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Abstract

Increasing children’s physical activity at school is a national focus in the U.S. to address
childhood obesity. While research has demonstrated associations between aspects of
school environments and students’ physical activity, the literature currently lacks a synthe-
sis of evidence to serve as a practical, spatially-organized resource for school designers
and decision-makers, as well as to point to pertinent research opportunities. This paper
describes the development of a new practical tool: Physical Activity Design Guidelines for
School Architecture. Its aims are to provide architects and designers, as well as school
planners, educators, and public health professionals, with strategies for making K-12 school
environments conducive to healthy physical activity, and to engage scientists in transdisci-
plinary perspectives toward improved knowledge of the school environment’s impact. We
used a qualitative review process to develop evidence-based and theory-driven school
design guidelines that promote increased physical activity among students. The design
guidelines include specific strategies in 10 school design domains. Implementation of the
guidelines is expected to enable students to adopt healthier physical activity behaviors. The
tool bridges a translational gap between research and environmental design practice, and
may contribute to setting new industry and education standards.

Introduction

Physical activity (PA), health, mental alertness, and quality of life are closely interconnected,
and the human body needs regular PA in order to function optimally. Evidence is emerging as
to the association between children’s PA and academic achievement [1-3], and a substantial
body of literature has demonstrated associations between children’s PA and current and
tuture health status, including obesity and related diseases [4]. In the U.S., childhood obesity
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prevalence tripled between 1980 and 2000 [5], with one-third of U.S. children and youth being
overweight or obese today [6]. Concomitantly, few children achieve the current U.S. recom-
mended minimum of 60 minutes per day of moderate to vigorous physical activity (MVPA)
[7-9].

In recent years, research on childhood obesity has increasingly focused on transdisciplinary
approaches [10], and ecological models with environmental correlates [11], as individually-
focused prevention and treatment efforts promoting activity and dietary behavioral change
have been difficult to sustain and have had relatively little population-level impact [12,13].

In public health, the built environment has been conceptualized to contain environmental
domains—physical, legal, policy, social and cultural—that influence health-related behaviors
[14-16]. Theories from several fields of inquiry—including proxemics, architectural theory,
environmental psychology, and behavioral geography—have posited that the physical or ‘built’
environment and human behaviors are interrelated, and that physical and social environments
are intrinsically linked [17-22]. In addition, social theories have contributed concepts, such as
observational learning and environmental determinism, which posit that people can learn new
behaviors via exposure to modeling and to environmental change [23,24], and that social struc-
ture and human action are interdependent in time and space [25]. Building upon theoretical
notions of environment-behavior relationships, studies have focused on the relationships
between children’s PA and neighborhood environment characteristics [26], as well as the
school classroom environment’s impact on teacher and student behaviors and psychosocial
outcomes [27,28]. Past research has indicated that school settings have both direct and medi-
ated impact on learning and achievement outcomes [29,30], and a number of studies have
focused on connections between school environmental variables and student learning out-
comes [31-36].

Some scientists have suggested that the obesity epidemic is related to “chair-enticing envi-
ronments,” and have recommended policy changes to promote default PA in school, home and
work environments [37]. Interventions to reduce overall time in sedentary behaviors [38], as
well as to alter the manner of sedentary time accumulation may be important, as breaks in sed-
entary behavior have been positively associated with lower body mass index (BMI), and better
blood lipids and glucose tolerance [39]. In addition, research has shown that increases in
energy expended in everyday activities other than sports-type exercise can impact overall
energy balance and can provide protection against fat gain and obesity [40-42]. Environmental
design can potentially play a role in supporting such everyday activities.

Based upon associations between aspects of the built environment and health, many have
recommended built environment regulatory and non-regulatory policy strategies intended to
increase health-promoting behaviors. National and local initiatives are addressing the problem
of the U.S. populations’ physical inactivity: “Healthy and safe community environments” is
one of four major strategic directions of the National Prevention Strategy, focusing on trans-
forming community settings, including schools, to make healthy choices the “easy” choices.
National Prevention Strategy recommendations include integration of health criteria into deci-
sion-making across relevant sectors, identifying and implementing proven strategies, and
conducting research in areas where evidence is not clear [43]. The City of New York has imple-
mented Active Design Guidelines to promote active and healthy living among its residents
[44,45]. It has also worked with partners to develop safety strategies for active living [46], and
active living housing approaches [47]. The National Collaborative on Childhood Obesity
Research (NCCOR), in cooperation with the American Institute of Architects (AIA) and the U.
S. Green Building Council (USGBC), has recommended development of evidence-based guide-
lines for the building industry to promote PA [48]. In partnership with the City of New York,
the USGBC has also created a Leadership in Energy and Environmental Design (LEED) green
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building rating system pilot credit, “Design for Active Occupants,” [49] and is developing an
Active Design Index [50].

Schools have been consistently highlighted as important venues for policy-level decisions
that impact the health of youth [4,51-54]. A 2012 Institute of Medicine (IOM) report noted
that “[c]hildren spend up to half their waking hours in school. In an increasingly sedentary
world, schools therefore provide the best opportunity for a population-based approach for
increasing PA among the nation’s youth” [55]. Thus, increasing children’s PA in the school
environment is now a national priority to address childhood obesity. A 2013 IOM report fur-
ther emphasized the need to develop high-quality research on the influence of school design on
children’s PA and to embrace a “whole-of-school” approach to childhood obesity [4]. Research
has indicated that children were sedentary during 70% of class time, including PE class, and
that most children also remained sedentary during break and lunchtime [56], highlighting a
substantial opportunity to increase PA during the school day. Correlation between school-
based physical education (PE) curricula and overall student PA has been documented [57].
Moreover, studies have shown that emphasis of PA in the school curriculum more broadly, i.e.,
not just in PE class, was beneficial to students’ overall health, social well being, and academic
achievement [1,58].

Multi-component, evidence-based school PA interventions, often focusing on PE curricula
and including regular activity breaks and family strategies, have been most effective in children
[59], but the literature is not clear as to the direct, mediating, or modifying impacts of the built
or physical school environment in such interventions. Collaborative work in public health and
architecture has pointed to the potential for school design to play a substantial role in obesity
prevention [15,60]. However, while there is a growing body of research pertaining to PA-
related outcomes and the school physical environment, findings from this work have not been
consolidated with the intent of informing school design practice and research.

The billions spent annually in the U.S on public school construction, including new schools,
additions, and renovations [61], represent opportunities both to implement evidence-sup-
ported health-promoting school designs to reach diverse populations of children, and to
develop research opportunities that improve the evidence base. In order to leverage these
opportunities, designers and decision-makers need succinct and reliable resources from which
to draw, and scientists need to engage in influencing and evaluating the facility-related deci-
sions designers, school administrators, and school communities make.

The Healthy Eating Design Guidelines for School Architecture introduced design strategies in
school spatial domains to encourage healthy eating behaviors among school communities
[62,63]. Here we present a complementary practical synthesis of theory- and evidence-sup-
ported school design strategies, in 10 design domains, to promote healthy PA behaviors in
school communities. The aims of these Physical Activity Design Guidelines for School Architec-
ture are to serve both as a reference for current evidence-supported school design practice to
promote PA, and as a source for researchers to generate testable hypotheses for future studies
as to the impact of school designs on child and adolescent PA outcomes.

