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Abstract

Background: Real-life community mobility (CM) measures for older adults, especially those with Parkinson’s disease (PD), are important 
tools when helping individuals maintain optimal function and quality of life. This is one of the first studies to compare an objective global 
positioning system (GPS) sensor and subjective self-report CM measures in an older clinical population.
Methods: Over 14 days, 54 people in Ontario, Canada with early to mid-stage PD (mean age = 67.5 ± 6.3 years; 47 men; 46 retired) wore a wireless 
inertial measurement unit with GPS (WIMU-GPS), and completed the Life Space Assessment and mobility diaries. We assessed the convergent validity, 
reliability and agreement on mobility outcomes using Spearman’s correlation, intraclass correlation coefficient, and Bland-Altman analyses, respectively.
Results: Convergent validity was attained by the WIMU-GPS for trip frequency (rs =  .69, 95% confidence interval [CI] = 0.52–0.81) and 
duration outside (rs = .43, 95% CI = 0.18–0.62), but not for life space size (rs = .39, 95% CI = 0.14–0.60). The Life Space Assessment exhibited 
floor and ceiling effects. Moderate agreements were observed between WIMU-GPS and diary for trip frequency and duration (intraclass 
correlation coefficients  =  0.71, 95% CI = 0.51–0.82; 0.67, 95% CI = 0.42–0.82, respectively). Disagreement was more common among 
nonretired individuals.
Conclusions: WIMU-GPS could replace diaries for trip frequency and duration assessments in older adults with PD. Both assessments are best 
used for retired persons. However, the Life Space Assessment may not reflect actual mobility.

Keywords:  Parkinson’s disease, Geriatric assessment, Mobility assessment, Functional performance, Measurement comparison

Mobility limitations have serious consequences for older adults, 
including increased falls, institutionalization and mortality (1,2). 
Such limitations are usually the result of musculoskeletal aging, and 

are accelerated by neurodegenerative conditions, such as Parkinson’s 
disease (PD). In the context of PD, mobility limitations are an im-
portant predictor of reduced health-related quality of life (3), and 
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current therapeutic interventions for PD mainly target improve-
ments of motor function. Therefore, valid and reliable assessment 
tools are essential to capture the functional impact of mobility limi-
tations and its impact on daily lives of individuals. Appropriate tools 
are also vital for evaluating the effectiveness of interventions aiming 
at maintaining optimal mobility levels.

Measuring mobility is complicated by its multidimensional 
nature: real-life mobility includes both capacity and actual perform-
ance of mobility within one’s home and community (4,5). The latter 
comprehensive view of mobility, termed community mobility (CM), 
is considered a key instrumental activity of daily living (6,7). Various 
aspects of CM are measurable, including trip frequency (8), dur-
ation, and area (9–12).

The effects of PD on CM are highly variable among patients, 
which complicates accurate assessment. The most frequently used 
assessments are self-reports. These include cross-sectional question-
naires that commonly define CM as concentric circles (“life spaces”) 
that expand as an individual move outward from the home to the 
wider community (9, 10), as well as daily diaries. The referent time 
window for cross-sectional questionnaires typically ranges from 
the past week to the time since last clinical visit. Such retrospective 
measures are subject to random (eg, memory) error, as well as recall 
bias due to social desirability and floor effects (13). Alternatively, 
daily diary entries may reduce memory error but fail to account 
for changes in mobility across time (14). Since no “gold standard” 
measure of CM currently exists, self-reporting remains the most 
common approach to CM assessment (15,16).

Global positioning system (GPS) receivers are promising tools 
to prospectively assess the CM of people with PD (PwP) over long 
time periods (13,17,18). One example is the WIMU-GPS (wire-
less inertial motion unit with GPS (19)), a wearable sensor plat-
form which could be worn at the hip or trunk of participants 
(Supplementary Figure 1 in the Supplementary Material). The 
WIMU-GPS incorporates 3D inertial measures of motion (accel-
erometers, gyroscope, and magnetometers) and GPS receivers, 
which allows the extraction of specific metrics commonly captured 
by self-report measures, such as frequency and duration of trips, 
destinations, and CM lifespace sizes through geospatial renderings 
(19). As physical devices, sensors should be free of measurement 
biases common to self-report measures, such as perceived social 
desirability, memory, or other cognitive challenges.

Despite these advances, few studies have thoroughly compared 
new versus older mobility assessment methods in older adults, es-
pecially among older clinical populations at higher risk of mobility 
declines (17,20,21). Comparisons of validity, reliability, and agree-
ment should be conducted between alternative assessment methods 
before new measures replace established ones. The lack of such 
studies of CM measures may be partly due to the absence of a 
consensus gold standard assessment of CM. Conventional meas-
urement evaluation uses a gold standard to determine empirical 
types of validity (eg, criterion validity). However, criterion validity 
is not required for initial evaluations of new approaches; much can 
be learned by examining the level of agreement between existing 
measures without meeting the assumptions that underlie the test-
criterion framework (17,22).

