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Background: Interdisciplinary research regarding how the built environment 
influences physical activity has recently increased. Many research projects 
conducted jointly by public health and environmental design professionals are 
using geographic information systems (GIS) to objectively measure the built 
environment. Numerous methodological issues remain, however, and environ-
mental measurements have not been well documented with accepted, common 
definitions of valid, reliable variables. Methods: This paper proposes how to create 
and document standardized definitions for measures of environmental variables 
using GIS with the ultimate goal of developing reliable, valid measures. Inherent 
problems with software and data that hamper environmental measurement can 
be offset by protocols combining clear conceptual bases with detailed measure-
ment instructions. Results: Examples demonstrate how protocols can more clearly 
translate concepts into specific measurement. Conclusions: This paper provides 
a model for developing protocols to allow high quality comparative research on 
relationships between the environment and physical activity and other outcomes 
of public health interest.
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Attempts to explain leisure-time physical activity using individual and social 
variables have rarely explained greater than 25% of variance.1 The potential for 
the built environment to influence some of the variance unexplained by individual 
and social variables is supported by some theories currently used by behaviorists 
interested in physical activity—most notably social ecologic theory.2 This theory, 
which is broader than the prevalent psychosocial theories, contends that physical 
activity (of all domains, not just leisure) occurs in a physical space and that the 
built environment can serve to promote or discourage activity. This theoretical 
background has recently spurred increased interdisciplinary research into built 
environmental influences on physical activity, though the focus is rarely just lei-
sure-time activity.
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Many research projects conducted jointly by public health and environmental 
design professionals use geographic information systems (GIS) to objectively mea-
sure the built environment. Prior to the advent of GIS technology, short of very 
laborious manual mapping, public health researchers had to rely on self-reported 
knowledge and perceptions about environments in studies that attempted to relate 
environment to health behaviors such as physical activity. Knowledge that can 
be self-reported and perceptions about the environment undoubtedly influence 
physical activity. However, the addition of objective GIS measures presents new 
frontiers for understanding the role of urban design on physical activity and other 
health behaviors.

The use of GIS for measurement and analysis of research-quality variables 
is still in its infancy, however, and numerous methodological issues remain. Con-
ceptually, several dimensions of environmental measurement require attention. 
First, broad categories of variables that may be plausibly associated with physical 
activity must be selected (e.g. street pattern or mixed use). Second, methods of 
analyzing those variables need to be weighed against one another, including self-
report and objective approaches. Third, each variable must be specifically defined, 
e.g., specific survey questions or GIS-based formulae. Finally, these definitions 
must be documented so that measures can be replicated and assessed for reliability 
and validity. To date, most work on the relationship between physical activity and 
the built environment has used self-report surveys to measure the environment.3 
As interest in objective measures of the environment has increased, issues of data 
quality and availability have become apparent,4 and surprisingly little attention 
has been given to precisely defining or documenting GIS-based measures. With 
a few exceptions, environmental measurements have not been well documented 
with accepted, commonly used definitions of valid, reliable variables, which makes 
replication a matter of significant guesswork.

This paper proposes an approach to creating and documenting standardized 
definitions for measures of environmental variables using GIS. These definitions 
can then be assessed for reliability and validity, using protocols similar to those 
used to develop self-reported physical activity measures. The Background section 
outlines why protocols are needed, the inherent limitations of software and data, 
and the need for clear definitions. The Methods section outlines how protocols 
are shaped and how they can be used to overcome software and data limitations, 
enabling better communication within and between research teams. Examples in 
the Results section illustrate how protocols clarify ambiguities in measurement. 
Finally, the Summary discusses the contributions of the protocols and other issues 
that are yet to be resolved. The appendix presents a two protocols that were devel-
oped using the six steps described in the Methods section.

From research to date, four types of features in the physical environment have 
emerged as likely correlates of physical activity, particularly walking: develop-
ment density, the mix of land uses, street pattern, and pedestrian infrastructure and 
amenities.5-11 Many of these features can be measured through GIS. However, not 
enough is known about which aspects of these variables matter, how much, for 
whom, and at what scale. Because of these questions, the study team proposed to 
measure dozens of specific environmental measures using a variety of geographi-
cal perspectives (e.g., grid cells, network/street distance buffers, airline buffers, 
distance to the nearest feature of a certain type) and scales (e.g., 200 m buffer, 
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1600 m buffer). In this paper, two example variables are used to illustrate protocol 
development: points of street access, which is detailed in the appendix but only 
summarized in this text, and the ratio of “4-way” to other intersections.

