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Abstract 
Background: We examined the relationship between global positioning system (GPS) indicators of community mobility and incident hospitaliza-
tions, emergency department (ED) visits, and falls over 1-year in community-dwelling older adults.
Methods: We performed a secondary analysis of a randomized trial investigating a physical therapy intervention to improve mobility in older 
adults. One hundred and forty-eight participants (mean age: 76.9 ± 6.2 years; 65% female) carried a GPS device following the postintervention 
visit. Over 1-year, new hospitalizations, falls, and ED visits were reported. GPS indicators of community mobility included the median area and 
compactness of the standard deviation ellipse (SDE), the median percentage of time spent outside of home (TOH), and median maximum dis-
tance from home. Generalized linear models assessed the association between 1-year risk of outcomes and GPS measures adjusted for age, 
race, gender, body mass index, comorbidity burden, and fall history.
Results: The mean ± standard deviation of the median SDE area was 4.4 ± 8.5 km2, median SDE compactness 0.7 ± 0.2, median percentage 
TOH 14.4 ± 12.0%, and median maximum distance from home was 38 ± 253 km. Each 5% increase in median percentage TOH was asso-
ciated with a 24% lower risk of hospitalization (incident rate ratio = IRR = 0.76, 95%CI: 0.61–0.95; p = .01). The association persisted after 
covariate adjustment (IRR = 0.78, 95%CI: 0.63–0.98; p = .03). No significant associations appeared for any GPS indicators with incident falls 
or ED visits.
Conclusions: Increased TOH was associated with a lower risk of incident hospitalization over 1 year among community-dwelling older 
adults. Restricted community mobility may be an indicator of activity limitations related to future health outcomes, but further study is 
warranted.
Keywords: Emergency department, Falls, Hospitalization, Independent living, Physical therapy

Mobility is essential for participation in everyday activities and 
independent living. In the United States, over 26% of adults 
65 years and older have a mobility disability (1,2). Mobility 
limitations among older adults can predict subsequent dis-
ability, cardiovascular disease, mortality, and increased health 
care costs (3,4). Community mobility, defined as the ability to 
move outside of the home including the surrounding neigh-
borhood and extending to regions beyond, can be influenced 
by a variety of factors (eg, financial, psychosocial, environ-
mental, physical, cognitive, gender, cultural, and biographical 
influences) (5). Restricted self-reported community mobility 
is associated with falls and other negative health outcomes 
among older adults (6,7). Reductions in self-reported commu-
nity mobility over time have been associated with increased 
risk for institutionalization and mortality in this age group 
(8–12). Improvements in clinical performance-based mea-
sures (eg, gait speed, 6-minute walk test distance) following 

exercise interventions are associated with reduced incidence 
of falls (13). However, improvements in physical capacity, 
only one component of functional mobility, may not translate 
to improvements in community mobility (5). Although stud-
ies have demonstrated associations between health outcomes 
and clinical and self-reported measures of mobility, there is 
limited research investigating associations between health 
outcomes and objectively measured community mobility in 
real-world environments.

Measuring mobility is important and can be used to track 
changes over time and identify the effectiveness of targeted 
interventions (14,15). Physical aspects of mobility can be 
measured in clinical settings with the assessment of gait 
speed or a long distance walk such as the 6-minute walk test 
(16,17). Mobility can also be assessed via self-report such as 
the ability to walk a quarter mile or with validated outcome 
measures (3,18). However, in clinical settings, activity is often 
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measured under ideal circumstances (eg, without environ-
mental barriers typically experienced during everyday activ-
ity), and self-reported measures may be prone to recall bias. 
Alternatively, objective measures of mobility can be obtained 
through wearable technologies (eg, global positing system 
[GPS] devices), reducing the risk of recall bias and capturing 
free-living mobility in real-time (19–21). However, there have 
been limited studies examining the longitudinal associations 
between GPS indicators of community mobility and future 
health outcomes.

The purpose of this study was to examine the relationship 
between objective, GPS indicators of community mobility and 
12-month incidence of falls, hospitalizations, and emergency 
department (ED) visits among older adults. We hypothesized 
that participants with greater community mobility would 
have a lower risk of negative health outcomes during the 
ensuing period.

