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Background and Purpose. Community mobility of individuals following
lower limb amputation is highly variable and has a great impact on their quality of life.
Currently, clinical assessments of ambulatory ability and motivation influence pros-
thetic prescription. However, these outcome measures do not effectively quantify
community mobility (ie, mobility outside of the clinic) of individuals with an ampu-
tation. Advances in global positioning systems (GPSs) and other wearable step-
monitoring devices allow for objective, quantifiable measurement of community
mobility. This case report will examine the combined use of a GPS unit and a step
activity monitor to quantify community mobility and social interaction of an individ-
ual with transfemoral amputation due to dysvascular disease.

Case Description. A 76-year-old woman with a unilateral transfemoral amputa-
tion due to vascular disease carried a commercial GPS unit and step activity monitor
to quantify her community mobility and social interaction every day over a period of
1 month. The step activity monitor was affixed to her prosthesis. The patient used a
wheelchair as well as her prosthesis for everyday mobility.

Outcome. Information from the GPS unit and step activity monitor provided
quantitative details on the patient’s steps taken in and out of the home, wheelchair
use, prosthesis use, driving trips, and time spent on social and community trips.

Discussion. This case report describes a potential clinical measurement proce-
dure for quantifying community mobility and social interaction of an individual with
lower limb amputation. Future efforts are needed to validate this measurement tool
on large sample sizes and in individuals with different mobility levels. Additionally,
automatization of data analysis and technological approaches to reduce compromised
GPS signals may eventually lead to a practical, clinically useful tool.
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Approximately 1.6 million indi-
viduals in the United States
currently live with limb loss,

and approximately 82% of these indi-
viduals have experienced amputa-
tion as the result of vascular disease.1

Based on existing trends and statisti-
cal projection, it is predicted that
this figure will more than double by
the year 2050 as the population ages
and the prevalence of vascular dis-
ease increases.1

A primary goal of the physical ther-
apy and prosthetics team is to
improve community mobility of indi-
viduals with an amputation.2 This
goal requires choosing the best pros-
thetic components and rehabilita-
tion protocols for each patient based
on his or her functional ability, soci-
etal requirements, and motivation.3–5

Without accurate measures of a
patient’s ambulatory capabilities out-
side of a controlled clinical setting, it
is difficult for clinicians to know the
extent to which patients benefit
from their personalized prosthetic
devices or adhere to their rehabilita-
tion plans. There is a need, there-
fore, to develop quantitative out-
come measures to accurately assess
patients’ community mobility and
participation in everyday society.
Accurate and objective measures of
home activity and community par-
ticipation may improve prosthesis
prescription and reimbursement,
assist in the evaluation of new pros-
thetic technologies, aid in the devel-
opment of better rehabilitation strat-
egies, and clarify the relationship
between quality of life and commu-
nity mobility.

In today’s health care climate, the
physical rehabilitation of individuals
with amputation is increasingly
directed toward functional out-
comes, assessment of which typi-
cally falls under the categories of
self-report, professional-report, and
physical performance measures.6–8

Self-report and professional-report

measures are based on subjective
recall and evaluation by the patient
(or family member) or the clinician,
respectively.9 These measures, by
their nature, may be subject to bias.
Although performance measures
such as the Six-Minute Walk Test
or the Berg Balance Scale are objec-
tive and have been validated in
numerous disease conditions, these
measures assess the patient’s abil-
ity at a specific point in time, leading
to performance variation between
“good days” and “bad days.” In
addition, these measures may not
reflect dynamic progress or encom-
pass all aspects of real-life mobility
in the community that may be influ-
enced by additional environmen-
tal or logistic confounds such as
weather, social constructs, or living
environments.2,8,10

Readily available technology such as
global positioning systems (GPSs)
and commercial accelerometers can
be used to provide objective and
quantitative outcome measurements
outside of the clinical setting.11–15

Global positioning system technol-
ogy has been successfully intro-
duced in health care research16–19

and shown to accurately detect
when the patient is walking and to
provide estimates of walking speed
and distance traveled.15,17–19 It also
has been used to collect data on loca-
tion, speed of movement, and time
taken to perform movements.20–22

More importantly, GPS technology
presents a way to objectively quan-
tify the unique interaction of the
patient with his or her physical envi-
ronment. Combined with an accel-
erometer or step activity monitor,
GPS data place measurement of
the patient’s physical activity and
prosthesis use into the context of
the community in which the pati-
ent participates.18,23,24 Currently, the
use of GPS monitoring devices com-
bined with accelerometers has been
reported in individuals with stroke
and spinal cord injury and in con-

trols who are healthy.18,24 However,
there are no studies addressing use
of this technology to monitor com-
munity mobility in individuals with
amputations.

