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Background: Capturing the complex time pattern of physical activity (PA) and sedentary behavior (SB) using 
accelerometry remains a challenge. Research from occupational health suggests exposure variation analysis 
(EVA) could provide a meaningful tool. This paper (1) explains the application of EVA to accelerometer data, 
(2) demonstrates how EVA thresholds and derivatives could be chosen and used to examine adherence to PA 
and SB guidelines, and (3) explores the validity of EVA outputs. Methods: EVA outputs are compared with 
accelerometer data from 4 individuals (Study 1a and1b) and 3 occupational groups (Study 2): seated workstation 
office workers (n = 8), standing workstation office workers (n = 8), and teachers (n = 8). Results: Line graphs 
and related EVA graphs highlight the use of EVA derivatives for examining compliance with guidelines. EVA 
derivatives of occupational groups confirm no difference in bouts of activity but clear differences as expected 
in extended bouts of SB and brief bursts of activity, thus providing evidence of construct validity. Conclu-
sions: EVA offers a unique and comprehensive generic method that is able, for the first time, to capture the 
time pattern (both frequency and intensity) of PA and SB, which can be tailored for both occupational and 
public health research.
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Physical activity (PA) is typically assessed by self-
report and/or accelerometry. While self-report measures 
are practical, used widely in surveillance, and continue 
to provide useful information,1 accelerometers are more 
accurate in capturing time and intensity of PA, with 
discrepancies between the 2 methods reported to be of 
meaningful size.2 This has led to the increased popularity 
and reliance on accelerometers in PA research.1,2 A range 
of devices that are small, sophisticated, and relatively 
inexpensive is currently available; enabling field-based 
research1,2 for long periods of time, even up to a whole 
year.3

Initially, accelerometer use focused on the more 
accurate recording of the amount of moderate-to-vig-
orous physical activity (MVPA).4 The greater accuracy 
of accelerometer data has enabled epidemiological 
research to enhance our understanding of both the links 
between insufficient MVPA and health risks5 and the 
determinants of MVPA.4 Accelerometry has also been 

used to assess efficacy of interventions aimed at increas-
ing MVPA.6 The developing understanding of MVPA, 
its determinants, its effects, and how it can be changed 
has informed ongoing translation into health promotion 
and policy development.7 The recommendation that 
adults perform a minimum of 30 minutes of moderate 
intensity PA on most days and attempt to also perform 
regular vigorous activities has become well-accepted 
in most countries,7–9 and accelerometry is now also 
being used to study the compliance with these MVPA 
recommendations.1,10

More recently, not only MVPA but also sedentary 
behavior (SB)—any waking behavior characterized by 
an energy expenditure ≤ 1.5 METs while in a sitting or 
reclining posture11—has been associated with adverse 
health outcomes such as obesity, diabetes, metabolic 
syndrome, and cardiovascular disease.12 Sedentariness 
is also a rising concern in occupational health, in par-
ticular in occupations with extensive computer use.13 
There is increasing evidence that the health effects of 
sedentariness are independent of time spent performing 
MVPA14,15 and that the adverse health effects of both SB 
and MVPA need to be studied and addressed separately in 
both adults14 and in children.16 As with MVPA research, 
accelerometer data has also enhanced our understanding 
of the determinants of SB and enabled the more sensitive 
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detection of change following interventions.17 However, 
this enhanced understanding has yet to be translated to 
guidelines and public health campaigns.17 Currently the 
most widespread guideline related to SB, is the recom-
mendation that parents limit children’s screen time 
(television, DVD, video games, etc) to no more than 2 
hours per day.18

Until recently, most research articles in this area 
report total time spent in different levels of activity.6,10,19 
However, this does not provide information about the 
pattern of activity exposure across a year, week, day, or 
any other time window,20 despite suggestive evidence 
that the pattern of activity is important to health. Stronger 
links between cardiovascular risk indicators and MVPA 
were found when MVPA exposure was assessed as bouts 
of at least 10 minutes as opposed to total accumulated 
MVPA.5,21 Similarly prolonged bouts of SB (the authors 
reported in terms of the number of breaks from SB) have 
been found to be related to metabolic measures, even 
after accounting for total accumulated SB, MVPA, and 
mean intensity of activity.15 While the health implica-
tions of particular patterns of MVPA and SB are not 
entirely clear, the evidence suggests robust methods for 
examining these implications simultaneously should be 
a priority.

