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Investigating age-related shifts in affective responses to emotionally salient stimuli is key to 
comprehending emotional development during childhood and adolescence. Most of the research 
regarding emotional experiences has focused on adults, while the understanding of the development 
of emotional experiences across childhood remains elusive. To address this gap, we explored whether 
physiological and behavioural responses as well as self-reported emotions elicited in children and 
adolescents by naturalistic stimuli differ from those in adults. We developed a set of emotional videos 
to elicit different emotions – fear, joy, anger, sadness, amusement, and tenderness - and measured 
emotional intensity ratings, electrocardiography, and eye movements from 8–15-year-old children and 
adults during the viewing of the videos. We identified age-related changes in all measured responses. 
Emotional intensity and behavioural responses varied across emotion categories. Furthermore, 
specific emotions showed different maturation patterns. The study highlights the importance of a 
multicomponent approach to accurately discern and understand emotional states.
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Emotions are complex mental states that involve several components, including subjective experiences, 
behavioural responses, and physiological changes1. The component process model posits that categorical 
emotions, such as fear or joy, arise from integrating these components2. While much research has focused on 
these components in adults (for reviews, see, e.g3,4), gaps in understanding remain, particularly in how these 
components interact across development.

Subjective experiences, commonly referred to as feelings, reflect the conscious aspects of emotions5,6. These 
are often assessed through self-report ratings of some aspect of emotional experience, such as the intensity 
of discrete emotions7–9, or valence and arousal10,11. However, the reliability of self-reports in young children 
remains contentious. Children as young as three years of age can provide self-reports of their emotions, which 
are aligned with their vocal, bodily, and facial behaviours12,13. Self-reports of bodily changes associated with 
basic emotions are already distinct in six-year-old children and become increasingly similar to those reported 
by adults during maturation14. Nevertheless, young preschool children tend to provide extreme responses 
when using Likert-type scales to rate their emotional states15 and rate the intensity higher compared to external 
coders13. Additionally, children may lack emotional vocabulary or awareness of their emotional states16. A more 
comprehensive understanding of children’s emotional states may be gained by using self-reports and behavioural 
measures in combination with psychophysiological measures16–18.

Emotional behaviours can be manifested in facial movements19, body posture and movements20, vocal 
prosody21, blink rates22, or other gaze behaviours23. For instance, Maffei and Angrilli24 found that blink rates 
decrease during compassionate and scenic scenes and increase during fear-inducing clips. Similarly, neural 
networks can infer emotional states from blink data, with the highest accuracy observed during fear-inducing 
clips25. Significant differences in blink modulation were found in children when they viewed unpleasant pictures 
compared to neutral and pleasant ones26,27, potentially due to the high arousal of unpleasant stimuli (see, e.g28).

Physiological indicators of emotional states include heart rate29,30, respiration31,32, skin conductance33, 
muscle tension34, and hormone levels35. While adult emotional physiology is well-documented (for meta-
analyses, see36,37), fewer studies focus on children. Sacrey et al.38 reviewed studies using cardiac activity to 
measure physiological responses to emotions in children from newborns to 4-year-olds and found similar 
patterns to adults, such as increased HR and decreased HRV in fear, anger, or anxiety (for a meta-analysis, see36). 
Several studies26,39,40 have demonstrated that school-aged children display comparable but weaker physiological 
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responses to emotional stimuli than adults. In general, cardiac measures are considered reliable for assessing 
emotional states in children18. However, when assessing age differences in physiological responses to affective 
stimuli, developmental changes in cardiac functioning must be considered41.

These three components of emotions – subjective experiences, behavioural responses, and physiological 
changes – are interconnected42,43. However, research on the development of children’s emotions has often focused 
on isolated single components44–46. While some studies have explored combinations of two components13,47,48, 
studies involving a multicomponent approach with more than two components are rare. Notably, Leventon 
et al.40 combined self-reports, physiological measures (heart rate, heart rate variability, and event-related 
potentials), and behavioural memory performance, while McManis et al.26 assessed physiological responses 
(heart rate), self-report, and behavioural responses (EMG and blinks). Both studies used affective pictures to 
induce emotional states, although recent research suggests that dynamic, naturalistic stimuli are more effective 
in eliciting emotional responses49,50, thus increasing the ecological validity51.

This study investigated age-related changes in affective responses to emotionally salient stimuli, aiming to 
determine the extent of alignment between children’s and adults’ emotional reactions. This research addresses a 
gap in the current understanding of emotional development during middle childhood and adolescence, as most 
existing studies have primarily focused on adults and often limited their scope to just one or two emotional 
components. In contrast, our study employed a multicomponent approach, examining three modalities of 
emotional reactions – self-reported, physiological, and behavioural responses – in 8–15-year-olds compared 
to those in adults when exposed to emotional videos. Given the inclusion of less-studied positive emotions and 
the novel application of a multimodal approach, we adopted an exploratory framework without placing specific 
hypotheses. We used linear mixed-effects models (LMMs) to examine whether emotional responses associated 
with different emotion categories vary across ages and representational similarity analysis (RSA) to investigate 
whether specific emotion categories are associated with distinct physiological and behavioural response patterns 
and how these similarities emerge across development. Our analytical approach is guided by the component 
process model of emotions43,52, which suggests that emotional responses consist of distinct yet interdependent 
components that collectively shape the final subjective experience or “feeling.” In this framework, early 
components, such as physiological and behavioural responses, contribute to the eventual categorisation and 
labelling of emotions.

