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Personality similarity predicts 
synchronous neural responses 
in fMRI and EEG data
Sandra C. Matz1*, Ryan Hyon2, Elisa C. Baek2, Carolyn Parkinson2,4 & Moran Cerf3,4

Successful communication and cooperation among different members of society depends, in part, on a 
consistent understanding of the physical and social world. What drives this alignment in perspectives? 
We present evidence from two neuroimaging studies using functional magnetic resonance imaging 
(fMRI; N = 66 with 2145 dyadic comparisons) and electroencephalography (EEG; N = 225 with 25,200 
dyadic comparisons) to show that: (1) the extent to which people’s neural responses are synchronized 
when viewing naturalistic stimuli is related to their personality profiles, and (2) that this effect 
is stronger than that of similarity in gender, ethnicity and political affiliation. The localization of 
the fMRI results in combination with the additional eye tracking analyses suggest that the relationship 
between personality similarity and neural synchrony likely reflects alignment in the interpretation of 
stimuli and not alignment in overt visual attention. Together, the findings suggest that similarity in 
psychological dispositions aligns people’s reality via shared interpretations of the external world.

Individuals perceive and experience the same situation, context, item, or concept in their own distinctive  way1. 
One person might get excited when encountering a group of people, while another might become anxious and 
self-conscious. One person might feel inspired by a piece of art, while another might get bored by it and start to 
mind-wander. What drives the alignment (or lack thereof) in how people perceive and experience the world?

Research at the intersection of neuroscience, psychology and cognitive science has started to explore the roots 
of neural alignment across three distinct categories: (1) situational drivers, such as shared psychological perspec-
tives, primed interpretive frames or exposure to engaging or emotional  content2–6, (2) interpersonal drivers, such 
as close  relationships7,8, and (3) intrapersonal drivers, such as gender, trait paranoia, cognitive styles or working 
 memory9–12. In addition, the existing research distinguishes between neural synchrony as (1) the active process 
of synchronization between co-present dyads or groups of individuals during social  interactions13,14, versus (2) 
the passive synchronization of neural activity across individuals that is evoked by a common  stimulus4,6,15,16.

Here, we contribute to the literature on intrapersonal drivers of passive synchronization by testing the extent 
to which neural synchrony is related to people’s enduring psychological characteristics: their personality. Per-
sonality traits are thought to capture fundamental individual differences in the way that people think, feel and 
 behave17. These traits are known to be relatively stable over time and predictive of a variety of consequential 
outcomes such as mental health, vocational interests, and relationship  quality18.

Our study builds on previous research suggesting that personality traits are related to both brain  anatomy19,20 
and  function21–24. If certain personality traits are reliably related to particular psychological phenomena and 
their neural underpinnings, we would also expect similarity in personality to be related to similarity in neural 
responses. However, the translation of prior work to the specific research question we address in this paper—
namely how personality similarity is related to similarity in how people perceive and experience the world—is 
limited by the fact that much of this work focused on either resting-state data (e.g.25–28) or neural responses 
evoked by highly-controlled, task-based paradigms. While these findings provide initial evidence for the neural 
basis of personality traits, they lack ecological  validity29,30 and do not directly speak to the impact of dyadic per-
sonality similarity on neural synchrony. To date, only a single study has investigated the relationship between 
personality similarity and neural synchrony using a naturalistic fMRI  paradigm11. The findings provide initial 
evidence that similarities in individuals’ holistic personality profiles—i.e., similarity across all items in a personal-
ity questionnaire—are associated with synchrony in the neural activity evoked by watching naturalistic stimuli.

Here, we study the relationship between personality similarity and neural synchrony in two distinct samples: 
an fMRI sample (Study 1; N = 66 with 2145 dyadic comparisons) and an EEG sample (Study 2; N = 225 with 25,200 
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dyadic comparisons; see Fig. 1 for an illustration of the experimental paradigms). In addition to replicating the 
relationship between personality similarity and neural  synchrony11, our findings offer three novel contributions. 
First, we emphasize the unique role of personality similarity in creating neural synchrony by directly comparing 
the effects of personality to the effects of other socio-demographic characteristics (i.e., age, gender, ethnicity and 
political ideology). By doing so, we provide a novel take on the scientific and popular discourse around the per-
sonal characteristics that separate or connect members of society in their views of the world. Second, we provide 
granular insights into the specific brain regions and personality facets that drive the relationships between per-
sonality similarity and neural synchrony. Third, we shed light on the potential mechanisms underlying the effect 
of personality similarity on neural synchrony by exploring whether the relationship between the two is driven 
by similarities in selective attention to certain stimuli (attention-hypothesis) or similarities in interpretation of, 
or responses to, those stimuli (interpretation-hypothesis). Our conclusions are based both on the investigation 
of the specific brain regions implicated in the effect (neuroimaging data) as well as eye tracking analyses testing 
for the mediating role of eye gaze similarity.

Notably, the combination of the fMRI and EEG samples allowed us to test for convergent evidence from 
two datasets that used different study designs, stimuli, survey measures and neural acquisition methods. The 
differences in methodologies are partly due the fact that the datasets were collected independently and only 
combined into a single research project after each data collection had been completed. We highlight the differ-
ences in methodology in the respective Methods sections and discuss the resulting limitations and advantages 
in the General Discussion.

Study 1
Study 1 investigated the relationship between personality similarity and neural synchrony across different regions 
of the brain using fMRI. Given the high spatial resolution of fMRI technology, the main goal of Study 1 was to 
shed light on the specific brain areas in which personality similarity is associated with similar neural responses 
to the world around us, and to provide initial insights into the cognitive, affective, and perceptual processes that 
underlie this effect.

The data used in Study 1 were acquired as part of broader collection effort aimed at studying inter-subject 
correlation and social  dynamics31.

Figure 1.  Experimental paradigms. Subjects completed personality questionnaires and viewed content while 
neural data were acquired. Inter-subject personality similarity was calculated using Euclidean distance between 
subjects’ personality traits (center). In the fMRI study (left), subjects watched a series of videos while being 
scanned. Temporal fluctuations in spatially-averaged response magnitudes and in spatially-distributed response 
patterns were extracted from each brain region and subject. These time series were used to compute pattern- 
and magnitude-based neural synchrony measures for each unique dyad. In the EEG study (right), subjects saw a 
series of images while data were acquired from their brain. After preprocessing—filtering and artifact removal—
the data from pairs of subjects were linearly projected to a transformation that maximizes the correlation 
between the two individuals in component-space. Averaging the correlation between each pair of components, 
and, following, across all images viewed, yields a quantitative estimation of the synchrony among the dyad. 
Simultaneous acquisiton of eye tracking data allowed for parallel comparison of each individual’s scanpath and 
an estimation of the similarity in viewing trajectories. The images depicted in the figure are different from those 
shown to participants and were chosen as copyright-free equivalents.
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Methods. All methods were carried out in accordance with the guidelines and regulations put forward by 
UCLA. The study protocol in its entirety was approved by UCLA’s Institutional Review Board.

Participants and procedure. Seventy subjects participated in the fMRI study and watched a one-hour series of 
short minutes-long videos spanning a wide range of genres (e.g., comedy, drama, documentary) while undergo-
ing brain scanning. The fMRI session consisted of four consecutive periods. All subjects viewed the stimuli in 
the same order. After the fMRI session, subjects completed a short personality  assessment32 and reported their 
age, gender, and ethnicity.

All subjects were students, fluent in English, and had normal or corrected-to-normal vision. Four subjects 
were excluded from the analyses (two subjects had excessive movement in more than half of the scans, one 
subject fell asleep during multiple periods, and one subject ended the scanning session early). We used data 
from the remaining 66 subjects for analyses (62% female; 18.23 ± 0.63 years old). Of these subjects, one subject 
had excess movement in only one of the four fMRI runs, and another subject fell asleep during one of the four 
fMRI periods. Thus, we excluded these scan periods from the analyses involving these two subjects. The subjects 
identified as Asian (32%), Hispanic/Latinx (29%), Caucasian/White (24%), Mixed (14%), and Black/African 
(2%). All subjects provided written informed consent.

Materials. Stimuli consisted of 14 video clips presented with audio. The durations of the videos ranged from 91 
to 734 s (Table S1 in the Supplementary Information). Stimuli were partially adapted from prior  work8 and were 
selected such that they were: unfamiliar to most subjects, engaging, and evocative of diverging inferences across 
viewers. Subjects were told that their experience would be similar to that of watching television while another 
person “channel surfed”.

Measures. Personality. We measured subjects’ personality using the Ten-Item-Personality-Inventory (TIPI)32. 
The TIPI is an established short measure of the Five Factor Model of  personality33 which posits five relatively 
stable traits: (1) Openness-to-experience, which refers to the extent to which people prefer novelty over conven-
tion, (2) Conscientiousness, which captures the extent to which people prefer an organized or a flexible approach 
to life, (3) Extraversion, which refers to the extent to which people enjoy company and seek excitement and 
stimulation, (4) Agreeableness, which reflects differences concerning cooperation and social harmony, and (5) 
Neuroticism, which reflects a tendency to be emotionally volatile or anxious.

