Second, while preliminary, the psychophysiological correlates 9 

suggest that individual factors might modulate this implicit neural response to emoƟonally meaningful 10 

visual cues.  Yet, one of the main limitaƟons of the present study is the inability to conclusively determine 11 

whether the observed neural acƟvaƟon is specifically driven by the health-related content of the sƟmuli. 12 

Further research is needed to corroborate these hypotheses and to establish the specificity of neural 13 

responses to health-related sƟmuli, for example by directly contrasƟng them with other categories of 14 

sƟmuli in future studies, including matched control categories to disentangle the influence of health-specific 15 

relevance from more general affecƟve or semanƟc properƟes. 16 

In summary, this study expands the uƟlity of the FPVS paradigm to abstract categories such as health-17 

related sƟmuli and highlights the need to consider psychological well-being when invesƟgaƟng individual 18 

differences in the processing of health-related cues such as illness representaƟons or medical imagery. 19 

Future research should conƟnue to refine the methodological approaches used to invesƟgate the complex 20 

interplay between neural, psychological, and physiological processes in health-related contexts. 21 

4. Methods 22 

4.1. ParƟcipants 23 

A sample size of 30 parƟcipants was esƟmated using the soŌware G*Power to be necessary for a repeated- 24 

measures ANOVA with two within-factors (condiƟon: ordinary/scrambled; electrode: PO8/OZ) to reach a 25 

power of 0.90 with an effect size of 0.25 and with the staƟsƟcal significance set to 0.05. A total of 44 26 

parƟcipants were recruited for this experimental study. For reasons of lack of compliancy with the research 27 

direcƟons (n=2) and technical problems (n=1), only 41 parƟcipants were considered for staƟsƟcal analysis 28 

(age (mean ± std. dev.): 25.17 ± 6.3, 32 females). With n = 41, the study is well-powered for medium-to-29 

large within-subject effects at the oddball frequency; smaller brain–trait associaƟons warrant replicaƟon in 30 

larger samples. 31 
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Recruitment was carried out on an established website through the distribuƟon of a flyer, which described 1 

the study as an invesƟgaƟon into how individual psychophysiological characterisƟcs influence brain signals. 2 

The flyer specified that parƟcipaƟon in the study would require approximately 1 hour and 45 minutes, and 3 

parƟcipants would be compensated 20 euros for their parƟcipaƟon.  4 

 AŌer scheduling and signing an informed consent form, parƟcipants were screened for inclusion criteria 5 

(aged 18–65, in good health). Those meeƟng the criteria were contacted by the experimenter to be enrolled 6 

in the study.  7 

4.2. Procedure 8 

Prior to their laboratory session, parƟcipants received a link from the experimenter, inviƟng them to read 9 

and sign the informed consent. Then they were invited to complete a series of quesƟons, including 10 

assessments of sociodemographic informaƟon (e.g., gender, age, occupaƟon) and a set of validated 11 

psychological quesƟonnaires for individual characterisƟcs (depression, anxiety, stress, impulsivity trait, 12 

emoƟon regulaƟon strategies, coping strategies).  13 

Upon arrival at the laboratory on the scheduled day and Ɵme, parƟcipants underwent two experimental 14 

procedures. First, individual pain thresholds were measured using thermal cutaneous sƟmulaƟons. Next, 15 

parƟcipants completed the FPVS task, during which EEG data were collected.  16 

The local Research Ethics CommiƩee approved all experimental procedures (Commission d'Ethique 17 

hospitalo-facultaire Saint-Luc UCLouvain, 2024/14FEV/074 – HSP) and all procedures were conducted in 18 

accordance with the DeclaraƟon of Helsinki. All parƟcipants provided wriƩen informed consent before 19 

parƟcipaƟng and were debriefed aŌer the compleƟon of their laboratory session.  20 

4.3. QuesƟonnaires for the assessment of psychological characterisƟcs 21 

A baƩery of validated quesƟonnaires was employed to assess specific individual characterisƟcs potenƟally 22 

related to the parƟcipant’s pain threshold and neural response to the FPVS task. The following 23 

quesƟonnaires were included in the baƩery: i) Beck Depression Inventory (BDI56): a self-report 24 

quesƟonnaire widely used to assess levels of depressive traits in the general populaƟon, composed by 21 25 

quesƟons and each quesƟon is scored on a scale value of 0 to 3; ii) State-Trait Anxiety Inventory – Y2 (STAI-26 

