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Green urban environments
enhance brain-to-brain synchrony

Nadezhda Kerimova?, Pavel Akimov?, loannis Ntoumanis®?, Isak B. Blank?,
Victoria Moiseeva?® & Vasily Klucharev'™

Previous studies have demonstrated that people focus on fewer specific features of natural
environments compared to built environments. This may imply that neural activity stronger converge
across individuals in green environments than in built environments, where people may focus very
differently on diverse and often overloading urban stimulation. We hypothesized that the similarity
of mental states across individuals should increase during exposure to green environments compared
to built environments. Thus, we conducted an electroencephalography study in which we measured
the correlation of neural responses among 30 participants using the inter-subject correlation (ISC).
Using the ISC method, we calculated the similarity of the brain activity of a group of people as they
were exposed to videos of 5-minute walks through parks, boulevards, or busy roads. The behavioral
results showed that on average, participants rated the videos of parks as 39 and 65% more relaxing
than boulevards and busy roads, correspondingly. Our electrophysiological results showed that

the average similarity in brain activity, as measured by ISCs, was significantly stronger during the
observation of parks compared to boulevards and busy roads. On average, I1SCs for parks were 26 and
40% higher compared to boulevards and busy roads, respectively. We also found that parks increase
the similarity of brain activity, particularly in the delta band, which reflects the most evolutionary

old and phylogenetically preserved cortical activity. Our results further confirm that during urban
walks in busy boulevards and highways, people’s attention is distracted, as indicated by weaker brain
synchronization between individuals.

Keywords Urban greenery, Built environments, Inter-subject correlation, Delta oscillations, Engagement,
Brain-to-brain synchrony

Urban dwellers face highly diverse environments daily, ranging from noisy built districts to calm and comfortable
green zones. Almost 40 years ago, Edward Wilson'! proposed the influential biophilia theory, which posited that
evolution developed the strong tendency of humans to focus on and affiliate with natural environments. In a
similar line of reasoning, attention restoration theory suggests that if human cognitive functions have evolved
in natural environments, people today could be overwhelmed with artificial urban stimuli?. Urbanized built
environments demand a constant concentration of attention and top-down cognitive resources, leading to
cognitive overload. Accordingly, natural stimuli, such as urban trees, moderately load involuntary attention and
therefore restore cognitive resources. Similarly, psycho-evolutionary theory® emphasizes that built environments
lead to physiological and cognitive depletion when compared to natural environments®?. Contrary to attention
restoration theory, this theory suggests that an initial affective response to natural environments underlines the
restoration of cognitive resources. Recently conditioned restoration theory proposed that the effects of natural
environments are based on conditioning and associative learning: after associating nature with relaxation,
subsequent exposures to nature trigger relaxation due to previous conditioning®. An alternative perceptual
fluency model emphasizes the role of sensory features of nature and suggests that natural environments are
processed more fluently due to their low-level sensory features®’. Such perceptual fluency lessens cognitive
processing of natural stimuli, which explains the restorative effects of nature. Overall, attention restoration
theory emphasizes the restorative role of soft fascination or tranquility—environmental visual characteristics
that capture involuntary attention modestly and simultaneously elicit pleasant experiences. Psycho-evolutionary
theory highlights the restorative role of affective responses to natural environments. Conditioned restoration
theory stresses the positive effect of relaxation associated with nature, while perceptual fluency model emphasizes
the role of the less costly cognitive processing of natural stimuli. In this study, we investigated neural responses
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to natural and built urban environments to further explore the assumptions of these key theories in the field of
urban greening.

Berto and colleagues® demonstrated that eye movements related to photographs of natural environments
are characterized by lower exploration and a smaller number of fixations compared to built environments. The
results suggest that people focus on fewer specific features of natural scenes compared to built scenes. Follow-up
studies convincingly showed that when viewing nature scenes, the participants made less but longer eye fixations
relative to environments with low restorative potential®'®. These results may reflect a lower cognitive effort and
a different cognitive strategy during the visual processing of natural scenes compared to built urban scenes.
They also support attention restoration theory by confirming that less cognitive effort is required to view a green
urban environment. In the current study, we aimed to test the differential processing of green and built urban
environments using electroencephalography (EEG).

Roger S. Ulrich!! exposed participants to images of nature or urban environments and found that alpha
EEG oscillations were significantly higher during vegetation slides compared to urban slides, and when subjects
viewed water rather than urban content. EEG studies have since suggested that natural environments reliably
increase the power of alpha oscillations in the EEG!!-!4, and favor stress reduction and attention restoration!*!>:1°,
However, previous EEG studies have primarily focused on alpha band oscillations, which have been associated
with the inhibition of neuronal activity!’-!%, playing a role in gating information flow?*?!. Importantly, both
attention restoration and psycho-evolutionary theories emphasize the restorative role of involuntary attention
and affective responses to green environments rather than the role of the inhibition of neuronal and cognitive
activity. Of significance in this context are ecologically valid studies of involuntary attention and affective
responses to natural environments that consider new, complex experimental paradigms and neuroimaging tools.

