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The field of neuroarchitecture explores how various architectural elements impact human physical and mental health, based on neuroscience
principles. With the development of functional neuroimaging and electroencephalogram studies, researchers can now visualize and quantify
how different architectural factors affect brain activity, emotions, and cognition. Mobile Brain/Body Imaging is a new research methodology
that records a moving person’s brain activity and bodily sensations in real time, promising to be a useful tool for space and urban design. In
this article, we discuss neuroarchitecture from the perspective of circadian rhythm, physical health, and mental health. Studies have shown
that artificial light at night disrupts the circadian rhythm, leading to acute and chronic negative health effects. Conversely, creating a person-
centered light environment or incorporating nature-like elements can have a positive impact on health. Research has also shown that expo-
sure to nature reduces self-rumination and contributes to psychological well-being. Neuroarchitecture studies on other factors, such as ceiling
height, wall colors, and the movement of people in the building, should be expanded to gain greater insights and practical applications. The
convergence of neuroscience and architecture has the potential to identify architectural elements that benefit human physical and mental
health.
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INTRODUCTION

Neuroarchitecture is a field that explores which architectural
elements are beneficial or harmful to the physical and mental
health of humans based on neuroscience principles [1-3]. In the
past 20 years, functional neuroimaging or electroencephalogram
studies have been conducted in neuroscience, which has made it
possible to visualize and quantify various perceptions experienced
by humans [4,5]. Furthermore, studies have been conducted to
confirm how human emotion and cognition are associated with
a specific brain area or neural circuit [6-8]. In addition, studies in
system neuroscience and computational neuroscience, which
have recently increased in number, have helped understand hu-
man sensory perception at the molecular and microcircuit levels

[9-12]. An interesting new research methodology is Mobile Brain/
Body Imaging (MoBI), which records a moving person’s brain ac-
tivity and bodily sensations in real time [13,14]. MoBI has superi-
or ecological validity compared to existing research methods, and
since it is possible to see in real time how the brain and body react
when a human is staying or moving in a specific space, it promises
to be a highly useful method in the area of space and urban design.

As neuroscience research techniques improve, enabling the
measurement, visualization, and quantification of human brain
activity, we are now able to investigate the influence of different
architectural elements (e.g., room height, lighting brightness,
scenery outside the window, space temperature change, etc.) on
brain activity. Through such studies, we can gain insights into
how these factors impact human emotions and cognition, and
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how they may promote or undermine physical and mental well-
being. Neuroarchitecture can be used for various purposes in var-
ious fields such as future space design, architectural design, in-
door environment, and landscaping. Until now, scientific research
in neuroarchitecture has been relatively scant; thus, there is a need
for further research and expansion.

NEUROARCHITECTURE FROM THE
PERSPECTIVE OF CIRCADIAN RHYTHM
AND PHYSICAL HEALTH

In the early days of neuroarchitecture research, indoor environ-
ment designs in harmony with the circadian rhythm were pro-
posed. Circadian rhythm is a cellular, biochemical, and behavioral
rhythm in living organisms that allows them to adapt to the 24-
hour solar cycle. It is an adaptation mechanism that helps living
organisms achieve synchronization between internal and external
environments [15-17]. One of the important ideas when consid-
ering circadian rhythm in neuroarchitecture research is the view
that the human body has an optimized circadian rhythm that
adapts to nature through the evolutionary process [18,19]. From
this point of view, rapid environmental changes or cultural factors
that exceed the natural evolutionary rate have the potential to neg-
atively affect human physical and mental health [20]. A simple
example of rapid environmental change is the artificial light that
floods modern residential or urban environments. Modern light
profiles, which are a mixture of natural daylight and artificial light,
show a pattern in which the distinction between day and night is
unclear to the body, and light of various wavelengths and inten-
sities appears and disappears irregularly and unpredictably. The
mismatch between the endogenous circadian rhythm and the light
environment produced by modern light profiles causes circadian
rhythm disturbances in individuals, potentially leading to acute
and chronic negative health effects [21-23]. In fact, the harmful
health effects of artificial light exposure at night have been dis-
cussed in several papers [24-26].