The objectives of this study were to systematically compare data 
from a wearable sensor GPS platform to self-report measures to as-
sess its validity, reliability and agreement in an older clinical popula-
tion. Our secondary objective is to identify individual characteristics 
of older adults that affect the agreement between objective and self-
report measures of mobility.

Methods

Reporting of this study follows the Guidelines for Reporting 
Reliability and Agreement Studies (23) and the COnsensus-based 
Standards for the selection of health Measurement INstruments 
(COSMIN (24,25)).

Participants
We recruited a convenience sample of 70 ambulatory community 
dwelling PwP (Hoehn & Yahr Stages I–III) from the Movement 
Disorders Clinic of London Health Sciences Center, Canada in 
person or over the phone. Inclusion and exclusion criteria are out-
lined in Supplementary Table S1 in the Supplementary Materials. We 
obtained written informed consent from all participants and ethical 
approval from Western University’s Human Subjects Research Ethics 
Board (HSREB #102337).

Assessments and Common Outcomes
Over 14 days, all participants wore the WIMU-GPS during hours 
awake as they navigated their home and communities. We instructed 
all participants to remove the device from their bodies just prior to 
sleeping each evening and charge the device in their “ON” mode 
throughout the night. We also instructed participants to put the 
WIMU-GPS back on once they wake up in the morning, so it starts 
recording. They also recorded daily diary entries (14) about the 
start and end time of each trip taken outside. On Days 1 and 14, 
participants completed the Life Space Assessment (LSA (10)). This 
cross-sectional scale quantifies the size of one’s life space in the past 
4 weeks as a score of 0–120 (0 = confined to bedroom, 120 = daily 
travel to places outside of one’s city/town).

We assessed the convergent validity, reliability, and agreement 
between the WIMU-GPS and diary recordings for recordings of 
“hourly frequency” (ie, number of trips taken outside of the home 
per hour sampled) and “daily duration” (ie, percentage of total 
time sampled per day individuals were outside of home). We es-
tablished construct validity of the WIMU-GPS against self-report 
diaries by capturing these same two mobility outcomes. Similar to 
a previous study that used the WIMU-GPS (26), all WIMU-GPS 
devices were calibrated to begin recording distance relative to a 
central location within the participants’ homes (ie, usually the kit-
chen or living room where the rest of the assessments took place). 
Our analysis considered participants’ home to be a geographic 
cluster that covered 50 m in radius from this central location, and 
any travel extending beyond this threshold was considered “out-
side” of the home. This distance was selected to account for vari-
ation in home sizes. Trips were defined as when the participant 
leaves this home cluster.

Whereas participants recorded any travels in their diaries over 
the entire 24 hours each day, they could remove the WIMU-GPS 
for reasons such as sleeping, charging, bathing, etc. The longest 
length of WIMU-GPS recording in a day obtained was just under 
19 hours, and that was used as the daily sampling period for the 
diary to standardize time during which sensors may have been off-
body and not recording (eg, sleeping, bathing). Diary entries were 
checked to ensure the timeframe included all documented trips out-
side, and the time of its first and last recordings overlapped with 
WIMU-GPS’ start and end recording times each day. The WIMU-
GPS recorded displacement and life-space mobility data during 
the time sampled using a geospatial statistical approach based on 
the computation of a minimum span ellipse that fitted all the re-
corded data points for a given individual (19). The surface area 
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of the minimum span ellipse (geometric 2D area in km2) was used 
as a direct quantifier of life space size. In comparison, the LSA 
uses single scores to represent relative life space sizes. In this study, 
the average Day 1 and 14 LSA scores were not statistically dif-
ferent (p = .14), and the LSA has shown good test–retest reliability 
(intraclass correlation [ICC] = 0.72 (27)). Therefore, we compared 
Day 14 LSA scores against WIMU-GPS recorded “life space size.” 
To ensure sampled data averaged variability in mobility across 
hours of the day and days of the week, we included only partici-
pants whose WIMU-GPS recorded a minimum of 6 days with at 
least 600 minutes (10 hours) of data for analysis. Among partici-
pants who met this criterion, we also excluded any remaining re-
corded days with less than 600 minutes of data. Although previous 
GPS mobility tracking studies defined a “valid GPS day” as having 
shorter recording lengths (28,29), these studies did not focus on 
average travel time and distance, nor did they account for the sam-
pling period of self-reported measures (typically 24 hours). Then, 
we removed sampled days without both WIMU-GPS and diary 
data from the analysis. In total, 54 participants were included in 
the analysis, providing a total of 592 days of frequency and life 
space size data, and 573 days of duration data.

