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INTRODUCTION

There are an estimated 291,000 people with Spinal Cord Injury (SCI) living in the United States [1]. Many
individuals with SCI rely on wheelchairs for mobility [2]. Despite the convenience brought by wheelchairs, these
individuals are less physically active when compared with able-bodied persons [3]. While sufficient physical
activity (PA) has been linked with improved functional capacity and reduced risks of secondary conditions in this
population [4], PA promotion efforts are often not given enough attention in the traditional rehabilitation [5].
Quantifying free-living PA is an essential part of PA promotion, particularly in tracking the time spent at different
intensity levels as recommended by the PA guidelines [6]. Traditional self-report questionnaires are burdensome
and subject to recall bias. With the proliferation and cost reduction of wearable devices, using such devices to
track habitual PA becomes a popular approach nowadays [7].

Among all commercially available wearable devices, ActiGraph activity monitors (ActiGraph, Inc., FL, USA) are
the most frequently used devices by researchers, accounting for over 50% of published studies [8]. Among all
ActiGraph devices, the GT3X model and GT9OK Link model are the two most used triaxial accelerometer-based
devices that can not only record raw accelerometer signals at a set frequency but also generate a proprietary
variable named ‘counts’ via its software ActiLife. Although the algorithms used to convert raw acceleration signals
to ‘counts’ are not publicly available, ‘counts’ are widely adopted today in research communities, as they are
perceived easy to use and easy to interpret with the quantity indicating the movement intensity. Also, no specific
expertise on signal processing, such as rectification and filtering are needed to use ‘counts’ as compared with
handling raw acceleration signals [9]. A few studies have established threshold ‘counts’ for distinguishing different
activity intensities in manual wheelchair users (MWUs) with SCI [10-12]. In addition, a number of studies
developed custom energy expenditure predictive equations based on ‘counts’ for MWUs [13-17]. As all these
studies used the proprietary ‘counts’ in their predictive equations, their derived thresholds and custom equations
can only be used by those who have access to ActiGraph devices along with its costly software. With the
performance improvement and price drop of smartwatches and fitness bands, it would be helpful to equip these
devices with the same capabilities to classify activity intensities and predict energy expenditure for MWUs. Brond
et al. proposed a method that utilized a series of filtering, sampling, and signal processing techniques to convert
raw acceleration signals to ‘counts’, and evaluated if the ‘counts’ generated using their custom method match the
ActiGraph ‘counts’ for a number of ambulatory activities [18]. Their result showed that there is a small percentage
bias of 2.2% between generated ‘counts’ and the ActiGraph proprietary ‘counts’ under the setting of hip-worn 24
hours free-living condition.

In this study, we followed Brgnd et al.’s approach to convert raw acceleration signals to ‘counts’, and evaluated if
the ‘counts’ generated using this custom method match the ActiGraph ‘counts’ over a wide range of PA performed
by MWUs with SCI who worn an ActiGraph device on the dominant wrist. If the equivalence between the two
measures is established, the predictive equations or thresholds developed based on ActiGraph ‘counts’ for MWUs
with SCI could be used by other wearable devices that record raw accelerometer signals, greatly expanding the
range of devices available for MWUs as well as professionals who work with this population.

METHODS

This study was conducted at the Human Engineering Research Laboratories (HERL), Pittsburgh, and the James J
Peters VA Medical Center, Bronx. The study was approved by the US Department of Veterans Affairs’s Central
Institutional Review Board. The inclusion criteria for this study is: 1) having a spinal cord injury, 2) between 18 and
65 years, 3) using a manual wheelchair as their primary means of mobility (=40 hours/week), 4) at least one-year
post injury, and 5) medically stable.

Study protocol: After informed consent, demographics and anthropology data were collected. Participants then
rested in a supine position for 20 minutes to acquire resting metabolic data and then randomly performed a series
of activities of daily living (ADLs) and exercises for 10 minutes with a minimum 3-minutes break between each



activity. The activities included: propulsion at self-selected slow, normal, and fast pace on flat tiled surface;
propulsion up/down a slope; watching TV; working on a computer; practicing shooting a basketball;
sweeping/vacuuming the floor; loading and unloading a dishwasher; weight lifting; TheraBand exercises; arm
ergometry exercise at a self-selected slow and fast pace; folding laundry; and being pushed in their wheelchair.
All activities were video recorded.