With internal consistencies of α = 0.45 for Openness, α = 0.46 for Agreeableness, α = 0.53 for Conscientious-
ness, α = 0.62 for Neuroticism, and α = 0.75 for Extraversion, the reliability of the measure was found to be 
comparable to that reported in the scale  validation32.

Neural data. Data acquisition and preprocessing
Functional and structural neuroimaging data were acquired using a 3-Tesla Siemens Prisma scanner and 

preprocessed to correct for instrumental, physiological, and movement-related noise (see Supplementary Infor-
mation for more details).

Regions-of-interest parcellation
We used a cortical parcellation scheme with 200  parcels34 for the whole-brain analyses. Each parcel is associ-

ated with one of seven cortical networks of the parcellation (dorsal attention, ventral attention, frontoparietal 
control (FPCN), somatomotor, default mode (DMN), visual and limbic networks; 35). In addition we defined 14 
subcortical regions using the Harvard–Oxford  atlas36.

Similarity indices. Neural synchrony
For each subject, all four fMRI scans were concatenated into a single time series (with the exception of the two 

subjects who only had three scans that were concatenated). Neural synchrony for each dyad was calculated in the 
200 cortical parcels and 14 subcortical brain regions. Neural synchrony was calculated using two metrics: Neural 
Magnitude Synchrony (NM-Synchrony4) and Neural Pattern Synchrony (NP-Synchrony37,38). NM-Synchrony 
captures similarities in spatially-averaged neural response magnitudes over time. To calculate NM-Synchrony, 
we first extracted the time series of spatially-averaged neural response magnitudes across the entire study for 
each subject in each of the regions of interest (Fig. 2). We then correlated each unique pair of subjects’ time series 
within each network. We complemented the NM-Synchrony measure with NP-Synchrony, which examines the 
similarity in individuals’ spatially distributed neural response patterns over time. The NP-Synchrony measure 
was added given that widespread evidence has demonstrated the importance of examining not only response 
magnitudes but also spatially distributed response topographies when characterizing psychological  states39,40. 
Average NM-Synchrony and NP-Synchrony in each cortical parcel is visualized in Fig. S2 in the Supplementary 
Information.

To estimate the reliability of the neural synchrony measures, we split the fMRI scans in half and calculated 
neural synchrony for each dyad separately based on the first and third period, and based on the second and 
fourth periods. We subsequently correlated the two similarity measures across all dyads to obtain a measure 
of split-half reliability. Given that the stimuli varied across the scans and neural synchrony is known to be a 
function of the content individuals  watch2,41, the reliability estimates expected for neural synchrony are lower 
than those expected for traditional psychometric questionnaires (which are typically considered appropriate at 
r = 0.7). Aligned with this expectation, we observed correlations of r = 0.26 for NM-Synchrony and r = 0.40 for 
NP-Synchrony.

Personality similarity
For each dyad, we estimated personality similarity as the Euclidean distance across the five personality traits:
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with x = subject 1, y = subject 2, and n = five personality traits. To ensure the robustness of our findings we tested 
a number of additional distance measures (using the proxy package in R). The measures tested include: Manhat-

tan distance ( 
√

∑n
i |xi − yi|) , Canberra distance (

√
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i
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) , and Supremum distance ( argmaxi(
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∣) . 

To facilitate the interpretability of the estimates, we subtracted the metrics from zero such that higher scores on 
the personality similarity variables indicate higher fit.

dx,y =

√
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i=1
(xi − yi)

2,

Figure 2.  Whole-brain analyses relating personality similarity and neural synchrony. (a) Time series 
of neural responses were extracted from each of 200 parcels spanning the cerebral cortex, as well as 14 
anatomically-defined subcortical regions (not shown); each cortical parcel was associated with one of seven 
functional brain networks. These parcels and networks (annotated by different colors) are visualized on a 
cortical surface model and shown in posterior (top row), anterior (second row), ventral (third row), lateral 
(fourth row), and medial (fifth row) views. (b) Within each brain parcel, the relationship between personality 
similarity and NM-Synchrony was assessed using OLS regression. One-sample t-tests confirmed that the 
distribution of effects (other than the Visual Network) significantly differed from zero. (c) Regression 
coefficients for personality similarity are shown overlaid on the inflated cortical surface. Personality similarity 
was associated with NM-Synchrony in the right OFC. (d) The same statistical procedure was repeated to 
assess the relationships between personality similarity and NP-Synchrony. One-sample t-tests confirmed that 
the distribution of effects significantly differed from zero in all but the Visual Network. (e) Corresponding 
regression coefficients are shown overlaid on the cortical surface. Personality similarity was associated with 
NP-Synchrony in the left cingulate cortex, a medial aspect of the left superior frontal cortex, a medial aspect of 
the left somatomotor cortex, a region of the right medial prefrontal cortex, a medial aspect of the right superior 
frontal cortex, a region of the left ventrolateral prefrontal cortex, and a region of the left orbitofrontal cortex. 
Brain parcels where personality similarity was significantly predictive of neural synchrony are marked by 
asterisks (*p ≤ 0.05, ***p < 0.001, permutation-tested and FDR-corrected).
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We tested the reliability of the personality similarity measure by splitting the personality survey in half (split-
half reliability). Within each half, we estimated personality similarity for each dyad. Finally, we calculated the 
correlation between the two independent similarity estimates across all dyads. The reliability for the derived simi-
larity measures was r = 0.27. While this reliability estimate is low, it is not unexpected given that our personality 
measure was short and limited in its original reliability. Notably, the relatively low reliability of the personality 
similarity measure introduces an upper bound for the observable relationship between personality similarity and 
neural synchrony. While some authors recommend reporting relationships corrected for attenuation (i.e., as if 
their measure was perfectly reliable and free of random  noise42), we chose to report the true, raw relationships 
which constitute a conservative estimate of the true effect.

Socio-demographic similarity
Gender similarity was coded as 1 = same gender, 0 = opposite gender. Age similarity was calculated as the 

absolute difference between the age of the two subjects in each dyad. Handedness was coded as 1 = same handed-
ness, 0 = different handedness. Nationality similarity was coded as 1 = same nationality, 0 = different nationality. 
Ethnicity similarity was calculated as a binary measure indicating overlap in ethnicity (1 = at least one shared 
ethnicity, 0 = no overlap).

Results. We conducted an exploratory whole-brain analysis to test for relationships between personality 
similarity and neural synchrony in each of the 200 cortical parcels and 14 subcortical regions of interest. Spe-
cifically, we tested whether personality similarity was associated with NM-Synchrony and NP-Synchrony using 
linear regression analyses with permutation testing. The reported effects are corrected for false discovery rates 
(FDR) across all regions (Fig. 3).

NM-Synchrony was significantly associated with personality similarity in a region of the limbic network—
specifically, the right orbitofrontal cortex (OFC; ß = 0.177; SE = 0.021; p = 1.38 ×  10–16, ppermutation < 0.001), which 
remained significant when controlling for inter-subject similarities in gender, age, handedness, nationality, and 
ethnicity (ß = 0.169; SE = 0.021; p = 2.92 ×  10–15, ppermutation < 0.001).

NP-Synchrony was significantly associated with personality similarity in a region of the FPCN within the left 
cingulate cortex (ß = 0.186; SE = 0.021; p = 3.47 ×  10–18, ppermutation < 0.001), a region of the DMN within the right 
medial pre-frontal cortex (MPFC; ß = 0.215; SE = 0.021; p = 8.74 ×  10–24, ppermutation < 0.001), a region of the DMN 
within the left ventrolateral prefrontal cortex (ß = 0.167; SE = 0.021; p = 7.60 ×  10–11, ppermutation = 0.029), a region of 
the limbic network within the left orbitofrontal cortex (ß = 0.190; SE = 0.021; p = 5.91 ×  10–19, ppermutation = 0.029), 
a region of the left somatomotor cortex (ß = 0.189; SE = 0.021; p = 9.83 ×  10–19, ppermutation = 0.029), a region of 
the ventral attention network within the medial aspect of the left superior frontal cortex (ß = 0.205; SE = 0.021; 
p = 6.96 ×  10–22, ppermutation < 0.001), and a region of the ventral attention network within the medial aspect of the 
right superior frontal cortex (ß = 2.12; SE = 0.021; p = 6.01 ×  10–23, ppermutation < 0.001).

The majority of these relationships remain statistically significant when controlling for socio-demographic 
similarity. Specifically, the left cingulate cortex (ß = 0.181; SE = 0.021; p = 2.80 ×  10–17, ppermutation < 0.001), the right 
medial prefrontal cortex (ß = 0.195; SE = 0.021; p = 7.53 ×  10–21, ppermutation = 0.05), the left somatomotor cortex 
(ß = 0.176; SE = 0.021; p = 0.001, ppermutation = 0.05), and the left ventrolateral prefrontal cortex (ß = 0.161; SE = 0.021; 
p = 0.001, ppermutation = 0.05) all show significant results when controlling for socio-demographic similarity (after 
permutation testing; Fig. S2 in the Supplementary Information).