Additional Covariates
Discrepancies between GPS and self-report mobility measures were 
previously observed to be associated with sociodemographic char-
acteristics such as age, gender, employment or volunteering status, 
education, income, mode of travel, day of travel (17,30), and travel 
behavior (31). We assessed these demographics information, along 
with individuals’ cognitive status using the MOntreal Cognitive 
Assessment (MoCA (32)), and the impact of PD using the Parkinson’s 
Disease Questionnaire (PDQ-39 (33)).

Analysis
Concurrent validity between the WIMU-GPS and self-report meas-
ures was established by comparing simultaneously collected data 
(34). Convergent validity was assessed using the Spearman correl-
ation. Reliability in assessment comparison studies refers to how 
well one assessment can duplicate another’s ability to detect vari-
ability in outcomes (35). We assessed reliability between the WIMU-
GPS and diary using the intraclass correlation (ICC). We did not 
examine reliability between the WIMU-GPS and LSA scores as there 
was no analogous measure produced by the WIMU-GPS. We visu-
ally compared agreement between “hourly frequency” and “daily 
duration” captured by WIMU-GPS and diaries using parallel line 
plots (36), and quantified agreement using Bland-Altman (B-A) plots 
(22,37,38) for frequency and duration data after log-transformation  
(22,39). We calculated 95% limits of agreement (LoA) using adjusted 
standard deviation for multiple sampling (22). Since no meaningful 
cutoff values for trip frequency and duration are available in existing 
literature, we evaluated bias by examining the distribution of dis-
agreement scores within the LoA. We compared variability among 
the measurements after adjusting for means expressed in different 
measurement units using the coefficient of variation (CV), which was 
defined as standard deviation divided by mean.

We examined subgroups validity using partial correlations, and 
estimated incidence rate ratios (eβ) using Poisson regression models 
to determine covariate effects on agreement. We applied offset cor-
rections to account for the unequal number of matched days included 
for analysis for each participant. Unless indicated, we observed stat-
istical significance when two-side p-value was < .05. Our analyses 

were conducted using SAS (v9.3, SAS Institute Inc., 2011) and SPSS 
(v20, IBM Corp, 2011).

Results

Participant demographic characteristics and PD symptoms are pre-
sented in Table 1.

Community Mobility Outcomes
Mobility outcomes are presented in Table 2. WIMU-GPS recorded 
significantly higher “daily duration” than diaries (an average of 
5.0% vs 20.3% of the day outside, respectively; p < .05), whereas 

Table 1. Participant Demographics and Impact of Parkinson’s 
Disease (n = 54)

Demographics Covariates n (range or %)

Age (years) 67.5 ± 6.3 (55–79)
Gender  
 Men 38 (70.4%)
 Women 16 (29.6%)
Marital status  
 Married/common law 45 (83.3%)
Income
 0–$19, 999 11 (20.4%)
 $20,000–$39,999 12 (22.2%)
 $40,000–$59,999 14 (25.9%)
 $60,000–$89,999 11 (20.4%)
 >$90,000 6 (11.1%)
Employment status Fully retired = 46 (85.2%)
Education
 < High school 11 (20.4%)
 High school graduate 11 (20.4%)
 Some college 3 (5.6%)
 College diploma 9 (16.7%)
 Undergraduate degree 8 (14.8%)
 Postgraduate program 1 (1.9%)
 Graduate degree 11 (20.4%)
Residential setting
 Urban 15 (27.8%)
 Suburban 11 (20.4%)
 Rural, in town 18 (33.3%)
 Rural, outside of town 10 (18.5%)
Living situation Cohabiting (with family/

friends) = 45 (83.3%)
Driving status Drives 52 (96.3%)
Cognitive score (MoCA) 25.6 ± 2.7 (22–30)
Time since PD diagnosis (years) 6.2 ± 5.7 (0–30)
Impact of PD on dimensions of daily living 
(PDQ-39 scores):

(0 = no impact, 100 = total 
impairment)

 1. Mobility 17.9 ± 20.9 (0–70.0)
 2. Activities of daily living 23.2 ± 18.4 (0–70.8)
 3. Emotional well being 19.1 ±16.6 (0–66.7)
 4. Perceived stigma 13.3 ± 16.0 (0–68.8)
 5. Social Support 8.3 ± 12.3 (0–50.0)
 6. Cognition 24.1 ± 19.3 (0–68.8)
 7. Communication 20.7 ± 19.0 (0–75.0)
 8. Bodily discomfort (eg, pain) 26.6 ±23.4 (0–100.0)
 9. Overall quality of life 19.1 ± 13.7 (1.8–64.7)

Note: Montreal COgnitive Assessment (MoCA) scores suggest some partici-
pants may have undetected mild cognitive impairment, even though it did not 
appear to affect their activities of daily living performance or performance on 
the orientation section of the MoCA. PD = Parkinson’s disease.
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there was no evidence to suggest a significant difference between 
“hourly frequency” captured by WIMU-GPS and diary.

