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The purpose was to examine the agreement (convergent validity) be-
tween six common measures of habitual physical activity to estimate
durations of light, moderate, vigorous, and total activity in a range of
free-living individuals. Over 7 consecutive days, 49 ethnic Chinese (30
men, 19 women), aged 15-55 yr, wore a Polar heart rate monitor, a
uniaxial MTI, and triaxial Tritrac accelerometer, plus a Yamax pedom-
eter for =600 min/day. They also completed a daily physical activity log
and on day 8 a Chinese version of the 7-day International Physical
Activity Questionnaire. At each level of activity, there was good agree-
ment between the two questionnaire-derived instruments and the two
accelerometry-derived instruments, but wide variation across different
instruments, with two- to fourfold differences in mean durations often
seen. The heart rate monitor overestimated light activity and underesti-
mated moderate activity compared with all other measures. Spearman
correlation coefficients were low to moderate (0.2-0.5) across most
measures of activity, with the pedometer showing correlations with total
activity that were often superior to the other movement sensors. We
conclude that, with the use of commonly accepted cut points for defining
light, moderate, vigorous, and total activity, little convergent validity
across the instruments was evident, suggesting these measures are sam-
pling different levels of habitual physical activity and care is needed
when comparing their results. To provide a more stable comparison of
activity among different people, across studies, or against accepted
physical activity promotion guidelines, further work is needed to fine tune
the different cut points across a range of common activity monitors to
provide more consistent results during free-living conditions.

accelerometer; International Physical Activity Questionnaire; log-
book; heart rate; pedometer

A SEDENTARY LIFESTYLE IS A recognized risk factor for cardio-
vascular disease, with sedentary individuals having twice the
risk of becoming overweight or obese (37). The amount of
habitual physical activity accrued by an individual is also
closely associated with all-cause mortality risk (6), yet the
majority of people in many countries do not accumulate suf-
ficient exercise to derive health-related benefits (8). Current
interpretations of the Centers for Disease Control and Preven-
tion-American College of Sports Medicine guidelines suggest
the accumulation of 150 min/wk of moderate exercise to
maintain our health (8), but the addition of vigorous-intensity
exercise further enhances aerobic power (maximum O up-
take), which can decrease both cardiovascular risk (19) and
all-cause mortality risk (6). Therefore, being able to accurately
quantify not only total activity, but ideally the amount of light,
moderate, and vigorous habitual physical activity accrued dur-
ing daily life, will allow researchers to determine the relative

importance of these independent variables in promoting health
and longevity and aid health professionals in designing appro-
priate exercise prescriptions.

A variety of methods exist to quantify levels of habitual
physical activity during daily life, including objective mea-
sures such as heart rate, one- and three-dimensional acceler-
ometry, and pedometry (5, 18), as well as subjective recall
questionnaires like the International Physical Activity Ques-
tionnaire (IPAQ) (8) and physical activity logbooks (PA-log)
(2). Yet all possess some important limitations. Heart rate
monitors (HRMs) have been widely used to quantify physio-
logical stress, but their efficacy at low intensities has been
questioned due to the potential interference of environmental
conditions and emotional stress (4, 14, 18). A wide range of
self-report activity questionnaires exist that are well suited to
large surveillance studies (28) but are limited due to their
reliance on subjective recall (18, 20, 30). PA-logs have the
benefit of relying only on a 24-h recall, but they do not always
provide detailed information on how the participants accumu-
lated their bouts of activity and can take considerable time to
process (2, 18). Pedometers are an inexpensive form of body
motion sensor, yet many fail to measure slow walking speeds
or upper body movements, and most are unable to log data to
determine changes in exercise intensity (14, 18, 33). The most
common accelerometers used in human activity research mea-
sure accelerations either in a vertical plane (uniaxial), or in
three planes (triaxial), with excellent data-logging abilities, but
they typically do not measure nonambulatory or upper body
movements (5, 18, 30) and can show considerable variation in
counts per minute, even at similar intensities (26). Neither
pedometers, accelerometers, nor HRMs provide any informa-
tion on the types of physical activities performed.

