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Background: Wearable step-counter devices have become inexpensive tools that enable
patients, researchers, and clinicians to objectively monitor physical activity. It is unknown
how the use of gait aids, such as canes, crutches, and walkers, affects the accuracy of these
devices. Such gait aids are commonly used by patients with chronic physical impairment and
after joint-replacement surgery. The aim of this study was to determine the effect of gait aids
on the accuracy of wearable step counters.

Methods: Nine healthy participants wore a Fitbit step counter on their wrist and hip and
performed eight walking tests with canes, crutches, and walkers. Bland—Altman analyses
were performed for all eight walking tests in order to compare agreement between measure-
ment techniques.

Results: Mean overall agreement for subjects walking without gait aids in the hip group was
excellent, showing a bias of —2.9, with limits of agreement (LOAs) between —8.72 and 2.95.
For use of canes or crutches, the Bland—Altman plots had a range of bias values between the
hip and wrist counters from —7.22 to 33.56, with LOAs from —98.55 to 124.2. The wrist
counter during the four-wheeled walking test showed very little agreement with the actual
step count, with a bias value of 91.33 and LOAs of 64.1-118.6, illustrating exceptionally
unreliable step counts.

Conclusion: This study suggests that these widely commercially available step counters
have poor reliability with gait aids, especially walkers, which should be taken into account in
research and clinical settings.
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Introduction

Wearable step-counter devices are increasingly being used as an objective measure
of physical activity in healthy populations, with high inter- and intradevice relia-
bility in behavioral research.' This has provided clinicians with a valid and reliable
assessment tool to measure physical activity versus historically subjective and
patient-reported data. However, there is limited research on the validity of such
devices in patients with physical impairments. For patients with chronic disease,
such as osteoarthritis, restoring activity levels is one of the most important out-
comes for clinicians.>* To allow patients to return to a healthy lifestyle, gait aids
are commonly used during the treatment process. Therefore, objective monitoring
of physical activity of patients using gait aids may be a useful tool to evaluate the
effectiveness of an intervention or the rehabilitation process.
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Physical activity can be measured objectively through
accelerometry, pedometry, heart-rate monitoring, global
positioning systems, or direct observation.*> Historically,
many of these techniques have been impractical for use
outside the research setting, due to their cost and technical
requirements. Patient-reported outcome measures provide
subjective data and lower costs; however, they have rela-
tively poor validity and correlation when compared to
objective measures.

Wearable Fitbits (Fitbit,
Francisco, CA, USA), have become inexpensive activity

sensors, such as San
monitors that enable patients, researchers, and clinicians to
monitor numbers of steps per day. Despite the commercial
availability of these monitors, few have been validated in
patients with chronic impairment. Recent studies have
compared the accuracy of activity-tracker devices in indi-
viduals with physical disabilities. The FuelBand (Nike,
Beaverton, OR, USA), Vivofit (Garmin International,
Olathe, KS, USA), and Fitbit Zip have been assessed in
patients after stroke and traumatic brain injury.®’ Overall,
the Fitbit Zip was assessed to be the most accurate activity
tracker for people after stroke, showing excellent accuracy
and low error with relatively slower walking speeds.’” Only
the StepWatch Activity Monitor (Orthocare Innovations,
Oklahoma City, OK, USA) has shown higher accuracy
than the Fitbit Zip in this population; however, its cost is
roughly ten times that of the Fitbit Zip and it was found to
be not user-friendly.*® Collectively, this makes the
StepWatch impractical for personal use or large-scale
research.

Although the use of activity trackers has been explored

Methods

Nine volunteers were recruited (three women, six men) for
this study. Inclusion criteria included healthy volunteers
with no previous orthopedic issues that were able to per-
form walking tests with each gait aid. Ethics were
approved by the London Health Sciences Centre institu-
tional ethics review board. This study was conducted in
accordance with the Declaration of Helsinki.