The purpose of this case report is to
describe the objective quantification
of community mobility and social
interaction in an individual with an
amputation using a commercial step
activity monitor and GPS monitoring
device over a period of 1 month.

Patient History and
Review of Systems
The patient was a 76-year-old African
American woman with a history of
hypertension, congestive heart fail-
ure, and coronary artery disease. She
was retired and had stopped smok-
ing several years prior to the study.
After retirement, the patient did not
exercise regularly and gained more
than 6.8 kg (15 lb). Three years prior
to enrolling in the case study, she
developed nonhealing dry gangrene
in her right foot. After a failed revas-
cularization surgery, she had an
amputation at the local county hos-
pital. The amputation was initially
transtibial but was revised to trans-
femoral within 10 days. The patient
progressed through the system of
care in a traditional manner: she was
initially treated in acute care and pro-
gressed through inpatient rehabilita-
tion followed by home health and
outpatient physical therapy. Her
final prosthesis and socket were fit-
ted 1 year after her surgery. She had
occasional visits to the prosthetist
for prosthesis adjustments and
related physical therapy.

Before enrollment in the case
study, the patient was classified by
her physician and prosthetist, using
the Medicare Functional Classifi-
cation Level (MFCL), as level K2.25

This classification was based on her
capacity and potential to accom-
plish expected postrehabilitation
daily function. At the K2 level, a per-
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son is considered to have limited
mobility and may walk for limited
periods of time without significantly
varying his or her speed, typical of a
limited community ambulator. The
individual also is expected to use
the prosthesis to negotiate low-level
environmental barriers such as
curbs, stairs, or uneven surfaces. The
functional K level thus contributes to
the determination of what type of
prosthesis components the patient
receives. Based on her K2 functional
level, the patient described in this
case report had received a GeoFlex
Knee (Ohio Willow Wood Co, Mt
Sterling, Ohio), which is a friction-
controlled polycentric knee that
caters to stability needs, a liner sus-
pension (a lanyard with buckle,
Össur, Reykjavik, Iceland), a 2-ply fit
sock, and a K2 Sensation foot
(Össur), which is a full-length keel
foot with a multiaxial ankle meant
for slow speed and gentle modest
walking with a mobility aid.

Clinical Impression
Individuals with an amputation
due to vascular disease constitute
the largest population of individuals
with lower extremity amputations in
the United States.26–29 The goal of
this case study was to evaluate our
outcome tool on a typical person
with amputation due to vascular dis-
ease. The patient lived alone and
used either her prosthesis or a
wheelchair for community mobility.
She was involved in social activities
such as attending church and left her
home for personal chores such as
grocery shopping. The assessment
plan prior to this case study was to
use both standardized patient-report
and performance-based tests to
determine prosthesis use and ambu-
lation within the home and commu-
nity. In addition, the plan was to
obtain the patient’s self-reported per-
ceptions of community mobility and
social interaction.

Examination
The patient was examined at the
Rehabilitation Institute of Chicago
(RIC) by a physical therapist and
prosthetist prior to being provided
with the GPS and step activity mon-
itor. A summary of all tests con-
ducted is shown in the Table. The
patient’s goals for using her prosthe-
sis, stated during the examination,
were to use her prosthesis inside and
outside the home. The inside home
activity goals included walking more
(eg, from bedroom to bathroom,
from kitchen to bedroom) with the
prosthesis and an assistive device
and standing with assistance to per-
form activities of daily living such as
cooking and brushing teeth. Out-
door activities included walking
from the car in the parking lot to a
store, walking inside the store, walk-
ing to church, and walking inside the
church. Because these indoor and
outdoor goals were based in her
home and community environment,
it was necessary to find a reliable and
valid way of assessing her progress
toward these goals. Based on the
tests listed in the Table, the patient
was identified as a limited commu-
nity ambulator (level K2), as estab-
lished by:

1. A score of 32 on the Amputee
Mobility Predictor Pro (level K2
score range�18–46)30

2. A gait speed of 0.55 m/s on the
10-Meter Walk Test (0.4–0.8 m/s
is indicative of a limited commu-
nity ambulator)31

3. A prosthetic socket fit comfort
score of 8/10 (0�most uncom-
fortable, 10�most comfortable)

4. No phantom limb pain recorded

The patient was a good candidate to
test use of GPS and a step monitor
to assess community mobility and
social interaction, as she was a lim-
ited community ambulator with spe-
cific goals of using her prosthesis to
walk in the community and interact
socially. She performed all of the
clinical tests, showed great enthusi-
asm for participating in the case
study, and did not feel uncomfort-
able about being monitored. Prior
to her enrollment in the case study,
institutional review board (IRB)
approval had been obtained, and she
provided written consent in accor-
dance with Northwestern Univer-
sity’s IRB regulations.

