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Abstract
Objectives: This study aims to examine the relationship between the outdoor mobility of older adults with
and without cognitive impairment and the built environment in three urban neighbourhoods in Singapore.

Methods: Outdoor walking mobility in daily life gait speed (DGS) was collected continuously for one week
using a previously validated hybrid mobility tracker. Mini-Mental State Examination (MMSE) cut-offs by
educational levels were used to differentiate cognitive impairment (CI) and without cognitive impairment
(non-CI). The environmental characteristics examined were gross plot ratio and land use. Statistical
correlations (one-way ANOVA test and linear regression) were used to examine the associations between
older adults’ outdoor mobility and built environment for all CI and non-CI groups. A case example was
also used to provide a location-based heatmap on DGS for 2 older adults (CI and non-CI) navigating the
same neighbourhood for 3 consecutive days.

Results: Thirty-three participants registered a total of 2,428 kilometres with an average DGS of 0.74 m/s
outside of their homes over a period of 220 days. The mean (SD) age of the participants was 69.2 (7.14),
and 21 (64%) of them were female. Fourteen of the (42%) participants were classi�ed as cognitive
impaired. Overall, a higher gross plot ratiowas found to be associated with faster outdoor gait speed
(DGS) for the non-CI group (β = 0.04, r = 0.69, p =.03) and slower DGS for the CI group (β = -0.13, r = 0.75,
p =.01). The DGS of individuals with CI was slower than that of non-CI individuals, with the greatest
difference observed in business and commercial areas; however, the DGS of individuals with CI was
faster than that of non-CI individuals within community and residential locations.

Conclusions: Individuals with CI had a slower outdoor gait speed and may require higher adaptation to
the environment. Although DGS could be used in differentiating older adults with and without cognitive
impairment while mobilizing in an urban environment, considerations should also be given to
understanding the interaction of DGS with different land use and typology.

1. Background
The relationship between the environment and cognitive functioning for older adults has been an area of
growing interest in recent years. Research in this area has focused on identifying environmental factors
that may promote or impair cognitive health in older adults (Gatto et al., 2014; Ngandu et al., 2015; Wu et
al., 2011). There is a growing body of evidence suggesting that various factors, including social
connections (Fratiglioni et al., 2000; Seeman et al., 2001), physical environments (Berman et al., 2008;
Power et al., 2011; Weuve et al., 2012), and urban morphology (Cho & Rodriguez, 2015; Giles-Corti et al.,
2016; Kaspar et al., 2015; Power et al., 2011), can have signi�cant impacts on cognitive function in older
adults.

Recent studies have shown that daily life gait speed (DGS) was associated with cognitive health in older
adults (Del Pozo Cruz et al., 2022; Seo et al., 2023). DGS has also been shown to be a useful predictor of
a wide range of health outcomes, including cognitive function, functional status, and mortality risk.
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Slower DGS is associated with poorer cognitive performance, increased risk of cognitive decline, and
higher risk of dementia in older adults (Seo et al., 2023). Additionally, improvements in DGS have been
linked to improvements in cognitive function and reduced risk of cognitive decline (Chung et al., 2022;
Chung et al., 2021). Researchers have also examined the relationships of mobility with other spatial-
temporal indicators. Yin et al. (2013) delineated the relationships between mobile distance and area.
Crane et al. (2022) also found that walking distance and other mobility indicators were correlated with
clinical measures of executive function and walking endurance. Kawai et al. (2021) also found that DGS
is the fastest early in the morning and slower in the afternoon and evening. Speci�cally, Wettstein et al.
(2015) found that a high proportion of cognitively impaired individuals in the mobility-restricted cluster
and exhibiting restricted mobility patterns were also associated with older ages, worse health outcomes,
and a lower out-of-home activity level. Shoval et al. (2011) found that the mobility of older adults with
cognitive impairment is severely restricted, with most out-of-home time spent in close proximity to their
residences.

