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Improving infrastructure for walking and cycling is increasingly recommended

as a means to promote physical activity, prevent obesity, and reduce traffic

congestion and carbon emissions. However, limited evidence from intervention

studies exists to support this approach. Drawing on classic epidemiological

methods, psychological and ecological models of behavior change, and the

principles of realistic evaluation, we have developed an applied ecological

framework by which current theories about the behavioral effects of environ-

mental change may be tested in heterogeneous and complex intervention

settings. Our framework guides study design and analysis by specifying the

most important data to be collected and relations to be tested to confirm or

refute specific hypotheses and thereby refine the underlying theories. (Am J

Public Health. 2011;101:473–481. doi:10.2105/AJPH.2010.198002)

Interest in the relation between transportation
and public health traditionally has focused on
adverse local effects of motor traffic such as
noise, air pollution, and injuries1 but now also
recognizes the potential health benefits of pro-
moting walking and cycling and the wider
adverse effects of dependence on motor vehi-
cles.2 Walking and cycling offer an ideal oppor-
tunity for people to incorporate physical activity
into their daily lives, reducing their risk of
chronic diseases such as diabetes and coronary
heart disease.3,4 A population shift toward more
‘‘active travel’’ also could help reduce traffic
congestion and carbon emissions, to which the
use of motor vehicles makes a large and in-
equitably distributed contribution.5–9

Improving the infrastructure for walking and
cycling recently has been identified as one of
the most important policy recommendations
for tackling obesity in both the United States
and the United Kingdom.9,10 Such recommen-
dations are largely based on evidence from cross-
sectional studies showing that certain character-
istics of the physical environment—such as the
design of residential neighborhoods and the
availability of routes for walking and cycling—
may be associated with patterns of physical
activity in general and walking and cycling in
particular.11,12 However, evidence is limited
from studies of actual interventions to show

that altering transportation infrastructure or
other aspects of the built environment has led
to an increase in walking or cycling or
a modal shift away from car use, let alone
changes in overall physical activity or carbon
emissions.13–15

This lack of evidence reflects several un-
resolved challenges in this area of research,
including problems of measurement and eval-
uation. The difficulty of measuring changes in
walking, cycling, and physical activity in gen-
eral is recognized in both the transportation
and the physical activity fields16–19 and is
compounded by the difficulty of applying robust
study designs to the evaluation of complex
infrastructural interventions.20 Existing research
in this field has an evaluative bias in favor of
interventions targeted at individuals, which may
be easier to evaluate,13,14 and is often character-
ized by methodological limitations such as the
lack of representative population samples, pro-
spectively collected data, control groups or areas,
or sufficient duration of follow-up.15 Meanwhile,
only limited inferences about the population
effects of new infrastructure can be drawn from
routinely collected user monitoring data.21 As
a result, we lack the means to assess the potential
travel, physical activity, and carbon emission
effects of different approaches to promoting
walking and cycling, to set appropriate targets,

or to allocate resources for new capital projects
efficiently.

The Connect2 initiative (available at: http://
www.sustransconnect2.org.uk) offers an im-
portant opportunity to address both methodo-
logical and substantive applied research prob-
lems in this multidisciplinary field. Connect2
consists of a program of projects to build or
improve local walking and cycling routes at 79
sites around the United Kingdom (Figure 1) led
by Sustrans, a charity that promotes sustainable
transportation in various ways, including
building infrastructure such as the National
Cycle Network. Each Connect2 project in-
volves a core landmark engineering project
such as a bridge or crossing over a busy road,
railway line, or river, which—together with
the development or improvement of feeder
routes—is intended to make it easier for
pedestrians and cyclists to reach destinations
in the local area. The iConnect (Impact of
COnstructing Non-motorised Networks and
Evaluating Changes in Travel) consortium
(available at: http://www.iconnect.ac.uk) is
an independent multidisciplinary academic
collaboration involving 7 United Kingdom
universities and the Medical Research Coun-
cil. The consortium is funded by the Engi-
neering and Physical Sciences Research
Council to conduct a 5-year research program
to measure and evaluate the effects of Con-
nect2. This collaboration will enable the col-
lection of consistent longitudinal data at multi-
ple sites with which to assess, for the first
time, the effects of an infrastructural interven-
tion on outcomes of interest across the 3
domains of travel, physical activity, and carbon
emissions.