Based on this emerging understanding of the impor-
tance of the time pattern of activity, the American College 
of Sports Medicine updated its recommendation of 30 
minutes of MVPA to acknowledge that MVPA should be 
accumulated in bouts of at least 10 minutes’ duration.7 
SB guidelines are not so well developed; however, it has 
been suggested on the basis of metabolic well-being that 
there should be 5-minute breaks for every 60 minutes of 
sitting,12 and computer use guidelines recommend bouts 
should not exceed 30–60 minutes before being interrupted 
with an active break.22,23

Accelerometers obviously allow for the determina-
tion of the time pattern of SB and MVPA, and this is 
most commonly represented visually with line graphs of 
counts per minute over time.2,24 While visually effective, 
this method does not permit data from different subjects, 
days, or time periods to be documented, compared, or 
easily translated into guidelines. Reducing the abundant 
information contained in each day of an individual’s 
accelerometer use into meaningful, analyzable informa-
tion has been recognized as a significant challenge for 
continued effectual accelerometer use.2,24 Better capture 
of the time pattern of accelerometer data could lead 
to an enhanced understanding of the determinants of 
behavior and of the links between activity and health in 
both epidemiological and intervention research. Existing 
examples of methods for examining the time pattern of 
accelerometer data include assessing time spent in sus-
tained bouts of either MVPA or SB5,15,21 and examination 
of time spent in MVPA or SB at specific time periods 
(eg, day or part of day.20 More complex examples exist 
based on nonstandard accelerometry data.25 However 
to our knowledge a method that can assess the time 
pattern of SB, light activity and MVPA together, based 

on standard accelerometry data, has not so far been  
proposed.

While the public health literature has only recently 
discussed the need for developing generic principles of 
analyzing patterns of MVPA and SB, this issue has been 
on the agenda in occupational health research for more 
than 2 decades. Several methods have been proposed 
for how to quantify aspects of the time pattern of bio-
mechanical exposures at work, termed “variation” and 
defined as the change in exposure across time.26 These 
methods include metrics for quantifying the frequency 
of exposure changes,27 the magnitude of exposure 
changes,18 and the similarity of exposure sequences 
across time.28 One method, exposure variation analysis 
(EVA),29 combines the frequency and magnitude aspects 
of exposure changes across time and has gained consider-
able attention in the occupational health and ergonomics 
fields. Thus, EVA has been used extensively to quantify 
variation in long-term recordings of postures and muscle 
activity, mainly during occupational work (eg,30–32). 
Basically, EVA reduces a complex time-line of exposure 
into a 2-dimensional matrix showing combinations of 
exposure level (in categories) and duration of uninter-
rupted sequences (in categories).26 While most studies 
using EVA have reported the entire matrix as a descrip-
tion of the characteristics of the investigated exposure, 
some have processed the matrix into derivative metrics 
suggested to capture core information on variation.31,32 
Thus, EVA offers a generic approach for analyzing 
“exposure” (in this case, “activity”) variation, which 
could easily be applied to accelerometer recordings of 
MVPA and SB.

Given the growing recognition of the importance of 
the pattern of activity for health, the lack of established 
methods to adequately capture the pattern of accelerom-
etry data, the increasing use of accelerometry in large 
population studies and intervention studies, and the 
success of EVA in capturing the pattern of occupational 
biomechanical exposures, the purpose of this paper is 
to demonstrate the use and potential of EVA for accel-
erometer data.

Specifically, this paper aims to (1) explain the appli-
cation of EVA to accelerometer data for PA and SB (Study 
1a), (2) demonstrate how EVA thresholds and derivatives 
could be chosen and used to examine adherence to MVPA 
and SB guidelines (Study 1b), and (3) explore the validity 
of EVA outputs related to PA and SB using known-groups 
comparison technique (Study 2).