The effect of artificial light on circadian rhythm disturbance
and sleep has been a frequent research topic [27,28]. Many stud-
ies show that exposure to light, especially at night, suppresses mel-
atonin secretion and brings about changes in sleep profiles [29,30].
Other studies reveal that a high amount of exposure to artificial
light at night leads to difficulties in sleep initiation and mainte-
nance, causing sleep phase delay, and even increased depressive
symptoms resulting from decrease in sleep quality [31-33]. The
influence of artificial light exposure at night on physical health
has also been studied. Some studies propose an increase in the in-
cidence of breast cancer, and associations with obesity, hyperlip-
idemia, and hypertension risk have been suggested [24,34,35].
However, since nighttime artificial light exposure itself cannot act
as a direct toxicity factor for cancer, obesity, or hypertension, these
associations are thought to be effects determined by critical medi-
ating factors. Currently, circadian rhythm and sleep are consid-
ered the most important mediators, and many previous studies

have suggested that circadian disturbance, circadian misalign-
ment, and insomnia can be associated with the development of
various physical diseases such as breast cancer, liver cancer, and
obesity [36-38]. In addition, recent next-generation sequencing
studies have shown that various organs of the human body, such
as the liver and large intestine, have a circadian transcriptomic
landscape, proposing that each organ has an optimal time to func-
tion or rest [39-41]. In the case of the liver, which has been stud-
ied the most from the perspective of the circadian clock, about
15% of genes are reported to have circadian gene expression, and
major liver functions such as glucose homeostasis, lipids and mi-
tochondrial dynamics, and detoxification show different patterns
during the day and at night [41,42]. It is known that the central
nervous system and the brain also have unique day and night cir-
cadian neural activity patterns and circadian gene expression [43].
As such, humans have developed endogenous circadian rhythms
through a long evolutionary process; hence, the modern light pro-
file, especially artificial light exposure at night, has implications
for physical and mental health and can be regarded as a poten-
tially significant risk factor.

IMPACT OF PERSON-CENTERED LIGHT
ENVIRONMENT AND NATURE
EXPERIENCE ON MENTAL HEALTH

Neuroarchitecture studies have investigated not only the nega-
tive effects of artificial light at night, but also the positive effects of
a nature-like light environment on the human body. In one study,
when a large window was installed on the ceiling and the natural
light inflow was maximized in a common living space of older
adults with cognitive impairment, it was shown to increase day-
night orientation and decrease abnormal behavior [44]. Research
has also been conducted on scenarios where it is difficult to create
a natural lighting environment, such as in an intensive care unit
[45]. A study suggested that melatonin secretion and rhythm can
be restored in patients when a personalized patient-centered light
environment is created in an intensive care unit [46,47]. In addi-
tion, a study was conducted on the light environment of shift work-
ers and the resulting cognition and depressive symptoms [48]. In
this study, a dynamic light environment was created using chan-
nel light-emitting diodes, and the shift workers carried out their
work in this experimental lighting for a month. It was found that
the month-long exposure to the modified light environment had
a positive effect on the circadian rhythm, cognitive performance,
and mood status of shift workers. Overall, creating an environ-
ment that uses or mimics natural light can have a positive effect
on health, and in situations where circadian mismatch is unavoid-
able, such as shift work, the external environment can be modified
to create a residential ambience and minimize circadian mismatch.

In architecture, there have been recent attempts to maximize
the individual’s nature experience in the process of architectural
design or urban design. These attempts have been made based on
the intuitive assumption that humans feel physically and mental-



ly stable when they are in nature. An interesting study that is con-
sidered important from the perspective of neuroarchitecture drew
attention by revealing what kind of brain changes occur when
humans experience nature [49]. At the time, the study proposed
a hypothesis that urbanization could increase individual self-ru-
mination and cause mental illness such as depression. In this
study, participants were asked to walk for 90 minutes in an urban
or natural environment and functional neuroimaging was per-
formed. Self-rumination decreased only when they experienced
the natural environment. In addition, the activity of the subgenual
prefrontal cortex, known as a brain region related to self-rumina-
tion, also decreased only when walking in a natural environment,
but did not change when walking in an urban environment [50].
Many previous studies have shown that the subgenual prefrontal
cortex shows elevated levels of activity in depressed patients, and
the activity reduces after depression treatment [51-53]. In sum-
mary, recent attempts to introduce the natural environment into
a building or urban environment in the process of architectural
design or urban design have the potential to reduce human self-
rumination and contribute to psychological well-being.

In neuroarchitecture, not only the contents of the light environ-
ment or proximity to nature discussed above, but also factors such
as ceiling height, the size or direction of doors, wall colors, passage
width, the movement of people in the building, and the positional
relationship between buildings could be studied to analyze their
effect on emotion and cognition. In fact, such studies are being
conducted, but they are few in number [54,55]. The research on
these topics needs to be significantly expanded to obtain greater
insights and practical applications.