Participants were asked to walk down a 20 m hallway
twice, completing a minimum of 100 steps. An observer
counted the number of steps taken using a thumb-push
tally counter. Participants also wore a step counter on
their waistband (Fitbit Zip hip counter) and on their domi-
nant wrist (Fitbit Alta wrist counter). The tracker commu-
nicated with the Fitbit smartphone application on
a handheld device. Standard gait aids — a cane, pair of
crutches, stationary walker, and four-wheeled walker —
were used in this experiment. Each participant completed
eight walking tests (Table 1).

The primary outcome of this paper was to assess and
compare the accuracy of Fitbit step counters between the
actual number of steps, steps counted by the waist-worn
sensor, and steps counted by the wrist-worn sensor.
Comparisons were made using ANOVA for each test with
80% power to detect differences of more than one step
between measurement methods, assuming a=0.05 and error
of 1. The Tukey post hoc test was used to compare measure-
ments between the waist-worn and wrist-worn sensors.

Table | Walking Tests

in patients with stroke or traumatic brain injury, it is Experimental Type of Gait | Gait-aid Location

unknown how the use of gait aids, such as walkers, Condition Aid

canes, and crutches, affects the accuracy of these devices. I None NA

Such gait aids are commonly used by patients with chronic 2 Cane Dominant hand (same side as

physical impairment and after joint-replacement surgery. It sensor)

is possible that the use of a gait aid may influence the 3 Cane Nondominant hand (opposite side

measurement of steps, translating to errors in reported as sensor)

literature and effect-treatment outcomes. 4 Single crutch Dominant hand (same side as
The aim of this study was to determine the effect of sensor)

gait aids on the accuracy of wearable step counters. We s Single crutch Nondominant hand (opposite side

hypothesized that due to the change in walking mechanics as sensor)

with gait aids and decreased walking speeds that step . oo crurches | NA

counters will underestimate the step count. With this infor-

mation, we may better understand the role of wearable |’ \S’::Itl::ary NA

activity monitors as a reliable, clinically applicable tool

for benchmarking physical activity of individuals using 8 :zl’;‘:hee'ed NA

gait aids.
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Bland—Altman analyses were performed for all eight
walking tests to compare agreement between measurement
techniques (wrist counter vs manual step count and hip
counter vs manual step count). The x-axes in the figures
represents the average step count between the two mea-
surement techniques for each participant (A+B/2), while
the y-axes represents the difference in step count between
the two measurement techniques (A — B). Solid horizontal
lines represent the bias, which is the mean of step-count
differences between the two measurement techniques
across all participants for that test. Dashed horizontal
lines represent 95% limits of agreement (LOAs), which
show the range of values within 95% ClIs: one can predict
difference values between the measurement techniques
will fall. LOA is calculated as b+ 1.96 S, where b is the
bias and Sy, the SD of the bias.

Results
The eight walking tests and mean step counts for each
group are shown in Table 2. For nine subjects with no gait
aids, the mean step count was significantly different
between the hip group (104.2+4.6) and the actual mea-
sured count (101.3+3.3; p=0.04). For the stationary
walker, the wrist counter (65.8+44.8) and hip counter
(36.1£51.6) showed a significant difference (p=0.01). In
the four-wheeled walker test, the wrist group had an extre-
mely low mean count of 8.7+13.9, which was significantly
different from the actual count of 100.0+0 (p<0.0001).
Our findings showed a large variability in step-count
values when measured with either Fitbit device. Figure 1
shows mean step counts of both Fitbits compared to the
actual step count of the given walking test. Large SDs of
the mean are seen throughout all Fitbit measured counts.
However, the hip counter consistently recorded values
closer to the actual step count when compared to the

Table 2 Summary of Walking Tests: Means * SD of step Counts

wrist counter. This held true for six of the eight walking
tests: no gait aid (hip = 104.2; actual = 101.3; wrist =
94.7), cane nondominant side (hip = 92.7; actual = 100.4;
wrist = 83.9), crutch dominant side (hip = 96.1; actual =
100.1; wrist = 83.7), crutch — nondominant side (hip =
97.2; actual = 100.1; wrist = 107.3), crutch — both sides
(hip = 90.3; actual = 100.2; wrist = 66.7), and the four-
wheeled walker (hip = 73.6; actual = 100; wrist = 8.7).
The wrist counter was more accurate when using a cane
with the Fitbit on the dominant side (wrist = 88.8; actual =
100.9; hip = 72.8) and while using a stationary walker
(wrist = 65.8; actual = 100.2; hip = 36.1).

