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neuroarchitecture: a systematic
mapping and framework for
Immersive spatial cognition
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Faculty of Architecture, Istanbul Aydin University, Istanbul, Turkiye, ?Faculty of Engineering and
Architecture, istanbul Gelisim University, Center for Environment, Urban Studies and Geology,
Istanbul, Turkiye

Neuroarchitecture has developed rapidly at the intersection of architecture, envi-
ronmental cognition, neuroscience, and immersive technologies, yet the field
remains methodologically heterogeneous and its progression from measure-
ment toward design application is insufficiently structured. This study addresses
this gap through a PRISMA 2020-compliant systematic mapping review of neu-
roarchitecture and closely related architectural and spatial-cognition research
published between 2015 and 2025. Expanded searches across Scopus and Web
of Science Core Collection identified 510 records. After removal of 206 dupli-
cates, 304 unique records were screened; 125 records entered the final eligibility
and data-extraction audit, and four additional boundary or temporal exclusions
resulted in a final corpus of 121 studies. The corpus comprised 61 human empiri-
cal studies, one non-human empirical study, 58 review or conceptual synthesis
records, and one methodological/protocol record. Publication activity increased
markedly in the later review period, with 81 studies (66.9%) published between
2023 and 2025. Among the 61 human empirical studies, questionnaire/self-report
measures were used in 39 studies (63.9%), behavioral task/performance mea-
sures in 32 (52.5%), EEG in 32 (52.5%), eye tracking in 15 (24.6%), EDA/GSR in
14 (23.0%), HRV in six (9.8%), fMRI in three (4.9%), and fNIRS in one (1.6%). To
organize this heterogeneous evidence base, the study develops an Immersive
Spatial Cognition Framework (ISCF) linking spatial stimuli, environmental expo-
sure, neurophysiological measurement, cognitive—emotional processing, evi-
dence interpretation, design translation, and adaptive design, together with an
Evidence-Based Neuroarchitecture Maturity Model (EBN-MM). EBN-MM clas-
sification indicated that 30.6% of the corpus remained at Stage | (Conceptual
Interpretation), 35.5% reached Stage Il (Experimental Validation), 33.1% reached
Stage Il (Evidence Integration), and only 0.8% reached Stage IV (Adaptive Design
Operationalization). These findings indicate that neuroarchitecture is progressing
beyond isolated experimental validation toward evidence integration, while trans-
lation into adaptive and operational design remains exceptional. The proposed
frameworks provide a structured basis for comparing heterogeneous evidence
and identifying methodological priorities for future evidence-based neuroarchi-
tecture research.
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1 Introduction

Contemporary built environments are increasingly evaluated
not only through physical performance and spatial functionality, but
also through their influence on cognitive health, emotional regula-
tion, psychological wellbeing, and human environmental experience
(Sternberg and Wilson, 2006; Coburn et al., 2017). In recent years,
growing concerns regarding stress-related environmental condi-
tions, mental wellbeing, restorative spatial quality, and human-cen-
tered sustainability approaches have substantially expanded the
scope of architectural research beyond conventional environmental
performance criteria (Attaianese et al., 2025; Mallgrave, 2013). This
transformation has contributed to the emergence of immersive spa-
tial cognition research, where spatial environments are examined
not only as physical settings, but also as cognitive-emotional sys-
tems capable of shaping neurophysiological and behavioral
responses.

Within this transformation, neuroarchitecture has emerged as an
interdisciplinary field integrating architecture, neuroscience, environ-
mental psychology, and cognitive science to investigate how spatial
environments affect perception, cognition, emotional adaptation, and
neurophysiological activity (Coburn et al., 2017; Eberhard, 2009).
Early neuroarchitectural discourse was predominantly shaped by neu-
roaesthetic and phenomenological interpretations emphasizing sen-
sory perception, spatial atmosphere, emotional response, and
embodied environmental experience (Mallgrave, 2013; Vartanian et
al,, 2013). While these studies significantly expanded theoretical dis-
cussions regarding psychologically responsive environments, much of
the early literature remained conceptual and perception-oriented
without measurable neurophysiological validation.

In recent years, the methodological structure of neuroarchitecture
has changed considerably due to developments in immersive tech-
nologies, wearable neurophysiological systems, and digital environ-
mental simulations (Kuliga et al., 2015; Taherysayah et al., 2024).
VR-supported spatial simulations, EEG-based environmental evalua-
tions, biometric monitoring systems, and immersive cognitive experi-
ments increasingly enable researchers to investigate spatial experience
through quantifiable neurophysiological and cognitive evidence
(Shemesh et al., 2017; Banaei et al., 2017; Gramann et al., 2017).
Similarly, immersive virtual environments have become increasingly
important for examining cognitive-emotional responses to restorative,
biophilic, and healthcare-oriented environments (Kalantari and Neo,
2020; Kim and Gero, 2023).

At the same time, restorative environmental psychology, biophilic
design research, and evidence-based healthcare environments have
become increasingly integrated into neuroarchitectural discourse
(Ulrich et al, 2008; Browning et al, 2014; Yin et al., 2018).
Nevertheless, methodological consistency across immersive environ-
mental cognition research remains uneven. While perceptual and
emotional responses are frequently foregrounded, systematic integra-
tion between immersive simulations, neurophysiological evidence
systems, and sustainability-oriented spatial interpretation remains
inconsistently operationalized (Taherysayah et al., 2024; Albayrak-
Kutlay, 2025).

Taken together, three structural asymmetries emerge within con-
temporary neuroarchitecture scholarship:

(1) Rapid conceptual expansion of neuroarchitectural discourse
without systematic evidence stratification.
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(2) Increasing adoption of VR- and EEG-supported environmen-
tal experimentation without unified Immersive Spatial
Cognition Frameworks.

(3) Growing sustainability-oriented and restorative environmen-
tal discourse without sufficiently integrated neurophysiologi-
cal validation models.

To address this gap, the present study conducts a PRISMA
2020-compliant systematic mapping review of neuroarchitecture and
closely related architectural and spatial-cognition research published
between 2015 and 2025. Following an expanded multi-set search of
Scopus and Web of Science Core Collection, 121 studies were retained
for systematic mapping and evidence classification. The study pro-
poses the Immersive Spatial Cognition Framework (ISCF) and the
Evidence-Based Neuroarchitecture Maturity Model (EBN-MM) as
complementary analytical tools for organizing heterogeneous evi-
dence and examining the field’s progression from conceptual interpre-
tation and experimental validation toward evidence integration and
adaptive design operationalization.

