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Abstract
Objectives  To examine three walkability measures 
(points of interest (POI), transit stations and impedance 
(restrictions to walking) within 640 m of participant’s 
addresses) in different regions in Germany and assess 
the relationships between walkability, walking/cycling and 
body mass index (BMI) using generalised additive models.
Setting  Five different regions and cities of Germany using 
data from five cohort studies.
Participants  For analysing walking/cycling behaviour, 
there were 6269 participants of a pooled sample from 
three cohorts with a mean age of 59.2 years (SD: 14.3) 
and of them 48.9% were male. For analysing BMI, there 
were 9441 participants of a pooled sample of five cohorts 
with a mean age of 62.3 years (SD: 12.8) and of them 
48.5% were male.
Outcomes  (1) Self-reported walking/cycling 
(dichotomised into more than 30 min and 30 min and less 
per day; (2) BMI calculated with anthropological measures 
from weight and height.
Results  Higher impedance was associated with lower 
prevalence of walking/cycling more than 30 min/day 
(prevalence ratio (PR): 0.95; 95% CI 0.93 to 0.97), while 
higher number of POI and transit stations were associated 
with higher prevalence (PR 1.03; 95% CI 1.02 to 1.05 for 
both measures). Higher impedance was associated with 
higher BMI (ß: 0.15; 95% CI 0.04 to 0.25) and a higher 
number of POI with lower BMI (ß: −0.14; 95% CI −0.24 to 
0.04). No association was found between transit stations 
and BMI (ß: 0.005, 95% CI −0.11 to 0.12). Stratified by 
cohort we observed heterogeneous associations between 
BMI and transit stations and impedance.
Conclusion  We found evidence for associations of 
walking/cycling with walkability measures. Associations for 
BMI differed across cohorts.

Introduction
At the United Nations High-Level Meeting 
on Non-Communicable Diseases in 2011, 

modifying the built environment has been 
proposed as one strategy for increasing phys-
ical activity for transport and recreational 
purposes.1 Walkability as characteristic of 
the built environment represents a modifi-
able population-based factor for promoting 
walking and cycling.2–4 Walking and cycling 
are inversely associated with obesity at popu-
lation level.5

Several studies have found that more walk-
able neighbourhoods are associated with 
engaging in more walking and cycling and 
that people living in these neighbourhoods 
have a lower body mass index (BMI).6–9

The vast majority of studies focused on 
walking behaviour and mostly found positive 
associations with walkability.6 10 11 Few studies 
examined cycling as outcome and results 
are inconsistent.12 Most studies that used a 

Strengths and limitations of this study

►► This is one of the first studies on the association 
between three domains of walkability (access to 
points of interest, transit stations and impedance 
as measure of connectivity) and walking and cycling 
behaviour and body mass index in Germany.

►► Strengths of the study include that it covers vari-
ous regions and cities in different parts of an entire 
European country.

►► The low variability of the walkability measures in the 
study regions including mostly urban areas limits 
the interpretation of the results.

►► Limitations of the walkability measures include that 
the variety of points of interest as well as the quality 
of bus and tram stops regarding frequency routes 
were not taken into account.
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combined measure of walking and cycling found positive 
associations with walkability,12–14 indicating that better 
walkability could improve active transport in general. 
However, not for all built environmental features positive 
associations were found, which limits the evidence15 16 
and indicates that different environmental features could 
have different associations with walking on the one and 
cycling on the other hand.12 Additionally, although many 
studies on walkability and BMI indicate that BMI is lower 
the better walkability is,17–20 there are also studies that did 
not found any or only very weak associations between BMI 
and walkability.21–23 These inconsistencies could be due to 
the heterogeneity of walkability measures and methods 
used.22 23 Moreover, most studies used self-reported 
measures of weight and height,17 resulting in a BMI that 
tends to be lower than the actual BMI.24 25 Additionally, 
inconsistencies of the current findings may in part be due 
to little variability of walkability measures in some single-
site studies, which limits the generalisability of current 
results.26 Few studies have used a multicentre approach 
examining different regions and cities.