Method
This was a secondary analysis using data from the program 
to improve mobility in aging (PRIMA) study, a randomized 
clinical trial investigating the effect of timing and coordina-
tion training compared to usual care on mobility and physical 
activity in community-dwelling older adults (22). The study 
was approved by the University of Pittsburgh Institutional 
Review Board, and all participants provided written informed 
consent.

Participants
Participants were included in the study if they were 65 years 
of age or older, able to ambulate without assistance, had 
a usual gait speed between 0.6 and 1.2m/s, and had phy-
sician clearance to participate. Additional study details are 
described elsewhere (22,23). Participants were instructed 
to carry a GPS device for 7 days after the 12-week, postin-
tervention follow-up visit (see section “Measures of Health 
Outcomes”). For the present analysis, we included partici-
pants who had at least 5 days of valid GPS data and com-
pleted at least one interactive voice response (IVR) phone 
call over the 1-year follow-up period. For the time out-of-
home (TOH) measure, we further excluded individuals who 
had less than 20% of time spent inside their home (n = 10). 
Less than 20% of time spent at home could be an indica-
tion of error in data collection or community mobility that 
is not representative of one’s typical routine (eg, vacation, 
staying with another person), so we excluded those individu-
als (24). Demographic and clinical information was collected 
at the baseline visit, including self-reported fall history (in 
the past 12 months), Duke comorbidity index (range 0–8, 
with higher scores indicating greater comorbidity burden), 
and the Modified Mini-Mental State Examination (3MS) 
(range 0–100, with higher scores indicating better cognitive 
function) (25,26).

Measures of Health Outcomes
After the 12-week, postintervention visit, participants were 
contacted once per month for a year via an automated IVR 
phone call inquiring about any new health events in the prior 
month including falls, ED visits, and hospitalizations (27). 
They were asked if they had experienced a fall, a visit to the 
ED for any reason, or a hospitalization for one or more nights 
in the past 30 days.

GPS Indicators of Community Mobility
Participants were asked to carry a GPS device (iBlue 747A, 
TSI, Hsinchu, Taiwan or V-990, Columbus, Germany) with 
them for the 7 days following their 12-week, postinterven-
tion visit. The methods used to process the GPS data for 
this study are described elsewhere (24). The GPS indicators 
of community mobility for this study included the median 
standard deviational ellipse (SDE), median percentage TOH, 
and median maximum distance traveled from home (28). The 
SDE contains approximately 68% of all GPS data within the 
ellipse boundary and can be characterized by measuring the 
area and compactness (ie, shape) of the space (29). Median 
percentage of time spent outside the TOH buffer (120 meters) 
and maximum distance from home were used to estimate out-
of-home activity (28,30,31).

Statistical Analyses
We used descriptive statistics to summarize the demographic 
characteristics. The GPS indicators of community mobility 
were summarized over the 7-day wear period using medians 
to reduce the influence of outlier travel days on community 
mobility estimates and better approximate participants’ typi-
cal movement patterns during the week.

The GPS indicators of community mobility for the sam-
ple were then described using means and standard devia-
tions (SDs). Health events were presented as a rate per 1000  
person-months. One-year risk of falls, ED visits, and hospital-
ization were calculated for each GPS measure (median SDE 
area, median SDE compactness, median percentage TOH, 
and median maximum distance from home) using generalized 
linear models, with event counts as the dependent variable, 
log(months reported) as an offset, a negative binomial dis-
tribution, a log link, and quartile of each GPS measure as a 
categorical independent variable to account for any poten-
tial nonlinear associations. Where a linear association was 
plausible, we also examined the GPS measure as a continuous 
independent variable to afford greater statistical sensitivity. 
Adjusted models included the following covariates: age, race, 
gender, body mass index, comorbidity index, and fall history. 
Intervention arm was not included as a covariate because there 
were no differences in GPS measures of community mobility 
between arms, and also because the active intervention period 
did not overlap with the 12-week GPS measurement and  
follow-up period (32). SAS version 9.4 (SAS Institute, Inc., 
Cary, NC) was used for statistical analysis.