Table.
Baseline Outcome Measures for the Patient, Indicating Her Diagnosis as a Limited
Community Ambulator

Outcome Measure
Patient’s

Value Analysis

Six-Minute Walk Test 108.2 m Age-predicted distance: 320–620 m

10-Meter Walk Test 18 s Speed: 0.556 m/s; limited community ambulator
as compared with geriatric population

Berg Balance Scale 38 Medium fall risk

Amputee Mobility Predictor Pro 34 Level K2 range: 19–46

Prosthesis evaluation questionnaire,
ambulation scale

60.5 Patient reports 60.5% satisfaction in “ability to
move around”

Modified Falls Efficacy Scale 7.8 Norm for women (74 years of age) is 9.8

Four Square Step Test 22.5 At risk for falls

Timed “Up & Go” Test 25 Moderate fall risk

Mini-Mental State Examination 27 Cognitively normal
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Measurement Procedure
A commercially available GPS data
logger, the Travel Recorder XT
(QStarz, Taiwan, Republic of China),
was used to track the patient’s loca-
tion. This unit was selected because
of its long battery life (42 hours),
small size (fits in palm of hand), light
weight (74 g), large storage capacity
(400,000 waypoints), and precise
accuracy (within 2.5 m). Global posi-
tioning system data logging has been
validated and has been successfully
used in numerous clinical stud-
ies.14–24 Coat pockets, pants pock-
ets, and purses were found to be
appropriate locations for storing the
data logger. These placements were
tested prior to this case study, and all
placements resulted in accurate data
logging.

A data quality check was completed
to examine limitations of the GPS
data loggers in calculating distances.
The distance from origin to destina-
tion might be overestimated by inter-
ference from environmental vari-
ables (eg, tall buildings in downtown
Chicago, cloud cover), causing a
mapping route line that was longer
than a straight line, or underesti-
mated because the data were logged
at 10-second intervals. To measure
the accuracy level of the distances,
we randomly selected 100 trips and
calculated the distance traveled by
overlaying satellite imagery and
drawing a line that precisely fol-
lowed the path of travel. We per-
formed an independent-samples t
test between the distance logged
by the GPS and the distances that
were drawn along the path of travel.
There was no significant difference
between the logged distance and
the manually calculated distance
(t�0.044, P�.5).

The patient was asked to wear the
GPS data logger for 1 month and
was instructed to have it on her at
all times during the day. She was
given a wristband with the words

“Are you plugged in?” to act as a
reminder to turn on the GPS device
in the morning and charge it at
night. She was given an instruction
sheet for using the GPS data logger
along with phone numbers to call if
questions arose. After 1 month, the
GPS data logger was returned, and
the data were uploaded using the
GPS data logger software, QTravel
(QStarz). Step activity (accelerome-
ter) data were collected by attach-
ing the monitor (StepWatch 3.1
Activity Monitor, Orthocare Inno-
vations, Oklahoma City, Oklahoma)
to the prosthesis. The monitor was
timed to start recording at the same
time as the GPS unit. The StepWatch
accuracy has been validated at gait
speeds consistent with the gait
speed of our patient in individuals
with amputations and those with
other disabilities.11–13,32–34

Data Analysis
The GPS unit was configured to
record the patient’s location every
10 seconds. The GPS data were con-
figured in Microsoft Excel (Microsoft
Corporation, Redmond, Washing-
ton) so that they could be read by
the mapping and spatial analysis soft-
ware (ArcGIS, Esri, Redlands, Califor-
nia). Once in ArcGIS, the entire data-
set was split into specific days for
detailed analysis.

In order to identify the patient’s
movements and community destina-
tions, a data analyst determined each
time the patient left a location and
arrived at a destination for each day
of the case study. Each day was seg-
mented and coded into sections
based on the patient’s location (in
her home or in the community), her
mode of transportation (walking,
driving, or using a wheelchair), and
her transitions (to or from the car
or community destination). This
process allowed detailed quantita-
tive data to be developed for every
minute of the patient’s day, which

was recorded in a daily trip log in
Microsoft Excel.

The analyst noted 2 types of signal
problems. Total signal loss was
noted when no GPS data were
recorded; this problem could occur
due to obstruction of the signal by
buildings or loss of power in the GPS
unit. Loss of signal accuracy was
noted when GPS data were recorded
but were not accurate to 2.5 m. If
1 of the 2 signal problems was
recorded at a destination or during a
trip, as long as the points of entry
and exit were not compromised, the
destination was kept as valid. If the
signal problem occurred at a desti-
nation and the point of exit was
compromised, the destination was
marked as “poor,” and the time
spent at that location was not used in
the analysis. Of the 22,707 minutes
logged by the GPS, 97% (21,955 min-
utes) of the patient’s day were coded
as “good” trips or destinations. The
remaining trips were not logged
because of total signal loss or poor
signal accuracy. Although signal
accuracy issues can make identifying
destinations more difficult, the ana-
lyst was able to use geographic infor-
mation system (GIS)–based methods
to calculate the mean center of the
points that were designated as the
destination. This approach was help-
ful for urban areas where buildings
are close together and it was not
apparent which building the patient
went to.