Shapiro–Wilk tests showed that LSA scores and mean “hourly 
frequency” differences were the only normally distributed out-
comes; hence, subsequent Bland-Altman analyses of agreement 
were performed on log-transformed difference scores. The esti-
mated CVs suggested similar dispersion for “hourly frequency” 
measured by WIMU-GPS and diary. Diary recordings of “daily dur-
ation” (showing percentage of the day outside ranged from 6.2% to 
60.8%) and WIMU-GPS recordings of “life space sizes” (showing 
geographic area travelled over 2 weeks ranged from 8.2 to 29,448.6 
km2) were notably more variable than WIMU-GPS recordings of 
“daily duration” and LSA measured “life space sizes”, respectively.

Convergent Validity
Good convergent validity (r ≥ .4) was detected only between WIMU-
GPS and diary on “daily duration” (rs = .693, p < .001, 95% confidence 
interval [CI] = 0.52–0.81; Figure 1a) and “hourly frequency” (rs = .427, 
p = .001, 95% CI = 0.18–0.62; Figure 1b). Adequate convergent val-
idity was not observed between the WIMU-GPS and LSA on “life space 
sizes” (rs =  .393, p =  .003, 95% CI = 0.14–0.60; Figure 1c). Validity 
was not affected by demographic covariates as partial correlation coef-
ficients did not change more than 5% from the crude correlation.

Reliability and Agreement
Good reliability was demonstrated for both “daily duration” 
(ICC  =  0.674, p < .001, 95% CI  =  0.42–0.82) and “hourly fre-
quency” (ICC = 0.714, p < .001, 95% CI = 0.51–0.82). B-A plots 
were constructed to evaluate the imperfect agreements (ie, ICC ≠ 
1) between the WIMU-GPS and diary records.

Agreement between WIMU-GPS and diaries are shown in B-A 
plots of log base 10-transformed data (Figure 2a and c). The mean 
difference and 95% LOA for log “hourly frequency” is 0.03, and 
0.51 to −0.45, respectively (Figure  2a). Hence, 95% of the time, 
WIMU-GPS “hourly frequency” averaged 1.07 times higher than the 
diary reports and was between 0.35 and 3.2 times higher than diary 

reports. ICC values for both outcomes did not change more than 
10% after the removal of outliers.

The mean difference and 95% LOA, for “daily duration” is 0.14 
and −0.62 to 0.90, respectively (Figure 2c). Antilog of difference be-
tween two log values yields a ratio. Therefore, mean WIMU-GPS 
“daily duration” is 1.38 times higher than the diary, and 95% of the 

Figure 1. Relationship between “daily duration” (a), “hourly frequency” (b), 
“life space size” (c) measured using WIMU-GPS and diary. Good convergent 
validity (r ≥ .4) was shown using Spearman correlation analysis for “daily 
duration” (a), “hourly frequency” (b), but not for “life space size” (c).

Table 2. Mean Mobility Outcomes Measured by Self-report Measures and WIMU-GPS

Community  
Mobility Outcome Mean ± SD (range)

Shapiro–Wilk Normality  
Test (S-W; normal  
distribution: p ≥ .05)

Coefficient 
of Variation 
(CV)

Mean Difference in  
Comparable Outcomes  
(WIMU-GPS – Diary)  
± SD (range)

Wilcoxon Signed 
Rank Test of  
Difference 

WIMU-GPS  
“hourly frequency”

0.12 ± 0.06 (0.03–0.28) p = .0002  
log-transformed: p = 0.6071

0.50 0.01 ± 0.05  
(−0.15–0.16)  
Shapiro–Wilk test:  
p = .1056

W<Wα = 0.05,53=149.5, 
p < .2

Diary 
“hourly frequency”

0.11 ± 0.06 (0.03–0.34) p = .0005  
log-transformed: p = 0.9327

0.55

WIMU-GPS  
“daily duration” 

25.0 ± 11.6% (6.2%–60.8%) p = .04  
log-transformed: p = 0.1618

0.46 4.8% ± 11.4%  
(−41.6%–25.1%)  
Shapiro–Wilk test:  
p < .0001

W<Wα = 0.05,53=500.5, 
p < .0001†

Diary  
“daily duration” 

20.3 ±12.2% (0.2%–57.4%) p = .01  
log-transformed: p < .0001

0.60

LSA  
“life space size”††

84.8 ± 16.3 (48–120) p = .36 0.19  

WIMU-GPS  
“life space size” (km2)

4 048.8 ± 6 432.3 (8.2–29 448.6) p < .0001 1.59

Note: “Hourly frequency” refers to the number of trips taken outside of the home per hour sampled, and “daily duration” refers to the percentage of total time 
sampled per day that participants were outside of home.