CONCLUSION

Neuroarchitecture is the convergence of neuroscience and ar-
chitecture. With the rapid development of neuroscience research
methodologies in recent years, it has become possible to more
broadly study how various architectural elements affect human
perception, emotion, and cognition. In addition to functional neu-
roimaging and electroencephalogram, which are widely used, lat-
est research methodologies such as computational neuroscience
and MoBI have the potential to further enrich neuroarchitecture
studies. Big data analysis and artificial intelligence technology,
which are rapidly advancing at present, will also help analyze the
collected body-based information. In the future, it is necessary to
conduct many studies linking neuroscience and architecture, and
in particular, many scientific studies should be conducted to iden-
tify architectural elements that are beneficial to the physical and
mental health of humans.

Funding Statement

This work was supported and funded by the grant from National
Research Foundation of Korea (NRF), funded by the Ministry of
Science and ICT (NRF-2019R1A5A2026045) and the grant from
the Korea Health Technology R&D Project through the Korea

Eun Hye Kim, et al K@Y WAL

Health Industry Development Institute (KHIDI), funded by the
Ministry of Health & Welfare, Republic of Korea (grant number:
HR21C1003, HI22C0724 and HR22C1734).

Conflicts of Interest
The authors have no potential conflicts of interest to disclose.

Availability of Data and Material
Data sharing is not applicable to this article as no datasets were
generated or analyzed during the study.

Author Contributions

Conceptualization: Eun Hye Kim, Hyun Woong Roh. Funding
acquisition: Hyun Woong Roh, Sang Joon Son, Chang Hyung
Hong. Supervision: Hyun Woong Roh, Sang Joon Son, Chang
Hyung Hong. Writing—original draft: Eun Hye Kim, Hyun
Woong Roh. Writing—review & editing: Chan Seok Youn, You
Jin Nam, Sunhwa Hong, Yong Hyuk Cho, Sang Joon Son, Chang
Hyung Hong.

ORCID iDs

Eun Hye Kim
https://orcid.org/0009-0005-4579-7169
Chan Seok Youn
https://orcid.org/0009-0007-4857-9655
You Jin Nam
https://orcid.org/0000-0002-6603-5586
Sunhwa Hong
https://orcid.org/0000-0003-0268-6360
Yong Hyuk Cho
https://orcid.org/0000-0002-2570-7278
Sang Joon Son
https://orcid.org/0000-0001-7434-7996
Chang Hyung Hong
https://orcid.org/0000-0003-3258-7611
Hyun Woong Roh
https://orcid.org/0000-0002-1333-358X

REFERENCES

. Eberhard JP. Applying neuroscience to architecture. Neuron 2009;62:753-
756.

2. Coburn A, Vartanian O, Chatterjee A. Buildings, beauty, and the brain: a
neuroscience of architectural experience. ] Cogn Neurosci 2017;29:1521-
1531.

. Gepshtein S, Snider J. Neuroscience for architecture: the evolving science of
perceptual meaning. Proc Natl Acad Sci U S A 2019;116:14404-14406.

4. Djebbara Z, Jensen OB, Parada FJ, Gramann K. Neuroscience and architec-
ture: modulating behavior through sensorimotor responses to the built en-
vironment. Neurosci Biobehav Rev 2022;138:104715.

. Hudspeth AJ, Logothetis NK. Sensory systems. Curr Opin Neurobiol 2000;
10:631-641.

6. Williams LM. Precision psychiatry: a neural circuit taxonomy for depres-
sion and anxiety. Lancet Psychiatry 2016;3:472-480.

. Janak PH, Tye KM. From circuits to behaviour in the amygdala. Nature
2015;517:284-292.

. Squire LR, Zola-Morgan S. The medial temporal lobe memory system. Sci-

—

w

w

~

o



WA@Y Neuroarchitecture and Circadian Rhythm

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

ence 1991;253:1380-1386.

. Khodagholy D, Ferrero JJ, Park J, Zhao Z, Gelinas JN. Large-scale, closed-

loop interrogation of neural circuits underlying cognition. Trends Neurosci
2022;45:968-983.

Rizzolatti G, Fabbri-Destro M, Caruana F, Avanzini P. System neurosci-
ence: past, present, and future. CNS Neurosci Ther 2018;24:685-693.
Kriegeskorte N, Douglas PK. Cognitive computational neuroscience. Nat
Neurosci 2018;21:1148-1160.

Kringelbach ML, Deco G. Brain states and transitions: insights from com-
putational neuroscience. Cell Rep 2020;32:108128.