Y257;): a commonly used self-report scale to assess trait anxiety levels, composed by 20 items to answer 27 

using a 4-point Likert scale; iii) DifficulƟes in EmoƟon RegulaƟon Scale (DERS44): a self-report scale designed 28 

to assess difficulƟes in regulaƟng emoƟons, not only about the control of emoƟonal arousal but also the 29 

awareness, comprehension, and acceptance of emoƟons. It is composed of 36 items and divided into 6 30 

subscales (Nonacceptance of EmoƟonal Responses,   DifficulƟes Engaging in Goal-Directed Behavior,  Impulse 31 

Control DifficulƟes, Lack of EmoƟonal Awareness, Limited Access to EmoƟon RegulaƟon Strategies, Lack of 32 
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EmoƟonal  Clarity). Answers are provided on a 5-point Likert scale; iv) BarraƩ Impulsiveness Scale (BIS-1158): 1 

a 30-item self-report scale assessing three types of impulsiviƟes (aƩenƟonal, motor, non-planning) and a 2 

general score of impulsivity trait. Answers are provided using a 4-point Likert scale. v) Behavioral InhibiƟon 3 

System and Behavioral AcƟvaƟon System Scales (BIS/BAS59): two self-report scales assessing individual 4 

differences in the sensiƟvity of moƟvaƟonal systems, one related to avoidant behaviors and one related to 5 

approaching behaviors, composed by a totality of 20 items answered by the use of a 4-point Likert scale; vi) 6 

Brief Coping OrientaƟon to Problem Experiences Inventory (Brief-COPE60): the brief version of a self-report 7 

quesƟonnaire measuring effecƟve and ineffecƟve ways to cope with a stressful life situaƟon (AcƟve Coping, 8 

Planning,  Instrumental Support, Using EmoƟonal Support, VenƟng, Behavioral Disengagement, Self-9 

DistracƟon, Self-Blame, PosiƟve Reframing, Humor, Denial, Acceptance, Religion, Substance Use), grouped 10 

into three macro-categories (EmoƟon-Focused Coping, Problem-Focused Coping, DysfuncƟonal Coping), 11 

composed of 28 items and answers are provided by using a 4-point Likert Scale; vii) Perceived Stress Scale 12 

(PSS61): a 10-items self-report quesƟonnaire widely used to assess individual’s percepƟon of stress in daily 13 

life with a 5-point Likert scale used to provide answers. 14 

Being the sample of the present study composed by French speakers, validated French-language versions of 15 

the quesƟonnaires described were administered (BDI62; STAI63; DERS64; BIS-1165; BIS/BAS66; Brief—COPE67). 16 

4.4. Pain threshold assessment  17 

The individual pain threshold was measured using thermal sƟmulaƟon and the method of limits 26,68,69. 18 

Thermal sƟmuli were delivered to the volar forearm of the subject before the start of the visual task using a 19 

contact-heat thermode made of 15 micro-PelƟer elements (sƟmulaƟon surface: 1.2 cm2) (TCS, QST.Lab, 20 

Strasbourg, France).  For each subject, the sƟmulaƟon temperature was set to skin temperature (~32°C) and 21 

subsequently the temperature was raised by 1°C/s unƟl the subject perceived that the sƟmulaƟon started 22 

to be painful and pressed a response buƩon. This procedure was repeated 3 Ɵmes (each Ɵme displacing the 23 

thermode to avoid habituaƟon / sensiƟzaƟon), and the average of those trials was considered as the 24 

subject’s pain threshold. For safety reasons, the sƟmulaƟon would automaƟcally stop at 50°C, no maƩer 25 

whether the buƩon was pressed or not. 50°C would then be considered as the pain threshold for that trial. 26 

To ensure that each parƟcipant understood when to press the buƩon, standardized instrucƟons were used, 27 

defining “pain” as a burning or pricking sensaƟon.  28 

4.5. Fast Periodic Visual SƟmulaƟon task 29 

FPVS is typically employed to capture periodic EEG responses elicited by fast visual sƟmuli delivered at a 30 

specific frequency 7,8,30,70,71. The paradigm consists of rapidly presenƟng "neutral" images at a frequency F, 31 

with every nth image (frequency = F/n) represenƟng the "salient" image (i.e., the oddball) which is different 32 

from the neutral images and adhere to an image category in line with the study's hypothesis (e.g. face 33 