Methods
Literature Search

We conducted a comprehensive literature search encompassing K-12 school physical or ‘built’
designs and characteristics, and student PA-related outcomes. Our intention was not to deter-
mine or quantify a relationship between a pair of discreetly defined and measured variables,
but rather to cover the breadth of research that could have bearing on the development of a
translational tool to support both design practitioners and scientists wishing to build upon the
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evidence base informing PA-promoting school design. We searched the following databases:
PubMed/Medline, psycINFO, CINAHL, ERIC, Physical Education Index, Avery Index to
Architectural Periodicals, and Educational Administration Abstracts. In PubMed, we
employed Medical Subject Headings (MeSH) code, using the following search structure:
(Schools[mesh] OR school*) AND (“facility design and construction”[mesh] OR architecture
OR “environment design”[mesh] OR “city planning”[mesh] OR “school design” OR “building
design” OR “built environment”) AND (exercise[mesh] OR obesity/prevention and control
[mesh] OR “health promotion”[mesh] OR “physical activity”). In addition, we conducted a
title/abstract [tiab] search of PubMed. For databases not using MeSH, we used a somewhat
broader and more simplified keyword structure based on the above, so as to ensure compre-
hensive coverage of work pertaining to school physical environment variables and PA. Searches
included literature through June 2014. One abstract reference was subsequently updated when
the full-text article became available [64], and one study in review was subsequently published
as an abstract [65]. Additional pertinent references were identified from relevant knowledge
domains (e.g., environmental and social psychology, architectural theory, behavioral geogra-
phy), and in reference lists of individual sources.

We identified 422 unique sources as potentially relevant to the topic of designing K-12
schools to promote PA. We generally excluded sources that did not pertain to child or adoles-
cent populations, and schools and surrounding environments, unless the work pertained to
specific environmental variables or issues of relevance where similar focus on children’s PA
and K-12 schools was not available. We included a few studies of preschoolers aged 4 to 6
years, as this age range largely overlaps the age range for Kindergarten and 1* grade in the U.S.;
we did not include studies of preschoolers younger than age 4. We also included a few studies
in university and other buildings, where environmental variables were of interest, and K-12
school-based studies were not available. In particular, these studies addressed stair usage
mainly by adults in several stair intervention scenarios. In order to be inclusive of practice-
based outcomes-oriented thinking related to schools, we initially reviewed articles in the archi-
tectural literature focusing on learning outcomes in children. However, since these school-
related articles did not address PA, they were excluded from the final set of literature. We
included one study with the outcome of fat mass index that pertained to active commuting and
built environment associations, one study of learning outcomes that were related to school
physical environment features and concomitant student PA, and one study of walkability
around schools based upon neighborhood-level secondary data. Although we generally limited
the search to English-language articles, we included 2 relevant German studies that have not
been translated to English. Of 229 full-text sources assessed, we retained 184 for qualitative
review. For translation to the design guidelines, we focused on 77 sources that were empirical
studies or reviews of empirical work, and that pertained to physical environmental variables
that could potentially be designed by practitioners. (Fig 1)

Transdisciplinary Team and Development of Core Principles

We formed a core team of public health scientists and design practitioners based on the prem-
ise that neither group could adequately address development of health-promoting school envi-
ronments by working solely in disciplinary silos, and with a conviction that there would be
benefits to engaging in the challenges of transdisciplinary collaboration. Such challenges have
been discussed elsewhere [62]. The review team consisted of professionals in public health aca-
demics and practice, and in architectural and interior design, with one team member having
formal training in both design and public health research. Team members’ areas of expertise
included school architecture and the design of learning environments, the role of PA in healthy
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449 Records Identified through 31 Records Identified through
Database Searching Other Means

422 Records Remained
after Duplicates Removed

422 Records Screened 193 Records Excluded
for Relevance

45 Full-Text Sources Excluded
due to lack of focus on child/youth
229 Full-Text Sources populations, school environments
Assessed for Eligibility and physical activity, or related

l theory and perspectives

184 Sources Included
in Initial Qualitative Analysis

107 Sources
lacked focus on ‘designable’ variable(s)
or had no empirical component

77 Sources Considered in
Translation to Design Guidelines

Fig 1. Summary of Source Inclusion/Exclusion Process.

doi:10.1371/journal.pone.0132597.g001

childhood development, obesity prevention and intervention research, and designing healthy
communities. As a foundation for our intended development of school design guidelines, we
formulated a set of core principles as follows:

1. Maximize opportunities for PA (both unintentional and intentional) as part of the school
routine.

2. Consider school spaces and features as opportunities to promote children’s natural inclina-
tion to move, play, and explore.

3. Apply theory- and evidence-based behavioral science practice to enable the school commu-
nity to engage in higher levels of default PA.

4. Conceive and articulate school spaces as community assets, and identify nearby community
spaces as school assets, to multiply the benefits of school-based healthy PA initiatives.

5. Leverage inherent synergies with current trends in sustainable and universal design, which
respectively define good design based on sensitivity to environmental impacts, and accom-
modation of all user needs and perspectives.
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Review, Synthesis and Translation from Research Findings to the
Guidelines

We qualitatively analyzed literature sources to identify source/study types and designs, sample
characteristics, approaches and measures, and key findings. Then we engaged in an iterative
process of summarizing and synthesizing the findings, assessing relative strengths of evidence,
and considering how we might best translate evidence to a structure that would be of practical
use both to school designers and to scientists wishing to further knowledge as to health-pro-
moting school environments. We simultaneously asked the questions, “What does the evidence
tell us about designing schools to promote PA?” and “What do design practitioners need to
know to create schools that promote PA?” We found that the answers to the first question
often do not sufficiently answer the second question, supporting a need for both scientists and
designers to engage in the other group’s knowledge bases and perspectives. Our ‘translational’
efforts were thus bi-directional, intended not only to translate science to practice, but also to
bring practice perspectives to science.

We rated individual studies’ strength of evidence based on research designs and sampling
approaches at 3 levels: Strong, Moderate, or Preliminary:

o Strong evidence came from longitudinal cluster randomized or cluster matched controlled
trials with measures over time in more than one locale.

« Moderateevidence came from longitudinal approaches with smaller, single-site samples and
a comparison or control group, from cross-sectional designs with a large and/or random
sample, and reviews consolidating evidence from such studies.

o Preliminary evidence came from single-site longitudinal designs lacking a control or compar-
ison group, and from small pilot cross-sectional associational studies.

Correlates of and causal factors for PA addressed in this set of studies were wide-ranging,
sometimes addressed by more than one source, and in a few cases had conflicting results.
Therefore, we discussed strength of evidence for the identified environmental variables in
terms of their overall support based upon applicable studies.

Once we assessed relative evidentiary strengths, we re-conceptualized these relevant vari-
ables into spatially- oriented design domains developed with designers’ input as to their work
and decision processes. Typical phases in the building design process have been described
elsewhere [62]. Through this work, we considered our core principles, and when empirical
research did not definitively or specifically inform needed design knowledge, design best prac-
tice and theory-based pathways to impact were also considered as testable hypotheses. (Fig 2)

There were no human subjects in the research presented in this manuscript. The photo-
graphs included as illustrations were previously taken by others, are used with their permission,
and have been altered to protect all individual identities.