Overall, existing studies typically involve tracking participants' movements using Global Positioning
System (GPS) devices over an extended period, collecting mobility data on DGS to undifferentiated
locations, such as parks, community centres, and shopping areas. There is limited research on the impact
of built environment such as Gross Plot Ratio and Land Use on the walking patterns of individuals with
cognitive impairment. This study aims to explore the relationships between the land use typologies of the
built environment and DGS measured by cognitive functioning in older adults.

2. Methods

2.1 Study Design
This study was a secondary data analysis of cross-sectional data from a national-level project on urban
planning and design of age-friendly neighbourhoods in Singapore where three study neighbourhoods
(each 1 km2) were selected a priori from the western, central and eastern parts of Singapore based on a
high proportion of older adults (aged ≥ 55 years old). Details of this study have been described in (Ho et
al., 2020) elsewhere.

2.2 Participants
Thirty-three older community-dwelling adults, 55 years and above, resided in 3 urban subzones (S1, S2,
S3) in Singapore. For current study, “neighbourhood” is de�ned as a 400 ‐ 1000 m buffer around the
home (any ref to cite?). Only those residents resided in up to a 1 km buffer around the subzone were
quali�ed for participation. Participants put on a wearable hybrid GPS and accelerometer tracker when
going outdoors continuously for 7 days (Ho et al., 2020). The tracker was designed to capture the
wearer’s geospatial data accurately within 15 m (depending on the GPS signal) during outdoor travel or
activity to enable the geographic positioning of the participant in longitude and latitude and the travel
mode speed.
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2.3 Dataset

2.3.1 Individual Data
Basic sociodemographic, cognitive data and DGS were collected (, DGS was also collected. (Table 1). The
estimated average speed was calculated based on a continuous walking track and a GPS distance of
less than 10 km (Tudor-Locke et al., 2011).

Table 1
List of objective daily life outdoor mobility variables.

Mobility
indicators
(per day)

Unit Sources Derivations

Daily life
Gait
Speed
(DGS)

m/s Accelerometer Average speed of a continuous walking track. Derived using a
combination of 1-week GPS and accelerometer data. Only
outdoor walking was considered for this measure for longer
and regular ambulation bouts, and GPS distance ≤ 10 km

((Del Pozo Cruz et al., 2022; Seo et al., 2023))

2.3.2 Gross Plot Ratio and Land Use
The gross plot ratio (GPR), monitored by the Urban Redevelopment Authority of Singapore (URA), re�ects
how intensively the land parcel can be utilized. The GPR of land parcels are revised in the Draft Master
Plan and subsequently, the Master Plans (MP), along with their respective Land Uses. Both GPR and land
use are used as indicators of development control and land use in different areas of the city in addition to
being used for cost forecasting and resourcing a given construction quality (Cheng, 2009; Menz et al.,
2014). URA (2019) described the full details of the land use map of Singapore. There are 31 categories of
zoning interpretation, such as residential, commercial, hotel, business park, waterbody, and transport
facilities. Table 2 shows the general considerations of the development control of GRP and building
storeys. If two plots of land have similar areas (on the URA Space map Fig. 1) but differing plot ratios, it
usually means that one will be denser or taller than the other1.
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Table 2
General considerations of

development control from URA (Menz
et al., 2014).

Gross plot ratio/density Storeys

1.4 (very low density) 5

1.6 (low density) 12

2.1 (medium density) 24

2.8 (high density) 36

> 2.8 (very high density) > 36

2.4 Data analyses
DGS was analysed and mapped by Python 3.8.0. One-kilometre buffers around the perimeter of each
subzone were created, and the environmental features within were assessed. Statistical analysis was
performed using the SciPy 1.90 package in Python 3.8.0. Gross Plot Ratio and Land Use were retrieved
for statistical analysis by the public Application Programming Interface (API) from the Master Plan Map
(URA, 2023). One-way ANOVA was used to test for differences between two groups. All signi�cant
differences were evaluated at a α‐value of 0.05.

