
Healthy Cities of Tomorrow: the Case for Large Scale Built
Environment–Health Studies

Chinmoy Sarkar & Chris Webster

Published online: 23 January 2017
# The New York Academy of Medicine 2017

Introduction

Inurbaneconomicsandplanning theory, thenetbenefitsof
living in cities rise to a threshold and then falls. The rise
happens as more and more people clustering together in
spacegeneratemoreandmoreagglomerationbenefitssuch
as more and better services, greater choice of shops and
jobs, better choice of employees in terms of profound and
diverse skill sets, lower waiting times between jobs and
better flowof specialist knowledge between firms [1]. The
fallingportionof thecurvekicks inas thecostsofcrowding
outweigh the benefits. The inverted U-shaped curve not
onlydescribesthecost-benefitsofagglomerationgenerally
but is also a plausible description of specific classes of
benefits. Health is one of these that has recently gained
prominence in public and scientific discussion. Do urban
healthcosts followan invertedU-shapedcurve?Ahypoth-
esized relationship between density, net benefits and cost
and effects on population health is illustrated in Fig. 1.

To answer the question, consider two extremes: a
country comprising remote countryside with isolated
smallholdings and a country comprising cities built at
the maximum density given technological, economic
and social constraints (maximum dispersal versus max-
imum clustering). For the thought experiment, imagine
that the two distinct populations are equal and equally
wealthy in terms of composition, size, SES and baseline
health status.

The dispersed population would face health benefits
from exposures to fresh air, green and blue spaces and
perhaps access to locally sourced fresh food (though
smallholding is an arduous activity). They would face
health costs of long response times for emergency vehi-
cles, lack of access to specialist medical expertise and
generally a poorer service due to lack of competition
among suppliers (since health service centres would be
spread out, each with its own spatial monopoly). On
emergency response time cost alone, many more people
would die in this country than in the heavily urbanized
country. Lower densities may also be associated with
reduced levels of social support and interactions, while a
lower employment density will mean more vehicle-
miles travelled and longer commute times.

On the other hand, the concentrated population of high-
ly urbanized country has the advantage of service concen-
tration, specialization and rapid response to critical health
events such as heart attack, stroke, respiratory failure and
accidents, but relatively higher risks of infectious and
chronic diseases related to city life. One explanation for
Hong Kong’s internationally leading life expectancy statis-
tics is its high density: individuals suffering a critical health
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event are quickly discovered and quickly taken to hospital
where there is a high density of professionals with special-
ist emergency skills. High density will also mean higher
land use heterogeneity, higher concentration of retail and
other service destinations and the resulting higher
employment- and job-mix: all attributes known to reduce
commute times, promote active lifestyle and enhance a
sense of community operationalized through access to
walkable services, attractive destinations and activity
spaces promoting social interactions. But the high concen-
tration of people in sedentary occupations in a highly
urbanized society creates additional health risks, including
respiratory disease, mental health problems, obesity, car-
diovascular disease and traffic and other accidents. The
probability of propagation of infectious disease via highly
dense urban networks increases exponentially and so are
the associated risks. In dystopian cities with densities of six
people per room as is currently encountered in some of the
overcrowded informal settlements of rapidly urbanizing
cities of developing countries, China for example [2], such
health risks become acute.

In wealthy countries and cities, the negative effects of
crowding on health risk may be strongly mitigated by
positive gains in health care access. The net health
benefit curve is income and social-status dependent,
the more so, the more inequitable the health care sys-
tems. The shape of the theoretically U-shaped net
crowding cost curve is empirically determined. The
easier it is tomitigate congestion costs (air, traffic, water,
health risks), the greater the probability of net benefits
continuing to grow as density increases. This rarely
pertains across income groups; however, since in ad-
vanced as well as poor cities, households on the lowest
income seem willing to assume very significant individ-
ual and even more significant public health risks for the
sake of earning urban wages.

Between the two extremes of maximally disbursed
and maximally concentrated populations lie most of the
world’s urban systems. An economy’s system of cities
tends to evolve naturally in a way that people move
from one location to another in search of higher welfare,
including higher income, educational opportunities and
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Fig. 1 Relationship between urban density, net benefits and costs
and population health (adapted from the Webster & Lai, 2003;
Sarkar, Webster & Gallacher, 2014). Notes: AB average net ben-
efits, AC average costs. P1: Minimum density (low benefits and
cost, low service and employment density, high transaction cost,
poor public transport, car-dependant, low social support, higher
exposure to green and blue space, reduced congestion and pollu-
tion). P2: Urban density sustaining lowest cost (higher benefits
than P1 and with lowest costs). P3:Optimal urban density (highest
density sustaining maximum benefits, high employment density
and mix, minimum transaction cost, optimized services, optimized
design, highly evolved public spaces, fully developed public