The sensory processing of urban environments has mainly been investigated using static images, despite
the fact that our real-life urban experience is much closer to a continuous, dynamic movie than to a still photo.
To study the relationship between dynamic urban stimuli and brain activity, we measured the synchronization
of neural responses among a group of participants using inter-subject correlation (ISC) analysis. In brief, ISC
analysis measures the similarity of brain activity among a group of people as they respond to the same dynamic
stimulus, for example, a movie, audiobook, music, or a video of urban scenes?223, Strong engagement with the
dynamic stimulus results in high neural responses that are highly correlated across all participants, while a
lack of engagement manifests in generally lower neural responses that correlate less across participants. Thus,
ISC objectively indexes the magnitude of selective attentional engagement®* and can be used as a novel tool to
investigate human attention to various urban environments.

Previous EEG studies have demonstrated that ISC reflects audience’s engagement with naturalistic stimuli,
such as narrative cohesion?*?*, large-scale population preferences?, attentional state?>?”, and video viewership?®.
Importantly, when attention is diverted away from a stimulus, the ISC across participants decreases, while the
allocation of attention to the stimulus increases the ISCs?>?’. Therefore, the EEG-ISC can be interpreted as an
index of audience engagement, described by Dmochowski and colleagues®* as “emotionally laden attention”

For the first time, to our knowledge, we applied ISC analysis to assess psychological and brain states in
green and built environments. More precisely, we used ISC analysis to study the brain-to-brain similarity of
brain activity in response to videos of green areas (parks), streets with rows of trees (boulevards), and built
districts with busy roads (highways). As mentioned earlier, previous studies have shown that people focus on
fewer specific features in green environments compared to built environments®~'?, suggesting that green scenes
should evoke more similar brain activity (higher ISC) of a group of people than built urban scenes. By contrast,
busy built environments constantly distract attention due to their numerous salient features, resulting in highly
dissimilar brain activity across individuals. Thus, a higher ISC in green areas than in urban areas may further
support the view that less neurocognitive effort is required to view green urban scenes than built urban scenes.
Alternatively, someone might suggest that focusing on fewer features in green environments could indicate
mind wandering?®, which could result in a very different brain activity of people, depending on what the person
starts thinking about. For example, Kathryn Williams and colleagues® suggested that if no response is required,
attention may become inwardly focused leading to mind wandering in natural environments. Our study aims to
clarify these conflicting views by carefully analyzing ISCs.

To test this hypothesis, we recorded the EEG of 30 participants while they watched the videos of a 5-minute
walk through parks, boulevards, or busy highways (Fig. 1). If natural environments trigger more focused visual
exploration and stronger emotional engagement than built environments, green parks should evoke higher ISC
and, thus, more similar brain activity among a group of people compared to urban scenes in boulevards or
highways.

Results

Behavioral results

Preferences for urban environments: The questionnaires revealed that participants preferred green and quiet
urban environments. Specifically, participants indicated the importance of green spaces (mean rating=6.6 out
of 7), the quiet pace of urban life (mean rating=4.6 out of 7), the moderate level of noise (mean rating=5.5 out
of 7), and the moderate importance of road conditions (mean rating=4.1 out of 7).

The participants rated the videos of urban environments differently (see Fig. 2). The one-way Kruskal-Wallis
analysis of variance showed significant differences in perceived environmental risks (“Does this environment
threaten the health of residents?”) for six videos (p<0.0001, effect size n> = 0.521). Post-hoc pairwise
comparisons showed that highways were perceived as associated with significantly higher environmental risks
than boulevards (p <0.0001, with large effect sizes (r ranging from 0.579 to 0.630), 95% CI ranging from [2.00,
2.50] to [3.50, 4.00]) and parks (p < 0.0001, with large effect sizes (r ranging from 0.733 to 0.786), 95% CI ranging
from [3.50, 4.00] to [4.50, 5.50]). Similarly, boulevards were perceived as associated with significantly higher
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Fig. 1. Representative frames from (A) Highway 1, (B) Boulevard 1, and (C) Park 1 video of the urban walks.

environmental risks than parks (p <0.001, with moderate to large effect sizes (r ranging from 0.479 to 0.653),
95% CI ranging from [1.00, 1.50] to [2.00, 3.00]). Overall, participants rated parks as the least environmentally
risky environment. The Kruskal-Wallis analysis also indicated a significant difference in the perceived level of
urban boredom (“Is this environment boring?”) for the six videos (p<0.0001, n* = 0.227, large effect size). Post-
hoc pairwise comparisons showed that highways were rated as significantly more boring than parks (p <0.05,
with moderate effect sizes (r ranging from 0.318 to 0.471), 95% CI ranging from [0.50, 1.00] to [2.50, 3.00])
and boulevards (p <0.001, with large effect sizes (r ranging from 0.517 to 0.665), 95% CI ranging from [1.50,
2.00] to [3.00, 3.50]). Despite the abundance of visual events and noise, highways were perceived as the most
boring urban environments. Finally, we found a significant difference in the perceived restorative potential of
urban environments (“Is it difficult to relax in this environment?”, Kruskal-Wallis analysis, p<0.0001, 2 =
0.464, large effect size). Post-hoc pairwise comparisons showed that highways were rated as significantly less
relaxing than boulevards (p <0.01, with moderate to large effect sizes (r ranging from 0.443 to 0.654), 95% CI
ranging from [1.00, 3.00] to [3.00, 4.00]) and parks (p <0.001, with large effect sizes (r ranging from 0.640 to
0.751), 95% CI ranging from [2.50, 4.00] to [4.50, 5.00]). Further, parks were rated as significantly more relaxing
than boulevards (p<0.01, with moderate to large effect sizes (r ranging from 0.455 to 0.632), 95% CI ranging
from [1.00, 1.50] to [2.00, 2.50]). Thus, on average, participants rated the videos of parks as 39 and 65% more
relaxing than boulevards and busy roads, correspondingly. The findings indicated that urban environments that
feature green spaces and a quiet pace of life were preferred by the participants. Moreover, parks were found to
be the most relaxing and least environmentally risky environment, whereas highways were perceived as the least
relaxing and most environmentally risky.