3. Results

3.1 Participants’ characteristics
Of 33 participants, 18 were from S1, 8 were from S2 and 7 were from S3. Socio-demographics are shown
in Table 3. The mean (SD) age of the samples was 69.2 (7.14) years, 21 of them (64%) were females and
majority were Chinese (31, 94%). Half were married, with only 42% having completed secondary school or
higher in education. The average number of schooling was 7.3 (4.19) years. None of the participants had
full‐time employment, with 18% holding part‐time employment. Majority of participants lived in public
housing (95%) and lived in their respective subzones for an average of 23.1 (SD = 15.2) years. All
participants had no previous clinical diagnosis of dementia.
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Table 3
Soci-demographics for the three subzones. (n = 33).

Demographics S1 (n = 18) S2 (n = 8) S3 (n = 7)

Age, mean (SD) 71.4 (6.43) 63.3 (4.86) 70.0 (8.00)

Female, n (%) 14 (77.8) 4 (50.0) 3 (42.9)      

Ethnicity, n (%)      

Chinese 18 (100) 6 (75) 7 (100)

Malay 0 2 (25) 0

Highest education completed, n (%)      

No formal education 1 (5.6) 2 (25.0) 0

Primary school 2 (50.0) 3 (37.5) 3 (42.9)

Secondary school 4 (22.2) 2 (25.0) 2 (28.6)

Post-secondary 1 (5.6) 1 (12.5) 1 (14.3)

Tertiary 3 (16.7) 0 0

Don’t know/Not sure 0 0 1 (14.3)

Housing type, n (%)      

HDB 1-2 room 3 (16.7) 0 0

HDB 3 room 10 (55.6) 0 5 (71.4)

HDB 4 room 3 (16.7) 6 (75.0) 0

HDB 5 room/HUDC/Executive �at 1 (5.6) 2 (25.0) 2 (28.6)

Condo/Apartment 1 (5.6) 0 0

Number of years of schooling, median (SD) 6 (0-16) 7 (0-13) 6 (3-10)

Number of years retired, median (range) 16 (8-30) 2 (1-9) 6 (1-22)

Number of years living here, median (range) 20 (0.5-50) 20 (8-32) 25 (4-50)

MMSE score, mean (SD) (max 30) 27.2 (2.32) 26.4 (2.13) 26.6 (2.22)

Cognitive impairment (MMSE cut-offs), n (%) 6 (33.3) 4 (50.0) 4 (57.1)

* Housing and Development Board (HDB) is Singapore’s Public Housing, Condo/Apartment is Private
housing

3.2 Outdoor Mobility by Cognitive Impaired and Non-
Impaired Participants
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The travel mode of the participant was determined by travel speed. A travel speed less than 1.39 m/s (5
km/h) was categorized as walking mode, and a speed above 1.39 m/s (5 km/h) was categorized as
vehicular mode (Bohannon & Williams Andrews, 2011; Schimpl et al., 2011). Neighbourhoods were
de�ned as the respective subzones and a 1 km buffer (Oliver et al., 2007). Table 3 shows all GPS records
(a total of 5,583,089 records per second). Overall, the DGS is 0.74 m/s (2.66 km/h) (Table 4).

Table 4
Outdoor mobility by impaired and non-impaired participants. (n = 33).

Description Total Sample (N = 
33)

Cognitively

Non-Impaired (non‐
CI)

(n = 19)

Cognitively

Impaired
(CI)

(n = 14)

Outdoor Mobility      

Daily life Gait Speed (DGS) (m/s), mean
(SD)

0.74 (0.11) 0.75 (0.12) 0.73 (0.08)