2 Literature review

2.1 Neuroaesthetic foundations: conceptual
expansion without evidence stratification

Early neuroarchitectural discourse developed primarily through
neuroaesthetic theory, phenomenological interpretation, and embod-
ied environmental perception research (Sternberg and Wilson, 2006;
Mallgrave, 2013). Foundational studies emphasized the relationship
between architectural space, sensory experience, emotional response,
and cognitive adaptation, positioning built environments as psycho-
logically responsive systems (Coburn et al., 2017; Chatterjee and
Vartanian, 2014; Vartanian et al., 2013). In parallel, neuroarchitecture
gradually expanded interdisciplinary interaction between architec-
ture, neuroscience, environmental psychology, and cognitive science
(Eberhard, 2009; Attaianese et al., 2025).

However, despite substantial conceptual growth, methodological
evidence stratification across neuroarchitectural research remains lim-
ited. Existing studies continue to prioritize phenomenological inter-
pretation, perceptual discourse, and emotional-spatial association,
while measurable neurophysiological validation remains inconsis-
tently integrated (Medhat Assem et al., 2023; de Paiva and Jedon,
2019). Although neuroarchitecture increasingly presents itself as an
evidence-oriented field, much of the literature still lacks unified ana-
Iytical structures capable of comparatively linking environmental cog-
immersive measurable

nition, experimentation, and

neurophysiological response.

2.2 Immersive technologies and
neurophysiological experimentation:
methodological expansion without unified
cognitive frameworks

Recent neuroarchitectural research increasingly incorporates
immersive technologies, virtual simulations, and neurophysiological
monitoring systems to investigate human-environment interaction
through measurable cognitive and physiological responses.

frontiersin.org


https://doi.org/10.3389/fpsyg.2026.1919278
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Yilmaz et al.

VR-supported spatial simulations have been widely adopted for exam-
ining emotional adaptation, spatial perception, environmental prefer-
ence, and restorative environmental experience under controlled
experimental conditions (Kuliga et al., 2015; Kalantari and Neo, 2020;
Valentine, 2023). Parallel developments in EEG-based environmental
evaluation further expanded the analytical capacity of immersive envi-
ronmental research (Shemesh et al., 2017; Banaei et al., 2017; Gramann
etal, 2017).

Nevertheless, methodological consistency across immersive envi-
ronmental experimentation remains comparatively fragmented.
Taherysayah et al. (2024) identify substantial variability regarding
experimental protocols, EEG interpretation models, environmental
simulation structures, and cognitive response evaluation methods
within VR-supported architectural research. Existing studies fre-
quently prioritize simulation-based experimentation and controlled
immersive environments, while comparative integration between
measurable neurophysiological evidence, environmental cognition
models, and design-oriented spatial interpretation remains limited
(Albayrak-Kutlay, 2025; Grobman, 2026).

2.3 Neurophysiological measurement and
evidence integration: analytical growth
without operational consistency

Recent neuroarchitectural research employs neurophysiological
and biometric measurement systems to investigate cognitive, emo-
tional, and physiological responses to architectural environments.
EEG, HRV, GSR, eye-tracking systems, and emerging fNIRS-sup-
ported environmental experiments are progressively incorporated into
immersive environmental cognition studies (Shemesh et al., 2017;
Banaei et al., 2017; Llinares et al., 2021; Higuera-Trujillo et al., 2021).
Parallel developments in wearable sensing technologies and real-time
physiological monitoring have further expanded evidence-oriented
environmental evaluation (Gramann et al., 2017; Edelstein and
Macagno, 2012).

Nevertheless, operational consistency across neurophysiological
environmental research remains comparatively fragmented. Existing
studies demonstrate substantial variability regarding EEG interpreta-
tion protocols, physiological indicator selection, biometric synchro-
nization procedures, environmental exposure conditions, and
cognitive response classification methods. While physiological mea-
surement systems increasingly provide measurable environmental
evidence, translational integration between neurophysiological out-
puts, spatial cognition models, and architectural translation remains
limited (Taherysayah et al., 2024; Rizzo et al., 2023).

2.4 Restorative environments and
human-centered sustainability: expansion
without integrated neurophysiological
validation

Restorative environments, biophilic design strategies, and evi-
dence-based healthcare settings have become central themes in
human-centered sustainability research. Evidence-based healthcare
design has demonstrated that environmental conditions can influence
recovery processes and psychological comfort, while biophilic design
research extends this discussion by emphasizing nature-related spatial
qualities, daylight, materiality, and multisensory experience (Ulrich et
al., 2008; Browning et al., 2014; Yin et al., 2018; Kim and Gero, 2023).
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However, methodological integration across restorative environ-
mental research remains uneven. Many studies continue to prioritize
perceived restoration, emotional response, and subjective wellbeing,
while measurable neurophysiological validation is less consistently
embedded within assessment procedures (Bower et al., 2019;
Valentine, 2023). Thus, contemporary restorative environmental
research demonstrates substantial conceptual and interdisciplinary
expansion, yet the integration of restorative design discourse, measur-
able neurophysiological evidence, and Immersive Spatial Cognition
Frameworks remains methodologically fragmented.

2.5 Research gap and framework
positioning

Across neuroaesthetic discourse, immersive environmental exper-
imentation, neurophysiological measurement research, and restorative
environmental studies, the lack of systematic cross-domain integra-
tion remains evident. Although neuroarchitectural literature has
expanded considerably, these research trajectories often develop
through disconnected methodological structures (Attaianese et al.,
2025; Grobman, 2026; de Paiva, 2025).

Taken together, contemporary neuroarchitecture research reveals
three recurring structural conditions:

(1) Fragmented integration between conceptual, immersive, phys-
iological, and restorative research domains.

(2) Rapid methodological expansion without consistent evidence
stratification.

(3) Limited architectural translation of immersive and neuro-
physiological environmental findings.

