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Abstract

Purpose: We investigated the validity of a triaxial accelerometer system for measuring the time
spent lying down, sitting, standing, walking, and operating a wheelchair by control subjects and
stroke patients in a convalescence ward. Methods: Physical activities were measured using a new
triaxial accelerometer system (A-MES; Activity Monitoring and Evaluation System) that consists of
two sensors, a station, and analytical software used with a personal computer. In Experiment 1,
the times that the healthy subjects (n = 12) spent operating a wheelchair, lying down, sitting,
standing, and walking were measured both by the A-MES and by videotaping (video time). In Ex-
periment 2, the amounts of time spent by the stroke patients not able to walk without support (n =
30) as they were lying down, sitting, standing, walking, and operating a wheelchair were meas-
ured by the A-MES. Results: The time spent operating a wheelchair measured with the A-MES was
significantly correlated with the video time in the healthy subjects. The stroke patients’ average
times (minutes) of total, operating a wheelchair, lying down, sitting, standing, and walking were
601.0 + 18.1, 57.1 + 28.8, 265.0 + 86.3, 263.3 * 60.6, 7.8 + 7.0, and 7.7 * 6.0, respectively. Conclu-
sions: The A-MES accurately evaluated the stroke patients’ time spent operating a wheelchair. The
stroke patients’ mean time spent operating a wheelchair over the course of one day was 57.1 *
28.8 min in a Center for Rehabilitation.
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1. Introduction

Stroke has been identified as the second leading cause of death worldwide by the World Health Organization
(10.8% mortality rate) [1] and as the fourth leading cause in Japan by the Japanese Ministry of Health, Labour
and Welfare (9.9% mortality rate) [2]. The prevention and treatment of stroke is thus a critical issue. It is also
important to evaluate and care for stroke patients who cannot walk by themselves. Improvements in physical ac-
tivity have been shown to decrease the risk of stroke and to improve stroke patients’ quality of life (QOL) [3]-
[7].

Individuals whose walking is not independent often use a wheelchair as a means of transportation. Among
hemiplegic stroke patients at the recovery stage, a wheelchair is a common method of locomotion. For stroke
patients who can eventually walk independently, operating a wheelchair is a temporary means of ambulation.
Operating a wheelchair is a safe and secure activity by which individuals can increase their physical activity by
themselves until they can walk with support. Because operating a wheelchair is an important activity of daily
living (ADL), it is crucial to evaluate the time that stroke patients spend operating a wheelchair and thus im-
proving their QOL [3]-[5].

However, to our knowledge there have been no reports about the continuous measurement of the time spent
operating a wheelchair over a long period. Triaxial accelerometers have been used to obtain measurements of
physical activity, providing more objective values than pedometers or questionnaires [8]-[11]. Most of the con-
ventional triaxial accelerometers can only evaluate the strength used to engage in a physical activity; they cannot
distinguish the movement of physical activity. We recently developed and described a triaxial accelerometer
system with which the time that an individual spends walking, standing, sitting, and lying down over the course
of one day can be measured [12]-[14].

We have improved this evaluation system so that it can measure the time spent operating a wheelchair. The
primary purpose of the present study was to verify the validity of this triaxial accelerometer system for measur-
ing the time spent operating a wheelchair. The second purpose of this study was to measure the time spent oper-
ating a wheelchair as well as lying down, sitting, standing, and walking over the course of one day among stroke
patients in a convalescence ward.

2. Methods
2.1. Participants

Twelve healthy subjects (six males and six females, mean = SD age 21.3 + 1.2 yrs) without illness or disability
that could impair their movement participated in Experiment 1 (Table 1).

Thirty patients who had had a stroke (16 males and 14 females, 69.1 + 10.9 yrs) in a convalescence ward of
the Akita Prefectural Center for Rehabilitation and Psychiatric Medicine participated in Experiment 2 (Table 1).
All 30 patients needed to be supported in order to walk, and they all operated a wheelchair to move around the
ward. We urged the patients to operate their wheelchairs without help in their everyday activities. The following
patients were not included in this experiment: patients with illness or injuries other than stroke that impaired
their behavior, those who needed assistance for all ADLs and were recumbent for the entire day except for reha-
bilitation time, those who declined to participate in the study, and those who did not understand the purpose of
the experiment.