The data output from the step activ-
ity monitor was a table in Excel for-
mat with rows for each minute of
the day and the number of steps
recorded every minute. The data
were integrated with the GPS data in
ArcGIS so that each point on the
map also included the number of
steps taken in that minute of the day.
The data analyst then could identify
how many steps were taken at
home, en route, and at each destina-
tion. Figure 1 illustrates the data flow
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and logic for combining the GPS and
step data to determine the mode of
transportation.

Determination of points of departure
and arrival as well as mode of travel
for each trip was done using 4 move-
ment indicators: the patient’s speed,
the distance between points, the
number of steps taken in that time
period, and the patient’s location
according to digital aerials.

The analyst started by identifying
days when the patient left her home.
For these days, the first step was
to identify the first car trip, which
was done by looking for high speeds
in the data. It was clear when the
patient used a car because she would
leave from the front of the house, did
not follow bus lines, and stopped in
parking lots. The analyst then identi-
fied the point of departure and
arrival for the first car trip. Transi-
tions to the point of departure (ie,
traveling to and from the car) were
marked by tight clusters of points
and very low speeds. The analyst
identified trips to the car using the 4
indicators to identify the start and
end points.

Determining whether the mode of
transport was walking or using a
wheelchair was done by examining
step activity and the distance tra-
versed (Fig. 1). The method used to
identify car trips (speed and distance
between points) was not effective in
distinguishing walking from wheel-
chair use because both have similar
speeds. Step data were used to dis-
tinguish between these 2 modes;
however, the step activity monitor
was observed to record step mea-
surements when the patient was
clearly riding in the car (based on
speed), likely as a result of bumps in
the road or foot movements. Thus,
the patient’s mean standard stride
length of 73.2 cm (SD�18.3) was
used to determine whether the num-
ber of steps taken could account for

the distance covered. If the number
of steps was too low to account for
the distance covered in the non-
motorized trip, the patient was con-
sidered to be using a wheelchair.
Step data recorded during wheel-
chair usage were attributed to leg
movements or bumpy terrain. The
patient’s mean stride length was
determined using the gait speed
from walking on an instrumented
GAITRite (CIR Systems Inc, Sparta,
New Jersey)—a device that deter-
mines temporal-spatial walking
parameters—along with the GPS and
step monitor data. Segments of clean
GPS data during which the patient’s
speed was consistent with her walk-
ing speed determined from the
GAITRite, and their GPS location

(walking path or walkway) was
consistent with a walking trip were
used to determine if the patient was
walking.

Determining Destinations
Destinations were identified when a
cluster of points indicating a stop
followed a continuous group of
points indicating higher speeds.
From there, the analyst also could
see movement toward a building or
destination. If there was too much
static in the data, it was noted in the
log, and no pedestrian trip was
recorded. After determining that a
valid trip took place, the next step
was to determine the destination.
The analyst used an aerial base map
provided by ArcGIS along with

Step Data GPS Data

Continuous step
activity identified

Valid pedestrian trip
identified (good satellite
quality, no missing data)

No No walking or
wheelchair trip

When do
these steps

occur?

Do steps occur at same
time as pedestrian trip?

Yes

Yes

No Steps taken
indoorsa

No Are there enough steps
to account for the

distance traversed?b

Yes

Wheelchair tripc Walking trip

Confirmed by Confirmed by

• No steps seen at arrival
   destination
• Long time spent getting in and
   out of car

• Other walking trips that day
• Short time getting in and out of car
• Additional steps taken before and
   after trip

Figure 1.
Flowchart illustration of analysis of combined step activity and global positioning
system (GPS) data to determine when the patient was walking or using a wheelchair
and where she was at the time of activity. a Based on the GPS data, if the patient was
indoors and not traversing distances, we determined that she was likely moving her feet
while stationary or making small ambulatory movements while in one location. b In
some instances, there were not enough steps to indicate a walking trip given the
distance traversed. c Some steps occurred during wheelchair trips from bumps, minor
leg movements, and getting in and out of the wheelchair.
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Google Maps’ rich interface of data:
places of interest, local stores and
services, aerials, and other visual
information. The patient’s destina-
tions could be examined in detail
using Google Maps Street View,
which shows a street-level picture of
the destination. As a result, it was
clear what type of destination was
visited (Fig. 2). Analysts took care to
note the year of the aerial and street
view image in order to make sure
that the most up-to-date information
was used. Destinations were catego-
rized as commercial destinations (eg,
grocery stores, shopping centers),
religious (church), other residential
(homes or apartments other than the
patient’s home), open space (parks
or spaces not in or near buildings),
mixed use (buildings with mixed
commercial and residential uses), or
medical (hospital or medical facili-
ties). The analyst was able to identify
all destinations for this patient.