ARTICLE IN PRESS



ARTIC
LE

 IN
 PR

ES
S

  
 

 

individuaƟon). This technique underlies the hypothesis that a periodic sƟmulaƟon elicits a periodic neural 1 

response at the frequency of the sƟmulaƟon (and its harmonics), allowing the precise “tagging” of the 2 

neural response in the frequency domain 5. Hence, neural responses to the neutral and oddball images can 3 

easily be differenƟated 7.  4 

In the current invesƟgaƟon, the oddballs were images represenƟng health-related objects and features 5 

(e.g., syringes, hospital seƫngs, pills, masks, white coats), while the neutral images could be any object (e.g. 6 

house, flower, cooking utensil, furniture, ….). The selected health-related sƟmuli were rated in their arousal 7 

by an independent sample of 31 parƟcipants, with the aim to select health-related images that are similarly 8 

arousing. ParƟcipants were presented with a series of images related to the medical and health domain and 9 

were instructed to evaluate each image based on its arousing quality, defined as the degree to which the 10 

image elicited a feeling of acƟvaƟon, regardless of its emoƟonal valence, consistent with the dimensional 11 

framework of affecƟve responses proposed by Bradley and Lang 72. Responses were given using a visual 12 

analog scale (VAS) ranging from 1 (not at all) to 10 (totally). Neutral images were not subjected to a formal 13 

validaƟon procedure in terms of arousal or valence. Instead, their selecƟon followed a strategy aimed at 14 

maximizing comparability with the visual and structural comparability of the health-related ones (e.g., a 15 

hospital bed-domesƟc bed; verƟcally oriented syringe-verƟcally oriented key). This approach was intended 16 

to balance low- and mid-level visual characterisƟcs e.g., shape, orientaƟon, spaƟal layout), while minimizing 17 

potenƟal semanƟc overlap with the health domain. At the end, 75 health-related and 302 non-health-18 

related images were selected.  19 

The images were then equalized for size (200 x 200 pixels), color (gray scale), contrast and pixel luminance 20 

across neutral and oddball images, to avoid confounding the results with differences in low-level image 21 

features. The MATLAB toolbox “SHINEtoolbox” 73 was used for this process. AddiƟonally, both oddball and 22 

neutral images were phase-scrambled, to create the images for the control condiƟon. Although the neutral 23 

images were not formally validated in terms of arousal or valence, all sƟmuli, along with the MATLAB 24 

presentaƟon scripts are publicly available in the OSF repository associated with this invesƟgaƟon 25 

(hƩps://doi.org/10.17605/OSF.IO/9423J), to enable replicaƟon and future validaƟon efforts. 26 

FPVS was performed using a custom MATLAB script (MATLAB 7, The MathWorks Inc, NaƟck, MA) and the 27 

images were shown to the parƟcipant on a Philips LCD 190S6 monitor (1280 x 1024 pixels, panel size: 28 

19"/48 cm). The refresh rate was set to ~50 Hz and a resoluƟon of 1024 x 768 was used. ParƟcipants were 29 

seated ~58 cm away from the screen. The images were presented against a uniform gray background, from 30 

which it emerged with increasing contrast aŌer a 2-5 sec presentaƟon of a fixaƟon point (Figure 3). Then, 31 

images were presented for about 1 min at a rate of 6.075 Hz with every 5th image being a health-related 32 

image (rate of presentaƟon 1.215 Hz) introduced every fiŌh sƟmulus (i.e., ~6 Hz/5 =1.2 Hz). Within a 33 

condiƟon (i.e. neutral / oddball), the sequence of the images was randomized via a MATLAB script for each 34 
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parƟcipant. In total, 36 trials (6 blocks of 6 trials each) were applied, and the order of condiƟons (scrambled 1 

vs. original) was counterbalanced across parƟcipants. Each trial was composed of a sƟmulaƟon which lasts 2 

60 s and was flanked by 2 s of fade-in and fade-out at the beginning and the end of the sequence, 3 

respecƟvely. During the fade-in, the contrast modulaƟon depth of the periodic sƟmulaƟon progressively 4 

increased from 0% to 100% (full contrast), while the opposite manipulaƟon was applied during the fadeout. 5 

