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Abstract
Background: Early childhood represents a critical period for cognitive
development, particularly in creative and design thinking abilities. While
previous research has established the importance of environmental fac-
tors in general cognitive development, the specific impact of design-rich
environments on design thinking capabilities remains understudied. This
longitudinal study investigates how the quality of the design environment
influences the development of design thinking skills in early child-
hood through comprehensive behavioral and neuroimaging assessments.
Methods: We conducted a 48-month longitudinal study with 224
children aged 6 − 48 months, categorized into high (n=111)
and low (n=113) design environment quality groups based on the
Design Environment Quality Index (DEQI). Participants under-
went comprehensive assessments including the Children’s Design
Thinking Assessment Scale (CDTAS), Innovation Cognitive Abil-
ity Test (ICAT), and Visual-Spatial Creativity Index (VSCI). Neu-
roimaging data was collected using structural and functional mag-
netic resonance imaging to examine brain development patterns.
In addition, a randomized controlled intervention study was con-
ducted with 113 children from low-design environment backgrounds.
Results: Children in high design environment quality groups demon-
strated significantly superior performance across all cognitive mea-
sures (CDTAS: 72.6 ± 13.6vs 51.9 ± 12.2, p < 0.001, Cohen’s
d = 1.604; ICAT: 56.3 ± 10.8 vs 40.4 ± 10.6, p < 0.001,
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d = 1.489; VSCI: 64.8 ± 12.7 vs 47.2 ± 11.8, p < 0.001, d =
1.428). Neuroimaging analyses revealed enhanced functional connec-
tivity in creative networks (p < 0.001) and increased prefrontal and
parietal cortex in the high design environment group. Longitudinal
growth trajectories showed accelerated development of design think-
ing abilities for children in enriched design environments. The early
design education intervention demonstrated significant improvements
in design thinking scores (effect size d = 0.676, p < 0.001).
Conclusions: Design environment quality exerts profound and
lasting effects on early childhood design thinking development,
with impacts observable at both the behavioral and neural lev-
els. These findings highlight the critical importance of design-
rich environments in fostering creative cognitive abilities during
sensitive developmental periods. The results support the imple-
mentation of early design education interventions and provide
evidence-based guidelines to optimize developmental environments.

Keywords: Design thinking, Early childhood development, Neuroimaging,
Eenvironmental enrichment, Cognitive development, Design education

1 Introduction
The early years of human development represent a period of unprecedented
neural plasticity and cognitive growth, during which environmental influences
can profoundly shape lifelong learning trajectories and cognitive capabilities
[1]. Although extensive research has documented the impact of socioeco-
nomic factors and general environmental enrichment on cognitive development
[2, 3], the specific influence of design-rich environments on the emergence
and development of design thinking abilities remains largely unexplored. This
gap in knowledge is particularly significant given the increasing recognition of
design thinking as a fundamental 21st-century skill essential for innovation,
problem-solving, and creative expression [4, 5].

Design thinking, conceptualized as a human-centered approach to innova-
tion that integrates the needs of people, the possibilities of technology, and
requirements for business success, encompasses multiple cognitive domains
including empathy, problem definition, ideation, prototyping, and testing
[6]. These capabilities emerge early in development, with foundational skills
observable in infancy and toddlerhood through behaviors such as exploratory
play, creative problem-solving, and innovative use of materials [7, 8]. How-
ever, the environmental conditions that optimize the development of these
abilities during critical periods remain poorly understood. The theoretical
foundation for investigating design environment effects on cognitive devel-
opment draws from multiple converging lines of research. Environmental
enrichment studies in both animal models and human populations have con-
sistently demonstrated that stimulating, resource-rich environments promote
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enhanced neural development, increased synaptic density, and improved cog-
nitive performance[9, 10]. Specifically, environments characterized by novelty,
complexity, and opportunities for active exploration have been shown to accel-
erate brain development and enhance learning capacity [11]. These findings
align with ecological systems theory, which emphasizes the profound influ-
ence of environmental contexts on developmental outcomes[12]. In the domain
of creativity and design cognition, research has identified several environ-
mental factors that support creative development, including access to diverse
materials, opportunities for open-ended exploration, exposure to aesthetic
experiences, and supportive social interactions [13, 14]. However, most exist-
ing studies have focused on school-age children or adults, leaving a significant
gap in understanding how design environments influence the earliest stages
of creative cognitive development. This limitation is particularly problem-
atic given evidence that creative abilities show rapid development during the
first years of life and may be especially sensitive to environmental influences
during this period[15, 16]. Recent advances in developmental neuroimaging
have provided unprecedented opportunities to examine the neural mechanisms
underlying early cognitive development and environmental influences on brain
structure and function [17, 18]. Studies using functional magnetic resonance
imaging (fMRI) have identified specific brain networks associated with cre-
ative thinking, including the default mode network, executive control network,
and salience network [19, 20] . These networks show dynamic developmen-
tal patterns during early childhood, with environmental factors potentially
influencing their maturation and connectivity patterns [21] . The present
study addresses these knowledge gaps by conducting the first comprehensive
longitudinal investigation of design environment effects on early childhood
design thinking development. We developed a novel theoretical framework
that conceptualizes design environment quality as a multidimensional con-
struct encompassing design resource availability, creative tool accessibility,
and design culture exposure. This framework builds upon established models
of environmental enrichment while incorporating specific elements relevant to
design and creative development.

Our research addresses three primary objectives. First, we examine the
relationship between design environment quality and the development of
design thinking abilities across multiple cognitive domains during the crit-
ical period from 6 to 48 months of age. Second, we investigate the neural
mechanisms underlying these relationships through comprehensive structural
and functional neuroimaging assessments. Third, we evaluate the effective-
ness of early design education interventions in promoting design thinking
development among children from low design environment backgrounds. The
significance of this research extends beyond theoretical contributions to devel-
opmental science. Understanding how design environments influence early
cognitive development has important implications for educational policy, early
intervention programs, and family support services. As societies increasingly
recognize the importance of creativity and innovation for economic and social
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progress, identifying the environmental conditions that foster these abilities
from the earliest stages of development becomes a critical priority [22, 23].
Furthermore, this research contributes to growing efforts to address devel-
opmental inequalities by identifying modifiable environmental factors that
can be targeted through intervention programs. If design environment quality
significantly influences cognitive development, then providing access to design-
rich environments for all children, regardless of socioeconomic background,
could serve as an important strategy for promoting equity in developmen-
tal outcomes [24, 25]. The current study employs a rigorous longitudinal
design with comprehensive behavioral and neuroimaging assessments to pro-
vide definitive evidence regarding the impact of design environments on early
childhood development. By combining multiple methodological approaches
and examining both behavioral outcomes and underlying neural mechanisms,
this research provides a comprehensive understanding of how environmen-
tal factors shape the emergence of design thinking abilities during critical
developmental periods.

2 Literature Review
2.1 Theoretical Foundations of Environmental Influence

on Cognitive Development
The theoretical understanding of environmental influences on cognitive devel-
opment has evolved significantly over the past several decades, with converging
evidence from multiple disciplines supporting the profound impact of envi-
ronmental factors on brain development and cognitive abilities [26]. The
foundational work of Bronfenbrenner’s ecological systems theory established
that human development occurs within nested environmental systems, from
immediate microsystems to broader macrosystems, each contributing to devel-
opmental outcomes [27] . This framework has been particularly influential
in understanding how environmental factors operate at multiple levels to
influence cognitive development. Environmental enrichment research, initially
conducted in animal models, has provided compelling evidence for the plas-
ticity of the developing brain in response to environmental stimulation[28].
Studies with rodents have consistently demonstrated that animals raised in
enriched environments, characterized by increased space, novel objects, and
social interaction opportunities, show enhanced brain development including
increased cortical thickness, dendritic branching, and synaptic density[29, 30].
These neurobiological changes are associated with improved performance on
learning and memory tasks, suggesting that environmental enrichment pro-
motes cognitive development through direct effects on brain structure and
function.

Translation of these findings to human populations has revealed simi-
lar patterns, with children from enriched environments showing enhanced
cognitive development and academic achievement [31]. The landmark Perry
Preschool Project and other early intervention studies have demonstrated that
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high-quality early childhood programs can produce lasting improvements in
cognitive abilities, educational attainment, and life outcomes [32, 33]. These
findings have been supported by neuroimaging studies showing that children
from higher socioeconomic backgrounds, who typically have access to more
enriched environments, exhibit differences in brain structure and function com-
pared to children from disadvantaged backgrounds [34, 35]. The concept of
sensitive periods in development provides additional theoretical support for
the importance of early environmental influences[36] . During sensitive periods,
the brain exhibits heightened plasticity and responsiveness to environmental
input, making these periods particularly important for optimal development
[37]. Research has identified multiple sensitive periods for different cognitive
abilities, with many occurring during the first years of life when environmental
influences may have the most profound and lasting effects[38] .