No existing review has mapped this transition across the full spec-
trum from neuroaesthetic theory to operational adaptive design, nor
proposed a field-level maturity model to guide evidence accumula-
tion. The present study addresses this gap in three ways. First, it pro-
vides a PRISMA 2020-compliant systematic mapping of an expanded
121-study evidence base spanning conceptual, empirical, review, and
methodological contributions relevant to neuroarchitecture and archi-
tectural/spatial cognition. Second, it proposes the Immersive Spatial
Cognition Framework (ISCF), a seven-layer analytical structure link-
ing spatial stimuli and environmental exposure to neurophysiological
measurement, cognitive-emotional processing, evidence interpreta-
tion, design translation, and adaptive design. Third, it introduces the
Evidence-Based Neuroarchitecture Maturity Model (EBN-MM),
which classifies the developmental position of the evidence base across
four stages: Conceptual Interpretation, Experimental Validation,
Evidence Integration, and Adaptive Design Operationalization.
Together, these frameworks are intended to clarify not only which
methods are being used, but also how far the resulting evidence has
progressed toward architectural translation.

3 Methodology
3.1 Research design

The present study was designed as a systematic mapping review
following the PRISMA 2020 reporting guidelines (Page et al., 2021).

The review aims to examine how immersive spatial cognition research
has developed across different methodological and conceptual
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trajectories within the built-environment field, and to identify the
structural transitions characterizing the field’s movement toward
evidence-based practice. Four principal research domains organized
the analytical structure: (a) neuroaesthetic and perceptual environ-
mental research; (b) VR-supported immersive environmental experi-
mentation; (c) neurophysiological and biometric measurement
studies; and (d) restorative and biophilic environmental research.

3.2 . Information sources, search strategy,
and reporting standards

Publications were identified through systematic searches of the
Scopus and Web of Science (WoS) Core Collection databases. These
databases were selected because of their broad coverage of architec-
ture, environmental psychology, neuroscience, and interdisciplinary
built-environment research. The review was designed and reported in
accordance with the PRISMA 2020 Statement (Page et al., 2021) and
followed the principles of systematic mapping, as the primary objec-
tive was to classify the conceptual, methodological, technological, and
translational development of the field rather than to estimate pooled
intervention effects.

The review protocol was not prospectively registered because the
study was designed as an exploratory systematic mapping review and
framework-development exercise rather than an intervention-focused
systematic review or meta-analysis. To support transparency and
reproducibility, the database retrieval structure, screening audit, eligi-
bility decisions, coding rules, controlled vocabulary, decision log, and
analytical dataset are documented in Supplementary materials
S1-§7.

Following concerns that a search restricted to the literal terms
“neuroarchitecture” and “neuro-architecture” would underrepresent
the broader evidence base relevant to architectural cognition, the
search strategy was expanded through complementary search sets.
The expanded conceptual scope encompassed neuroarchitecture and
neuro-architecture; architectural, spatial, and environmental cogni-
tion; cognitive mapping, spatial memory, spatial perception, naviga-
tion, and wayfinding; built-environment research employing
neurophysiological, psychophysiological, behavioral, or oculometric
measures; and immersive or virtual architectural environments.
Related restorative, biophilic, healthcare, educational, workplace, resi-
dential, and urban studies were considered only when the built envi-
ronment and cognitive, behavioral, or neurophysiological response
constituted a central component of the study.

Searches were implemented using the TITLE-ABS-KEY fields in
Scopus and the Topic (TS) field in Web of Science Core Collection.
The expanded search comprised three complementary search sets in
Scopus (S1-S3) and three in Web of Science (W1-W3). Scopus
yielded 221, 4, and 10 records across S1-S3, respectively, producing a
database subtotal of 235 records. Web of Science yielded 220, 10, and
45 records across W1-W3, respectively, producing a subtotal of 275
records. The combined database retrieval therefore comprised 510
records.

Searches were restricted to English-language peer-reviewed jour-
nal articles and reviews published between 2015 and 2025. Conference
proceedings, editorials, letters, book chapters, dissertations, and other
non-peer-reviewed publication types were excluded. For records first
published online within the review period but subsequently assigned
to a later issue, temporal eligibility was evaluated according to the
documented publication-status rule in the coding decision log.
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The complete search architecture, database-specific search-set
identifiers, retrieval counts, restrictions, and reproducibility notes are
provided in Supplementary material S1. The archived project records
preserve the retrieval structure and counts for all six expanded search
sets; however, the exact line-by-line Boolean syntax was not retained
for every expanded set. Consequently, Boolean expressions that could
not be verified from the archived search history were not retrospec-
tively reconstructed.

3.3 Study selection and screening process

Study selection followed the PRISMA 2020 workflow and was
managed in Rayyan (Ouzzani et al,, 2016). Records retrieved from
the six database search sets were combined before duplicate removal
and screening. Screening decisions were evaluated against the pre-
defined scope of the review, which required a substantive relation-
ship between the built environment or architectural/spatial
characteristics and cognitive, behavioral, experiential, or neuro-
physiological responses.

Stage 1—Identification. The expanded searches identified 510
records, comprising 235 records from Scopus and 275 from Web of
Science Core Collection.

Stage 2—Duplicate removal. After database outputs were com-
bined, 206 duplicate records were removed, leaving 304 unique
records for screening. The duplicate count was determined from the
audited difference between the complete retrieval set and the unique
screening set (510-304 = 206); potential-duplicate groups generated
by screening software were not treated as equivalent to the number of
records removed.

Stage 3—Screening and Quality-Control Review. The 304 unique
records were evaluated against the predefined eligibility criteria.
Studies were retained when architecture, spatial configuration, envi-
ronmental exposure, or built-environment characteristics constituted
a substantive component of the research question and were examined
in relation to cognition, perception, aftect, behavior, navigation, neu-
rophysiology, psychophysiology, or closely related response domains.
Records were excluded when the built environment was peripheral to
the research question, when the study addressed general health or
wellbeing without a relevant spatial or architectural mechanism, or
when the publication fell outside the specified publication-type crite-
ria. Screening and subsequent quality-control review excluded 179
records, leaving 125 records for the final eligibility and data-extrac-
tion audit.