Each of these devices is often used in isolation to categorize
light, moderate, and vigorous levels of habitual physical activ-
ity, but to our best knowledge no published study has simul-
taneously examined whether a range of six such instruments
possess convergent validity. Convergent validity is examined
by having several different instruments measure the same
construct, with a high degree of agreement, or concordance
between instruments, indicating good convergent validity. In
this study, we chose to examine the convergent validity from
four objective instruments (a one-dimensional and a three-
dimensional accelerometer, a HRM, and a pedometer), plus
two subjective instruments (a 7-day physical activity recall
questionnaire and a daily PA-log). Some studies have exam-
ined the associations /) between several of these instruments in
controlled laboratory environments (10, 17, 22); 2) in adults
during free-living conditions but using a limited range of
instruments (2, 4, 25, 30, 33, 34); or 3) have used many
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instruments, but on small, homogeneous single-gender groups
(20, 21). The overall findings are somewhat equivocal, al-
though better agreement was generally seen between objective
measures compared with subjective measures. However, to our
knowledge, none has included such a large range of both
objective and subjective measures over a full week of normal
lifestyle activities. The primary purpose of this study was,
therefore, to examine the agreement (convergent validity) be-
tween six commonly available measures of habitual physical
activity to determine the duration of light, moderate, vigorous,
and total activity in a wide range of free-living individuals,
thereby meeting a recently espoused research need (5, 17, 32).
Examining convergent validity across measures was consid-
ered the most appropriate technique, as several reviews, in-
cluding the Surgeon General’s Report, state that no single
suitable “gold standard” criterion measure exists for physical
activity comparisons (18, 36, 39). We hypothesized that there
would be moderate-to-high convergent validity within the four
objective instruments and within the two subjective instru-
ments, but low-to-moderate validity between the objective and
subjective instruments.

METHODS
Subjects

A convenience sample of 57 apparently healthy, native Chinese
speakers were recruited from a large city in China (Hong Kong), with
a wide age range (15-55 yr) and of mixed genders (36 men, 21
women). After the study gained approval from the Institute’s Ethics
Committee, the experimental protocol was explained, and written
consent was received from all subjects. Strict quality requirements
dictated that the data from eight subjects were not included in the final
analysis, leaving a sample of 49 subjects (30 men, 19 women; see
Table 1). For each of 7 consecutive days, every subject was required
to wear all activity monitors for =600 min/day during waking hours
(except when exposed to water) and to complete a daily PA-log, plus
a 7-day physical activity recall questionnaire on day 8. All subjects

Table 1. Subjects’ anthropometric data, the average daily
pedometer scores, and percentage of time spent

in light, moderate, and vigorous activity for

the HRM, Tritrac, and MTI

Combined
Total Male Female

n 49 30 19
Age, yr 28.6 (9.0) 25.6 (8.5) 33.5(7.7)
Height, m 1.67 (0.01) 1.71 (0.01) 1.60 (0.01)
Mass, kg 59.9 (8.3) 64.2 (6.7) 53.1(5.7)
BMI, kg/m? 21.4 (2.5) 21.9 (2.6) 219 (2.4)
Pedometer, steps/day 9,839 (3,088) 9,399 (2,642) 10,534 (3,654)
HRM, %time

Light 35.7 (13.7) 35.2(13.1) 36.4 (14.9)

Moderate 3.5(2.8) 32124 4.1(3.2)

Vigorous 1.0 (1.3) 1.1 (1.6) 0.8 (0.8)
Tritrac, %time

Light 7.22.4) 7.3 (2.6) 7.1 (2.0)

Moderate 5.53.0) 6.0 (3.3) 4.7 (2.5)

Vigorous 0.5 (0.5) 0.4 (0.4) 0.5 (0.7)
MTI, %time

Light 8.0(2.2) 7.7 (2.3) 8.4 (2.0)

Moderate 5.3(3.0) 5.9@3.2) 4.3 (2.6)

Vigorous 0.6 (0.8) 0.7 (0.9) 0.4 (0.5)

Values are means (SD); n, no. of subjects. BMI, body mass index; HRM,
heart rate monitor; Tritrac, Tritrac accelerometer; MTI, MTI accelerometer.
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were asked to engage in their normal daily habits during the measure-
ment period.