Method
Participants
The sample comprised children and adolescents aged 8 to 15 years old (N = 90, 48 girls, 42 boys, mean age = 11 
years, SD = 2.15) and a reference group of young adults (N = 30, 15 women, 14 men, 1 non-binary, age range 
19–29 years, mean age = 22.2 years, SD = 2.5). All participants were Caucasian and spoke Finnish as their native 
language. The data were collected in the facilities of the Human Information Processing Laboratory at Tampere 
University. Participants were recruited through online advertisements on social media platforms and mailing 
lists. Those interested, along with their guardians, registered via an online form and were later invited to the lab 
for participation. Young adults were recruited through a research methodology course at Tampere University. 
Upon registration, all participants or their guardians filled out self-reports of background variables, including 
gender, age, and native language. Children and adolescents received cinema tickets as compensation for their 
participation, whereas young adults were provided with course credits.

Participation in the study was voluntary, and participants had the option to discontinue or withdraw from 
the study at any point. Prior to participation, participants and their caregivers were provided with information 
about the study and given the opportunity to ask questions. Informed consent was obtained, with caregivers 
consenting on behalf of children aged 8 to 14. For adolescents aged 15, their own consent was sufficient, although 
they were encouraged to discuss their participation with their caregivers. The sample is relatively homogeneous, 
particularly in terms of socio-economic status, race, and ethnicity, due to their low variation in the Tampere 
region where data were collected. At the time of data collection, over 90% of the population of the Tampere 
region were native Finns and spoke Finnish as their native language. Race, ethnicity, and socioeconomic status 
were not explicitly collected from our sample. Ethical statement for the experiment was obtained from the Ethics 
Committee of the Tampere Region. All procedures were conducted in accordance with the relevant guidelines 
and regulations outlined in the Declaration of Helsinki.

Video task
The study consisted of a single 2-hour-long laboratory visit. The video task was one of several measurements 
included in the study and was conducted after the participant filled out self-report questionnaires and completed 
a facial expression recognition task, an emotion recognition task, and an interview of emotional experiences. 
Only the video task data were analysed in this study. The video task lasted for less than an hour: the total duration 
of videos was 33 min and 19 s, with self-paced breaks for filling out self-reports after each video. Participants 
were allowed to take breaks between videos when necessary.

In the video task, participants watched 42 brief, approximately one-minute-long video clips depicting a 
range of emotional situations (duration range = [0:18 − 1:10 min.]; total duration = 33:19 min.). To select the 
video stimuli for this study, we first identified 135 scenes portraying emotional content from Finnish-language 
children’s films and TV series and conducted a pre-evaluation survey where 14 adult participants (2 males, 
mean age = 23.6, SD = 3.1, range 21–33 years) were asked to freely label the emotion category experienced during 
each clip (Supplementary Table 1). All selected movies and TV series for this study adhered to the Finniah age 
classification system, being rated either “S” (suitable for all ages) or “7” (appropriate for viewers aged 7 and 
older). Following the pre-evaluation survey, a final set of 42 videos was chosen to represent six target emotion 
categories (seven clips per each category; see Supplementary Table 2 for content and familiarity of the clips): joy, 
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anger, sadness, fear, tenderness, and amusement. All video stimuli are available from the corresponding author 
on request.

Our selection of emotion categories was guided by both dimensional and discrete models of affect. While 
dimensional models categorise emotions based on valence and arousal53,54, discrete emotion theories emphasise 
distinct, biologically-rooted emotion categories55,56. Recent perspectives argue that these models are not mutually 
exclusive57–59. Historically, emotion research has focused largely on the taxonomy of six basic emotions36,60, 
which included only one positive emotion, joy, based on the belief that it was the only positive state with a 
universally recognised expression. However, more recent findings61–63 have identified a broader range of positive 
affective states that are expressed and recognised across cultures. Given the limited focus on positive emotions 
in past research, our study aims to balance positive and negative emotions and capture a range of emotional 
intensities from subtle to intense64–66. Therefore, we included tenderness as a low-arousal positive emotion, and 
joy and amusement as high-arousal positive emotions. Correspondingly, we selected sadness as a low-arousal 
negative emotion, with fear and anger as high-arousal negative emotions. While more emotions could have been 
included, we selected a representative subset that balanced valence and arousal while maintaining a feasible 
experiment length.

The 42 video clips were organised into six separate runs, with each run comprising seven videos. Each run 
contained one or two video clips from each of the six emotion categories. Both the ordering of the runs and the 
sequence of videos within them were randomised for each participant. During each run, participants viewed 
one video clip at a time, with a pause after the stimulus presentation to allow them to rate the emotions they 
experienced during the clip. The video stimuli were presented on a 23-inch computer screen and the stimulus 
delivery was controlled with in-house developed software built with the Unity Experiment Framework (UXF). 
Audio was delivered through loudspeakers with a constant sound level for all participants.

We encouraged participants to take breaks between runs, with at least one break being mandatory during the 
experiment. Participants were advised to drink a beverage or simply stretch their muscles during these breaks. To 
maintain consistency and to support the participants, a research assistant was present in the laboratory throughout 
the study. Quality of the ECG signal was visually inspected throughout the experiment, and participants were 
encouraged to sit still or take breaks when motion was detected. The video task was successfully completed by 
117 participants: three participants interrupted the video task after 4 or 5 runs (one 9-year-old, one 10-year-old, 
one 15-year-old). The data collected before interrupting the experiment were included in the analyses.