Wang S, Sanches de Oliveira G, Djebbara Z, Gramann K. The embodiment
of architectural experience: a methodological perspective on neuro-archi-
tecture. Front Hum Neurosci 2022;16:833528.

Parada FJ, Rossi A. Perfect timing: mobile brain/body imaging scaffolds the
4E-cognition research program. Eur ] Neurosci 2021;54:8081-8091.

Abbott SM, Malkani RG, Zee PC. Circadian disruption and human health:
a bidirectional relationship. Eur ] Neurosci 2020;51:567-583.

Reppert SM, Weaver DR. Coordination of circadian timing in mammals.
Nature 2002;418:935-941.

Weaver DR. The suprachiasmatic nucleus: a 25-year retrospective. ] Biol
Rhythms 1998;13:100-112.

Bhadra U, Thakkar N, Das P, Pal Bhadra M. Evolution of circadian rhythms:
from bacteria to human. Sleep Med 2017;35:49-61.

Gerhart-Hines Z, Lazar MA. Circadian metabolism in the light of evolution.
Endocr Rev 2015;36:289-304.

Benton ML, Abraham A, LaBella AL, Abbot P, Rokas A, Capra JA. The in-
fluence of evolutionary history on human health and disease. Nat Rev Genet
2021;22:269-283.

Sanders D, Frago E, Kehoe R, Patterson C, Gaston KJ. A meta-analysis of bi-
ological impacts of artificial light at night. Nat Ecol Evol 2021;5:74-81.
Zhang D, Jones RR, Powell-Wiley TM, Jia P, James P, Xiao Q. A large pro-
spective investigation of outdoor light at night and obesity in the NIH-AARP
diet and health study. Environ Health 2020;19:74.

Xiao Q, James P, Breheny P, Jia P, Park Y, Zhang D, et al. Outdoor light at
night and postmenopausal breast cancer risk in the NTH-AARP diet and
health study. Int ] Cancer 2020;147:2363-2372.

Muscogiuri G, Poggiogalle E, Barrea L, Tarsitano MG, Garifalos E, Liccardi
A, et al. Exposure to artificial light at night: a common link for obesity and
cancer? Eur ] Cancer 2022;173:263-275.

Touitou Y, Reinberg A, Touitou D. Association between light at night, mel-
atonin secretion, sleep deprivation, and the internal clock: health impacts
and mechanisms of circadian disruption. Life Sci 2017;173:94-106.
Smolensky MH, Sackett-Lundeen LL, Portaluppi E Nocturnal light pollu-
tion and underexposure to daytime sunlight: complementary mechanisms
of circadian disruption and related diseases. Chronobiol Int 2015;32:1029-
1048.

Blume C, Garbazza C, Spitschan M. Effects of light on human circadian
rhythms, sleep and mood. Somnologie (Berl) 2019;23:147-156.

Tahkamo L, Partonen T, Pesonen AK. Systematic review of light exposure
impact on human circadian rhythm. Chronobiol Int 2019;36:151-170.
Haim A, Zubidat AE. Artificial light at night: melatonin as a mediator be-
tween the environment and epigenome. Philos Trans R Soc Lond B Biol Sci
2015;370:20140121.

Gooley JJ, Chamberlain K, Smith KA, Khalsa SB, Rajaratnam SM, Van Reen
E, et al. Exposure to room light before bedtime suppresses melatonin onset
and shortens melatonin duration in humans. J Clin Endocrinol Metab 2011;
96:E463-E472.

Cho Y, Ryu SH, Lee BR, Kim KH, Lee E, Choi J. Effects of artificial light at
night on human health: a literature review of observational and experimen-
tal studies applied to exposure assessment. Chronobiol Int 2015;32:1294-
1310.

Paksarian D, Rudolph KE, Stapp EK, Dunster GP, He ], Mennitt D, et al. As-
sociation of outdoor artificial light at night with mental disorders and sleep
patterns among US adolescents. JAMA Psychiatry 2020,77:1266-1275.
Tancredi S, Urbano T, Vinceti M, Filippini T. Artificial light at night and risk
of mental disorders: a systematic review. Sci Total Environ 2022;833:155185.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

Park YM, White AJ, Jackson CL, Weinberg CR, Sandler DP. Association of
exposure to artificial light at night while sleeping with risk of obesity in
women. JAMA Intern Med 2019;179:1061-1071.

Obayashi K, Saeki K, Iwamoto J, Ikada Y, Kurumatani N. Association be-
tween light exposure at night and nighttime blood pressure in the elderly in-
dependent of nocturnal urinary melatonin excretion. Chronobiol Int 2014;
31:779-786.