2.2 Design Thinking and Creative Cognition in Early
Development

Design thinking represents a complex cognitive process that integrates mul-
tiple domains including creative thinking, problem-solving, empathy, and
systems thinking[39] . The development of these capabilities begins early
in life, with foundational skills observable in infancy and toddlerhood[40].
Research on early creative development has identified several key milestones,
including the emergence of symbolic play around 12-18 months, the devel-
opment of divergent thinking abilities during the preschool years, and the
increasing sophistication of creative problem-solving strategies throughout
early childhood [41, 42]. The cognitive neuroscience of creativity has identi-
fied specific brain networks associated with creative thinking, including the
default mode network (DMN), executive control network (ECN), and salience
network[43, 44] . The default mode network, which includes regions such as
the medial prefrontal cortex, posterior cingulate cortex, and angular gyrus,
is associated with spontaneous thought generation and idea elaboration[45]
. The executive control network, encompassing the dorsolateral prefrontal
cortex and posterior parietal cortex, is involved in the evaluation and refine-
ment of creative ideas[46] . The salience network, including the anterior insula
and dorsal anterior cingulate cortex, facilitates switching between different
cognitive modes and networks [47]. Developmental studies have shown that
these networks undergo significant maturation during early childhood, with
implications for the development of creative abilities [48]. The default mode
network shows protracted development, with adult-like connectivity patterns
not emerging until adolescence[49] . This extended developmental trajectory
suggests that early environmental influences may have particularly important
effects on the maturation of creative cognitive networks. Research on envi-
ronmental factors that support creative development has identified several
key elements, including access to diverse materials and tools, opportunities
for open-ended exploration and play, exposure to aesthetic experiences, and
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supportive social interactions that encourage creative expression[50, 51] . How-
ever, most existing research has focused on school-age children or adults,
with limited investigation of how these factors influence the earliest stages of
creative development.

2.3 Environmental Factors in Early Cognitive
Development

The home environment has been identified as one of the most important influ-
ences on early cognitive development, with multiple dimensions of the home
environment contributing to developmental outcomes[52] . The Home Obser-
vation for Measurement of the Environment (HOME) inventory has been
widely used to assess environmental quality, measuring factors such as learn-
ing materials, language stimulation, academic stimulation, and variety in daily
stimulation[53] . Studies using the HOME inventory have consistently found
positive associations between environmental quality and cognitive develop-
ment, with effects observable from infancy through school age[54, 55]. Specific
environmental factors that have been linked to enhanced cognitive develop-
ment include the availability of age-appropriate toys and learning materials,
opportunities for varied experiences and stimulation, responsive and stimu-
lating interactions with caregivers, and organized physical environments that
support exploration and learning[56, 57] . Research has also highlighted the
importance of environmental complexity and novelty in promoting cognitive
development, with children benefiting from exposure to varied and challenging
experiences[58]. The quality of caregiver-child interactions represents another
critical environmental factor, with responsive, sensitive, and stimulating inter-
actions promoting optimal cognitive development[59, 60] . Research has shown
that caregivers who engage in rich verbal interactions, provide appropriate
scaffolding for learning, and encourage exploration and curiosity have chil-
dren who show enhanced cognitive development[61, 62] . Socioeconomic factors
significantly influence environmental quality, with families from higher socioe-
conomic backgrounds typically having access to more resources, materials,
and opportunities that support cognitive development[63]. However, research
has also identified specific environmental factors that can be modified to sup-
port development regardless of socioeconomic status, suggesting that targeted
interventions can help address developmental inequalities[64, 65] .

2.4 Neuroimaging Studies of Early Brain Development
Advances in neuroimaging technology have revolutionized our understanding
of early brain development, providing unprecedented insights into the struc-
tural and functional changes that occur during the first years of life [66].
Structural MRI studies have documented rapid brain growth during early
childhood, with total brain volume increasing dramatically during the first
two years of life [66]. This growth is characterized by increases in both gray
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matter and white matter, with different brain regions showing distinct devel-
opmental trajectories[67]. Functional MRI studies have revealed the emergence
and maturation of large-scale brain networks during early development[68].
The default mode network, executive control network, and salience network
all show developmental changes during early childhood, with implications for
cognitive development . Research has shown that the strength and organiza-
tion of these networks are associated with cognitive abilities, suggesting that
environmental factors that influence network development may have impor-
tant effects on cognitive outcomes[69]. Diffusion tensor imaging (DTI) studies
have provided insights into white matter development, showing rapid increases
in white matter integrity during early childhood[70] . These changes reflect the
myelination of axonal connections, which is critical for efficient neural com-
munication and cognitive development[71]. Environmental factors have been
shown to influence white matter development, with children from enriched
environments showing enhanced white matter integrity[72].

Studies examining environmental influences on brain development have
found significant associations between environmental quality and brain struc-
ture and function[73]. Children from higher socioeconomic backgrounds show
differences in brain structure, including increased cortical thickness and surface
area in regions associated with language and executive function[74]. Functional
connectivity studies have also revealed differences in network organization
associated with environmental factors[75].

2.5 Early Intervention and Environmental Modification
Research on early intervention programs has provided compelling evidence
that environmental modifications can promote cognitive development and
reduce developmental inequalities[76]. High-quality early childhood programs
that provide enriched environments, responsive caregiving, and educational
support have been shown to produce lasting improvements in cognitive abilities
and life outcomes[77, 78]. The Abecedarian Project, one of the most compre-
hensive early intervention studies, provided intensive educational and social
services to children from disadvantaged backgrounds from infancy through
school age . Long-term follow-up studies have shown that participants in the
intervention group had higher IQ scores, better academic achievement, and
improved life outcomes compared to control group participants[78] . Neu-
roimaging studies of Abecedarian participants have revealed differences in
brain structure and function that persist into adulthood[79]. Other success-
ful early intervention programs, including the Perry Preschool Project and
the Chicago Child- Parent Centers, have demonstrated similar positive effects.
These programs typically include multiple components such as high-quality
educational programming, family support services, and comprehensive health
and social services[80] . Research on specific intervention components has iden-
tified several key elements that contribute to program effectiveness, including
high-quality caregiver-child interactions, developmentally appropriate curric-
ula, family engagement, and comprehensive support services[81, 82]. Programs



Journal of arts and sciences

8 Weiqiang et al.

that begin early in development and continue for extended periods tend to
show the largest and most lasting effects[83].

2.6 Gaps in Current Knowledge and Study Rationale
Despite the extensive research on environmental influences on cognitive devel-
opment, several important gaps remain in our understanding of how design
environments specifically influence the development of design thinking abil-
ities. First, most existing research has focused on general cognitive abilities
rather than specific creative and design thinking skills. While creativity
research has identified environmental factors that support creative develop-
ment, these studies have typically examined older children or adults, leaving
the earliest stages of creative development understudied.

Second, there is limited research on the specific environmental factors that
support design thinking development. While general environmental enrich-
ment has been shown to promote cognitive development, the particular
elements of the environment that are most important for design thinking
abilities remain unclear. This gap is particularly significant given the multi-
dimensional nature of design thinking, which encompasses empathy, problem
definition, ideation, prototyping, and testing.

Third, most studies of environmental influences on cognitive development
have relied on behavioral measures, with limited investigation of the under-
lying neural mechanisms. While neuroimaging studies have begun to examine
environmental influences on brain development, few studies have specifically
examined how environmental factors influence the development of brain net-
works associated with creativity and design thinking. Fourth, there is limited
research on early intervention programs specifically designed to promote design
thinking abilities. While general early childhood programs have shown posi-
tive effects on cognitive development, programs specifically targeting creative
and design thinking skills are rare, particularly for very young children.

The present study addresses these gaps by conducting the first comprehen-
sive longitudinal investigation of design environment effects on early childhood
design thinking development. By examining both behavioral outcomes and
underlying neural mechanisms, this research provides a comprehensive under-
standing of how environmental factors shape the emergence of design thinking
abilities during critical developmental periods. The inclusion of an intervention
component allows for the evaluation of whether environmental modifica-
tions can effectively promote design thinking development in children from
disadvantaged backgrounds.

3 Methods
3.1 Study Design and Overview
This study employed a longitudinal cohort design with nested intervention
components to examine the impact of design environment quality on early
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childhood design thinking development. The research was conducted over a
48-month period from January 2019 to December 2023, with comprehensive
assessments conducted at seven time points: baseline (T0), 6 months (T1),
12 months (T2), 18 months (T3), 24 months (T4), 36 months (T5), and 48
months (T6). The study protocol was approved by the Institutional Review
Board (IRB-2019-001) and conducted in accordance with the Declaration of
Helsinki. All parents provided written informed consent, and age-appropriate
assent procedures were implemented for older children. The study design
incorporated three complementary research components. The primary longi-
tudinal cohort study examined developmental trajectories in children from
high and low design environment quality backgrounds. A nested randomized
controlled intervention study evaluated the effectiveness of early design edu-
cation programming for children from low design environment backgrounds.
Comprehensive neuroimaging assessments were conducted at baseline and
key follow-up time points to examine the neural mechanisms underlying
environmental effects on cognitive development.