Ratings
The rating procedure aimed to quantitatively capture participants’ emotional experiences during the video 
task. Following the viewing of each video clip, participants provided their emotional ratings using a tablet. The 
emotional rating interface was implemented with the Gorilla Experiment Builder (www.gorilla.sc;67). The rating 
interface employed a slider, which enabled participants to indicate the intensity of their experienced emotion 
for six emotion categories, including three positive emotions (joy, tenderness, amusement) and three negative 
emotions (anger, fear, sadness). Text labels of emotion categories were complemented with corresponding emojis 
(Supplementary Fig. 1). Before the video task, children participated in an interview of emotional experiences, 
where they were given each emotion category and asked to describe a recent situation where they had felt this 
emotion. This interview task was used to confirm that all participants understood all emotion categories in this 
study. If the participant was not familiar with the emotion category, they were given a standardised description 
to ensure understanding of all emotion labels.

Participants were instructed to use the slider interface to rate the intensity of their emotional experience. In 
cases where a participant did not experience a specific emotion, they were instructed to leave the slider at its 
default position on the left end (no emotion at all). Conversely, moving the slider towards the right end of the 
scale indicated a high level of emotional intensity for the corresponding emotion. As a result, we obtained rating 
data ranging from 0 (no emotion at all) to 100 (maximum intensity). Participants practiced using the rating 
interface before the video task.

We collected rating data successfully for all but one participant (one 13-year-old: all data missing due to a 
technical error in the rating interface). Additionally, some participants had missing ratings for 1–2 clips out of 42 
(one missing rating: N = 26; two missing ratings: N = 9; see Supplementary Table 3 for age distribution of missing 
data) mostly in the first run of their experiment. These missing data were due to problems with using the rating 
interface despite the training before.

Eye movements
The behavioural response to emotional clips was calculated as the percentage of time when participants’ gaze 
was fixated on the screen. During the video task, participants’ eye movements were tracked using a Tobii Pro X3-
120 eye tracker attached to the 23-inch monitor that displayed the video stimuli. Participants were positioned 
approximately 50 cm away from the monitor. Before the video task commenced, a calibration task was performed, 
and when necessary, it was repeated until a satisfactory calibration result was achieved, with a maximum limit of 
three calibration attempts. If the calibration limit was reached, the experiment proceeded without eye-tracking 
data collection, as data for other modalities could still be collected. Eye-tracking data were not collected for five 
participants (three adults, one 11-year-old, one 13-year-old) due to calibration problems persisting after three 
calibration attempts. During the calibration process, participants were instructed to fixate their gaze on a dot 
that appeared at various locations on the screen. To ensure participants’ comfort and to allow them maintaining 
a natural posture, no headrests or chinrests were used during the video viewing sessions. Participants were 
encouraged to avoid excessive movement during the videos.

Eye-tracking log files recorded timestamps and gaze coordinates on the X and Y axes. Instances of undetected 
gaze, resulting from blinks or gaze shifts beyond the screen, were marked by coordinates (-1920, -1080). For 
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each participant and video clip, the total gaze duration was calculated by summing periods when gaze was 
detected. To adjust for variations in video clip length, this duration was represented as a percentage of the total 
clip duration.

Heart rate
Physiological responses during video viewing were measured with heart rate metrics calculated from the 
electrocardiogram (ECG) data. ECG data were collected using two self-adhesive electrodes, placed on the lower 
rib and clavicle, and Net Station 4.5.1 software (Electrical Geodesics, Inc.) at a sampling rate of 250 Hz. ECG data 
were not collected for six participants (one 8-year-old, one 10-year-old, one 12-year-old, two 13-year-olds, one 
15-year-old) due to technical problems.

ECG data were processed using Python (version 3.8.13), employing standard libraries for data manipulation 
(pandas 1.4.1), general computing (numpy 1.21.5), and graphical representation (matplotlib 3.5.1, seaborn 
0.11.2). The heart rate time series from the comprehensive recording was divided into 42 segments, 
corresponding to individual video clips. Raw ECG data preprocessing, peak detection, and peak correction 
were automated through the open-source Neurokit2 (version 0.1.7) library in Python68. In cases of substantial 
noise and motion artifacts, three distinct peak detection algorithms (‘neurokit’, ‘kalidas2017’, ‘promac’) were 
applied, with the most suitable method selected for each instance via visual inspection. Following this, data were 
examined and corrected manually to verify accurate peak identification. Segments with unidentifiable peaks 
were excluded from further analysis. Altogether, we excluded segments from seven participants (between one 
and 13 segments per participant). The remaining intact segments were used for calculating the average responses 
for each emotion category.

After peak detection in each video clip, we calculated the average heart rate (HR) in beats per minute (BPM). 
To quantify heart rate variability (HRV), we employed the RMSSD method, which represents the root mean 
square of successive differences of the RR intervals. RMSSD specifically quantifies the short-term variability in 
heart rate and is particularly sensitive to changes in the parasympathetic nervous system activity69.

Finally, to investigate the effect of motion in our data, we quantified motion from ECG raw signal. We 
calculated the number of trials during which the automatic peak detection failed and peaks needed to be manually 
corrected. To estimate motion, we calculated the percentage of trials per participants where manual correction 
was required, as the noisy signal was related motion artefacts. We then calculated correlations between motion 
and other variables. We found no correlation between motion, gaze to screen, BPM, and RMSSD, suggesting that 
motion did not fully explain our findings. We also calculated correlation between age and motion. While there 
was a significant correlation between age and motion in the whole sample (r=-.40, p < .001), when calculating 
correlation in children only, we found no correlation (r = .04, p = .733).