EEG results: shared brain responses to urban environments

To test our hypothesis, we statistically compared the similarity of brain activity, measured as ISC scores, in the
group of participants during exposure to videos of a 5-minute walk through parks, boulevards, or highways. We
calculated one aggregate ISC-score for each video (for details, see the “Methods” section). A one-way repeated
measures ANOVA showed a significant effect of the factor environment (Highway 1, Highway 2, Park 1, Park 2,
Boulevard 1, and Boulevard 2) on brain activity synchronization across participants: F(5, 145)=8.73, p<0.0001,
n? = 0.174. Post-hoc analyses revealed that ISC scores for two parks were significantly larger than ISC scores
for other urban environments with a medium to large effect size: Park 1 vs. Highway 1 (p <0.0001, Cohen’s d =
-1.09, 95% CI [-1.54, -0.63]); Park 1 vs. Highway 2 (p <0.05, Cohen’s d = -0.69, 95% CI [-1.08, -0.28]); Park 1
vs. Boulevard 1 (p <0.01, Cohen’s d = -0.80, 95% CI [-1.21, -0.38]); Park 2 vs. Highway 1 (p <0.0001, Cohen’s d
=-1.04, 95% CI [-1.48, -0.59]); Park 2 vs. Highway 2 (p <0.05, Cohen’s d = -0.69, 95% CI [-1.08, -0.29]). Other
post hoc tests showed no significant differences between ISC scores (see Fig. 3). Thus, participants demonstrated
higher brain-to-brain synchrony in response to parks than to boulevards or highways. On average, ISCs for
parks were 26 and 40% higher compared to boulevards and\ highways, correspondingly.

Manipulation check: analysis of control videos

Previous studies have shown that engaging action movies evoke strong brain activity synchronization across
participants, while open scenes of the sea evoke low brain activity synchronization?. In this study, we used Control
1 (an action movie) and Control 2 (a scene of a seaside) videos to verify the effect of attentional engagement on
brain activity synchronization across participants. Supplementary Figure S2 shows that videos Control 1 and
Control 2, as expected, evoked the highest and lowest ISC scores, respectively. This trend was supported by a
one-way repeated measures ANOVA, which showed the significant effect of the factor environment (Highway 1,
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Fig. 2. Mean ratings evaluating the environmental quality of six urban environments (videos). The results of
7-point Likert scale questions represent (A) perceived environmental risks, (B) the level of stimulation, and (C)
difficulties in relaxation for highways, boulevards, and parks. Note. Error bars represent the standard error of
the mean (SEM) within each condition. *p <0.05, **p <0.01, ***p <0.001, ****p <0.0001.

Highway 2, Park 1, Park 2, Boulevard 1, Boulevard 2, Control 1, Control 2): F(2, 57.89) = 727.08, p < 0.0001, qz =
0.952. Post-hoc pairwise analyses revealed that the similarity of brain activity across participants for the Control
1 video was significantly higher than for the other seven videos (p < 0.0001). By contrast, the similarity of the
brain activity across participants for the Control 2 video was significantly lower than for Park 1 (p < 0.0001,
Cohen’s d =-1.16,95% CI [-1.61, -0.69]), Park 2 (p = 0.01, Cohen’s d = -0.88, 95% CI [-1.29, -0.45]), and Control
1 video (action movie).

Dynamic shared brain responses in different urban environments

To identify the specific urban events that induced the strongest peaks of brain-to-brain synchrony, we calculated
the changes in the ISC score over the course of the videos for the strongest correlated components (see Fig. 4,
where the gray line represents the significance threshold). We used a 1-second window with an 80% overlap
that allowed us to capture dynamic changes in brain-to-brain synchrony. To identify ISC peaks we utilized a
significance threshold, established using 1000 phase-randomized permutations (for details, see the “Methods”
section).