Figure 3.  The relationship between personality similarity and neural synchrony. Standardized regression 
coefficients for the overall personality similarity measure as well as for the 15 individual personality facets. The 
color coding highlights the five main traits, with different shades of the same color distinguishing between the 
facets (e.g., dark to light blue for the three Openness facets). All coefficients are sorted by effect size within each 
Big Five trait. Asterisks indicate permutation-tested significance levels with *p < 0.05.
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We did not find significant relationships in the 14 subcortical regions of interest (left and right amygdala, 
thalamus, hippocampus, nucleus accumbens, putamen, caudate, and pallidum).

Consistent with the notion that personality similarity drives mental alignment, the direction of the relation-
ship between personality similarity and neural synchrony was consistently positive across regions (Fig. 2). One-
sample t-tests comparing the distribution of coefficients in each network to a Null-distribution confirmed that 
all distributions for both NM-Synchrony and NP-Synchrony were significantly different from zero (Table S2 in 
the Supplementary Information). The only exceptions were the coefficients in the visual network. The robust 
patterns shown across networks and parcels suggest a reliable relationship between personality similarity and 
neural synchrony.

Study 2
Study 2 was aimed at: (1) replicating the main effect of personality similarity and neural synchrony using whole-
brain EEG analyses, (2) investigating the role of specific personality sub-facets, and (3) examining the underlying 
perceptual mechanisms driving the effect by complementing the neural signals with eye tracking data.

The methodology used in Study 2 differs from that of Study 1 in several ways. First, Study 2 used discrete 
images as stimuli, rather than videos. This choice makes our findings more directly comparable to prior eye 
tracking work and ensures that the eye tracking component of the study is better controlled—with all viewers 
initiating their gaze at the center. Second, given that the main purpose of Study 2 was to explore the relationship 
between personality similarity and neural synchrony, we used a much longer and more detailed personality 
measure that allowed us to investigate the effects of personality facets. Third, to contrast the effects of personality 
similarity with other personal characteristics that are often discussed in the popular media and that have recently 
been related to neural synchrony in empirical  research43,44, Study 2 added political ideology as an additional 
similarity comparison.

Methods. All methods were carried out in accordance with the guidelines and regulations put forward by 
Columbia University. The study protocol in its entirety was approved by Columbia University’s Institutional 
Review Board.

Participants and procedure. Three hundred and three subjects participated in the EEG study and watched a set 
of 104 images that represent a variety of topics across 26 categories (e.g., people, nature, art). Neural data were 
acquired using a 32-electrode EEG headset. Gaze data were collected using a stationary eye tracker. Subjects 
reported their gender, age, ethnicity, and political ideology (Fig. 1) and completed a 60-item personality  test45 
which measures the five broad personality dimensions as well as 15 sub-facets associated with these five traits 
(e.g., sub-dividing the extraversion trait to the sub-traits sociability, assertiveness and energy).

All subjects had normal or corrected-to-normal vision. We excluded subjects whose EEG signals were noisy 
in more than 12 of the 32 recording channels or over 10% of the continuous data. The final sample consisted of 
225 subjects (60% female; 21.61 ± 5.77 years old). The subjects identified as Asian (56%), Caucasian/White (36%), 
Black/African (8%), Other (4%) and Native Hawaiian/Pacific Islander or American Indian/Alaska Native (2%, 
respectively; subjects could identify with multiple ethnicities). All subjects provided written informed consent.

Due to eye tracker malfunction that occurred during data collection, gaze data were available for only 144 of 
the 225 subjects. All other analyses are based on the full sample of 225 subjects.

Materials. Stimuli consisted of 104 images which were downloaded from Shutterstock.com to reflect a broad 
range of content and styles across 26 categories, four images per category (Table S3 in the Supplementary Infor-
mation). All images were normed for the eye tracking component of the study. Subjects were told that they 
would view a “sequence of images, each preceded by a fixation cross that will appear in the middle of the screen”. 
They were instructed to fixate on the cross and press the spacebar to initiate each trial. In each trial an image 
appeared on the full screen for three seconds, resulting in a total recording time of about 5 min.

Measures. Personality. We measured subjects’ personality using the 60-item BFI-2  questionnaire45. In addi-
tion to measuring the five main personality traits, the BFI-2 captures three sub-facets per trait: Intellectual 
curiosity, aesthetic sensitivity, creative imagination (Openness), organization, productiveness, responsibility 
(Conscientiousness), sociability, assertiveness, energy (Extraversion), compassion, respectfulness, trust (Agree-
ableness), and anxiety, depression, emotional volatility (Neuroticism). Given this more granular personality 
measure, we calculated personality similarity based on 15 facets.

With internal consistencies ranging from α = 0.55 for “responsibility” to α = 0.83 for “organization”, the reli-
ability of the measure was found to be “acceptable” to “excellent” (average 0.72 ± 0.09; see Table S4 in the Sup-
plementary Information for all 15 Cronbach’s alpha values).

Neural data. We collected neural data using a 32-channel EEG headset (Brain Products GmbH, Gilching, Ger-
many) at a sampling rate of 500-Hz, and pre-processed the data to correct for instrumental, physiological, and 
movement-related noise (see Supplementary Information for more details).

Eye tracking data. We acquired eye gaze data using a Tobii TX300 eye tracking device (Tobii AB, Danderyd, 
Sweden; see Supplementary Information for more details). Subjects’ gaze was calibrated using the system’s inter-
nal calibration tool (9-point fixation across various locations on the screen, presented in random order, twice, 
for calibration and error estimate).
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Similarity measures. Neural synchrony
We computed neural synchrony using an adapted version of available code for inter-subject similarity in 

 EEG46. The correlation measure is analogous to the fMRI inter-subject synchrony method, while leveraging the 
high temporal resolution of electrophysiological  signals46–48. Conceptually, the inter-subject similarity measure 
projects the raw data onto a component space and seeks to maximize the correlation between two subjects’ 
components. This analysis is similar to traditional Principal Component Analysis (PCA), except for the fact that 
it seeks to maximize correlation between two subjects rather than variance. The projection that is most similar 
within a dyad reflects a transformation of the EEG data that mostly aligns the brain activities. Mathematically, 
this is implemented by calculating the cross-covariance between- and within-the subjects’ raw EEG channels, 
and then extracting the eigenvectors of the between-within subject matrix multiplication. The ranked eigenvalues 
reflect the strength of the correlation between the components, but do not indicate which neural sites drive the 
correlation between the two brains. We ran our analyses both by looking at each of the top three components 
individually, as well as their average, in line with prior  work46. Given that the analyses produced similar results 
for the three components and their average, we hereafter report the average.

We calculated inter-subject correlation for each image within a dyad. Subsequently, the correlation was 
averaged across all images for that dyad. In line with the fMRI analyses, we also estimated the reliability of the 
neural synchrony measure by splitting the stimulus set into odd and even pictures, estimating neural synchrony 
separately for both sets and calculating the correlation between the two estimates. The reliability score (r = 0.71) 
supports the proposition that neural synchrony is a combination of stable dispositional similarities and variable 
stimulus-dependent responses.

Eye gaze similarity
We used earth-mover distance (EMD) to calculate the similarity in people’s  gaze49. EMD estimates the dis-

tance between two probability distributions over a specific region. Conceptually, EMD is often illustrated as the 
minimum number of steps one needs to take in order to move a pile of sand (distribution) from one location to 
another, where it may occupy different space but maintain its number of grains. Translated to the context of eye 
tracking, one can calculate a probability distribution for each person’s fixations within an image based on the 
dwell time in various locations within that image. Accordingly, EMD accounts for the number of steps it would 
take to translate one subject’s fixation data onto another’s. The measure considers both the similarity in fixation 
location as well as the similarity in fixation duration. For each dyad in our dataset, we calculated the average 
EMD across all 104 images.

Personality similarity
We used the same distance measures as for the fMRI study (Euclidean as the main measure, and Manhat-

tan, Canberra and Supremum as robustness checks). The measures were inverted to have higher scores reflect 
higher levels of fit.

As for the fMRI analyses, we calculated split-half reliabilities for our personality similarity. Given that the 
personality measure in Study 2 was based on a longer questionnaire and therefore more reliable, the personality 
similarity reliability, r = 0.66, was also substantially higher than that observed in Study 1.

Socio-demographic similarity
We used the same socio-demographic fit measures as in the fMRI study. In addition, we calculated similarity 

in political ideology as the absolute difference in the response to the question “How conservative or liberal do 
you consider yourself?” which was rated using a 7-point scale.

Results. Table S5 in the Supplementary Information includes all zero-order correlations between similarity 
measures. We estimated the effect of personality similarity on neural synchrony using OLS regression analyses 
in combination with permutation testing (randomly shuffled across subjects). Personality similarity significantly 
predicted neural synchrony (β = 0.11, SE(β) = 0.006, p < 0.001, ppermutation = 0.014, Fig. 3), and the effect remained 
significant when controlling for similarity in age, gender, ethnicity and political ideology (β = 0.11, SE(β) = 0.006, 
p < 0.001, ppermutation = 0.014). Additional analyses of similarity across the 15 facets showed that the majority 
of effects were positive (Fig. 3) with four effects remaining significant after permutation testing: imagination 
(within the openness trait; M1: β = 0.07, SE(β) = 0.006, p < 0.001, ppermutation = 0.041), productiveness (within the 
conscientiousness trait; M1: β = 0.08, SE(β) = 0.006, p < 0.001, ppermutation = 0.018), energy of extraversion (within 
the extraversion trait; M1: β = 0.09, SE(β) = 0.006, p < 0.001, ppermutation = 0.013), and depression of neuroticism 
(within the neuroticism trait; M1:β = 0.09, SE(β) = 0.006, p < 0.001, ppermutation = 0.013). The only facet that sig-
nificantly negatively predicted neural synchrony was the aesthetics facet of the openness trait (M1: β =  − 0.08, 
SE(β) = 0.006, p < 0.001, ppermutation = 0.032; see General Discussion for a suggested explanation).