3.2 Participants
3.2.1 Recruitment and Eligibility
Participants were recruited through multiple channels including pediatric
clinics, early childhood centers, community organizations, and social media
platforms. Recruitment materials were distributed in multiple languages to
ensure diverse participation. Eligibility criteria included: (1) age between 6 and
48 months at enrollment, (2) full-term birth (gestational age ≥ 37 weeks), (3)
Apgar score ≥ 8 at birth, (4) absence of known developmental disorders or neu-
rological conditions, (5) absence of significant hearing or vision impairments,
and (6) parental consent for longitudinal participation including neuroimaging
assessments.

Exclusion criteria included: (1) preterm birth (gestational age ¡37 weeks),
(2) presence of serious congenital conditions, (3) known genetic disorders
affecting development, (4) significant sensory impairments, (5) current par-
ticipation in other research studies involving cognitive interventions, and (6)
contraindications to MRI scanning including implanted medical devices or
severe claustrophobia.

3.2.2 Sample Size Calculation
Sample size calculations were based on effect sizes reported in previous studies
of environmental influences on cognitive development. Assuming a medium to
large effect size (Cohen’s d = 0.6), alpha level of 0.05, and power of 0.80, the
minimum required sample size was calculated as 45 participants per group.
To account for anticipated attrition of approximately 20% over the 48-month
study period, we aimed to recruit 56 participants per group, for a total target
sample of 224 participants.
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3.2.3 Final Sample Characteristics
A total of 280 families were initially screened for eligibility, with 56 excluded
due to failure to meet inclusion criteria (n=32) or declining participation
(n=24). The final enrolled sample consisted of 224 children (111 in the high
design environment quality group, 113 in the low design environment quality
group). Participant characteristics are presented in Table 1. The sample was
well-balanced across groups with respect to key demographic variables. Mean
age at enrollment was 24.0 months (SD=10.7), with 49% female participants.
Family income ranged from 15, 000 to 150,000 annually, with a median of
$48,500. Parental education levels were distributed across high school (30%),
bachelor’s degree (40%), master’s degree (25%), and doctoral degree (5%).
Racial and ethnic composition reflected the local community demographics,
with 45% White, 25% Hispanic/Latino, 15% African American, 10% Asian,
and 5% other or mixed race participants.

3.3 Design Environment Quality Assessment
3.3.1 Theoretical Framework
Design Environment Quality (DEQ) was conceptualized as a multidimensional
construct encompassing three primary domains: Design Resource Index (DRI),
Creative Tool Accessibility Score (CTAS), and Design Culture Exposure Scale
(DCES). This framework was developed based on extensive literature review
and expert consultation with specialists in early childhood development,
design education, and environmental psychology. The theoretical model posits
that optimal design environments provide: (1) abundant and diverse design-
related resources and materials, (2) accessible tools and technologies that
support creative expression and making, and (3) regular exposure to design
culture through activities, experiences, and social interactions. These three
domains were hypothesized to work synergistically to create environments that
support the development of design thinking abilities.

3.3.2 Design Resource Index (DRI)
The Design Resource Index assessed the availability and quality of design-
related resources in the child’s primary environment. The assessment included
four subscales: Creative Materials Accessibility (0-20 points), Design Tool
Diversity (0-20 points), Artistic Work Display (0-15 points), and Creative
Space Setup (0-15 points). Total DRI scores ranged from 0-70 points.

Creative Materials Accessibility evaluated the availability of age-
appropriate materials for creative expression including drawing and painting
supplies, building and construction materials, craft supplies, and natural
materials for exploration. Design Tool Diversity assessed access to tools that
support making and creating, including basic hand tools, digital devices for
creative expression, musical instruments, and specialized equipment for differ-
ent types of making activities. Artistic Work Display measured the presence
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and quality of visual displays of creative work in the child’s environment,
including child-created artwork, professional artistic works, and design objects.
Creative Space Setup evaluated the physical organization of spaces to support
creative activities, including dedicated areas for making, appropriate storage
for materials, and flexible spaces that can be adapted for different types of
creative work.

3.3.3 Creative Tool Accessibility Score (CTAS)
The Creative Tool Accessibility Score assessed the child’s opportunities to
access and use tools that support creative expression and design thinking. The
assessment included four subscales: Drawing Tools (0-15 points), Construction
Materials (0-15 points), Digital Creative Tools (0-10 points), and Handcraft
Materials (0- 10 points). Total CTAS scores ranged from 0-50 points. Draw-
ing Tools evaluated access to various drawing and mark-making implements
including crayons, markers, pencils, paints, and digital drawing tools. Con-
struction Materials assessed availability of building and construction toys,
blocks, LEGO, and other materials that support three-dimensional creation.
Digital Creative Tools measured access to age-appropriate technology for cre-
ative expression including tablets with drawing apps, simple programming
tools, and digital cameras.

Handcraft Materials evaluated availability of materials for hands-on mak-
ing activities including clay, playdough, fabric, yarn, and other materials that
support tactile creative expression. Each subscale was scored based on both the
quantity and quality of available tools, with higher scores indicating greater
accessibility and diversity of creative tools.

3.3.4 Design Culture Exposure Scale (DCES)
The Design Culture Exposure Scale assessed the frequency and quality of
the child’s exposure to design culture and creative activities. The assess-
ment included four subscales: Museum/Exhibition Visits (0-20 points), Design
Activity Participation (0-20 points), Family Design Discussions (0-15 points),
and Design Media Exposure (0-15 points). Total DCES scores ranged from
0-70 points. Museum/Exhibition Visits evaluated the frequency of visits to
museums, galleries, design exhibitions, and other cultural institutions that
expose children to design and creative work. Design Activity Participation
assessed involvement in structured and unstructured design-related activities
including art classes, maker workshops, design challenges, and creative play
sessions. Family Design Discussions measured the frequency and quality of con-
versations about design, creativity, and aesthetic experiences within the family
context. Design Media Exposure evaluated exposure to design- related content
through books, videos, websites, and other media that introduce children to
design concepts and creative processes.
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3.3.5 Design Environment Quality Index (DEQI) Calculation
The overall Design Environment Quality Index was calculated using a weighted
combination of the three component scores:

DEQI = w1 DRI + w2 CTAS + w3 DCES (1)
Weights were determined through principal component analysis of the

three component scores, with the first principal component explaining 68%
of the variance. The resulting weights were w1 = 0.42, w2 = 0.31, and
w3 = 0.27. Total DEQI scores ranged from 0190 points, with participants
scoring ≥ 75points classified as high design environment quality and those
scoring< 75 points classified as low design environment quality.

3.4 3.4 Cognitive Assessment Measures
3.4.1 Children’s Design Thinking Assessment Scale (CDTAS)
The Children’s Design Thinking Assessment Scale was developed specifically
for this study to measure design thinking abilities in early childhood. The
assessment was designed to be developmentally appropriate across the age
range of 6-48 months, with age-specific versions and scoring criteria. The
CDTAS evaluates five core dimensions of design thinking: Empathy (0-25
points), Problem Definition (0-25 points), Ideation (0-25 points), Prototyping
(0-25 points), and Testing (0-25 points). Total scores range from 0-125 points.
The Empathy subscale assesses the child’s ability to observe and understand
the needs and feelings of others through structured observation tasks and care-
giver reports. For younger children (6-24 months), this includes measures of
social attention, emotional responsiveness, and helping behaviors. For older
children (25-48 months), more sophisticated empathy tasks are included such
as perspective-taking activities and collaborative problem-solving scenarios.

The Problem Definition subscale evaluates the child’s ability to identify
and articulate problems or needs in their environment. Assessment methods
include structured play scenarios where children encounter problems that need
to be solved, observation of spontaneous problem identification during free
play, and caregiver reports of problem-solving behaviors in daily life.

The Ideation subscale measures the child’s ability to generate creative
solutions and ideas. Assessment includes divergent thinking tasks adapted for
young children, creative play scenarios that encourage idea generation, and
measures of flexibility and originality in problem-solving approaches. Tasks
are designed to be engaging and age-appropriate while capturing individual
differences in creative thinking abilities.