Interestingly, in the point-by-time point ISC analysis, different event types triggered peaks in brain-to-brain
synchrony when the participants watched videos of different urban environments. For example, during the Park
1 video, a flowerbed and passers-by evoked the strongest peaks of ISC scores (Fig. 4A). During the crowded
Boulevard 1 video, the strongest ISC peaks were induced by a running child and a moving cyclist. However,
during videos of the Highway 1, peaks were triggered by an approaching car and a significant change of view.
For details of different events that triggered peaks in brain-to-brain synchrony, see Supplementary Table S4.
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Fig. 3. Average inter-subject neural synchronization for different urban environments (videos), as measured
by ISCs. Overall, the participants demonstrated a higher similarity of brain activity in response to parks than
to busy boulevards or highways. Note. Error bars represent the standard error of the mean (SEM) within each
condition. *p<0.05, *p<0.01, **p <0.001, ***p <0.0001.
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Fig. 4. The strongest peaks of inter-subject neural synchronization (right) and topographic maps of the mean
ISCs (left) for three urban environments (videos). For the Park 1 video, the strongest ISC peaks were triggered
by an attractive flower bed and rare passersby, while for Boulevard 1 and Highway 1, the peaks occurred
during observations of a running child and a quickly approaching car, respectively. The photos illustrate
scenes that coincide with the strongest local peaks of the ISC scores. Note. The dynamic ISC and topo-plots
are represented by the first maximally correlated Component 1 only. The gray color indicates the time-varying
statistical significance threshold that represents the 95th percentile of permutations.
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Fig. 5. Average inter-subject neural synchronization—mean ISC scores—for different urban environments
(videos) in four EEG frequency bands (delta, theta, alpha, and beta). Note. Error bars represent the SEM within
each condition. *p <0.05, **p <0.01, ***p < 0.001, ****p <0.0001.

Overall, during the videos of parks, the participants’ attention was guided by urban stimuli associated with
soft fascination, while safety-related urban stimuli guided their attention while watching videos of boulevards,
particularly during videos of highways.

Neural synchronization in different frequency bands

Since different EEG frequency bands represent different cognitive and physiological states, we reanalyzed the
ISC separately for four frequency bands of interest (delta: 0.5-4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, beta: 12-
25 Hz). Figure 5 shows that the differences in overall ISC scores between urban environments were driven
mainly by differences in the delta range. A one-way repeated measures ANOVA showed the strong significant
effect of the factor environment (Highway 1, Highway 2, Park 1, Park 2, Boulevard 1, and Boulevard 2) on brain
activity in the delta frequency band (F(5,145) =10.63, p <0.0001) and the weaker effect in the theta frequency
band (F(5,145) =2.58, p<0.05).

In the delta band, post-hoc analyses revealed that ISC scores for two parks were significantly larger than ISC
scores for other urban environments: Park 1 vs. Highway 1 (p <0.0001); Park 1 vs. Highway 2 (p <0.01); Park 1 vs.
Boulevard 1 (p<0.01); Park 1 vs. Boulevard 2 (p <0.05); Park 2 vs. Highway 1 (p <0.0001); Park 2 vs. Highway 2
(p<0.01); Park 2 vs. Boulevard 1 (p <0.01); Park 2 vs. Boulevard 2 (p <0.01). In the theta band, post-hoc analyses
revealed that only ISC scores for Boulevard 2 were significantly larger than ISC scores for Boulevard 1 (p <0.01).

Thus, we observed the strongest brain synchronization between individuals in the delta range for parks,
which has been suggested to reflect the most evolutionary ancient and phylogenetically preserved cortical
circuits particularly involved in basic motivation and reward?!.
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Discussion

During the EEG recording, the participants in this study were shown videos of boulevards, parks, and highways,
and their brain synchronization was measured using ISC, which is a neural index of audience engagement. Our
results showed that parks elicited stronger brain synchronization between individuals compared to highways
and boulevards. Detailed EEG analysis revealed that parks strongly attracted the participants’ attention to a
limited number of pleasant visual events, which led to relatively similar neurocognitive processing of urban
elements, resulting in stronger brain synchronization between individuals. By contrast, videos of urban walks in
boulevards and highways drew attention to numerous safety-related distractive urban events, leading to weaker
brain synchronization between individuals due to the varying cognitive processing of urban elements.

The ISC approach has been developed to study how the brain deals with the complexity and dynamics of
naturalistic sensory streams, such as movies, audiobooks, or music?**2. Previous studies have shown that ISC
is strongly influenced by attentional engagement?*?>?’. If attention is diverted away from a sensory stream,
ISC is smaller??’, while attentional engagement increases ISC. For example, ISC is larger when attending to
audiovisual narratives than when attention is directed inward to a mental arithmetic task?>. Further, a significant
reduction in ISC occurs even upon a second viewing of the same video, which makes it less engaging?%. Overall,
previous studies suggest that ISCs, as maximally correlated components of neural activity, reflect attention- and
emotion-modulated cortical processing. Thus, our findings that parks evoke higher ISCs in a group of people
than built urban scenes indicate that green urban areas strongly engage people in the cognitive processing of
emotionally positive events that required less neurocognitive effort than built urban scenes. Importantly, the
participants in our study also rated parks as the most restorative environment.

Our finding of a particularly large brain-to-brain synchrony when participants were exposed to videos of
parks is in line with previous eye-tracking studies. Eye movements reflect visual attention and determine where
people focus on??. For instance, Martinez-Soto and colleagues found that eye movements during the observation
of photos with higher restorative potential were characterized by fewer fixations than those of photos with lower
restorative potential®!. Thus, green restorative environments are associated with reduced eye movement activity,
which reflects low cognitive effort in processing natural scenes. Many eye-tracking studies have shown that eye
movements during the processing of photographs of natural environments are characterized by lower exploration
and a smaller number of fixations compared to those rated low on fascination urban environments®-1343>, Thus,
eye-racking studies reflect different cognitive strategies during the processing of natural and built scenes. Our
EEG and behavioral results, combined with previous eye-tracking studies, further support the idea that built
urban environments overload attention compared to green environments, while the latter may effectively restore
the cognitive resources of human brains.