Statistical analyses
Intensity heatmaps of experienced emotions
To evaluate the effectiveness of video clips in inducing the intended emotional responses, we employed descriptive 
analyses. We used heatmaps to visually represent the intensity of self-reported emotions for each clip, averaged 
across age groups. Participants were grouped by age as follows: young children 8–9 (N = 29), older children 10–
11 (N = 25), young teenagers 12–13 (N = 23), older teenagers 14–15 (N = 13), and adults (N = 30, mean age = 22.2, 
SD = 2.5, range 19–29). These heatmaps, ranging from 0 (no intensity) to 100 (maximum intensity), allowed us 
to observe the correspondence between the intended and reported emotions. Heatmaps were generated using 
Python (version 3.9.18), utilising the numpy and pandas packages for data manipulation, and seaborn for data 
visualisation.

Linear mixed-effects models
We employed three distinct linear mixed-effects models (LMMs) using the lme4 package (version 4.1.3) in the 
statistical software R (version 4.1.2) to assess the effects of age and emotion category of clips on emotional 
responses: experienced intensity ratings, physiological responses (HR, HRV), and percentage of gaze on screen. 
To handle the categorical variable representing emotion categories, we adopted orthogonal sum-to-zero contrast 
coding. In this coding approach, we set the reference level “Amusement” to − 1, which allowed us to measure 
deviations from the grand mean and also assess interaction effects by examining deviations from the expected 
values. These models are outlined as follows:

	1.	 Model 1 (Linear age model): In this model, age was treated as a continuous variable, assuming a linear 
relationship with emotional response. The model was specified as emotion_response ~ age_continuous * emo-
tion_category + (1|id).

	2.	 Model 2 (Polynomial age model): Here, age was included as a polynomial continuous variable to capture 
potential non-linear effects. The model was specified as emotion_response ~ (age_continuous + age_continu-
ous^2) * emotion_category + (1|id).

	3.	 Model 3 (Categorical age model): Age was treated as a categorical variable, with distinct age groups compared 
to adults (reference group). The model was specified as emotion_response ~ age_category * emotion_category 
+ (1|id).

Our analytical approach initially involved a comparative assessment of Model 1, which treats age as a linear 
continuous variable, and Model 2, incorporating age as a polynomial continuous variable. This comparison 
relied on the Akaike Information Criterion (AIC) and Bayesian Information Criterion (BIC) for selecting either 
a linear or non-linear model as more appropriate. We then applied analysis of variance (ANOVA) to test the 
significance of each fixed effect (age, emotion category, and their interaction) in explaining the variability in the 
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dependent variable (emotional response). In the results section, we report the model that best fits the data, be it 
linear (Model 1) or polynomial (Model 2). Details regarding the comparison between the models are provided 
in the supplementary section. Additionally, we conducted post-hoc analyses by making pairwise comparisons 
and adjusting for multiple comparisons with Tukey’s Honest Significant Difference (HSD) test, to further outline 
differences between the emotion categories (Supplementary Tables 4–21).

In Model 3, age group and emotion category were considered as categorical predictors, while we included 
participants as a random effect to account for individual variations. For this analysis, participants were grouped 
by age in the same manner as in the descriptive analysis, into five groups: 8–9 years old, 10–11 years old, 12–13 
years old, 14–15 years old, and adults. To establish a baseline, we used adults as the reference level for the age 
groups. This model is consistently reported in the results to underline differences compared to the adult group.

Representational similarity analysis
To further complement these analyses, Representational Similarity Analysis (RSA) was employed. RSA was 
selected for its ability to analyse complex multimodal data, capturing subtle, potentially nonlinear patterns in 
emotional development that may not be evident with traditional methods. While RSA necessitates discretisation 
of age, this approach complements LMMs, providing a more comprehensive perspective on age-related changes 
in emotional responses.

We employed Representational Similarity Analysis (RSA;70) to analyse age-related variations in the 
distinctiveness of affective responses to the six target emotion categories. To allow age group comparisons, 
participants were categorised into the same five age groups as in the linear mixed-effects model analysis above. 
The analysis focused on physiological and behavioural responses, aiming to discern how distinct these responses 
are in relation to various emotion categories and to understand the developmental changes they undergo.

For the analysis we used vegan, mosaic, pheatmap, and lsa packages in R. First, we normalised HRV, HR, 
and percentage of gaze on screen within each participant. These were concatenated into vectors so that each 
participant had a vector of three values for each video clip. Second, individual Representational Dissimilarity 
Matrices (RDMs) were computed for each participant using Euclidean distance for ratings and cosine distance 
for the other modalities, capturing the dissimilarity in their emotional responses across stimuli. In the 42 × 42 
RDMs, each element represented the dissimilarity between pairs of emotional stimuli for a given participant. 
Third, these individual matrices were then aggregated within each age group and for each targeted emotion 
category of clips to produce a group-level, 6 × 6 RDMs, providing an overview of emotional response patterns for 
each emotion category at the group level. These matrices were used to interpret how different age groups respond 
to various emotional stimuli, both within and across emotion categories. For reporting purposes, we categorised 
values below the 10th percentile of the similarity range of each matrix as indicating high similarity, while values 
between the 10th and 25th percentiles were classified as indicating medium similarity. Guided by the component 
process model of emotions, we calculated similarity matrices for combined physiological and behavioural 
responses (HR, HRV, and percentage of gaze on screen) and separately for intensity ratings, representing the 
final stage of emotional processing. RSA analyses with HR, HRV, and percentage of gaze on screen, considered 
separately, highlighted the necessity of a multicomponent approach when investigating emotional responses.