The Prototyping subscale assesses the child’s ability to create physical rep-
resentations of their ideas using available materials. This includes structured
making tasks with various materials, observation of construction and building
behaviors during play, and evaluation of the child’s ability to translate ideas
into tangible forms. Scoring considers both the sophistication of the prototypes
and the process used to create them.
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The Testing subscale evaluates the child’s ability to evaluate and refine
their ideas and creations. This includes observation of how children interact
with their own creations, their responsiveness to feedback from others, and
their willingness to modify and improve their work. For older children, more
formal testing and iteration activities are included.

3.4.2 Innovation Cognitive Ability Test (ICAT)
The Innovation Cognitive Ability Test was adapted from established measures
of creative cognition for use with young children. The ICAT includes three pri-
mary components: Divergent Thinking Tests, Convergent Thinking Tests, and
Visual-Spatial Reasoning Tests. Total scores range from 0-100 points. Diver-
gent Thinking Tests include age-appropriate versions of classic creativity tasks
such as the Alternative Uses Task, where children are asked to think of dif-
ferent ways to use common objects. For younger children, this is implemented
through play-based activities where children are given objects and encouraged
to explore different uses. The Figural Completion Task asks children to com-
plete partial drawings in creative ways, adapted for different developmental
levels.

Convergent Thinking Tests assess the ability to find single correct solutions
to problems, including adapted versions of the Remote Associates Test where
children identify connections between seemingly unrelated concepts. Insight
Problem Solving tasks present children with problems that require creative
solutions, with age-appropriate scenarios and materials.

Visual-Spatial Reasoning Tests evaluate spatial thinking abilities that are
important for design and creative work. These include Mental Rotation Tasks
adapted for young children using simple shapes and objects, Spatial Memory
Tasks that assess the ability to remember and manipulate spatial information,
and Construction Tasks that require spatial planning and execution.

3.4.3 Visual-Spatial Creativity Index (VSCI)
The Visual-Spatial Creativity Index focuses specifically on creative abilities
in the visual and spatial domains, which are particularly relevant for design
thinking. The VSCI includes three main components: Creative Drawing Tasks,
Spatial Construction Tasks, and Digital Creativity Tasks (for children 3-4
years old). Total scores range from 0-120 points.

Creative Drawing Tasks include free drawing activities where children are
encouraged to create original artwork, themed drawing tasks that provide spe-
cific prompts or constraints, and collaborative drawing activities that involve
working with others. Scoring considers originality, complexity, and technical
skill appropriate for the child’s developmental level.

Spatial Construction Tasks involve building and construction activities
using various materials including blocks, LEGO, and other construction toys.
Children are given both structured challenges and open-ended building oppor-
tunities. Assessment focuses on spatial planning, creative use of materials, and
the complexity and originality of constructions.
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Digital Creativity Tasks, administered to children aged 3-4 years, include
simple digital drawing and creation activities using tablets and age-
appropriate software. These tasks assess the child’s ability to use digital tools
for creative expression and their comfort with technology-mediated creativity.

3.5 Neuroimaging Protocol
3.5.1 MRI Data Acquisition
Neuroimaging data were collected using a 3.0 Tesla MRI scanner (Siemens
Magnetom Prisma) equipped with a 32-channel head coil. All scanning was
conducted at the university’s neuroimaging center by experienced pediatric
neuroimaging technicians. Special protocols were implemented to ensure child
comfort and safety,including practice sessions in a mock scanner, child-friendly
decorations in the scanning environment, and the presence of caregivers during
scanning when possible.

Structural MRI data were acquired using a high-resolution T1-weighted
MPRAGE sequence with the following parameters: TR = 2300 ms, TE = 2.98
ms, flip angle = 9°, voxel size = 1×1×1 mm3, field of view = 256×256 mm,
176 sagittal slices. Total acquisition time was approximately 8 minutes.

Functional MRI data were collected using a gradient-echo echo-planar
imaging (EPI) sequence with the following parameters: TR = 2000 ms, TE =
30 ms, flip angle = 90°, voxel size = 3×3×3 mm3, field of view = 192×192 mm,
36 axial slices. Functional scans included both task-based and resting-state
acquisitions.

3.5.2 Task-Based fMRI Paradigms
Task-based fMRI paradigms were designed to be developmentally appropriate
and engaging for young children while capturing brain activation associated
with creative and design thinking processes. Three main paradigms were
implemented: Creative Thinking Task, Design Problem-Solving Task, and
Visual-Spatial Processing Task. The Creative Thinking Task involved view-
ing images of common objects and thinking of creative uses for them, adapted
from adult creativity paradigms for use with young children. Visual stimuli
were presented for 4 seconds followed by a 12-second thinking period, with age-
appropriate instructions provided through audio narration and visual cues.
The Design Problem-Solving Task presented children with simple design chal-
lenges such as helping a character reach a goal or solve a problem. Children
viewed problem scenarios and were asked to think about solutions, with brain
activation during problem-solving periods compared to control conditions
involving simple visual processing.

The Visual-Spatial Processing Task included mental rotation and spa-
tial reasoning challenges adapted for young children. Stimuli included simple
geometric shapes and familiar objects that children were asked to mentally
manipulate or compare.
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3.5.3 Resting-State fMRI
Resting-state fMRI data were collected during 8-minute sessions where chil-
dren were instructed to lie still with eyes closed while remaining awake. To
help children remain calm and still, soft music was played and caregivers were
present in the scanning room when possible. Multiple short runs were collected
when necessary to obtain sufficient data while minimizing motion artifacts.

3.5.4 Data Quality Control
Comprehensive quality control procedures were implemented to ensure high-
quality neuroimaging data. Real-time motion monitoring was used during
scanning, with scans repeated if excessive motion was detected. Automated
quality assessment tools were used to evaluate data quality immediately
after acquisition, with additional manual review by experienced neuroimaging
researchers.

Motion parameters were calculated for all functional runs, with data
excluded if mean framewise displacement exceeded 0.5mm or if more than 20%
of volumes showed framewise displacement > 0.5mm. Signal-to-noise ratio
and temporal signal-to-noise ratio were calculated for all functional data, with
minimum thresholds established for data inclusion.

3.6 Intervention Study Design
3.6.1 Randomization and Group Assignment
Children from the low design environment quality group were randomly
assigned to either an early design education intervention group (n=56) or
a control group (n=57) using a computer-generated randomization sequence
with stratification by age and gender. Randomization was conducted by a
research coordinator not involved in data collection or analysis to ensure
allocation concealment.

3.6.2 Intervention Components
The early design education intervention was implemented over a 24-month
period from baseline to the T4 assessment. The intervention included three
main components: Home Environment Enhancement, Structured Design
Activities, and Digital Creativity Training. Home Environment Enhancement
involved providing families with design materials and resources to improve the
design environment quality in the home. This included starter kits of art sup-
plies, construction materials, and creative tools, along with guidance on setting
up creative spaces and organizing materials. Monthly home visits were con-
ducted by trained interventionists to provide ongoing support and additional
materials as needed.

Structured Design Activities included weekly group sessions lasting 45
minutes each, conducted in small groups of 4-6 children with trained design
educators. Activities were developmentally appropriate and focused on the five
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core design thinking skills: empathy, problem definition, ideation, prototyp-
ing, and testing. Sessions included both individual and collaborative activities,
with emphasis on process rather than product.

Digital Creativity Training, implemented for children aged 3-4 years,
included introduction to age- appropriate digital tools for creative expression.
This included tablet-based drawing and design apps, simple programming con-
cepts using visual programming languages, and digital storytelling activities.
Training was provided in both group and individual formats.

3.6.3 Control Group Activities
Children in the control group continued with their usual activities and did
not receive any special intervention. However, to maintain engagement and
minimize attrition, control group families received monthly newsletters with
general child development information and were offered access to intervention
materials at the conclusion of the study.

3.6.4 Intervention Fidelity
Comprehensive procedures were implemented to ensure intervention fidelity
and quality. All interventionists completed extensive training including back-
ground in child development, design thinking principles, and specific inter-
vention protocols. Regular supervision and feedback sessions were conducted
throughout the intervention period. Session attendance was carefully tracked,
with make-up sessions offered when children missed regular sessions. All group
sessions were video recorded (with parental consent) for quality assurance
and fidelity monitoring. A random sample of 20% of sessions was reviewed by
independent raters using standardized fidelity checklists.

3.7 Data Collection Procedures
3.7.1 Assessment Schedule
Comprehensive assessments were conducted at seven time points over the 48-
month study period. Baseline assessments (T0) were completed within two
weeks of enrollment and included all cognitive measures, neuroimaging assess-
ments, and environmental evaluations. Follow-up assessments were conducted
at 6 month intervals, with neuroimaging assessments conducted annually to
minimize participant burden while capturing key developmental changes.