†Statistically significant differences in comparison pairs, shown using the Wilcoxon Signed Ranks test (p ≤ .05). Non-normal distribution of differences remained 
after log and logit transformations (both S-W tests yielded. p < .0001).

††LSA Maximum = 120.

Full color version is available within the online issue.
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WIMU-GPS recorded “daily duration” were between 0.24 and 7.9 
times of diary-reported values.

Higher mean WIMU-GPS recordings of both outcomes were 
observed in most participants (Figure 2b and d). For “hourly fre-
quency,” 66.7% (n = 36) of PwP recorded higher WIMU-GPS out-
comes compared to 33.3% (n  =  18) with higher diary reports. 
For “daily duration,” 79.6% (n  =  43) participants had higher 
WIMU-GPS recordings compared to 22.2% (n = 12) with higher 
diary reports. As well, daily agreement between WIMU-GPS 
and diary seldom occurred. Agreement occurred more often for 
“hourly frequency” than for “dailyduration” (10.1% of days vs 
0.07% of days, respectively). The WIMU-GPS recorded greater 
“hourly frequency” and “daily duration” than the diary across 
most days (67.0% and 75.6% of days for frequency and duration, 
respectively).

A summary of the statistically significant demographic and 
disease-related covariates affecting the agreement types are pre-
sented in Table 3. No significant predictors of higher WIMU-GPS re-
cordings of “hourly frequency” were found (Table 3, a). Agreement 
was not assessed for “daily duration” due to too few days of occur-
rence (Table 3, b). Employment status was the only common pre-
dictor of most disagreement for both outcomes. Higher diary reports 
(ie, over self-reporting) of “hourly frequency” and “daily duration” 
than WIMU-GPS recordings were 1.66 and 1.93 times more likely to 
occur among working PwP than retired PwP.

Discussion

To the best of our knowledge, this is the first study to systematically 
compare wearable GPS technology and self-reported measures in 
recording mobility outcomes in a clinical population. In the absence 
of a gold standard, assessment validations are done against existing 
measures of a common outcome (22,23). WIMU-GPS was a valid 
measure for capturing hourly frequency and daily duration outside 
the home when compared with travel diaries. Both WIMU-GPS and 
diary also showed similar ability to distinguish participants’ fre-
quency and duration outside (ICC = 0.714 and 0.674, respectively).

Discrepancies Between Assessments
Methods seldom agree exactly (22). Disagreement between the 
measures was detected across most sampled days for both outcomes. 
Higher degree of agreement was found for frequency than duration. 
This may be due to the increased complexity of duration recall. As 
well, WIMU-GPS recorded longer “daily duration” than diary re-
port. The discrepancy between our results and a previous report 
showing longer duration in self-reported diaries than GPS record-
ings (40) may be because duration data was previously compared for 
each trip instead of over an entire day.

In terms of “hourly frequency,” mean WIMU-GPS measurements 
were also higher than diary reports, but this difference was not stat-
istically significant. Previous studies often compared assessments in 

Figure 2. Bland-Altman plots of agreement between log mean and log difference of WIMU-GPS and Diary measured “hourly frequency” (a) and “daily duration” 
(c). Majority of participants recorded higher WIMU-GPS “hourly frequency” (b) and “daily duration” (d) than the Diary (66.7% and 79.6%, respectively). All n = 54.
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Table 3. Statistically Significant Predictors of “Hourly Frequency” (a) and “Daily Duration” (b) Captured by the WIMU-GPS and Diary

a. “Hourly frequency” captured by the WIMU-GPS and Diary

Participant characteristics

Higher Diary Agreement

Incidence rate ratio (eβ) p Incidence rate ratio (eβ) p

Ageα 0.97 .0336† 1.06 .0065†

Gender (ref: women) 0.69 .0406† 1.135 .6635
Employment statusα (ref: retired) 1.66 .0152† 0.398 .0754††

Education (ref: graduate degree)     
< High school 0.76 .3919 1.331 .4714
High school graduate 2.41 .1487 0.880 .7703
Some college 0.59 .3891 3.286 .0105†

College diploma 1.44 .2057 0.924 .8654
Undergraduate degree 1.31 .3703 1.044 .9264
Postgraduate program 2.41 .0745†† 5.17 × 10−11 .9999