This protocol work is based on a study of walking and other physical activity 
conducted in 36 environmentally diverse residential areas in the Twin Cities in Min-
nesota, involving 718 participants who wore an accelerometer for 7 d, completed 
a 7-d travel diary, had their height and weight measured, and answered a survey 
dealing with demographic, environmental perception, attitudinal, and socioeco-
nomic issues. The results of the study will be reported elsewhere. The study area 
was initially selected because of its high quality GIS data. To perform the study, the 
team found it necessary to develop protocols to define and operationalize objective 
(GIS-based) measures of the environment.

This paper, aimed at public health researchers interested in physical activity, 
seeks to address the lack of precise definition and documentation of GIS-based 
measures, and spark systematic approaches to such protocol development. In addi-
tion, the proposed definitions of objective (GIS-based) environmental variables 
may be a useful tool for researchers who want to use GIS without developing 
measures themselves.

Background

Why Protocols Are Necessary

Joint research projects conducted by professionals in the public health and envi-
ronmental design fields are complicated by differences in research methods used 
by the two fields. In public health and physical activity research, measures must 
be shown to be reliable and valid prior to their use. Environmental measurement 
research is in a different stage of progress for data collection, measurement of 
variables based on those data, and analyses of those variables.

There are several reasons for the lack of developed and consistent environ-
mental measures. Transportation planning, which has a large number of quantified 
measurements, has focused on motorized transportation, leaving issues relating to 
walking in the hands of urban designers. With few exceptions—such as aspects of 
environmental perception—urban designers have been less interested in quantifica-
tion than in developing a great sensitivity to the qualitative aspects of place. Even 
if they were interested in quantification, however, little funding has been available 
for such work.

In addition, sophisticated computer mapping only emerged into wide scale 
use in the early 1990s, and computerized mapping databases have taken years 
to develop. Their continued development will allow environmental measures to 
eventually become as standardized as measures of physical activity. At present, 
however, studies reporting environmental variables often fail to explain in a manner 
that would allow replication by other investigators how variables are derived. For 
example, “intersection density” may be a variable used to examine the association 
of walking and built environment, but authors may not indicate whether freeways 
or other limited-access roads are included in the measures.

There are certainly exceptions to this lack of clear and precise operational 
definitions of environmental variables. Steiner et al. have an exemplary assessment 
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of a range of measures of street patterns and connectivity.12 Dill also provides an 
excellent discussion of street pattern measures.11 Other researchers provide a high 
level of detail in their reports, but not enough to be certain one is replicating their 
measures.13 This is partly because the reports are focused on the substance of their 
findings and there are few publication venues for more detailed documentation of 
methods.5, 7- 9, 14-27

Inherent Challenges with GIS Due to the Complexity of  
Software and Data

The new GIS software programs and databases raise a number of issues that make 
protocols for measurement important as a means of communication between investi-
gators interested in comparing results. Detailed documentation is also useful within 
teams to identify any problems with the link between the concept investigators wish 
to measure and the data and techniques available for measuring it.

Software. GIS software is a bundle of programs. There are researchers who work 
with a simple mapping program, but most add on database management, statisti-
cal tools, and scripting languages. The suite of programs most used in the US is 
ESRI’s ArcGIS suite (including ArcMap, ArcCatalog, Spatial Analyst, ArcInfo). 
Some of these programs are extremely expensive—money matters in this research. 
For example, our university was not licensed to use ArcSDE, a database manage-
ment program allowing automatic “versioning” to track changes to data over time 
and between multiple users. Also, important analytical tools, such as the network 
analyst that measures street distance buffers (as opposed to crow flies), were not 
updated for the new GIS programs, which has forced users for several years to 
switch between an old version of ArcView (an earlier GIS mapping program) and 
a new version of ArcGIS.

Advanced users often borrow scripts created by others for derived GIS vari-
ables such as variations on measures of the distance to the nearest landmark of 
a certain type, saving time but risking further errors given that scripts are often 
merely approximations of the concepts being measured and that assumptions are 
not always clearly articulated or operationalized.