Stage 4—Final Eligibility and Data-Extraction Audit. All 125 pro-
visionally retained records were entered into the study-level Master
Dataset and subjected to a final eligibility and coding audit. This stage
identified four additional records that did not satisfy the finalized
scope or temporal criteria. One clinical mindfulness intervention
lacked a relevant architectural or built-environment exposure; one
urban wellbeing survey did not directly examine architectural cogni-
tion, navigation, or a neurophysiological mechanism; one broad bio-
philic-design review treated neuroarchitecture only peripherally; and
one publication had a 2026 version-of-record date and therefore fell
outside the predefined 2015-2025 review period. Following these four
exclusions, the final systematic mapping corpus comprised 121
studies.

The final corpus included 61 human empirical studies, one non-
human empirical study, 58 review or conceptual-synthesis records,
and one methodological/protocol record. These evidence strata were
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retained because the objectives of the mapping review extend beyond
estimating empirical effects to examining the conceptual, method-
ological, and translational development of neuroarchitecture. They
were nevertheless separated analytically: review-level or conceptual
references to physiological techniques were not counted as original
empirical measurements, protocol-level planned measurements were
excluded from observed empirical frequencies, and the non-human
study was excluded from human-participant denominators.

The complete PRISMA audit trail is provided in Supplementary
material S2, the final flow counts and expanded-search log in S3, and
the characteristics of all 121 retained studies in S4. Figure 1 summa-
rizes the selection process.

3.4 Data extraction and coding framework

A structured study-level data extraction and coding framework
was developed to enable systematic comparison across the 121
retained publications. Each publication constituted one analytical case
and retained a unique Study_ID throughout the Master Dataset, sup-
plementary files, analytical matrices, and framework classifications.
Multiple coding was permitted when a study explicitly reported more
than one exposure technology, measurement modality, physiological
metric, architectural variable, cognitive or emotional construct, or
behavioral outcome.

Coding followed an explicit-reporting rule. Variables were
assigned only when supported by the title, abstract, keywords, or veri-
fied full text. Information was not inferred solely from disciplinary
convention or from the presence of another variable. Thus, specific
EEG frequency bands were not inferred from the use of EEG; HRV
indices were not inferred from generic cardiac monitoring; cognitive
or emotional constructs were not inferred directly from physiological
signals; and specific architectural variables were not inferred from a
generic environmental context. Where the accessible source supported
only a broader level of description, coding was retained at that level
rather than being imputed.

Six principal analytical domains were coded: (1) exposure tech-
nologies, (2) measurement modalities, (3) physiological metrics, (4)
architectural variables and environmental contexts, (5) cognitive and
emotional constructs, and (6) behavioral outcomes. Exposure technol-
ogy was treated independently from measurement modality. For
example, immersive virtual reality describes how an architectural
environment was presented, whereas EEG, eye tracking, HRV/ECG,
EDA/GSR, heart rate, fMRI, and fNIRS describe how participant
responses were measured.

Publication type was additionally coded to preserve appropriate
analytical denominators. Original human empirical studies were eli-
gible for applicable empirical modality and metric analyses. Review,
conceptual, and framework publications were retained for evidence
synthesis but excluded from counts of original physiological observa-
tions. The non-human empirical study was retained as a distinct evi-
dence stratum but excluded from human-participant denominators.
Protocol or methodological records describing planned measure-
ments were retained for methodological synthesis without being
counted as observed empirical measurements.

Two framework-oriented classifications were subsequently
applied to the retained corpus. The Evidence-Based Neuroarchitecture
Maturity Model (EBN-MM) classified studies into four levels: Stage I,
Conceptual Interpretation; Stage II, Experimental Validation; Stage
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III, Evidence Integration; and Stage IV, Adaptive Design
Operationalization. To prevent maturity inflation, the use of machine
learning for signal cleaning, prediction, or classification alone was not
considered sufficient for Stage IV. Stage IV required demonstrated
integration of user-state or neurophysiological evidence into an adap-
tive, generative, or operational design workflow.

The Immersive Spatial Cognition Framework (ISCF) organized the
evidence across seven primary layers: L1, Spatial Stimulus/
Conceptual Foundation; L2, Immersive Environmental Exposure; L3,
Neurophysiological ~Measurement; 14, Cognitive-Emotional
Processing; L5, Evidence-Based Environmental Interpretation; L6,
Evidence-Based Design Translation; and L7, Adaptive/AI-Supported
Design. A primary layer was assigned to each study according to its
principal analytical contribution, while the underlying study-level vari-
ables remained available for cross-domain analyses.

The final coding architecture and audit trail are distributed across
the Supplementary materials S4 provides the characteristics of the 121
retained studies; S5 contains the frozen study-level Master Dataset;
S6A provides the coding manual; S6B defines the controlled vocabu-
lary; S6C documents exceptional and boundary coding decisions; and
S7 provides the final analytical dataset. All final tables, figures, descrip-
tive statistics, EBN-MM classifications, and ISCF mappings were
derived from these synchronized data sources.

4 Results

The following sections present the descriptive and framework-
based findings derived from the final corpus of 121 retained studies.
Because the corpus includes original empirical studies as well as
review, conceptual, and methodological contributions, denominators
are reported explicitly for each analysis. Frequencies of observed mea-
surement modalities are calculated from the 61 human empirical stud-
ies, whereas publication trends, study-type distributions, EBN-MM
stages, and ISCF primary-layer classifications refer to the complete
121-study corpus.

4.1 Publication trends (2015-2025)

The temporal distribution of the 121 retained studies indicates
substantial growth in research relevant to neuroarchitecture and archi-
tectural/spatial cognition during the latter part of the review period.
Twenty studies (16.5%) were published between 2015 and 2020, a fur-
ther 20 (16.5%) appeared in 2021-2022, and 81 studies (66.9%) were
published between 2023 and 2025.

Annual publication counts further demonstrate this acceleration.
The retained corpus included three studies published in 2016, three in
2017, two in 2018, five in 2019, seven in 2020, ten in 2021, ten in 2022,
17 in 2023, 25 in 2024, and 39 in 2025. Thus, approximately two-thirds
of the mapped literature was published during the final three years of
the review period.