Physical Activity Assessment

HRM. The HRM (Team system, Polar Oy, Kempele, Finland),
consisted of an elasticized chest belt that detected and stored the
subject’s mean heart rate every 5 s, up to a maximum of ~11.5 h
continuous recording. Each subject used a new chest belt every day,
and the heart rate data were downloaded using a Polar proprietary
interface and software to a computer for storage. The 5-s epoch HRM
data were screened for nonphysiological values (=215 or =45 beats/
min), with any of these aberrant values being replaced by the average
of the adjacent pre- and postaberrant value (40), and no individual file
was used if the total aberrant data exceeded 3% of the file. The 5-s
data were then averaged into 1-min epochs and processed using
custom-made Excel Visual Basic Macros to identify the time spent in
three activity levels based on published heart rate range (HRR) cut
points (16) using 220 — age (yr) to estimate maximum heart rate and
the mean of the lowest five daily heart rates to estimate resting heart
rate: light activity (20-39.9% HRR), moderate activity (40-59.9%
HRR), and vigorous activity (=60% HRR).

Uniaxial accelerometer (MTI). The MTI accelerometer (model
7164, MTI Actigraph, Fort Walton Beach, FL) was initialized with a
time stamp, a 1-min epoch chosen for data storage, and carefully
secured in the correct orientation in a small pouch that was worn
firmly around the waist on the right side in line with the subject’s
midaxilla. The MTI data were downloaded and stored on a computer
using a proprietary interface and software before being processed
using custom-made Excel Visual Basic Macros to identify the time
spent in three activity levels based on published cut points (13): light
activity [2-2.99 metabolic equivalents (METs) = 693—1,951 counts/
min], moderate activity (3-5.99 METs = 1,952-5,724 counts/min),
and vigorous activity (=6 METs = =5,725 counts/min). Although
various studies have used a minimum cut point of zero for light
activity (24), we, like some (25, 34), used a higher cut point (693
counts/min = 2 METS), to exclude “very light” activity and to be
consistent with the Tritrac, PA-log, and HRM analyses.

Triaxial accelerometer (Tritrac). The Tritrac accelerometer (model
RT3, Stayhealthy, Monrovia, CA) was also initialized with a time
stamp, a 1-min epoch chosen for data storage, and carefully secured in
the same small pouch with the MTI accelerometer. The Tritrac data
were downloaded and stored on a computer using a proprietary
interface and software. The dependent variable was vector magnitude,
which was the square root of the sum of the squared accelerations of
all three axes. The vector magnitude data were processed using
custom-made Excel Visual Basic Macros to identify the time spent in
three activity levels based on published cut points (27): light activity
(650-1,210 counts/min), moderate activity (1,211-2,893 counts/min),
and vigorous activity (=2,894 counts/min).

Pedometer. A pedometer (Yamax SW-700, New-Lifestyles, Lee’s
Summit, MO) was attached to each subject’s belt immediately adja-
cent (anterior or posterior) to the pouch containing the two acceler-
ometers. Subjects were shown how to open, record, and reset the
number of steps aggregated at the end of each day into a logbook.

PA-log. At the end of each day, each subject completed one page
of a seven-page PA-log, recording all activities =10 min that were
grouped into home, occupation, sitting, moderate leisure, vigorous
leisure, transportation, plus “others”, based on a previous format (2).
This required the subjects to circle each activity they participated in,
then to estimate the total duration of each activity, plus record the time
they began each activity. The logs required minimal literacy and could
be completed in <5 min. The completed logs were collected, and each
reported activity was later scored using MET values taken from a
Compendium of Physical Activities (3). For each day, the total
minutes of activity were aggregated by intensity level into sitting,
light (2-2.99 METs), moderate (3-5.99 METs), and vigorous (=6
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METs) activity. Finally, the weekly total duration spent at each
intensity level was generated from the seven completed daily logs.

IPAQ-Chinese version. The IPAQ-C is a Chinese version of the
short, last 7-day interview format questionnaire (8), available in
English (and other languages) at www.ipaq.ki.se. It required the
subjects to complete seven questions on the frequency and duration of
time spent in four domains: walking, in moderate- and vigorous-
intensity activity, plus in sedentary behaviors (sitting and lying
awake). Initially, the IPAQ-C was independently translated from
English by two bilingual experimenters familiar with questionnaires,
and then it was mutually checked and modified by the experimenters
for consistency. The Chinese version was then back-translated into
English by a third independent bilingual experimenter and checked for
any discrepancies by a native English speaker. Each subject com-
pleted the interview-administered IPAQ-C on day § so that its 7-day
recall period coincided with the same 7 days of objective data
collection and the seven daily PA logs. The IPAQ-C data were
presented as the total minutes reported for walking (shown here as
light activity, 3.3 METs), moderate (4 METs), and vigorous (8 METs)
activities.