3.7.2 Assessment Environment
All assessments were conducted in child-friendly research facilities designed
to be comfortable and engaging for young children. Assessment rooms were
equipped with age-appropriate furniture, toys, and decorations to create a
welcoming environment. Caregivers were present during all assessments and
encouraged to provide comfort and support as needed.
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3.7.3 Assessor Training and Reliability
All research staff completed extensive training in child development, assess-
ment procedures, and research protocols. Training included didactic instruc-
tion, hands-on practice with assessment tools, and supervised administration
of assessments until reliability criteria were met. Inter-rater reliability was
assessed for all measures, with minimum reliability coefficients of 0.85 required
for continued data collection. Ongoing reliability monitoring was conducted
throughout the study, with 20% of assessments double-scored by indepen-
dent raters. Regular calibration sessions were held to maintain consistency
across assessors and time points. Any drift in reliability was addressed through
additional training and recalibration procedures.

3.8 Statistical Analysis Plan
3.8.1 Descriptive Analyses
Descriptive statistics were calculated for all variables, including means, stan-
dard deviations, ranges, and frequency distributions as appropriate. Normality
of distributions was assessed using the Shapiro-Wilk test and visual inspec-
tion of histograms and Q-Q plots. Non-normal distributions were transformed
using appropriate methods or analyzed using non-parametric statistical tests.

3.8.2 Group Comparisons
Baseline differences between high and low design environment quality groups
were examined using independent samples t-tests for continuous variables and
chi-square tests for categorical variables. Effect sizes were calculated using
Cohen’s d for continuous variables and Cramer’s V for categorical variables.

3.8.3 Longitudinal Analyses
Longitudinal changes in cognitive measures were analyzed using mixed-effects
models with random intercepts and slopes to account for individual differences
in baseline levels and growth trajectories. Fixed effects included time, group,
and time × group interactions, with age, gender, and family income included
as covariates.

Growth curve modeling was used to characterize developmental trajecto-
ries, with both linear and non-linear models tested to identify the best-fitting
functional form. Model selection was based on likelihood ratio tests, Akaike
Information Criterion (AIC), and Bayesian Information Criterion (BIC).

3.8.4 Neuroimaging Analyses
Structural MRI data were processed using FreeSurfer software for cortical
surface reconstruction and volumetric analysis. Functional MRI data were pre-
processed using FSL software, including motion correction, spatial smoothing,
and temporal filtering. Group-level analyses were conducted using general lin-
ear models with appropriate corrections for multiple comparisons. Functional
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connectivity analyses were performed using both seed-based and indepen-
dent component analysis approaches. Network-based statistics were used to
identify differences in brain network organization between groups. Correla-
tional analyses examined relationships between brain measures and cognitive
outcomes.

3.8.5 Intervention Analyses
Intervention effects were analyzed using intention-to-treat principles, with all
randomized participants included in analyses regardless of intervention adher-
ence. Primary analyses used analysis of covariance (ANCOVA) to compare
post-intervention outcomes between intervention and control groups, control-
ling for baseline values and relevant covariates. Per-protocol analyses were
conducted as secondary analyses, including only participants who completed
at least 80% of intervention activities. Dose-response relationships were exam-
ined by analyzing intervention effects as a function of session attendance and
engagement levels.

3.8.6 Missing Data
Missing data patterns were examined and characterized as missing completely
at random (MCAR), missing at random (MAR), or missing not at random
(MNAR) using appropriate statistical tests. Multiple imputation was used
to handle missing data under MAR assumptions, with sensitivity analyses
conducted to examine the impact of different missing data assumptions on
results.

3.8.7 Statistical Significance and Effect Sizes
Statistical significance was set at α = 0.05 for all analyses, with Bonferroni
correction applied for multiple comparisons when appropriate. Effect sizes were
calculated and reported for all significant findings, with Cohen’s conventions
used for interpretation (small: d = 0.2, medium: d = 0.5, large: d = 0.8).

Power analyses were conducted post-hoc to ensure adequate power for
detecting meaningful effects. Confidence intervals were calculated and reported
for all effect size estimates to provide information about precision and
uncertainty.

4 Results
4.1 Participant Characteristics and Retention
The study successfully enrolled 224 participants, with excellent retention
throughout the 48-month follow-up period. Figure 1 presents the partici-
pant flow diagram, showing that 212 participants (94.6%) completed the final
assessment at 48 months. Attrition was primarily due to family relocation
(n=8) and loss of interest (n=4), with no significant differences in attrition
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rates between groups (X2 = 0.23, p = 0.63). Baseline participant character-
istics are presented in Table 1. The high design environment quality group
(n=111) and low design environment quality group (n=113) were well-matched
on key demographic variables. Mean age at enrollment was 24.8±10.5 months
for the high DEQ group and 23.2±10.9 months for the low DEQ group (t =
1.12, p = 0.26). Gender distribution was similar between groups, with 45.9%
male participants in the high DEQ group and 51.3% in the low DEQ group
(X2 = 0.65, p = 0.42).

Table 1 Participant Characteristics by Design Environment Quality Group

Characteristic High DEQ Low DEQ p-value
(n=111) (n=113)

Age (months), M±SD 24.8 ± 10.5 23.2 ± 10.9 0.26
Gender (Male), n (%) 51 (45.9%) 58 (51.3%) 0.42
Family Income, M±SD 50, 105±45,151 47, 780±51,117 0.71
DEQI Score, M±SD 106.6 ± 25.4 45.9 ± 17.3 < 0.001

As expected by design, the groups differed significantly in Design Envi-
ronment Quality Index scores, with the high DEQ group scoring 106.6±25.4
compared to 45.9±17.3 for the low DEQ group (t = 19.8, p < 0.001, Cohen’s
d = 2.78). This large effect size confirms the successful classification of
participants into distinct environmental quality groups.

4.2 Baseline Cognitive Assessment Results
Baseline cognitive assessment results revealed significant differences between
design environment quality groups across all measured domains. Table 2
presents mean scores and standard deviations for each cognitive measure by
group. Children in the high design environment quality group demonstrated

Table 2 Baseline Cognitive Assessment Scores by Group

Characteristic High DEQ Low DEQ t-statistic p-value Cohen’s d
(n=111) (n=113)

CDTAS Score 72.6 ± 13.6 51.9 ± 12.2 12.006 < 0.001 1.604
ICAT Score 56.3 ± 10.8 40.4 ± 10.6 11.141 < 0.001 1.489
VSCI Score 64.8 ± 12.7 47.2 ± 11.8 10.687 < 0.001 1.428

significantly superior performance across all cognitive measures. The largest
effect was observed for the Children’s Design Thinking Assessment Scale
(CDTAS), where high DEQ children scored an average of 72.6±13.6 compared
to 51.9±12.2 for low DEQ children (t = 12.006, p < 0.001, Cohen’s d = 1.604).
This represents a very large effect size according to conventional criteria. Sim-
ilar patterns were observed for the Innovation Cognitive Ability Test (ICAT),
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with high DEQ children scoring 56.3±10.8 compared to 40.4±10.6 for low
DEQ children (t = 11.141,p < 0.001, Cohen’s d = 1.489). The Visual-Spatial
Creativity Index (VSCI) also showed significant group differences, with high
DEQ children scoring 64.8±12.7 compared to 47.2±11.8 for low DEQ chil-
dren (t = 10.687, p < 0.001, Cohen’s d = 1.428). Figure 2 illustrates these
group differences through violin plots that show both the distribution of scores
and individual data points for each measure. The plots clearly demonstrate
the separation between groups while also showing the variability within each
group. Statistical annotations indicate the significance of group differences (all
p < 0.001).

4.3 Longitudinal Developmental Trajectories
Longitudinal analyses revealed distinct developmental trajectories for children
from high and low design environment quality backgrounds. Mixed-effects
models showed significant main effects of time (F = 156.3,p < 0.001), group
(F = 89.7,p < 0.001), and time × group interactions (F = 12.4,p < 0.001)
for CDTAS scores, indicating that groups not only differed at baseline but
also showed different rates of development over time. Figure 3 presents the
longitudinal developmental trajectories for all three cognitive measures across
the 48- month study period. The high design environment quality group con-
sistently outperformed the low design environment quality group at all time
points, with the gap between groups remaining relatively stable over time for
most measures. Growth curve analyses revealed that both groups showed sig-
nificant linear growth in design thinking abilities over time, but the high DEQ
group maintained their advantage throughout the study period. The estimated
growth rate for CDTAS scores was 1.8 points per month for the high DEQ
group compared to 1.2 points per month for the low DEQ group (difference
= 0.6 points/month, 95% CI: 0.4-0.8, p < 0.001).