transport, active travel behaviour, highest sense of community
and social capital). Towards P4: Higher density towards socially
optimal city (higher density than P3 on account of skilled migrant
work force, higher heterogeneity in social class, higher distributed
net benefits, highest employment density and mix, very good
services, good design, well developed public transport, active
travel behaviour, sense of community and social capital). P5:
Urban malaise (overcrowding, congestion, pollution, resources,
services and infrastructure constrained beyond carrying capacities,
higher deprivation and inequality, higher stress of urban stress,
informal economy)
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health. Only if an entire urban system is completely
dystopian will people remain living in an urban malaise
characterized by exposures to multiple forms of depri-
vation, environmental hazards and increasing socio-
economic disparity. Nineteenth century Londoners
eventually dispersed to the suburbs, new towns, country
towns, secondary and tertiary cities and to the regions.
So we propose as a general proposition that urban health
plotted against city size or density broadly follows a U-
shape curve. Health indicators should go up as the
population clusters but too much clustering leads to
higher risks of both infectious and sedentary diseases re-
spectively; the predominant urban health challenges
faced by the nineteenth and twenty-first centuryWestern
cities.

Such broad propositions generally constitute the first
step in developing a science of healthy city planning. A
second step tests such propositions empirically, for ex-
ample, measuring the relationship between urban den-
sity or settlement size and specific health outcomes. A
third series of steps (still in its developmental stages)
would be to make the propositions more sophisticated,
for example, moving beyond a focus on density alone,
to examine the causal relationship over time of other
urban multi-scalar micro-dynamics including specific
morphological, design, environmental quality and orga-
nizational attributes with behavioural and health out-
comes. The importance of the latter, especially their role
in guiding scientifically informed policy interventions is
becoming acknowledged in a growing body of literature
on the science of healthy cities (summarized in ‘In
pursuit of better evidence’ section).

New scientific evidence generated over the past de-
cade points to a significant role played by a myriad of
attributes of our cities’ built environments (BE) in shap-
ing human behaviour, health and well-being [3–6]. This
has resulted in a renaissance of interest in an environ-
mentalmodel of public health, comprising interventions
specific to physical and social environments [7, 8]. We
view this as similar to the wave of public health interest
that gave birth to modern town planning in the mid to
late twentieth century. Non-clinical environmental inter-
ventions in the form of health-specific planning and
design of neighbourhoods and cities have been scientif-
ically shown to have significant potential in playing a
role in creating healthy cities of tomorrow. In addition to
enabling healthier lifestyles, such interventions can pro-
duce higher cost effectiveness ratios in health service
provision and can thus play a part in reducing future

health expenditures [9]. The creation of healthy cities
will entail a much closer integration and synergy be-
tween the disciplines of public health, epidemiology,
transport planning, urban planning and design.

In the recent years several ongoing projects have
emerged that aim specifically to measure health-specific
components of urban environments at a large scale. The
ultimate objective is to eventually link themwith existing
health cohorts enabling interdisciplinary collaborations
and evidence generation towards creation of healthy
cities. The Place, Health and Liveability project is one
such nat ional - level s tudy aiming to create
neighbourhood-level spatial measures of urban liveabil-
ity across seven domains of employment, food, housing,
public open space, social infrastructure, transport and
walkability in Australia [10]. Algorithms measuring
weighted street distance of individual dwellings to ame-
nities and public transit have been developed to produce
composite Walk Scores and Transit Scores in most US
cities and some Canadian and Australian cities at the
level of individual properties [11]. These are being linked
with existing health cohorts to decipher associations with
individual’s active travel behaviours [12]. Furthermore,
there are many large scale health studies being conducted
around the world, including the UK Biobank study (de-
scribed in the subsequent section), 45 and Up Study in
New SouthWales, Australia1 (N = 250,000 participants);
EpiHealth Study, Sweden2 (N = 300,000); China
Kadoorie Biobank, China3 (N = 500,000); Million Death
Study, India4 (N = 1,000,000) and Hong Kong FAMILY
Cohort5 (N = 46,000) to name just a few. These present
us (BE and urban planners and designers, epidemiolo-
gists, health economists, public health researchers and
policy makers) with a well-timed opportunity to join
expertise and resources for an integrated and multi-
disciplinary global consortium to model and create
national-level BE-health databases that can be turned
into fine-tuned professional decision support and guid-
ance systems. In the remaining part of this paper, we
shall discuss some of the key issues and challenges in
creation of healthy cities and ways to overcome them
through interdisciplinary evidence generation on a large
scale, planning and forecasting.

1 https://www.saxinstitute.org.au/our-work/45-up-study/
2 https://www.epihealth.se/For-scientists/
3 http://www.ckbiobank.org/site/
4 http://www.cghr.org/projects/million-death-study-project/
5 http://familycohort.sph.hku.hk/en/
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In Pursuit of Better Evidence

The late nineteenth century convergence of public
health and urban planning was largely focused on re-
ducing the risk of infectious diseases in cities. A century
and a half later in advanced cities, the urgency has
shifted to chronic disease, characterized by complex
aetiology and long latency. Building healthy cities that
reduce the burden of chronic diseases requires evidence-
based interventions that design and retrofit BEs in a way
that encourages healthy lifestyle and behaviour. To pro-
duce such evidence, we have to decipher the following:

& Generalizable associations between attributes of BE
and specific behavioural and health outcomes
(quantifiable in terms of strength and significance
of such associations)

& Explicit associations that may exist across popula-
tion clusters (with specific risk profiles), geograph-
ical context (cities, rural areas, specific countries
like UK, USA, Australia and China) and transitions
over time (with ageing and urban densification)

& Causal pathways from BE to specific health
outcomes

& Reliability and robustness of the gathered evidence
in guiding policy and identifying optimized paths
from evidence to policy and practice

Health status and risk originates from complex inter-
actions between an individual’s inherent physiology and
genetics interacting with contextual socio-economic,
built and natural environmental variables. These inter-
actions evolve over the life course [6, 7, 13]. Thus, an
individual in an urban system may be conceptualized to
be encapsulated by a 3D hypervolume called the health
niche, essentially the epidemiological triad of person,
place and time and comprising all health-influencing
causal agents and processes functioning at the micro-,
meso- andmacro-level urban scales. The production and
socio-spatial distribution of health is a result of spatio-
temporal variations in an individual’s health niche. As
individuals come together to form a population, individ-
ual health niches self-organize, reconfiguring one anoth-
er and intertwining together to constitute the coalesced
niche for the population cluster (say a family, an ethnic
community, etc). These coalesced niches have thus cu-
mulative exposures of component individuals. Often,
there are multiple multi-level environmental exposures
active over varying durations and their effects are

generally small but may nonetheless be significant to a
specific health outcome. Figure 2a, b illustrates such a
conceptual health niche model of chronic and infectious
disease prevalence.

Because of the complex macro–micro level interac-
tive processes over space–time coordinates, small scale
studies with cross-sectional design fail to capture the
aetiology and lack the power to influence policy [14].
Other bottlenecks to useful and accurate evidence gath-
ering include a lack of standardized and objective mea-
sures of BE, the modifiable areal unit problem exacer-
bated by a reliance on census-defined spatial units of
analysis and aggregate analysis due to lack of access to
sensitive individual-level health datasets [15–17]. At
present, a major proportion of BE-health studies are
small in scale, cross-sectional in design and in most
instances, not conclusive enough to support effective
policies. Consequently, the pursuit of healthy cities con-
tinues to be haphazard, without an adequate scientific
evidence base. But things are changing.

The new interest in urban planning among public
health scientists over the past decade and the reciproca-
tionof spatial analytical researchers fromurbanplanning,
geographyandepidemiologyisstarting todisentangle the
black box of contextual determinants of chronic disease.
In the recent years, a series of epidemiological evidence
on the relationships between the various attributes of BE
with individual behaviour and health have emerged.
These may be broadly classified as:

& BE as spaces promoting active living: This may be
defined as the underlying capacity of the BE (its
components, density and design) to provide a facil-
itative setting fostering active living via enhanced
levels of physical activity in the form of walking,
cycling and green exercise and thereby minimizing
or offsetting the health costs of sedentary behaviours
such as obesity and related chronic diseases as well
as mental health disorders [18, 19]. These studies
originated from the formative research of Cervero
and Kockelman [20] which isolated 3Ds; density,
diversity and pedestrian-oriented designs as the
three measures of the built environment having sta-
tistically significant influence upon walking and
physical activity behaviour. Two more Ds—destina-
tion accessibility and distance to transit stops—were
subsequently added to make it five Ds [21]. Lee and
Moudon [22] further modified this to the 3D+R
concept to highlight destination, distance, density
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and route as the built environment correlates of
walking. Emerging from these seminal concepts
relating BE and active travel, studies have examined
specific attributes including density [23, 24], service

density [25, 26], land use mix [27] and street-level
connectivity [28, 29], as well as composite measures
of sprawl [30, 31] and walkability [32]. Detailed
research evidence has been reviewed elsewhere

Life style-level risk factors

Diet

Smoking

Alcohol consumption

Sedentary behaviour (physical inactivity)

Stress

Sleep cycle

Social capital and support

Meso-level

Micro-level

Coalesced niche of self-

organized population 

health at a time point t

Time (t): Health transitions 

over life course

Health outcome: CVD

Space (X)

Space (Y)

Health niche

Functional capacity, obesity (BMI)

Hypertension (diastolic, systolic blood pressure)

C-reactive protein, fibrinogen, apolipoprotein B, 

high density lipoprotein, triglycerides, vitamin D

Plasma glucose, glycated hemoglobin

Salivary cortisol, α-amylase, telomere attrition

Other pre-existing physiological/ mental 

conditions (diabetes/ depression)

Genetics

Precursors/biomarkers/physiology/genetics

Precursors

Primary 

Biomarkers (CVD)

Secondary 

Biomarkers (Stress)

Macro-level

Natural environment (NE)

Air pollution, noise pollution

Green space, blue space

Built environment (BE)

Activity-friendly urban structure/design

Fast food outlets/ restaurants

Alcohol outlets

Activity space, parks (access, quality)

Sports/ physical activity facilities

Motorways

Land use mix

Housing: Quality, degree of overcrowding

Social environment (home/workspace)