Data analysis. All data were examined for outlying values, but no
editing was performed, unless a clear data input error had been made
and checked against field/manual records. Unlike the minimum 5-day
requirement of Craig et al. (8), our subjects were required to obtain
data on all 7 days, but the similar =600 min/day of registered time
were required before accelerometry (and HRM) analysis. Analysis
was only performed if a complete 7-day set of data was available for
all measures on all subjects, and this resulted in all data from 8 of the
original 57 subjects being deleted.

Our data processing was similar to other published studies that
have used these same instruments (2, 8, 13, 15), yet this involved
some inconsistency in categorizing intensities across instruments. For
example, walking (3.3 METs) was considered a separate and distinct
activity from moderate activities (=4 METs) in the IPAQ (8), yet it
was classified as moderate activity (3—5.99 METs) by the PA-log (2).
For this reason, we have reported IPAQ walking both individually as
light activity, and like Ainsworth et al. (2) we included it in moderate
IPAQ exercise to permit comparability with the moderate PA-log
data. Similar variations occurred, with vigorous activity being defined
as =6 METs by the PA-log (2) but =8 METs by IPAQ (8). As in the
study of Hallal et al. (15), the total IPAQ activity scores (min) were
calculated as the weighted sum of moderate activity (including walk-
ing), plus twice the minutes of vigorous activity (to reflect the
weightings of 4 METs and 8 METs for moderate and vigorous
activity, respectively). For comparability, this total volume of health-
enhancing physical activity (HEPA-total) was also calculated for the
MTI, Tritrac, HRM, and PA-log data (min/wk) as moderate duration
plus twice the vigorous duration.

Inspection of our physical activity data confirmed it was not
normally distributed; thus Friedman nonparametric tests were used to
simultaneously determine whether significant differences existed be-
tween the measures. When significance was established, follow-up
Wilcoxon nonparametric sign-ranked tests were used to determine
where differences between individual pairs of data existed, with
Holm’s sequential Bonferroni adjustment used to control for Type 1
errors. Nonparametric Spearman correlations were used to examine
the associations between data from pairs of measures. Statistical
analyses were performed using SPSS 11.0, with data shown for
means * SD, unless stated.

RESULTS
Descriptive Results

Descriptive characteristics of the subjects are shown in
Table 1, together with the average number of steps per day
accrued via pedometry and the percentage of time spent in

CONVERGENT VALIDITY OF PHYSICAL ACTIVITY

light, moderate, and vigorous activity measured objectively.
Subjects wore the monitors on average 692 = 58 min (HRM),
840 = 74 min (Tritrac), and 837 = 70 min (MTI), which
represents 72, 88, and 87% of a 16-h waking day. The lower
data collection period for the HRM was due to its 11.5-h
maximum data logging, yet it represented 83% of the average
duration measured by the Tritrac and MTI. Inspection of the
synchronized HRM and MTI records showed that most record-
ings began around 8:00—-8:30 AM, and hence the HRM termi-
nated around 8:00 PM. After 8:00 PM, the MTI records
typically showed very little activity, especially health-enhanc-
ing moderate or vigorous activity. Consequently, the 11.5-h
HRM data captured virtually all of the important daily activity,
allowing a fair comparison between the durations of time
(min/wk) spent in light, moderate, and vigorous with other
measures, although a longer HRM capture period would have
been ideal. The relative percentage of time spent in each
activity level for these three monitors is also shown in Table 1,
with the percentage of time spent in moderate (3—6%) and
vigorous (0.5-1.0%) activity being comparable across all
instruments, yet light activity determined from the HRM
was much higher (36%) compared with the MTI and Tritrac
(7-8%).

Activity durations. Comparisons of the mean * SD duration
of time (min/wk) for the five methods capable of discerning
light, moderate, vigorous, and HEPA-total activity are shown
in Table 2, along with the 25th, 50th (median), and 75th
percentiles due to the nonparametric nature of the data, plus the
P values from Wilcoxon paired comparisons. Knowledge of
the 25th and 75th percentiles can be helpful in defining inten-
sity cut points (24).