Study 1a: Explanation of Exposure 
Variation Analysis for Physical 

Activity and Sedentary Behavior

Methods

To illustrate how EVA can be used to interpret accel-
erometer data, a small study was conducted on 4 
healthy university employees. The employees were 
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purposively chosen to represent a variety of activity 
patterns. The participants provided informed consent 
and the study was approved by the Curtin University 
Human Research Ethics Committee (PT0154/2010). 
Participants wore an accelerometer (ActiGraph model 
GT3X, ActiGraph, LLC, Fort Walton Beach, FL) on 
a belt over their right anterior superior iliac spine for 
1 typical work day and completed a simple activity 
diary where activity monitor removal and significant 
activities could be recorded. The accelerometer epoch 
was set to 1 minute. Only vertical axis data were used, 
given this is the only axis with established intensity 
thresholds33,34 and the purpose of this paper was to 
illustrate the utility of EVA. The accelerometer data 
were downloaded according to the manufacturer’s 
procedures. Data were then exported to prepare line 
graphs in Microsoft Excel (cpm/time; Microsoft Cor-
poration, Seattle, USA).

The data from 1 participant will be used initially to 
describe the process of EVA analysis. Figure 1a shows a 
line graph of accelerometer data for 1 day. Participant 1 
was a postdoctoral researcher whose activity pattern was 
a run before work followed by long periods of uninter-
rupted sitting at a desk using a computer. The MVPA 
run is seen as the raised line around 8,000 to 10,000 cpm 
early in line graph (“A” in Figure 1a), the long periods of 
SB can be seen as flat lines along 0 cpm (the first few are 
labeled “B” in Figure 1a) and the brief bursts of around 
500cpm (some are labeled “C” in Figure 1a).

Results

EVA was performed using a custom LabVIEW program 
(LabVIEW 8.6.1, National Instruments, Texas, USA) 
providing output in minutes. EVA categorized the data 
for both intensity (device specific count thresholds for 
sedentary, light, moderate and vigorous; see Study 1b 
methods for further discussion) and the duration of 
uninterrupted periods at any particular intensity (0–<5 
minutes, 5–<10minutes, 10–<30 minutes, 30–<60 min-
utes, and 60+ minutes). Figure 1b shows the EVA matrix 
for the same data shown in Figure 1a. The MVPA run is 
represented in the vigorous 10–<30 minutes cell with a 
total accumulated time of 28minutes. The long periods 
of SB are captured in the sedentary 30–<60minutes and 
60+minutes cells with total accumulated time in these 
cells of 323 and 187 minutes. Figure 1c shows the matrix 
in graphic form with the MVPA run represented by the 
small column in the vigorous row 10–<30 minutes cell 
(“A”) and the long periods of sedentary captured in the 
large columns in the sedentary row 30–<60 minutes and 
60+minutes cells (“B”) with the brief bursts in the 0–<5 
row (“C”).

Line graphs like Figure 1a are an easy method of 
presenting an individual’s activity, with current recom-
mendations including summarized weekly line graphs.2,24 
However, it is difficult to compare or interpret the data. 
In contrast, EVA outlines the participant’s activity in 

meaningful and interpretable groups of activity intensity 
and duration. Thus, for example, it is easy to determine 
that while Participant 1 just about meets the MVPA guide-
line of at least 30 minutes of MVPA she fails to meet the 
guideline of no uninterrupted bouts of SB greater than 
30–60 minutes.

Study 1b: Comparing the Pattern 
of Physical Activity and Sedentary 

Behavior of Individuals With 
Exposure Variation Analysis

Methods

Data for Study 1b came from the participant described in 
Study 1a and 3 additional university employees.