Statistical analysis involved comparing the group-level RDMs using the Mantel test, a non-parametric method 
suitable for assessing the correlation between two distance matrices. The Mantel test between each age group 
was conducted using Spearman’s rank correlation coefficient, with 5,000 permutations for each comparison 
to determine statistical significance. The Mantel statistic provides a measure of the similarity between group-
level RDMs, while the p-value indicates the statistical significance of this similarity. The resulting p-values 
determined whether the emotional response patterns were similar across age groups, with a p-value below 0.05 
considered indicative of a statistically significant relationship. These results can discern the extent to which 
emotional responses are consistent or vary across different developmental stages. Finally, we also used Spearman 
correlation test to evaluate similarity of emotion components.

Results
Experienced emotions: intensity heatmaps
First, we evaluated the effectiveness of the video clips in eliciting target emotions. The heatmaps (Fig. 1) show 
that for most age groups, the pre-selected clips were effective in eliciting the target emotions. Furthermore, the 
reported intensity of experienced emotions decreased across age.

Target-to-elicited success rates were consistently high for the categories of joy and amusement across most 
age groups. Moreover, joy and amusement often co-occurred in clips intended to induce either emotion. This co-
occurrence was consistent across all age groups, except in adults, where these emotions became more distinct.

Overall, the descriptive analysis of the heatmaps revealed that the clips mostly evoked the intended target 
emotions, while there was also notable age-related variation in self-reported emotions. For this reason, to 
complement the original analyses with target emotions, we also conducted the analyses using individualised 
emotion categories in addition to those based on the predefined target categories. The results demonstrated 
consistent outcomes across the two approaches; therefore, the following results are reported based on the target 
emotion analysis. For results of non-target emotions and the individualised emotion analysis, see Supplementary 
Tables 22–25 and 26–33 in Supplementary Analyses 1 and 2, respectively.

Linear mixed-effects models

Effects of age and emotion category on self-reported emotional intensity
We first investigated whether children and adults reported similar felt intensity of target emotions and whether 
there were differences in intensity ratings between emotion categories (Fig.  2A, Supplementary Tables 4–5). 
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The linear model showed main effects of both age (F(1, 116.9) = 10.3, p = .002) and emotion category (F(5, 
583.9) = 15.3, p < .001). In general, self-reported emotional intensity declined with age across all emotion 
categories (β = -0.86, p = .002). We also found a significant interaction effect of age and emotion category (F(5, 
583.9) = 7.2, p < .001). This interaction was due to increased emotional intensity of tenderness with age (β = 1.20, 
p < .001).

Upon treating age as a categorical variable, children aged 8–9 (β = 11.81, p = .004) and 12–13 (β = 13.76, 
p = .002) showed significantly more intense emotional responses relative to adults (Supplementary Table 6). The 
responses of the 10–11 age group showed (β = 8.4, p = .05) a trend towards more intense experiences, while the 
14–15 age group exhibited no significant differences in comparison to adults. This analysis further supported 
differences in intensity responses to tenderness clips: participants aged 8–9, 10–11, and 12–13 rated clips in the 
tenderness category less intense as compared to adults (with a decrease in β values of 18.12, 14.60, and 10.69 
respectively, all ps < 0.01). Furthermore, participants aged 8–9 (β = 10.69, p = .002), and 10–11 (β = 7.26, p = .044) 

Fig. 1.  Heatmaps of experienced emotions by age group and clip. The heatmaps display the emotions 
experienced by participants during each clip, categorised across age groups. Emotion ratings are on a scale 
from 0 to 100, reflecting the average intensity of emotions experienced within each age group. A darker colour 
on the heatmap indicates greater emotional intensity. The Y-axis represents the clips (7 clips in each category) 
along with their intended emotion categories, while the X-axis represents the reported experienced emotions.
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reported more intense responses to the fear category compared to adults. There were no significant differences 
between the older groups.

Additional post-hoc analyses were conducted to determine differences among individual emotion categories 
of clips. Tenderness ratings were significantly less intense compared to joy (-22.45, p < .001), anger (-8.18, 
p < .001), sadness (-16.21, p < .001), and amusement (-13.77, p < .001). Conversely, clips evoking joy elicited 
higher intensity than those evoking anger (14.27, p < .001), sadness (6.25, p = .012), fear (20.05, p < .001), and 
amusement (8.68, p < .001). Intensity ratings for anger were significantly lower than those for sadness (-8.02, 
p < .001) and amusement (-5.59, p = .036) clips. Further details are available in the Supplementary Tables 7–8.

Effects of age and emotion category on physiological responses
We next investigated whether the physiological responses to our video clips varied depending on age and 
emotion category (Fig. 2B-C, Supplementary Tables 9–10). For HR, the polynomial model was found to be the 
best fit, demonstrating a significant curvilinear relationship between age and HR (Age: F(1, 111) = 21.27, p < .001; 
Age2: F(1, 111) = 19.04, p < .001) and no significant effect of category.