An ActiGraph GT9X Link was used to capture upper limb movements. Subjects were instructed to wear the
ActiGraph device on the dominant wrist. The 60-sec epochs ‘counts’, as well as the raw accelerometer signals
sampled at 30Hz, were obtained using the ActiLife software v6.11.9. Subjects also wore a COSMED K4b2
(COSMED, srl., Rome, ltaly) portable metabolic cart during all activity trials which collects oxygen consumption
(VO2) and carbon dioxide output (VCOZ2). For each activity, VO2 values (ml/min) were averaged for each minute
and divided by the product of resting metabolic equivalent of 2.7 (ml/kg/min) and participant’s weight (kg) to obtain
the Metabolic Equivalent of Task (MET) for that minute[12]. The ActiGraph device and the K4b2 metabolic cart
were calibrated following standard procedures and time-synchronized [19-20]. All activities were coded and
annotated with the synchronized timestamp in the dataset.

Data preparation: The following data preparation rules were applied to clean up the data: 1) any data without an
activity annotation was removed; 2) if either K4b2 or ActiGraph data was not available for any 60-second epoch,
the epoch was dropped. The ‘counts’ generation method proposed by Brond et al.[17] first removes noise and
artifacts from raw signals using anti-aliasing and band pass filter. The signals are then truncated with 2.13g
constant amplitude and rectified. Finally, the signals are applied with a dead-band threshold of 0.068g, converted
to 8-bit resolution and integrated into 1-second epochs. Python script from Bragnd’s GitHub repository was used to
generate the ‘counts’ from the raw accelerometer signals.

Table1. Demographics

Data analysis: A one sample t-test was used to determine if there is a Characteristics TRED
significant difference between ‘counts’ generated by Brgnd et al.’s approach Age (years) 40 | 13
and ‘counts’ output by the ActiGraph device. A Bland-Altman plot of all activity Height (inches) 69 | 4
data from all subjects was used to visualize and assess the bias between the Weight (kg) 83 | 21
two ‘counts’. A simple linear regression of the difference and the mean was M | %
calculated to assess the relation between the bias and intensity levels. Finally, Gender

a regression-based equivalence test was performed to directly quantify the Male 26 | 81
degree of agreement between the two ‘counts’, where a regression model was Female 6 |19
fitted to the pairs of ActiGraph ‘counts’ and ‘counts’ by Brand et al.’s approach. | Lesion Level

If the two ‘counts’ are equivalent, the intercept of this regression model should Cervical 2 |6
be 0 and the slope should be 1. We defined the equivalence in this project as Thoracic 26 | 82
+5% between the two ‘counts’, which means the slope should be between 0.95 Lumbar 2 |6
and 1.05 and the intercept should be +5% of the mean ActiGraph ‘counts’. To _Not Reported 2 |6
claim equivalence between the two ‘counts’ at a.=0.05, the 90% confidence Les"g‘ Tyﬁ'et TR
interval (Cl) for the intercept and the slope should fall inside their respective In?:g]rzpfleete 8 125
equivalence region [21]. All data analysis is performed by SPSS version 26. Not Reported 6 119




In addition, to demonstrate if the two ‘counts’ yield consistent
results when they are used to classify activity intensities, we e’
applied the ‘counts’ thresholds developed by Veerubhotla et al.
to both ‘counts’ across all activities. The threshold between
sedentary and light intensity was 2,057 ‘counts’ per minute
(CPM), and between light and moderate to vigorous intensity
physical activities (MVPA) was 11,551 CPM [12].