This study was reviewed and approved by the Ethics Committees of Akita University Graduate School of
Medicine (2012) and Akita Prefectural Center for Rehabilitation and Psychiatric Medicine (2012), and was car-
ried out according to the Declaration of Helsinki [15]. Written consent was obtained from all the participants or
their families.

2.2. Methods

2.2.1. Measurement of Physical Activity

Physical activity was measured using the A-MES™ (Activity Monitoring and Evaluation System), a new triaxial
accelerometer system. The A-MES consists of two sensors (each 69 mm high x 44 mm wide x 11.5 mm deep,
weighing 28 g), a station, and analytical software used with a personal computer (Figure 1) [14]. These sensors
are so small and lightweight that they can be attached to a subject’s thigh and chest without disturbing his or her
ADLs. The trunk sensor was attached to the chest of the subject (who wore clothing with a pocket), and the
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Table 1. Baseline characteristics of the twelve healthy controls and the thirty stroke patients (mean £ SD).

Experiment 1 Experiment 2
Gender(Men/Women) 6/6 16/14
Age, years 21.3x12 69.1+10.9
Hight, cm 167.9+6.79 157.9+9.7
Weight, kg 62.7 +14.0 523+9.4
BMI 221+38 21.0+3.2
Cerebral hemorrhage/Cerebral infraction/Subarachnoid hemorrhage - 10/17/3
Side of cerebrovascular disease (right/left) - 14/16
Duration of morbidity, days - 82.4 +33.7

BMI: body mass index.

Figure 1. The activity monitoring and evaluation system (A-MES) (right:
sensors; left: station).

thigh sensor was attached to the thigh put on bandage and it placed in a pocket. The physical activity data rec-
orded by the two sensors was sent to the A-MES station and analyzed by the A-MES software [14].

The A-MES distinguishes the user’s postures from the angles of inclination of the two sensors, and it identi-
fies walking when forward acceleration occurs [14]. In the present study, we improved that A-MES so that it
could distinguish the operation of a wheelchair when the forward acceleration signal in the sitting position was
detected (Figure 2). The actual waveform of the acceleration signals from the chest and thigh sensors and the
way that the A-MES detects the operation of a wheelchair are illustrated in Figure 3.

2.2.2. Experiment 1

Experiment 1-1. Each of the healthy control subjects drove a wheelchair for 5 min while wearing the two sen-
sors. Each wheelchair operation session was videotaped with time recording by a digital camera (COOLPIX
S6200). One wheelchair was used by all of the control subjects. Six subjects operated the wheelchair using the
left arm and leg as the “unaffected” arm and leg, with the right foot of the “affected” leg up on the wheelchair’s
footplate. The other six subjects used the right arm and leg and with the left foot up on the footplate. The sub-
jects operated the wheelchairs indoors, and the operating speed was kept within the subjects’ comfort range. The
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Figure 3. Actual output of waveforms from the A-MES.

courses and the distance that each subject drove the wheelchair were decided by the subjects themselves, and
their movements were videotaped.

Experiment 1-2. Each of the 12 healthy control subjects was videotaped lying down, sitting, standing, walk-
ing and operating a wheelchair. The time of each movement was set at 5 min. The subjects walked at a normal
speed (2 - 4 km/hr). Six subjects operated the wheelchair using the left arm and leg as the unaffected arm and
leg, and the other six subjects used the right arm and leg, as in Experiment 1-1. One wheelchair was used by all
of the control subjects. The speed of operating the wheelchair was set at a comfortable speed for each subject.
They drove the wheelchairs indoors, and the operating speed was kept within their comfort range. The subjects
decided the courses and the distances themselves, and their movements were videotaped by the examiner. The
state of the five different postures and movements including the times spent were recorded on the videotape. The
order for accomplishing each movement was decided by the subjects themselves, while the timing for changing
movements was directed by the examiner.