The mediating role of eye gaze similarity. In addition to replicating the main effect of personality similarity on 
neural synchrony in the fMRI results, the EEG data afforded an investigation of the effect’s underlying perceptual 
mechanisms. Specifically, we investigated the mediating role of gaze similarity. We ran OLS regression analyses 
to estimate the direct and indirect effects of personality similarity and gaze similarity on neural synchrony and 
account for dyadic dependencies by providing permutation-tested p-values for the individual paths.

Gaze similarity did not statistically mediate the relationship between personality similarity and neural syn-
chrony (indirect effect: β < 0.001, SE(β) < 0.001, p = 0.393, ppermutation = 0.425). Neither the effect of personality 
similarity on gaze similarity (β = 0.010, SE(β) = 0.010, p = 0.315, ppermutation = 0.426) nor the effect of gaze similar-
ity on neural synchrony (β = 0.017, SE(β) = 0.010, p = 0.086, ppermutation = 0.372) were significant. The fact that the 
relationship between personality similarity and neural synchrony was not mediated by gaze similarity provides 
suggestive evidence that it might be driven by differences in how people encode and interpret external stim-
uli, rather than by differences in how they focus their overt attention. For example, extraverts’ and introverts’ 
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attention might both be drawn to the same aspects of a stimulus (e.g., a group of people), but their response to 
that stimulus is likely to differ (e.g., approach versus avoidance).

Studies 1 and 2: robustness checks
We conducted a series of robustness checks to support the internal validity of our findings. First, we tested the 
main effect of personality similarity on neural synchrony using three additional personality similarity metrics 
(Manhattan, Canberra, and Supremum distances; all reverse coded) to ensure that the effects are not driven by 
the properties of the Euclidean distance measure. The effects were stable when estimating the different model 
specifications, highlighting the robustness of the effect (Fig. 4). All distributions were significantly different 
from zero (p < 0.001).

Second, we benchmarked our findings with respect to effect size by comparing the effect of personality simi-
larity to the effect of similarity on other socio-demographic factors: gender, age and ethnicity. Personality similar-
ity was found to be a statistically stronger predictor of neural synchrony than similarity in gender (t(10) = 3.25, 
p = 0.009) and ethnicity (t(10) = 2.86, p = 0.017)—and marginally stronger than age (t(10) = 2.11, p = 0.061)—when 
compared across all six focal effects (see Fig. 5 for a visual depiction of the effect sizes that were compared). In the 
EEG data, personality similarity also outperformed similarity in political ideology (contrast analysis within the 
EEG model: p < 0.001), which was found to be non-significant. Personality was the only predictor that showed 
consistent positive results across all fMRI and EEG measures.

Finally, we estimated the relationship between personality similarity and neural synchrony separately for 
each subject (controlling for all additional variables such as age, gender, etc.) to test whether the relationship 
could be observed for the majority of subjects. That is, we iteratively subset our data to a single subject and ran 
the regression analyses on the observations of that particular individual  (nobs/person = 65 for the fMRI and  nobs/
person = 224 for the EEG. Showing that the effects are not merely driven by a small number of individuals, we 
found a positive effect of personality similarity on neural synchrony for the vast majority of subjects (ranging 
from 74 to 81% positive; Fig. 6).

Figure 4.  Estimates of the relationship between personality similarity and neural synchrony using four 
different similarity metrics. The relationship between personality similarity and neural synchrony was 
consistent across coefficients and multiple model specifications (4 personality similarity measures × 2 models, 
one with- and one without controls). All coefficients are standardized effects sorted by effect size within each 
brain region for which significant effects were found in the fully controlled model (fMRI) as well as for the 
whole brain analyses (EEG). LH left hemisphere, RH right hemisphere, NM neural magnitude synchrony, NP 
neural pattern synchrony, SomMot somatomotor cortex, ContCing cingulate cortex parcel within frontoparietal 
control network, Default PFC prefrontal cortex parcel within default mode network, Default PFCm medial 
prefrontal cortex parcel within default mode network, Limbic OFC orbitofrontal cortex parcel within limbic 
network. The coefficients are labelled with the respective reverse-coded distance measure, with E Euclidean, 
M Manhattan, C Canberra, and S Supremum. The + sign denotes models that include the socio-demographic 
similarity measures as control variables. Asterisks indicate permutation-tested and FDR corrected significance 
levels with *p < 0.05, ***p < 0.001.
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General discussion
A shared perspective on the social and physical world is critical for fostering successful communication and 
cooperation among different members of society. Much of the contemporary public discourse on shared per-
spectives is focused on the extent to which homogeneity in surface-level characteristics such as age, gender, 
ethnicity or political ideology leads groups of individuals to adopt similar perspectives and outlooks on the 
world. Offering a more nuanced perspective, our findings from fMRI and EEG analyses provide robust evidence 
that the extent to which people are aligned in their neural activity when viewing naturalistic stimuli depends on 
how similar they are in their psychological dispositions. In fact, the observed effects of personality similarity on 
neural synchrony were stronger than those for socio-demographic similarity, suggesting that when it comes to 
aligning our experiences of everyday naturalistic stimuli (e.g., viewing an image of a group of friends or a video 
clip of a debate about college football), similarity in people’s deep level personality traits is more important than 
similarity in surface level socio-demographic  characteristics50.

In our fMRI study, personality similarity was associated with similar neural responses in brain regions impli-
cated in high-level processes, such as how people interpret and emotionally respond to their environment. Spe-
cifically, personality similarity was associated with neural synchrony in brain regions associated with subjective 
construal, (e.g., the MPFC region within the  DMN6). This may reflect similarity in interpretations of the content 
viewed by subjects and could stem from similar biases and priors in construing incoming information among 
people with resembling personalities. Additionally, personality similarity was associated with aligned neural 
responses in the left cingulate cortex within the FPCN, which is implicated in cognitive control and decision-
making  processes51, and which is thought to couple with the DMN to generate internal trains of  thought52. 
These processes are essential for understanding complex narratives (e.g., a movie plot), a process that involves 
remembering past events, interpreting current events, predicting future events, and integrating those processes 
across  time53. The current results suggest such processes may ebb and flow over time similarly in people with 
similar personalities. Additionally, past fMRI work has shown that when watching movies, individuals with 
autism spectrum disorder exhibit exceptionally low neural synchrony in the FPCN relative to neurotypical 
 individuals54, and more generally, that similarity in subjective understanding of stimuli is associated with greater 
neural synchrony in the  FPCN55. Together, these suggest that inter-individual variation in FPCN activity reflects 
differences in how people process naturalistic stimuli, and in particular, how processing of such stimuli unfolds 
over time. Thus, localization of the current results in the left cingulate cortex within the FPCN suggest that indi-
viduals with similar personalities are likely to share exceptionally aligned experiences when viewing naturalistic 
stimuli. Personality similarity was also related to neural synchrony in regions associated with subjective value, 
e.g., the  OFC56, which may reflect alignment of tastes and preferences (e.g., what an individual considers funny).

The observed relationships between personality similarity and neural synchrony in our whole-brain analyses 
are particularly robust, given that they remained significant using a conservative permutation testing process 
that was implemented in combination with FDR correction across 214 brain regions. Taken together, the cur-
rent results suggest that personality similarity is associated with similarity in the spontaneous deployment of 
processes related to subjective value and interpretation during naturalistic stimulation.

The EEG analyses support the association between personality similarity and neural synchrony by showing 
that the effect is robust when shifting from high spatial to high temporal resolution. In addition, the analyses 
provide deeper insights into the nuances of personality that drive neural synchrony. While similarity in nearly all 
personality facets was positively associated with neural synchrony, the effects were found to be significant only 

Figure 5.  Effect sizes comparison. Comparing effect sizes between personality similarity and all socio-
demographic measures available in both fMRI and EEG (using the main Euclidean distance similarity metric). 
LH left hemisphere, RH right hemisphere, NM neural magnitude synchrony, NP neural pattern synchrony, 
SomMot somatomotor cortex, ContCing cingulate cortex parcel within frontoparietal control network, Default 
PFC prefrontal cortex parcel within the default mode network, Default PFCm medial prefrontal cortex parcel 
within the default mode network, Limbic OFC orbitofrontal cortex parcel within the limbic network. Asterisks 
indicate permutation-tested significance levels with *p < 0.05, **p < 0.01, ***p < 0.001.
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for imagination (Openness), productiveness (Conscientiousness), energy (Extraversion), and depression (Neu-
roticism). Although the interpretation of any individual effect remains speculative in the absence of replication, 
the importance of these facets could be explained in a number of ways. Depression, for example, is the Neuroti-
cism facet that likely produces the most stable responses when it comes to interpreting external stimuli. While 
anxiety might be context-dependent, and volatility does not necessarily mean that two individuals will have the 
same reaction at the same time, depression is likely to create a generally negative interpretation of the external 
world. Similarity in imagination and energy, on the other hand, might drive neural synchrony by determining 
the extent to which subjects create concrete interpretations of the stimuli in their mind and, generally, exhibit 
strong responses to the input. The aesthetics facet (Openness) was the only instance for which a significantly 
negative effect of personality similarity on neural synchrony was observed. This finding might be explained by 
the unique nature of the aesthetics facet. While high similarity scores indicate a shared interest in aesthetics, this 
does not mean that the aesthetic preferences of two individuals are the same. Rather, it is conceivable that high 
scores of aesthetics divergence indicate that the person has a unique taste. This interpretation aligns with the 
fMRI results showing the notable activity in regions that are implicated in subjective preferences are dominant 
in driving the synchrony.