The HRM significantly overestimated the mean time spent in
light activity (1,730 min) compared with all other measures,
while the PA-log and IPAQ-C showed similar estimates (978
and 708 min, respectively), and neither differed significantly
from the lower estimates by the Tritrac and MTI (which were
also similar at 426 and 471 min, respectively). In direct
contrast, the HRM produced significantly lower estimates of
mean moderate activity (173 min) compared with all other
measures, while the PA-log and IPAQ-C again were similar
(952 and 854 min, respectively), but significantly higher than
the comparable Tritrac and MTT estimates (311 and 302 min,
respectively). Few significant differences were seen in esti-
mates of vigorous activity, with again the Tritrac and MTI
producing the lowest rank, yet very similar, mean values of 26
and 29 min, respectively. The HRM produced a middle rank of
48 min, with the PA-log and IPAQ-C (84 and 126 min,
respectively) producing the highest mean estimates of vigorous
activity. When HEPA-total activity was calculated (moderate
duration plus twice vigorous duration), again three differing
groupings resulted. The subjective recall-derived data from the
PA-log (1,120 min) and IPAQ-C (1,107 min) were very sim-
ilar, but they were both significantly higher than the almost
identical estimates of 363 and 360 min produced by the Tritrac
and MTI, respectively. The HRM total of 270 min was signif-
icantly lower than all other measures and represented ~75% of
the objective accelerometry-derived values and 25% of the
subjective recall-derived values.

Correlations between instruments. The Spearman rank-order
correlation coefficients between each instrument for light,
moderate, vigorous, and HEPA-total activity are found in
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Table 2. Duration of time spent in each intensity range as determined by the five measurement devices, together with the
25th, 50th, and 75th percentiles, plus the significance test between pairs of measures

Percentiles Significance Testing (Wilcoxon P Values)
Min/wk [mean (SD)] 25th 50th 75th IPAQ-C HRM Tritrac MTI
Light activity
PA-log 975.5 (1474.8) 0.0 30.0 1,782.5 0.773 0.004* 0.395 0.401
IPAQ-Ci 708.0 (557.2) 290.0 480.0 1,050.0 0.000* 0.011 0.044
HRM 1,730.1 (672.0) 1,227.0 1,654.8 2,366.8 0.000* 0.000%*
Tritrac 425.7 (144.1) 320.2 408.0 534.6 0.003*
MTI 471.2 (133.4) 395.2 497.0 565.5
Moderate activity
PA-log 952.7 (638.3) 535.0 770.0 1,397.5 0.036 0.000* 0.000* 0.000*
IPAQ-C§ 854.3 (603.2) 360.0 720.0 1,340.0 0.000%* 0.000%* 0.000%*
HRM 172.7 (135.4) 62.5 123.0 270.2 0.000* 0.000*
Tritrac 311.3 (158.3) 196.5 298.2 399.1 0.778
MTI 301.8 (152.0) 164.2 343.7 408.6
Vigorous activity
PA-log 83.8 (151.4) 0.0 0.0 105.0 0.027 0.907 0.120 0.052
IPAQ-C 126.2 (207.9) 0.0 30.0 180.0 0.156 0.007 0.002*
HRM 48.4 (66.9) 3.6 19.6 58.0 0.070 0.009
Tritrac 26.1(30.5) 2.1 16.1 385 0.459
MTI 28.9 (39.9) 1.0 20.0 28.4
HEPA-total activityt
PA-log 1,120.2 (619.6) 645.0 945.0 1,500.0 0.601 0.000%* 0.000* 0.000%*
IPAQ-C 1,106.7 (637.8) 630.0 900.0 1,590.0 0.000* 0.000* 0.000*
HRM 269.5 (237.9) 102.2 175.7 443.0 0.015% 0.005*
Tritrac 363.6 (196.1) 227.5 332.0 512.0 0.960
MTI 359.6 (200.9) 186.2 354.0 496.6

PA-log, physical activity logbook; IPAQ-C, Chinese version of the International Physical Activity Questionnaire; HEPA-total, total health-enhancing physical
activity. *Significant using Holm’s sequential Bonferroni adjustment. fModerate + (2 X vigorous); fwalking only; §(walking + moderate activity).