Income α (ref: >$90,000)     
0–$19,999 0.55 .1005†† 1.727 .2799
$20,000–$39,999 0.6903 .2926 1.221 .7079
$40,000–$59,999 0.781 .4391 1.061 .9085
$60,000–$89,999 1.78 .0570†† 0.915 .8743

Years since diagnosis 0.95 .0077† 1.027 .1671
Impact of PD on dimensions of daily living 
(PDQ-39 scores):

    

1. Mobilityα 0.992 .0727†† 1.006 .2698
2. Activity of daily livingα 0.99 .0470† 1.010 .1203
3. Emotional well being 0.9966 .5293 0.992 .3294
4. Perceived stigma 0.988 .0557†† 1.016 .0210†

5. Social Support 1.009 .1571 0.987 .2804
6. Cognition 0.991 .0717†† 1.004 .5415
7. Communication 0.997 .5785 1.002 .7497
8. Bodily discomfortα 0.992 .0555†† 0.998 .7395
9. Overall quality of lifeα 0.989 .0919†† 1.0055 .5367

b. “Daily duration” captured by the WIMU-GPS and Diary

Higher WIMU-GPS Higher Diary

Participant characteristics Incidence rate ratio (eβ) p Incidence rate ratio (eβ) p

Ageα 1.0078 .3121 0.974 .0552††

Employment statusα (ref: retired) 0.748 .0482† 1.932 .0007†

Incomeα (ref: >$90,000)     
0–$19,999 0.972 .8722 1.165 .7147
$20,000–$39, 999 0.833 .3208 1.920 .1000††

$40,000–$59, 999 0.866 .3983 1.709 .1641
$60,000–$89,999α 0.817 .2707 2.015 .0746††

Residential setting (ref: rural, outside of town)     
 Urban 0.944 .7004 1.157 .5336
 Suburban 1.099 .5463 0.740 .2835
 Rural, in town 1.134 .3561 0.662 .0929††

Impact of PD on dimensions of daily living 
(PDQ-39 scores):

    

1. Mobilityα 1.003 .1553 0.987 .0100†

2. Activity of daily livingα 1.004 .1141 0.986 .0060†

3. Emotional well being 1.000 .9982 0.9995 .9264
4. Perceived stigma 1.002 .4522 0.993 .2068
5. Social Support 0.998 .6674 1.005 .4726
6. Cognition 1.001 .5691 0.995 .2992
7. Communication 1.002 .5079 0.995 .3131
8. Bodily discomfortα 1.002 .3119 0.993 .0782††

9. Overall quality of lifeα 1.004 .3084 0.988 .0735††

Note: Significant predictors of higher WIMU-GPS recordings were not found for “hourly frequency.” Significant predictors of agreement between the  
measurements were not assessed for “daily duration.” PD = Parkinson’s disease.

†Significant at p = .05, p = .01. ††Significant at p = .1. αCovariate was significant for both community mobility outcomes.
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terms of frequency and duration per day (16), which do not account 
for the different time length sampled due to variations in actual 
sensor wear time, sensor time without data interference or loss, and 
diary completion. When hours sampled was not considered, a sig-
nificant difference on daily frequency was found. In general, the dif-
ferences in “hourly frequency” and “daily duration” of time outside 
recorded by the WIMU-GPS and self-reported in the diaries did not 
appear to be clinically significant.

The importance of using matched common time is highlighted by 
this study. The results differed when sampled time between the as-
sessments was standardized. A population study comparing matched 
trips showed only 64% of trips recorded by GPS and diaries matched 
in the time of departure from origin and/or arrival at destination 
(40). Although this study did not employ trip level matching (16), 
it accounted for the different lengths of actual sampled time by the 
assessments.

Finally, it is possible that by being aware of the simultaneous GPS 
recordings, participants may become more diligent with completing 
their diary recordings. Thus, independent diary recordings may be 
less reliable as a solo assessment method.

Limitations of Cross-sectional Measures
Our results suggest the LSA should be reserved for characterizing 
longitudinal change in self-perceived mobility within individuals. 
Good convergent validity was not found when comparing WIMU-
GPS and LSA assessed “life space size,” indicating an inherent issue 
with the LSA’s discriminatory power. We observed the actual sizes 
of life space area recorded by the WIMU-GPS often differ widely 
among different individuals with the same LSA score (Figure  1c; 
Supplementary Figure 2 of Supplementary Materials). For example, 
the area of mobility of individuals with a LSA score of 100 spanned 
a wide range, from 104.12 to 18,509.57 km2. This issue may ex-
tend to other cross-sectional measures as a study recently showed a 
different cross-sectional self-report measure underestimated the life 
space sizes of a general older population when compared to a GPS 
(20). Such differences in life space sizes obtained are clinically rele-
vant given the LSA scores have been associated with various health 
outcomes and mortality (1). Therefore, researchers and clinicians 
should avoid using single administrations of the LSA (ie, baseline 
LSA scores) to compare different populations, and careful consider-
ations are needed when interpreting the associations between single 
baseline LSA scores and health outcomes. Possible reasons for the 
LSA’s ceiling effect and imprecision may include: poor discrimin-
ation ability with large life spaces, and/or difficulties remembering 
distance travelled especially when “trip chaining” (visiting multiple 
locations during one commute) or when travel activities increased 
during warmer weather.