Once all of this information was
determined, it was recorded in a trip
log for that day. Trip logs included all
of the trip attributes: mode of transit,
trip start and end times, total trip
time, time spent, activity at origin
and destination, total number of
steps taken, quality of GPS signal,

trip distance, purpose of trip, and
any other notes that could add detail
to one of the above. The trip logs
were then reorganized and summa-
rized to develop new variables for
data analysis.

Outcomes
Based on the measurement proce-
dure described above, we deter-
mined the number of days in the
month when the patient left the
house, the destinations the patient
visited over the course of the month,
the time spent at those destinations,
the distances traveled, the modes of
travel used, the number of steps
taken on walking trips, and the num-
ber of steps taken in and out of the
home.

GPS Use
The patient turned on the GPS unit
every day during the 31-day study
month, except for 2 days in which
the unit was misplaced. The GPS unit
collected data for an average of 15
hours a day. The number of hours
recorded by the GPS unit each day
remained fairly consistent over the
study (X�SD�15.1�4.0 hours); the
participant was typically asleep
when the GPS unit was off.

Time Outside the Home
The patient left home on 4 of the 20
weekdays and on 6 of the 9 weekend
days (Fig. 3A). Data for one of the
weekday visits was not analyzed due
to inconsistent GPS signals. The
mean (�SD) amount of time spent at
home (extrapolated from time out of
the home) was 23.2�1.9 hours per
day on weekdays and 20.1�2.6
hours per day on weekends.

Community Trips
Most time (X�SD) was spent at reli-
gious destinations (5.9�2.6 hours),
followed by other residential (2.4�
0.5 hours), outdoor open space
(2.18�0.4 hours), and finally com-
mercial (1.12�0.2 hours) (Fig. 3B).
However, the most frequently vis-
ited type of destination was com-
mercial (8 trips), followed by reli-
gious (5 trips), medical (2 trips),
open space (1 trip), mixed use (1
trip), and other residential (1 trip).
The mean (�SD) time taken from
home to each of these destinations
and calculated distance traveled indi-
cate that the commercial trip took
the least amount of time (6.2�3.3
minutes/1.35�0.63 miles), followed
by religious (9.9�1.6 minutes/3.02�
0.2 miles), other residential (11�
1.0 minutes/3.27�0.47miles), and
finally medical (31.3�2.9 minutes/
10.94�2.69 miles). The 2 medical
trips were to a large medical facil-
ity with thick walls that obstructed
the GPS signal. The GPS signal failed
as soon as the participant entered
the building and did not resume
until she was back home or en route
to her home. Therefore, the total
time at medical destinations is not
reported.

The patient used a car to get to all
destinations. The mean (�SD) travel
time from home to any of these
destinations was 11.1�8.1 minutes,
and the mean (�SD) distance was
3.4�2.5 miles.

Figure 2.
Representative global positioning system plots from (A) a day spent making multiple
trips outside the house and (B) a day spent entirely in the home.
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Trip Modes
The patient predominantly traveled
by car, and only walked or used a
wheelchair to get to and from the car
(Fig. 4A). Twelve of the 28 pedes-
trian trips to or from the car were
accomplished using a wheelchair,
and 16 were accomplished by
walking.

Step Activity
On days when the patient stayed at
home, she recorded only about 0 to
2 steps per day, with the exception
of one day during which 199 steps
were recorded. This finding indi-
cates that for most of the days spent
at home, the patient most likely did
not wear the prosthesis with the
attached step monitor. Figure 4B
shows the total number of steps
taken (in and out of the home) on
days when the patient left the home.
The average (�SD) steps taken dur-
ing these outdoor activity days were
52�73 at home and 188�132 out-
side the home.

Discussion
In this case study, we sought to
examine and describe the use of
combined data from a GPS unit and a
step activity monitor to quantify
community mobility in an individual
with transfemoral amputation due to
dysvascular disease.

The ability to move around one’s
home and in the community is a
basic requirement and is one of the
core goals of physical rehabilitation
for individuals postamputation. Iden-
tifying the constraints and goals of
community mobility is a complex
issue, given the fact that it drives
prosthetic prescription, physical
therapy, and associated reimburse-
ment costs. Health-related quality-of-
life measures regard independent
mobility as a key indicator for quality
of life.35,36

The extent of mobility of an individ-
ual with amputation may largely

depend on his or her own ability, the
prosthetic components available,
and the environment in which he or
she lives. The current approach to
prescribing a prosthesis for individu-
als with amputations is based on the
Medicare Functional Classification
Level (MFCL), known as the K levels.
K levels were developed by the Cen-
ters for Medicare & Medicaid Ser-
vices (CMS) in response to the avail-
ability of increasingly advanced,
expensive prosthetic components.25