Results
Findings from Literature

A 2012 systematic review of literature pertaining to associations between school built environ-
ments and the outcome of childhood overweight and obesity (measured as BMI-percentile
weight status categories) found very few studies and determined that results were generally
inconclusive [66]. There was considerably more literature pertaining to broader PA-related
outcomes and the school built environment.

There are many evidence-based PA programs, and such programming in schools has pro-
duced increases in children’s time spent in MVPA [59,67], although evidence of impact on
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Fig 2. Process Diagram. We reviewed and analyzed literature on the school environment and physical activity to identify research findings and strength of
evidence. These findings were then synthesized and translated into a set of design guidelines including spatially-oriented domains and strategies, drawing
from best practice and theory where there were gaps in the empirical literature. The guidelines are intended to inform both current practice and collaborative
research opportunities that will improve the evidence base.

doi:10.1371/journal.pone.0132597.9002

weight status remains less clear [68,69]. For the most part, PA program evaluations have not
addressed physical school environment variables, but they generally support the need for ade-
quate school PE facilities for in-school and after-school programming, as well as classrooms
and other school spaces that can accommodate ample activity and movement among students
throughout class time and breaks. In addition, a number of studies have shown that children
who walked or cycled to school were more physically active than those who did not actively
commute [70-72], and that within-subject time spent in MVPA increased substantially with
walking to and from school vs. automobile transport [73]. Children’s independent mobility
[74] and active commuting to school have decreased dramatically over past decades [75], and
much attention has been paid to active commuting to school as a strategy to increase children’s
overall PA levels. Unfortunately, many school and surrounding neighborhood environments
have not been conducive to active commuting [76].

Although many of the reviewed studies identified social facilitators and barriers to PA, in
addition to physical environment PA correlates, the intentional focus of this review was the
physical ‘designed’ environment. It should be noted, though, that in the context of this litera-
ture, physical environment impacts on relevant social constructs are both theoretically plausi-
ble and likely, and social forces can potentially reinforce or diminish physical environment
influences. As examples, teacher presence on playgrounds [77], activity supervision [78], and
staff training [79] have been associated with higher MVPA among students, along with various
types of fixed and unfixed PA equipment. Here, the specific relationships between equipment
and social support were not delineated, but there was indication that teachers reinforced PA
opportunities created by elements of the physical environment.

We identified 77 empirical studies and literature reviews that addressed aspect(s) related to
school built environment design and students’ PA. This group of literature addressed a broad
array of macro- to micro-level school environment characteristics and their relationships to a
range of student PA-related measures. For the most part, based upon accepted epidemiological
standards, this work has not demonstrated definitive causal associations between school physi-
cal environment characteristics and children’s PA. Studies of the impact of environmental set-
tings on human outcomes have presented challenges in control of confounding variables, such
as self-selection and spillover effects [80], and it is generally not possible to randomize people
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to settings such as communities and schools [81]. However, a few studies have used cluster ran-
domized, controlled designs as an achievable alternative to the individual-level randomized
controlled trial (RCT).

The final set literature informing the design guidelines consisted of 57 (74.0%) cross-sec-
tional studies, 14 (18.2%) longitudinal designs, and 6 (7.8%) reviews. Of the cross-sectional
studies, 54 were quantitative, 1 used mixed methods, and 2 were solely qualitative. One of the
qualitative articles was a report of researchers’ observations while conducting a quantitative
study rather than a rigorous qualitative design. The mixed methods study and 46 quantitative
cross-sectional studies explored potential built environmental correlates of PA. Of the cross-
sectional studies, 5 explored the impact of physical environment interventions by comparing
different samples at 2 or more points in time. Cross-sectional study sample sizes ranged from
47 to 22,117 individuals. Of the intervention studies with longitudinal measures, 4 were cluster
randomized controlled trials, 4 were cluster matched controlled trials, 1 was an individually
matched trial, and 5 consisted of within-subject comparisons without randomization or a lon-
gitudinal control group. Longitudinal study sample sizes ranged from 9 to 1,465 individuals.

Both independent variable and explanatory built environmental variable definitions and
measures varied widely across these studies, precluding opportunities for meta-analyses. PA
measures were objectively measured with an instrument or a validated direct observation
method in 33 studies, and self- or parent-reported in 24 studies. Among the 25 studies with
instrument measures, devices included several types of accelerometers, energy expenditure-
measuring armbands, heart rate telemeters, GPS, infrared imagery, and pedometers. Some
studies converted raw observed or instrument measures to more clinically-relevant MVPA,
and some did not. Even among studies using accelerometers, there were variations in the out-
come measures analyzed, including activity counts per time unit, time spent in MVPA or
MET-weighted MVPA (MW-MVPA) and other PA intensity levels, and vector magnitude.
Other studies measured counts of active users at specified times in defined locations, or
assessed proxy reported travel data. See S1 Table for a summary of literature.

The following addresses school built environment PA determinants by relative strength of
evidence:

Strong to Moderate Evidence. Evidence from 6 studies was deemed strong based upon
the defined study design criteria. Of these, 5 focused on school playground interventions, and 1
addressed the student PA impact of school gardens. There was cross-sectional support for the
significance of some variables identified in these studies, and also a strong study design of a
playground intervention with null results.

Playground Markings and Equipment: A cluster-matched controlled trial at 8 schools in
Wales and England found that playgrounds painted with multicolor ground markings—
including details such as castles, clock faces, mazes, ladders, letter squares, hopscotch, and ani-
mals—increased children’s physical activity levels [82]. An Australian cross-sectional study at
23 primary schools showed that fixed play equipment and painted court and play-line mark-
ings were positively associated with MPA, while provision of loose equipment in the play-
ground was associated with more vigorous physical activity (VPA) [77]. A cluster-matched
trial at 26 elementary schools in 1 English city showed that playground improvements had sig-
nificant positive effects on physical activity levels; specifically, play areas were color-coded red
for sports, blue for multiple activities, and yellow for quiet play, and included corresponding
equipment [83]. A cluster RCT at 7 Belgian elementary schools demonstrated that provision of
game equipment during recess increased children’s MVPA [84]. However, another cluster
RCT at 40 Belgian public preschools found that introduction of play equipment and play-
ground markings did not impact MVPA [85].
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Playground Availability and Safety: Analysis of direct observation data from a cluster-
matched controlled trial at 2 New Orleans elementary schools showed that the number of chil-
dren outdoors and physically active was higher when the school playground was accessible and
had supervision, including after school hours. Based on a school-based survey, there was also a
decline in students’ sedentary activity with increased playground availability and safety [86]. In
a cross-sectional study, focused on adolescent girls, schools with accessible PA facilities outside
of school hours were associated with lower BMI but not with time in MVPA [87].

Presence of School Gardens: While a 2007 comprehensive review of research on school gar-
dens found equivocal evidence of school gardens’ impact on student PA [88], a recent cluster
RCT in 12 socio-economically and geographically diverse New York State elementary schools
showed that installation and use of school gardens induced higher levels of student school-time
PA [64].

Moderate Evidence. Studies with moderate evidentiary strength denoted other variables
related to school grounds.