2.2.3. Experiment 2

The amounts of time spent by the stroke patients as they were lying down, sitting, standing, walking, and oper-
ating a wheelchair were measured by the A-MES. The patients each used a wheelchair that they found comfort-
able. The time measured using the A-MES was 12 h (from 7 a.m. to 7 p.m.) in principle. Because the A-MES
sensors were removed when the patients bathed, a length of the time corresponding to the patient’s bathing time
was added after 7 p.m. The stroke patients’ daily movements were measured for consecutive 7 days, and the ac-
tivity time of each posture and movement over the 7 days was averaged into 12 h in one day. The times spent in
physical therapy (PT time) and occupational therapy (OT time) were excluded from the activity time measured.
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2.3. Statistical Analysis

The correlation between the time measured by the A-MES (A-MES time) and the time measured by the video-
tape (video time) was examined using Pearson’s product-moment correlation coefficient, calculated with PASW
Statistics 18 (SPPS, Quarry Bay, Hong Kong). To test the validity of the A-MES, we used the Bland-Altman
analysis method [16] to compare the total time spent in each posture or movement type as measured by both the
A-MES and the videotape in Experiment 1. We also calculated the tolerance level of the error in the population
(limit of agreement; LOA) [16] and the minimal detectable change of the 95% confidence interval (MDCgs) to
identify the clinically permissible level [16].

3. Results

In Experiment 1-1, the time the healthy controls spent operating a wheelchair measured with the A-MES was
significantly correlated with the video time (p < 0.05). In Experiment 1-2, the times spent by the healthy controls
at sitting, standing, and operating a wheelchair measured with the A-MES were significantly correlated with the
video time (Table 2).

The mean difference between the A-MES time and video time spent operating a wheelchair was 4.50 + 6.68 s
in Experiment 1-1. The mean differences between the A-MES time and video time spent sitting, standing and
operating a wheelchair were 10.60 + 16.16, 0.83 + 1.99 and 11.30 + 19.82 s, respectively in Experiment 1-2.
There was no fixed bias in the wheelchair-operating time measured by the A-MES in Experiment 1-1 or in the
times spent sitting, standing and operating a wheelchair in Experiment 1-2 because the 95% confidence interval
(95%Cl) included 0 (Table 2).

In this study, we calculated the t-value from the actual measurements using a correlation coefficient. The
t-value in the degree of freedom “10” was 2.228. The t-values measured were —1.688 (operating a wheel chair in
Experiment 1), —1.910 (sitting), —1.880 (standing), and —0.441 (operating a wheel chair in Experiment 2), and
other (lying down and walking), all of which were less than 2.228, suggesting that the proportional bias did not
exist (Table 2). The Bland-Altman plot of Experiment 1-1 is shown in Figure 4, and the plot of Experiment 1-2
is given in Figure 5. There were no significant differences in the times spent lying down and walking measured
with the A-MES and the corresponding times measured with the videotape in Experiment 1-2 (Table 2).

The total measured time of the stroke patients over one day was 601.0 + 18.1 min, and that excluding PT time
and OT time was 119.0 + 18.1 min. We also found that the time spent lying down over the course of one day
was 265.0 + 86.3 min; that spend sitting was 263.3 = 60.6 min, standing 7.8 £ 7.0 min, walking 7.7 + 6.0 min
and operating a wheelchair 57.1 = 28.8 min (Table 3).

4. Discussion

In the Bland-Altman analysis method, if the 95%CI does not interlay 0, there is a positive and negative bias in

Table 2. Validity of measurement of each movement or posture by A-MES.

Pearson’s product-moment Blancsaltanimetod

correlation coefficient

Fixed bias Proportional bias LOA MDCgs
Correlation 95% confidence Existence t-value from Existence
coefficient interval of bias measured value of bias
Experiment 1 OPeratinga 0.969 0000  —0.94-9.94 no ~1.688 no  —022-922 13.09
wheelchair
lying 1.000 0.000 0.00 no - no 0.00 0.00
sitting 0.742 0.014 -0.79 - 21.99 no —1.910 no -1.79-2299 31.67
Experiment2  standing 0.997 0.000 -0.42 - 2.09 no -1.880 no -0.90-257 391
operating a B ) N . )
wheelchair 0.726 0.027 2.67 - 25.27 no 0.441 no 5.95-2855 38.85
walking 1.000 0.000 0.00 no - no 0.00 0.00

LOA.: limits of agreement; MDCgs: minimal detectable change 95%; degree of freedom n — 2 = 10; t value (the level of significant was p < 0.05) 2.228.

(=)
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Table 3. Time spent in each posture or movement.