Table 3, with the statistically significant correlations remaining
weak to moderate (r = 0.3-0.7). Not surprisingly, similar
patterns of agreement were seen to the activity durations, with
the recall-based IPAQ-C and PA-log showing significant and
moderate correlations (r = 0.6—0.7), except during light ac-
tivity (r = 0.25). Similarly, the accelerometry-based Tritrac
and MTI showed significant and moderate correlations (r =
0.5-0.8) across all ranges of activities. The HRM was gener-
ally poorly correlated with the other measures (r < 0.3), except
during vigorous activity (r = 0.4-0.6) and with the MTI
during HEPA-total activity (r = 0.7). When comparing esti-
mates of HEPA-total activity, the only paired comparisons that
showed reasonable agreement (r > 0.5) were the recall-derived
pairs of PA-log and IPAQ-C and the accelerometry-derived
pairs of Tritrac and MTI.

All Spearman correlations between the average daily pe-
dometer scores (steps/day) and the HEPA-total activity (min)
from the other measures were statistically significant (Table 3).
Moderately weak correlations were found between the pedom-
eter scores and the IPAQ-C, the PA-log, and HRM, while quite
strong correlations were found between the pedometer and
both the Tritrac and the MTIL.

DISCUSSION

The uniqueness of this study is that it not only simulta-
neously compared six different measures (pedometer, PA-log,
IPAQ, HRM, Tritrac, and MTI) that are often used to estimate
levels of habitual physical activity but that it also acquired a
high-quality data set from a reasonable number (n = 49) of

diverse and free-living individuals, each over 7 consecutive
days with >8 h/day of successful monitoring. However, the
participants comprised a convenience sample and were not
necessarily representative of the normal Hong Kong Chinese
population. Many were health professionals (nurses, physical
or occupational therapists, and trainers), although some were
high school students and others were sedentary office workers.
Owing to the high proportion of subjects being active health
professionals, it was neither surprising that the mean number of
steps/day recorded by the pedometer in our study approached
nearly 10,000, nor that only 24% were classified overweight
and none obese (41).

Although converting raw heart rate, pedometer, and accel-
erometer values into units of energy expenditure has some
benefits and is frequently performed (17, 20, 21), this approach
has also been questioned (12, 20), especially as adequate
conversion equations are not available for all ages, and most
have not been validated using free-living activities (26). Since
the conversion into energy expenditure adds a variable error
that does not exist in the raw data (12, 14), we have followed
recommendations (26) by analyzing our data using raw units
and reporting the times accrued above specific intensity cut
points (2, 20). Examining the time accrued above intensity cut
points also allows direct comparisons with common recom-
mendations on physical activity. The disadvantage of this
approach is that it requires intensity cut points that are com-
parable across different instruments, and, until adequate guide-
lines are developed, comparisons across instruments and be-
tween studies will be difficult (23). Existing data suggest
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Table 3. Spearman correlations between the six measures of physical activity

Spearman Correlations (P Values)

IPAQ-C HRM Tritrac MTI Pedometer
Light activity

PA-log 0.251 (0.082) 0.062 (0.670) 0.217 (0.134) 0.213 (0.143)

IPAQ-C¢ 0.238 (0.099) 0.345 (0.015%) 0.371 (0.009°)

HRM 0.099 (0.496) 0.142 (0.330)

Tritrac 0.586 (0.000)

Moderate activity

PA-log 0.679 (0.000°) —0.260 (0.071) 0.322 (0.024%) 0.095 (0.515)

IPAQ-C® —0.108 (0.460) 0.149 (0.307) —0.059 (0.687)

HRM 0.143 (0.325) 0.236 (0.102)

Tritrac 0.772 (0.000P)

Vigorous activity

PA-log 0.722 (0.000°) 0.605 (0.000°) 0.215 (0.138) 0.454 (0.001°)

IPAQ-C 0.555 (0.000°) 0.176 (0.226) 0.441 (0.002°)

HRM 0.358 (0.012%) 0.634 (0.000°)

Tritrac 0.503 (0.000°)

HEPA-total activity®

PA-log 0.596 (0.000) —0.017 (0.910) 0.317 (0.026%) 0.176 (0.226) 0.371 (0.009°)
IPAQ-C 0.241 (0.096) 0.166 (0.254) 0.091 (0.532) 0.300 (0.036%)
HRM 0.274 (0.057) 0.462 (0.001°) 0.371 (0.009°)
Tritrac 0.728 (0.000°) 0.668 (0.000°)
MTI 0.699 (0.000)

P values are in parentheses: *P < 0.05; PP < 0.01. °Moderate + (2 X vigorous); “walking only; ¢(walking + moderate activity).

concordance between these intensity cut points can be wide
(24, 39), leading to requests for further studies examining the
agreement between different monitors during free-living con-
ditions (17, 32, 39), using raw units rather than those of energy
expenditure (12, 20), and to which we feel this paper contrib-
utes significantly.