This first article from the iConnect consor-
tium addresses the challenge of establishing an
evaluative framework within which the effects
of a complex program of infrastructural in-
vestment such as Connect2 can be studied.
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Subsequent articles will address more specific
issues of sampling and measurement and the
development of a complementary economic
evaluation framework.

THE EVALUATIVE PROBLEM

Connect2 is a program of highly diverse
infrastructural improvements implemented in

a variety of urban, suburban, and rural settings.
The intervention at each site will be unique, in
terms of both its content (the detail of the
engineering project) and its context (the social,

Source. Reproduced with permission of Sustrans (Bristol, UK).

FIGURE 1—Map of Connect2 intervention sites: the iConnect study, United Kingdom 2008–2013.
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community, and topographical environment
into which the new infrastructure is inserted).
Replication of the overall Connect2 program,
or of any single project within it, would there-
fore not be possible, because the content for
a given site would be unlikely to be applicable
anywhere else. From an evaluative perspective,
Connect2 therefore differs from ‘‘soft’’ (be-
havioral) interventions to influence travel
behavior targeted at individuals (such as
Walk in to Work Out),22 households (such as
TravelSmart),23 or schools (such as Travelling
Green)24 or even some ‘‘hard’’ (infrastructural or
engineering) measures such as speed cameras or
traffic calming. All of these interventions may
be regarded as more-or-less standard packages,
albeit implemented with a degree of tailoring to
each context.25 It is possible to replicate these
interventions with a relatively high degree of
fidelity, to evaluate them on the assumption that
one might wish to replicate them, and to cumu-
late results across different instances of that
replication.26 It is also sometimes possible to
evaluate their effects in a randomized controlled
trial.22 None of these conditions applies to a
complex infrastructural intervention such as
Connect2, so a different approach to evaluation
is required to produce consistent evidence in
these circumstances.

THE THEORETICAL CONTEXT

It can be difficult sometimes to identify
clearly articulated or systematically applied
theories underpinning the interventions to
promote behavior change studied in published
evaluations,27 particularly those concerned with
infrastructural and environmental modification.
This difficulty may reflect the fact that many
of the currently popular theories or models of
behavior change, such as social cognitive the-
ory,28 the theory of planned behavior,29 and the
transtheoretical model,30 do not readily encom-
pass the influence of factors in the physical
environment. As Owen et al. argued,

it is too easily assumed, given the focus of social
cognitive models on constructs such as attitudes
[and] self-efficacy, that conscious individual de-
cision making is the primary determinant of
behavioral choice.31(p75)

On the contrary, it is increasingly accepted
that habitual patterns of behavior may be
environmentally cued and that a supportive

environment for active living may be a neces-
sary, if not a sufficient, prerequisite for sus-
tained behavior change.32 We lack a single
satisfactory model of how the environment in-
fluences behaviors such as walking and cycling,31

but support is growing for ecological models of
behavior capable of encompassing people’s
transactions with their physical and sociocultural
surroundings.33 Among the models and frame-
works developed in this field in recent years,34,35

the model described by Saelens et al.11 provides
a particularly useful starting point for the
iConnect study (Figure 2). It is focused on walk-
ing and cycling as the behavioral outcomes of
interest, and it shows individual, psychosocial,

and environmental factors interacting to influ-
ence walking and cycling both as a mode of
transportation and as a recreational activity. The
model incorporates mediating factors, such as
psychosocial factors mediating the relation be-
tween recreational cycling and neighborhood
characteristics36; unlike many other models of
this type,33 it specifies the links between the
various constructs (and the strengths of those
links) rather than simply listing the constructs of
interest.37 Useful as they are, however, current
ecological models of behavior generally specify
numerous explanatory variables, or domains of
explanatory variables, reflecting their main pur-
pose of explaining multiple influences on people’s

Source. Reprinted with kind permission from Springer Science+Business Media: Saelens BE, Sallis JF, Frank LD. Environmental

correlates of walking and cycling: findings from the transportation, urban design, and planning literatures. Annals of

Behavioral Medicine. 2003;25:80–91. Figure 2. Copyright 2003 by the Society of Behavioral Medicine.