Presence and Renovation of Schoolyard Playgrounds: The number of permanent play-
grounds in schools has been positively associated with MVPA in elementary school students
[89]. In a study of twenty urban schoolyards, no particular playground attribute was found to
be significantly associated with proportion of active playground users, while the total number
of play features and availability of shade were associated with higher utilization [90,91].
Another study evaluating the introduction of renovated schoolyard spaces at Denver schools
also found no impact of specific features, although overall utilization increased [92,93].

Outdoor PA Facilities: A study of 130 Norwegian schools showed that students at schools
with more outdoor activity facilities reported being significantly more active [94], and another
study found that students exhibited the highest levels of PA in an outdoor facility with a hand-
ball goal [95]. Positive association between number of active outdoor school facilities and
middle school girls’ PA has also been demonstrated [96]. Research on adolescents in 3 U.S.
metropolitan areas showed that built-in facilities on the school grounds (e.g., basketball hoops,
soccer goal posts, running/walking track) were positively associated with PA [97]. A study of
74 Texas public schools showed that students’ time in MVPA was greater in PE classes held
outdoors vs. indoors, generally supporting ample outdoor facilities in school environments
[98]. This result corroborated long-established knowledge that children tend to engage in more
PA in outdoor vs. indoor environments [99,100]. A UK study also found that the overall num-
ber of sports facilities provided at school was positively associated with PA [101],and a U.S.
study found association of after-school field accessibility with PA [57]. A California study at 24
schools showed that permanent facilities such as basketball hoops and courts, other sports
courts, baseball backstops, etc., along with supervision, were associated with more MVPA [78].
Students’ perceived higher importance of school-based PA facilities and equipment has also
been associated with higher PA [102], and provision of PA facilities with recess PA [103].

‘Nature’ in the Schoolyard: A Canadian study, based on a survey of teachers, parents, and
school administrators, suggested that school grounds should provide “adequate space, diverse
play opportunities, and interaction with natural elements” [104]. A subsequent study by some
of the same researchers found that green areas encouraged a high percentage of children
toward MPA, vs. a paved, stepped courtyard being associated with high levels of sedentary,
seated activity [105]. Another study indicated that schoolyards with ample trees and shrubbery
were associated with more PA [106]. Since green school grounds provide opportunities for a
greater range of physical activity than the more common asphalt or turf areas, they could play
arole in promoting physical activity in children with wide ranging preferences [105]. Support-
ing this notion was a study comparing PA in 2 independent samples of young children during
unstructured recess before and after a schoolyard intervention including a looping cycle path,
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increased open space in the playground, and a new grass hill. It found fewer sedentary intervals,
more intervals in light PA, and higher odds of MVPA in the intervention scenario [107]. The
authors recommended environmental changes supporting “novel movement experiences in
more expansive spaces” [107].

Schoolyard Surface Materials: Findings regarding surfacing materials were mixed. One
study found that both boys” and girls’ activity levels were higher in soft-surfaced vs. other areas
of schoolyards [93], while another study found that MPA was higher on hard-surfaced courts
[77]. A study focused on Australian 6™ graders showed that grassed surfaces were positively
associated with MVPA during recess, but not if shaded [108].

Other studies with moderate evidentiary strength identified PA relationships to school size
and PA facilities, and school proximity to other facilities.

School/Campus Size: Larger per student campus and school building areas have been posi-
tively associated with PA among students at 10 middle schools [109].

School Indoor PA Facilities: Research on children from disadvantaged backgrounds showed
that those attending a school with a gymnasium had more PE time per week than those attend-
ing schools without such a facility [110], and a study at 30 Canadian elementary schools
showed that students with interschool physical activity programming due to the schools’ lack
of adequate facilities engaged in less MVPA [111]. Earlier studies also supported associations
between availability of indoor PA facilities at schools and PA outcomes [112]. Some schools
have included a gymatorium, in addition to a gymnasium, and instead of a traditional audito-
rium; a gymatorium has a stage and seating that is flexible or on one side, and provides space
for PA when an auditorium is not needed [113]. A combination of recreational equipment and
staff training has produced increases in MVPA in elementary school students [79], indicating
that activity spaces allowing for active adult supervision may be important.

School Proximity to Other PA Facilities: In a study of adolescent girls, school proximity to
recreation facilities was associated with PA [114]. Another study, focused on 12™ graders,
found that those who attended schools with five or more physical activity facilities within a
0.75 mile buffer zone around the school were more physically active than those attending
schools with fewer than 5 nearby physical activity facilities [115].

Many have recommended focus to ensure active commuting to school is safe and conve-
nient [116], and 20 cross-sectional studies addressed active commuting as a means to improve
child and adolescent PA. Several inter-related school area environmental constructs emerged
from these studies.

Safety: Safety concerns of parents and/or students were major barriers to active commuting
[117-122], and Safe Route to School Program sites (created via funding for urban form and
safety improvements, such as installation or widening of bicycle lanes, sidewalks, and cross-
walks at and near schools) have been associated with higher walking and cycling commuting
compared to unimproved sites [123]. In the safety realm, lack of crossing lights [124] and high
traffic on the route to school [120,124] also have served as barriers to active commuting. A
qualitative study at schools in 7 U.S. states produced similar findings, identifying sidewalks,
crosswalks and crossing guards, and sense of personal safety as influential factors in active
commuting [125].

Population Density: Some studies noted differences in active commuting behaviors between
urban, suburban and rural children, with those in areas of higher population density generally
walking more [75,126-128], and those in rural locations more frequently driven to school by
parents [129]. Among girls, higher proportion of accessible open land and lower mix of land
uses around school were associated with higher fat mass index [130]. Policy recommendations
have included moving away from sprawling to more traditional neighborhood plans [131].
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Neighborhood Walkability: Several studies showed that neighborhood walkability, a con-
struct encompassing safety, land use, service access, density, and aesthetics, was significantly
associated with students’ active commuting [121,132-134]. Research has revealed economic
and ethnic disparities in neighborhood walkability [135]. But, while high walkability was asso-
ciated with more active commuting to school in high-income neighborhoods, it was not related
to active commuting in low-income neighborhoods [136]. Those with more active destinations
in the neighborhood and more places they enjoyed walking were more likely to commute
actively [118].

Distance to School: Studies have shown that distance to school was a barrier to active com-
muting [117,122], and that those who lived closer to school were more likely to commute
actively [118,127,134], in particular if they lived <800 meters from school [124]. In addition,
those living closer to school spent more time in MVPA [137]. A Belgian study determined cri-
terion active school commuting distances to be 1.5 kilometers for walking and 3.0 kilometers
for bicycling [138].

Connectivity of Route from Home to School: Lack of a direct route to school has been iden-
tified as a barrier to active commuting [117]. High route connectivity with low traffic volume
was positively associated with walking to school, while regular walking was less likely in areas
with high connectivity and high traffic [132]. Retrofitting neighborhoods with walking trails or
paths had an impact on neighborhood residents’ PA overall, but was not shown to increase stu-
dents’ active commuting to school in one study [139].

Moderate to Preliminary Evidence. Several studies with moderate and preliminary evi-
dence addressed elements of the school interior and classroom environments.