The advantage of multicentre studies over single-
site studies is that multicentre studies represent a more 
complete range of walkability variability when compared 
with single-site studies. Additionally, with multicentre 
studies, it is possible to examine if the positive associa-
tions between walkability and health outcomes apply in 
different regions. If this is the case, interventions that 
aim to improve walkability may gain more importance 
in health policies that aim to tackle non-communicable 
diseases.26

Findings of the multicentre studies showed that, gener-
ally, better walkability was associated with increased phys-
ical activity26–30 and lower BMI, although associations with 
BMI were rather small.29

The few studies that have used multicentre approaches 
mainly examined walkability across different countries 
and included mostly only one rather urban city per 
country, which may not be representative for the whole 
country.26–30 To be able to generalise the findings, studies 
are needed that examine the association between walk-
ability and health outcomes in different regions of the 
same country, and including both, rural areas and urban 
cities of that country.

Traditionally, the methods of measuring walkability 
have used three domains.3 31 First, there is impedance to 
walking; the presence of physical barriers or the absence 
of intersections causes a longer walking path/distance to 
reach a certain point that is nearer in Euclidian distance.32 
Commonly, connectivity of route ways is used as measure 
of impedance.33 However, this measure does not explicitly 
take into account physical barriers, such as rivers, which 
may weaken the reliability of connectivity as a measure of 
impedance.32 Second, there is proximity to public trans-
port access points. One of the reasons that people walk is 
to access public transport.34 Lastly, there is the presence 
of points people want to access (shops, banks, pharma-
cies, etc.).35

The consistency of how these three domains dominate 
walkability was highlighted by a systematic review of walk-
ability methods.3 The aims of this multicentre study were 
to assess (1) walkability in different regions in Germany 
using three domains of walkability and (2) to examine 
the relationships of walkability with walking/cycling and 
BMI.

Methods
Study population
We included cross-sectional data of five population-
based longitudinal cohort studies from different areas of 
Germany: the Dortmund Health Study (DHS) conducted 
in the city of Dortmund, the Heinz Nixdorf Recall study 
(HNR) conducted in the cities Mülheim, Bochum and 
Essen in Western Germany, the Cardiovascular Disease, 
Living and Ageing in Halle (CARLA) Study from the 
Eastern part of Germany, the Cooperative Health 
Research in the Region of Augsburg (KORA) S4 Survey 
from the South of Germany, and the Study of Health in 
Pomerania (SHIP) from the North-Eastern part. The 
CARLA, DHS and HNR studies randomly drawn samples 
from population registries stratified by age categories 
and sex. The KORA and SHIP study used a two-stage 
cluster sampling method by first selecting communities 
with cluster sampling and then performing age-stratified 
and sex-stratified random sampling. The years of the data 
collection of each sample in the analysis ranged between 
2002 and 2014 (figure 1).36–42 Data of 6269 participants 
were included for analysing the relationship between 
walkability and walking/cycling after excluding missing 
values for exposure, outcome and covariates. Most 
missing values for exposure measures were observed 
in the SHIP cohort (54% of the data that could not be 
geocoded occurred in the SHIP cohort for the BMI, and 
85% for the walking/cycling sample). For examining the 
relationship between walkability and BMI, we included 
data of 9441 participants (figure 1). A description of the 
study regions is found in table 1.

Patient and public involvement
Patients and public were not involved in the research 
process.

Walkability measures
Geographical information system (GIS) work was under-
taken with ESRI ArcMap Desktop V.10.1 and V.10.4.43 
We created a hexagonal sampling grid across each study 
region covering the municipal boundary from which 
participants had been recruited and a buffer of one kilo-
metre beyond. We used sampling hexagons with sides 
of 1000 m. We had to balance granularity of measure-
ment with computational complexity; a larger hexagon 
would have led to more potential error in interpolation, 
but a smaller one would have been more intensive to 
calculate. By selecting the 1000 m hexagons and using 
the centroid of each hexagon as a sample point as well 
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Figure 1  Sample flow chart. BMI, body mass index; 
CARLA, Cardiovascular Disease, Living and Ageing in Halle; 
DHS, Dortmund Health Study; KORA, Cooperative Health 
Research in the Region of Augsburg; SHIP, Study of Health in 
Pomerania.