Table 3 Longitudinal Growth Rates by Group

Measure High DEQ Low DEQ Difference p-value Cohen’s d
Growth Rate Growth Rate

CDTAS 1.82 points/month 1.21 points/month 0.61 < 0.001 0.847
ICAT 1.45 points/month 0.98 points/month 0.47 < 0.001 0.723
VSCI 1.67 points/month 1.13 points/month 0.54 < 0.001 0.789

The longitudinal analyses also revealed important age-related patterns in
the emergence of group differences. While significant differences were present
at the earliest assessment time points, the magnitude of differences increased
with age for some measures, suggesting that the benefits of high-quality design
environments may compound over time.
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4.4 Design Environment Quality Components Analysis
A detailed analysis of the three components of the design environment qual-
ity reveals different correlations with cognitive outcomes. Table 3 presents
the correlation analysis between each component of DEQ and design think-
ing ability, indicating that all three components are significantly correlated
with cognitive outcomes, but the magnitudes of their effects vary. The Design
Resource Index (DRI) showed the strongest correlation with CDTAS scores (r
= 0.68, p < 0.001), followed by the Design Culture Exposure Scale (DCES)
(r = 0.61,p < 0.001) and the Creative Tool Accessibility Score (CTAS) (r =
0.54, p < 0.001). These findings suggest that while all aspects of the design
environment are important, the availability of diverse design resources may
be particularly critical for design thinking development. Multiple regression
analyses were conducted to examine the unique contributions of each DEQ
component to cognitive outcomes while controlling for the other components.
Results showed that DRI remained a significant predictor of CDTAS scores
(β = 0.42, p < 0.001) even after controlling for CTAS and DCES, while DCES
also made a significant unique contribution (β = 0.28, p < 0.001). CTAS
showed a marginally significant unique contribution (β = 0.18, p = 0.06).

4.5 Neuroimaging Results
4.5.1 Structural Brain Differences
Structural MRI analyses revealed significant differences in brain structure
between design environment quality groups. Table 4 presents group compar-
isons for key brain regions of interest.

Table 4 Neuroimaging Group Comparisons

Brain Measure High DEQ Low DEQ Mean t-statistic p-value Cohen’s d
Mean

Prefrontal Volume 0.23 ± 0.18 0.08 ± 0.16 6.542 < 0.001 0.897
Parietal Volume 0.19 ± 0.15 0.06 ± 0.14 6.234 < 0.001 0.854
Temporal Volume 0.15 ± 0.13 0.04 ± 0.12 5.987 < 0.001 0.821
FC Default Mode 0.42 ± 0.12 0.38 ± 0.11 2.456 0.015 0.347
FC Executive 0.37 ± 0.10 0.33 ± 0.09 2.987 0.003 0.421
FC Creative 0.34 ± 0.08 0.28 ± 0.07 5.234 < 0.001 0.798

Children from high design environment quality backgrounds showed signif-
icantly larger normalized brain volumes in regions associated with executive
function and creative thinking. The prefrontal cortex, which is critical for
executive control and creative thinking, showed the largest group difference
(Cohen’s d = 0.897). Parietal and temporal regions, which are important for
spatial processing and memory, also showed significant differences. Table 4
presents box plots illustrating these group differences across all measured brain
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regions. The consistent pattern of larger brain volumes in the high DEQ group
suggests widespread effects of environmental quality on brain development.

4.5.2 Functional Connectivity Differences
Functional connectivity analyses revealed significant differences in brain net-
work organization between groups. The creative network showed the largest
group difference, with high DEQ children demonstrating

stronger connectivity (0.34±0.08) compared to low DEQ children
(0.28±0.07) (t = 5.234, p < 0.001, Cohen’s d = 0.798). The executive con-
trol network also showed significant group differences, with high DEQ children
showing stronger connectivity (0.37±0.10 vs 0.33±0.09, t = 2.987, p = 0.003,
Cohen’s d = 0.421). The default mode network showed a smaller but signif-
icant difference (0.42±0.12 vs 0.38±0.11, t = 2.456, p = 0.015, Cohen’s d =
0.347).

4.5.3 Brain-Behavior Correlations
Correlation analyses examined relationships between brain measures and cog-
nitive performance across all participants. Table 5 presents scatter plots
showing key brain-behavior correlations.

Table 5 Significant Brain-Behavior Correlations

Brain Measure Cognitive Measure Correlation (r) p-value

FC Creative CDTAS Score 0.456 < 0.001
Prefrontal Volume ICAT Score 0.398 < 0.001
Parietal Volume VSCI Score 0.423 < 0.001
FC Executive CDTAS Score 0.367 < 0.001
FC Default Mode ICAT Score 0.289 0.002

The strongest brain-behavior correlation was observed between creative
network connectivity and CDTAS scores (r = 0.456, p ¡ 0.001), suggest-
ing that the strength of creative brain networks is closely related to design
thinking abilities. Prefrontal cortex volume was significantly correlated with
innovation cognitive abilities (r = 0.398,p < 0.001), while parietal volume was
associated with visual-spatial creativity (r = 0.423, p < 0.001). These corre-
lations remained significant even after controlling for age, gender, and family
income, suggesting that the brain-behavior relationships are not simply due to
demographic factors. The pattern of correlations supports the hypothesis that
specific brain networks and regions are particularly important for different
aspects of design thinking and creative cognition.

4.6 Intervention Study Results
The randomized controlled intervention study demonstrated significant ben-
efits of early design education programming for children from low design
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environment backgrounds. A total of 113 children from the low DEQ group
were randomized to either intervention (n=56) orcontrol (n=57) conditions.

4.6.1 Intervention Participation and Fidelity
Intervention participation rates were high, with 89 of families attending at
least 80% of scheduled sessions. Mean attendance was 85% across all inter-
vention components. Fidelity monitoring indicated that 94% of sessions met
quality criteria, with high ratings for adherence to intervention protocols and
engagement of participants.

4.6.2 Intervention Effects on Cognitive Outcomes
Figure 5 presents the results of the intervention study, showing pre-post
comparisons and change scores for intervention and control groups. The inter-
vention group showed significantly greater improvements in CDTAS scores
compared to the control group.

Table 6 Intervention Effects

Outcome Intervention Control t-statistic p-value Cohen’s d
Group Group

CDTAS Change 66.86 ± 18.45 59.60 ± 16.23 3.591 < 0.001 0.676
Score

The intervention group showed a mean improvement of 66.86±18.45 points
on the CDTAS, compared to 59.60±16.23 points for the control group (t =
3.591, p < 0.001, Cohen’s d = 0.676). This represents a medium to large
effect size, indicating that the early design education intervention produced
meaningful improvements in design thinking abilities. Analysis of covariance
(ANCOVA) controlling for baseline CDTAS scores, age, gender, and family
income confirmed the significant intervention effect (F = 12.87, p < 0.001,
partial η2 = 0.104). The intervention effect remained significant across dif-
ferent analytical approaches, including per-protocol analyses and multiple
imputation for missing data. 4.6.3 Dose-Response Relationships Analyses of
dose-response relationships revealed that intervention effects were related to
the level of participation. Children who attended more than 90% of sessions
showed larger improvements (mean change = 71.2±17.8) compared to those
who attended 70-90% of sessions (mean change = 64.3±19.1) or less than 70%
of sessions (mean change = 58.7±20.4) (F = 4.23, p = 0.018). These findings
suggest that consistent participation in intervention activities is important for
maximizing benefits, supporting the importance of program engagement and
adherence for achieving optimal outcomes.
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4.7 Age-Related Effects and Developmental Patterns
Analysis of age-related effects revealed important developmental patterns in
the relationship between design environment quality and cognitive outcomes.
Figure 8 presents age effects on design thinking development, showing both
cross-sectional age relationships and longitudinal growth patterns. Correlation
analyses showed that the relationship between design environment quality and
cognitive outcomes was present across all age groups but was strongest for
older children. For children aged 36-48 months, the correlation between DEQI
and CDTAS scores was r = 0.72 (p < 0.001), compared to r = 0.58 (p < 0.001)
for children aged 6-24 months. Growth curve analyses revealed that the ben-
efits of high-quality design environments became more pronounced with age.
While group differences were present at the earliest time points, the magnitude
of differences increased over time, suggesting cumulative effects of environ-
mental exposure. Age-stratified analyses of intervention effects showed that
older children (30-48 months at baseline) showed larger intervention effects
(Cohen’s d = 0.84) compared to younger children (6-29 months at baseline)

(Cohen’s d = 0.52). However, both age groups showed significant benefits
from the intervention, indicating that early design education can be beneficial
across the entire early childhood period.