This pattern indicates rapid recent expansion of the evidence base.
Importantly, however, publication growth should not be interpreted
by itself as evidence of methodological maturity. The subsequent
analyses therefore distinguish publication volume from study design,
empirical measurement, evidence integration, and design translation
(Figure 2).
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PRISMA 2020 Flow Diagram
Systematic Mapping Review of Neuroarchitecture Research (2015-2025)
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PRISMA 2020 adapted from Page MJ et al. (2021).
FIGURE 1
PRISMA 2020 flow diagram for the expanded systematic mapping review. Searches of Scopus and Web of Science Core Collection identified 510
records. After removal of 206 duplicates, 304 unique records were screened; 179 records were excluded during screening and quality-control review,
leaving 125 records for the final eligibility and data-extraction audit. Four additional records were excluded following the final eligibility audit, resulting in
121 studies included in the systematic mapping corpus.

Frontiers in Psychology

06

frontiersin.org



https://doi.org/10.3389/fpsyg.2026.1919278
https://www.frontiersin.org/journals/psychology
https://www.frontiersin.org

Yilmaz et al. 10.3389/fpsyg.2026.1919278
40 39
2015-2020 (n = 20; 16.5%)
BN 2021-2022 (n = 20; 16.5%)
35 { EEE 2023-2025 (n = 81; 66.9%)
(%]
.0 30 4
=
-
)
- 251
[
[ =4
‘©
@ 20 A
o
kS
5 15
Q
£
=
Z 104
7
. 5
3 3 2
. 0
2015 2016 2017 2018 2019 2020 2021 2023 2024
Publication Year
FIGURE 2
Annual publication frequency of the retained systematic mapping corpus (n = 121) between 2015 and 2025. The three analytical periods comprise
2015-2020 (n = 20; 16.5%), 2021-2022 (n = 20; 16.5%), and 2023-2025 (n = 81; 66.9%). (Source: Prepared by the authors).

4.2 Methodological profile of the evidence
base

The expanded corpus demonstrates substantial methodological
diversity. Of the 121 retained studies, 34 were experimental empirical
studies, 22 employed mixed-method empirical designs, five were
qualitative empirical studies, and one was observational empirical
research. The synthesis-oriented literature comprised 18 systematic
reviews, 15 narrative reviews, 12 conceptual or theoretical contribu-
tions, two scoping reviews, and one bibliometric review. In addition,
10 publications were classified as methodological or framework con-
tributions and one as a protocol.

For analytical purposes, these publication types were consolidated
into evidence strata. Sixty-one studies constituted the human empiri-
cal evidence base, one provided non-human empirical evidence, 58
contributed at the review or conceptual-synthesis level, and one pro-
tocol record was retained as methodological evidence without being
counted as observed empirical measurement.

The near balance between original human empirical research
(61/121; 50.4%) and synthesis/conceptual contributions (58/121; 47.9%)
indicates that the field currently combines active experimental develop-
ment with substantial efforts to consolidate, conceptualize, and structure
its emerging knowledge base. This composition also reinforces the need
to distinguish observed empirical measurements from techniques or
findings discussed only at review or conceptual level.

4.3 Measurement and evidence profile

Measurement frequencies were evaluated separately within the 61
human empirical studies to avoid treating measurement techniques
mentioned in reviews or conceptual publications as original observa-
tions. Questionnaire or self-report measures were identified in 39
studies (63.9%), while behavioral task or performance measures were
used in 32 (52.5%). EEG was also employed in 32 studies (52.5%),
making it the most frequent directly coded neurophysiological modal-
ity in the human empirical corpus.

Other physiological and oculometric techniques were less fre-
quent. Eye tracking was identified in 15 studies (24.6%), EDA/GSR in
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14 (23.0%), HRV in six (9.8%), fMRI in three (4.9%), and fNIRS in
one (1.6%). Because studies could employ more than one measure-
ment modality, these percentages are non-mutually exclusive and
therefore do not sum to 100%.

The resulting profile indicates that contemporary neuroarchitecture
cannot be characterized as a predominantly EEG-based field alone.
Rather, its empirical structure combines subjective reporting, behavioral
performance, neurophysiological measurement, and oculometric or
autonomic indicators. This multimethod structure creates opportunities
for evidence triangulation while simultaneously increasing the need for
transparent reporting and modality-specific standardization.

4.4 Neurophysiological and behavioral
measurement trends

Within the human empirical evidence base (1 = 61), question-
naire/self-report assessment represented the most frequently coded
response method (n = 39; 63.9%). EEG and behavioral task/perfor-
mance measures were each identified in 32 studies (52.5%). Eye track-
ing (n = 15; 24.6%) and EDA/GSR (n = 14; 23.0%) formed a second
group of comparatively established measurement approaches, whereas
HRV (1= 6; 9.8%), fMRI (1 = 3; 4.9%), and NIRS (1 = 1; 1.6%)
remained less frequently represented.

These frequencies demonstrate that the empirical evidence base
extends beyond direct neural recording. Behavioral and self-reported
outcomes remain central components of neuroarchitectural investiga-
tion and frequently coexist with physiological measures. Accordingly,
neurophysiological evidence should be interpreted as one component
of a broader multimethod architecture-human response research
structure rather than as a substitute for behavioral or experiential
assessment.

The coding audit also revealed substantial heterogeneity in the
level of physiological reporting. Specific signals or metrics were
retained only where explicitly reported or verified; EEG frequency
bands, HRV indices, and related metrics were not inferred from
generic modality labels. Consequently, the reported frequencies rep-
resent conservative study-level evidence rather than reconstructed
methodological assumptions (Figure 3).
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A notable limitation across EEG-based studies was the substantial
variability in electrode configurations, frequency band selection, arti-
fact rejection protocols, and cognitive interpretation models, consis-
tent with Taherysayah et al’s (2024) finding of fragmented EEG
methodology across 19 VR + EEG architectural studies.

4.5 Evidence progression across the
EBN-MM

Application of the Evidence-Based Neuroarchitecture Maturity
Model to the complete corpus revealed a comparatively balanced dis-
tribution across the first three developmental stages. Stage I—
Conceptual Interpretation comprised 37 studies (30.6%), Stage
II—Experimental Validation comprised 43 studies (35.5%), and Stage
III—Evidence Integration comprised 40 studies (33.1%). In contrast,
only one study (0.8%) met the conservative criteria for Stage IV—
Adaptive Design Operationalization.