as the six vertices, we had a distance of 500 m between 
each point. As we determined a short walk was as little 
over 500 m, our interpolation estimation appeared to be 
scaled appropriately. We could have found an exact value 
for each dwelling for each walkability metric, however, it 
was not possible to share the address point outside of the 
cohort teams owing to data governance restrictions. Orig-
inally, making a surface was a pragmatic workaround for 
what was effectively a governance constraint, however, the 
utility of this method is that we can make generic surfaces 
to give a variable which can be used in many different 
types of study which can be used not only to estimate 
walkability of the area around a particular dwelling, but 
also when we want to correlate walkability with other area 
based measures.

The transport networks and points of interest (POI) for 
the cities were provided by OpenSteetMap (OSM) and 
processed using ArcGIS to create a network dataset. The 
walkability measures derived were the following:

POI: For each vertice and centroid of hexagons we 
calculated a polygon representing the area that could 

be reached within a walking distance of 640 m, using 
roads, walkways and paths on the OSM network. The 
cut-off of 640 m was chosen because research carried out 
in London had proposed that the propensity to walk to 
access public transport declined rapidly after 640 m.44 
We took this a pragmatic definition of a short, accessible 
walking distance. We defined POI using OSM. For each 
polygon, we counted the POIs classified as ‘shops’ and 
added counts of all POIs classified as ‘amenities’ which 
were also tagged as either: ‘ATM’, ‘bank’, ‘bar’, ‘Bier-
garten’, ‘café’, ‘fast food restaurant’, ‘pharmacy’, ‘pub’, 
‘restaurant’ or ‘post office’.

Transit stations: We followed the same method to deter-
mine transit point availability as we did for POI. In the 
category ‘highway’ we captured all of the points tagged as 
‘bus stop’, in the category ‘railway’ we captured all points 
tagged as ‘stop’, ‘tram stop’, ‘station’, ‘subway entrance’ 
‘entrance’ or ‘platform’ and in the category ‘amenity’ 
we captured all the points tagged as ‘bus station’, ‘train 
station’ and ’ferry terminal’.

Impedance: typically, connectivity is used as a proxy 
measure for impedance. In our research, we used a 
slightly different approach. From the centroid of each 
hexagon we calculated six journeys in six different direc-
tions: Northeast, Northwest, West, Southwest, Southeast 
and East from the centre to each vertex of the hexagon. 
The six values vary according to ease of access in the 
various directions with higher values reflecting a lack of 
ease of walking in that direction (figure 2). For example, 
if a point which was 1000 m Euclidian distance away 
was accessible by a journey of 2300 m, this was 2.3 times 
larger than the Euclidian distance. A comparable 1000 m 
Euclidian distance that can be walked in 1050 m clearly 
has fewer barriers.

Each of the metrics was interpolated between the points 
to construct a surface. We used kriging method to inter-
polate values between the hex points using a Gaussian 
regression process. Figure 3 shows the impedance for the 
HRS study area. We intersected all created surfaces with 
the residential addresses of our cohort participants. All 
walkability surfaces were created in 2016.

Outcomes
Walking/cycling included walking and cycling for 
transport and recreational purposes. For KORA, two 
items according to walking and cycling from the WHO 
MONICA Project questionnaire were combined into one 
item.45 For CARLA and SHIP, one item from the Baecke 
questionnaire regarding walking and cycling for trans-
port and recreation was considered.46 We dichotomised 
the variable into >30 vs ≤30 min per day of walking or 
cycling for transport or recreational purposes. We chose 
this cut-point because previous research has shown that 
engaging in physical activity for about 30 min or more per 
day has beneficial effects on health outcomes and may be 
achieved by walking/cycling to and from transit stations/
POI.34 47
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Figure 2  Impedance calculation of walk distances for one 
hexagon centroid and its vertices in part of the Heinz Nixdorf 
Recall study region adjacent to river Ruhr

Figure 3  Impedance layer for a part of the Heinz Nixdorf 
Recall study region with the river Ruhr with walk distance 
values interpolated using kriging

BMI was calculated from height and weight, which were 
objectively measured according to comparable protocols 
in all five studies.