The CMS intended to give insurance
payers the information they need to
determine which devices are medi-
cally necessary for each patient.
Unfortunately, the K levels, as cur-

rently applied, have major limita-
tions. The K-level classification is
used by the physician and prosthetist
to determine the patient’s ability to
reach a predetermined functional
ambulatory state within a reasonable
period of time, and they choose the
most appropriate prosthetic device
based on this predicted functional
level and not based on current activ-
ity levels. The K level categorizes
individuals with lower extremity
amputations into broad levels, such
as nonambulators (level K0), house-
hold ambulators (level K1), limited
community ambulators (level K2),
community ambulators (level K3),
and high-level or athletic users (level

Figure 3.
Time spent out of the house and at community locations. (A) Days when the patient left
the house coded by weekdays and weekend days. Although she left the house 10 out
of the 31 days, one of the days had missing global positioning system data. Therfore,
only 9 days are presented here. Asterisk (*) indicates a day when she left the house, but
time could not be calculated due to missing data. (B) The different community places
visited during the month and the average duration of time spent at each visit.
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K4). Within each functional K level,
considerable variability in daily activ-
ity levels exists between individual
patients; however, the K levels do
not subcategorize individuals within
a functional level.

Considerable variations in gait exist
in prosthetic users, given the influ-
ence of the level of amputation,
the type of amputation, and assis-
tive devices used. These gait varia-
tions influence walking speed and
overall community mobility. Thus,
within a given K level, there could
be significant variability in walking
capabilities. The existing K-level
classifications rely on subjective
assessments2 and not on tested and

validated quantitative outcome mea-
sures. The CMS, which oversees
reimbursement, does not specify
or suggest any objective measures
that clinicians should use to assess
community mobility and prosthetic
prescription. Lack of objective
assessment may lead to mobility lim-
itations, given that patients might
not be prescribed an appropriate
prosthesis. Currently, many quantita-
tive clinical outcome measures exist
that have been validated and deemed
reliable for populations of indi-
viduals with amputations.2,8,10 How-
ever, these measures may not reflect
dynamic progress or encompass all
aspects of actual mobility in the com-
munity that are affected by environ-

mental or logistic confounds, such as
weather, social constructs, or living
environment.2,8,10 In addition, com-
munity mobility priorities for each
individual are variable.

Our case study attempted to quan-
tify one individual’s preferences
using the combination of the GPS
and a step activity monitor. Step
activity monitors have been used
and validated extensively for steps
taken in everyday life and for upper
limb activity including wheelchair
use.37–39 Halsne et al40 quantified
step activity data in individuals
with transfemoral amputations over
a period of 1 year. Patients classi-
fied as levels K2, K3, and K4 aver-
aged (�SD) 1,154�538, 1,446�641,
and 2,560�100 steps/day, respec-
tively.40 In the current case study,
our patient took an average of 240
steps/day, which is much lower than
published data, indicating the limita-
tions and variability in the K-level
classification. However, one major
limitation of step monitors is that
they purely count steps without
taking into consideration the loca-
tion and activity associated with
the steps. They do not provide any
demographic or quality-of-life infor-
mation, such as time spent inside
and outside the house or ability
to go to commercial or other social
locations, which suggests social
involvement. For example, the abil-
ity to use public transport compared
with a disability services van sug-
gests the ability of an individual who
is disabled to mingle with the able-
bodied population, handle crowds,
and move in locations that may lack
ramps or other accessibility features.

Combining GPS with the step moni-
tor gives us the ability to provide
objective and quantitative tracking
of patient mobility behavior over
extended periods of time.11–24 Tap-
ping these newer technologies may
someday allow clinicians to continue
to monitor how often, when, and

Figure 4.
Trip modes and steps taken for the days when the patient left the house (10 out of 31
days). (A) Number of car trips, wheelchair trips, and walking trips on these days.
Undetermined trips indicate trips where the step and global positioning system data did
not allow a clear distinction between walking and wheelchair trips. (B) Steps taken at
home and outside the home on days when the patient left the house.
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where the prosthesis is used once
the patient leaves the clinic. Valida-
tion of K-level assignments using this
technology could help provide bet-
ter reimbursement strategies. Fur-
thermore, clinicians might be able to
modify their physical rehabilitation
strategies based on information
obtained to improve the patient’s
use of the prosthesis. Combining
these multiple technologies (GPS,
accelerometers, and step counters)
into one dedicated device could fur-
ther increase the accuracy of data
analyses by simultaneously consider-
ing location, movement, and speed.
However, it is very important to
acknowledge the limitations of this
case study and technology in its cur-
rent state.