This distribution modifies the interpretation suggested by the ear-
lier, narrower evidence base. The expanded corpus is not dominated
by experimental validation alone. Instead, conceptual interpretation,
experimental validation, and evidence integration each represent
approximately one-third of the literature. The principal maturity dis-
continuity therefore occurs between evidence integration and opera-
tional design translation.

Stage IV classification was deliberately conservative. The presence
of machine-learning analysis, automated classification, or computa-
tional prediction was not sufficient by itself to indicate adaptive design
operationalization. Stage IV required demonstrated integration of
user-state or neurophysiological evidence into an adaptive, generative,
or operational design workflow. Under this criterion, only one
retained study reached the final maturity stage.

4.6 Distribution across the Immersive
Spatial Cognition Framework

Primary-layer classification within the ISCF showed that 47 of the
121 studies (38.8%) were positioned at L3—Neurophysiological
Measurement, representing the largest single layer in the corpus.
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L1—Spatial Stimulus/Conceptual Foundation included 27 studies
(22.3%), while L5—Evidence-Based Environmental Interpretation
included 21 (17.4%). L4—Cognitive-Emotional Processing accounted
for 13 studies (10.7%), and L6—Evidence-Based Design Translation
for 11 (9.1%). Only one study (0.8%) was assigned primarily to L2—
Immersive Environmental Exposure and one (0.8%) to L7—Adaptive/
Al-Supported Design.

The distribution indicates a pronounced concentration around
measurement and interpretation. Neurophysiological measurement is
comparatively well represented, and a substantial synthesis-oriented
literature has emerged at L5. By contrast, relatively few studies occupy
the design-translation layer, and empirically demonstrated adaptive
or AI-Supported Design remains exceptional.

This asymmetry is central to the ISCF interpretation: the field has
developed considerable capacity to expose participants to architec-
tural conditions, measure responses, and interpret resulting evidence,
but the downstream conversion of that evidence into operational
architectural  decision
underdeveloped.

systems  remains  comparatively

4.7 EBN-MM and ISCF integration

To synthesize the methodological evolution identified throughout
the mapping process, the retained studies were conceptualized within
a four-stage developmental model. The proposed Evidence-Based
Neuroarchitecture Maturity Model (EBN-MM) is presented in Table 1.

Taken together, the EBN-MM and ISCF results reveal a consistent
structural pattern. The field has established substantial conceptual,
experimental, and evidence-integration capacity, but this accumulated
evidence rarely progresses to adaptive design operationalization. The
EBN-MM therefore represents maturity in terms of the degree of evi-
dence translation rather than a simple hierarchy of methodological
sophistication.

Correspondingly, the ISCF should not be interpreted as implying
that every study must individually traverse all seven layers. Instead,
the framework represents a field-level analytical chain through which
heterogeneous studies can be positioned according to their primary
contribution. The empirical distribution across the seven layers
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TABLE 1 Evidence-Based Neuroarchitecture Maturity Model (EBN-MM) and distribution of the final systematic mapping corpus (n = 121).

Stage Label Operational interpretation Corpus distribution
Stage I Conceptual Interpretation Conceptual, theoretical, narrative, or framework-level interpretation without 37 (30.6%)
original empirical validation or formal systematic synthesis
Stage IT Experimental Validation Original empirical investigation using behavioral, physiological, qualitative, or 43 (35.5%)
mixed-method assessment; methodological validation without adaptive
implementation
Stage ITI Evidence Integration Formal evidence synthesis, multimodal physiological integration, or advanced 40 (33.1%)
analytical integration without demonstrated adaptive design operation
Stage IV Adaptive Design Demonstrated integration of user-state/neurophysiological evidence into an 1(0.8%)
Operationalization adaptive, generative, or operational design workflow

demonstrates where evidence is currently concentrated and where
translational discontinuities remain.

Building upon the identified methodological trajectory, the pro-
posed ISCF integrates the sequential processes linking spatial stimuli
to adaptive evidence-based design. Figure 4 illustrates the complete
seven-layer framework.

5 The Immersive Spatial Cognition
Framework (ISCF)

Building upon the systematic mapping findings, the ISCF pro-
vides a unified seven-layer analytical model for neuroarchitectural
research and practice. The framework integrates the four primary
research domains identified in the literature review within a sequential
processing chain from spatial stimulus input to Al-supported adaptive
design output.

To facilitate practical implementation, each layer of the ISCF is
operationalized through specific analytical functions and design out-
comes, as summarized in Table 2.

Together, Figure 4 and Table 2 establish both the conceptual archi-
tecture and the operational structure of the proposed Immersive
Spatial Cognition Framework (ISCF). While Figure 4 illustrates the
sequential relationships among the seven analytical layers, Table 2
operationalizes each layer by defining its principal functions and
expected design outcomes. Collectively, these complementary repre-
sentations provide a reproducible framework that can support future
empirical neuroarchitecture research, facilitate cross-study compari-
sons, and guide the translation of neurophysiological evidence into
evidence-based architectural design practice.

As illustrated in Figure 5, the current literature is distributed in
comparable proportions across Stages I, II, and III, indicating substan-
tial conceptual, experimental, and evidence-integration activity while
simultaneously revealing the limited transition toward fully adaptive,
Al-supported neuroarchitectural applications.

A distinctive contribution of the ISCF relative to existing frame-
works—including Taherysayah et al’s (2024) VR-EEG review frame-
work, Grobman’s (2026) SPEC model, and Attaianese et al’s (2025)
built-environment framework—is its explicit inclusion of Layer 7,
which positions Al-supported adaptive design as the terminal stage of
the proposed neuroarchitectural processing chain. The corpus analysis
supports the broader translational gap identified by the framework:
only one of the 121 retained studies (0.8%) reached Stage IV of the
EBN-MM, while only one study (0.8%) was primarily classified at
L7—Adaptive/AI-Supported Design. Together, these findings indicate
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that adaptive and operational design applications remain emergent
rather than established within the field.

The study-level ISCF and EBN-MM classifications are provided
in the Supplementary materials rather than reproduced as a 121-row
table in the main manuscript. These classifications were treated as
complementary analytical dimensions rather than as a fixed one-to-
one correspondence between ISCF layers and EBN-MM stages. As
reported in Sections 4.5 and 4.6, the corpus is concentrated at L3—
Neurophysiological Measurement, while the EBN-MM distribution
remains comparatively balanced across Stages I-III. The operational
classification rules and study-level assignments are documented in
Supplementary materials S6A-S7.