Finally, the additional analyses of eye tracking data suggest that neural synchrony among people with similar 
personalities is not driven by selective attention but rather by the intrinsic response to the content. Even though 
the EEG methodology did not explicitly test for neural synchrony in the visual attention areas, the fact that we 
did not observe a significant relationship between personality similarity and eye gaze similarity suggests that 
the effect is unlikely to be driven by subjects overtly attending to the same aspects of the stimuli. Together with 
the results of the fMRI study, which showed significant effects in areas associated with subjective values and 
interpretations of external stimuli (i.e., DMN, FPCN and OFC) but not in areas associated with visual attention, 
the eye tracking findings support the proposition that the relationship between neural synchrony and personality 

Figure 6.  Distribution of effects across the sample. Distribution of standardized regression coefficients 
capturing the relationship between personality similarity and neural synchrony for each subject in the fMRI and 
EEG samples. Positive coefficients (green) indicate a positive link between personality and neural synchrony 
for that individual while negative coefficients (red) indicate a negative link. LH left hemisphere, RH right 
hemisphere, NM neural magnitude synchrony, NP neural pattern synchrony, SomMot somatomotor cortex, 
ContCing cingulate cortex parcel within the frontoparietal control network, Default PFC prefrontal cortex 
parcel within the default mode network, Default PFCm medial prefrontal cortex parcel within the default mode 
network, Limbic OFC orbitofrontal cortex parcel within the limbic network.
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similarity may stem from similarities in higher-level processes, such as how people interpret their environment 
and emotionally respond to it.

There are a number of important limitations associated with this research. First, the paradigms used in the 
two studies differed in several important ways. This included the type of stimuli (video versus images), the length 
of the personality assessments (with only Study 2 allowing for the analysis of personality facets), the method for 
capturing neural responses (EEG versus fMRI), and—as a consequence—the analyses used to examine the data. 
The difference in methodologies means that the findings from Study 1 and Study 2 are not directly comparable. 
However, while this is partly a limitation of the current research, the multimodal, multimethod approach also 
strengthens the generalizability of our findings by conceptually (rather than directly) replicating them. While 
each of the methods has its own advantages and  limitations31,32, together they provide robust evidence for the 
relationship between personality similarity and neural synchrony and its underlying mechanisms.

Second, the fMRI results were limited by the short personality questionnaire, which resulted in low reli-
abilities of the traits estimates and the personality similarity measures. This measurement error makes it more 
difficult to detect true relationships between personality similarity and neural synchrony. Hence, it is possible 
that future research which uses more reliable personality measures would uncover additional significant effects 
in other brain regions.

Third, the work did not directly test the hypothesis that personality similarity is linked to neural synchrony 
through a shared interpretation of stimuli, but rather infers this proposition from the combination of the eye 
tracking and fMRI results. Future work should test this theory directly (e.g., by surveying individuals about 
their interpretations).

Fourth, our analyses focused on a wide range of stimuli that people might be exposed to in daily life. While 
this approach provides us with an estimate of the importance of personality similarity across a variety of daily 
experiences, given that stimuli that elicit particularly strong affective responding evoke particularly reliable neural 
 responses3, prioritizing such stimuli could enhance sensitivity in detecting links between personality and neural 
synchrony. In addition, it is possible that the neural circuits engaged in the alignment of perspectives change 
as a function of the specific stimuli chosen. Thus, future work that adopts design and data analytic approaches 
that support testing for links between personality similarity and neural synchrony independently across stimuli, 
allowing the particular brain regions where personality similarity is linked to synchrony to vary across stimuli, 
could afford sensitivity to broader links between personality similarity and neural synchrony.

Fifth, we only focused our analyses on university students who are likely to share the same context and expe-
rience of external stimuli more than two randomly drawn strangers from the general population. While this 
restriction is likely to lead to an underestimation of the effects, future research should test the generalizability 
of the findings in other populations.

Finally, we did not investigate the behavioral consequences of the neural synchrony facilitated by personal-
ity similarity. Future research could test whether neural synchrony leads to real-life consequences by impacting 
people’s alignment in behavior. In other words, does a shared representation of a scene evoke similar behavior 
(e.g., do people who have a similar response to observing a homeless person show similar helping behavior?).

Our findings support the growing body of literature suggesting that psychological traits are not only reflected 
in brain structure, but also in how individuals perceive and interpret the  world11. The findings suggest that the 
extent to which we are similar in our personality is a stronger predictor of whether we experience the world in a 
similar way than some of the commonly investigated socio-demographic variables, including gender, ethnicity, 
and political ideology. While we have focused our investigation on how personality similarity is linked to neural 
synchrony as a measure of passive synchronization, future research should explore how personality similarity 
is associated with active alignment in perspectives in the moment when individuals have the opportunity to 
experience their physical and social environment together and communicate with one  another13.

It has not escaped our notice that as we continue to understand the neural foundations of personality, we 
might be able to relate many of the consequential outcomes that have previously been related to  personality18 
to people’s neural responses to their environments. In addition, insights from personality psychology could be 
used to understand heterogeneity in the neural activity observed in response to natural stimuli, which is often 
discarded as noise and measurement  error57. By observing heterogeneity along a number of well-established 
psychological dimensions, researchers can tap into the wealth of existing knowledge on psychology to interpret 
their findings and generate new hypotheses.

Data availability
Pre-processed EEG and fMRI data, survey data and analyses scripts are available on OSF and can be accessed 
via the following link: https:// osf. io/ ycde9/? view_ only= 81999 d08ba b64a8 79a52 14db3 69648 89. Raw data are 
available from the corresponding author on reasonable request.

Received: 24 January 2022; Accepted: 8 August 2022

References
 1. Nagel, T. What is it like to be a bat? Philos. Rev. 83, 435–450 (1974).
 2. Barnett, S. B. & Cerf, M. A ticket for your thoughts: Method for predicting content recall and sales using neural similarity of 

moviegoers. J. Consum. Res. 44, 160–181 (2017).
 3. Nummenmaa, L. et al. Emotions promote social interaction by synchronizing brain activity across individuals. Proc. Natl. Acad. 

Sci. 109, 9599–9604 (2012).
 4. Hasson, U., Nir, Y., Levy, I., Fuhrmann, G. & Malach, R. Intersubject synchronization of cortical activity during natural vision. 

Science 303, 1634–1640 (2004).

https://osf.io/ycde9/?view_only=81999d08bab64a879a5214db36964889


12

Vol:.(1234567890)

Scientific Reports |        (2022) 12:14325  | https://doi.org/10.1038/s41598-022-18237-1

www.nature.com/scientificreports/

 5. Lahnakoski, J. M. et al. Synchronous brain activity across individuals underlies shared psychological perspectives. Neuroimage 
100, 316–324 (2014).

 6. Yeshurun, Y. et al. Same story, different story: The neural representation of interpretive frameworks. Psychol. Sci. 28, 307–319 
(2017).

 7. Kinreich, S., Djalovski, A., Kraus, L., Louzoun, Y. & Feldman, R. Brain-to-brain synchrony during naturalistic social interactions. 
Sci. Rep. 7, 17060 (2017).

 8. Parkinson, C., Kleinbaum, A. M. & Wheatley, T. Similar neural responses predict friendship. Nat. Commun. 9, 7 (2018).
 9. Barnett, S. B. & Cerf, M. Connecting on movie night? Neural measures of engagement differ by gender. ACR N. Am. Adv. 43, 314 

(2015).
 10. Finn, E. S., Corlett, P. R., Chen, G., Bandettini, P. A. & Constable, R. T. Trait paranoia shapes inter-subject synchrony in brain 

activity during an ambiguous social narrative. Nat. Commun. 9, 1–13 (2018).
 11. Finn, E. S. et al. Idiosynchrony: From shared responses to individual differences during naturalistic neuroimaging. Neuroimage 

12, 116828 (2020).
 12. Bacha-Trams, M. et al. A drama movie activates brains of holistic and analytical thinkers differentially. Soc. Cogn. Affect. Neurosci. 