Socio-economic deprivation

Social incivilities (crime, neighbourhood decay)

Family structure

Occupational hazards

a

Built environment (BE)

Urban density 

Urban morphology (configuration, connectivity, 

traffic density)

Public transport (train, bus, ferry, tram) 

Markets (vegetables, meat, fish, poultry)

Food (fast food, street food, restaurants, cafes)

Social spaces (bus stops, MTR stops, escalators, 

public squares, parks, beaches, cinema halls)

Housing: Quality, degree of overcrowding 

Macro-level 

Social environment (SE)

Socio-economic deprivation 

Neighbourhood decay and incivilities

Occupational risk exposures 

Life style-level risk factors

Indoor air, dust and surface micro biomes

Indoor micro-climate

Diet, smoking, alcohol consumption, stress, sleep 

Sedentary behaviour (physical inactivity)

Social capital and support 

Meso-level 

Micro-level 

Coalesced niche of self-

organized population 

health at a time point t

Health niche

Space (Y)

Space (X)

Measurable health 

outcomes 

Time (t): Health transitions 

over life course 

Microbiota/biomarkers/physiology/genetics

Individual microbiota (including flora of gut, oral 

skin, ocular surfaces etc.)

 Pre-existing physiological/ mental conditions 

(hypertension, CVD, diabetes, depression) 

Genetics

Bio-markers: Salivary cortisol, α-amylase, 

telomere attrition 

Inherent immune defence (including role of 

natural antibodies, C-reactive proteins, IgG4, etc), 

enzyme activity.  

Drug reactivity

Natural environment (NE)

Air (dust, aérosols, pollens and airborne vectors) 

Water (including marine) and soil micro biomes 

Climate (temperature, humidity, rainfall etc.) 

b

Fig. 2 Conceptual urban health niche model of multi-level risk
clustering and risk pathways. a Gene, environment and the corre-
sponding urban health niche for cardiovascular disease. b Gene,
microbiome, built environment and the corresponding individual

health niche for microbial spread and infectious disease (adapted
from the Health Niche model of Sarkar, Webster & Gallacher,
2014)
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including the links between BE and physical
activity [33–35], obesity [36], cardio-metabolic
risks [37] and mental health [38].

The positive roles of urban green space in pro-
moting physical and mental health have also been
examined [39], including the role of street trees
[40, 41], access to parks [42–44] and quality of
green [45–47] as well as park characteristics and
programmes [48, 49].

The significant importance of these multi-
dimensional urban planning and design aspects
in promoting active living have been highlighted
in a recent Lancet Series in urban design, transport
and health [50, 51].

Apart from the design aspects described above,
another set of studies have examined the role of
quality of residential environments (measured
through street-level visual audits of contextual
physical attributes such as physical incivilities,
territorial functioning, defensible space, boarded-
up housing, perceptions of crime and safety etc.)
primarily on mental health outcomes [52–56].

& BE as spaces promoting social interaction: Another
set of studies have looked in to the role of BE as
configured spaces promoting social interactions,
fostering sense of community and sustaining specif-
ic levels of social capital [57–60]. The role of public
green spaces in fostering social capital has also been
studied [61, 62]. Evidence thus far points to positive
effects on health [63] including active living via
physical activity and reductions in obesity [64–66]
and improved mental health [67–69].

& BE as spaces for therapeutic healing: Some studies
have highlighted the beneficial role of natural spaces
on health [70], especially their role in cities to act as
spaces of natural healing and recovery from physi-
ological and psychological stress [71–73].

& BE as spaces of socio-spatial inequality and depri-
vation: Several studies have looked in to the recip-
rocal interactions between place and underlying
socialscape in shaping socio-spatial inequality and
deprivation [74, 75] and how they influence multi-
ple health outcomes [76–82].

& BE as spaces of stress and morbidity: Other studies
have focused on health-inhibiting attributes of built
environments as risk factors for stress and morbidi-
ty. These originate from the use of BE in ways that
give rise to pollution of common-pool resources.
The relationships between air pollution and multiple

health outcomes have been established [83–87] and
so have been the harmful effects of noise pollution
[88–91] and heavy metal pollution [92] as well as
high levels of arsenic [93, 94] and fluoride [95] in
potable water. Another set of studies have examined
the role of specific hazardous environments includ-
ing waste disposal sites and landfills [96, 97] and
powerlines [98, 99].

The relationship of built environment design with
road traffic fatalities and injuries forms another ac-
tive domain of investigation [100–102].

Other studies have examined the relationships
between density of specific health-inhibiting desti-
nations and health such as relationship between
access to fast food outlets and adiposity [103–106]
and alcohol outlets and related health harm
[107–109].

& Indoor BE as spaces of stress and morbidity: These
studies have investigated the role of indoor housing-
level BE factors on health [110] including physical
conditions [111], indoor air quality [112–114], en-
vironmental tobacco smoke [115, 116] and residen-
tial radon [117].