6 Discussion

6.1 Rapid growth does not equate to
uniform methodological maturity

The expanded systematic mapping reveals a rapidly growing but
structurally heterogeneous field. Of the 121 retained studies, 81
(66.9%) were published between 2023 and 2025, demonstrating a
marked recent acceleration in research connecting architecture, spatial
cognition, immersive environments, and human-response measure-
ment. However, publication growth should not be conflated with
methodological maturity. The EBN-MM distribution is almost evenly
divided across Conceptual Interpretation (30.6%), Experimental
Validation (35.5%), and Evidence Integration (33.1%), indicating that
conceptual development, empirical experimentation, and synthesis
are advancing in parallel rather than through a simple linear transition.

This finding nuances narratives that portray contemporary neu-
roarchitecture primarily as a shift from conceptual discourse toward
physiological experimentation. Experimental research is now substan-
tial, but conceptual and synthesis-oriented work remains equally
important to the structure of the field. The principal developmental
challenge is therefore not merely to increase the number of empirical
studies, but to strengthen the pathways through which heterogeneous
findings are consolidated and translated into architectural knowledge.

6.2 Neuroarchitecture is methodologically
multimodal rather than technology-defined

The measurement profile further challenges a technology-cen-
tered definition of neuroarchitecture. Among the 61 human empirical
studies, questionnaire/self-report measures were identified in 63.9%,
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FIGURE 4
ISCF seven-layer processing model from spatial stimulus (layer 1) to adaptive/Al-supported design (layer 7). (Source: Prepared by the authors).

while behavioral task/performance measures and EEG were each used
in 52.5%. Eye tracking and EDA/GSR occurred in approximately one-
quarter of the empirical corpus, whereas HRV, fMRI, and fNIRS were
substantially less frequent.

These findings suggest that neuroarchitecture is better understood
as a multimethod research domain than as a field defined by any single
neurophysiological technology. EEG occupies an important position,
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but behavioral and subjective-response methods remain equally cen-
tral to understanding architectural experience. The methodological
challenge is therefore one of triangulation: physiological signals
acquire greater interpretive value when considered alongside behav-
ioral performance, cognitive appraisal, and experiential reporting
rather than being treated as self-sufficient indicators of architectural
response.
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TABLE 2 The Immersive Spatial Cognition Framework (ISCF): seven-layer structure from spatial stimulus to adaptive design.

Layer Label Description
L1 Spatial Stimulus Physical and virtual architectural conditions: geometry, lighting, color, materiality, nature elements, multisensory
configurations
L2 Immersive Environmental Controlled delivery of spatial stimuli via VR HMDs, AR overlays, or real-environment conditions; ecological validity
Exposure assessment
L3 Neurophysiological Measurement Multimodal data acquisition: EEG (cognitive load, attention, arousal), HRV (autonomic regulation), GSR (emotional
activation), eye tracking (attentional allocation), fNIRS (prefrontal engagement)
L4 Cognitive-Emotional Processing Integration of physiological signals within validated cognitive-emotional models: attention restoration theory, stress-
recovery, affective appraisal frameworks
L5 Evidence-Based Environmental Translation of cognitive-emotional outputs into evidence-graded spatial cognition findings; EBN-MM evidence
Interpretation standards; cross-study synthesis
L6 Evidence-Based Design Translation | Conversion of synthesized findings into design-actionable guidelines: spatial quality parameters, material
specifications, biophilic configurations
L7 Adaptive/Al-Supported Design Real-time integration of neurophysiological user-state data with AI-driven design systems; BCI-enabled spatial
adaptation; generative design optimization

Evidence-Based Neuroarchitecture Maturity Model (EBN-MM)

Four-Stage Developmental Framework for Evidence-Based Neuroarchitecture

STAGE |

Conceptual
Interpretation

* Conceptual/theoretical work

« Narrative interpretation

* Framework-level discussion

STAGE 1l

Experimental
Validation

STAGE Il

Evidence
Integration

STAGE IV

Adaptive Design
Operationalization

+ Original empirical studies « Formal evidence synthesis + User-state evidence integrated

. joral / physiological / qualitati oS .

grati « Adaptive design workflow

+ Mixed-method designs « Advanced analytical integration + Generative / operational system

FIGURE 5

« No original empirical validation = + No adaptive implementation — * No demonstrated design operation — + Demonstrated design translation
Conceptual evidence Empirical evidence Integrated evidence Operational evidence
(no empirical validation) (validation without integration) (no adaptive operation) (design-ready output)
37 (30.6%) 43 (35.5%) 40 (33.1%) 1(0.8%)
n = 121 studies. Distribution is near-even across Stages I-lll; Stage IV remains exceptional.

EBN-MM distribution across the final systematic mapping corpus (n = 121): Stage |, 37 studies (30.6%); Stage II, 43 (35.5%); Stage IlI, 40 (33.1%); and
Stage IV, one (0.8%). (Source: Prepared by the authors).

6.3 The main translational gap lies beyond

measurement

The ISCF distribution provides further evidence that the central
bottleneck in contemporary neuroarchitecture occurs downstream of

distinction is important because increasingly sophisticated measure-
ment does not automatically produce evidence-based design.
Translation requires explicit relationships between environmental
variables, measured human responses, interpretive models, and
actionable design parameters.

measurement. L3—Neurophysiological Measurement represented the
largest primary layer, accounting for 38.8% of the corpus. Evidence
synthesis and environmental interpretation at L5 were also compara-
tively well represented (17.4%). However, only 9.1% of studies were
primarily positioned at L6—Evidence-Based Design Translation, and
only one study (0.8%) reached L7—Adaptive/AI-Supported Design.
This pattern indicates that the field’s most pressing problem is no
longer simply whether architectural experience can be measured.
Rather, it concerns how measured and synthesized evidence can be
transformed into reproducible architectural decision rules. The

6.4 Adaptive design remains an emerging
rather than established paradigm

The EBN-MM reinforces this interpretation. Only one of the 121
retained studies met the conservative Stage IV criterion. Importantly,
machine learning, automated classification, or Al-assisted analysis was
not considered sufficient for Stage IV unless neurophysiological or
user-state evidence was demonstrably connected to an adaptive, gen-
erative, or operational design workflow.
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This distinction prevents computational sophistication from being
conflated with architectural translation. AT may support signal clas-
sification or prediction without altering a design decision, just as
physiological monitoring may quantify response without generating
an actionable spatial intervention. Stage IV therefore represents a sub-
stantially higher translational threshold: evidence must participate
directly in a design-operational process.