Time, minutes

Lying 265.0 £ 86.3

Sitting 263.3 £60.6
Standing 78+7.0
Walking 7.7+6.0

Operating a wheelchair 57.1+288
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Figure 4. Validity of the measurement of the time spent operating a wheel-
chair by healthy subjects (Bland-Altman analysis). The mean values of all
data (solid line), +1.96 SD (upper dashed line) and —1.96 SD (lower dashed
line) are shown.
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Figure 5. Validity of the measurement of each posture and movement by healthy subjects by Bland-Altman analysis. Mean
values of all data (solid lines), +1.96 SD (upper dashed lines) and —1.96 SD (lower dashed lines) are shown.

the errors, suggesting that a fixed error exists [16]. In the present results, because the 95%CI values for the times

spent sitting, standing and operating a wheelchair interlaid 0, there was no the fixed error in measuring these
movements in these experiments. If the “x” values increase and the “y” values increase more, suggesting the ex-

(=)
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istence of a proportional bias, the Bland Altman plot becomes fan-shaped [16]. In the present study, there was
no proportional error because the absolute t-value obtained from the measured value was smaller than the
t-value at the 5% significance level of degrees of freedom “n — 2” [16]. Thus, as a systematic error was not
found between the time spent operating a wheelchair measured by the A-MES and that measured by the video-
tape, the validity of the measurement of wheelchair-operating time by the A-MES was confirmed.

Several studies [17]-[19] have shown the validity of accelerometers for measuring physical activity using the
Bland-Altman analysis method. Taraldsen et al. [17] showed that measurement using the ActivPal™ distin-
guished the sitting position from the upright position. Fulk et al. [18] reported that measurements using the
Smartshoe™ could discriminate sitting, standing and walking. Lugade et al. [19] developed equipment com-
prised of triaxial accelerometers that could distinguish various movements (lying down, sitting, standing, walk-
ing, jumping and running).

As stated above, since in Experiment 1 a systematic error did not exist when the Bland-Altman analysis me-
thod was used, our present results demonstrate that the A-MES could measure not only the time spent lying
down, sitting, standing and walking, but also the time spent operating a wheelchair. Small equipment [20]-[22]
associated with accelerometers has been used to measure the physical activities of individuals without disturbing
their ADLs. The triaxial accelerometer system in the A-MES is advantageous because the sensors in A-MES are
small and light.

In Experiment 1-2, there were no significant differences between the times spent lying down, sitting, standing,
walking and operating a wheelchair with the A-MES and the corresponding times measured by videotape. The
present data suggest the validity of our triaxial accelerometer system for measuring the time spent at the various
activities in the healthy subjects. However, the validity of the triaxial accelerometer system for measuring the
time spent at the various activities and operating a wheelchair among stroke patients must be evaluated in a fu-
ture study.

Here we used the A-MES to measure the times spent by stroke patients in physical activities including oper-
ating a wheelchair. The total activity time measured excluding the PT and OT (rehabilitation) time was approx.
10 h, and the time spent operating a wheelchair was 57.1 min over the course of the day. Since the time spent
lying down was 265.0 min and that spent sitting was 263.3 min, these hospitalized stroke patients’ active time
and time spent in a wheelchair were both very short.

The exercise intensity needed to operate a wheelchair has been shown to be lower than that for walking, but
higher than that needed for sitting [23]. For stroke patients who cannot walk independently, operating a wheel-
chair may be the only means of ambulation. Higher levels of physical activity in stroke survivors have shown to
be related to better QOL [24], and an increase in the time spent operating a wheelchair could lead to improved
QOL. Thus, to evaluate the physical activity in the ADLs among stroke patients, the accurate measurement of
not only the time spent sitting, standing and walking but also the time spent operating a wheelchair is important.

In this study, we found that the stroke patients’ time spent operating a wheelchair was relatively short. This
was because operating a wheelchair in the hospital ward was limited to the movement for meals, toileting, bath-
ing and so on. Further research is necessary to examine the relationships among the time spent operating a
wheelchair, physical functions, and ADLSs in stroke patients using wheelchairs. Moreover, it is important that the
time spent operating a wheelchair at home by stroke patients is evaluated in detail after the patients are dis-
charged from the hospital.

5. Conclusion

The A-MES is a wearable activity monitor that is composed of a triaxial accelerometer system. The findings ob-
tained in the present study indicate that the A-MES was able to accurately evaluate the time that stroke patients
spent operating a wheelchair. In this patient population, the mean time spent operating a wheelchair over the
course of one day was 57.1 min, which was shorter than the rehabilitation time in a convalescence ward.
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