Sociodemographic covariates
Following covariates were derived from self-reported data 
from standardised questionnaires: sex (male and female), 
age in years and years of education. We classified the vari-
able years of education on the basis of the International 
Standard Classification of Education 1997.48 School years 
and years of vocational education are both included in 
the total number of years with the categories: 9/10 years, 
12/13 years, 14–17 years and 18 and more years.

Statistical analysis
Participant characteristics were summarised as mean (SD) 
for normally distributed continuous variables, median 

(IQR) for non-normally distributed variables and number 
(percentage) for categorical variables.

Generalised additive models (GAMs) were used for 
analysing the association between each walkability 
measure and the outcome of interest. The shape of the 
relationship was estimated using thin-plate splines. For 
the dichotomous outcome walking/cycling, the GAMs 
used binomial variance and log link function; for the 
continuous outcome BMI, we used Gaussian distribution. 
For smoothness selection, restricted maximum likelihood 
was considered.49

We tested nonlinearities in the relationship between 
walkability measures and outcomes based on Akaike 
information criterion (AIC) values. A difference in 
AIC≥10 units comparing the models with linear versus 
nonlinear term was considered meaningful.50 Walkability 
measures were included as linear terms, since no nonlin-
earities were found. Age was included as nonlinear term 
in all models. We z-standardised the measures for better 
comparability.

In order to assess if associations differed across cohorts, 
we stratified by cohort. Due to regional differences in 
the completeness of OSM data, measurement error 
of the exposure is likely to differ across cohorts, which 
could result in spurious interactions, so we did not test 
interactions.51

In a sensitivity analysis, we examined walking and cycling 
as separate outcomes for the KORA cohort. Although 
cycling and walking share some similarities, there are also 
differences, for example, regarding distance to travel and 
travel speed, and this could result in different associations 
with walkability measures.12

All models were adjusted for age, sex, cohort, and 
education. Analysis was conducted with SAS V.9.452 and 
R-Studio V.3.4.453 with the package ‘mgvc’.49

Results
Sample characteristics
Both sexes were equally represented in the pooled sample. 
The participants in the pooled sample had a mean age of 
about 60 years and a mean BMI of 28 kg/m2, and half 
of them had 12/13 years of education. Mean impedance 
was lowest and median transit stations were highest in the 
highly urbanised DHS cohort, while mean impedance 
was highest and median transit stations were lowest in the 
rural area of the SHIP cohort. Median POI was highest in 
the HNR cohort and similar in all other cohorts. Overall, 
exposure contrast was low in the cohorts, as seen by visu-
alising the surfaces of the measures with the address 
points. About 60% of the pooled walking/cycling sample 
reported to walk/cycle more than 30 min per day. This 
percentage was highest in the KORA and lowest in the 
SHIP cohort (tables 1 and 2).

Associations between walkability, walking/cycling and BMI
Higher impedance was associated with lower prevalence 
of walking/cycling 30 min/day, while higher numbers of 
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Table 2  Sample characteristics walking/cycling sample by cohort

CARLA (n=1050) KORA (n=2260) SHIP (n=2959)

Demographics

Male, n (%) 554 (52.8) 1093 (48.4) 1418 (47.9)

Age in years, mean (SD) 69.8 (9) 60.2 (12.3) 54.8 (15.2)

Education

 � 9/10 years, n (%) 58 (5.5) 185 (8.2) 263 (8.9)

 � 12/13 years, n (%) 445 (42.4) 1096 (48.5) 1555 (52.6)

 � 14–17 years, n (%) 236 (22.5) 580 (25.7) 601 (20.3)

 � >18 years 311 (29.6) 399 (17.7) 540 (18.3)

Walkability

 � Impedance, mean (SD) 1561.9 (226.3) 1602.7 (12.3) 1802.6 (394.7)

 � Transit stations, median (Q1, Q3) 5.7 (4–7.3) 3.7 (10.9–6.6) 2.1 (0.8–3.2)

 � POI, median (Q1, Q3) 3.2 (2.3–10.3) 3.2 (0.5–7.2) 4.4 (0.4–8.5)

Walking/cycling

 � ≤ 30 minutes/day, n (%) 451 (47) 409 (18.1) 1508 (51)

> 30 min/day n (%) 599 (53) 1851 (81.9) 1451 (49)

CARLA, Cardiovascular Disease, Living and Ageing in Halle; KORA, Cooperative Health Research in the Region of Augsburg; POI, points of 
interest; SHIP, Study of Health in Pomerania.