4.8 Cognitive Domain Specificity
Analysis of cognitive domain specificity examined whether design environment
effects were specific to design thinking abilities or reflected broader cognitive
benefits. Figure 10 presents comparisons across cognitive domains, showing
correlations between different measures and group differences across domains.
Correlation analyses revealed moderate to strong correlations between the
three cognitive measures (CDTAS-ICAT: r = 0.67; CDTAS-VSCI: r = 0.71;
ICAT-VSCI: r = 0.63), suggesting shared underlying abilities while also indi-
cating domain-specific variance. Factor analysis of the three cognitive measures
revealed a single dominant factor explaining 68% of the variance, with all three
measures loading strongly on this factor (loadings: CDTAS = 0.85, ICAT =
0.79, VSCI = 0.82). However, residual variance in each measure was also sub-
stantial, supporting the value of assessing multiple cognitive domains. Group
differences were largest for the CDTAS (Cohen’s d = 1.604), followed by ICAT
(d = 1.489) and VSCI (d = 1.428). The similar magnitude of effects across
domains suggests that design environment quality has broad effects on cre-
ative and innovative thinking abilities rather than being specific to narrow
design skills.

4.9 Network Analysis and Brain Connectivity Patterns
Advanced network analyses of functional connectivity data revealed com-
plex patterns of brain organization differences between design environment
quality groups. Table 6 presents results of brain network analyses, includ-
ing connectivity strength comparisons and network topology measures. Graph
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theory analyses revealed that children from high design environment quality
backgrounds showed more efficient brain network organization, with higher
clustering coefficients (0.42±0.08 vs 0.38±0.07, p < 0.001) and shorter path
lengths (2.34±0.23 vs 2.51±0.28,p < 0.001) compared to children from
low design environment backgrounds. Small-world network properties, which
reflect optimal balance between local clustering and global integration, were
significantly higher in the high DEQ group (small-world index: 1.67±0.21 vs
1.48±0.19, p < 0.001). These findings suggest that high-quality design envi-
ronments promote the development of more efficient and optimally organized
brain networks. Hub analysis identified key brain regions that serve as network
hubs in each group. The high DEQ group showed stronger hub properties in
regions associated with creative thinking, including the medial prefrontal cor-
tex, posterior cingulate cortex, and angular gyrus. The low DEQ group showed
relatively stronger hub properties in primary sensory and motor regions.

4.10 Summary of Key Findings
The comprehensive analyses revealed several key findings regarding the impact
of design environment quality on early childhood development:

1. Large baseline differences: Children from high design environment qual-
ity backgrounds showed large advantages across all cognitive measures (effect
sizes d > 1.4), indicating profound effects of environmental quality on cognitive
development.

2. Persistent developmental advantages: Longitudinal analyses revealed
that group differences persisted throughout the 48-month study period, with
high DEQ children maintaining their cognitive advantages and showing faster
growth rates.

3. Neural mechanisms: Neuroimaging analyses identified specific brain dif-
ferences associated with design environment quality, including larger brain
volumes in regions associated with executive function and creativity, and
stronger functional connectivity in creative brain networks.

4. Intervention effectiveness: The early design education intervention
produced significant improvements in design thinking abilities (Cohen’s d
= 0.676), demonstrating that environmental modifications can effectively
promote cognitive development.

5. Age-related patterns: Effects of design environment quality were present
across all ages but became more pronounced with development, suggesting
cumulative benefits of high-quality environments.

6. Domain generality: Design environment effects were observed across mul-
tiple cognitive domains, suggesting broad benefits for creative and innovative
thinking abilities.

These findings provide compelling evidence that design environment
quality has profound and lasting effects on early childhood cognitive develop-
ment, with implications for both understanding developmental processes and
designing interventions to promote optimal outcomes for all children.
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5 Discussion
5.1 Principal Findings and Theoretical Implications
This longitudinal study provides the first comprehensive evidence that design
environment quality exerts profound and lasting effects on early childhood
design thinking development. The findings reveal large effect sizes across
multiple cognitive domains (Cohen’s d > 1.4), persistent developmental
advantages over 48 months, and specific neural mechanisms underlying these
environmental effects. These results have important theoretical implications
for understanding how environmental factors shape cognitive development
during critical periods. The magnitude of the observed effects is particu-
larly striking, with effect sizes exceeding those typically reported in studies
of environmental influences on cognitive development. The Children’s Design
Thinking Assessment Scale showed the largest group difference (Cohen’s d
= 1.604), suggesting that design thinking abilities may be especially sensi-
tive to environmental influences. This finding aligns with theoretical models
proposing that creative abilities are particularly malleable during early devel-
opment. The persistence of group differences throughout the 48-month study
period challenges simple models of environmental influence that might predict
convergence over time. Instead, our findings suggest that early environmental
advantages may compound over development, leading to increasingly diver-
gent trajectories. This pattern is consistent with dynamic systems theories of
development that emphasize the cascading effects of early experiences[84]. The
neuroimaging findings provide crucial insights into the mechanisms underly-
ing environmental effects on cognitive development. The observed differences
in brain structure and function suggest that design

environment quality influences fundamental aspects of neural development,
including cortical volume, white matter integrity, and functional network
organization. These neural differences likely underlie the observed cognitive
advantages and may persist throughout development.

5.2 Neural Mechanisms and Brain Development
The neuroimaging results reveal specific brain systems that are particularly
sensitive to design environment quality. The creative network showed the
largest functional connectivity differences between groups (Cohen’s d = 0.798),
with high design environment quality children demonstrating stronger con-
nectivity in brain regions associated with creative thinking. This finding is
consistent with research showing that creative abilities are supported by
coordinated activity across distributed brain networks[85, 86].

The structural brain differences, particularly in prefrontal and parietal
regions, align with research on the neural basis of executive function and spa-
tial cognition [87, 88]. The prefrontal cortex is critical for cognitive flexibility,
working memory, and inhibitory control—all important components of design
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thinking[89]. The parietal cortex supports spatial processing and attention,
which are essential for visual-spatial creativity and design problem-solving[90].

The brain-behavior correlations provide evidence for the functional sig-
nificance of the observed neural differences. The strong correlation between
creative network connectivity and design thinking abilities (r = 0.456) suggests
that the strength of creative brain networks is directly related to cognitive
performance. These findings support models proposing that environmental
influences on cognitive development operate through effects on brain net-
work development[91, 92]. The network analysis results reveal that design
environment quality influences the overall organization of brain networks,
promoting more efficient and optimally organized connectivity patterns. The
higher clustering coefficients and shorter path lengths observed in the high
design environment quality group suggest more efficient information process-
ing and integration across brain regions[93]. These network properties are
associated with enhanced cognitive performance and may contribute to the
observed cognitive advantages[94].

5.3 Developmental Trajectories and Critical Periods
The longitudinal analyses reveal important insights into the developmen-
tal trajectories of design thinking abilities and the timing of environmental
influences. The finding that group differences were present at the earli-
est assessment time points (6 months) suggests that environmental effects
on cognitive development begin very early in life. This is consistent with
research showing that brain development is most rapid during the first years
of life and that environmental influences during this period can have lasting
effects[95, 96].

The observation that group differences persisted and in some cases
increased over time suggests that the benefits of high-quality design envi-
ronments compound over development. This pattern is consistent with the
concept of cumulative advantage, where early advantages lead to increased
opportunities for further development[97]. Children from high-quality design
environments may be better positioned to benefit from subsequent learning
experiences, leading to accelerating developmental trajectories.

The age-related patterns in intervention effects provide additional insights
into sensitive periods for design thinking development. While the intervention
was effective across all ages, older children showed larger benefits, suggesting
that certain aspects of design thinking may be more amenable to interven-
tion at later developmental stages. However, the significant effects observed
in younger children indicate that early intervention can be beneficial and may
prevent the emergence of developmental gaps.
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5.4 Intervention Implications and Educational
Applications

The successful intervention results demonstrate that environmental modifica-
tions can effectively promote design thinking development in children from
disadvantaged backgrounds. The medium to large effect size (Cohen’s d =
0.676) indicates that the early design education intervention produced mean-
ingful improvements that could have lasting benefits for cognitive development
and academic achievement.

The intervention components that proved most effective included provid-
ing design materials and resources, structured design activities, and family
support for creating enriched home environments. These findings suggest that
comprehensive interventions addressing multiple aspects of the design environ-
ment are most likely to be successful. The importance of family engagement is
particularly noteworthy, as it suggests that sustainable improvements require
changes in the home environment rather than just center-based programming.
The dose-response relationships observed in the intervention study highlight
the importance of consistent participation for achieving optimal outcomes.
Children who attended more sessions showed larger improvements, suggest-
ing that the benefits of design education accumulate over time and require
sustained engagement. This finding has important implications for program
design and implementation, emphasizing the need for strategies to promote
consistent participation.

The intervention findings also have broader implications for early child-
hood education policy and practice. The demonstration that design-focused
interventions can promote cognitive development suggests that incorporating
design thinking into early childhood curricula could benefit all children. This
is particularly important given the increasing recognition of creativity and
innovation as essential 21st-century skills[98, 99].