3.3 Outdoor Mobility with Gross Plot Ratio and Land Use
Based on the one-way ANOVA test, both groups’ DGS was correlated with GPR Non-CI (F = 77.13, p < .01)
and CI (F = 111.39, p < .01). Linear regression shows that a higher GRP was found to be associated with
faster outdoor gait speed (DGS) for non-CI individuals (β = 0.04, r = 0.69, p = .03) and slower DGS for CI
individuals (β = -0.13, r = 0.75, p = .01). This means that non-CI older adults walk slower in a low-intensity
built area (surrounding low-rise buildings) and walk faster when they are in a high-intensity built area
(surrounding high-rise buildings). In contrast, CI older adults walk faster in a low-intensity built area while
walking slower when they are in a high-intensity built area. Figure 2 shows the correlation between daily
life gait speed (m/s) and gross plot ratio by CI and non-CI groups. Figure 3 shows the total time spent
across each gross plot ratio. Figure 4 indicates the relationship between land use and outdoor gait speed
(m/s). Figure 5 shows the total time spent across each land use. Overall, non-CI participants spent more
time walking outdoors (2279.07 minutes/week) than CI participants (1818.00 minutes/week). Both the CI
and non-CI groups spent most of their time walking in their residential area. When strati�ed by land use
typology, the CI group walked slower than the non-CI business (CI: 0.65 m/s; non-CI: 0.72 m/s) and
commercial (CI: 0.67 m/s; non-CI: 0.76 m/s) zones. Conversely, CI walk faster than non-CI groups within
the community (de�ned by land use area containing health and medical care) (CI: 0.70 m/s; non-CI: 0.67
m/s) and residential zone areas (CI: 0.80 m/s; non-CI: 0.62 m/s) (Fig. 4). Both CI and non-CI participants
spent most of their time at gross plot ratios from 2.8 to 3.0 (Fig. 3), and non-CI older adults spent more
time walking (CI: 1531.00 minutes/week; non-CI: 2214.70 minutes/week) in residential areas (Fig. 5).

4. Discussion

4.1 Daily Life Gait Speed (DGS) with Built Environment
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There are signi�cant differences in the mobility of CI and non-CI samples between DGS and built
environment variables (gross plot ratio and land use) in Fig. 3 and Fig. 4. Cognition plays an important
role in outdoor mobility for older adults in the community. Cognition in the form of executive function
plays an important role in the ability to perform both motor and cognitive tasks simultaneously in old
adults while navigating outdoors (Hausdorff et al., 2008; Lamoth et al., 2011). Lamoth et al. (2011) also
suggested that changes in cognitive functions contribute to changes in gait variability and stability and
walking under dual-task conditions. There were small differences in DGS for both non-CI (0.75 m/s) and
CI (0.73 m/s). However, when strati�ed according to land use, our study showed a larger differentiation in
DGS. Non-CI older adults walk slower than CI older adults in a low GPR (low dense building development)
and in community and residential zone areas, while non-CI older adults walk faster in a high GPR area
(high dense building development) and in business and commercial zone areas. The �ndings were
consistent for both GPR and land use results, as lower GPR is approved for community and residential
use, and high GPR is approved for business and commercial use.

Both groups spent the majority of their time walking in residential areas (non-CI: 2214.7 mins, CI: 1531.0
mins), with non-CI spending more time walking. We postulate that CI and non-CI individuals may have
different walking behaviours while interacting with different land uses. Various studies have shown that
standardized measures such as lower extremity strength and indoor gait speed (Warren et al., 2016, (Lane
et al., 2020; Yu et al., 2017)) are important for older adults to interact with their physical environments.
However, the measures represent a physiologic potential in mobilizing in the community. Outdoor walking
speed is more re�ective of real-world interactions with the environment, which may be in�uenced by
cultural, economic, and social factors (Bornstein & Bornstein, 1976; Kirkcaldy et al., 2001; Walmsley &
Lewis, 1989).

Non-CI with a lower DGS in community and residential land use may be due to higher levels of interaction
and participation with activities in the community for residential use. In Singapore, most residential land
use in public housing is self-contained with shops, markets, food stalls and community activity centres,
which may slow their outdoor DGS. However, the current study is not able to discern the level of cultural,
economic and social participation during the 1 week of monitoring for both groups.

Older adults with CI walked with a lower DGS in business and commercial use, which may indicate a
higher need for dual or multitasking. Studies have also indicated both positive and negative effects of the
gross plot ratio on DGS (Bornstein & Bornstein, 1976; Kirkcaldy et al., 2001; Walmsley & Lewis, 1989).
High GPR may provide shade, protecting pedestrians from excessive heat and improving comfort during
walking (Vasilikou & Nikolopoulou, 2020). Additionally, the presence of high-rise buildings as landmarks
can aid in way�nding and orientation, potentially enhancing walking e�ciency and speed (Yesiltepe et al.,
2021). However, the impact of GPR on DGS should also be considered in the context of wind effects and
visual enclosure. High-rise structures can create wind tunnels and turbulent air�ows at the street level,
impeding walking speed and increasing perceived effort. Furthermore, high-rise buildings can contribute
to a sense of visual enclosure, reducing the perceived open space and potentially in�uencing individuals'
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walking behaviour (Zarghami et al., 2019). Non-CI with a higher DGS in business and commercial use
may be in�uenced by the above factors.