Table 3  Association between walkability and outcomes

Walking/cycling >30 min/day
(n=6269)

BMI
(n=9441)

PR 95% CI ß 95% CI

Impedance 0.95 0.93 to 0.97 0.15 0.04 to 0.25

Transit stations 1.03 1.02 to 1.05 0.005 −0.11 to 0.12

POI 1.03 1.02 to 1.05 −0.14 -0.24, to 0.04

Models are adjusted for age, sex, education and cohort; walkability measures are z-standardised.
BMI sample: SD for impedance=296.7, SD for transit stations=4.1, SD for POI=7.1; walking/cycling sample: SD for impedance=333.1, SD for 
transit stations=3.4, SD for POI=7.0. Reference category for walking/cycling >30 min/day is walking/cycling ≤30 min/day.
BMI, body mass index; POI, points of interest; PR, prevalence ratio.

POI and transit stations were associated with higher prev-
alence (table  3). This association was consistent across 
cohorts (figure 4A).

The sensitivity analysis for walking and cycling as 
separate outcome measures showed similar estimates 
for walking as well as for cycling. The CI for cycling as 
outcome were larger including the null effect for imped-
ance and POI, while this was not the case for walking as 
outcome (table 4).

Higher impedance was associated with an increase in 
BMI (table 3). When stratified by cohort, higher imped-
ance was associated with an increase in BMI for all cohorts 
except for the HNR cohort, where it was associated with a 
decrease (figure 4B).

We found no association between number of transit 
stations and BMI (table 3). When stratified by cohort, we 
observed for DHS and HNR slightly increased and for 
SHIP slightly decreased point estimates with wide CI and 
no associations in the other cohorts (figure 4B).

BMI decreased with increasing POI (table  3). When 
stratified by cohort, for SHIP and CARLA we revealed 
decreased estimates and no associations in the other 
cohorts (figure 4B).

Discussion
In this cross-sectional multicentre study, we analysed the 
association of three measures of walkability and walking/
cycling and BMI. The walkability measures were related 
to walking/cycling, but associations with BMI were not 
consistent. In the rural SHIP cohort, better walkability 
was associated with higher prevalence of walking/cycling 
and lower BMI. The associations of walkability with the 
outcomes were less pronounced and inconsistent in 
highly urbanised areas, like the DHS and HNR cohorts.

Walkability and walking/cycling
Various systematic reviews6 54–56 found evidence for a 
positive relationship between total walking for transport 
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Figure 4  (A) Association between walkability and walking/
cycling by cohort (B) association between walkability and 
body mass index by cohort. CARLA, Cardiovascular Disease, 
Living and Ageing in Halle; CI, confidence interval; DHS, 
Dortmund Health Study; HNR, Heinz Nixdorf Recall; KORA, 
Cooperative Health Research in the Region of Augsburg; PR, 
prevalence ratio; SHIP, Study of Health in Pomerania.

Table 4  Association between walkability and walking and cycling separately in the KORA cohort

Walking >30 min/day Cycling >30 min/day

PR 95% CI PR 95% CI

Impedance 0.95 0.92 to 0.99 0.94 0.85 to 1.03

Transit stations 1.05 1.03 to 1.08 1.06 1.01 to 1.13

POI 1.05 1.02 to 1.07 1.05 0.99 to 1.11

Models are adjusted for age, sex and education; walkability measures are z-standardised. Seventy-four per cent of the sample reported to 
walk more than 30 min per day and 32% reported to cycle more than 30 min per day.
KORA, Cooperative Health Research in the Region of Augsburg; POI, points of interest; PR, prevalence ratio.