It was not unexpected that quantifying light physical activity
would create the greatest variation between the five measures,
with over a fourfold difference between both the mean and
median times determined by Tritrac and HRM. That the HRM
produced values that were statistically much higher than all
other measures suggests the current HRM cut points for light-
intensity activities might be too generous, although it is also
possible that periods of emotional excitement may have sup-
plemented this category, especially with younger subjects (4).
The higher duration of light activity measured by the HRM
may also have included significantly more upper body move-
ments that are often missed by waist-mounted accelerometers
(17). However, during moderate-intensity exercise, the 40—
59% HRR cut points from the HRM produced a mean duration
that was significantly much smaller and represented only 20—
60% of the mean durations from all other instruments. Al-
though it may appear these results suggest that consideration
could be given to raising the lower HRR threshold for light
activity from the current 20% HRR (16), to the previous 25%
HRR (36), and lowering the 40% HRR threshold for moderate
activity, a considerable amount of supportive evidence would
first be needed. It is possible that the subjects’ level of aerobic
fitness, which was not controlled for in this study, may have led
to greater variation in the HRM scores, since a more fit person
may have a lower heart rate at a given work rate, even though
the accelerometry scores may not differ. The discrepancies
between these different instruments are also shown by the
percentage of the cohort meeting the guidelines of accumulat-

ing 150 min/wk of moderate activity: HRM 39%, MTI 76%,
Tritrac 82%, PA-log 92%, and IPAQ-C 94%. Although com-
parable inconsistencies in estimating the duration of moderate
activity using three similar methods have been reported (2),
others have shown much better agreement (20, 31), reflecting
a large variability between studies in estimating these types of
activity in free-living subjects (30).

The typically large variances seen in all measures of vigor-
ous activity (our SD values always exceeding the mean values,
Table 2) may have contributed to lack of significant differences
in mean scores, even though they often differed by two- to
threefold. Although the recall-derived measures of vigorous
activity had the highest mean values, they often failed to reach
a significant level of overreporting that has been documented
(31). The HEPA-total activity again showed good consistency
within each type of instrument, but not across different instru-
ments, with the recall-derived scores consistently higher than
the accelerometry-derived scores, and the HRM producing the
lowest scores. It appears our subjects may have consistently
overreported all levels of activity, which differs from the
overreporting of vigorous activity and underreporting of light
activity by similar recall instruments compared with acceler-
ometry data (31). While several studies have data suggesting
overreporting of activity can occur for the IPAQ (7, 11, 29),
others have documented few differences between a common
7-day recall questionnaire and the time accrued in light, mod-
erate, and vigorous activity via MTI and Tritrac (20). Yet when
Leenders et al. (21) converted their data to units of energy
expenditure, both the MTI and Tritrac underestimated the
7-day recall values, further compounding the problems asso-
ciated with converting raw units to those of energy expendi-
ture. Since no gold standard criterion method exists to record
the time spent at various intensities (18, 30, 36), we can,
therefore, only conclude that the questionnaires, accelerome-
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ters, and HRMs (and their associated intensity cut points) used
in this study do not precisely measure the same activity
patterns and lack convergent validity.

The correlation coefficients between each measure showed
considerable variation, but were typically modest in size at
best, and not too dissimilar to other studies (2, 28, 30, 31), but
not as strong as some (20). Of note were the relatively strong
correlations between the PA-log and IPAQ-C, indicating that
the IPAQ-C is an acceptably valid subjective measure of
activity in ethnic Chinese, although its objective validity was
less impressive. The correlation coefficients between the aver-
age daily pedometer scores and the HEPA-total activity esti-
mated by all other instruments were often as good, and fre-
quently larger, than the other between-instrument coefficients.
This finding agrees with previous studies (5, 20) that a simple
and inexpensive pedometer can provide an equally respectable
estimate of total physical activity as other more expensive
movement sensors and supports the contention that these pe-
dometers are well suited to large cross-sectional or interven-
tional studies.