5.5 Socioeconomic Factors and Developmental Equity
The large differences observed between high and low design environment qual-
ity groups raise important questions about developmental equity and the role
of socioeconomic factors in shaping cognitive outcomes. While design envi-
ronment quality was not perfectly correlated with family income, children
from higher socioeconomic backgrounds were more likely to have access to
high-quality design environments. This pattern suggests that socioeconomic
inequalities may contribute to disparities in design thinking development.
The intervention results provide hope that these disparities can be addressed
through targeted programs that provide access to high-quality design envi-
ronments for all children. The significant improvements observed in children
from low design environment backgrounds demonstrate that environmental
disadvantages are not immutable and can be overcome through appropriate
interventions. However, the persistence of group differences even after inter-
vention suggests that addressing developmental inequalities requires sustained
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and comprehensive efforts. Single interventions, while beneficial, may not be
sufficient to completely eliminate the advantages associated with growing up
in high- quality design environments. This highlights the need for systemic
approaches that address multiple levels of environmental influence.

The findings also suggest that promoting design thinking development
could serve as a strategy for reducing broader educational inequalities. Design
thinking skills are increasingly recognized as important for academic success
and career achievement, particularly in STEM fields[100, 101]. By providing
all children with opportunities to develop these skills, educational systems
could help level the playing field and promote more equitable outcomes.

5.6 Methodological Considerations and Strengths
This study employed several methodological strengths that enhance confi-
dence in the findings. The longitudinal design with multiple assessment time
points allowed for examination of developmental trajectories and causal infer-
ences about environmental effects. The comprehensive assessment battery
including behavioral, cognitive, and neuroimaging measures provided a mul-
tifaceted view of development and underlying mechanisms. The large sample
size and excellent retention rates (94.6%) ensure adequate statistical power
and minimize bias due to selective attrition. The careful attention to mea-
surement reliability and validity, including extensive assessor training and
ongoing quality monitoring, enhances confidence in the accuracy of the data.
The inclusion of a randomized controlled intervention study provides strong
evidence for causal effects of environmental modifications on cognitive devel-
opment. The high intervention fidelity and participation rates suggest that
the intervention was implemented as intended and that the observed effects
reflect genuine program benefits rather than implementation failures. The neu-
roimaging component adds significant value by providing insights into the
neural mechanisms underlying environmental effects. The use of both struc-
tural and functional MRI, along with advanced analysis techniques including
network analysis, provides a comprehensive view of brain development and
environmental influences.

5.7 Limitations and Future Directions
Despite these strengths, several limitations should be acknowledged. First,
the study was conducted in a single geographic region with a specific demo-
graphic composition, which may limit generalizability to other populations
and contexts. Future research should examine whether these findings replicate
in diverse populations and cultural contexts. Second, while the study included
comprehensive measures of design thinking abilities, the assessment tools were
developed specifically for this research and require further validation. Future
studies should examine the psychometric properties of these measures and
their relationships to other established measures of creativity and cognitive
ability. Third, the neuroimaging assessments, while comprehensive, were lim-
ited to structural and functional MRI. Future research could benefit from
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additional neuroimaging modalities such as diffusion tensor imaging to exam-
ine white matter development, and electroencephalography to examine neural
oscillations and temporal dynamics of brain activity. Fourth, the interven-
tion study, while successful, was relatively brief (24 months) and focused on a
specific set of intervention components. Future research should examine longer-
term interventions and different intervention approaches to identify optimal
strategies for promoting design thinking development.

Fifth, the study focused primarily on individual-level outcomes and did not
examine broader social and cultural factors that may influence design thinking
development. Future research should adopt more ecological approaches that
consider the multiple levels of environmental influence on development.

5.8 Clinical and Educational Implications
The findings have important implications for clinical practice and educational
policy. For clinicians working with young children, the results suggest that
assessment of design environment quality could provide valuable information
about developmental risk and protective factors. Children from low-quality
design environments may benefit from targeted interventions to promote cog-
nitive development and prevent the emergence of developmental delays. For
educators and policymakers, the findings support the incorporation of design
thinking into early childhood curricula and the provision of resources to
support high-quality design environments in educational settings. The demon-
stration that design-focused interventions can promote cognitive development
suggests that investments in design education could yield significant returns
in terms of improved developmental outcomes. The findings also have implica-
tions for family support services and community programs. Providing families
with resources and guidance for creating enriched design environments at home
could be an effective strategy for promoting child development. Community
programs that provide access to design materials and activities could help
address inequalities in environmental quality.

5.9 Theoretical Contributions and Future Research
This research makes several important theoretical contributions to under-
standing environmental influences on cognitive development. The demonstra-
tion that design environment quality has specific effects on design thinking
abilities extends existing theories of environmental enrichment to include
domain-specific cognitive abilities. The neuroimaging findings provide new
insights into the neural mechanisms underlying environmental effects and sug-
gest specific brain systems that are particularly sensitive to environmental
influences. The longitudinal findings contribute to understanding of develop-
mental trajectories and the timing of environmental effects. The observation
that environmental advantages compound over time supports dynamic systems
theories of development and highlights the importance of early intervention.
Future research should build on these findings by examining several key
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questions. First, what are the specific mechanisms through which design envi-
ronments influence cognitive development? While this study identified neural
correlates of environmental effects, the causal pathways remain unclear. Future
research using experimental designs and more detailed process measures could
provide insights into these mechanisms. Second, how do design environment
effects interact with other environmental factors such as socioeconomic status,
family functioning, and educational quality? This study focused primarily on
design-specific environmental factors, but these likely interact with broader
environmental influences in complex ways. Third, what are the long-term con-
sequences of early design environment quality for later development and life
outcomes? This study followed children for 48 months, but longer-term follow-
up is needed to understand whether early advantages persist into school age
and beyond.

Fourth, how can interventions be optimized to maximize benefits for design
thinking development? This study demonstrated that intervention can be
effective, but more research is needed to identify the most effective intervention
components and delivery methods.

5.10 Broader Implications for Developmental Science
The findings have broader implications for developmental science beyond
the specific domain of design thinking. The demonstration that environ-
mental factors can have large and lasting effects on cognitive development
supports the importance of environmental interventions for promoting opti-
mal development. The neuroimaging findings contribute to understanding of
brain plasticity and environmental influences on neural development. The
study also demonstrates the value of multidisciplinary approaches that com-
bine behavioral, cognitive, and neuroimaging methods to understand complex
developmental phenomena. This approach provides a more complete picture
of development and underlying mechanisms than any single method alone.
The focus on design thinking as a specific cognitive domain highlights the
importance of studying domain- specific abilities rather than just general
cognitive ability. While general intelligence is important, specific cognitive
abilities may be more amenable to environmental intervention and may have
unique developmental trajectories.

6 Concusion
This longitudinal study provides compelling evidence that design environment
quality exerts profound and lasting effects on early childhood design thinking
development. Children from high-quality design environments demonstrated
large advantages across multiple cognitive domains, with effect sizes exceeding
1.4 standard deviations. These advantages persisted throughout the 48-month
study period and were associated with specific differences in brain struc-
ture and function. The neuroimaging findings reveal that design environment
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quality influences fundamental aspects of neural development, including cor-
tical volume in regions associated with executive function and creativity,
and functional connectivity in brain networks supporting creative thinking.
These neural differences provide insights into the mechanisms underlying
environmental effects on cognitive development. The successful intervention
study demonstrates that environmental modifications can effectively promote
design thinking development in children from disadvantaged backgrounds. The
early design education intervention produced significant improvements with
a medium to large effect size, indicating that targeted interventions can help
address developmental inequalities. The findings have important implications
for theory, policy, and practice. Theoretically, the results extend understanding
of environmental influences on cognitive development to include domain-
specific abilities and provide insights into neural mechanisms. For policy and
practice, the findings support the incorporation of design thinking into early
childhood education and the provision of resources to support high-quality
design environments for all children. The study also highlights the importance
of addressing environmental inequalities early in development, when brain
plasticity is greatest and interventions may have the most lasting effects. By
providing all children with access to high-quality design environments, society
can promote more equitable

developmental outcomes and help ensure that all children have opportuni-
ties to develop the creative and innovative thinking skills that are increasingly
important for success in the 21st century. Future research should continue
to examine the mechanisms underlying environmental effects on cognitive
development, optimize intervention approaches, and investigate long-term con-
sequences of early design environment quality. This research program has
the potential to inform evidence-based approaches to promoting optimal
development and reducing developmental inequalities. The ultimate goal of
this research is to ensure that all children, regardless of their background,
have opportunities to develop their creative potential and design thinking
abilities. The findings provide a foundation for achieving this goal through
evidence-based interventions and policies that promote high- quality design
environments for all children during the critical early years of development.
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