13, 1293–1304 (2018).
 13. Sievers, B., Welker, C., Hasson, U., Kleinbaum, A. M. & Wheatley, T. How Consensus-Building Conversation Changes Our Minds 

and Aligns Our Brains. PsyArxiv. (2020).
 14. Hasson, U., Ghazanfar, A. A., Galantucci, B., Garrod, S. & Keysers, C. Brain-to-brain coupling: A mechanism for creating and 

sharing a social world. Trends Cogn. Sci. 16, 114–121 (2012).
 15. Dikker, S. et al. Brain-to-brain synchrony tracks real-world dynamic group interactions in the classroom. Curr. Biol. 27, 1375–1380 

(2017).
 16. Dikker, S., Silbert, L. J., Hasson, U. & Zevin, J. D. On the same wavelength: Predictable language enhances speaker–listener brain-

to-brain synchrony in posterior superior temporal gyrus. J. Neurosci. 34, 6267–6272 (2014).
 17. Matthews, G., Deary, I. J. & Whiteman, M. C. Personality Traits (Cambridge University Press, 2003).
 18. Ozer, D. J. & Benet-Martínez, V. Personality and the prediction of consequential outcomes. Annu. Rev. Psychol. 57, 401–421 (2006).
 19. DeYoung, C. G. et al. Testing predictions from personality neuroscience: Brain structure and the big five. Psychol. Sci. 21, 820–828 

(2010).
 20. DeYoung, C. G. Personality neuroscience and the biology of traits. Soc. Personal. Psychol. Compass 4, 1165–1180 (2010).
 21. Canli, T. et al. An fMRI study of personality influences on brain reactivity to emotional stimuli. Behav. Neurosci. 115, 33 (2001).
 22. Adelstein, J. S. et al. Personality is reflected in the brain’s intrinsic functional architecture. PLoS ONE 6, e27633 (2011).
 23. Calder, A. J., Ewbank, M. & Passamonti, L. Personality influences the neural responses to viewing facial expressions of emotion. 

Philos. Trans. R. Soc. B Biol. Sci. 366, 1684–1701 (2011).
 24. Park, M. et al. Personality traits modulate neural responses to emotions expressed in music. Brain Res. 1523, 68–76 (2013).
 25. Dubois, J., Galdi, P., Han, Y., Paul, L. K. & Adolphs, R. Resting-state functional brain connectivity best predicts the personality 

dimension of openness to experience. Personal. Neurosci. 1, 8 (2018).
 26. Nostro, A. D. et al. Predicting personality from network-based resting-state functional connectivity. Brain Struct. Funct. 223, 

2699–2719 (2018).
 27. Liu, W., Kohn, N. & Fernández, G. Intersubject similarity of personality is associated with intersubject similarity of brain con-

nectivity patterns. Neuroimage 186, 56–69 (2019).
 28. Cai, H., Zhu, J. & Yu, Y. Robust prediction of individual personality from brain functional connectome. Soc. Cogn. Affect. Neurosci. 

15, 359–369 (2020).
 29. Nastase, S. A., Goldstein, A. & Hasson, U. Keep it real: Rethinking the primacy of experimental control in cognitive neuroscience. 

Neuroimage 222, 117254 (2020).
 30. Vanderwal, T., Eilbott, J. & Castellanos, F. X. Movies in the magnet: Naturalistic paradigms in developmental functional neuro-

imaging. Dev. Cogn. Neurosci. 36, 100600 (2019).
 31. Baek, E. C. et al. In-degree centrality in a social network is linked to coordinated neural activity. Nat. Commun. 13, 1–13 (2022).
 32. Gosling, S. D., Rentfrow, P. J. & Swann, W. B. A very brief measure of the Big-Five personality domains. J. Res. Pers. 37, 504–528 

(2003).
 33. McCrae, R. R. & John, O. P. An introduction to the five-factor model and its applications. J. Pers. 60, 175–215 (1992).
 34. Schaefer, A. et al. Local-global parcellation of the human cerebral cortex from intrinsic functional connectivity MRI. Cereb. Cortex 

28, 3095–3114 (2018).
 35. Yeo, B. T. T. et al. The organization of the human cerebral cortex estimated by intrinsic functional connectivity. J.Neurophysiol. 

106(3), 1125–1165. https:// doi. org/ 10. 1152/ jn. 00338. 2011 (2011).
 36. Desikan, R. S. et al. An automated labeling system for subdividing the human cerebral cortex on MRI scans into gyral based regions 

of interest. Neuroimage 31, 968–980 (2006).
 37. Hyon, R., Kleinbaum, A. M. & Parkinson, C. Social network proximity predicts similar trajectories of psychological states: Evidence 

from multi-voxel spatiotemporal dynamics. Neuroimage 216, 116492 (2019).
 38. Chang, L. J. et al. Endogenous variation in ventromedial prefrontal cortex state dynamics during naturalistic viewing reflects 

affective experience. Sci. Adv. 7(17), eabf7129 (2018).
 39. Norman, K. A., Polyn, S. M., Detre, G. J. & Haxby, J. V. Beyond mind-reading: Multi-voxel pattern analysis of fMRI data. Trends 

Cogn. Sci. 10, 424–430 (2006).
 40. Haxby, J. V., Connolly, A. C. & Guntupalli, J. S. Decoding neural representational spaces using multivariate pattern analysis. Annu. 

Rev. Neurosci. 37, 435–456 (2014).
 41. Hasson, U., Malach, R. & Heeger, D. J. Reliability of cortical activity during natural stimulation. Trends Cogn. Sci. 14, 40–48 (2010).
 42. Ghiselli, E. E., Campbell, J. P. & Zedeck, S. Measurement Theory for the Behavioral Sciences (WH Freeman, 1981).
 43. van Baar, J. M., Halpern, D. J. & FeldmanHall, O. Intolerance of uncertainty modulates brain-to-brain synchrony during politically 

polarized perception. Proc. Natl. Acad. Sci. 118(20), e2022491118 (2021).
 44. Leong, Y. C., Chen, J., Willer, R. & Zaki, J. Conservative and liberal attitudes drive polarized neural responses to political content. 

Proc. Natl. Acad. Sci. 117, 27731–27739 (2020).
 45. Soto, C. J. & John, O. P. The next Big Five Inventory (BFI-2): Developing and assessing a hierarchical model with 15 facets to 

enhance bandwidth, fidelity, and predictive power. J. Pers. Soc. Psychol. 113, 117 (2017).
 46. Cohen, S. S. & Parra, L. C. Memorable audiovisual narratives synchronize sensory and supramodal neural responses. eNeuro. 3(6), 

ENEURO.0203-16.2016  (2016).
 47. Dmochowski, J. P., Sajda, P., Dias, J. & Parra, L. C. Correlated components of ongoing EEG point to emotionally laden attention—A 

possible marker of engagement? Front. Hum. Neurosci. 6, 112 (2012).
 48. Madsen, J., Margulis, E. H., Simchy-Gross, R. & Parra, L. C. Music synchronizes brainwaves across listeners with strong effects of 

repetition, familiarity and training. Sci. Rep. 9, 3576 (2019).
 49. Rubner, Y., Tomasi, C. & Guibas, L. J. The earth mover’s distance as a metric for image retrieval. Int. J. Comput. Vis. 40, 99–121 

(2000).
 50. Phillips, K. W., Northcraft, G. B. & Neale, M. A. Surface-level diversity and decision-making in groups: When does deep-level 

similarity help? Gr. Process. Intergr. Relat. 9, 467–482 (2006).

https://doi.org/10.1152/jn.00338.2011


13

Vol.:(0123456789)

Scientific Reports |        (2022) 12:14325  | https://doi.org/10.1038/s41598-022-18237-1

www.nature.com/scientificreports/

 51. Vincent, J. L., Kahn, I., Snyder, A. Z., Raichle, M. E. & Buckner, R. L. Evidence for a frontoparietal control system revealed by 
intrinsic functional connectivity. J. Neurophysiol. 100, 3328–3342 (2008).

 52. Smallwood, J., Brown, K., Baird, B. & Schooler, J. W. Cooperation between the default mode network and the frontal–parietal 
network in the production of an internal train of thought. Brain Res. 1428, 60–70 (2012).

 53. Naci, L., Cusack, R., Anello, M. & Owen, A. M. A common neural code for similar conscious experiences in different individuals. 
Proc. Natl. Acad. Sci. 111, 14277–14282 (2014).

 54. Lyons, K. M., Stevenson, R. A., Owen, A. M. & Stojanoski, B. Examining the relationship between social cognition and neural 
synchrony during movies in children with and without autism. BioRxiv. (2020).

 55. Nguyen, M., Vanderwal, T. & Hasson, U. Shared understanding of narratives is correlated with shared neural responses. Neuroim-
age 184, 161–170 (2019).

 56. Padoa-Schioppa, C. & Cai, X. Orbitofrontal cortex and the computation of subjective value: Consolidated concepts and new 
perspectives. Ann. N. Y. Acad. Sci. 1239, 130 (2011).

 57. Nastase, S. A., Gazzola, V., Hasson, U. & Keysers, C. Measuring Shared Responses Across Subjects Using Intersubject Correlation 
Soc. Cogn. Affect. Neurosci. 14(6), 667–685 (2019).