Even within a single program there may be multiple ways to make a similar 
calculation with different results. For example, when measuring the distance to the 
nearest feature of type B (e.g., coffee shop) from a starting point A (e.g., a residential 
address), some methods of analysis use vector data (data created using points, lines, 
and polygons or shapes) and some use raster data (maps made from cells such as 
pixels). These differing methods may have slightly different results.

Data. A number of standard concerns challenge all mapping and most geographi-
cal analysis (e.g., the earth curves and so straight lines curve). However, issues 
related to the diverse environmental variables thought to be associated with physi-
cal activity as well as the desire for creating methods that can be replicated have 
created special challenges that are pushing GIS analyses.

• Consistency: Some GIS data are consistently available across a nation (e.g., 
census data) and some are purely local (e.g., land use categories may be dif-
ferent in every municipality). Although research on physical activity and the 
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built environment is being pursued throughout the world, and many self-report 
surveys are being used in multiple countries, no environmental data at a scale 
or on a topic relevant for physical activity research are available internationally. 
Satellite photos are available, but resolutions are not always high enough to 
distinguish relevant features and analysis generally involves a time-consuming 
and error-prone process of converting the raster image data to vector data for 
analysis. Road centerline and parcel data may come closest to being interna-
tionally available and organizations, such as the International Federation of 
Surveyors, are investigating standards.28

• Purpose: Because municipalities collect data for their own purposes (e.g. 
charging taxes, planning road maintenance), data across geographical areas 
are inconsistent. Too, the purposes for which data are collected may not involve 
many topics relevant to physical activity research. Therefore, de novo data col-
lection, which can take the form of time-consuming systematic observations of 
environments, is often necessary.29 Such fieldwork data collection approaches 
are in their infancy. 30, 31, 33- 35

• Geographies: Features or dimensions of the environment are measured using 
data collected in varying geographic units (parcels, census blocks, street seg-
ments). Creating variables for the research often requires assumptions and/or 
transformation of the data to fit a new geographic unit. For example, the mea-
surement of variables within a specified straight line buffer of an individual will 
depend on the variable. For example, median block size requires measurement 
of complete blocks. However, in measuring block size within, say, 400 meters 
of a person, is it best to count all blocks with a centroid within the buffer or by 
counting all the blocks fully contained within the buffer?  In contrast, when 
our research team wanted to measure population density within a buffer, it was 
more important to match population and area, so that for census blocks cut by 
the edge of the buffer, we apportioned population within the block according to 
the land area (40% of the land area received 40% of the population). This was 
a reasonable assumption, but there are other plausible approaches to dealing 
with this mismatch between measurement geographies and available data.

• Data resolution: What is considered accurate enough for a map with a scale 
of 1 meter to 1,000,000 meters is unlikely to be accurate enough for a map 
with a scale of 1 meter to 1,000 meters, but it can be tempting to ignore these 
issues of resolution.

• Accuracy: One municipality may consistently underestimate home values by 
5 to 7%, another by 9 to 10%. These variations make comparative research 
very difficult and decrease accuracy.

• Completeness: Complete data for one purpose does not mean that complete 
data are available for an entire study area (e.g., traffic counts of all arterial 
roads do not include all roads).

• Time: GIS data often incorporate data captured during different years. Because 
cities are constantly being built and rebuilt, the environment represented by 
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the data may be a composite or summary picture representing a “reality” that 
never actually existed. In our study, for example, several roads had been re-
aligned between the time of the parcel mapping and the road centerline data.

• Errors: Errors exist in collection and input, even for consistent data. These 
errors can be minimized but not eliminated. While this is true for all data the 
complexity and multiple sources of GIS data can render errors difficult to find.

Measurements Are Not Clearly Defined

Even with reliable data as close to perfection as is possible, researchers measuring 
environmental correlates of physical activity must still decide which variables to 
measure and how to measure them.

While there is broad theoretical consensus that the environment affects physical 
activity, no consensus exists regarding which aspects matter, why, how much, and 
for whom. Nor do we have standard lists of specific variables typically measured in 
such research. On the contrary, measures developed in urban geography, planning, 
and transportation may not be relevant to research on physical activity, and public 
health researchers are not always aware of the problems with physical environment 
data. In addition, although it would be logical to test a large number of variables 
and select those that are most reliable, automatable, and correlated with measured 
physical activity, no standard approaches exist for developing such variables.