Exposure Variation Analysis Thresholds.  To compute 
accelerometer data EVAs, meaningful activity intensity 
and duration thresholds are required. Intensity thresholds 
have typically been based on comparison with energy 
expenditure,33 although comparison with posture (sitting) 
has been used for SB.18 As accelerometer count and 
energy expenditure are measuring different constructs, the 
relationship between them varies with the type of activity 
being performed and is likely to vary between populations 
due to mechanical and chemical energy efficiency 
differences.2 There is thus considerable inconsistency 
in the recommendations for count based intensity 
thresholds. Accelerometer counts for the same input are 
also known to differ between accelerometer devices33 and 
count thresholds from different devices cannot be directly 
compared without a translation equation.35 Therefore, for 
the comparison of the 4 illustrative individuals (Study 1a 
and 1b) measured with ActiGraph accelerometers, we 
used ActiGraph vertical axis specific thresholds which 
are widely reported, have reasonable validity, and sit near 
the center of threshold ranges reported for the ActiGraph 
accelerometer data (<100cpm for sedentary,14,24 
>100–≤1952 cpm for light,34 >1952–5725 cpm for 
moderate,34,36 and >5725 cpm for vigorous.34,36 For the 
accelerometer data on the comparison of 3 occupational 
groups measured with Actical accelerometers (Study 2, 
to follow), we used equivalent Actical-specific thresholds 
based on a biological signal derived translation equation 
(sedentary  <91, light 91–1767, moderate 1767–5182, 
vigorous >5182).35

For the EVA frequency (time period) dimension, 
we collated uninterrupted sequences in each of the 
intensity categories into 5 duration levels: 0–<5 min-
utes, 5–<10 minutes, 10–<30 minutes, 30–<60 minutes 
and 60+ minutes. The rationale for these levels includes 
that 30 and 60 minutes are periods widely used in SB 
research,12 are considered important for the health 
impacts of MVPA,37 and are used in MVPA guidelines.7 
The rationale for a 5-minute threshold included the desire 
to differentiate shorter bouts as these are mentioned 
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Figure 1 — A. Line graph of Participant 1 accelerometer data for 1 day showing light, moderate and vigorous intensity thresholds 
(dotted lines) and highlighting bout of vigorous running (A), bouts of sedentary behavior (SB; B), and brief bursts (C) interrupting 
SB.  B. Exposure variation analysis (EVA) matrix in minutes for Participant 1 accelerometer data for 1 day highlighting capture of 
bout of vigorous running (A), long bouts of sedentary behavior (B) and brief bursts (C) interrupting SB (shaded areas show cells 
summed for EVA derivatives MV >10, SB >30, BB 0–5).  C. Graph of EVA matrix in minutes for Participant 1 accelerometer data 
for 1 day highlighting capture of bouts of moderate to vigorous activity, including the 10–30 minutes of vigorous running (A), bouts 
longer than 30 minutes of SB (B), and brief burst creating activity variation, among which many involve light PA (C).
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in recommendations,12,23 and they may be a proxy for 
breaking up sustained periods in the exposure time line.

EVAs presented for participants 1–4 have cell magni-
tudes (column heights) reported in minutes of wear time 
to enable simple comparison with guidelines. However, 
cell magnitudes can be reported as a percentage of wear 
time to account for differences between participant day 
length (eg, a work day vs a whole 14–18-hours-awake 
day that includes leisure) in group analyses. Outputs in 
time proportion terms have been the dominant approach 
in studies using EVA to date.

Exposure Variation Analysis Derivatives .  We 
propose that while EVA provides a generic approach to 
characterizing the pattern of accelerometer determined 
activity, derivatives of the EVA matrix can be developed 
for particular purposes. To illustrate this, 3 derivatives 
have been calculated from EVA. The first 2 are based 
on widely used guidelines, and the third is based on the 
occupational health principle of encouraging variation/
nonsustained activity.

“Bout MVPA” (MV >10) shows the time or propor-
tion of time performing MVPA sustained for durations 
greater than 10 minutes and is calculated by summing 6 
cells (moderate 10–<30, 30–<60, and 60+; and vigorous 
10–<30, 30–<60, and 60+). As previously mentioned, 
MVPA accumulated in bouts of greater than 10 minutes 
is more strongly related to health outcomes than overall 
MVPA exposure.21 Participant 1 accumulated 28 minutes 
of bout MVPA (see MV >10 in Figure 1b).

“Sustained SB” (SB >30) shows the time or pro-
portion of time in SBs sustained for durations greater 
than 30 minutes and is calculated by summing 2 cells 
(sedentary 30–<60 and 60+). Sustained SB is known to 
be associated with increased health risks.14 Participant 
1 accumulated 510 minutes of sustained SB (see SB > 
30 in Figure 1b).