and land-use mix, public transport and street connec-
tivity, which supports the result of our study. In our 
study, walking/cycling decreased with increasing imped-
ance, which was consistent with our hypothesis, that 

impedance may represent a lack of ease of walking/
cycling as a measure of insufficient connectivity. Asso-
ciations observed in our study were small with wide CI, 
which might be due to low variability of walkability in 
our cohorts. Commonly, stronger effects for walkability 
on walking are observed in studies conducted in the USA 
and Australia, since these countries might be generally 
less walkable than European countries and contrasts of 
walkability might be much larger than in Europe, which 
might explain the rather small associations found in our 
study.27 30 55 Even though we included different areas 
of a whole country to increase variability of walkability 
measures, it may be that differences between walkability 
within the country are not large enough to produce large 
differences in outcome measures.22

We were not able to analyse walking and cycling sepa-
rately for the whole sample. Kerr et al27 and Muhs et al12 
demonstrated the importance of analysing these activities 
separately, because highly walkable areas could support 
walking, but not cycling, since, for example, pedestrian 
walkways could hinder favoured cycling speed. However, 
in a sensitivity analysis for the KORA cohort, we could 
show that the effect estimates for walking and cycling 
were comparable, although less precise and less consis-
tent for cycling with CI including 1. That we still found 
an association for the whole sample when combining the 
measures may be due to the skewed distribution towards 
people who reported to walk when compared with people 
who reported to cycle.12

Additionally, we were not able to distinguish between 
walking/cycling for recreational or for transport purposes, 
which could also explain the rather small associations. A 
river could have a positive influence on walking for recre-
ation, but a negative influence on walking for transport, 
since it could represent a barrier.57–59

Walkability and BMI
Consistent with some previous research, POI and imped-
ance were associated with lower BMI in the pooled anal-
ysis.60–62 However, although impedance and POI were 
associated with lower BMI in the pooled analysis, the 
relationship between these two measures and BMI was 
inconsistent across cohorts. Hence, the results of the 
pooled analysis should be interpreted with caution, since 
the association between walkability and BMI may differ 
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depending on the setting. For transit stations, we have 
found no associations with BMI, neither in the pooled 
nor in stratified analysis. Likewise, previous studies found 
inconsistencies in the relationship between BMI and 
walkability measures, indicating no associations and some 
even found associations in the unexpected direction.63–65

The finding that better walkability is associated with 
increased walking and cycling, but not consistently with 
lower BMI, is supported by the majority of previous 
research.6 10 22 23 This finding seems counterintuitive, 
since increased activity should lead to decreased BMI. 
However, many factors determine BMI66 67 and physical 
activity alone cannot explain BMI.66 Diet might be more 
important in determining BMI than activity.68 The slightly 
higher activity might not be sufficient in order to have an 
impact on BMI, given other determinants of BMI.69 Our 
study supports this possible explanation. The measure 
of walking/cycling that we have used did not take into 
account the intensity of walking/cycling. Even though 
POI is associated with an increased walking/cycling 
behaviour, this increase might not be strong enough to 
have any effect on BMI, as seen in the KORA cohort, 
where POI were associated with increased walking/
cycling, but not with decreased BMI.

Strengths and limitations
We decided to use POI density in walk polygons as it 
explicitly linked an area of known walkability to locations 
of amenities determined by people locally. However, we 
did not explicitly measure the variety of POI. According 
to the transit point metric, the weakness is that it does 
not reflect the frequency of transport or the choice of 
destination. In addition, we did not weight them in any 
way, so a railway station had equal weight as a bus stop. 
Our method of capturing impedance is the most radical 
change compared with other research methods. Connec-
tivity and intersection density have traditionally been used 
because highly connected networks allow quick and easy 
access to the local area. However, we wanted a measure 
that compared the ease of accessing a nearby point with 
the Euclidian distance. By plotting six journeys around 
our points in different directions and anchoring those 
with reference to the Euclidian distance, we felt that we 
were able to get a more reliable measure than connec-
tivity alone. The method appears to have face validity as 
we can clearly see higher impedance around rivers, rail 
yards and other physical barriers. While there is consensus 
in the built environment literature that impedance is an 
important domain of walkability, there is no consensus on 
how this should be measured.32 In this study, we intuited 
that our measure was sensitive to impedance in different 
directions from a series of sample points and so was better 
than simply using the density of route intersections in the 
area, or indeed other possible measurement methods. 
We are planning a validation study to unpick this issue in 
more detail.