The categorical model showed main effects of both age group (F(4, 109) = 4.09, p = .004) and emotion category 
(F(5, 545) = 26.64, p < .001). We identified a significantly greater HR response to fear (β = 0.791, p < .001) and a 
significantly smaller response to anger (β = -0.52, p = .004) across all age groups when compared to the mean of 
all other emotions. The interaction effect between age and emotion category was not significant (Supplementary 
Tables 11–13).

Fig. 2.  Emotional responses to six emotion categories in each age group. (A). Ratings of subjective emotional 
experience. (B). Heart Rate (HR). (C). Heart Rate Variability (HRV). (D). Percentage of time participants 
looked on the screen.
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For HRV, the linear age model demonstrated a better fit than polynomial (Supplementary Tables 14–15), 
showing a significant decline in HRV with increasing age (F(1, 111.47) = 17.90, p < .001). However, the effects of 
emotion category and interaction between age and emotion category were not significant (Supplementary Table 
16).

Effects of age and emotion category on behavioural responses
Next, we examined the gaze behaviour (measured as the percentage of gaze on screen) across different age groups 
and emotion categories (Fig. 2D, Supplementary Tables 15–16). The linear age model revealed a significant main 
effect of emotion category (F(5, 563.97) = 27.55, p < .001) and an interaction between age and category (F(5, 
563.97) = 5.08, p < .001). The main effect of age was not significant (F(1, 112.96) = 3.74, p = .056). The model 
showed that fear (β = -6.06, p < .001), tenderness (β = -2.32, p = .001), and sadness (β = -1.73, p = .015) were 
associated with a decrease in gaze on screen compared to mean of all emotions. In contrast, joy (β = 2.36, p < .001) 
and anger (β = 2.77, p < .001) were associated with increased gaze on screen, suggesting more sustained visual 
engagement. The analyses showed that the significant interaction effect was due to an increase in percentage 
of gaze on screen to fear with increasing age (β = 0.21, p < .001), suggesting a developmental change in visual 
engagement with fear over time.

The categorical age model showed main effects for both age group (F(4, 110.0) = 2.7, p = .034) and emotion 
category (F(5, 549.0) = 83.5, p < .001), and a significant interaction of age and emotion category (F(20, 549.0) = 1.8, 
p = .016). Post hoc comparisons of age groups revealed that, as compared to adults, the percentage of gaze on 
screen was significantly lower only in children in age group of 8–9 years (β = -5.43, p = .008) (Supplementary 
Tables 19–21).

Multicomponent representational similarity analysis
We investigated the similarity of responses between different age groups for two components - the physiological 
(HR and HRV) and behavioural responses (percentage of gaze on screen) - together. Across all age groups, we 
observed that the similarity values within the same emotional category, as indicated by the diagonal of each 
RSA matrix, generally showed lower values (greater similarity) compared to those between different emotional 
categories (Fig. 3). Across all matrices, the mean diagonal values range from 0.83 to 0.85, while the mean off-
diagonal values are consistently higher, ranging from 1.00 to 1.02. This suggests a distinct physiological and 
behavioural response pattern for each emotion was identifiable across all age groups.

Fear and anger seemed to elicit the most distinct responses across all age groups, indicated by the lowest 
similarity scores with other categories (within-group similarity scores ranged from 0.79 to 0.87 for fear and 
0.80 to 0.86 for anger). Amusement (0.78–0.84) and joy (0.72–0.84) demonstrated moderate to high similarity 
scores across ages, suggesting a certain level of overlap in the physiological and behavioural responses to these 
emotions.

The analysis of inter-age group similarities using Mantel’s test demonstrated correlations between age groups, 
with values ranging from 0.60 to 0.85. The highest similarity scores were observed between young children and 
adults (0.85). However, this pattern is not uniform, as evidenced by the variability in similarity scores across 
different age comparisons.

The RSA results for each single component demonstrated that response patterns were identifiable only 
for a few emotion categories. Joy appeared to show a distinct HR response across all age groups, although the 
uniqueness of the anger response was evident only in the youngest group and diminished with age. In contrast 
to the children’s groups, adults appeared to exhibit the most distinct HR response pattern for clips inducing 
tenderness and sadness. The Mantel test revealed a significant correlation between the 8–9 age group and the 
14–15 age group, as well as between the 10–11 age group and the 14–15 age group.

HRV response patterns were also identifiable for some categories. Sadness and joy categories showed the 
most distinct HRV response across all age groups. Similarly, the HRV response pattern to anger was pronounced 
in the youngest group and less so in the older groups. The adult group appeared to demonstrate similar HRV 
response patterns in response to negative emotion categories (anger, fear, sadness). The Mantel test did not show 
significant similarities between age groups.

The RSA analysis of gaze behaviour did not reveal distinguishable response patterns for emotion categories 
as the similarity values within the same emotional category showed similar values compared to those between 
different emotional categories.

Finally, we also compared similarity matrices of single components to each other (Fig.  4). As expected, 
physiological responses – HR and HRV had the highest correlation with each other. HRV also correlated with 
both ratings and percentage of gaze on screen. This provides evidence that single components convey partly 
unique information regarding emotion categories.

Discussion
The study examined age-related responses to emotional video stimuli, focusing on three emotion components: 
experienced intensity, physiological responses, and gaze behaviour. Subsequently, we discuss the findings for 
each component.