Results
Baseline Characteristics
The PRIMA study included 249 community-dwelling older 
adults. Of those, 148 had valid GPS data following the 
12-week, postintervention visit and at least 1 IVR phone call. 
Reasons for a smaller sample at the 12-week postintervention 
visit have been described elsewhere, with the most common 
reason being that a device was not distributed due to device 
failure (n = 56) (32). The mean and SD age of our sample 
was 76.9 ± 6.2, 64.9% were female, 89.9% were White, and 
6.8% were Black (Table 1). Most of the sample had com-
pleted college (35.1%) or postgraduate education (47.3%). 
Half reported living alone (50.7%) and 32.4% reported hav-
ing a fall in the prior year. The gait speed at baseline was 
1.08 ± 0.2 m/s and the 3MS score was 96.4 ± 3.7.
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At 12 weeks, the average median SDE area was 4.4 ± 8.5 
km2, median SDE compactness was 0.7 ± 0.2, median per-
centage TOH was 14.4 ± 12.0%, and median maximum dis-
tance from home was 38.2 ± 252.8 km (Table 1). Over the 
year following the 12-week visit, falls occurred at a rate of 
74.5 per 1000 person-months, hospitalizations 29.1, and ED 
visits 38.8.

Falls
There were no significant associations between GPS indica-
tors of community mobility and falls except in the unadjusted 
analysis of maximum distance from home (Table 2). Those 
in the second median maximum distance from home quar-
tile had a 59% lower incidence of falls (incidence rate ratio 
[IRR] = 0.41, 95% CI: 0.18–0.94; p = .04) compared to those 
in the fourth (highest quartile). However, this finding was 
not significant after the covariate adjustment. In the adjusted 
model only, those in the third median SDE area quartile had 

a lower risk of falls (IRR = 0.39, 95% CI: 0.16–0.94; p = .04) 
compared to those in the fourth quartile.

Hospitalizations
Each 5% increase in median percentage TOH was associ-
ated with a 24% lower risk of hospitalization (IRR = 0.76, 
95%CI: 0.61–0.95; p = .01; Table 3). The relationship per-
sisted in models adjusted for covariates (IRR = 0.78, 95%CI: 
0.63–0.98; p = .03). Participants in the first quartile of per-
cent TOH had greater rates of hospitalization over 12 months 
compared to those in the fourth quartile (IRR = 3.47, 95%CI: 
1.06–11.43; p = .04) in the unadjusted model (Figure 1). 
Those in the second and third percentage of time spent out-
side of home quartiles also had a greater risk of hospitaliza-
tion compared to those in the highest quartile, although the 
results were not statistically significant.

Participants in the second quartile for median maximum 
distance from home had an 80% lower risk of hospitaliza-
tions compared with those in the highest quartile (IRR = 0.20, 
95% CI: 0.04–0.96; p = .04). However, this finding could not 
be assessed in adjusted models.

Emergency Department Visits
There were no significant associations between GPS metrics 
of community mobility and ED visits (Table 4). All p’s > .10 
with the exception of those in the second quartile versus high-
est quartile for maximum distance from home in the unad-
justed model (p = .07).

Discussion
We found that individuals with a greater percentage of TOH 
had a reduced risk of hospitalization in the ensuing 12-month 
period. We did not find any additional meaningful associa-
tions between other GPS metrics of community mobility and 
falls, hospitalizations, or ED visits after adjusting for covari-
ates. Spending time outside of the home may allow for more 
opportunities to engage in social, cognitive, and physical 
activities. Greater time spent inside the home may indicate 
more sedentary behavior (33,34), which is associated with 
an increased risk of hospitalization and other negative health 
outcomes (35–37). Greater time spent inside the home may 
also be an indicator of poorer health status, which could 
increase the risk of future hospitalizations.

Percentage TOH specifically quantifies duration of com-
munity mobility (28) and greater TOH measured using 
GPS has been associated with better cognitive and physical 
function measures among older adults (38). In contrast, 
the area and compactness of the SDE and maximum dis-
tance from home characterize mobility space and extent 
(28). Given the current findings were specific to percent-
age TOH, timing and duration of mobility may be import-
ant indicators for potential mobility limitations and risk 
of future hospitalizations. Nevertheless, others have also 
found that GPS indicators of the space and extent of com-
munity mobility, such as distance traveled as a pedestrian 
and number of journeys, were associated with better per-
ceived health and physical function, cognitive and psycho-
logical functioning, and balance performance (36,37,39). 
Given the associations of GPS metrics with a variety of 
clinic-based physical function and cognitive measures, 
restrictions in community mobility may precede declines in 
physical or cognitive performance or serve as an indicator 