Further, although the LSA instructions contain examples of 
neighborhood boundaries, subjective interpretation of questions 
may influence self-reporting. Participants of this study occupied di-
verse settings. When participants in a larger municipality reported 
no travel outside of town, they may report low LSA scores but still 
record a larger area travelled using the WIMU-GPS due to their 
community’s larger geographic boundaries. A study conducted in a 
general older adult population also only found weak correlations 
between life space areas measured by the WIMU-GPS and LSA (26). 
Floor effects are common in cross-sectional retrospective recall 
measures (13), and Figure 1c further illustrates that the LSA are sen-
sitive to floor effects too.

Subgroup Variations
Working PwP were more likely to over self-report their mobility 
outcomes than their retired peers. As well, agreement between the 
WIMU-GPS and diary on frequency was more likely among retired 
PwP than those who worked. Hence, the assessments can likely be 
interchangeably used among retirees. People who worked may be less 
able to comply with the recording protocol during work hours. A dif-
ference in agreement between GPS and self-report has been shown 
to be dependent on the type of work performed in the general popu-
lation (30). Compared to those who volunteered, people with paid 
work were more likely to self-report more trips than GPS recordings. 
Therefore, those without formal paid work may be travelling more, 
often in a trip-chaining pattern, which can complicate record keeping.

Incidence of diary over-reporting was also more sensitive to edu-
cation, income, place of residence. These characteristics may have 
influenced participants’ understanding of study requirements and 
technology use. Women were more likely to over self-report fre-
quency than men. In the general population, age was a significant 
predictor of disagreement between GPS and self-report (30) and led 
to higher probability of more GPS-derived trips (17). Age distribu-
tion of this sample was homogenous relative to general population 
samples in existing studies; this may be why age was not shown to be 
a strong predictor of inter-assessment agreement and disagreement. 
Time since diagnosis and PD status were significant predictors, but 
they did not notably change the incidence of agreement or disagree-
ment between WIMU-GPS and Diary. Hence, disease status alone 
likely does not affect agreement between assessments.

WIMU-GPS Data Quality
The present analysis included 60.4% (592/980) of sampled days. 
Sampled days excluded from the analysis were due to insufficient 
recorded time by the GPS. However, this was to be expected and 
it was within the range of data quantity excluded in existing GPS 
studies (42,43).

Reasons for insufficient recordings using the WIMU-GPS were 
consistent with other studies (42), and included the following: par-
ticipants forgot to charge the battery during data collection period, 
WIMU-GPS was not continuously worn, and equipment errors (eg, 
spurious data loss occurred during 7 days from 6 PwP). The impact 
of including incomplete data collection days will be examined in a 
subsequent study.

Diary Data Quality
There were 7.7% (75/980  days) of diary entries were that were 
missing or incorrect. This is likely an underestimation, as the ac-
curacy of diary entries was not always apparent to the transcriber. 
An inconsistent quality of diary completion was observed, with high 
variability in how much detail and precision was given (eg, digit 
preference as seen in rounding to nearest 15 minutes, and incom-
plete origin locations given for trips). Almost all participants also ex-
pressed uncertainty or displeasure with the task of diary completion.

Common reasons for diary under-reporting are known to be 
survey length, recall issues, compliance, judging trips to be un-
important, unwillingness for full disclosure, and reporting error 
(31,40,44). Short trips, especially when occurring in sequence (trip 
chaining), and trips by nonmotorized modes were often omitted or 
forgotten in the general population (30,31). Recall based assess-
ments are also prone to recall bias due to social desirability, floor 
effects and subjective interpretations (45).
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Strengths of Study
Some existing comparison studies of the general public limited GPS 
sampling to 1 week or less (43,44) due to storage and battery limi-
tations, to minimize participant burden and inevitable data loss (the 
latter of which increases with sampled time). As mobility is unstable 
over time, the best approximation of real-life mobility requires 
longer duration recordings. This study optimized the trade-off be-
tween capturing representative data and data loss by using a data 
collection protocol of 2 weeks, and then applying a minimum sam-
pled criterion for the analysis.