“Brief bursts” (BB 0–5) shows time or proportion 
of time in any intensity level of activity which only lasts 
for less than 5 minutes and is calculated by summing 
4 cells (sedentary, light, moderate and vigorous 0–<5). 
Variation in biomechanical and physiological exposures 
at work is believed to be associated with reduced risk of 
musculoskeletal disorders.26 Participant 1 accumulated 
146 minutes of this potentially healthy behavior (see BB 
0–5 in Figure 1b).

Results

Figures 2a, 2b, and 2c show line graphs of accelerom-
eter data for 1 day for the 3 other university employees. 
Figures 3a, 3b, and 3c present EVA graphs for the same 
data. Participant 2 was a teaching laboratory assistant 
responsible for setting out equipment for classes and 
general facility maintenance. The activity pattern for 
Participant 2 was for continual variation between seden-
tary and light activity, seen in the lack of flat lines in the 
line graph (Figure 2a) and the lack of EVA graph (Figure 

3a) columns in the sedentary 30–<60 and 60+ cells, as 
well as in the clustering of columns in short durations of 
sedentary and light activity.

Participant 3 was a resource officer responsible for 
an equipment library and helping with shifting equip-
ment. Their activity pattern was for sedentary periods 
interspersed with brief light activity. In the line graph, 
there are flat line periods around 0 cpm, but these are 
interspersed with spikes of activity often around 1500 
cpm in magnitude (Figure 2b), reflected in the tall column 
in the sedentary 10–<30minute cell and a medium height 
column in the light 0–<5minute cell of the EVA graph 
(Figure 3b).

Participant 4 was another post doctorate researcher 
whose activity pattern was for many breaks in sedentary 
activity during the day as well as sustained periods of 
MVPA both before (a run) and after (2 walks) work. In the 
line graph (Figure 2c) these show as intermittent spikes in 
the flat lines around 0 cpm periods with sustained periods 
with cpm over 4000 at the start and end of the day. In the 
EVA graph (Figure 3c) these show as no column in the 
sedentary 60+ cell and small columns in the moderate 
and vigorous rows.

Table 1 shows the mean and standard deviation cpm 
for all 4 participants in the initial study. The means show 
Participants 1 and 3 are less active and Participant 4 is 
most active, but obviously this provides no information 
on the pattern of PA or SB. The standard deviations of 
accelerometer counts across a day suggest Participants 1 
and 4 have a similar variation in activity, but this seems 
misleading given the patterns of activity shown in the 
line graphs. Table 1 also shows the minutes each par-
ticipant accumulated within each intensity level. While 
this clearly shows the high SB exposure of Participant 
1 and high MVPA exposure of Participant 4, it does not 
provide information about whether the SB and MVPA 
was accumulated in bouts known to be important to 
health.13,21

From the EVA derivatives presented in Table 1 it can 
be seen that Participant 4 clearly exceeds the guideline 
for accumulating more than 30 minutes MVPA in bouts 
of at least 10 minutes, Participant 1 comes close to meet-
ing this guideline and Participants 2 and 3 do not meet 
the guideline. Participant 2 clearly meets the guideline 
for avoiding periods of 30minutes or more of SB, while 
Participant 1 has a potentially harmful exposure of 510 
minutes in such periods. Participant 2 also has the great-
est exposure (360 minutes) to brief bursts which may be 
beneficial to health.

The illustration above shows how EVA can capture 
the pattern of PA and SB of 4 individuals and allow 
interpretation of activity in terms of meeting guidelines 
and exposure to potentially harmful and potentially health 
promoting activity patterns. Together, these provide 
evidence for the potential utility of EVA. The follow-
ing section (Study 2) explicitly examines the utility of 
EVA in capturing group data and additionally examines 
aspects of validity.
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Study 2: Comparing the Pattern of 
Physical Activity and Sedentary 