Acknowledgements
The authors would like to thank Dan Ariely, Malia Mason, Daniel Ames, Galen Bodenhausen, Kent Grayson, Neal 
Roese and Derek Rucker for their feedback on earlier versions of the manuscript. In addition, we thank Karina 
López, Meng Du, Elena Sternlicht, and Kelly Xue for assistance with data collection. This work was supported 
in part by the National Science Foundation [Grant No. SBE-1835239].

Author contributions
S.C.M. and M.C. developed the research question; The EEG study was designed by S.C.M. and M.C.; The EEG 
data were collected and analyzed by S.C.M. and M.C.; The fMRI study was designed by C.P., E.B. and R.H. 
fMRI data were collected by E.B. and R.H.; R.H. analyzed the fMRI data with guidance and support from C.P.; 
S.C.M., M.C., R.H. and C.P. wrote the manuscript. All authors approved the final version of the manuscript for 
submission.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 022- 18237-1.

Correspondence and requests for materials should be addressed to S.C.M.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2022

https://doi.org/10.1038/s41598-022-18237-1
https://doi.org/10.1038/s41598-022-18237-1
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/


Supplementary Information 

fMRI Data Acquisition and Preprocessing 

Neuroimaging data were acquired using a 3-Tesla Siemens Prisma scanner with a 32-
channel head coil. An echo-planar sequence (37 ms echo time, TE; 800 ms repetition time, TR; 
2.0 mm x 2.0 mm x 2.0 mm resolution; 104 x 104 mm matrix size; 208 x 208 field of view, FOV), 
72 interleaved slices with no gap, multi-band acceleration factor 8, and 2.0 mm slice thickness) 
were used to acquire the functional images. Stimuli were presented across four functional scans to 
allow experimenters to check that the subjects remained awake and comfortable throughout the 
study; scans were presented in the same order to all subjects. In total, the videos were 59 minutes 
and 37 seconds in length. A high-resolution T1-weighted (T1w) anatomical scan was acquired for 
each subject (1,900 ms TR; 2.48 ms TE; 256 x 256 mm matrix size; 256 x 256 mm FOV; 1.0 mm 
x 1.0 mm x 1.0 mm resolution; 208 interleaved slices with 0.5 mm gap; 1.0 mm slice thickness) at 
the end of the scanning session. Adhesive tape was attached to the headcase and stretched across 
subjects’ foreheads to minimize head motion.  

fMRIPrep version 1.4.0 was used for anatomical and functional data preprocessing 1. Each 
subject’s T1w image was corrected for intensity non-uniformity with N4BiasFieldCorrection, 
distributed with ANTs 2.1.0, and used as T1w-reference throughout the workflow. The T1w-
reference was then skull-stripped with a Nipype implementation of the antsBrainExtraction.sh 
workflow (from ANTs), using OASIS30ANTs as target template. Spatial normalization to the 
ICBM 152 Nonlinear Asymmetrical template version 2009c (MNI152NLin2009cAsym) was 
performed through nonlinear registration with antsRegistration (implemented in ANTs 2.1.0), 
using brain-extracted versions of both T1w volume and template. Brain tissue segmentation of 
cerebrospinal fluid, white-matter and gray-matter was performed on the brain-extracted T1w using 
FSL FAST. 

 For each of the four scans, per subject, the following preprocessing was performed. First, 
a reference volume and its skull-stripped version were generated using a custom methodology of 
fMRIPrep. A BOLD reference was then co-registered to the T1w reference using FSL FLIRT with 
boundary-based registration cost-function. Co-registration was configured with nine degrees of 
freedom to account for distortions remaining in the reference. Head-motion parameters with 
respect to the reference (transformation matrices, and six corresponding rotation and translation 
parameters) were estimated before any spatio-temporal filtering using FSL MCFLIRT. Automatic 
removal of motion artifacts using independent component analysis was performed on the 
preprocessed BOLD in MNI space time series after removal of non-steady state volumes and 
spatial smoothing with an isotropic, Gaussian kernel of 6 mm full-width at half-maximum. The 
BOLD time series were then resampled to MNI152NLin2009cAsym standard space, generating a 
preprocessed BOLD signal in MNI152NLin2009cAsym space.  

 The confounding variables generated by fMRIPrep that were used as nuisance 
variables in the current study included global signals extracted from within the cerebrospinal fluid, 
white matter, and whole-brain masks, framewise displacement, three translational motion 
parameters, and three rotational motion parameters. 



 

fMRI Similarity Indices 

In the exploratory analysis, neural synchrony, for each dyad, was calculated in 200 cortical 
and 14 subcortical brain regions. In each of the 214 regions, the mean fMRI response across all 
voxels was extracted at each time point (i.e., at each TR), resulting in a response magnitude time 
series. For each of the 2,145 unique dyads and each of the 214 brain regions, we calculated the 
Pearson correlation between subjects’ mean response time series, and then applied Fisher-z 
transformation for correlation coefficients (i.e., inverse hyperbolic tangent function). This process 
yielded a measure reflecting the inter-subject similarity in response magnitude time series across 
the whole study (NM-Synchrony). Outliers were defined as values outside of the 1.5 interquartile 
ranges (IQRs). Disproportionately high similarity values were assigned the value of the third 
(upper) quartile plus 1.5 times the IQR. Disproportionately low similarity values were assigned a 
value equal to the first (lower) quartile minus 1.5 times the IQR. To calculate NM-Synchrony in a 
given brain network, NM-Synchrony values in the cortical regions associated with the brain 
network were averaged to yield a single NM-Synchrony value. This procedure was used to 
calculate NM-Synchrony in the DAN, FPCN, and DMN. Similarity values associated with each 
brain network and with each brain region were normalized using Scikit-learn’s RobustScaler 
function 2.  

Widespread evidence has demonstrated the importance of examining not only response 
magnitudes, but also spatially distributed response topographies, for characterizing psychological 
states 3,4. Thus, we also calculated inter-subject similarities in multi-voxel response pattern time 
series (NP-Synchrony). For each subject, in each of the cortical parcels and subcortical sites, multi-
voxel response patterns were extracted at each time-point. Pearson correlations between multi-
voxel response patterns at each pair of time-points were calculated to construct a time-point x time-
point matrix that captures the trajectory of multi-voxel response patterns over time within each 
brain region within each subject. Each element of this matrix reflects the degree to which multi-
voxel response patterns are correlated at each pair of time points. For each of the 2,145 dyads, we 
calculated the Pearson correlation between subjects’ temporal trajectories of multi-voxel response 
patterns. These values were Fisher-z transformed to yield a measure reflecting the inter-subject 
similarity in multi-voxel response pattern time series across the whole study. Outlier reassignment 
and data scaling were conducted as described above.  

 

  



1) Supplementary fMRI Methods and Results 

Table S1. Description of fMRI stimuli 

Video Content Seconds 
An Astronaut’s View 
of Earth 

An astronaut discusses viewing Earth from space, 
and in particular, witnessing the effects of climate 
change from space. He then urges viewers to 
mobilize to address this issue 

223 

All I Want A sentimental music video depicting a social outcast 
with a facial deformity seeking companionship 

305 

Scientific 
demonstration 

An astronaut at the International Space Station 
demonstrates and explains what happens when one 
wrings out a waterlogged washcloth in space 

119 

Food Inc. An excerpt from a documentary discussing how the 
fast food industry influences food production and 
farming practices in the United States 

178 

We Can Be Heroes An excerpt from a mockumentary-style series in 
which a man discusses why he nominated himself for 
the title of Australian of the Year 

202 

Ban College Football Journalists and athletes debate whether or not football 
should be banned as a college sport 

195 

Soccer match Highlights from a soccer match 91 
Ew! A comedy skit in which grown men play teenage 

girls disgusted by things around them 
169 

Life’s Too Short’ An example of ‘cringe comedy’ in which a dramatic 
actor is depicted unsuccessfully trying his hand at 
improvisational comedy 

106 

America’s Funniest 
Home Videos’ 

A series of homemade video clips depicting examples 
of unintentional physical comedy arising from 
accidents 

101 

Zima Blue An animated, philosophical short set in a futuristic 
world 

508 

Nathan For You An episode from a docu-reality comedy in which the 
host convinces people, who are not always in on the 
joke, to engage in a variety of strange behaviors 

734 

College Party An excerpt from a film depicting a party scene in 
which a bashful college student is pressured to drink 
alcohol 

210 

Eighth Grade Two excerpts from a film depicting a young teenager 
publicly video blogging about her mental health 
issues and an awkward scene between two teenagers 
having a dinner date. 

436 

 



 
Figure S1. Permutation testing histograms for statistically significant relationships between 
personality similarity and neural synchrony when controlling for socio-demographic 
variables. For each statistical test, corresponding Null distributions of sham beta coefficients for 
personality similarity were generated via permutation testing. The resulting Null distributions are 
shown relative to the true beta coefficient for personality similarity (depicted by the vertical 
black line) when predicting neural synchrony while controlling for socio-demographic variables 
in the a) right orbitofrontal cortex within the Limbic network, b) right MPFC within the DMN, c) 
a portion of the left cingulate cortex within the FPCN, d) a medial portion of left somatomotor 
cortex, and e) a portion of the ventrolateral prefrontal cortex within the DMN.  