Subjective experiences
The results showed that emotional intensity ratings generally decreased with age, consistent with previous findings 
showing the tendency for young children to use extremes when rating emotional states13,15,26. Supplementary 
analysis showed that the average intensity of non-target emotions also decreased with age, mirroring the trend 
observed in the intensity of target emotions (Supplementary Tables 22–25). A plausible explanation is that 
younger children indeed experienced emotions more intensely than older individuals. Although children can 
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accurately use scales to rate physical modalities, suggesting reliable scaling abilities, they often give extreme 
emotional ratings15. Older individuals might contextualise their emotions differently, utilising a broader range of 
past experiences in their ratings. This notion complements the idea that younger individuals may feel emotions 
more intensely due to fewer past experiences and less developed self-regulation71, making new encounters 
seem more impactful. The same stimulus material was used for all age groups, which may explain the lower 
intensity ratings in older participants. Furthermore, the changes of emotional ratings with age could involve an 
evolution from binary (e.g., angry or not) to more nuanced emotional evaluations. This is supported by research 
indicating a shift from unidimensional, valence-centric emotional representations to bidimensional frameworks 
considering both valence and arousal72, alongside the categorisation of basic emotions like fear, sadness, and 
happiness73.

Fig. 3.  The multicomponent Representational Similarity Analysis (RSA). Similarity matrices for a combination 
of HR, HRV, and percentage of gaze on screen (top row), for each of the components separately, and for 
intensity ratings (bottom row) as a reference. The similarity matrices represent similarities in emotional 
responses between emotion categories (tenderness, amusement, joy, fear, sadness, anger) for each age group 
separately. Each cell in the similarity matrix represents the distance between the emotional responses to pairs 
of emotions. Lower values indicate greater similarity (i.e., more similar physiological responses), while higher 
values suggest greater dissimilarity (i.e., more distinct physiological responses). The matrix is symmetric, with 
the diagonal representing the similarity of reactions to clips within the same emotion category. The Mantel 
test figure represents the correlation between similarity matrices. The * indicates that there is a statistically 
significant correlation between the two matrices, *p < .05., **p < .01., ***p < .001.
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Contrary to the general trend, tenderness ratings increased with age. Tenderness is not commonly recognised 
as a basic emotion74, and children might learn this term later than others75. Although participants were 
familiarised with the term, prior studies have shown that children’s comprehension of emotional vocabulary 
may not fully converge with adult interpretations76 and is often used in overgeneralised manner77.

Physiological responses
Physiological responses showed an age-related curvilinear change for HR, consistent with typical cardiac 
maturation trends41. However, while HRV appears visually curvilinear in the figure, the polynomial age model 
did not provide a better fit than the linear model. This discrepancy may be due to the small number of adult 
participants over 21 years, whose higher HRV values contributed to increased variability at the upper end of 
the age distribution. To differentiate emotion-specific developmental changes from general physiological 
maturation, we included an age × emotion category interaction in our models. While emotional categories did 
not significantly affect HRV, fear-inducing stimuli prompted increased HR across all age groups, indicating a 
universal physiological arousal in response to fear5,36,78,79. Conversely, anger-inducing clips elicited lower HR 
across all participants. While previous research has shown mixed findings regarding the effect of anger on HR, 
Stemmler and colleagues80 suggested that motivation type influences HR response to anger, with withdrawal-
linked anger decreasing HR.

HR and HRV responses were largely similar across emotion categories. While previous studies have found 
distinct behavioural, somatosensory, and neural responses for different emotion categories (for a review, see4), 
there is less evidence for a single autonomous nervous system activity that distinguishes between emotion 
categories (e.g37,81). Detecting distinct physiological patterns for different emotions may require analysing 
multiple physiological signals rather than relying solely on HR.

Fig. 4.  Correlation between components. Spearman correlations between measurements. *p < .05., 
**p < .01.,***p < .001.
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Behavioural responses
Fear, sadness, and tenderness were related to less gaze on screen, particularly among younger participants. 
Changes in gaze on screen can result from either active aversion or less engagement. Less gaze on screen in 
relation to fear and sadness potentially stems from their distressing nature, prompting avoidance behaviours82. 
Although tenderness is considered a positive emotion, it is distinct from joy and is known to co-occur with 
sadness during pitiful scenes74. This duality was also reflected in behavioural ratings showing an overlap between 
tenderness and sadness. Conversely, stimuli eliciting anger increased visual engagement, suggesting that such 
emotional content captivated attention through engagement or confrontation. These observations aligned with 
previous findings, which posited that anger engaged an approach motivation system, while fear, anxiety, and 
sadness triggered avoidance83,84.

Children aged 8–11 displayed significantly less gaze on screen than adults, particularly in response to fear-
inducing stimuli, potentially reflecting heightened sensitivity and robust avoidance behaviour. These age groups 
also reported higher emotional intensity ratings, reinforcing the notion of increased emotional reactivity. While 
the gaze aversion in younger children could be attributed to increased physical motion while viewing the clips, 
potentially signalling a lack of attentional control71,85 and evolving emotional coping strategies86, we found no 
correlation between age and motion - as denoted by increased noise in ECG signal - in our sample of 8-15-year-
olds.

Finally, while the quality of eye-tracking data could potentially be compromised by long stimulus presentation, 
our participants did not report fatigue during the experiment. Naturalistic stimuli, such as movies, have been 
proposed to decrease motion in demanding experimental setting, such as during brain imaging87. Based on 
continuous monitoring by the research assistants, participants did not overtly express difficulties in engaging 
with the paradigm. This observation, combined with the lack of a relationship between age and motion, supports 
the use of movie stimuli when studying children.

