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Abstract
Introduction: This research aimed to assess the accuracy of a portable multi-sensor device (SenseWear armband)
measuring energy expenditure in people with stroke compared with indirect calorimetry at rest and during treadmill
walking. Secondary aims were to determine if there was a difference depending on which arm the device was placed
and to determine the accuracy of the armband step count.
Materials and Methods: Ten stroke survivors (mean age 64.3 SD 7.7 years; 70% male) wore an armband on each
arm and metabolic facemask. Energy expenditure was measured at rest and during two 10-minute bouts of treadmill
walking at different speeds separated with a seated rest.
Results: The armband was accurate for measuring energy expenditure at rest (Intraclass correlations (ICC)
> 0.869), with poor to fair accuracy during treadmill walking (ICC>0.306). The non-hemiplegic arm provided more
accurate energy expenditure measurement (ICC>0.409), underestimating with 10%-15% absolute percentage error.
SenseWear armband was inaccurate for measuring step count (absolute percentage error approximately 30%).
Conclusion: These results suggest that SenseWear armband lacks accuracy for measuring energy expenditure
during treadmill walking in people with stroke; with the non-hemiplegic arm the most accurate. The armband is
inaccurate measuring step count. Revision of algorithms specific for people following stroke may improve accuracy.
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Introduction
Following stroke approximately two thirds of survivors have
residual neurological deficits and impaired mobility which potentially
promotes a sedentary lifestyle resulting in further deconditioning and
functional decline [1]. An additional consequence following stroke
further limiting mobility is the associated increased energy expenditure
experienced with everyday tasks including walking [2]. It is possible
that the mobility limitations and high levels of fatigue [3,4] commonly
experienced by stroke survivors is in part due to this high energy
expenditure.
Accurate measurement of energy expenditure in stroke survivors in
particular to complete everyday tasks has been difficult due to the lack
of valid portable tools. Traditionally, the gold standard measures of
energy expenditure are indirect calorimetry and doubly labelled water
[5]. These measures however, are not suitable for everyday clinical
settings; are expensive and invasive, have limited temporal resolution
and require considerable expertise to conduct [5]; putting them beyond
the scope of practising clinicians.
New innovative multisensory portable devices have been
developed that are capable of measuring energy expenditure. One such
device is the SenseWear Pro2 Armband (Bodymedia, Pittsburgh, PA,
USA). This multi sensor device measures energy expenditure from
five primary measurements: bi-axial accelerometers, galvanic skin
response, skin temperature, near-body skin temperature and heat flux.
These measurements are integrated using custom-written algorithms
and estimates energy expenditure (in kcal and METS), step rate
and sleep time. The SenseWear armband device has been compared
with doubly labelled water assessment of energy expenditure during
extended periods of free living in older adults [6] and people with
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stroke [7], with good accuracy. In older adults, the SenseWear armband
has been shown to overestimate energy expenditure possibly due to
changes in skin conductance and thermoregulation [8]. According
to the manufacturer, the SenseWear armband is positioned over the
triceps bulk of the upper right arm. There is some suggestion that the
accuracy of the armband to measure energy expenditure might be
reduced if normal arm swing does not occur; such as when walking
slowly or using an elbow support frame [9]. In people with right sided
hemiplegia reduced movement of the right arm also could influence the
measurement accuracy. Therefore wearing these devices on the left arm
needs to be validated in people with stroke. In addition these devices
are able to determine step count, which has received little investigation.
The aim of this research was to determine the accuracy of a
portable multisensory device (SenseWear armband) in measuring
energy expenditure in people following stroke compared with indirect
calorimetry via open circuit spirometric measurement of oxygen uptake
at rest and during treadmill walking. Secondary aims were to determine
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Characteristic

N (%)

Gender, male

7 (70)

Mean (SD)

Age (years)

64.3 (7.7)

Height (m)

1.77 (9.1)

Weight (kg)

88.7 (17.6)

Body mass index (kg/m2)

27 (5)

Paretic side, right

5 (50)

Time post stroke (months)

78 (51)

10 m walk time (m/s)

0.95 (0.28)

Six minute walk test distance (m)

394 (103)

Table 1: Participant characteristics
Participant
No.