FIGURE 2—Saelens’ model.
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behavior rather than specifying how a particular
intervention might lead to a change in behavior.

Our aim was to derive research findings
from which some form of generalized causal
inference about infrastructural interventions
could be made rather than simply to attempt
to evaluate the Connect2 program. Even the
answer to an apparently simple question as
to whether Connect2 had been effective in
changing behavior would clearly be highly
contingent on what specific types of behavior
were studied in what types of people and over
what period of time and on the nature of those
people’s relationships with the particular
Connect2 projects chosen for study. Finding
a way of reaching more generalizable evalua-
tive conclusions that are both meaningful and
scientifically defensible across the relevant re-
search and policy sectors is subject to similar
considerations.

Pawson and Tilley38 argued that evaluative
research should test theories about how inter-
ventions work cumulatively with context, mech-
anism, and outcome configurations rather than
testing whether a given intervention works in an
aggregate, generalizable sense (Table 1). We
realized that adopting this realistic approach to
evaluation would enable us to acknowledge and
exploit the contextual heterogeneity of the

different Connect2 projects to design a study
capable of illuminating why these interventions
are (or are not) effective, in what ways, for whom,
and in what circumstances.38 By moving cumu-
latively between theory-based abstract configu-
rations and empirical case study–focused con-
figurations, we could produce theory-based
empirical results to inform more general conclu-
sions about the merits of investing or disinvesting
in different types of interventions or settings
rather than claiming to have found a simple
recipe for success.39,40

THE GENERAL APPROACH

Our general approach therefore was inspired
by the opportunity presented by the Connect2
natural experiments41,42 to develop abstract con-
text,mechanism, andoutcomeconfigurations; test
focused context, mechanism, and outcome con-
figurations; and refine by realistic cumulation our
understanding of the effects of infrastructural
interventions of this kind. We do this by com-
bining the perspectives and insights of the most
relevant psychological and ecological models of
behavior and behavior change with those of the
realistic approach to the evaluation of complex
interventions. For this purpose, we have defined
the Connect2 program as a set of multiple unique

implementations of a minimally specified princi-
ple, summarized on the Connect2 Web site as
‘‘creating new routes for the local journeys we all
make every day’’ (available at http://www.
sustransconnect2.org.uk/misc/faqs.php). The
constructs of connectivity, permeability—particu-
larly filtered permeability—and accessibility map
closely onto this principle (see Box on page 479).
In other words, the built environment is rede-
signed through Connect2 projects to make local
journeys easier, more direct, or more pleasant by
sustainable modes of transportation than by
other (motorized) modes.43

THE SPECIFIC SOLUTION

We developed a specific solution to the
evaluative problem in 3 stages. The first 2
stages were completed a priori through itera-
tive discussion both within the research con-
sortium and at an expert seminar in Oxford,
United Kingdom, in October 2008; the third
will be developed through preliminary data
collection and analysis. First, we articulated
a general theoretical model of the determi-
nants of walking and cycling that forms the
background and starting point for the iCon-
nect study. Second, we identified within it
a more specific model of the critical putative

TABLE 1—Illustrative Context, Mechanism, and Outcome Configurations: The iConnect Study, United Kingdom

Context Postulated Mechanism Postulated Outcome

Example A: Connect2 project to link city

center to country park

Now easier and safer to reach park by active modes Modal shift toward active modes for access to park

Now easier and safer to reach park by active modes Increase in overall physical activity associated with

visit to park

Now easier and safer to reach park by active modes Park users more likely than nonusers to walk or cycle in

general after the intervention

No easier to get anywhere else by active modes No overall effect on travel to work within city

Substitution hypothesis: compensatory decrease in

activity within park

No change in overall physical activity associated with visit to park

Example B: Connect2 project to link university

campus to nearby town

Now easier and safer to reach work by active modes Modal shift toward active modes for access to work