The complex interactions between the above-
mentioned health-influencing factors prevalent in a city
and the need for a system-based approach towards the
creation of healthy cities have already been stressed by
The Lancet Commission [3]. These research studies are
yielding a more sophisticated evidence-base for shaping
healthy cities. Particularly important developments in
the new science of healthy cities include improvements
in study design and objective BE measures.

Improvements in Study Design

Studies of the relationships between built environment
and health are becoming stronger, meaning that they are
able to conclude with greater statistical power, at finer
levels of detail in terms of both health and built envi-
ronment measures as well as gain deeper insights about
causality in the reported associations. With the objective
of capturing the complex aetiology inherent in chronic
diseases, health researchers have recently begun to in-
vestigate individual-level health and disease outcomes
as a function of genetics, anthropometrics, clinical mea-
sures, lifestyle, behaviour and socio-demographics, all
measured over much larger scales than hitherto and with
follow-up over regular periods of time. These are
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operationalized via national-level big prospective health
cohorts. Thesemega population health studies constitute
unprecedented and timely opportunities for exploring
deeper and extending the science of health-focused
town planning.

Health cohorts with large numbers of participants
distributed across a wide socio-economic spectrum and
geographical context not only ensures representative-
ness but it also means that there is substantial statistical
power in detecting complex associations between the
various attributes of BE and specific disease outcomes
[118]. This is possible as a significantly large number of
people having a specific health condition will be cap-
tured within a very large cohort. It also means that
sufficient numbers of both diseased and healthy people
are distributed across varying BE conditions (for exam-
ple, living at different densities or within different land-
use mixes) to be able to capture statistical significant
associations where they exist. Longitudinal study design
means that the health of cohort participants is followed
up at regular temporal intervals, the goal is to be able to
trace the graph of health and well-being over the life
course and assess causal pathways from BE to health
[119]. Where changes in BE can also be captured in the
longitudinal database, the power of the study and the
strength of the evidence is even greater.

Objective BE Measures

Deciphering the linkages and causal pathways from BE
to specific health outcomes entails modelling and mea-
suring health-relevant attributes of BE. In other words,
BE characteristics within a functional neighbourhood of
the dwelling location of an individual for whomwe have
medical data have to be measured and linked to his/her
health data. In recent years, the focus has shifted to-
wards the creation of objective GIS-based spatial mea-
sures of BE rather than self-reported perceptions of BE
(associated with individual’s subjectivity). This has
been made possible through enhanced access to large
national spatial databases (such as UKOrdnance Survey
Mastermap, Swedish Lantmateriet and Digital topo-
graphic layers of Hong Kong Land Department), devel-
opments in Geographical Information System Science,
corresponding advances in spatial modelling tech-
niques, innovations in record linking and anonymization
and advances in computational power. These have all
helped open up the means for big data spatial modelling
towards creation of standardized measures of BE that

can be automated across very large areas, with manage-
able geo-computation and processing. It is now feasible
to construct multi-level objective measures of BE and to
replicate such processes, so that standardized sets of
health-specific BE metrics can be linked to health co-
horts across the world and fundamental BE-health hy-
potheses tested across different urban conditions.

In conducting individual-level BE-health studies,
anonymising technology is as important as the data
measures themselves. Recent developments in data link-
age mean that sensitive health data can now be
anonymized at household address and individual levels
[120]. This has significant implications for healthy cities
research as individual-level data (as illustrated by our
urban niche model) can now be shared for multi-
disciplinary research and at the same time comply with
rigorous privacy and access protocols that govern most
health cohorts.

In BE-health studies, both BE and health data are
typically cross-sectional. Treating health as longitudinal
and BE as static is an improvement, justified on the
grounds that the BE changes slowly and can be treated
as fixed once it has been built. However, cause-effect
modelling is enhanced when both health and BE are
treated as dynamic. Just as we need longitudinal health
data, it would be ideal to have a corresponding BE
dataset over the period for which we have health data.
This is possible in principle as most national-level spa-
tial databases are regularly updated. Longitudinal BE-
health studies ensure temporal dynamism and robust-
ness as one can model the changes in behaviour and
health over a period of time in response to correspond-
ing changes in environmental risks.

UK Biobank Urban Morphometric Platform

Here, we describe what we believe is one of the first
examples illustrating the potential of large scale
individual-level built environment–health data platform
created to further the new science of healthy cities. It is a
database capable over time of providing the evidence for
interventions that will shape healthy twenty-first century
cities, just as studies such as John Snow’s provided
evidence for healthy twentieth century cities. The UK
Biobank Urban Morphometric Platform (UKBUMP) is
a high resolution spatial database of individual-level
health-specific BE metrics developed for half a million
participants of the UK Biobank prospective cohort
across 22 cities of England, Scotland and Wales [121].