Age

Gender

Height (cm)

Weight (kg)

Hemiparetic
Side

Time post stroke
f
(months)

10 m walk
time (m/s)

Six Minute Walk
(m)

1

50

Male

170

65

Right

2

Nil

1.25

438

2

70

Male

190

110

Left

86

Nil

0.98

375

3

75

Male

184

94

Right

17

Nil

1.48

572

4

64

Male

183

80

Right

101

Single stick

0.63

228

5

71

Female

168

72

Left

100

Single stick

0.53

494

6

69

Male

181

120

Right

187

Single stick

0.75

247

7

61

Female

157

70

Left

24

Nil

1.26

446

8

69

Male

181

106

Left

75

Nil

1.11

402

9

53

Male

190

81

Right

101

Nil

0.96

301

10

61

Female

169

89

Left

85

Single stick

0.67

394

Indirect Calorimetry/ Non Hemi arm
Observations
armband

Hemi arm
armband

Table 2: Individual participant demographics

Measure

Mean Difference

Absolute % error

ICC

IC minus Non Hemi IC minus Hemi

IC vs Non
Hemi

IC vs Hemi

IC vs Non
IC vs Hemi
Hemi

Energy expenditure (kcal/min)
1.43 (0.26)

1.31 (0.26)

1.15 (0.25)

0.22 (0.08 to 0.37)

0.28 (0.16 to
0.42)

16.1%

21.7%

0.869

0.886

Comfortable
pacev

4.45 (1.5)

4.37 (2.12)

5.29 (0.95)

0.3441 (-1.36 to
2.18)

-0.85 (-2.10 to
0.41)

9.3%

17.5%

0.650

0.306

Fast pace

5. 05 (1.7)

5.02 (2.18)

5.66 (1.17)

0.57 (-2.43 to 3.58)

-0.19 (-3.55 to
3.45)

11.3%

36.4%

0.409

0.404

Observation minus
Non Hemi

Observation
minus Hemi

68 (33)

25 (-24 to 87)

29
(6 to 52)

32.7%

36.0%

0.601

0.780

87 (33)

31
to 87)

16
(-9 to 41)

35.8%

16.5%

0.841

0.905

At rest

Number of steps (n)
Comfortable
pace
Fast pace

93 (17)
107 (18)

60 (42)
66 (39)

(-24

ICC: Intraclass Correleation Coefficient; IC: Indiect Calorimetry
Table 3: Mean (SD) energy expenditure and step count at rest, during comfortable and fast treadmill pace

if there was a difference in which arm was used for the placement
of the armband device and the accuracy of the SenseWear armband
step count. We hypothesised that the SenseWear armband would be
accurate for measuring energy expenditure in stroke survivors at rest
and during two externally paced treadmill walking speeds. Additionally
we hypothesized that the non-hemiplegic arm would be more accurate
for measuring energy expenditure.

Materials and Methods
Participants, therapists, centres
Participants were recruited from Stroke Support Groups within
the Brisbane and Gold Coast area to participate in this study. To be
eligible participants were required to have a diagnosis of stroke, be
aged between 18 and 80 years, and able to walk independently with or
without an aid at the speed of at least 0.3 m/s. Individuals were excluded
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if they had co-morbidities relating to the lower limbs that could limit
their gait such as arthritis or Parkinson disease; had an unstable cardiac
status which could preclude them from participating in submaximal
exercise sessions; or if they were unable to understand the instructions
and provide informed consent. Institutional Human Research ethics
committee provided approval for this study.

Devices
Energy expenditure was measured continuously using indirect
calorimetry at rest and during exercise. The metabolic cart/calorimeter
(Cosmed, Quark, CPET, Rome, Italy) was calibrated for volume, using
a 3L syringe (Hans-Rudolph, Kansas City, MO, USA) and the expired
fraction of oxygen and carbon dioxide using alpha grade calibration
gases (BOC gases, Labrador, QLD, Australia). During the test
participants were fitted with a face-mask for the collection of expired
gases to allow for the estimation of oxygen consumption. At the
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completion of the rest and exercise periods, data from the metabolic
cart was downloaded and averaged over 1-minute periods.
The SenseWear armband device was worn on each arm, positioned
over the triceps bulk, according to manufacturer specifications. To
determine if there was a difference between the arms to which the
device is fitted, one armband was fitted to the hemiplegic arm and
another to the non-hemiplegic arm. The armband was fitted at least
10 minutes prior to the commencement of the measurement of resting
energy expenditure commenced (see procedures section). At the
completion of the rest and exercise periods, data from the armband
was downloaded in 1-minute intervals. Data from the armband was
then time-aligned with the data from the metabolic cart.