Behavior of Groups With Exposure 
Variation Analysis

Methods

To explore the utility and validity of the EVA derivatives 
proposed above, data from a study of 3 groups of workers 
were used. A common approach to establishing a higher 

level of evidence than face validity is to compare groups 
with assumed differences to determine construct valid-
ity—the known-groups comparison technique. Known-
groups comparison anticipates that specific groups are 
different based on a specific outcome, thus the measure 
should be sensitive to these differences.38 Therefore, 3 
groups—assumed to be different in their activity levels 
through the nature of their work—were chosen: 8 (3 
female) office workers who used traditional seated com-
puter workstations, 8 (3 female) office workers using 
standing computer workstations, and 8 (6 female) primary 

Figure 2 — Accelerometer output (counts/minute) for a whole day from Participant 2 (2a), Participant 3 (2b), and Participant 4 (2c).
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and high school teachers. Differences in time spent sitting 
and standing have been found in call center workers with 
sitting or sit–stand workstation designs using inclinom-
eters,39 and in pilot work where teachers were observed 
to break up periods of sitting more frequently than office 
workers. The participants provided informed consent and 
the study was approved by Curtin University Human 
Research Ethics Committee (HR20, 2007).

Participants wore an Actical (Respironics, Bend, OR) 
accelerometer on a belt over the right anterior superior 
iliac spine for 4 work days and completed a simple activ-
ity diary where activity monitor removal and significant 
activities could be recorded. The Actical provides a single 
omnidirectional output most closely related to ActiGraph 
vertical axis output.35 The accelerometer epoch was set 
to 1 minute.

Accelerometer data were downloaded according to 
the manufacturer’s procedures and visually inspected 
for quality control. EVA analysis was performed using a 
custom LabVIEW 8.6.1 program using the intensity and 
duration categories outlined in Study 1b methods above. 
The LabVIEW output provided an EVA matrix for each 
day for each worker. Using Microsoft Excel, an average 
EVA matrix for each worker was calculated (each cell 
averaged).

Results

The age and BMI of the 3 groups were similar: seated 
office workers, standing office workers and teachers had 
a mean (SD) age of 36.0 (7.4) years, 37.9 (9.1) years, and 
40.6 (7.7) years and mean (SD) BMI of 25.2 (5.0), 25.3 
(3.3), and 23.3 (1.7), respectively. An average EVA for 
each occupational group was calculated for illustrative 
purposes using the same averaging method on the mean 
cell values for subjects in each group. From group average 
EVA graphs (Figures 4 a–c) it is clear that the main dif-
ferences between groups appeared to be in the sedentary 
and light categories, and not in the moderate or vigorous 
categories. The seated office work groups were sedentary 
for most of their work day, with large proportions of the 
day in periods exceeding 30 and 60 minutes. For the 
standing office worker group the obvious difference is 
the much lower exposure to sedentary periods exceeding 
60 minutes. For the teacher group the difference is less 
exposure to sedentary periods exceeding both 30 and 60 
minutes as well as a greater proportion of the day in brief 
(0 < 5minutes) bursts of light activity.

The data were examined for group differences in 
mean values and exposure variability of each of the 3 
proposed EVA derivatives. For each occupational group, 
the variance between subjects, s2

s, and variance between 
days within subject, s2

d, was estimated using ANOVA 
in a standard 1-way hierarchical model with random 
factors.40 Contrasts, CG, between pairs of groups were 
assessed using the index CG = MSΔG/(MSΔG+s2

s), where 
MSΔG is the mean squared deviation of the 2 exposure 
mean values from their common mean,41 adjusted for the 
effect of within-group exposure variability. CG measures 
the diversity of groups (in casu, 2) on a scale from 0 
(groups cannot be discriminated) to 1 (groups differ in 
exposure while subjects within the groups have identical 
exposures). The size of CG is closely related to the number 
of subjects needed to obtain a statistically significant 
difference between groups.42 Thus, for the present case 
of 8 subjects in each group, standard P values for the dif-
ference between each pair of groups were also assessed 

Figure 3 — Exposure variation analysis graphs based on 
accelerometer output (counts/minute) from a whole day for 
Participant 2 (3a), Participant 3 (3b), and Participant 4 (3c), 
in minutes.
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Table 1  Accelerometer Statistics for 1 Day From 4 Participants

Participant 1 Participant 2 Participant 3 Participant 4

Accelerometer count (cpm)

  Mean 427 570 435 864

  Standard deviation 1726 752 1052 1918

Intensity levels (minute[%])