No easier to get anywhere else by active modes No effect on travel for other purposes

Now easier and safer to reach work by active modes Net reduction in carbon emissions from private vehicle (car, van,

motorcycle) use among employees

Now easier and safer to reach work by active modes Net reduction in household car ownership and use (e.g., car given up)

Now easier and safer to reach work by active modes Net increase in household expenditure on other activities (potentially

carbon intensive) resulting in net increase in household carbon emissions
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causal pathways by which we believed the
Connect2 projects were likely to work,
providing a framework within which the ef-
fects of the interventions could be meaning-
fully evaluated. Third, we will elicit—through
interviews with key stakeholders and other
informants—the middle-range theory, which
explains how particular Connect2 projects are
supposed to work in their local context
through abstract configurations, and we will
combine these insights with our second-stage
model to articulate a set of hypotheses
expressed in terms of the focused context,
mechanism, and outcome configurations de-
scribed earlier.38,39 This will be the basis of our
claim for making generalized causal inferences
from a set of highly contextual and heteroge-
neous case studies; the evidence derived will
help to test and refine a more general theory of
active travel (e.g., selectively improving the per-
meability of the urban environment for cyclists
encourages cycling in some contexts but not in
others).

Specifying a General Theoretical Model

We first modified Saelens’ model11 by disag-
gregating psychosocial factors into social, envi-
ronmental, and household and family factors;
relocating some individual psychological factors
to the individual group; and placing all these
groups of factors within a larger set of macro-
contextual factors at each case study site. Second,
we highlighted a change in walking and cycling
behavior as the main outcome of interest, but
those 2 behaviors were treated separately and
disaggregated into transportation and recrea-
tional purposes to allow for the expectation that
these may have different determinants.17 Third,
drawing on the theory of planned behavior, we
inserted behavioral intention upstream of the
actual observed behavior of interest but recog-
nized that in some circumstances, it may be
possible to show only changes in intentions,
particularly if those intentions conflict with habit
strength for current behavior44; we also recog-
nized that a change in intention is not necessarily
a prerequisite for a change in behavior. Fourth,

we included feedback loops to allow for the
possibility that early adopters of travel behavior
change at a given site may help pave the way for
others by positively influencing the social envi-
ronment, or others’ perceptions of the physical
environment, in favor of active travel45; also,
early experimentation with active travel at the
individual level may alter a person’s habit
strength, moderating his or her response to
future travel choices. Finally, we showed that the
primary outcome of interest was a subset of 3
larger, directly measurable outcomes (overall
travel behavior, overall expenditure on trans-
portation, and overall physical activity), from
which other effects of ultimate interest (on net
energy use and carbon emissions and on overall
health) may be imputed but not necessarily
directly measured in this particular study (Figure
3). Although other health effects, such as those
related to injuries and air pollution, could be
imputed in a study of this kind, the health focus
of this particular study was on the potential
benefits of any changes in physical activity.

FIGURE 3—General theoretical model: the iConnect study, United Kingdom.
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Developing a More Specific Intervention

Model

We adopted the following principles. First, as
Ball et al.46 pointed out,

many studies fail to provide clear justification for
the particular exposures selected, and there
appears a tendency for studies to be guided more
by the data that are available than by careful
a priori theoretical selection and conceptualiza-
tion of key environmental exposures.

Because our objective was to understand the
behavioral effects of an intervention, we de-
termined that our model should focus on
determinants of behavior that are likely to
change as a result of the intervention and to be
causally related to changes in behavior. Sec-
ond, if the intervention can be regarded as a set
of multiple unique implementations of the
principle of improving connectivity, this con-
struct should lie at the heart of the explanatory
model. Third, the model should incorporate the
concepts of mediators and moderators (effect

modifiers) to allow for greater understanding of
behavior change mechanisms and the social
distribution of intervention effects.36,47

We identified 2 main groups of potential
mediating variables: those expected to change
as a direct result of the modification of the
environment (e.g., altered availability and ac-
cessibility of destinations, convenience, safety,
and aesthetic quality) and those expected to
change as an indirect result of the effects of the
intervention on early adopters, whose change
in behavior may alter the conduciveness of the
local social environment to the uptake of
walking and cycling opportunities by others
(e.g., perceived social norms, as measured by
the strength of agreement with statements such
as ‘‘I see people in my neighborhood cycling for
recreation.’’).