Limitations
Using GPS devices to log commu-
nity participation and mobility is a
relatively new field, especially for
people with disabilities. Although
our case study showed promising
results, there were several limita-
tions, including technology limita-
tions, analysis time, and human
error, that are discussed below.

Some trips and destinations were not
coded due to interference with or
static in the GPS signal. Interference
typically occurred when the patient
entered large buildings with thick
walls, encountered severe weather,
or entered a significantly dense
urban area with tall buildings. Previ-
ous studies have gone into more
depth on GPS signal interfer-
ence.23,41 Signal interference can
result in missing data in the GPS file
(reflecting total loss of GPS signal) or
compromised accuracy of data
points. In the latter case, data can
show a person’s location shifting in a
way that is inconsistent with typical
movement. When this behavior
occurred, it was not possible to
determine how the patient moved;
we could only determine that she
went from one location to another.

Another issue in this case study was
missing data due to device malfunc-
tion, a drained battery, or lack of
patient adherence. The analysis also
was limited by the availability of
up-to-date geographic data. Google’s
Street View data are from 2007. The
Bing Maps aerial, ArcGIS aerial base-
map, and Google Maps point-of-
interest data are more recent (2010–
2012). In addition, information on
certain roads, structures, and busi-
nesses may not be up-to-date.

There also are inherent challenges in
the type of data analysis used in this
case study, including challenges in
quantifying specific behaviors (eg,
walking versus wheelchair motion),
and false-positive recorded events.
Of the total steps taken during the
recorded GPS time (3,271), a daily
average of 15% false positives was
identified as occurring during car or
wheelchair trips. Behaviors with
overlapping speeds, such as walking
and wheelchair motion, are more
challenging to differentiate with GPS
data. Other studies have combined
GPS data with accelerometer data to
distinguish between modes of trans-
portation used by a patient, such as
vehicle use versus walking18,42; how-
ever, the authors did not distinguish
between wheelchair motion and
walking behavior. For individuals
with amputation, our interest is in
determining use of the prosthesis for
community mobility; therefore, dis-
tinguishing walking behavior from
wheelchair use is crucial. In our
dataset, car trips were easy to distin-
guish from wheelchair or walking
trips using GPS velocity data; how-
ever, distinguishing between the 2
behaviors required a combination of
step monitor data and the patient’s
known average stride length (calcu-
lation of stride length is described in
the “Data Analysis” section). Baseline
measures of gait, gait speed, and, if
possible, GPS and step monitor data
for both walking and wheelchair use
can assist in future analyses. Further

variability in analysis can occur if the
patient spends a lot more outdoor
time in areas where GPS signal clar-
ity is poor or if the patient has a
significant variable cadence during
walking, affecting the stride length,
which would cause further difficulty
in differentiating walking steps and
wheelchair activity. Future analysis
strategies need to take into consider-
ation all of these current limitations.

Finally, the datasets that result from
long-term monitoring of these
devices are very large, and analysis is
time-consuming. The dataset for this
study required approximately 2
weeks to analyze. New algorithms to
automate data analysis will be neces-
sary to make these tools practical
and efficient for use by clinicians and
researchers.

In conclusion, this case report dem-
onstrated that it is possible to sensi-
tively quantify community mobility
and related social activities of an indi-
vidual with amputation. The tech-
nique allowed us to quantify steps as
well as the reasons the steps were
taken during the everyday life of the
person. These findings provided
insight into the patient’s prosthesis
use in everyday life. However, clini-
cal application of this technique will
require future work in several areas,
including resolving technological
limitations and achieving efficient
analysis of large data files. Future
studies should include larger sample
sizes and participants with a range of
clinical diagnoses to further validate
the measures for different levels of
community mobility.
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et al. The accuracy of a simple, low-cost
GPS data logger/receiver to study outdoor
human walking in view of health and clin-
ical studies. PLoS One. 2011;6:e23027.

16 Rainham D, Krewski D, McDowell I, et al.
Development of a wearable global posi-
tioning system for place and health
research. Int J Health Geogr. 2008;7:59.

17 Wieters KM, Kim JH, Lee C. Assessment of
wearable global positioning system units
for physical activity research. J Phys Act
Health. 2012;9:913–923.

18 Evans CC, Hanke TA, Zielke D, et al. Mon-
itoring community mobility with global
positioning system technology after a
stroke: a case study. J Neurol Phys Ther.
2012;36:68–78.

19 Le Faucheur A, Abraham P, Jaquinandi V,
et al. Measurement of walking distance
and speed in patients with peripheral arte-
rial disease: a novel method using a global
positioning system. Circulation. 2008;
117:897–904.

20 Oliver M, Badland H, Mavoa S, et al. Com-
bining GPS, GIS, and accelerometry: meth-
odological issues in the assessment of
location and intensity of travel behaviors.
J Phys Act Health. 2010;7:102–108.