10 Sarkar and Webster



The UK Biobank (UKB) is a national-level flagship
epidemiological cohort of 500,000 participants aged
40–69 years and registered with the National Health
Service. UKB participants provided extensive data on
socio-demographics, lifestyle (including diet and phys-
ical activity), medical history, anthropometrics, cogni-
tive function and biological samples (blood, urine and
saliva) during the baseline phase of 2006–2010 [122,
123]. In addition, the world’s biggest scanning project is
currently underway wherein the brain, heart, bones,
carotid arteries and abdominal fat are being scanned
for 100,000 current participants of the UKB. Other key
features include objective measures of individual phys-
ical activity captured by accelerometers for 100,000
participants, computerized visual acuity testing for
117,649 participants as well as the ongoing genotyping
and measurement of a range of biochemical markers
from biological samples collected all the participants
of baseline. Record linkage with hospital inpatient data
and primary care is currently underway. At present,
follow-up data collection has taken place in the 20,000
participants of northwest England allowing early panel
studies. In the future, follow-up will be rolled out to
other centres, making UKBUMP into the prominent
BE-health longitudinal study.

The UK Biobank study sought consent from individ-
ual participants. The UK Biobank Ethics and Gover-
nance Framework has strict measures to protect the
confidentiality of the participants. All data and samples
were (reversibly) anonymized, linked and stored to very
high standards of security. All participant-identifying
information have been encrypted for security and held
as a stand-alone restricted access database controlled by
senior UK Biobank staff member, while participants’
data and samples are linked with the help of a generated
unique linkage code. Data security measures include
staff training and confidentiality pledges, physical and
electronic controls on access to data, cybersecurity and
physical security. The study has received ethical ap-
provals from the North West Multi-centre Research
Ethics Committee (MREC), the Community Health In-
dex Advisory Group (CHIAG), the Patient Information
Advisory Group (PIAG) and National Health Service
National Research Ethics Service. Details are available
at http://www.ukbiobank.ac.uk/principles-of-access/.

The BE data in UKBUMP comes from advanced
spatial and network analyses of multiple UK-wide spa-
tial databases, including UK Ordnance Survey
Mastermap, AddressBase Premium, UKMap, UK Land

Registry, BlueSky colour infrared images and digital
terrain models, and National Public Transport Access
Node [121]. These are processed to model more than
750 objectively measured health-specific urban mor-
phological metrics (morphometrics) characterizing the
BE within functional neighbourhoods around UKB par-
ticipants’ geocoded dwelling locations. They were
modelled at multiple spatial scales to capture the im-
pacts of multi-level urban hierarchies upon individual
behaviour and health (as hypothsized in the urban health
niche model). These include metrics of residential den-
sity, age, type, health-specific land use densities of
around 200 land use categories, street network proxim-
ity to more than 30 health-specific destinations, densi-
ties and street network distance to 19 different typolo-
gies of food-related destinations (for Greater London
centres), high resolution measures of green exposures
captured by remotely sensed colour infrared data (a 0.5-
m resolution Normalized Difference Vegetation Index),
degree terrain variability and neighbourhood-level dep-
rivation. Key feature included urban configurational
measures of physical accessibility captured at micro-
(400–1200 m), meso- (1500–5000 m) and macro-
levels (7500–50,000 m).

UKBUMP is linked to the centralized UKB health
records managed from UKB’s home (http://www.
ukbiobank.ac.uk/), creating a national platform for
researching current challenges in healthy cities.
UKBUMP introduces a step-change in the methodolog-
ical rigour of BE-health research by making possible
large-scale prospective multi-sectoral studies. Because
of the size and spatial variation, it is also well adapted
for large number natural experiments. Most questions
that might reasonably be posed about BE-health associ-
ations can be addressed by UKBUMP. Figure 3 illus-
trates the potential of UKBUMP to act as a platform for
multiple BE-health research. Because the size, objectiv-
ity and sophisticated multi-scalar nature of the BE met-
rics, UKBUMP also offers a chance to revisit with
greater accuracy nearly all of the BE-health associations
so far tested in published studies. Big data with consid-
erable variability in the population characteristics and
environmental exposures over space and time opens up
new challenges and opportunities towards exploring
more robust, sophisticated multi-layered modelling
strategies that aim towards causal inference. Large scale
UKBUMP association studies are being conducted to
decipher generalizable evidence; interaction models de-
veloped on subsets of population with specific
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characteristics (SES, environmental exposures) examine
effect modification, while longitudinal multi-level,
growth and structural equation models study causality
in associations. Bayesian network models of public
health can add built environment context to explore
the discriminating power of urban morphometrics in
diagnosis as well as prognosis. Follow-up response rate
is another challenge in large longitudinal cohort studies,
especially ensuring high follow-up rates to minimize
loss of participants in subsequent phases. Presently,
UKBUMP is a baseline built environment database;
the challenge will be to model and measure the built
environment at periodic intervals corresponding to the
subsequent waves of examination. The latter two will
ensure robust modelling of the sustained effects of built
environment on behaviour and health.

The Future: Factoring-In Health in Built
Environment Resource Allocation

The urban health challenge today is to find a way of
actively involving the general public, policy makers,
epidemiologists, public health professionals, urban plan-
ners, transport planners and designers in co-creating
healthy cities. As ever, in complex resource governance,

this will require demand and supply-side action at multi-
ple spatial scales and across multiple sectors.