Multi-component approach
This study highlighted the importance of a multi-component approach in emotion research, demonstrating 
that different modalities collectively contributed essential insights that were inaccessible through isolated 
components. Notably, fear-inducing stimuli elicited comparatively low-intensity ratings, especially among 
older participants. However, we observed pronounced physiological and behavioural responses to such stimuli 
across all age groups. Furthermore, the data revealed no significant difference in the self-reported experience of 
fear between 14-15-year-olds and adults. However, adolescents’ physiological and behavioural responses were 
markedly more pronounced, evidenced by increased HR and greater gaze aversion when exposed to fearful 
stimuli. Similarly, while younger children (8–9 years) provided low tenderness ratings, their behavioural 
responses indicated heightened avoidance.

Relying on the component process model, we presented combined RSA metrics including physiological (HR, 
HRV) and behavioural (gaze) data. In contrast, self-reported intensity ratings, conceptualised here as the final 
component in emotional processing, were presented separately. The exploratory RSA analysis, incorporating 
HR, HRV, and gaze behaviour, revealed distinct multi-component response patterns unique to each emotion 
category, not evident when responses were analysed separately. In line with the component process model, the 
similarity of combined response patterns resembled that of the subjective ratings, supporting the subjective 
experience as a result of integration of other components2. Notably, across all age groups, fear-inducing stimuli 
elicited a response pattern that is clearly distinct from other emotion categories, highlighting its primal role in 
human emotional experience78,79,88. These findings advocate for the inclusion of multiple assessment methods to 
gain a comprehensive understanding of emotional experiences across different age groups.

Limitations
The current study is a cross-sectional study with a relatively low sample size, which might affect the generalisability 
of the findings, particularly in the RSA analysis and LMM group comparisons. The small sample size led us to 
group children into age categories, which is not optimal. Ideally, with a larger sample, we would have constructed 
RSA matrices for each year; however, due to our sample size, we grouped ages to ensure sufficient statistical power. 
While our findings reveal age-related trends in affective responses, the exploratory nature of the study means 
that these results serve as a foundation for generating hypotheses rather than providing definitive conclusions. 
Future studies with confirmatory designs are needed to validate and expand upon these observations.

Additionally, the homogeneity of the sample, particularly in terms of race, ethnicity, and socioeconomic 
background, limits the generalisability of our findings to more diverse populations. Another limitation pertains 
to the missing heart rate data, predominantly due to excessive movements in children, indicating the need to 
ensure participant comfort to reduce data loss due to motion. To assess the impact of missing data across all 
modalities, we conducted additional analyses examining whether data loss was systematically related to key 
variables such as age and emotion category. Chi-square tests showed that missing data were evenly distributed 
across emotion categories, while t-tests and further inspection of influential cases suggested that significant 
age-related differences were driven by individual cases rather than systematic bias. Given the small proportion 
of missing data (between 1 and 7 participants per modality), and its random distribution across key variables, 
we conclude that missing data is unlikely to have affected the overall pattern of results. Additional details can be 
found in Supplementary Materials (“Analysis of missing values”).

Furthermore, the gaze detection methodology did not allow for differentiation between blinks and instances 
of looking away in the gaze data, which limits the interpretation of the findings. It is possible that the age-related 
shift towards more gaze to fearful stimuli reflects either increasing salience of the stimuli or less data loss in 
older children and adolescents. Future studies should consider employing more sophisticated eye-tracking tools 
capable of distinguishing between these two types of visual behaviour.
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In this study, participants of various ages were exposed to identical video stimuli, selected to be appropriate 
for the youngest participants (7 years old) to adhere to ethical standards. This age constraint likely influenced 
the appraisal of the videos, as developmental stages affect emotional processing and sensitivity to media content. 
Given these constraints, it is unlikely that participants across age groups experienced emotional responses of 
the same intensity or authenticity, as highlighted by the emotion ratings. We recognise that developmental 
relevance is crucial for understanding age-related emotional responses. A more robust approach could involve a 
longitudinal design, exposing the same participants to age-appropriate stimuli at different developmental stages. 
This would provide deeper insights into the evolution of emotional responses over time beyond what is possible 
with a cross-sectional design constrained by standardised stimuli.

Conclusions
Our results demonstrated changes in self-reports, physiology, and behavioural responses to emotional stimuli 
from childhood to adulthood. Emotional intensity ratings and behavioural responses varied by emotion category 
and age, while physiological responses showed an age effect but did not distinguish between emotion categories. 
Furthermore, specific emotions showed different maturation patterns. From the methodological perspective, the 
study underscored the importance of integrating multiple physiological measures to discern emotional states 
accurately. The RSA analysis demonstrated that a singular measure may not sufficiently differentiate between 
emotion categories. In contrast, a combination of measures revealed more distinct emotional patterns, even in 
younger age groups.

Material and code availability
The anonymised data collected are available as open data via OFS online data repository: ​h​t​t​p​s​:​​​/​​/​o​s​​f​.​i​​o​/​8​2​d​​z​​4​/​?​​v​​i​
e​w​_​​o​​n​l​y​=​​a​1​1​e​1​3​​f​d​e​d​5​1​​4​9​5​6​9​5​7​6​5​8​8​d​d​3​5​f​a​4​c​4. The files also include R scripts used for the statistical analysis as 
presented in the manuscript. All video stimuli are available from the corresponding author on request.
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