The scarcity of Stage IV evidence should consequently be inter-
preted as an identified research frontier rather than as a weakness of
the field. It suggests opportunities for future research involving closed-
loop environmental systems, neuroadaptive interfaces, generative
design optimization, and human-in-the-loop spatial decision systems,
provided that such applications are accompanied by transparent vali-
dation and appropriate ethical safeguards.

6.5 . Implications for evidence-based
neuroarchitecture

Taken together, the findings support a shift from technology accu-
mulation toward evidence architecture. Future progress will depend
not only on acquiring more EEG, eye-tracking, autonomic, or immer-
sive data, but on establishing transparent relationships among stimu-
lus definition, exposure conditions, measurement protocols,
cognitive-emotional interpretation, and design translation.

The ISCF and EBN-MM address complementary aspects of this
problem. The ISCF provides a process-oriented structure for locating
evidence within the spatial-stimulus-to-design-translation chain,
whereas the EBN-MM evaluates how far individual contributions
progress from interpretation toward operationalization. Used together,
the frameworks make it possible to distinguish methodological com-
plexity from translational maturity and to identify where additional
evidence is required before design recommendations can be justified.

7 Limitations

Several limitations should be considered when interpreting the
findings. First, the review was restricted to Scopus and Web of Science
Core Collection. Although these databases provide broad interdisci-
plinary coverage, relevant studies indexed exclusively in discipline-
specific databases may not have been captured. Second, the expanded
search was designed to move beyond the literal terms neuroarchitec-
ture and neuro-architecture by incorporating architectural and spatial
cognition, navigation and wayfinding, immersive environments, and
neurophysiological or behavioral built-environment research. This
broader strategy improved conceptual coverage but also increased
boundary ambiguity, requiring explicit scope decisions during screen-
ing and final eligibility auditing.

Third, the archived project records preserve the structure, data-
base-specific search sets, and retrieval counts of the expanded search,
but the exact line-by-line Boolean syntax was not retained for every
search set. These expressions were therefore not retrospectively recon-
structed. This limitation is reported explicitly to distinguish verified
search documentation from reconstructed information.

Fourth, the final corpus intentionally includes heterogeneous evi-
dence types, including original empirical research, systematic and
narrative reviews, conceptual contributions, methodological/frame-
work papers, and one protocol. This breadth is appropriate for
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systematic mapping and field-level maturity assessment but precludes
treating the complete corpus as a homogeneous empirical sample.
Denominators were therefore separated according to analytical pur-
pose, particularly for measurement-frequency analyses.

Fifth, study-level coding necessarily involved interpretive deci-
sions when assigning EBN-MM stages and ISCF primary layers. To
limit overinterpretation, classifications followed explicit operational
rules, uncertain information was not imputed, and Stage IV was
defined conservatively. Nevertheless, these classifications should be
understood as structured analytical interpretations rather than exter-
nally validated psychometric scales.

Sixth, methodological heterogeneity across the retained literature
limits direct comparison of physiological metrics, exposure protocols,
participant populations, and outcome definitions. The present study
therefore reports evidence distributions and methodological patterns
rather than pooled effect sizes. Finally, the review period ended in
2025; subsequent publications may alter the distribution of emerging
approaches, particularly AI-supported and adaptive neuroarchitec-
tural systems.

8 Conclusion

This systematic mapping review examined the development of neu-
roarchitecture and closely related architectural and spatial-cognition
research between 2015 and 2025. Expanded searches of Scopus and Web
of Science Core Collection identified 510 records; following duplicate
removal, screening, and final eligibility auditing, 121 studies were
retained. The resulting evidence base demonstrates rapid recent growth,
with 66.9% of retained studies published between 2023 and 2025, but
also substantial conceptual and methodological heterogeneity.

The findings show that contemporary neuroarchitecture is not
defined by a single experimental technology. Among the 61 human
empirical studies, questionnaire/self-report assessment was identified
in 63.9%, while behavioral task/performance measures and EEG were
each present in 52.5%. Eye tracking, EDA/GSR, HRV, fMRI, and
NIRS contributed additional but less frequently represented evidence
streams. This pattern supports an interpretation of neuroarchitecture
as an increasingly multimethod field integrating experiential, behav-
ioral, and physiological evidence.

The EBN-MM further demonstrates that field maturity is distrib-
uted almost evenly across Conceptual Interpretation (30.6%),
Experimental Validation (35.5%), and Evidence Integration (33.1%),
whereas Adaptive Design Operationalization remains exceptional
(0.8%). Consistently, the ISCF mapping shows the strongest concen-
tration at L3—Neurophysiological Measurement (38.8%), while only
9.1% of studies primarily reached Evidence-Based Design Translation
and 0.8% reached Adaptive/AI-Supported Design.

These findings identify the principal challenge for future neuroar-
chitecture research as one of translation rather than measurement alone.
The field has developed substantial capacity to characterize human
responses to architectural environments, but comparatively little evi-
dence currently demonstrates how these measurements can be con-
verted into validated design decisions or adaptive spatial systems.

The Immersive Spatial Cognition Framework (ISCF) and Evidence-
Based Neuroarchitecture Maturity Model (EBN-MM) provide comple-
mentary structures for addressing this gap. The ISCF organizes evidence
across the pathway from spatial stimulus and exposure to measurement,
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interpretation, design translation, and adaptive application, while the
EBN-MM distinguishes conceptual development, empirical validation,
evidence integration, and operationalization. Future research should
prioritize transparent reporting, reproducible multimethod protocols,
ecological validation, stronger links between measured responses and
architectural variables, and ethically grounded human-in-the-loop
design systems. Such developments would support the transition from
an expanding interdisciplinary evidence base toward genuinely evi-
dence-based and design-operational neuroarchitecture.
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