Agreement between measurement techniques (wrist
counter versus manual step count and hip counter versus
manual step count) was assessed using Bland-Altman
plots (Figure 2). Mean overall agreement for subjects
walking without gait aids in the hip group was excellent,
showing a bias of —2.9 and LOAs between —8.72 and 2.95.
With gait aids, Fitbits worn at both the wrist and the hip
showed minimal agreement, with wide LOAs throughout
all walking tests. For canes or crutches, the Bland—Altman
plots had a range of bias values between both the hip and
wrist counters of —7.22 to 33.56, with LOAs from —98.55
to 124.2. The wrist counter during the four-wheeled walk-
ing test showed extremely little agreement with the actual
step count, with bias of 91.33 and LOAs 64.1-118.6,
illustrating exceptionally unreliable step counts.

Discussion

This study aimed to assess the use of Fitbits as a tool for
measuring the physical activity of individuals using gait
aids. Because walking aids are used by many people with
chronic impairments, having a reliable method of measur-
ing activity in this population can help guide rehabilitation
and serve as a research tool.

Walking Test Wrist Actual Hip p-values
No gait aids 94.7+13.8 101.3+3.3* 104.244.6* 0.04*
Cane, dominant side 88.8£30.9 100.9£2.3 72.8+42.7 NS
Cane, nondominant side 83.9+33.4 100.4+0.7 92.7+£35.0 NS
Crutch, dominant side 83.7£29.8 100.1+0.3 96.1£38.1 NS
Crutch, nondominant side 107.3£26.5 100.1£0.3 97.2+35.7 NS
Crutches, both sides 66.7+46.2 100.2+0.4 90.3+£55.3 NS
Stationary walker 65.8+44.8 100.2+0.4* 36.1£51.6* 0.01*
Four-wheeled walker 8.7+13.9*% 100.0+0* 73.6+53.0 <0.0001*

Note: *p<0.05.
Abbreviation: NS, not significant.
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Figure | Means + SD of step counts for each walking test (*significant).

Our findings showed that in healthy volunteers using
gait aids, the Fitbit regularly underestimated step count.
This pattern held true across all walking tests, indicating
little agreement and wide limits when compared to the
actual step count, as shown by the Bland-Altman plots.
When comparing the two groups, the plots showed that hip
counters were stronger measures of actual count values.
The following testing scenarios demonstrated Fitbit agree-
ment of within 10% of actual step values: hip counter with
cane — nondominant side (b=7.8; LOA=-60.7 to 76.3),
hip counter with single crutch on both dominant (b=4;
LOA=-70.5 to 78.5) and nondominant sides (b=2.9;
LOA=66.9 1072.68), and double crutches (b=9.9;
LOA=-98.6-118.3), and wrist counter with single crutch
on nondominant side (b=—7.2; LOA=-59.2-44.8). In any
of these given scenarios, the counter showed step agree-
ment of within 10% of the actual step value. These find-
ings suggest that Fitbits may be useful in approximating
physical activity levels with gait aids in certain scenarios
and may still be used in the rehabilitation setting.