We also identified 2 main groups of po-
tential moderating (effect-modifying) vari-
ables. We expected the response to the in-
tervention to vary not only according to

household and family characteristics such as car
ownership, household composition, and distance
to the intervention site but also according to
individual characteristics such as age, gender,
and distance to work. Socioeconomic status
might be measured at individual, household, or
area level, or all 3; in our model, we show this
measurement at the individual level solely in the
interests of simplicity.

Our simple explanatory model for how the
Connect2 interventions are likely to work is
shown in Figure 4. The solid connectors
indicate the primary putative causal pathway
for the intervention, whereas the dotted
connectors indicate the primary putative
moderators of that causal pathway. We assume
that the relative contributions of different
factors and pathways within this overall model
are likely to vary according to which of the 4
different types of walking and cycling behavior
shown as primary behavioral outcomes is being
considered.

Note. Solid connectors indicate the primary putative causal pathway for the intervention. Dotted connectors indicate the primary putative moderators of the causal pathway.

FIGURE 4—Specific iConnect intervention model: the iConnect study, United Kingdom.
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The application of the model can be illus-
trated by following an example of a simple set
of putative causal relations from left to right
across Figure 4. A particular Connect2 project
may create a shorter and more direct cycle
route from a residential area to a nearby
school, altering the accessibility of a key desti-
nation. The effect of the increased accessibility
may be enhanced if the new route is also
perceived to be more convenient, more pleas-
ant, or safer (e.g., if it avoids the need to cross
a major highway and includes an off-road
section on a traffic-free trail). These changes in
the physical environment may lead directly
to an increase in students’ intention to cycle to
school or in the prevalence or frequency of that
behavior; such changes may be more likely
to occur in some types of students (e.g., boys:
individual factors) or households (e.g., those
living within a 15-minute cycle ride of the
school: household factors) than in others. If the
behavior becomes more frequent, a positive
feedback loop may be created in which non-
cycling students (or their parents) begin to
perceive the social environment as more con-
ducive to cycling to school because their peers
are now more likely to be doing it, leading to
a snowball effect as more students take up the
opportunity presented by the changes to the
physical environment.

Specifying a Set of Specific Hypotheses

to Be Tested

We intend to use the evaluative framework
described earlier to develop a set of more
specific hypotheses (focused context, mecha-
nism, and outcome configurations) that can
be tested both within and among a few pur-
posively selected case study sites.

Following the terminology of realistic eval-
uation,38 the middle-range theory about how
Connect2 projects are supposed to work will
be elicited through qualitative interviews with
senior Sustrans personnel (for the Connect2
program in general) and with key local stake-
holders from Sustrans, local authorities, and
other organizations involved with each case
study site. We will use the evaluative framework
to identify key features of the context of each
case study site about which we should collect
baseline contextual data. These data may include
both population-based data, such as local census
data on car ownership, and site-specific contex-
tual factors, such as marketing and other con-
current activities that might be regarded as
confounders or contaminating factors in an
experimental research design. We will also use
the evaluation framework to articulate a set of
testable hypotheses based on different context,
mechanism, and outcome configurations within
and between case study sites and to aid the

selection of case study sites that can contribute
most to testing these hypotheses. For example,
one Connect2 project involves creating a new
traffic-free connection between a city center and
a nearby country park, whereas another involves
creating a new traffic-free connection between
a university campus and a nearby town. At such
sites, one might propose a set of hypotheses
along the lines illustrated in Table1, focusing (for
the purpose of exemplification) on physical
activity in the first instance and on carbon
emissions in the second.