Open Interior Space and ‘Outside’ Elements: Traditional classrooms with rows of desks and
little room or opportunity to move have been the norm for some time in the U.S., but some
evidence supports redefining classroom design to support PA and other positive student out-
comes. A study of 40 students using within-subject PA measures in a Minnesota city tested the
impact of an activity-oriented, open, spacious school environment mimicking the appearance
of and called “The Neighborhood.” In this design, representations of environmental elements,
such as building facades and a street, were brought to the school interior. The study concluded
that children exposed sequentially to 3 distinct school interior environments were more physi-
cally active in “The Neighborhood” compared to a traditional school with rows of chairs and
desks in the classroom, and compared to a traditional school with stand-biased desks in the
classroom [140]. The study also demonstrated cross-sectionally that students in “The Neigh-
borhood” school were just as physically active as other similar students on summer vacation
[140].

Flexible ‘Moving’ Classroom: Another study compared students’ PA in ‘moving school’
classrooms at a German school vs. in traditional classrooms at a Belgian school with socio-
demographically similar students. The ‘moving’ classrooms were defined by moveable and
modular furniture, ample space for frequent and varied in-classroom navigation and move-
ment supported by an activity-promoting school social environment. Findings were that chil-
dren in the ‘moving’ classrooms were more physically active, and had better posture and lower
prevalence of back pain [141].

Stand-biased Desks: A small clustered RCT in 4 classrooms at 1 Texas school found that
exposure to stand-biased desks with stools significantly increased class-level energy expendi-
ture [142], and a related study using within-subject measures and no control group found that
students’ energy expenditure increased with use of stand-biased desks [143]. A qualitative arti-
cle about this stand-biased desk intervention reported that students’ focus and attention also
improved, and that students generally preferred to stand vs. sit [144]. With adjustments, these
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desks also supported variations in children’s anthropometry and postures [144], important
ergonomic considerations [34,145,146].

Dynamic Furniture: Scientists have argued that the design of a humane working space
should consider that bodies, especially growing bodies, are not meant to sit still for long periods
of time, and that furniture can support or hinder natural moving behaviors [2,147]. ‘Dynamic
furniture’ is designed to foster children’s natural physical movements, and includes pieces such
as ergonomic roll-swivel chairs with seat surfaces that move in three dimensions, adjusting to
subconscious body position changes and encouraging the body to change positions. Such seat-
ing has been shown to have a rhythmic and postural effect, activating the proprioceptive system
and improving circulation, raising body temperature [2,148], and improving learning out-
comes [2]. A small lab-based study found that children had significantly higher average
accelerometer-measured activity counts when using dynamic seating vs. traditional school fur-
niture, although impact on energy expenditure was not detected [65].

Several studies with moderate or preliminary evidentiary strength addressed stair use,
mostly among adults. Although stairs tend to be the primary routes of vertical circulation in
school environments, some school facilities offer navigation choices between stairs and other
routes. Especially among younger student populations, school navigation routes are led by
adult teachers, making adult choices potentially relevant.

Stair Spatial Variables: Several spatial variables have been associated with stair use in adults:
travel distance from stair to nearest entrance and elevator, occupant load of stair, accessibility
of stair, area of visual field from stair, number of turns required for travel from stair to closest
entrance, the most integrated path [149], as well as general stair visibility [150].

Stair Prompts: In a study of a clinic, an academic building, and a multi-story housing struc-
ture, stair use increased in all settings after posting of stair prompts; at the housing site, stair
use remained significantly higher than baseline nine months after the prompts were initially
posted [151]. In another study, a motivational component in elevators had no effect on stair
use, while the addition of a point-of-choice prompt had a significant effect, indicating that visi-
bility of a prompt at the time of choice encouraged behavior change [152]. In other studies,
stair motivational signage was associated with increased stair use [150,153]. A systematic
review recommended stair prompts as an evidence-based strategy for increasing stair use
[154]. Another review concluded that point-of-choice prompts encouraging stair use can work,
although the most effective messages and long-term impact have yet to be determined [155],
and others have noted that stronger evidence is desirable [156].

Stair Aesthetics: Use of aesthetic features such as artwork and music were shown to increase
use of existing stairs vs. elevators in a limited study in 1 university building [157]. In addition
to stair prompts, stair visibility and natural light in stairs have been positively associated with
stair use [150].

Preliminary Evidence. Work in public health and in human factors engineering has
begun to explore use of technologies beyond what is typically available in schools.

Mobile Technologies: Some emerging work has focused on leveraging social marketing in
youth PA programs [158], pointing to potential roles for school spaces and mobile and real-
time tracking technologies in schools, such as school-based dashboards [159] that could be
used to track PA program results in real-time.

Virtual Reality Environments: Recent work has leveraged a virtual reality environment in a
school-based PA program. This non-controlled, longitudinal study, called the “American
Horsepower Challenge,” produced preliminary evidence that design and integration of a virtual
reality environment within the school environment could play a role in increasing youth PA.
The program used technology to feed real-world step data from 1,465 middle school students
into a virtual designed environment where they could participate in an athletic competition.
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The virtual environment was intended to motivate all students, even those without particular
sports skills, to contribute to winning the competition for their school simply by walking and
moving, and participants’ pedometer-measured PA increased significantly over the course of
the school program [160].

Practice-Based Inputs

New York City’s Active Design Guidelines were oriented to the perspective of design and spatial
decision-making. Some relevant recommended practices applicable to schools and promotion
of PA included arranging the building’s program in consideration of the age of users; massing
building components in consideration of the scale and age of users and to enhance views of
outdoor spaces; providing visually appealing environments along navigation pathways; and
allowing for ample daylighting and views to the outdoors from navigation and other areas [45].

Current best practice recommends designing school classrooms to be large enough to
accommodate ample movement, to be flexible and mobile in layout to promote activity and
accommodate multiple learning and teaching styles, and to make fitness facilities visible (for
social modeling) and attractive to reinforce the idea that physical activity is desirable and fun
[161]. Architecture and design professionals tend to share and learn best practice via case stud-
ies and competitions, and sometimes these are published in architectural and educational jour-
nals. This work generally supports school designs that include natural lighting, ample room for
movement and flow, and shared community spaces [162]. A subset of the architectural litera-
ture on school design is sponsored by industry organizations focused on promoting specific
product use in school construction [163,164], highlighting a need for objective and reliable
resources for designers.

Physical Activity Design Guidelines for School Architecture

Children’s school-related PA has been conceptualized previously in categories of commuting
PA, recess PA, class PA, and overall PA [165], pointing to potential programmatic intervention
areas but not necessarily to built intervention opportunities. To create a tool oriented to the
school design process and evaluation of impact on PA outcomes, delineation of domains from
a design practice perspective was necessary. Findings from literature suggested that decisions
throughout the design process, from school siting, to types and placements of school buildings
and PA facilities, to furniture specifications, can be relevant to a health-promoting school.
Thus, we organized design strategies into spatially- and process-oriented ‘designable’ domains.

This practical tool, Physical Activity Design Guidelines for School Architecture, synthesizes
evidence and best practice into strategic actions designers can take in the interest of increasing
child and youth PA in and around school settings. The Guidelines are intended to be a refer-
ence for school designers, educators, and researchers that will evolve with further growth and
sophistication of the evidence base. Along with the strategies in each domain, relevant pub-
lished empirical and review studies are denoted, for those wishing to delve into the nuances of
particular studies’ findings, and relative alignments and disagreements. Drawing upon New
York City’s definitions and symbols for its Active Design Guidelines [65], we rated the substan-
tiality of research-supported evidence for each design strategy as follows:

%. Substantial Evidence—2 longitudinal studies or 5 cross-sectional studies supporting a
relationship between the school built environment strategy and PA.

v¢. Emerging Evidence—empirical research supporting the strategy exists, but is of a prelimi-
nary or pilot nature.
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¢. Best Practice—theoretical support and/or practice-based experiential support for the
strategy, but no formal evidence base.