There is a mismatch, too, between the broad basic variables used in concep-
tualizing studies and the messy data technicians encounter. Although discussions 
addressing this mismatch often occur within the research team, the content of these 
discussions is rarely published. The appendix has an example of the complexities 
that can result from this type of mismatch, with over two pages of thumbnails of 
variations on X (4-way) and T (3-way) intersections needing to be classified.

The complexity of GIS software and data, researchers’ errors, and incorrect 
and inconsistent decisions make standardization of measurement protocols all the 
more important.

Methods
The GIS protocols we propose are designed to bridge concept and application, 
enhance communication among those trained in disparate fields, and enable 
replication. The protocol for each variable has six parts, beginning with a reason-
ably precise definition of the variable and followed by an explanation of how to 
operationalize the variable in GIS. Examples are from Environment and Physical 
Activity: GIS Protocols:36

1. Basic Concept: A statement of the concept that the variable is intended to 
represent, with a discussion about its place in the literature and previous use. A 
comment about the hypothesized relationship between the variable and physical 
activity might also be useful. While rudimentary, this is often the sole variable 
description included in journal articles. E.g., Gross Population Density is the 
overall residential population divided by the land area excluding water area. (In 
the protocols manual, the Basic Concept section also cites sources explaining the 
importance of the variable as a measure of the environment.)a
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2. Basic Formula, or Basic Definition, Basic Procedure: A more specific for-
mula or definition of the variable, but without enough detail to create a GIS-based 
measure. In many research reports, this is the most detailed level at which variables 
are reported. E.g., Population per Unit Land Area (without water) = Persons in 
housing units per unit gross area excluding water area.

3. Detailed Formula or Detailed Definition: An even more specific formula, 
including data sources and the spatial unit at which the variable is measured, 
which affects the measurement. Only a few published research reports provide 
this level of detail and yet it is the level of detail that is essential for performing 
a measure using GIS. One of the greatest barriers to replicating studies reported 
in the land use and transportation research literature is the absence of a Detailed 
Formula or Definition.b E.g., Population per Unit Land Area (excluding water 
area) = Persons in housing units as measured in US Census data at the block 
level per Unit Land Area excluding area of water features as measured in the 
Ramsey County water layer or the Metropolitan Council water layer for areas 
outside Ramsey County.

4. Comments and Explanations: The questions likely to occur when operation-
alizing formulae. In addition, this section warns about common errors. E.g., where 
census blocks are cut by the end of the measurement geography, the population 
is apportioned according to the percentage of land area falling inside and outside 
the line. The Ramsey County water layer includes all water visible in very high 
resolution digital orthophotos, excluding such features as swimming pools (see 
more detail in Environment and Physical Activity, chapter 2). For the one area 
outside of Ramsey County, the study team used the Metropolitan Council’s 2000 
Water Feature Layer.36

5. GIS Approach: A description of the measurement in outline, in a form that 
a GIS expert could use to perform measures, or that someone using a different 
software program could use to develop their own steps.36 E.g., calculate the appor-
tioned population and divide it by the total area that has been recalculated after 
removing the area of all water features.

6. GIS Steps: Detailed GIS instructions using Arc 8 or Arc 9 designed to be 
comprehensible to infrequent users of GIS. GIS Steps sections range from one-half 
to almost three pages. These allow easy measurement replication, more complete 
discussion about how well GIS operations and functions represent concepts being 
measured, and avoidance of at least some inconsistencies. They also allow users to 
script some of the measurements using Model Builder, a new feature in ArcGIS 9. 
As software is updated these are outmoded but provide a record of detailed deci-
sions that can be adapted to new program versions.

The Minnesota protocols were developed by listing and revising the list of 
variables; creating the basic formulae, based on earlier research whenever pos-
sible; troubleshooting details; writing GIS strategies (approach and steps); and 
assembling and refining.36 The process of developing protocols was interactive 
between the PI (environmental measurement lead) and GIS technical staff, which 
required all participants to clearly communicate the concepts that needed to be 
measured, the questions raised in doing so, and the steps for actually making the 
measures in GIS.

Because we were developing measures as we were developing a final list of 
variables, protocols were revised more often than had we been certain of our mea-
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sures from the start. Overall, protocols served to increase the capacity to replicate 
measures both within the team and across research teams. Across-project replication 
is particularly important to allow later meta-analysis and potential validation.