Procedures
Participants attended one two-hour testing session at Griffith
University, and were instructed to refrain from performing any
strenuous exercise or consuming coffee on the day of testing to ensure
that energy expenditure would not be elevated [10]. Demographic data
was recorded upon arrival, including weight, height, date of birth, date
of stroke, side of hemiplegia, walking aids, other co-morbidities and
current medications. Walking ability was measured using a 10 metre
walk test with a moving start walking at a self-selected pace [11] and
a 6 min walk test [12]. Participants were permitted to rest as required.
Following familarisation participants were fitted with the armband
devices and the facemask for indirect calorimetry measurements.
Participants then lay supine for 15 min to measure energy expenditure at
rest. Each participant then completed two 10-minute bouts of treadmill
walking at different speeds with a seated rest in between. During each
exercise bout participants walked on a treadmill for 10 mins, allowing
warm up for several minutes until steady state heart rate was achieved.
For the first bout, participants walked at a self-determined comfortable
pace, were able to stop at any time and were encouraged not to hold
on the handrail throughout the treadmill walking. After a 5 min seated
rest participants again walked on the treadmill for 10 mins, this time
at a faster pace. All participants had prior experience walking on a
treadmill following their stroke. No bodyweight support was provided
during treadmill bouts.

Outcome measures
Accuracy of the SenseWear armband device was determined by
comparing energy expenditure (kcal/min) recorded by each armband,
hemiplegic and non-hemiplegic arm, with the indirect calorimetry
data from the metabolic cart. Data was compared at rest and during
treadmill walking. In addition the number of steps measured by the
armbands during each 10-minute bout was compared with a manual
step count. The manual step count was determined using a hand counter
in whereby an independent observer counted each step individually.

Data analysis
Descriptive statistics were used to quantify energy expenditure at
rest and during each treadmill walking bout during the last five minutes
to enable steady state to be reached for each condition. Descriptive
statistics described the number of steps throughout each treadmill
walking bout. Mean (95% confidence interval) differences between
the SenseWear armband and indirect calorimetry for measurement of
energy expenditure and manual count for step count were determined
using paired t-tests. Accuracy of the SenseWear armband to measure
energy expenditure and number of steps was determined using
Intraclass correlations (ICC2,1) using SPSS v 19.0. An ICC value of >
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0.75 was interpreted to be good and >0.9 was deemed excellent [13].
Absolute percentage error (APE) was calculated by using the formula:
|mean difference / average of the two measurements x 100. The
significance level of all analyses was set to p<0.05.

Results
Participants
Ten stroke survivors participated in this study, 7 men and 3
women. Participants had an average age of 64.3 (SD 7.7) years and
were 79 (SD 57) months post stroke (Tables 1 and 2). Fifty percent had
their dominant side affected by the stroke. Four participants did not
complete the fast paced treadmill walk bout due to fatigue and safety
issues. The average (SD) treadmill belt speed for the comfortable paced
bout was 0.8 m/s (0.2) and for fast paced bout, 1.1 m/s (0.3).

Energy expenditure
Table 3 presents mean (SD) energy expenditure at rest and during
each treadmill bout measured with indirect calorimetry and each
armband. Mean (95% confidence interval, CI) differences, absolute
percentage error and intraclass correlation analyses between the
hemiplegic and non-hemiplegic armband with indirect calorimetry are
also presented. Resting energy expenditure determined using indirect
calorimetry was 1.43 (SD 0.26) kcal/min. This was higher than that
measured using the SenseWear armband. The Sensewear armband
underestimated resting energy expenditure, regardless of which arm
it was measured on.
During treadmill walking, energy expenditure measured on
the non-hemiplegic arm was underestimated compared to indirect
calorimetry; mean difference comfortable pace 0.34 kcal/min (95% CI
-1.36 to 2.18) and fast pace 0.57 kcal/min (95% CI-2.43 to 3.58). Energy
expenditure measures on the hemiplegic arm were overestimated
during both comfortable pace treadmill walking (mean difference
-0.85 kcal/min 95%CI -2.10 to 0.14) and fast pace treadmill walking
(mean difference -0.19 kcal/min 95% CI -3.55 to 3.45). SenseWear
armband had good accuracy for measuring energy expenditure at
rest for both arms (ICC >0.869). Accuracy was lower during treadmill
walking. Energy expenditure during treadmill walking measured on
the non-hemiplegic arm had fair to moderate accuracy (ICC >0.409)
while accuracy was low for the hemiplegic arm (ICC >0.306). Absolute
percentage error ranged from 9.3% for comfortable paced treadmill
walking to 16.1% at rest for the non-hemiplegic arm. For the hemiplegic
arm, absolute percentage error was unacceptably high, >17.5%.