The Guidelines appear in Table 1.

The 1** domain addresses school siting and connections to community. Its strategies are pri-
marily intended to support students’ active commuting to and from school. The 2™¢ domain,
building massing and programming, has not been addressed in the literature related to PA, but
it is an essential and substantial process in designing school environments. Therefore, these
strategies largely draw upon best practice, and they are intended to lead designers to consider
how massing and programming decisions could impact PA. The 3™ domain addresses school
indoor and outdoor fitness facilities, with evidentiary support for specific strategies ranging
from substantial empirical evidence to best practice. Empirical studies have pointed to a need
for adequate school spaces to integrate physical activity throughout the school day. Although
there are few empirical studies of PA directly addressing the 4™ domain, classroom design, the
strategies presented draw upon this work, as well as encourage spatial designs to accommodate
ample movement and activity breaks. Strategies for the 5™ domain, outdoor learning areas,
draw upon emerging work revealing the benefits of gardens and other outdoor spaces as active
learning environments. The 6™ domain, active play and leisure areas, draws upon emerging
evidence in playground design, and upon theory and best practice. Active navigation areas, the
7™ domain, draws upon empirical work along with best practice. The 8" domain, signage and
wayfinding, recommends using point-of-decision prompts for stairs and other school-based
PA opportunities. In addition, strategies suggest that wayfinding systems developed by design-
ers should encompass PA goals. Specifications for detached furniture are often developed by
individuals and/or groups distinct from those who develop the building plan and site, and
therefore these strategies are grouped into a 9™ domain. Current evidence indicates that
dynamic and stand-biased school furnishings could have a positive impact on students’ PA.
Finally, the 10™ domain, technology and virtual reality environments, builds on emerging
work in both public health and human factors engineering. These strategies are intended to
prompt school designers to consider potential health impacts of new technologies in the school
facility infrastructure, as well as to consider designing virtual environments as extensions of
the school educational environment.

Examples and Supplemental Illustrations

Many of the Guidelines have been put into practice at the Carter G. Woodson Education Com-
plex, a primary and elementary school in Buckingham County, Virginia, and at the Fridtjof
Nansen School in Hannover, Germany. Visual illustrations of implementations of several
design strategies are referenced in Table 1.

Discussion and Conclusion

The complex causal pathways between environmental factors and human behaviors such as
PA are not yet well understood [166,167], but, given need to improve PA behaviors across
numerous populations of children, the body of literature associating school environment fac-
tors to child and youth PA outcomes is substantial in size and growing. The overall strength of
this evidence base remains limited, and longitudinal research of clearly defined variables sup-
porting causal interpretations is warranted. Further explication of built environmental vari-
ables and measures, and their causal, mediating, or modifying roles in relation to PA, PA
programming, and social environmental variables is needed [96], and ecological models should
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Table 1. Physical Activity Design Guidelines for School Architecture.

Design Strategies
Domains

1 School Siting and Community Connectivity

> Consider locating new schools and/or renovating schools in
higher density neighborhoods where students live close to school
when possible

> Consider safe walking/cycling and public transportation access
in choosing school sites

> Structure built and natural elements on and around the school
site for variety and visibility that will be pedestrian-friendly and
pedestrian-safe

> Consider potential cultural, gender, and neighborhood
differences in perceptions of safety and aesthetics in potential
active commuting routes around schools

Connect to existing and/or planned community trail networks, and
locate schools near other community and recreational facilities
where possible

2 Building Massing and Programming

> Consider age-appropriate scale in massing of building
components

> Consider building connections and spatial patterning as
opportunities to promote physical activity

> Orient building to amplify outdoor views

> Mass and orient building to allow penetration of natural light from

most areas of the building interior

> Locate building functions to encourage bouts of walking
throughout the school day

> Provide convenient and secure covered bicycle storage on
school sites

> Provide community-use spaces that can accommodate healthy
community activities (e.g., local farmer’s market, active
participatory events)

Allow for ample school and grounds space per student
3 Smart Fitness Facilities
> Provide multiple and varied outdoor fitness facilities
> Include an indoor gymnasium, ideally with an indoor track and

ample space to support vigorous PA and PE curricula, especially in

locations with frequent inclement weather

> Provide a ‘gymatorium,’” in addition to a gymnasium, and instead

of a traditional auditorium; a gymatorium has a stage and seating

that is flexible or on one side, and provides space for PA when an

auditorium is not needed

> Create visibility of fitness and physical activity activities from
other parts of the school, such as navigation areas

> Locate fitness facilities such as gyms and pools centrally if
possible for access and visibility

> Incorporate dedicated interior spaces for a range of types of

fitness activities (e.g., smaller, quieter rooms for yoga, Tai chi, etc.

in addition to a large gymnasium)

> Include both soft-surfaced (e.g., soccer/footballs field), and hard-

surfaced (e.g., basketball and tennis courts) exterior sports areas

> As sites allow, include hiking and biking trails, and natural areas
> Design indoor and outdoor PA facilities to accommodate use of

both fixed and movable equipment

Relevant Literature

[75,117,120,126—
128,130,134,137]
[75,117,118,120—
126,132,133,136,138,139]
[105,132]

[119,120,127,129,135]

[114,115,139]

[109,128]

[78,87,94,97,101,102,112]
[78,87,94,97,101,102,112]

[96,101,112]

[104,107,139]
[77,83,89,104,105,107,176]

Evidence
Rating

*

* %

X

Supporting
Illustrations

S1 Fig

S2 Fig

S8 and S4 Figs

S5 Fig

(Continued)
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Table 1. (Continued)

Design Strategies Relevant Literature Evidence Supporting
Domains Rating Illustrations
> Design floor markings that can be used for numerous activities, [77,82] Ve S6 Fig

in addition to using standard court markings in gymnasiums and on
hard-surfaced outdoor courts; consider age-appropriateness for
types of markings

Incorporate natural lighting and outside views from interior facilities O
and provide visibility to outdoor facilities
4 Active Classrooms

> Provide ample room for children and teachers to move in and [140,141] Yo S7 Fig
around the classroom, supporting potential activity breaks, as well
as PA programs

> Design modular areas and learning hubs, including activity and o
reading nooks
> Provide a flexible classroom layout to allow for multiple and [140,141] e S8 Fig
changing configurations
> Allow space for student-defined learning areas o
> Provide easy access from classrooms to outdoor play and O
learning areas, especially for young children
> Provide active time-out space and equipment O
5 Outdoor Learning Areas
> Provide outdoor classroom spaces, with cover and/or shade as [94,98] e
appropriate for the local climate
> Locate outdoor classrooms adjacent to outdoor and natural O S9 Fig
learning opportunities
> Include gardens as learning and activity areas, in addition to [64,88,105,107] g
trails and natural areas
> Provide drinking fountains with good-tasting water in outdoor ¢
learning areas
Provide infrastructure (power, water, lighting) to support high O

utilization of outdoor classrooms and learning areas
6 Active Play and Leisure Areas