  Sedentary 752 [82.5] 440 [40.5] 543 [70.5] 468 [57.1]

  Light 121 [13.3] 579 [53.3] 175 [22.7] 236 [28.8]

  Moderate 5 [0.5] 67 [6.2] 52 [6.8] 80 [9.8]

  Vigorous 34 [3.7] 0 [0] 0 [0] 36 [4.4]

EVA derivatives (minute [%])

  MV >10 28 [3.1] 0 [0] 12 [1.6] 81 [9.9]

  SB >30 510 [55.9] 0 [0] 151 [19.6] 57 [7]

  BB 0–5 146 [16] 360 [33.1] 240 [31.2] 344 [42]

Abbreviations: EVA, exposure variation analysis; MV, moderate–vigorous; SB, sedentary behavior; BB, brief bursts.

using least square differences post hoc tests in a univariate 
general linear model in SPSS (v19).

As shown in Table 2, the mean exposure to bout 
MVPA (MV >10) was small for all groups, and the groups 
did not differ to any particular extent (F2,21 = 1.79, P = 
.191). This lack of diversity was expected since none of 
the 3 occupations required MVPA in the job. Only the 

standing office workers exhibited a clear exposure vari-
ability between subjects and days, mainly due to 1 subject 
having both a considerably larger mean than the other 7, 
and a large variability between days in MVPA. In contrast, 
for the sustained SB (SB >30) the groups clearly differed 
(F2,21 = 9.32, P = .001), with an expected largest mean 
value for the seated office workers and lowest mean for 

Table 2  Mean Values, Variance Components, and Contrasts for the 3 Exposure Variation Analysis 
Derivatives MV > 10, SB > 30, and BB 0–5 in Each of the 3 Occupational Groups

A. Seated office 
workers

B. Standing office 
workers C. Teachers A vs B A vs C B vs C

MV >10

  Mean 0.9 2.6 0.5

  s2
s 1.0 13.0 0*

  s2
d 1.5 8.7 1.0

  CG – – – 0.02 0* 0.08

  P – – – .179 .681 .085

SB >30

  Mean 37.3 25.7 15.7

  s2
s 129.9 53.6 42.2

  s2
d 66.6 76.6 39.1

  CG – – – 0.23 0.56 0.30

  P – – – .023 <.001 .077

BB 0–5

  Mean 21.8 26.8 34.6

  s2
s 12.2 6.9 0*

  s2
d 20.6 16.3 26.3

  CG – – – 0.36 0.88 0.83

  P – – – .007 <.001 <.001

* Negative value replaced by 0.

Abbreviations: s2
s, s2

d, variance between subjects within group and between days within subject, respectively; CG, contrast between groups; MV, 
moderate–vigorous; SB, sedentary behavior; BB, brief bursts.
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the teachers. Exposure variability was obvious in all 3 
groups both between subjects and between days (noting 
that individual days without exposure to long seated 
periods, SB > 30, enable subjects to have an average 
exposure over 4 days of less than 30 minutes.) The larg-
est differences between the 3 groups were found for brief 
bursts (BB 0–5; F2,21 = 28.24, P < .001). As expected, 
teachers exhibited the largest occurrence of these short-
term variations in activity, and seated office workers the 
least. Groups were very homogeneous for this variable, as 
shown by small between-subject variances, and subjects 
behaved consistently across days, as shown by a quite 
small between-days variance.

Thus, the comparison of the 3 groups using our 
EVA derivatives confirmed expectations on differences 
and similarities, and demonstrated the construct validity 
of those derivatives. In addition, SB > 30 and BB 0–5 
were sensitive to differences between quite small groups 
suggesting adequate sensitivity for use in intervention 
studies. Whether MV > 10 is also sufficiently sensitive 
remains to be documented in studies assessing groups 
known to differ in the occurrence of MVPA.