This fading is aimed at reducing blinks and abrupt eye movements due to the sudden appearance or 6 

disappearance of flickering sƟmuli. Full contrast is reached at 85 ms and then decreased at the same rate. A 7 

rate of ~6 Hz was used because this frequency leads to a large response over occipitotemporal regions and 8 

falls in an area of the EEG spectrum (theta band) where the noise level is low (i.e., above the EEG delta band 9 

but below the alpha band of 8–12 Hz) 70. See Figure 3 for a graphic representaƟon of the task.  10 

During the presentaƟon of the images, parƟcipants were asked to focus their aƩenƟon on a colored dot in 11 

the middle of the screen, and to count the number of Ɵmes it would change to the color red within one trial 12 

(i.e. ~1 min of image presentaƟon) [similar to other studies, e.g. De Keyser, et al. 8; Rossion, et al. 70] This 13 

was done to ensure the parƟcipants’ focus on the presented images. ParƟcipants reported the number of 14 

counted color changes verbally to the experimenter aŌer seeing a prompt being displayed on the screen. 15 

The Ɵme in between trials was self-paced by the parƟcipants and depended on the Ɵme they took to 16 

answer the task-related quesƟon. 17 

18 

19 
Figure 3 20 

 21 

4.6. EEG recording 22 

The neural response to the FPVS paradigm was recorded through scalp EEG, using an elasƟc electrode cap 23 

with 64 acƟve, pre-amplified Ag-AgCl electrodes (BioSemi, Netherlands), arranged according to the 24 

internaƟonal 10-10 system. The direct-current offset was kept below 30 µV during the electrode placement 25 
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and subsequent experimental session. One parƟcipant’s data was acquired at 256 Hz instead of 1024 Hz and 1 

was subsequently removed from the analysis. 2 

4.7. EEG preprocessing 3 

As the individual trials had slightly different duraƟons due to the randomizaƟon of the fade-in and fade-out 4 

of the images, a custom MATLAB script was used to trim each trial to the exact duraƟon of image 5 

presentaƟon (cropped to 57344 bins / trial, equals ~ 56 seconds). The same script was used to label the 6 

randomized trials for the condiƟons (scrambled / original). The data were then imported into Letswave7, an 7 

open-source MATLAB toolbox (www.letswave.cn). The EEG signal was filtered using a 4th order BuƩerworth 8 

filter (0.1-100 Hz). Then, a 50 Hz notch filter (width: 2 Hz) was applied and the data was re-referenced to the 9 

average of all electrodes. For each condiƟon, the trials were averaged, and a discrete Fourier Transform 10 

(FFT)74 was applied to transform the data into the frequency domain (spectrum ranging from 0 to 512 Hz, 11 

frequency resoluƟon: ~ 0.018 Hz). Then, the signal was baseline corrected to remove residual noise, by 12 

subtracƟng at each electrode and at each frequency bin the average amplitude of the signal measured at 13 

the 10 neighboring frequency bins.   14 

Finally, the baseline-subtracted group- and channel-averaged signal was z-scored by calculaƟng the 15 

difference between the amplitude at a given frequency bin and the mean amplitude of the 20 surrounding 16 

(i.e. ± 10 ) bins divided by the standard deviaƟon of these 20 surrounding bins 70. This pooled data was then 17 

used to define the number of harmonics that are staƟsƟcally different from zero (i.e. harmonics with z>1.64, 18 

one-sided, signal > noise) in consecuƟve order (Table 1), which were then aggregated from the baseline-19 

subtracted data75. This means that aggregaƟon stopped at the first non-significant harmonic. The same 20 

steps were applied to aggregate responses at the base response frequency and its harmonics. The 21 

electrodes of interest for the original and scrambled condiƟon were consecuƟvely defined based on the 22 

electrode exhibiƟng the largest group-level response (i.e. amplitude) across these aggregated base 23 

sƟmulaƟon frequencies. 24 

4.8. StaƟsƟcal analysis 25 

To detect electrode acƟvity clusters in response to the health-related visual sƟmuli and compare the 26 

distribuƟon of the neural acƟvity of the aggregated responses between the original and scrambled 27 

condiƟon, a mulƟ-sensor cluster-based analysis 12 employing a paired t-test (set to an alpha of 0.0001 with 28 

2000 permutaƟons, the sensor connecƟon threshold was set so each electrode has four neighbors on 29 

average) was used.  30 

The remaining staƟsƟcal analyses were conducted using IBM SPSS StaƟsƟcs 28 and R Studio (v4.3.1, R Core 31 