Many studies of the visual processing of urban environments have been based on attention restoration theory®,
which emphasizes the negative impact of effortful focused attention on cognitive functions in urban settings.
According to Kaplan and Kaplan®, voluntary attention, which requires significant effort, induces cognitive
fatigue. By contrast, a form of involuntary attention, known as fascination, is based on a genuine interest in
visual details that require little cognitive effort. Fascinating natural scenes allow the depleted attentional system
to rest. Previous eye-tracking studies have indicated that a lower number of fixations on natural scenes signifies
a lack of distractions. Our results further support this view, demonstrating that different people display more
similar brain activity/mental states in parks than in busy boulevards and highways, where various urban events
can distract people and make brain activity highly dissimilar across individuals. Our ISCs data show that during
urban walks, the green environment tunes attention to rare salient events, such as beautiful details of nature,
which helps people focus on emotionally positive, highly fascinating urban episodes. Our results further reveal
that for parks, the strongest shared brain responses were evoked by an attractive flower bed, while for crowded
boulevards and highways, the strongest peaks of shared brain responses were triggered by a moving cyclist or
an approaching car.

Our in-depth ISC analysis also supports psycho-evolutionary theory®, which emphasizes the key role of an
“initial affective response” to natural environments in the restoration of cognitive resources. We found that
stronger inter-subject synchronization in parks was underlined by EEG activity in the low-frequency delta band.
Interestingly, delta waves have been implicated in the integration of brain activity with homeostatic processes™.
Previous studies have shown that overnight delta activity negatively correlates with arterial pressure?” and
cortisol levels®®. Furthermore, EEG delta activity correlates positively with basal metabolic rate over the human
lifespan®. Overall, low-frequency EEG is a reliable feature of reduced alertness®"**, which has been used in an
EEG-based sedation index*!*2,

Some studies have indicated a link between delta oscillations and attention processes
processing of emotional stimuli*’ and the detection of motivationally salient stimuli in the environmen
Importantly, delta EEG activity generation has been linked to the activity of the ventral tegmental area, the
nucleus accumbens, and the medial prefrontal cortex, which are key regions of the brain reward system®!. For
example, Zen meditators showed stronger delta activity in the medial prefrontal cortex during rest compared to
controls, which may indicate inhibition of the prefrontal cortex, resulting in reduced cognitive engagement™.
Furthermore, delta activity can inhibit or amplify sensory input and play a role in efficiently encoding stimuli®"->2.

To summarize, our results support both attention restoration theory, which emphasizes the role of natural
environments in the restoration of cognitive resources, and psycho-evolutionary theory, which focuses on the
“initial affective response” to natural environments. Stronger shared brain responses to parks than to built
environments highlight the role of the soft, fascinating cognitive characteristics of parks that capture involuntary
attention and do not overload cognitive systems. However, the strong shared delta activity evoked by parks also
supports the role of affective responses to natural environments in the restoration of cognitive resources. It is
worth mentioning that our results also do not contradict conditioned restoration theory, which links natural
environments with the associative learning-related relaxation and perceptual fluency hypothesis that emphasizes
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the less costly cognitive processing of natural stimuli. Our results are further in line with the recent literature
that links natural exposure and enhanced inhibitory control®’. Nature-related reductions in cognitive efforts are
manifested in inhibitory efficiency, which is performance-related and a well-established indicator of cognitive
effort™™,

Previous EEG studies that investigated the effects of the environment on brain activity have mainly used
traditional data analysis methods, focusing on the alpha (8-13 Hz) and beta (13-30 Hz) frequency bands!!'%%,
However, the current study used the ISC signal to capture shared brain responses, which reflect different brain
activity than more traditional EEG analyses. Hasson and colleagues developed a revolutionary ISC technique that
compared neural responses across individuals instead of within individuals?2. The ISC technique calculates the
correlation across participants’ brain signals to estimate the reliability of brain responses between participants.
Unlike traditional approaches, the ISC technique can be applied to continuous, dynamic natural stimuli, such
as video, music, or speech, without the need for specific event markers??. The ISC method specifically identifies
the stimulus-driven brain activity shared by the majority of participants. Thus, this method compares neural
responses across participants, assuming that when a group of individuals attends to the same dynamic stimulus,
a portion of the induced neural activity is synchronized across participants, indicative of a similar reaction to the
external world or of an increase in the attention directed to a stimulus rather than an internal state?>¢. Notably,
our results show that a large proportion of the participants shared delta waves, measured by EEG and ISC, when
they viewed videos of urban walks through parks. Importantly, our findings do not contradict previous studies
indicating that natural environments reliably increase the power of alpha oscillations in the EEG!'!"1: since such
stronger alpha oscillations in natural environments are not necessarily correlated between participants an inter-
subject synchronization of alpha EEG activity (ISCs) could be very minimal.