Fishbein AB, Knutson KL, Zee PC. Circadian disruption and human health.
] Clin Invest 2021;131:e148286.

Baron KG, Reid KJ. Circadian misalignment and health. Int Rev Psychiatry
2014;26:139-154.

Fang HE Miao NE, Chen CD, Sithole T, Chung MH. Risk of cancer in pa-
tients with insomnia, parasomnia, and obstructive sleep apnea: a nationwide
nested case-control study. ] Cancer 2015;6:1140-1147.

Mure LS, Le HD, Benegiamo G, Chang MW, Rios L, Jillani N, et al. Diurnal
transcriptome atlas of a primate across major neural and peripheral tissues.
Science 2018;359:eaa00318.

Zhang R, Lahens NE, Ballance HI, Hughes ME, Hogenesch JB. A circadian
gene expression atlas in mammals: implications for biology and medicine.
Proc Natl Acad Sci U S A 2014;111:16219-16224.

Moller-Levet CS, Laing EE, Archer SN, Dijk DJ. Diurnal and circadian
rhythmicity of the human blood transcriptome overlaps with organ- and
tissue-specific expression of a non-human primate. BMC Biol 2022;20:63.
Weger BD, Gobet C, David FPA, Atger F, Martin E, Phillips NE, et al. Sys-
tematic analysis of differential rhythmic liver gene expression mediated by
the circadian clock and feeding rhythms. Proc Natl Acad Sci U S A 2021;118:
€2015803118.

Li JZ, Bunney BG, Meng E Hagenauer MH, Walsh DM, Vawter MP, et al.
Circadian patterns of gene expression in the human brain and disruption in
major depressive disorder. Proc Natl Acad Sci U S A 2013;110:9950-9955.
Bautrant T, Grino M, Peloso C, Schiettecatte E Planelles M, Oliver C, et al.
Impact of environmental modifications to enhance day-night orientation
on behavior of nursing home residents with dementia. ] Am Med Dir Assoc
2019;20:377-381.

Fan EP, Abbott SM, Reid KJ, Zee PC, Maas MB. Abnormal environmental
light exposure in the intensive care environment. J Crit Care 2017;40:11-14.
Engwall M, Fridh I, Johansson L, Bergbom I, Lindahl B. Lighting, sleep and
circadian rhythm: an intervention study in the intensive care unit. Intensive
Crit Care Nurs 2015;31:325-335.

Durrington HJ, Clark R, Greer R, Martial FP, Blaikley J, Dark P, et al. ‘In a
dark place, we find ourselves’ light intensity in critical care units. Intensive
Care Med Exp 2017;5:9.

Nie J, Zhou T, Chen Z, Dang W, Jiao E Zhan J, et al. The effects of dynamic
daylight-like light on the rhythm, cognition, and mood of irregular shift
workers in closed environment. Sci Rep 2021;11:13059.

Bratman GN, Hamilton JP, Hahn KS, Daily GC, Gross J]. Nature experience
reduces rumination and subgenual prefrontal cortex activation. Proc Natl
Acad Sci U S A 2015;112:8567-8572.

Cooney RE, Joormann J, Eugeéne E Dennis EL, Gotlib TH. Neural correlates
of rumination in depression. Cogn Affect Behav Neurosci 2010;10:470-478.
Coryell W, Nopoulos P, Drevets W, Wilson T, Andreasen NC. Subgenual
prefrontal cortex volumes in major depressive disorder and schizophrenia:
diagnostic specificity and prognostic implications. Am J Psychiatry 2005;
162:1706-1712.

Cheng B, Meng Y, Zuo Y, Guo Y, Wang X, Wang S, et al. Functional connec-
tivity patterns of the subgenual anterior cingulate cortex in first-episode re-
fractory major depressive disorder. Brain Imaging Behav 2021;15:2397-2405.
Yucel K, McKinnon M, Chahal R, Taylor V, Macdonald K, Joffe R, et al. In-
creased subgenual prefrontal cortex size in remitted patients with major de-
pressive disorder. Psychiatry Res 2009;173:71-76.

Ghamari H, Golshany N, Naghibi Rad P, Behzadi F. Neuroarchitecture as-
sessment: an overview and bibliometric analysis. Eur ] Investig Health Psy-
chol Educ 2021;11:1362-1387.

Higuera-Trujillo JL, Llinares C, Macagno E. The cognitive-emotional de-
sign and study of architectural space: a scoping review of neuroarchitecture
and its precursor approaches. Sensors (Basel) 2021;21:2193.