Discussion

Accelerometry has proven to be a valuable tool for 
PA and SB assessment and has enabled a developing 
understanding of the health impacts of SB and MVPA, 
including the importance of the time pattern of activity. 
However, to date analyses accounting for this pattern have 
largely been restricted to estimating bouts of inactivity 
or activity. While all the EVA cell values and derivatives 
could be calculated separately, we propose that EVA is 
particularly useful as it can be used to assimilate data, 
at both the individual or group level, and to provide a 
comprehensive assessment of MVPA, light activity, and 
SB pattern, assessing both frequency and level of inten-
sity together. Reducing the abundant information from 
accelerometry into meaningful, analyzable information 
has long been recognized as a significant challenge 
for continued effectual accelerometer use,2,24 and we 
believe that not only does EVA achieve this, but is the 
first approach to do so simultaneously for MVPA, light 
activity, and SB with flexibility. This paper has explained 
the use of EVA for accelerometer data using examples 
from 4 individual workers and 3 occupational groups, 
demonstrating its utility and construct validity using the 
known-groups comparison technique.

The thresholds and derivatives outlined are not 
definitive, but provide examples of how EVA can be 
used for PA research. The MV >10 derivative is directly 
equivalent to prior analyses and thus the validity of this 
derivative in terms of being related to health indicators 
is the same as prior measures of MVPA bouts greater 
than 10 minutes.5,7,21 In contrast, SB >30 and BB 0–5 
are novel examples of derivatives that could be aligned 
to SB guidelines. Prior research on sustained SB has 
characterized breaks from SB14,19 but has not specifically 
addressed duration of SB bouts.

The major advantage of EVA is its ability in a single 
analysis to simultaneously capture the time pattern of 
activity at various levels of intensity according to the 
choice of the researcher. The EVA presented here used 
4 levels of intensity—sedentary, light, moderate, and 

Figure 4 — Exposure variation analysis graphs based on cat-
egorized accelerometer output (counts/minute) from (a) seated 
office workers, (b) standing office workers, and (c) teachers in 
proportion of wear time.
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vigorous—but EVA could be designed with any number 
of categories including dichotomous data such as sitting 
vs standing. Analyses of temporal patterns of dichoto-
mous exposures has been presented in several studies of 
occupational muscle activity (“gap” analysis43; “burst” 
analysis44), showing that a temporal analysis even at this 
simplified level can give important information on health 
outcomes. A further advantage of EVA is that the matrix 
and derivatives can be adjusted to match future refine-
ment of PA guidelines. The derivatives are also readily 
translated into public health messages and compliance 
assessed in relevant groups, for example, as when stating 
the proportion of people meeting the suggested guideline 
“avoid sustained periods of SB greater than 30 minutes.”

In this paper, we used data at a 1-minute resolution 
from a single vertical or omnidirectional plane. EVA could 
easily be used with triaxial and shorter epoch data, which 
may provide further valuable information. By using dif-
ferent matrix classifications of time sequences adapted to 
the accelerometer sampling frequency, EVA can be used in 
studies devoted to understanding the occurrence and effects 
of even very short epochs of changed behavior. Thus in 
future studies on the relationships between movement and 
health, EVA matrix formats can be designed specifically 
to suit the variables of interest. Consideration of nonwear 
time definitions should also be given when determining 
EVA duration levels to avoid misclassification.

EVA can be used to examine likely determinants of 
activity such as time of day, place, and task by stratify-
ing data accordingly and computing an EVA and its 
derivatives for each stratum of data. While this does not 
fully capture the real-time aspects of activity, it could, 
for example, compare activity patterns before and after 
school, during work and during leisure, at home and in 
the community, and during computer-based tasks and 
non-information–technology tasks.

It is likely that the important aspects of the pattern 
of PA and SB, and thus appropriate EVA derivatives, are 
different for different health outcomes. Thus, the optimal 
pattern of activity to reduce diabetes risk may be low SB 
>30 exposure, whereas the optimal pattern of activity to 
reduce myocardial infarct risk may be high MV >10 and 
BB 0–5 exposure. By enabling the simultaneous analysis of 
duration and magnitude of activity, EVA derivatives could 
be developed into metrics reflecting compliance with activ-
ity prescriptions targeted to the health risks of individuals.

In conclusion, while EVA has already demonstrated 
utility in occupational electromyographic and posture 
research, we claim that it also offers a comprehensive 
generic method for capturing the time pattern of activity, 
which can be tailored for a wider use in occupational and 
public health research.
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