> Include both hard and soft surfaces, green or ‘natural’ areas, [77,104—107] *
and variations in sun and shade, to promote varieties of activity
and exploration of nature in outdoor playground areas

> Renovate and/or build playgrounds and break areas to include [77,84,89-93,95,103,104] * S10 and S11
fixed play equipment with age-appropriate challenge, and less Figs
structured space for use of portable equipment

> Include multi-color ground markings in playground areas to [82,83,85] e

delineate spaces for many types of activities

> Ensure sufficiently large interior play and gathering areas in O

regions with frequent inclement weather

> Provide drinking fountains with good-tasting water in play areas O

> Define arrangements to encourage active adult/supervisor [83,86,108,176] Yo

interactions with children in play, recess, and break areas
7 Active Navigation Areas

> Locate visually appealing stairs in prominent circulation areas [149,150,157] e S3 Fig

with natural lighting, and place elevators less conspicuously

> Provide alternate routes from place to place where possible O

>Provide variation and interest in views (indoor/outdoor) O

throughout navigation areas and pathways

Install features of interest that serve as ‘movement temptations’ in [140] Yo S12and S13
navigation areas to encourage physical interaction with built Figs

elements; possibly include elements typically found outdoors
(Continued)
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Table 1. (Continued)

Design
Domains

Strategies

8 Signage and Wayfinding

> Include signage with point of decision prompts for stair use and
other PA opportunities

> Develop a wayfinding system that addresses appropriate active
navigation (e.g., walking, running) throughout the school and
grounds

> Incorporate educational signage that encourages physical
activity, promotes its benefits, and is also age-appropriate and fun
> Use educational signage to prompt specific physical activity
opportunities, beyond stair use

Integrate educational signage and wayfinding graphics into the
learning curriculum, with potential for social marketing use

9 Furniture Specifications

> Specify dynamic furniture that is ergonomically appropriate for
age, and embraces children’s natural tendency to move and fidget

> Specify adjustable, stand-biased desks with stools, and modular
furniture, in classrooms

> Specify a variety of furniture to promote choice options and
changes in postures for group work, free work, individual work, etc.
> Specify furniture with casters to promote agile configurations
and novel settings

10 Mobile Technologies and Virtual Designed Environments

> Incorporate infrastructure for use of technology to promote
mobile learning and exploration, and opportunities for health-
oriented social marketing fostering PA motivation and competition
(e.g., support for school-based mobile devices, real-time feedback
dashboards, etc.)

Consider designing virtual reality spaces in conjunction with school
physical spaces to support PA across the student athletic ability
spectrum

Evidence Rating Key:
* Substantial Evidence = 2 longitudinal studies or 5 cross-sectional studies supporting a relationship between the school built environment strategy and

PA

* Emerging Evidence = empirical research supporting the strategy exists, but is of a preliminary or pilot nature

Relevant Literature

[150-156]

[2,65,141,148]

[142-144]

[160]

Evidence
Rating

*

o

¢ Best Practice = theoretical support and/or practice-based experiential support for the strategy, but no formal evidence base

(Rating system adopted from the City of New York’s Active Design Guidelines [45].)

doi:10.1371/journal.pone.0132597.t001

Supporting

lllustrations

S14 Fig

S15 Fig

S16 Fig

S6 Fig

incorporate context-specific PA and explanatory variable measures [168], as well as strive

toward measurement consistency.

One Danish cluster RCT of a multi-component school-based PA intervention—including

improvements such as upgrades of outdoor PA areas, construction of leisure areas for adoles-

cents, and improvements in active commuting safety—has reported positive school-time PA
effects, but no evidence of impact on students’ overall PA [169,170]. These authors noted that

the intervention might have been more successful with more focus on social influences. The

study findings raise questions as to the degrees, types, and combinations of built and social

environmental factors that could have an appreciable impact. There was little qualitative work

in the set of literature reviewed, and rigorous studies including inductive qualitative methods

may be useful to inform such understanding of relevant environmental variable definitions and
inter-relationships. A mixed-methods longitudinal analysis of the impact of a new school
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environment on PA outcomes in Buckingham County, Virginia (shown in supplemental illus-
trations) has yet to be completed, but will be reported when available.

In support of building and evolving school environments to promote PA now, and of grow-
ing our knowledge as to the relationships between school environments and PA, the Physical
Activity Design Guidelines for School Architecture mitigate a sizeable methodological and
knowledge gap between PA-focused research and school design practice. As the evidence base
around PA and school environments continues to grow, the Guidelines will necessarily evolve.
As they stand, however, the Guidelines contribute substantively to the literature, both as a syn-
thesis of current knowledge and as a practical resource for school designers, decision-makers,
and scientists.

The Guidelines have several limitations. They draw from a fairly young and undeveloped
evidence base, as well as from theory and best practice. Strategies are intended to focus school
built environment design decisions on student PA outcomes, but they do not comprise a
“formula,” nor do they identify specific design solutions, which eventually must conform to
building codes and include numerous details from spatial forms and ordering to material speci-
fications. Potential tensions between strategies, for example, locating schools in denser areas
while also providing ample facility space, must necessarily be resolved based upon the context
and relative goals of a project. The K-12 population encompasses a wide age range, and all
strategies may not necessarily generalize to all ages, geographies, and socio-demographic
groups. The strategies focus on elements of the school physical environment and infrastructure
that can be designed, but this focus should not preclude explorations of relationships to social
environment and infrastructure. It is also not yet clear whether PA behaviors associated with
school environment changes may carry over to non-school time, or to other settings later in
life. Finally, our literature searches were completed by June 2014, and further work has
emerged since this time. However, we have not observed any subsequent studies that would
substantially change the content of the Guidelines.

In the realm of design practice and school building, the Guidelines provide a succinct trans-
lation of current evidence to actionable strategies school designers and decision-makers can
access and use to orient their work toward desirable PA outcomes. The Guidelines can thus
function as a component of designers’ ‘toolkit™: The language of the strategies is intended to be
specific enough to encourage solutions supporting PA, and at the same time general enough to
allow for diverse creative solutions that draw upon local culture and context that may be
unique to any given project. The Guidelines also provide designers with opportunities to lever-
age synergies with sustainable practices and universal design. For example, school ground
trails, along with a wayfinding and signage system, might incorporate elements of a local eco-
system, and educational point of choice prompts for PA; school garden design could consider
how every student, across the spectrum of mobility and ability, would be able to participate in
garden activities; and playground design can include multiple structured and unstructured
facilities to accommodate and challenge a range of PA abilities. The Guidelines are also flexible
enough to help inform school administration and designer decisions, in consideration of evi-
dentiary support, from small-scale renovation to an entirely new site and facility. For example,
while school siting may not be relevant to renovation at an existing site, other strategies at a
range of scales, from renovating play areas to specifying mobile and dynamic classroom furni-
ture, could well be applied as funding allows. As with any built feature, the costs of construc-
tion, maintenance and needed staff support should be considered in light of needs and
potential positive health outcomes. Anecdotally, based upon the Virginia school project men-
tioned above, we have found that focus on health outcomes at the genesis of the school design
process resulted in a health-focused facility that cost no more than it would have otherwise.
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Fig 3. Models of Standard Process and Proposed Transdisciplinary Inclusive Process for Designing and Evaluating Learning Environments.
doi:10.1371/journal.pone.0132597.g003

In the realm of science, the Guidelines serve as a structured source for generating testable
hypotheses related to school environments and child and youth PA outcomes. Hypotheses
could be developed from the Guidelines alone, and could also take into account other potential
influences. For example, the notion that a built environment change could modify or mediate
the effects of a PA program or social intervention could be explored. Such hypotheses can
inform future research collaborations, designs and projects that will strengthen the evidence
base. It is important to consider research and evaluation opportunities before designing or
redesigning a school [156]. The transdisciplinary process we employed was successful in focus-
ing a particular school design project on student’s PA and health outcomes, in conjunction
with learning outcomes. We recommend that others consider this transdisciplinary, inclusive
model, as illustrated in Fig 3. Public health expertise should be integrated into the learning
environments design process from the outset, so that health oriented goals are of primary
focus, and so that success in achieving such goals can be rigorously evaluated.