The language of incentives and economics (be it the
economics of fat in our diet, pollution on our roads, health
costs of free parking) is crucial for adjusting demand-side
behaviour and in doing so, making radical shifts in infra-
structure and service supply easier. This points to the need
for factoring-in a wider set of positive/negative externali-
ties of healthy/unhealthy behaviours aswe allocate expen-
diture for city planning and public health budgets. Health
externalities of urban living will be reduced if they can be
internalized intosomeone’sdecision-makingandeconom-
ic calculus, just as road pricing can pass congestion exter-
nalities on to drivers and elicit reduced consumption of
road space.

In the future, big data, individual-level analysis of
social and private costs and benefits, smart sensing tech-
nology and increasing resource scarcity will all conspire
to internalize more and more externalities via various
kinds of pricing mechanism. Trunk road, bridge and city
centre road pricing is just the start. Neighbourhood road
pricing is being experimented with price congestion [124,
125]. Neighbourhood-level on-street parking pricing is
being tested to balance the positive externalities of car-
born trade with the negative externalities created by free
parking [126]. The aesthetic, social and services values of
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our neighbourhoods have long been factored into private
property prices [127, 128]. Recently, many have argued
the case for pricing negative lifestyles [129, 130]. The
new genre of privately governed neighbourhoods makes
the pricing of urban externalities more efficient. The
majority of new homes in the USA are now governed
by private neighbourhood governments and all but a tiny
fraction of China’s new homes are similarly in privately
governed and managed, gated estates where local ser-
vices are paid for via a monthly fee.

We pose the question ‘how might health externalities
be internalized as awareness of costs and benefits become
better and more understood and better quantified’?

Public health campaigns use prices as a disincentive on
alcohol and cigarettes. They also appeal directly to values
and behaviour via advertising that exposes health risks in
a way that is designed to shock. Public health goals are
also, in the extreme, pursued via regulation, censorship
and criminalization (class A drugs and free choice about
which side of the road you drive on are both outlawed).

Planning is happily returning to a focus on social and
health costs and benefits, which gives the profession
greater precision and purpose than it has sometimes
had during the previous century. Low-carbon cities,
zero-carbon buildings, eco-cities, green cities, public
transport cities, car-free cities, compact cities and healthy
cities are all single issue planning doctrines focused on
reducing particular externalities of agglomeration. The
science underlying the doctrines is not generally well
understood by planning and other built environment
professionals, but it is increasing rapidly as big data
and pressing urban problems draw a much wider mix
of disciplinary expertise to study the urban question.

We agree with those suggesting that that we are on the
cusp of a new urban science [131–135]. Twentieth century
urban analytics were largely built on the back of aggregate
data collected at sparse intervals by public bodies. They
tended to be guided by inadequately specified theory
(economic geography) and non-behavioural analogies
with physical processes (social physics) and resulted in
disconnect between behavioural psychology, behavioural
economics and place making, or over-specified adapta-
tions of mathematical economics relying on highly so-
phisticated models of the representative individual (geo-
graphical economics, urban economics and regional sci-
ence). Urban health geography grew under such condi-
tions, spurred on by the GIS revolution from the 1980s
onward, but it was still also limited by aggregation, re-
search protocols limiting generation of geocoded health

dataset and their linkage, geo-computation processing
power and other data limitations. Big data holds all such
approaches to account. In health studies, data linkage and
anonymization technology, massive computing power,
cloud computing, remote smartphone-enabled technolo-
gies for auditing behaviour and environment, network
analytics, AI-driven data-mining techniques, sophistica-
tions in spatial and temporal statistics come together to
create a qualitatively and quantitatively new environment
for modelling urban health holistically. Figure 2 gives our
version of this environment. John Snow was limited to a
2D map representation of points in establishing healthy
city analytics for the late nineteenth and early twentieth
centuries. By the second half of the twentieth century,
health geographers were publishing sophisticated
choropleth maps with increasingly sophisticated statistical
analytics that plotted error surfaces, weighted regression
coefficients to adjust for spatial autocorrelation and so on.
At the start of the twenty-first century, we are back to
points, only this time we have many more of them and
multiple attributes for each. This lays the foundation for a
new chapter in the science of healthy cities and evidence-
based town planning and urban design.

How might we move from big data urban health plat-
forms such as UKBUMP to incentives that price-in health
costs in a way that might more readily affect behaviour?
As starting point, nationwide neighbourhood-level odds/
prevalence of most disease outcomes can now be
modelled after adjustments for major environmental and
individual-level confounders. This would give the specific
odds of each disease as well as the significant built envi-
ronmental predictors for each small area local authorities.
This is the next step and takes us from knowledge cali-
brated at the individual-level back to small-area policy and
governance, but this time, based on precise models that
generate outputs taking individuals as the fundamental unit
of analyses. This is our next plan for UKBUMP and grant
proposals are currently under discussion. Specifically, we
intend to:

& Calculate the odds of specific behaviours (e.g. phys-
ical activity, diet) and disease outcomes (e.g. obesi-
ty, CVD, depression) for an individual residing in a
particular dwelling and exposed to a specific BE
with a specific set of environmental risks. We look
upon this as a national grid of urban health risk