Our results further suggest that highways and boulevards dramatically disrupt people’s engagement in urban
environments. In particular, cars, cyclists, and pedestrians dissipate attention during urban walks. Our findings
can be important for landscape planning to maximize attention restoration. Landscape architects may make
an extra effort to isolate roads from green areas, using dense planting, to reduce the density of pedestrians
and to further separate cycling and walking routes. Nowadays, an evidence-based approach to landscape
planning is essential to supporting or challenging popular trends in landscape architecture. We further show
that salient urban elements that attract attention are not necessarily beneficial for health or attention restoration.
Importantly, such an evidence-based approach to landscape planning is also more persuasive for policymakers
and decision makers at the city and municipal levels. Our results are in line with the previous studies that
examined the impact of greenery on urban stress**’~>°. Importantly, Cao and colleagues® explored the recovery
effects of various types of greenway environments and demonstrated a superior psychophysiological recovery
potential of urban park-type greenways. Altogether, it suggests that urban greenways should not only connect
urban communities, but also provide spaces for relaxation, physical and mental health restoration. Overall, our
findings further advocate for environmental changes to increase access to parks. The results further suggest that
urban planners should prioritize green spaces, particularly quiet areas, to improve urban environments.

Study limitations

We acknowledge several limitations of the study. First, we used videos of real urban walks, making it difficult
to control all aspects of the urban scenes, including the number of passers-by in each frame. Future studies
should control for the number of people (faces) in the videos and for the complexity of the visual scenes, as
this can modulate participants’ attention. Second, we normalized the sounds of the videos, largely ignoring the
cognitive effect of urban noise. The effect of acoustic noise on the sensory processing of urban spaces should be
investigated in more detail in follow-up studies. Additionally, the videos lack some important sensory features of
urban space, such as urban smells, kinesthetic sense of movement, and location. To avoid moment artifacts, we
also instructed the participants to avoid movements that may affect brain activity and behavior. Furthermore,
the ISCs technique requires perfect synchronization of stimuli across participants, which limits experimental
paradigms. In our study, the participant viewed eight videos that potentially can induce some learning, fatigue,
or carry-over effects. Importantly, this type of experimental design is typical in the field and it is usually
addressed by similar randomization procedures®®-62. Nevertheless, future studies could consider shorter or
between-subject paradigms to better control for extraneous experimental variables which can potentially affect
the sensitivity of the statistical analysis. Future studies should also focus on the role of other sensory modalities
in the sensory processing of urban spaces, examine spatial/temporal frequencies of the visual flow in various
urban environments and account for the duration of urban walks and the individual or cultural differences of
participants.

Conclusion

Our neurourbanism study demonstrated that the average similarity across the brain activity of 30 participants
was particularly strong during the observation of parks compared to the observation of highways and boulevards.
Such stronger inter-subject brain synchronization measured by ISCs indicates an increasing similarity of mental
states across individuals in green urban spaces. Our results suggest that parks do not distract people’s attention,
as they expose visitors to a limited number of visual events requiring low cognitive effort. We show that parks
increase inter-subject synchronization of EEG activity, particularly in the delta band, reflecting the most
evolutionary old and phylogenetically preserved cortical activity involved in basic motivation and reward>!.
Overall, our results suggest that cognitive and neural processing of parks converge across individuals stronger
than processing of highways and boulevards, which leads to stronger brain synchronization between individuals.
On the contrary, during urban walks on boulevards and highways, people’s attention is distracted, which leads to
weaker brain synchronization between individuals.
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Methods

Participants

Thirty participants (20 females), aged 19-47 (mean = 28.5, standard deviation = 7.5), with normal vision and
hearing, right-handed, and without neurological conditions and/or disorders participated in the study. All
participants signed an informed consent form to participate in the study and were compensated for their time.
The study was approved by the university ethics committee. All methods were carried out in accordance with
relevant guidelines and regulations. Ethical approval and informed consent were waiver by HSE university
ethical committee. The participants were informed in detail of the purpose and nature of the study and signed
their informed consent for study participation and publication of identifying information/images. The sample
size was calculated based on the guidelines for ISC research. An EEG study assessed the reliability of ISC and
demonstrated that to achieve a minimally acceptable reliability, a sample size of n = 15 is required®*. Furthermore,
the dynamic pattern of a video can be reliably tracked using a sample size of n = 27. Furthermore, Kauppi and
colleagues® demonstrated that ISC analysis can be conducted with as few as 12 participants. Taking into account
the explorative nature of the study, the sample size was larger than in previous studies exploring ISCs with
similar setups?*?°. The participants were recruited via social media.

Stimuli and questionnaires

During the EEG recording, participants were exposed to eight videos, with each video lasting five minutes (Fig. 1).
Six of these videos depicted urban environments, and two control videos (see below for details) were included.
The loudness of all videos was normalized. The order of videos shown were randomized across participants with
an interstimulus interval of 60-120 s. After the first four videos, a 5-minute break was given.