Many (preferably most) of the chosen hy-
potheses will be capable of being tested by
making use of the diversity both within case
study sites (e.g., by comparing the responses of
people living closer to and further away from
the intervention site) and between case study
sites (e.g., by comparing the effects on com-
muting and leisure journeys at the 2 exemplar
sites described earlier). For example, the hy-
pothesis that improving access to work leads to
an increase in the use of active modes for
commuting could most obviously be tested in
the latter case study site (Example B in Table
2), by comparing changes in travel behavior
between staff who commute to the campus
from the direction served by the new infra-
structure and staff who commute from the
opposite direction. However, even in a case

Glossary of Terms: The iConnect Study, United Kingdom

Term Explanation

Transtheoretical model A model of health behavior change in which individuals progress through 6 stages of change: precontemplation, contemplation, preparation, action,

maintenance, and termination.30

Realistic evaluation An approach (originally developed for the evaluation of social programs) that recognizes that the effect of interventions will vary according to the

circumstances in which they are applied and therefore asks ‘‘why these interventions are (or are not) effective, in what ways, for whom and in what

circumstances.’’38 It involves developing theories about how particular patterns of outcomes may be produced by particular causal mechanisms being

triggered in particular contexts (so-called context, mechanism, and outcome configurations) and testing these theories cumulatively across different

instances of the interventions.

Connectivity and

permeability

These terms refer to the ease and directness of the movement of people and vehicles in a route network. Although these terms are sometimes used interchangeably,

connectivity is sometimes used to refer solely to the number of connections, whereas the concept of permeability also includes the capacity of

those connections.

Filtered permeability A characteristic of a network that is more permeable to certain modes of transportation (in this case, walking and cycling) than others.

Accessibility This term refers to the proximity of activities, destinations, goods, and services and is a function of population density and land use mix.

Middle-range theory ‘‘Theories that lie between the minor but necessary working hypotheses that evolve in abundance during day-to-day research and the all-inclusive systematic

efforts to develop a unified theory.’’39 In realistic evaluation, this idea is applied in terms of developing a range of testable specific propositions

(families of related context, mechanism, and outcome configurations) based on a small core of more abstract analytical frameworks.38
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study of a project ostensibly targeted at pro-
moting recreational walking and cycling
(Example A in Table 2), a population-based
sample of local residents is likely to include
some participants for whom the new infra-
structure also provides a new route to work;
by pooling data on commuters between sites,
researchers may be able to examine how the
effect of new infrastructure on commuting
behavior varies according to socioeconomic
position, distance from home to work, lighting
of routes, or other characteristics hypothesized
to be important, testing intervention theories in
a more generalizable way.

An important feature of this approach is the
iterative movement between abstract and fo-
cused context, mechanism, and outcome con-
figurations across multiple sites to refine un-
derstanding. Iteration of this sort means that
there is no such thing as the wrong case study
site or study population to select for study. It
may well be appropriate to predict zero be-
havior change at certain sites, in certain groups
of people, or for certain types of journey, and
whatever results are obtained will be used to
refine our general theories about how this type
of intervention is supposed to work and about
the relation between infrastructure and be-
havior, not to declare the project at any given
site a failure.

CONCLUSIONS

We have developed an original theoretical
framework for evaluating the public health effect
of interventions in the built environment. Our
approach represents an innovative and practical
response to the methodological issues con-
fronted, achieved by combining the perspec-
tives and insights of classic epidemiology and the
most relevant psychological and ecological
models of behavior and behavior change with
those of the realistic approach to the evaluation
of complex interventions. The result may be
regarded as an applied ecological model by
which current theories about the behavioral
effects of environmental change may be tested in
heterogeneous and complex intervention set-
tings. Our framework guides study design and
analysis by specifying the most important data
to be collected (from among the scores of pos-
sible variables enumerated in many existing
models) and the most important putative causal,

mediating, and moderating effects to be tested to
confirm or refute specific hypotheses within
the overall framework and so refine the under-
lying theories.

Of course, the key variables and putative
causal pathways specified in this framework
may turn out not to explain population behav-
ior patterns, and future research may need to
include other variables not measured in this
study. We will therefore test and refine this
model iteratively by applying it as a framework
for collecting and analyzing baseline cross-
sectional data and, in time, longitudinal data
from cohorts of participants at different case
study sites. Our approach has wide potential
use for other researchers attempting to design
and execute evaluations of complex infra-
structural interventions in diverse contexts and
circumstances. j
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