Team (2023)). To assess differences in the aggregated neural responses to oddball and base frequency 32 

sƟmuli in the different condiƟons (original vs scrambled images) and across different electrodes (PO8 vs Oz), 33 
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a repeated-measured ANOVA was used. A log-transform was applied to all EEG data to correct right-1 

skewedness and conform them to the assumpƟon of normality 76 (for the purpose of illustraƟng the data 2 

accurately and keep the data comparable, all figures display the original µV amplitudes of the EEG data). 3 

Significant results were further assessed post-hoc using pairwise t-tests. The relaƟonship between pain 4 

thresholds, neural responses and psychological traits was assessed using correlaƟonal analyses, regression 5 

analyses and moderaƟon analyses (PROCESS analysis algorithm77) . Behavioral differences between the 6 

condiƟons were examined through a repeated-measure ANOVA. For all staƟsƟcal analysis, the significance 7 

threshold was set at p<0.05.  8 

  9 
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Tables 1 

harmonic z-score 

n frequency [Hz]  original  scrambled 

O1 1.215 5.5089 -0.7943 
O2 2.43 5.6869 2.0674 
O3 3.645 5.5847 1.6004 
O4 4.86 4.6971 0.8815 
B1 6.075 6.7112 6.6535 
O6 7.29 2.0538 -1.121 
O7 8.505 1.4592 -0.9617 
O8 9.72 3.2953 2.1319 
O9 10.935 1.1486 1.1009 
B2 12.15 6.6139 6.5788 

O11 13.365 0.9394 0.4077 
O12 14.58 3.3322 0.9857 
O13 15.795 -0.8435 0.6585 
O14 17.01 -0.7856 1.8834 

B3 18.225 0.1438 -0.5894 
O16 19.44 0.3342 0.2595 
O17 20.655 0.5741 2.3385 
O18 21.87 -2.4336 1.8454 
O19 23.085 1.764 0.4827 

B4 24.3 0.619 0.359 

Table 1 2 

  3 
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VARIABLE M ± SD (range min-max) 
Depression 8.39 ± 6.44 (0-25) 

Anxiety 44.15 ± 7.07 (29-58) 
Perceived stress 17.98 ± 5.68 (6-34) 
 Nonacceptance of EmoƟonal Responses (DERS) 13.10 ± 5.57 (6-29) 
 DifficulƟes Engaging in Goal-Directed Behavior 
(DERS) 

14.78 ± 4.73 (5-24) 

 Impulse Control DifficulƟes (DERS) 12.63 ± 4.60 (6-25) 
Lack of EmoƟonal Awareness (DERS) 15.68 ± 4.63 (7-30) 
 Limited Access to EmoƟon RegulaƟon Strategies 
(DERS) 

18.22 ± 6.79 (6-35) 

Lack of EmoƟonal  Clarity (DERS) 10.85 ± 3.45 (5-18) 
General DifficulƟes in EmoƟonal RegulaƟon 85.27 ± 21.45 (42-150) 
Planning DifficulƟes (BIS-11) 23.17 ± 4.67 (11-36) 
Motor Impulsivity (BIS-11) 18.20 ± 3.32 (11-24) 
CogniƟve Impulsivity (BIS-11) 17.12 ± 3.99 (9-29) 
General Impulsivity 58.49 ± 9.41 (37-84) 
Behavioral InhibiƟon (BIS/BAS) 21.17 ± 3.93 (10-28) 
Reward Responsiveness (BIS/BAS) 17.02 ± 2.29 (9-20) 
Drive (BIS/BAS) 9.41 ± 2.29 (5-15) 
Fun Seeking (BIS/BAS) 12.00 ± 2.04 (7-16) 
AcƟve Coping (Brief-COPE) 4.51 ± 1.56 (2-8) 
Planning (Brief-COPE) 5.34 ± 1.27 (3-8) 
Instrumental Support (Brief-COPE) 5.00 ± 1.32 (2-7) 
Problem-Focused Coping (Brief-COPE) 14.85 ± 2.94 (8-21) 
Acceptance (Brief-COPE) 5.61 ± 1.11 (4-8) 
EmoƟonal Support (Brief-COPE) 4.22 ± 1.33 (2-7) 
Humor (Brief-COPE) 4.24 ± 0.96 (2-6) 
PosiƟve Reframing (Brief-COPE) 5.83 ± 1.37 (3-9) 
Religion (Brief-COPE) 2.98 ± 1.32 (2-7) 
EmoƟon-Focused Coping (Brief-COPE) 22.88 ± 3.31 (17-32) 
Behavioral Disengagement (Brief-COPE) 3.73 ± 1.04 (2-7) 
Denial (Brief-COPE) 4.10 ± 1.20 (2-7) 
Self-Blame (Brief-COPE) 5.63 ± 1.22 (3-8) 
Self-DistracƟon (Brief-COPE) 5.24 ± 1.3 (3-8) 
Substance Use (Brief-COPE) 3.93 ± 0.72 (2-6) 
VenƟng (Brief-COPE) 4.12 ± 1.16 (2-6) 
DysfuncƟonal Coping (Brief-COPE) 26.76 ± 4.21 (18-37) 
DERS = DifficulƟes in EmoƟon RegulaƟon Scale; BIS-11 = BarraƩ Impulsiveness Scale; BIS/BAS = Behavioral InhibiƟon 