Table 1. Participant Characteristics and Health Events Over 12 Months 
(n = 148)

Mean ± SD or n (%)

Age 76.9 ± 6.2

Female, n (%) 96 (64.9)

Race, n (%)

  Asian 1 (0.7)

  Black 10 (6.8)

  White 133 (89.9)

  Other 1 (0.7)

  Refused 3 (2.0)

Living alone, n (%) 75 (50.7)

Education, n (%)

  High school 22 (14.9)

  College 52 (35.1)

  Postgraduate 70 (47.3)

  Other 4 (2.7)

Fall in the prior year, n (%) 48 (32.4)

Body mass index 29.0 ± 5.4

Comorbidity index (0–8) 2.9 ± 1.3

Gait speed, m/s 1.08 (0.16)

Modified Mini-Mental State Examination 
(0–100)

96.4 ± 3.7

GPS measures

Median SDE area, km2 4.4 ± 8.5

Median SDE compactness 0.7 ± 0.2

Median percentage of time out of home, %* 14.4 ± 12.0

Median maximum distance from home, km 38.2 ± 252.8

Health events over 12 months Rate per 1000 
person-months

Falls 74.5

Hospitalization 29.1

Emergency department visit 38.8

Note: Other education includes associate degree or technical/trade school 
education after high school.
*n = 138 due to exclusion of 10 individuals who spent less than 20% of 
time spent at home.
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for poorer health status, which would subsequently lead 
to increased risk for negative health outcomes among  
community-dwelling older adults.

Kennedy et al. found that a reduction in self-reported life 
space is associated with higher odds of hospitalization and 
ED visits over the course of a 3-year study (38). Reductions 

in self-reported life space are also associated with increased 
risk for falls and incidence of injurious falls over a 6-month 
period (6,40). Therefore, the association between changes in 
self-reported community mobility and negative health out-
comes, including hospitalizations, ED visits, and falls has 
been well-established (7,8,38,40).

Table 2. Association of GPS Measures and Incident Falls Over 12 Months

Unadjusted Adjusted

IRR 95% CI p IRR 95% CI p

Median SDE Area

  Quartile 1 versus 4 0.80 0.36–1.81 0.60 1.14 0.54–2.40 0.73

  Quartile 2 versus 4 1.29 0.62–2.66 0.50 1.18 0.59–2.37 0.63

  Quartile 3 versus 4 0.55 0.23–1.28 0.17 0.39* 0.16–0.94 0.04

Median SDE compactness

  Quartile 1 versus 4 1.69 0.72–4.00 0.23 1.12 0.48–2.60 0.80

  Quartile 2 versus 4 1.47 0.63–3.43 0.38 1.56 0.69–3.55 0.29

  Quartile 3 versus 4 1.99 0.87–4.53 0.10 2.29* 1.05–5.00 0.04

Median % of time outside of home

  Continuous (per 5%) 1.06 0.94–1.20 0.37 1.01 0.90–1.14 0.86

  Quartile 1 versus 4 0.78 0.36–1.72 0.54 0.88 0.42–1.85 0.73

  Quartile 2 versus 4 0.81 0.38–1.72 0.59 0.89 0.44–1.81 0.75

  Quartile 3 versus 4 0.97 0.46–2.04 0.93 0.90 0.44–1.87 0.79

Median maximum distance from home

  Quartile 1 versus 4 0.87 0.41–1.85 0.71 1.54 0.72–3.30 0.27

  Quartile 2 versus 4 0.41* 0.18–0.94 0.03 0.58 0.26–1.28 0.18

  Quartile 3 versus 4 0.59 0.28–1.25 0.17 0.93 0.43–1.99 0.85

Notes: Adjusted models included the following covariates: age, gender, race, BMI, Duke Comorbidity Index, Fall history. CI = confidence interval; IRR = 
incident rate ratio; SDE = standard deviational ellipse.
*p < .05.