Our results show that the IPAQ-C estimates of time accrued
in light, moderate, vigorous, or HEPA-total activity were not
significantly different from those from the PA-log. The con-
sistency between two different questionnaires involving daily
(PA-log) and weekly (IPAQ-C) recalls might suggest that
overreporting was less likely to have occurred, but it does not
remove this possibility, as activity self-reports are frequently
higher than objective measures (2, 9). Our subjects may have
overreported all activities for both the IPAQ-C and PA-log by
failing to report only activities with durations that exceeded 10
min (29). The high levels of inactivity in Hong Kong popula-
tion (1) may also have contributed to recall overreporting,
since their inactivity could lower fitness levels and lead to
raising their perceived current activity level (2, 31). Thus our
subjects’ interpretation of exercise intensity may not have been
consistent with our objective definitions of activity thresholds
and, therefore, reflects the difficulties of applying the same
rigid intensity cut points to a sample varying in age, gender,
and habitual physical activity level (9, 30).

The relative consistency between the Tritrac and MIT sup-
ports recent reviews (12, 32) that these accelerometers provide
comparable information on physical activity patterns, yet the
HRM often failed to produce values that were consistent with
the other instruments. Such inconsistencies in the objective
measurement of physical activity are quite possibly due to
inequalities in the intensity cut points between instruments.
Until researchers delineate core activities and intensities that
can be used to produce comparable results across different
monitoring devices (24), researchers risk making conclusions
about the activity status of sample populations that could be
biased and quite method specific. The lack of interinstrument
agreement in our study also questions the efficacy of applying
intensity cut points derived from Occidental populations to an
Oriental sample. It seems prudent that population-specific cut
points may be justified in order to avoid the risk of drawing
conclusions based on inappropriate thresholds (18, 30, 38). The
large number of significant differences seen between measures
in Table 2, together with the relatively weak correlations seen
in Table 3, indicates an overall lack of convergent validity
across all measures (with a possible exception for the pedom-
eter compared with other HEPA-total activity scores). This
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result not only highlights the risks associated with drawing
conclusions based on only one measure of physical activity,
but also it makes it difficult to ascertain which measure or
measures are in error, especially as no internationally accepted
criterion or gold standard exists for the measurement of habit-
ual physical activity. It has been suggested that the Intelligent
Device for Energy Expenditure and Activity monitor may have
the potential to serve as a criterion measure (39). The Intelli-
gent Device for Energy Expenditure and Activity monitor is a
portable device that uses five sensors and complex algorithms
to determine dynamically the type, duration, intensity, and
energy expenditure of the current activity with a high degree of
accuracy (42). However, further work with this type of tech-
nology is still required before it is widely accepted.

A number of factors may contribute to the lack of conver-
gent validity in the measurement of habitual physical activity,
including several limitations in the present study. Our study
involved a relatively small convenience sample of Chinese,
with a limited body mass index range, who were generally
quite active. This lack of sample heterogeneity not only limits
the applicability of the results to wider populations but it also
may have reduced the agreement seen between measures.
Inconsistency in the definition of what constitutes light, mod-
erate, and vigorous activity (even when using METs) among
different measurement devices will also decrease the concor-
dance between measures, as will the fact that all of these
devices monitor slightly different aspects of activity (18, 35).
For example, pedometers do not quantify the magnitude of the
vertical movement captured by the one-dimensional MTI, yet
the Tritrac captures three-dimensional movements, but only the
HRM can measure the net cardiovascular (and emotional)
stress of the activity. While the indirect subjective IPAQ-C and
PA-log measures rely heavily on recall and would be expected
to show lower concordance with the objective measures (35),
the lack of an internationally recognized gold standard measure
of habitual physical activity also limits such studies to exam-
ining convergent, rather than criterion, validity.

In summary, these findings show that there is generally an
acceptable consistency in the times accrued at low, moderate,
vigorous, and HEPA-total activity thresholds within similar
types of activity monitor (questionnaire derived; accelerometry
derived), but there is poor agreement (convergent validity)
across the different types of monitor (PA-log, IPAQ-C, HRM,
MTI, and Tritrac). As an estimate of HEPA-total activity for
larger studies, the standard pedometer appears no less valid
than more expensive motion sensors. To provide a stable
template to compare activity profiles among different people,
across studies, or against common activity promotion guide-
lines, further work is needed to fine-tune the cut points across
a range of common activity monitors to ensure that they
provide more consistent estimates of physical activity during
free-living conditions.
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