VM Difference (counts)

RESULTS

A total of 32 participants completed this study. Demographic ° - M:::(:goums) 000 000
data is shown in Table 1. A total of 4,769 minutes of data was

selected after data preparation. The one-sample t-test Figure1. Bland Altman plot for the

indicated that the difference (Mean = 99.6, SD = 1,418, 95% CI ‘counts’ comparison
[59.3, 139.9]) between the ActiGraph ‘counts’ (Mean = 9,143,
SD = 7,149, Median = 8,554, 95% ClI

[8,940, 9,346]) and the generated ‘counts’  1aple2. Classification result (based on ‘counts’ threshold)
(Mean = 9,044, SD = 7,133, Median =

8,432, 95% ClI [8,841, 9,246)) is larger than Activity intensity | ActiGraph | Generated | Difference (%)
0, 1(4768) = 4.85, p <.001. The mean Sedentary 1032 1043 11 (1.1)
percentage difference is 0.95% + 15.01% Light 2934 29905 9 (0.4)

with 95% CI [0.51%-1.39%]. Figure 1 MVPA 1503 1501 2(0.1)

shows the Bland-Altman plot with x-axis

being the average of the two ‘counts’ and y-axis being the difference between the two ‘counts’. The plot showed
the mean bias between the two counts is 99.6, and the limits of agreement were —2,680 and 2,880. No significant
linear regression relationship was found between the bias and the activity level (F(1,4767) = 0.580, p = .446), with
an Rz of 0. In terms of the equivalence testing, the mean of the ActiGraph ‘counts’ is 9,143, meaning the +5%
equivalence region is (-457, 457) for the intercept, and (0.95, 1.05) for the slope. The simple linear regression
between the Actigraph ‘counts’ and the generated ‘counts’ yielded a significant linear relationship with estimated
slope of 0.978, 90% CI [0.973, 0.983] and intercept of 100.2, 90% ClI [45.7, 154.7]. Both the slope and intercept
fell inside their respective 5% equivalence region. Table 2 showed the classification result based on the CPM
threshold using both ‘counts’, with the classification difference ranging from 0.1% for MVPA and 1.1% for
sedentary time.

DISCUSSION

In this study, we followed Brand et al.’s approach to convert raw acceleration signals into ‘counts’. While Brgnd et
al. validated this approach in an ambulatory group with a hip-worn device, we extended this validation to a wide
range of wheelchair related activities performed by 32 MWUs with SCI who wore the device around their dominant
wrist. Although the mean difference between the generated ‘counts’ and the Actigraph proprietary ‘counts’
significantly differed from 0, the mean difference of 99.6 is relatively small, considering that the mean Actigraph
‘counts’ being 9,143. The mean percentage bias of 0.95% is also smaller than what was reported in Brgnd et al.’s
study (2.2%). The equivalence testing further proved that the two measures are statistically equivalent within 5%.
Furthermore, when using both ‘counts’ to classify time spent in sedentary, light, and MVPA, the yielded
differences are quite small, ranging from 0.1% for MVPA and 1.1% for sedentary time. However, when examining
the Bland-Altman plot, while most of the bias fell near 0, there are a number of minutes (2.64% with the
differences beyond the upper and lower limits of agreement) that had quite large differences between the two
‘counts’. It was not clear yet what factors may have caused the large discrepancies for this small percent of
minutes.

It is noticeable that our mean bias between the two ‘counts’ is larger than what was reported in Brond et al.’s
study. This could be due to the different wearing position (wrist vs hip) and trial setting (type and range of
activities). The device worn at the wrist is expected to register small movements associated with many activities
while the hip location is only sensitive to ambulatory activities. Our participants were instructed to perform a wide
range of PA and exercises during the lab trial, while Brond et al.’s study was carried out in 24h free-living setting,
which may have a higher percent of sedentary time.



Our results showed low difference and high equivalence between the generated ‘counts’ and the ActiGraph
‘counts’, indicating that thresholds, algorithms, and models that developed based on ActiGraph’s proprietary
‘counts’ can be applied to ‘counts’ generated from raw accelerometer signals without retraining or redeveloping.
This means researchers and clinical professionals could access these thresholds, algorithms, and models via
other cheaper commercial devices that can record raw acceleration signals. The ‘counts’-based algorism could be
integrated into these devices to improve their ability to predict energy expenditure and activity intensity for MWUs
and help these individuals to self-manage their PA.

CONCLUSION

This study converted raw acceleration signals to ActiGraph ‘counts’ for a variety of wheelchair-related activities
and compared it with the criterion proprietary ‘counts’. High equivalence, low classification difference, and low
errors were confirmed between the two measures, indicating the feasibility for other wearable devices to adopt
established thresholds, equations, and models based on ActiGraph proprietary ‘counts’.
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