Table 3. Association of GPS Measures and Incident Hospitalizations Over 12 Months

Unadjusted Adjusted

IRR 95% CI p IRR 95% CI p

Median SDE area

  Quartile 1 versus 4 2.44 0.88–6.76 0.09 NE NE NE

  Quartile 2 versus 4 1.05 0.34–3.18 0.94 NE NE NE

  Quartile 3 versus 4 0.62 0.17–2.30 0.47 NE NE NE

Median SDE compactness

  Quartile 1 versus 4 0.78 0.22–2.77 0.70 NE NE NE

  Quartile 2 versus 4 1.92 0.67–5.50 0.22 NE NE NE

  Quartile 3 versus 4 1.04 0.33–3.27 0.94 NE NE NE

Median % of time outside of home

  Continuous (per 5%) 0.76* 0.61–0.95 0.01 0.78* 0.63–0.98 0.03

  Quartile 1 versus 4 3.47* 1.06–11.43 0.04 2.75 0.85–8.92 0.09

  Quartile 2 versus 4 1.85 0.52–6.52 0.34 1.85 0.55–6.25 0.32

  Quartile 3 versus 4 1.25 0.32–4.94 0.75 0.95 0.25–3.62 0.94

Median maximum distance from home

  Quartile 1 versus 4 1.68 0.68–4.15 0.26 NE NE NE

  Quartile 2 versus 4 0.20* 0.04–0.96 0.04 NE NE NE

  Quartile 3 versus 4 0.62 0.22–1.75 0.36 NE NE NE

Note: Adjusted models included the following covariates: age, gender, race, BMI, Duke Comorbidity Index, Fall history. CI = confidence interval; IRR = 
incident rate ratio; NE = not estimable due to model convergence issues; SDE = standard deviational ellipse.
*p < .05.
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In a recent review, it was noted that fall history and incident 
falls in relation to GPS measures of community mobility have 
been understudied (20). In a study investigating patterns of 
falling among individuals with glaucoma, researchers found 
no association between fall status over a year and time away 
from home measured with GPS (41). Ahmed et al. found an 
association between falls and a decrease in self-reported life-
space mobility over 4 years (6). In the present study, although 
not statistically significant, there was some preliminary evi-
dence in descriptive statistics to suggest that individuals 
who spend more time away from home may have more falls 
(Figure 1). This may indicate exposure to additional risks for 
falls as well as benefits in terms of reduced hospitalization 
risk. Similar results have been found among older men with 

those who had low physical activity and poor physical perfor-
mance having an increased risk of falls as well as those who 
had better physical activity and performance (42). However, 
this observation must be interpreted cautiously as it is not 
supported by statistical significance, except in one adjusted 
model. The association between objectively measured com-
munity mobility and falls should be more rigorously exam-
ined in future work to establish if limitations in community 
mobility may be an early indicator of underlying health issues 
or preclinical mobility limitations that may increase fall risk.

There is some evidence that disability prevention programs, 
physical therapy, community health and wellness, and phys-
ical activity interventions have a positive effect on life space 
and community mobility measured through self-report and 
GPS (43–45). Addressing limitations in community mobil-
ity may in turn reduce risk of the negative outcomes asso-
ciated with a restricted life space. Future work should focus 
on the development of interventions targeting improvements 
in community mobility, participation in daily activities, and 
life roles. Interventions to improve community mobility will 
likely be multifaceted in nature and include behavioral, phys-
ical, and educational interventions to address the complex 
interactions of factors associated with life-space mobility 
(44,46). However, improvements in community mobility may 
begin with small behavioral changes. Clinicians can encour-
age increased daily mobility among community-dwelling 
older adults by suggesting activities such as walking to the 
mailbox and back, walking to visit a neighbor, or walking a 
pet in the neighborhood.

Strengths and Limitations
Our study had limitations and strengths. It should be noted 
that the community-dwelling older adults included in this 
study were mostly White, highly educated, and cognitively 
intact, which may limit generalizability to the general older 

Figure 1. Rates of falls and hospitalizations per 1000 person-months 
over 12 months by median percentage of time outside of home quartile. 
Participants in quartile 1 had a greater risk of incident hospitalizations 
over 12 months compared to participants in quartile 4.