The selection of 640 m to define a ‘short walk’ was 
determined in the absence of sufficient evidence. We 

do not know whether this propensity is generalisable 
to a different country. We could intuit that the German 
population walks more than the British one, as Germans 
take more public transport journeys annually per capita 
(177 compared with 147)70 which could indicate that we 
needed larger walk polygons. Additionally, what a ‘short 
walk’ defines could be different according to environ-
mental attributes and subgroups (eg, younger vs older 
adults).71 A further issue is the extent to which crowd-
sourced GIS data is reliable. However, studies showed that 
OSM data compared favourably with state and commercial 
sources in urban areas, although coverage in rural areas is 
acknowledged to be more variable in OSM data.72 73

For 372 and 436 participants, respectively, walkability 
values could not be computed. Most of the missing walk-
ability values occurred just in the SHIP study, which could 
have introduced a bias, since this was also the cohort with 
the poorest walkability measures.

The walkability measures were computed in the year 
2016, years after information of participants was collected, 
so changes in walkability measures during that time could 
have resulted in misclassification. However, when, for 
example, new businesses were opened, it is likely that 
these would be in areas where already some businesses 
existed, so that walkable areas would stay walkable or 
improve, and less walkable areas would stay less walkable 
or generally improve less.

It was not feasible to account for clusters in the data of 
the included cohort studies due to lack of a suitable area-
level variable available for Germany. Statistically, there 
could be dependencies among people living in the same 
barrier or neighbourhood. Not accounting for possible 
clusters in the data could reduce variance and statistical 
power.74

We took into account three measures that have been 
proved to be important dimensions of walkability.3 
However, we did not take into account, for example 
aesthetics and safety, measures that are also associated 
with walking/cycling behaviour.31 The observed results 
could strongly be influenced by the measures we have 
used and a POI in an area might have a different associa-
tion with walking/cycling according to the characteristics 
of other walkability measures in the same area.

We have used self-reported walking/cycling as one of 
our response variables. Measuring walking/cycling with 
an accelerometer would have been a much more precise 
and would have eliminated social desirability bias that is 
inherent in self-report of physical activity.

Due to the pooling of the cohorts, the confounder 
adjustment set is quite limited. Residual confounding is 
highly likely, as we only adjusted for few variables, but, for 
example, not for income or occupation as other parts of 
socioeconomic status. Additionally, we were not able to 
adjust for residential self-selection, since this information 
was not available, which could have biased the results away 
from the null. However, previous research has shown that 
neighbourhood self-selection only yield minor changes in 
the results.75–77
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Since z-scores were calculated across cohorts, the esti-
mates might be confounded by rurality, because the 
SHIP cohort comprise poorer exposure values. However, 
we adjusted for cohort to correct for this possible 
confounding. As stated earlier, the coverage of OSM 
data in rural versus urban areas may differ. Differential 
measurement error associated with regional differences 
in the completeness of OSM data could have some influ-
ence on the main effects and hence result in biased 
estimates. However, it is assumed that the differential 
measurement errors from the different cohorts cancel 
out (at least partly) and therefore have little to no influ-
ence on the main effects.

BMI was based on standardised measurements of weight 
and height and not on self-report and social desirability 
bias did not occur, representing an important asset.

This work has implications for policy. The observed 
effect of walkability measures on walking/cycling was 
small. However, changes in walkability changes walking 
and cycling behaviour on a population level, since 
everyone is affected by these changes. People with no or 
very few transit stations near their residence could benefit 
from extending public transportation. Considering the 
impedance measure, additional paths in low-connected 
areas may contribute to enhancement in walking and 
cycling.

Due to the inconsistency in the findings, a conclusion 
on the association between walkability and BMI cannot be 
drawn. Our results indicate that associations of walkability 
on BMI could differ between rural and urban areas, 
highlighting the need to investigate these discrepancies. 
However, we showed that higher walkability is associ-
ated with more walking/cycling. Walking and cycling for 
transport or recreation can easily be incorporated into 
the individuals’ daily lives, when neighbourhoods are 
supportive of such behaviours.
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