and Behavioral AcƟvaƟon Scales; Brief-COPE = Brief Coping OrientaƟon to Problems Experienced Inventory. 

Table 2   1 
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Figure legends 1 

Figure 1:  a: Frequency spectrum representaƟon of the EEG response at the electrodes of interest 2 

(EOI). Neural response to the periodic presentaƟon of original (i.e. intact images; EOI: 3 

electrode PO8) vs. scrambled (i.e. phase-scrambled version of the intact images, making it 4 

impossible to recognize what was shown originally while preserving the picture properƟes; 5 

EOI: electrode Oz) images (mean (bold) ± 95% within-subject confidence interval (dashed)). 6 

Topographic plots show global channel acƟvity at 1.215 Hz (frequency of the oddball) and 7 

6.075 Hz (base image presentaƟon frequency) 8 

b: Comparison of aggregated responses at the oddball and base presentaƟon frequency. 9 

Sum of the neural responses at the oddball and base frequency and its first 4 harmonics 10 

(summed up separately into the “frequency of interest” for each condiƟon and electrode). 11 

Differences between the magnitude of the response were assessed using paired t-tests 12 

(nsp>0.05, ****p<0.0001). JiƩered dots (grey) indicate individual data points; horizontal 13 

lines link the data points of the same parƟcipant for the compared condiƟon.  14 

c: Topographic illustraƟon of the difference between the aggregated oddball response for 15 

intact and scrambled images. Aggregated responses consisted of the sum of the 1.215 Hz 16 

and its harmonics at 2.43 Hz, 3.645 Hz, 4.86 Hz and 7.29 Hz for each condiƟon. Differences 17 

between condiƟons were assessed using a cluster-based mulƟ-sensor analysis employing a 18 

paired t-test (p<0.0001, right-tailed, 2000 permutaƟons and set to 4 neighbors on average 19 

for each electrode).  20 

Figure 2:  ModeraƟon models between depression, aggregated EEG amplitude and pain threshold.   21 

a: Graphic illustraƟon of the moderaƟon model and the relaƟonship between the variables. 22 

b: Graphs show slopes of pain threshold predicƟng aggregated oddball EEG amplitudes at 23 

low, mean, and high levels of depression. When ploƫng the graphs, data automaƟcally 24 

generated by the PROCESS analysis algorithm are used to classify low, mean, and high levels 25 

of conƟnuous variables. 26 

Figure 3: IllustraƟon of the FPVS paradigm. Health-related images were presented at a frequency of 27 

~ 1.2 Hz in a stream of unrelated images (~6 Hz). ParƟcipants were asked to track the color 28 

changes of a dot presented in the middle of each image and reported this number at the 29 

end of each trial. 30 
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Table legends 1 

Table 1:  Group- and channel-averaged z-scores at the frequency of the oddball (O) and its harmonics 2 

(overlapping with the base presentaƟon frequency (B) and its harmonics). Bold font 3 

indicates z-scores with a significance level of p<0.001(i.e. z>3.09, one-sided), while 4 

cursive font indicates p<0.05 (i.e. z>1.64, one-sided). 5 

Table 2:  ParƟcipants’ baseline characterisƟcs (mean ± standard deviaƟon) for all the psychological 6 

variables invesƟgated. 7 
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