One possible explanation for the vast differences and
inconsistent agreement may be due to walking speeds with
gait aids that do not closely mimic those of a healthy
individual. Fitbits use an acceleration-threshold algorithm
and accelerometers to quantify steps.'® The use of gait aids
alters gait patterns, reducing the acceleration detected.
This has also been shown in other studies. For example,
an assessment of Fitbit technology in cardiac patients also
found that there was inaccurate assessment of activity.""
Thorup et al demonstrated that slow-moving cardiac

Crutch Dominant

“ f_ “” |

Crutches Both Stationary Whalker Four V\Jheelcd
Sides Walker

Crutch Non-
Dominant Side

™ Actual ™ Wrist ®Hip

disease patients performing treadmill-walking tests at
speeds <3.6 km/h caused inaccuracies in step counts with
the Fitbit. It is possible that steps taken by participants
while walking with gait aids were not fast enough to meet
the Fitbit acceleration threshold, resulting in the consis-
tently underestimated values.

The irregularity and inconsistency of participants’ gait
patterns while using a walking aid may also have
influenced the measurement count. For example, when
walking with a stationary walker, there is more wrist
versus hip movement than for patients walking without
a gait aid. This illustrates the poor agreement of the hip
group in the stationary walker test, which had bias of 64.1
+51.7 and LOAs of —37.3 to 165.5. When walking with
a four-wheeled walker, there is no wrist movement what-
soever. This led to an extremely underestimated step
count, resulting in bias of 91.3£13.9 and LOAs of 64.1-
118.6. These findings demonstrate how gait patterns have
a vast impact on the sensitivity and detectability of steps
on Fitbit devices. Furthermore, this is consistent with pre-
vious validation studies that have shown that for patients
who have chronic illnesses and impaired gait patterns,step
counts were underestimated.'®'>"'*

It was found that the hip was the most accurate location
in detecting counts. In six of eight walking tests, the hip
counter showed lower mean differences from the actual
step count when compared to the wrist counter. This is
consistent with previous results showing the hip to be the
most accurate wearing location.'””> The measurements in
most agreement with the actual count were with the hip
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Figure 2 (A) Bland—Altman plots for no gait aids, canes, or crutches for each walking test, measured in number of steps. (B) Bland—Altman plots for crutches and walkers
for each walking test, measured in number of steps.
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counter worn on the nondominant side during the single-
crutch walking test
2.89+35.6).

There were several limitations in this experiment. The use

(absolute mean difference of

of healthy volunteers without any gait disturbance may over-
estimate the accuracy of the trackers, given the minimum
thresholds required to measure a step, as they may move
faster than individuals with physical impairments. The mea-
sure of gait speed of these individuals may have helped
explain the inaccurate step counts and may represent
a methodological limitation of this study. Furthermore, the
facility used required participants to walk in a straight, rela-
tively long track and turn at the end of the 20 m hallway. This
may not reflect daily-life context and may be less challenging
than obstacle avoidance or shorter walking periods, where
errors may be expected to increase. Participants were only
asked to conduct each walking test once, so repeating the
experiment would increase the reliability of our results.

Future considerations may include assessing the accu-
racy of the Fitbit at different anatomical locations. Singh
et al demonstrated that at lower speeds, the Fitbit
was more accurate when distally located on the lower
limb, such as the ankle.'® Since regular sway of the fore-
arm is altered or inhibited by the use of gait aids, it is
reasonable to assume that the accuracy of the wrist counter
would be low. Future studies may include the application
of wearable step counters to more distal body parts where
accuracy is shown to be higher.

In conclusion, we performed walking tests to validate the
Fitbit’s step-counter capabilities with gait aids. We found that
agreement was within 10% of actual step values for hip
counters using a cane on the nondominant side, a single
crutch on the dominant or nondominant side, double
crutches, and wrist counters using a single crutch on the
nondominant side. Agreement was >10% for both hip and
wrist counters with a cane on the dominant side and substan-
tially greater (>25%) in both walker groups, thus indicating
that step counters may not accurately interpret physical
activity in certain situations. If using step counters to measure
activity in patients using gait aids, we suggest using a hip
counter on the nondominant side, but understand that if using
a step counter with a walker, it is less accurate. The largest
discrepancy was seen in walkers, as the change in gait
patterns significantly underestimated step values. This study
suggests that these widely commercially available step coun-
ters have poor reliability with gait aids, especially walkers,
which should be taken into account for the research and
clinical setting.
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