Examples
Two examples from street pattern measures serve to illustrate the use of protocols. 
Due to space limitations, however, the GIS steps for these protocols are not included. 
For the same reason, the protocol for the first street pattern measure, which indicates 
porosity of a street by measuring access points, appears only in the appendix; in 
summary, issues of porosity raise questions regarding how to measure roads such 
as freeways that cross the boundary of the measurement geography (e.g., buffer) 
but do not actually give access to it. Our team chose criteria for making those 
decisions that we considered theoretically defensible and which enabled maximum 
automation. The appendix details our process and criteria.

The second street pattern measure is the ratio of 4-way or X-intersections 
to all intersections. This is a measure of road connectivity. High ratios of 4-way 
intersections are thought to be associated with walkable environments.5, 13 Measure-
ment involves calculating the “valence” of each intersection. A T-intersection has 
a valence of 3 because three road segments converge to the center of the intersec-
tion. A 4-way intersection has a valence of 4 because four road segments converge 
to the center of the intersection. Analyses show, however, that different methods 
of calculating valence for a simple intersection can yield different results. The 
appendix illustrates how a GIS-based calculation of valence identifies as 16-way 
an intersection which, with respect to porosity, is 4-way. This discrepancy results 
from GIS routines counting each segment converging to the same point and not 
automatically recognizing when the same road is divided and represented by two 
sets of segments. Road width is another such example. Although road widths com-
monly range from 20 to 30 meters, roads in GIS are represented by their center 
lines regardless of their width. As a result, when wide roads intersect, their center 
lines often converge not to one but to several points. A simple 4-way intersection 
of two wide roads (valence of 4) thus can be represented in GIS as two “offset” 
3-way intersections, giving a valence of 6. As can be seen in the illustrations in the 
appendix there are many other variations on the 3- or 4-way intersection, a fact not 
readily apparent in the current literature.

To address these issues, we examined aerial photos and took field trips. 
Eventually we selected two buffers of 10 meters and 15 meters and placed them 
around each GIS-identified intersection point. Using a GIS routine, we dissolved 
all points falling within the buffer to a single intersection point, with road center-
lines intersecting within 20 m or less for the 10 m buffer and 30 m or less for the 
15 m buffer becoming one segment intersection point. We propose to conduct a 
sensitivity analysis to examine whether buffering creates significantly different 
measures to “raw” intersections; we will also determine which buffer has the high-
est correlation with walking.
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Summary and Remaining Challenges
Protocols are an important strategy for clearly defining variables and documenting 
their execution. The examples above demonstrate the need for detailed formulae 
and data descriptions, so that researchers can be certain that their environmental 
measurements are replicating earlier work or the work of other teams. Consistency 
may be difficult even then because data are not collected and classified consistently, 
particularly in the area of land use.

Overall, the protocols respond to the general problem of measuring environ-
mental features thought to be associated with physical activity. The lack of standards 
for defining and operationalizing key measurement variables is reflected in the 
literature. Researchers have only rarely provided detailed formulae for the calcula-
tions of specific variables or a detailed approach to conceptualization (e.g., whether 
water was included in the land area calculations). Even though such measures may 
be able to be tested for reliability and validated against other measures within a 
study, other teams of researchers cannot be sure they are replicating them.

This paper points to the necessity of establishing consensus about which vari-
ables are important and developing reliable and valid approaches to measurement. 
Teams using GIS need to document their measurements in detail, either within 
research reports or in separate public documents.c Agreement on standard mea-
sures may come over time with development of the literature, or through periodic 
attempts, perhaps fostered by funding agencies, to come to agreement. Without 
such documentation and agreement, replication and meta-analysis will be virtually 
impossible. The Minnesota Protocols provide one set of such measures currently 
available for use.

In addition, this paper provides a model for the development of measures of the 
built environment which will be of value for research on the causative relationship 
of the built environment with a variety of public health outcomes, not just physi-
cal activity.37-39 Only through carefully designed and conducted research on these 
causal relationships will we approach the ultimate goal of intervening to improve 
public health through urban planning changes. Such interventions will likely take 
decades and involve legislative action. A solid empirical basis for causal associa-
tions between the built environment and physical activity (and other public health 
outcomes) will be vital toward those efforts.
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Notes:
a People walk on water in winter, but we did not collect participant data in winter.
bAnne Vernez Moudon helped tremendously in clarifying this point.
c An anonymous reviewer helped clarify these recommendations.
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