To create the six videos of urban environments, we filmed 5-minute walks through a highway, boulevard,
and city park in two different cities (see supplementary materials for video files) with a professional camera (for
details, see Supplementary Figures S1.1-S1.6). Supplementary Tables S1-S2 summarize the features of videos
(for details of the similar approach, see®. The highways (Highway 1 and Highway 2) were represented by urban
areas with car traffic and limited greenery. The parks (Park 1 and Park 2) were filmed in green areas with no
buildings or paved roads, while the videos of boulevards (Boulevard 1 and Boulevard 2) were recorded in green
urban areas with buildings, limited transport, and people walking. Supplementary Figures S1.1-S1.8 illustrate
all the videos used in the current study. All videos were recorded by the same cameraman during the daytime
(July, 2020) in two million cities separated by a distance of 700 km. In each city video-recordings of the highway,
boulevard, and city park were conducted on the same day. While selecting highways, boulevards, and city parks
in two different cities, we searched for urban areas with similar types of vegetation, land use/purpose, socio
demographics.

Two control videos were included: Control 1 video depicted a scene from the movie “The Good, The Bad,
and The Ugly” (1966), while Control 2 video showed an open scene of a seaside (for details, see Supplementary
Figures S1.7-S1.8). Importantly, previous studies have shown that such control videos either evoke very high
(Control 1 video showing the action movie) or extremely low (Control 2 video showing the empty seaside) ISC
scores (e.g.,2%). We used ISCs for the control videos as reference points for the descriptive analysis of ISCs for
urban environments. We assumed, as a sanity check, that among eight videos, the control video (Control 1)
should evoke the highest ISC scores, while the control video (Control 2) should evoke the lowest ISC scores (see
Supplementary Figure S2).

During the study, the participants were instructed to watch the videos attentively and to avoid movements.
The study was programmed using NBS Presentation software (Neurobehavioral Systems, Inc.). The videos
were presented on an HD monitor (1920 x 1080 resolution), and light detection photodiode (detecting onsets
of videos) controlled the synchronization of videos and EEG recording. The EEG study lasted approximately
60 min. Since the ISC method requires the identical sensory stimulation of all participants we used the standard
video stimuli instead of 360-degree virtual reality videos that allow the user to change the view as desired.

At the end of the study, the participants rated the urban environments (videos) presented during the EEG
recordings, reported their preferences regarding urban environments, and answered socio-demographic
questions. The participants rated each video on a 7-point scale: 1 — fully agree, 7 — fully disagree. The list
of all questions is available in Supplementary Table S3. Not all questions were used in the current study, as a
large set of questions was collected for another project. For this study, we analyzed the questions screening
participants’ evaluations of videos: how relaxing, boring, familiar and healthy the urban environments were
perceived (It is impossible to relax in this environment; This environment is very boring; Does this environment
threaten the health of residents; How familiar is this environment to you? Have you been there before? ). We
also screened participants’ preferences for different parameters of urban spaces (the presence of green areas; a
quiet environment; fast-paced, active life) using a 7-point scale (1 — not important at all, 7 — very important).

EEG recording

The EEG was recorded using the actiCHamp system (BrainProducts) at a sampling frequency of 512 Hz. We
used a standard 64-electrode cap according to the extended 10/20 international system. Reference electrodes
Tp9 and Tp10 were placed on the left and right mastoids, respectively. The ground electrode was placed at Fpz.
To remove eye movement artifacts, an electrooculogram (EOG) was also recorded with two auxiliary electrodes.
The impedance level was kept below 15 kQ). The EEG recordings were conducted in a soundproof, lightproof and
electrically shielded room during the daytime.

EEG preprocessing
First, the EEG signal was visually inspected to exclude datasets (or EEG channels) with clear artifacts. For
each participant, the noisy EEG channels were manually set to zero but were not excluded from the dataset
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to preserve the temporal structure of the datasets and perform further cross-covariance calculations correctly.
Signal processing and data analysis were performed offline using MATLAB software (Mathworks, Natick, MA,
USA). Second, EEG and EOG data were high-pass filtered (0.5 Hz cutoff), and notch-filtered at 50 Hz. Eye
movement artifacts were removed by linearly regressing the signals in the EOG channels from the signals in the
EEG channels. Lastly, since ISC is sensitive to outliers, EEG data points above three standard deviations of the
mean in each electrode were set to zero. For the additional analysis, the EEG signal was then filtered into four
frequency bands (cut-off frequencies: delta: 0.5-4 Hz, theta: 4-8 Hz, alpha: 8-12 Hz, beta: 12-25 Hz).

Inter-subject correlation (ISC) analyses

ISC is a measure of the similarity in neural activity between pairs of individuals that reflects the extent to
which their brain responses are synchronized during shared tasks. To calculate the ISC for each video clip,
we implemented a correlated component analysis— CorrCA?%. This approach assumes that participants who
are engaged with video content exhibit neurocognitive responses that are correlated among each other?*. By
contrast, a lack of engagement with video content leads to weak and highly variable neurocognitive responses
that are not correlated across participants®*. Below we explain the ISC analysis in more detail.

Aggregate ISC scores. CorrCA identifies linear combinations of EEG electrodes that have a similar time course
in all participants (for details, see?>. Each such linear combination is a correlated component. To compute the
ISC for each video clip, we summed the three strongest correlated components, following previous studies?*2°.
This was performed using a leave-one-out approach, resulting in a single ISC value per video and participant,
reflecting the synchronization level between this participant and the rest of the group, while watching this
video?*0,

In more details, CorrCA extracts data projections with maximal correlation?*. The pooled between-subject
cross-covariance and pooled within-subject covariance were calculated as described below. Between-subject
cross-covariance was computed by pooling the cross-covariance of all electrodes in one subject with all electrodes
in every other subject (as detailed in®).