& Use the national health risk grid to inform policy,
influencing the way our cities are designed and
retrofitted
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& Develop predictive Bayesian models for specific
future scenarios. This will entail creation of various
scenarios of urban growth and development and
corresponding modelling of odds of specific behav-
iour and disease, thereby forecasting spatio-
temporal variations in the national health risk grid
corresponding to specific scenarios

& Develop health economic models based on the BE
risk profiles and calculate economic benefits asso-
ciated with health-specific BE improvements

& Allocate budgets and resources to ameliorate negative
externalities based on the above-mentionedmodels

Local governments would employ such a database to
develop predictive scenarios of neighbourhood-level dis-
ease burdens for chronic disease and corresponding health
expenditures modelled in response to changes in the city’s
BE. These would form the basis of neighbourhood-
specific investments towards preventive interventions.
Those interventions might include the following:

& Targeted regimes of incentivization/disincentivization
of positive/negative behaviour and lifestyles and that
stimulate individual consumption behaviour change
(for example, from sedentary to healthy living, more
walking, healthier food, less driving) and BE
production-behaviour change (more high quality lo-
cal green space, more co-owned community gardens,
healthy well-connected road layouts that encourage
walking and discourage vehicles, better buffer be-
tween roads and housing)

& Environmental design interventions and retrofitting
to correct identified problem areas in BE; i.e.
neighbourhood-specific BE attributes related to hous-
ing and neighbourhood design, road network design,
land use density and mix, allocation, size, distribution
and quality of urban green spaces as well as optimi-
zation of accessibility to health-specific services

& More targeted planning and building regulations to
promote healthy buildings, neighbourhoods and
whole cities

& Public health programme directed at the use of urban
space

Focused neighbourhood-specific interventions based
on evidence have the potential for saving billions of
pounds of future health expenditures.

Furthermore, such a risk matrix will also entail calcu-
lation of risk scores (for example through propagation

speed estimation in cases of infectious diseases) and
scenario generation as well as targeted syndromic surveil-
lance for potential episodes of toxic release and outbreaks
of infectious disease in high density urban environments.

Conclusion

The starting point for designing, calibrating and managing
more healthy cities is to understand more fully the associ-
ations and the underlying causality between urban config-
uration and health. After decades of modern city planning,
we still do not know with any precision, for example,
whether it is better for public health to allocate all of a
city’s green space in one large park or to allocate it in
multiple small neighbourhood parks or something in be-
tween. Something in between is a sensible idea and leads
to the commonly used idea of a green space hierarchy. But
which kind of hierarchies gives better health results than
others? How do you design a hierarchy of green spaces
that takes into account the scientific finding that elderly
peoples’ health benefitsmore fromhaving towalk a certain
distance to a green space than from having green space on
their doorstep? What is that ‘certain distance’ for different
age groups?Howmight this shape themore healthy design
of the many bespoke elderly neighbourhoods that will
characterize cities of the future in the rapidly ageing soci-
eties of Europe, USA and China?

As another example, we know from existing studies that
the geometric and topological configuration of a city’s road
grid influences both total walking behaviour and the spatial
and temporal distribution of a given quantity of walking
[47, 136]. Real estate and urban economic studies have
verified casual intuition that certain street and land-use
configurations yield better localized pedestrian footfall and
commercial rents. If that is so, then there is also likely to be
systematic patterns of health associated with street configu-
ration, and for that matter, health and property prices.

Throughout the history of civilization, technology has
helped people adjust their habitats to experience and accu-
mulate knowledge about relationships between habitat lo-
cation and design and health. Societies quickly learned not
to live in the shadows of active volcanoes, though amaz-
ingly, some still do. Village location evolved over time in
response to locational factors—into the hills in times of
insecurity, proximity to fresh water bodies in times of
drought, nearer the sea in times of prosperity and trading
and so on, up-river as an interior economy developed. Cities
of the industrial era quickly organized themselves to
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separate people from industrial pollution, with those who
could afford it bidding higher prices for land at a distance
from and up-wind of factories. A seminal breakthrough
came in London with the health mapping of John Snow,
who discovered by simple point mapping, that the cholera
outbreak in Soho was caused by a polluted public water
standpipe. Since Snow, the science of spatial statistics,
epidemiology, health geography and gene-environment in-
teractions have moved on and so have the availability of
data and computing power with it. For the first time in
human history, we are now in a position to begin to trace
the health associations of very fine variations in urban
configuration. Within a few months of the time of writing
of this paper, the UK will have an unsurpassed national-
level data infrastructure and evidence-base for predictive
modelling of the relationship between most conceivable
urban planning and design configurations and specific
health outcomes. With the UKBUMP in place, further
small-scale statistical studies and case studies of health-BE
associations will largely be redundant, unless they are de-
signed to probe deeper into UKBUMP findings, especially
in respect of causality.Urban planning researchers interested
in contributing to the new urban science of healthy cities are
encouraged to consider using UKBUMP for associational
studies, time series studies and natural experiments into BE-
health relationships and to test and re-think planning and
design doctrines inherited from another era.
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