21 Cooper AR, Page AS, Wheeler BW, et al.
Mapping the walk to school using acceler-
ometry combined with a global position-
ing system. Am J Prev Med. 2010;38:178–
183.

22 Wu J, Jiang C, Houston D, et al. Automated
time activity classification based on global
positioning system (GPS) tracking data.
Environ Health. 2011 Nov 14;10:101. doi:
10.1186/1476-069X-10-101.

23 Rodriguez DA, Brown AL, Troped PJ. Por-
table global positioning units to comple-
ment accelerometry-based physical activ-
ity monitors. Med Sci Sports Exerc. 2005;
37(11 suppl):S572–S581.

24 Kang B, Moudon AV, Hurvitz PM, et al.
walking objectively measured: classifying
accelerometer data with GPS and travel
diaries. Med Sci Sports Exerc. 2013;45:
1419–1428.

25 Centers for Medicare and Medicaid Ser-
vices, US Department of Health and
Human Services. HCFA Common Proce-
dure Coding System (HCPCS), 2001.
Springfield, VA: US Department of Com-
merce, National Technical Information
Service; 2001: chapter 5.3.

26 Torburn L, Powers CM, Guiterrez R, Perry
J. Energy expenditure during ambulation
in dysvascular and traumatic below-knee
amputees: a comparison of five prosthetic
feet. J Rehabil Res Dev. 1995;32:111–119.

27 Resnick HE, Valsania P, Phillips CL. Diabe-
tes mellitus and nontraumatic lower
extremity amputation in black and white
Americans: the National Health and Nutri-
tion Examination Survey Epidemiologic
Follow-up Study, 1971–1992. Arch Intern
Med. 1999;159:2470–2475.

28 Cox PS, Williams SK, Weaver SR. Life after
lower extremity amputation in diabetics.
West Indian Med J. 2011;60:536–540.

29 Norvell DC, Turner AP, Williams RM, et al.
Defining successful mobility after lower
extremity amputation for complications of
peripheral vascular disease and diabetes.
J Vasc Surg. 2011;54:412–419.

30 Gailey RS, Roach KE, Applegate EB, et al.
The Amputee Mobility Predictor: an
instrument to assess determinants of the
lower limb amputee’s ability to ambulate.
Arch Phys Med Rehabil. 2002;83:613–
627.

31 Fritz S, Lusardi M. White paper: walking
speed—the sixth vital sign. J Geriatr Phys
Ther. 2009;32:46–49.

32 Coleman KL, Smith DG, Boone DA, et al.
Step Activity Monitor: long-term, contin-
uous recording of ambulatory function.
J Rehabil Res Dev. 1999;36:8–18.

33 Foster RC, Lannigham-Foster LM, Manohar
C, et al. Precision and accuracy of an
ankle-worn accelerometer-based pedome-
ter in step counting and energy expendi-
ture. Prev Med. 2005;41:778–783.

34 Hafner BJ, Willingham LL, Buell NC, et al.
Evaluation of function, performance, and
preference as transfemoral amputees tran-
sition from mechanical to microprocessor
control of the prosthetic knee. Arch Phys
Med Rehabil. 2007;88:207–217.

35 Oldridge NB. Outcomes measurement:
health-related quality of life. Assist Tech-
nol. 1996;8:82–93.

36 Hawthorne G, Richardson J, Osborne R.
The Assessment of Quality of Life (AQoL)
instrument: a psychometric measure of
health-related quality of life. Qual Life Res.
1999;8:209–224.

37 Postma K, van den Berg-Emons HJ,
Bussmann JB, et al. Validity of the detec-
tion of wheelchair propulsion as measured
with an Activity Monitor in patients with
spinal cord injury. Spinal Cord. 2005;43:
550–557.

38 Bussmann JB, Kikkert MA, Sluis TA, et al.
Effect of wearing an activity monitor on
the amount of daily manual wheelchair
propulsion in persons with spinal cord
injury. Spinal Cord. 2010;48:128–133.

39 Warms CA, Belza BL. Actigraphy as a mea-
sure of physical activity for wheelchair
users with spinal cord injury. Nurs Res.
2004;53:136–143.

40 Halsne EG, Waddingham MG, Hafner BJ.
Long-term activity in and among persons
with transfemoral amputation. J Rehabil
Res Dev. 2013;50:515–530.

41 Duncan MJ, Mummery WK, Dascombe BJ.
Utility of global positioning system to mea-
sure active transport in urban areas. Med
Sci Sports Exerc. 2001;39:1851–1857.

42 Troped PJ, Wilson JS, Matthews CE, et al.
The built environment and location-based
physical activity. Am J Prev Med. 2010;38:
429–438.

Outcome Measures for Community Mobility and Social Interaction After Transfemoral Amputation

410 f Physical Therapy Volume 94 Number 3 March 2014