1
B = N =) 2o 2

where R, represents the cross-covariance of all electrodes in subject k with all electrodes in subject I. Here:
Ru = t) — zx) (m(t) — )"
EDINCIORENICIORE)

where x,(t) is the scalp voltage at time ¢ for subject k, and ), represents the mean scalp voltage for subject k

over time.
Within-subject covariance was calculated as the average of each subject’s cross-covariance matrix.

Ry = % Zk Rk

where R, is the covariance of EEG signals within the same subject.
Overall, the ISC measure calculates the largest correlation between subjects by maximizing the ratio of
between-subject to within-subject covariance. The correlation measure C for each component v, is given by:

C _ ‘/Z'T Rblli

‘/iT Rw 123
High values of C indicate strong similarity across participants. To ensure data stability, the pooled within-
subject covariance matrix was regularized®®. Both between-subject and within-subject covariance matrices were
computed for all participants across all video segments. We selected the three strongest correlated components
for the ISC calculation, and the final ISC was computed as the sum of these components:

sc=3%" ¢

The ISC analyses were performed in MATLAB (R2019b), and the scripts (links) are available in the Supplementary
Materials.

Point-by-point ISC analysis. To analyze the temporal dynamics of neural synchrony, we calculated the ISC
over short segments of each video rather than its entire duration. Specifically, we used sliding time windows
of 5 s duration and 4 s (80%) overlap®*. This approach enabled the visualization of changes in brain-to-brain
synchrony over time.

Finally, we visualized the spatial distribution of the ISC by calculating the “scalp projections” of the ISC
values through the forward model®. The resulting topoplots illustrate which EEG electrodes contributed the
most significantly to each correlated component, providing an estimate of the cortical areas involved.

Statistical analyses
For self-reported preferences, we applied the Shapiro-Wilk test to assess normality, which indicated that the data
were not normally distributed (p < 0.05). Therefore, we used the non-parametric Kruskal-Wallis test to examine
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differences across conditions. Significant effects were further explored using paired Wilcoxon signed-rank tests,
with p-values adjusted using the Benjamini-Hochberg FDR correction®. Adjusted p-values below 0.05 were
considered significant.

Aggregate ISC scores. To examine whether different videos evoked different levels of neural synchrony, we
compared the aggregate ISC values between videos®. Specifically, after confirming the normal distribution of the
aggregate ISC values (Shapiro-Wilk test, p > 0.05), we performed a one-way repeated measures ANOVA, with
video as the within-subject factor (highways, parks, and boulevards). Significant effects were followed by post
hoc paired t-tests, with p-values adjusted using the Bonferroni correction. Adjusted p-values below 0.05 were
deemed significant.

Point-by-time point ISC analysis. To explore dynamic brain responses, we conducted a time-resolved ISC
analysis. ISC was calculated for each 1-second time window with 80% overlap. Statistical significance was assessed
using 1000 permutations, generating surrogate datasets by randomizing EEG signal phases while preserving
spectral properties. This approach creates a null distribution for each time window under the hypothesis of no
synchronization.

Such a permutation test provided a time-varying statistical significance threshold for ISC over time - the
threshold represented the 95% percentile of the random distribution. This approach allowed us to identify at
which moment participants, as a group, produced correlated brain responses that were significantly greater
than chance?*. To correct for multiple comparisons, we applied the false discovery rate (FDR) correction using
the Benjamini-Hochberg procedure to the p-values obtained from the permutation tests. This correction was
performed separately for each component across all time windows. A significance threshold of p < 0.01 (after
FDR correction) was applied to identify ISC values exceeding chance levels.

ISC peaks and video content analysis. For each video, we identified peaks of ISCs that crossed the time-varying
significance threshold, corresponding to moments of highest synchronization. The video content associated with
these peaks was analyzed to identify the events that may have triggered shared attention (for details on Highway
1, Boulevard 1, and Park 1, see Supplementary Table S4). In interpreting the ISC peaks, we considered the
contextual significance of the most vivid event that triggered brain-to-brain synchrony across the participants.
The peaks reflect genuine attentional shifts synchronized among participants in response to salient urban events.

Frequency band ISC analysis. Additionally, ISCs were also computed within specific frequency bands (delta,
theta, alpha, beta and gamma) to investigate frequency-specific neural synchronization in different urban
environments. Similar to aggregate ISC scores, for each frequency band we performed a one-way repeated
measures ANOVA to compare these ISC values across videos and significant effects were followed by post hoc
paired t-tests, with p-values adjusted using the Bonferroni correction.

Data availability

The analysis script has been uploaded to GitHub: https://github.com/ML-D00M/urban-environment-eeg-analy
sis. Data have been made publicly available at: https://www.dropbox.com/scl/fo/ubz5vj2vc706xek5qtpbl/h?rlkey
=6cd524q7j2k9x0k9z83m69uud&st=ntrkz5im&dl=0.
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