Step count
Table 3 presents mean (SD) step count during each treadmill
walking bout measured by direct observation and with each armband.
Mean differences (95% confidence interval), absolute error and
intraclass correlation analyses between the hemiplegic and nonhemiplegic armband are also presented. Step count measures recorded
on both the hemiplegic and non-hemiplegic armbands undercounted
compared to direct observations. Intraclass correlations indicate
moderate to good validity for step count during both comfortable and
fast paced treadmill walking for armbands worn on both the hemiplegic
and non-hemiplegic arm. However, absolute percentage errors are
high; ranging from 16% to 36%.

Discussion
The aim of this study was to investigate the validity of the SenseWear
armband device for measuring energy expenditure and steps during a
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graded treadmill exercise test. The SenseWear armband demonstrated
good accuracy for measuring energy expenditure at rest for both the
hemiplegic and non-hemiplegic arm. Accuracy during treadmill
walking, regardless of speed, was moderate with the non-hemiplegic
arm and fair with the hemiplegic arm. It appears that during treadmill
walking, the SenseWear armband is more accurate when placed on the
non-hemiplegic arm. Step count was not accurately measured in this
group of stroke survivors.
Previous studies have shown conflicting results regarding the
accuracy of the SenseWear armband in stroke survivors. Moore et al.
[7] found good agreement between the armband and doubly labeled
water for measuring free-living energy expenditure; with the armband
underestimating energy expenditure by approximately 4%. However,
another recent study [14] found that the armband overestimated
energy expenditure compared to a metabolic cart. Perhaps one reason
for these differences is the comparative measure as well as the arm
being tested. SenseWear armband manufacturers recommend that the
armband be worn on the right arm. In people with hemiplegia this may
not always reflect the swinging arm. Although it would be anticipated
that better accuracy would be found on the functional swinging arm;
this may also depend on the level of walking limitation. In people with
mild gait deficits, who don’t require the use of an aid, applying the
armband onto the non-hemiplegic arm may result in better accuracy.
For those stroke survivors who require a gait aid such as a single or
four-point stick, arm swing is not necessarily natural and may influence
measures. Certainly this is one possible explanation for finding better
accuracy for energy expenditure measured on the non-hemiplegic
arm [1]. Interestingly, Manns [1] found that the SenseWear armband
overestimated energy expenditure regardless of which arm was
measured. We found that energy expenditure during treadmill walking
was underestimated when measured on the non-hemiplegic arm but
was overestimated on the hemiplegic arm. However, for the current
study, the mode of walking test is likely to have influenced our results.
Energy expenditure was required to be measured by a non-portable
metabolic cart, requiring a treadmill walk test to be used. Walking on
a treadmill has some differences to over ground walking [15] requiring
potentially greater balance and attention demands [16]. Although,
stroke survivors have demonstrated no detrimental effects on walking
pattern while walking on a treadmill [17], we found in this study that
the majority of participants used the handrail on their non-hemiplegic
side for safety and confidence often leaving their hemiplegic arm to
swing. It is also possible that different levels of accuracy may have been
found if over ground walking was used.
The SenseWear armband was not accurate for measuring step
count. Absolute percentage error for step count was approximately
30% for both arms at both treadmill walk speeds. This finding supports
a recent study which also highlighted poor accuracy of the armband
for measuring step count in a group of mild to moderately affected
stroke survivors during an over ground walk test [14]. Gait speed may
be a factor in the accuracy of the SenseWear armband to determine
step count. Investigations with other populations have found under
counting at slower walking speeds [9,18] but this requires further
investigation. Despite, the high error for step count, good correlations
with ICCs>0.6) were demonstrated, regardless of treadmill walking
pace and the arm wearing the SenseWear armband. This is difficult to
explain. Perhaps, it is possible that the armband may be clinically useful
to indicate step count in people with stroke as long as clinicians are
aware of the 30% error rate.
This study has some limitations. The sample size is small and there
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is a range of walking ability of participants recruited to this study
limiting the generalizability of the findings. In addition, we planned to
have all participants complete two walking tests, a comfortable and fast
pace test to examine the ability of the armband to detect differences in
energy expenditure across these two speeds. Due to the heterogeneity
of our participants we were not able to specify the treadmill speed for
all participants. Four participants were deemed by study investigators
as unsafe to complete the second treadmill walk; limiting our findings
for the fast treadmill test. The current study’s findings are preliminary
and caution is needed when generalizing these findings. Further studies
are required with larger samples encompassing the range of walking
disability observed in this population.

Conclusion
In conclusion, our results suggest that the SenseWear armband
is accurate for measuring energy expenditure at rest. However, some
caution is advised, for slow walkers following stroke during treadmill
walking. Best accuracy is obtained when the device is worn on the nonhemiplegic arm; with energy expenditure underestimated by between
10% and 15%. The SenseWear armband is not accurate for measuring
step count.
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