4.2 Case example of daily life gait speed (DGS) between CI and non-CI individuals in the same
neighbourhood

To further understand the differences between CI and non-CI, a case study was performed on two
participants with CI (age: 82, male, MMSE: 23) and non-CI (age: 77, female, MMSE: 26) (Fig. 5). The
criterion of selection is based on the demographic pro�les (live in the same subzone, familiar with the
neighbourhood and same age group).

Figure 6 shows the two selected participants' outdoor trajectories for 3 days; the top (a) is a participant
with CI, and the bottom (b) represents a participant without CI. Both residents frequented their
neighbourhood residential and commercial areas. Using heatmaps of DGS, we were able to visualize their
way�nding and navigation routes. We observed that the participant with CI had a more linear route, while
the non-CI participant’s route appeared more complex. The linear trajectory of the CI participant followed
a regular path (repetitive) in a relatively constant direction and speed from Day 1 to 3. The non-CI
participants had a more heterogeneous and nonlinear trajectory of navigating at different speeds.

Heatmapping and visualization also showed that CI participants walked fast in the neighbourhoods
(more red) with a regular daily route. Studies have also shown that familiarity with the environment can
have an impact on DGS and the extent of travel (Lu et al., 2018; Van Cauwenberg et al., 2012), especially
for persons with dementia (Margot-Cattin et al., 2021). Individuals who are familiar with their
surroundings tend to navigate more con�dently and e�ciently, which can in�uence their walking speed.

Conclusions
Outdoor walking for older adults who are non-CI and CI involves a complex relationship between intrinsic
physiologic and cognitive ability with environmental demands Although we found that on average, the
DGS of non-CI older adults is faster than that of CI older adults, the results are not consistent throughout
environmental demands when differentiated by GPR and land use typologies. This is an important
consideration, as GPR and land use can affect mobility performance in urban environments, especially
for older adults with cognitive impairment. Interestingly, the CI group had a higher average DGS in
residential and community areas and a lower DGS in business and commercial areas. This highlights the
need to understand the interactions of community activities and participation related to social and
economic factors that could affect mobility. In addition, the case study on heatmapping based on DGS
also provided visualization that environmental familiarity may affect gait speed, particularly for those
with CI. The limitations of the study were the small sample size and the observational description of 2
participants on the heatmap. However, the participants were tracked daily and continuously for 7 days to
ensure that their mobility was captured as a habitual daily activity. Future research on a larger sample
with additional environmental, social, and even climate factors and a longitudinal follow-up will enable a
richer understanding of ageing and cognitive impairment with their environment.
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Abbreviations
DGS
Daily Life Gait Speed
GPS
Global Positioning System
km/h
Kilometre per hour
m/s
Meter per second
URA
Urban Redevelopment Authority
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Footnotes
1. URA Website: https://www.ura.gov.sg/maps/. You can look up the maximum allowed height for

buildings in certain plots using the search bar. Simply input the address or name or click an area on
the map, and then click on ‘Redevelop Site’ and you’ll be able to see the maximum height of the
building.
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Figure 1

URA’s online masterplan map with Gross Plot Ratio and Land Use (URA, 2023).
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Figure 2

Daily Life Gait Speed (DGS) (m/s) by Gross Plot Ratio.
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Figure 3

Total Time Spent (Minutes) across Gross Plot Ratio.
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Figure 4

Daily Life Gait Speed (DGS) (m/s) by Land Use.

Figure 5

Total time spent (by minute) across land use types.

Figure 6
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Daily outdoor trajectory comparison of two cases (CI and non-CI) living in the same area (colour
represents the daily life gait speed; blue represents low speed and red represents high speed, average
DGS is 0.74 m/s).