Table 4. Association of GPS Measures and Incident Emergency Department Visits Over 12 Months

Unadjusted Adjusted

IRR 95% CI p IRR 95% CI p

Median SDE area

  Quartile 1 versus 4 1.02 0.38–2.74 0.96 1.29 0.49–3.37 0.61

  Quartile 2 versus 4 1.02 0.40–2.62 0.97 1.46 0.58–3.65 0.42

  Quartile 3 versus 4 0.78 0.28–2.20 0.64 1.12 0.38–3.36 0.83

Median SDE compactness

  Quartile 1 versus 4 1.62 0.56–4.72 0.38 1.52 0.54–4.31 0.43

  Quartile 2 versus 4 1.78 0.64–4.93 0.27 1.44 0.54–3.86 0.46

  Quartile 3 versus 4 1.29 0.45–3.71 0.64 1.46 0.53–4.03 0.46

Median % of time outside of home

  Continuous (per 5%) 1.02 0.87–1.21 0.78 1.01 0.87–1.18 0.85

  Quartile 1 versus 4 0.95 0.34–2.61 0.91 0.85 0.32–2.26 0.74

  Quartile 2 versus 4 0.83 0.30–2.28 0.72 0.86 0.34–2.19 0.75

  Quartile 3 versus 4 1.69 0.67–4.24 0.26 1.29 0.55–3.01 0.56

Median maximum distance from home

  Quartile 1 versus 4 0.84 0.34–2.07 0.71 1.02 0.41–2.55 0.97

  Quartile 2 versus 4 0.37 0.13–1.08 0.07 0.48 0.17–1.36 0.17

  Quartile 3 versus 4 0.65 0.27–1.61 0.35 0.89 0.35–2.24 0.80

Notes: Adjusted models included the following covariates: age, gender, race, BMI, Duke Comorbidity Index, Fall history. CI = confidence interval; IRR = 
incident rate ratio; SDE = standard deviational ellipse.
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adult population (23). The analysis included all falls that were 
reported during the 12-month follow-up period, and we do 
not know if they occurred indoors or outdoors. However, the 
use of monthly IVR phone calls to regularly assess incident 
health outcomes reduced the length of time over which the 
participants were asked to recall health events. Participants 
using GPS devices may not have been compliant on all days 
of the wear period, which would result in an underestimation 
of community mobility. However, we attempted to correct 
this by excluding those with less than 5 days of wear time. 
In addition, 7 days of wear time is relatively short and may 
not capture typical community mobility for all individuals. 
The number of events was relatively small, especially for the 
hospitalization outcome, which precluded fitting a model that 
included covariates with some GPS measures. In addition, 
we were unable to determine the underlying reasons for the 
reduced percentage of TOH, which may be risk factors for 
increased risk of hospitalization. We also did not adjust our 
models for prior episodes of hospitalizations, as there were 
only 3 participants who reported a hospitalization in the 3 
months prior to our analytic baseline. The parent trial had 
not collected specific reasons for hospitalizations and ED 
visits that could have explained the differential findings, and 
we speculate the former may be due to more illnesses while 
the latter may be attributable to injuries. Finally, our report 
contains an unplanned secondary analysis of data from a 
clinical trial. Further studies are needed for more definitive 
conclusions.

The study was strengthened by the relatively large sample 
size and the use of GPS technology which allows for objective 
measurement and decreases the risk of recall bias associated 
with self-report. In addition, the participants in this study had 
a wide range of physical functions evidenced by the 6-Minute 
Walk Test, Figure-of-8 Walk, and gait speed measures. The 
GPS metrics utilized in this study allowed us to capture mul-
tiple dimensions of community mobility (ie, duration, timing, 
space, extent) and the longitudinal study design allowed us to 
measure how community mobility relates to incident health 
events.

Conclusion
Greater time spent outside of home as measured by GPS 
was associated with reduced risk of future hospitalization 
in community-dwelling older adults over a year. This find-
ing highlights the potential usefulness of GPS indicators of 
community mobility timing to identify early risk for negative 
health outcomes among community-dwelling older adults. 
GPS technology offers an objective way to track changes in 
mobility over time and identify potential risks for negative 
health outcomes. With advances in technology, using wear-
able devices would allow for remote monitoring of mobility 
patterns with the potential for reduced burden on clinicians 
and patients. Our findings are to be considered preliminary 
due to the limitations mentioned above. Future work should 
focus on (i) larger purpose-built studies to elicit definitive 
conclusions and (ii) employing longitudinal GPS indicators of 
community mobility to identify if declines over time are asso-
ciated with adverse health outcomes. Information gleaned 
from these studies will allow for the development of targeted 
interventions to improve community mobility and poten-
tially decrease the risk of negative health outcomes among  
community-dwelling older adults.
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