Time-standardized outcomes are not always done in comparison 
studies of the general public as many available GPS models provide 
users with ready-processed aggregate data. We used the WIMU-GPS 
as it allowed access to raw data to identify and filter out common 
GPS signal noise, as well as accounting for unmatched start and 
end times. By standardizing sampling time, validity, reliability, and 
agreement between frequency and duration data reported by this 
study may be more accurate than previously reported.

We also minimized selection and recall bias in this study by 
breaking down the data collection to three home visits and pro-
viding follow-up phone calls with reminder slips. All participants’ 
data were collected by the same trained researcher (L.Z.) in order to 
minimize inter-rater bias.

Study Limitations
The generalizability of this study’s findings may be limited as partici-
pants were high functioning, community dwelling older adults with 
PD who did not use any mobility aids. Subsequent studies are needed 
to determine whether similar validity, reliability and agreement out-
comes are repeatable in other clinical populations. Also, this study’s 
interpretation of acceptable error was greatly limited by the lack of 
a predetermined clinically relevant cutoff limit.

Clinical and Research Recommendations
Wearable sensors may be able to improve the ability to track mo-
bility changes by traditional clinical and laboratory assessments 
(46). The absence of clinically significant cutoff scores and a gold 
standard measure of CM (47) limited clinical relevance interpret-
ation of values contained within the 95% LOAs (22). However, the 
difference between trip frequency was small (ie, mean difference and 
LOA ranges were all <1 trip per day). Hence, the WIMU-GPS could 
be used to replace the diary to measure trip frequency when burden 
and recall biases of diaries are issues.

Previous findings of diaries’ over-reporting of trip duration, 
relative to GPS recordings, were not duplicated (16). Mean differ-
ence between diary and WIMU-GPS detected was low (4.77% of 
sampled time). Although this difference between WIMU-GPS and 
diary may not be clinically significant overall, it may be clinically 
relevant for individuals confined to the home who wish to increase 
time outside.

Furthermore, diary use to capture trip duration presents a high 
amount of participant burden as respondents must record every time 
of arrival and departure. In this study, many older participants men-
tioned they found writing down trip timing to be the most cum-
bersome task. Since participant burden may hamper the quality of 
the self-report data, the WIMU-GPS should also be considered as a 
reasonable alternative measure to capture trip duration.

Despite the wide use of the LSA’s life-space mobility score in re-
search (11) and clinical settings (1,48), nonstandard environmental 
and neighborhood characteristics hinder the LSA’s ability to capture 

different mobility space sizes. As such, the discriminatory power of 
the LSA is sensitive to floor and ceiling effects, and single LSA scores 
may not reflect true mobility performance. Therefore, the current 
LSA is more useful as an assessment of longitudinal changes within 
individuals, than as a cross-sectional assessment of mobility differ-
ences between individuals or groups.

Research and clinical assessment of real-life mobility typically 
rely on even fewer questions than the LSA. Therefore, it is reasonable 
to assume that most ways of approximating mobility through simple 
patient recall are not representative of the true situation due to floor 
and ceiling effects. Accuracy in life space size measurement may be 
improved through more contextual questions or longer duration as-
sessments; both are possible when using GPS sensors. Nevertheless, 
researchers and clinicians need to carefully consider how much pas-
sively recorded GPS information is minimally required to make re-
search or clinical judgment, to avoid risking participant and patient 
privacy and anonymity by over-collecting data.

Conclusions

The WIMU-GPS shows good construct and convergent validity with 
long duration self-report measures, and could reasonably replace self-
report diaries to capture trip frequency and duration in PwP. When 
considering life space sizes, researchers and clinicians should avoid 
relying on a single cross-sectional LSA score, as it cannot accur-
ately gauge individuals’ span of mobility below and above a certain 
distance threshold. Overall, GPS technology is a promising research 
and clinical measure of real-life mobility in older adults with PD.

Supplementary Material

Supplementary data is available at The Journals of Gerontology, 
Series A: Biological Sciences and Medical Sciences online.

Supplementary Figure 1a. Wireless inertial unit with GPS (WIMU-
GPS) (26). b. WIMU-GPS worn across the front of participants’ chests, 
either under or over clothing, depending on individual preference.

Supplementary Figure 2. Different life space sizes were often re-
corded by the WIMU-GPS for participants with the same Life Space 
Assessment (LSA) score. Shown here are examples of WIMU-GPS re-
corded trips belonging to two participants with the same LSA score of 
100. a. Over the 2 weeks, participant A largely travelled within their 
home city with occasional trips to adjacent regions. WIMU-GPS re-
corded their life spaces to span 10.97km2. (The two straight diagonal 
lines shown reflected spurious signal bounces, which were filtered out 
in the analysis.) b. During the same 2 weeks, participant B commuted 
between two nearby regions, with their life space spanning 202.06km2.

Supplementary Table S1. Study inclusion and exclusion criteria.
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