Assessment tools have been developed to reveal issues in community and school environ-
ments’ support of PA [171,172], and community-level work has indicated that concerted part-
nerships focused on designing environments for active living have produced positive results
[173-180]. Efforts have emerged to promote health via legislative and funding policies
[58,181-188], and researchers have recommended creation of policy on school-community
partnerships specifically to promote PA in schools [189]. Others have noted that effective
transdisciplinary collaborations are needed [10], including government, corporate, commu-
nity, and non-profit stakeholders to create health-promoting environments in diverse commu-
nities [190]. We expect the Guidelines to facilitate focus of industry and education standards
on building schools with the goal of improving health outcomes. It is in the interest of the
design, school planning, and public health professions, as well as in the interest of communi-
ties, to engage in and inform such policy and leadership decisions.
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Supporting Information

S1 Fig. Library of the Buckingham County Primary and Elementary Schools at the Carter
G. Woodson Education Complex, Dillwyn, Virginia. Much of the school interior includes
ample glazing for natural lighting and views of nature. (Photo Credit: Alan Karchmer/VMDO
Architects).

(TIF)

S2 Fig. First floor and site master plan of the Carter G. Woodson Education Complex, Buck-
ingham County, Virginia. The design promotes bouts of walking during the school day, and
includes many varieties of age-appropriate physical activity opportunities. (Image Credit:
VMDO Architects/Water Street Studios).

(TIF)

S3 Fig. The visually prominent main stairway in the Buckingham County Primary and Ele-
mentary Schools at the Carter G. Woodson Education Complex, Dillwyn, Virginia is located
near the entry and interior community commons and gathering area. An elevator is available,
but located less conspicuously. (Photo Credit: Tom Daly/VMDO Architects).

(TTF)

$4 Fig. Community spaces at the in the Buckingham County Primary and Elementary
Schools at the Carter G. Woodson Education Complex, Dillwyn, Virginia include a food lab,
located in close proximity to the community commons with amphitheatre seating, the dining
commons, corner bakery, monumental stair, and entry, all with ample light and outdoor views.
(Photo Credit: Alan Karchmer/VMDO Architects).

(TTF)

S5 Fig. Drawing upon concepts of observational learning and modeling from social cogni-
tive theory, views from the hallway into the primary school gym in the Buckingham County
Primary School at the Carter G. Woodson Education Complex, Dillwyn, Virginia, encourage
students to be active. (Photo Credit: Tom Daly/VMDO Architects).

(TTF)

S6 Fig. In the gym of the Buckingham County Primary School at the Carter G. Woodson
Education Complex, Dillwyn, Virginia, colored floor markings, including wide bands and cir-
cles, delineate spaces for various types of simultaneous activities. (Photo Credit: Tom Daly/
VMDO Architects).

(TTF)

S7 Fig. A classroom at the Fridtjof Nansen School, Hannover, Germany includes mobile,
dynamic furniture, allowing flexibility and space to combine active moving with learning.
(Photo Credit: Dieter Breithecker/Institute for Posture and Mobilisation Support).

(TIF)

S8 Fig. A Kindergarten classroom in the Buckingham County Primary School at the Carter
G. Woodson Education Complex, Dillwyn, Virginia includes dynamic seating and trapezoid-
shaped tables that adapt to multiple configurations. The classroom also connects directly to an
outdoor play area with rain garden features. (Photo Credit: Alan Karchmer/VMDO Architects).
(TIF)

S9 Fig. An outdoor classroom at the Buckingham County Primary and Elementary Schools
at the Carter G. Woodson Education Complex, Dillwyn, Virginia is adjacent to the vegetable
and herb garden, edible orchard, interior dining commons, and kitchen lab. A nature trail that
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runs throughout the school grounds connects to the garden area. (Rendering Credit: VMDO
Architects).
(TIF)

$10 Fig. The playground at the Fridtjof Nansen School in Hannover, Germany includes
fixed equipment, some of which was built from reclaimed materials, space for moveable
equipment and games, and shaded and sunny areas. Water is readily available. Here, the stu-
dents run up an incline and jump off, enjoying the feeling of weightlessness. (Photo Credit:
Dieter Breithecker/Institute for Posture and Mobilisation Support).

(TTF)

S$11 Fig. The fixed equipment in the playground at the Fridtjof Nansen School in Hannover,
Germany is designed for age-appropriate challenge. Here, children organize by way of manag-
ing hindrances. (Photo Credit: Dieter Breithecker/Institute for Posture and Mobilisation Support).
(TIF)

$12 Fig. The “Tree Canopy” platform designed as a corridor intervention in the Bucking-
ham County Primary School at the Carter G. Woodson Education Complex, Dillwyn, Vir-
ginia, is intended to entice interactive and active teaching moments and educates about types
of trees native to Virginia. (Photo Credits: Tom Daly (left)/ Andrea Hubbell (right)/VMDO
Architects).

(TIF)

S13 Fig. “Hangelstrecke” play structure encourages bouts of physical activity in a corridor
at the Fridtjof Nansen School, Hannover, Germany. (Photo Credit: Dieter Breithecker/Insti-
tute for Posture and Mobilisation Support).

(TIF)

S14 Fig. Signage throughout the Buckingham County Primary and Elemtary Schools at the
Carter G. Woodson Educational Complex, Dillwyn, Virginia educates children about the bene-
fits of being physically active. (Image Credit: VMDO Architects).

(TIF)

S15 Fig. The eco-based wayfinding system at the Buckingham County Primary and Ele-
mentary Schools at the Carter G. Woodson Educational Complex, Dillwyn, Virginia associ-
ates a specific color with each grade level, and engages children to interact visually and
physically with educational content. (Image Credit: VMDO Architects).

(TIF)

S16 Fig. Open small group learning labs at the Carter G. Woodson Educational Complex in
Buckingham County, Virginia include dynamic furniture such as these stools with curved
bases. (Photo Credit: Tom Daly/VMDO Architects).

(TTF)

S1 Table. Summary of empirical and review literature informing the Physical Activity
Design Guidelines for School Architecture, including study design and approach, main
findings, and strength of evidence.

(DOCX)

Author Contributions

Wrote the paper: JB DS MT KKL DB LF TH. Contributed to literature searches: JB DS LF KKL.
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