 

Figure S2. NM-Synchrony and NP-Synchrony averaged across all dyads. a) NM-synchrony 
was calculated for each dyad in each of the 200 cortical parcels, and these correlation values 
were then averaged across all dyads. b) NP-synchrony was calculated for each dyad in each of 
the 200 parcels, and these correlation values were then averaged across all dyads. These 
correlation values are visualized on inflated cortical surface models.  

 



Table S2. Testing if model coefficients significantly differ from zero 

Synchrony Brain network Degrees of freedom t-value p-value 
NM Limbic 11 2.92 1.39∙10-2 
NM Somatomotor 34 3.79 5.94∙10-4 
NM Dorsal attention 25 4.21 2.89∙10-4 
NM Frontoparietal control 29 8.34 3.43∙10-9 
NM Default mode 45 11.02 2.27∙10-14 
NM Ventral attention 21 5.98 6.24∙10-6 
NM Visual 28 -1.26 0.219 
NP Limbic 11 7.46 1.26∙10-5 
NP Somatomotor 34 7.87 3.62∙10-9 
NP Dorsal attention 25 8.50 7.72∙10-9 
NP Frontoparietal control 29 20.73 6.17∙10-19 
NP Default mode 45 17.64 7.62∙10-22 
NP Ventral attention 21 7.21 4.17∙10-7 
NP Visual 28 -0.97 0.339 
 

  



Supplementary EEG Methods and Results 

Table S3. Image categories of the stimuli used in the EEG Study 

1. Abstract 8. Editorial 15. Interiors 22. Science 
2. Animals 9. Education 16. Miscellaneous 23. Sports 
3. Arts 10. Food 17. Nature 24. Technology 
4. Backgrounds / 
Texture 

11. Healthcare & 
Medical 

18. Objects 25. Transportation 

5. Beauty 12. Travel 19. Parks 26. Vintage 
6. Buildings 13. Illustrations 20. People  
7. Business 14. Industrial 21. Religion  

 

Neural Data 

Data Acquisition 

Neural data were collected using a 32-channel EEG system (Brain Products GmbH, 
Gilching, Germany) at a sampling rate of 500 Hz. The acquisition system, Brain Vision LiveAmp, 
had a measurement range of ± 341.6 mV with a gain factor of 12. The device used an internal 
battery (capacity: 1,000 mAh; approximately 4 hours of recording at 500 mA) that was charged 
before the experiment to reduce line noise. The device itself applied a common-mode rejection for 
artifacts greater than 80 dB, and a low-pass filter inside the amplifier of 131 Hz. The data were 
recorded as 24-bit samples with a resolution of approximately 40.7 nano-Volt per bit. Beyond the 
32-channels EEG data we collected three additional 3-axis acceleration data, which were used for 
artifact rejection based on notable head movements. 

Subjects were fitted with an EEG electrode cap with a circumference of either 54 or 58 
centimeters, based on head size. The electrode locations were distributed across the entire scalp 
according to the actiCap 32Ch Standard-2 (green holders) montage (Brain Products GmbH, 
Gilching, Germany), which correspond to the 10-20 International system (Figure S3). The 
electrodes used were either flat ones touching the surface of the skin – primarily for frontal sites – 
or pin-electrodes with flexible tip that were made to penetrate the hair. For the pin-electrodes, if 
neither a 12 nor 14 mm electrode yielded a clear signal upon visual inspection, a washable 
conductive gel was applied at the electrode tip to improve the signal quality. Subjects used a chin-
rest for the duration of the experiment to reduce head movement. 

 



 

Figure S3. Electrode locations (montage) used in the experiment (10-20 international system). 

 

Preprocessing 

Data were pre-processed using Matlab’s EEGLab extension. None of the pre-processing 
was done manually to allow for reproducibility. The random number generators implemented in 
the artifact removals functions of EEGLab were reset to a common seed to remove any 
randomness. To process the data we first applied a low-pass filter at 0.75 Hz and a high-pass filter 
at 50 Hz (function: pop_eegfiltnew). Filtering was done using Hamming windows Finite Impulse 
Response (FIR) filter. We subsequently used the clean_artifacts function to remove artifacts using 
the following criteria: 

- Maximum tolerated flatline duration of 5 seconds. That is, if a channel had a longer 
flatline than 5 seconds then the period was considered abnormal. 

- Minimum channel correlation of 0.85. That is, if two channels shown a correlation 
lower than 0.85 in certain periods then the period was considered abnormal. 

- Line noise standard deviation of 4. That is, if a channel had 4 standard deviations more 
of line noise than the relative signal in a certain period, based on the total channel data, 
the period was considered abnormal. 

- An aggressive (strict) burst criterion of 5, indicating that data portions whose variance 
was larger than 5 standard deviations relative to the median was considered an artifact 
and were removed.   

Portions of the data that had continuous samples were flagged as abnormal and rejected. 
Channels that had more than 10% of the data flagged as artifacts were marked as unusable. 
Subjects who had more than 12 channels out of the 32 discarded were excluded from further 
analyses. If data from a certain electrode were missing or discontinued during the recording, the 
electrical activity at that site was interpolated by calculating a weighted average of signals from 
nearby functioning electrodes using the pop_interp function. We used spherical interpolation only 



if at least three nearby electrodes did not include removed data in the specific portion. Finally, we 
referenced the data to an average reference across all remaining electrodes. 

 

Eye Tracking Data 

Gaze data were acquired using a Tobii TX300 eye-tracking device (Tobii AB, Danderyd, 
Sweden). Stimuli were displayed on a 23 inch monitor with a screen resolution of 1920 x 1080 
pixels and a refresh rate of 60 Hz. Screen luminance was 300 cd/m2, and the room lighting was 
kept constant across all subjects. In addition, the screen distance from the monitor was kept 
constant by using a chin-rest fixed at a distance of 26 inch. This yields a vertical visual angle of 
35 degress from the center for the screen.  

The eye-tracker consisted of two sensors located at the bottom of the monitor. Gaze data 
were sampled at 250 Hz. Fixations were defined by the acquisition software (Tobii Studio 
3.4.8.1348) at a window length of 20 ms with an I-VT classifier for 30 degrees/second. Minimal 
fixation duration was set to 60 ms. Adjacent fixations with an angle of up to 0.5 degrees and 75 
ms apart were merged.  

To calibrate the eye-tracker, each subject had to fixate on nine locations on the screen 
ranging from top-left to bottom-right. The software ranked the distance from the fixation location. 
If the software score was less than “Good” we repeated the calibration after aligning the subject 
location and the screen rotation. Data were recorded using the software’s proprietary format, and 
included the x,y coordinates of the eyes at each timestamp t. We analyzed data only from the right 
eye across all subjects. Prior to each trial a white fixation cross on a grey background appeared on 
the screen, which allowed for a future estimation of the calibration error for each subject if the data 
were showing calibration drifts.  

 
Table S4. Cronbach’s alpha for personality facets 

Facet Cronbach’s alpha 
Intellectual curiosity (O) 0.68 
Aesthetic sensitivity (O) 0.69 
Creative imagination (O) 0.74 
Organization (C) 0.83 
Productiveness (C) 0.74 
Responsibility (C) 0.55 
Sociability (E) 0.82 
Assertiveness (E) 0.72 
Energy (E) 0.74 
Compassion (A) 0.57 
Respectfulness (A) 0.66 
Trust (A) 0.66 
Anxiety (N) 0.78 
Depression (N) 0.82 
Volatility (N) 0.80 

 



Zero-order correlations 

Table S4 depicts the Pearson zero-order correlation across the focal variables used in the 
EEG study analyses. All correlations are based on data from 225 subjects (25,200 dyadic 
observations). The only exceptions are the correlations for eye gaze similarity, which are based on 
data from 138 subjects (10,440 dyadic observations). 

Table S5. Pearson zero-order correlations and confidence intervals. 

Similarity  1 2 3 4 5 
1. Neural  

 
- 
    

 

2. Gaze  0.017 
[-0.002, 0.035] 

- 
   

 

3. Personality  0.105  
[0.093, 0.118] 

0.010  
[-0.009, 0.029] 

- 
  

 

4. Gender  -0.018  
[-0.031, -0.006] 

0.042  
[0.030, 0.055] 

-0.003 
[-0.022, 0.016] 

- 
 

 

5. Age  -0.042  
[-0.054, -0.029] 

0.030  
[0.018, 0.042] 

0.023  
[0.011, 0.035] 

0.051  
[0.032, 0.070] 

- 

6. Ethnicity 
 

0.166  
[0.154,0.178] 

0.035  
[0.023, 0.047] 

0.004  
[-0.009, 0.016] 

0.024  
[0.012, 0.037] 

-0.022 
[-0.041, -0.002] 

 

 

Figure S4. Distribution of neural synchrony and personality similarity in the EEG sample (n = 225) 

 

 

Figure S4. Permutation testing histograms for the relationship between personality 
similarity and neural synchrony when controlling for socio-demographic variables. For 
each statistical test, corresponding null distributions of sham beta coefficients for personality 
similarity were generated via permutation testing. The resulting null distributions are shown 
relative to the true beta coefficient for personality similarity (depicted by the vertical black line). 
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