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Abstract

Background: The quantification of the relationships between walking and health requires that walking is measured
accurately. We correlated different measures of step accumulation to body size, overall physical activity level, and glucose
regulation.

Methods: Participants were 25 men and 25 women American Indians without diabetes (Age: 20-34 years) in Phoenix,
Arizona, USA. We assessed steps/day during 7 days of free living, simultaneously with three different monitors (Accusplit-
AX120, MTI-ActiGraph, and Dynastream-AMP). We assessed total physical activity during free-living with doubly labeled
water combined with resting metabolic rate measured by expired gas indirect calorimetry. Glucose tolerance was
determined during an oral glucose tolerance test.

Findings: Based on observed counts in the laboratory, the AMP was the most accurate device, followed by the MTI and the
AX120, respectively. The estimated energy cost of 1000 steps per day was lower in the AX120 than the MTI or AMP. The
correlation between AX120-assessed steps/day and waist circumference was significantly higher than the correlation
between AMP steps and waist circumference. The difference in steps per day between the AX120 and both the AMP and the
MTI were significantly related to waist circumference.

Interpretation: Between-monitor differences in step counts influence the observed relationship between walking and
obesity-related traits.
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Introduction

The rising prevalence of diseases such as type 2 diabetes,

obesity, heart disease and some cancers has been partially

attributed to a decrease during recent decades in habitual physical

activity [1,2]. Walking is a common mode of physical activity [3],

and is generally safe and requires little training, equipment or

facilities. Thus, walking represents a logical target activity for

health promotion.

Quantifying the relationships between walking and health-

related traits requires accurate measurements of walking. Several

devices are currently available for measuring steps taken, which

vary greatly in complexity and cost. Most devices measure the total

number of steps a person takes during the entire monitoring

period, while some are also capable of storing time-stamped step

counts, which enables analysis of intensity, duration, and

frequency of walking bouts. The most common monitor for

assessing daily step count is a mechanical pedometer [4], although

accelerometers are also often used [5]. Step monitors can be used

in research studies to motivate as well as to measure habitual

physical activity. In several large clinical trials, including the

Diabetes Prevention Program [6] and the Look AHEAD study [7],

the relatively inexpensive hip-worn Accusplit AX120 spring-lever

pedometer was used to motivate participants to walk more. A

recent clinical trial used a pedometer intervention to encourage

individuals with impaired glucose tolerance (IGT) to walk more

[8]. In the DREW study [9] an Accusplit pedometer was used to

measure unstructured physical activity in women randomized to

exercise interventions that differed by time spent exercising. By

contrast, the recent NHANES [10] used a comparatively
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expensive uniaxial accelerometer - the MTI ActiGraph, which in

addition to measuring accelerometry counts is also capable of

measuring steps (as movement frequency) to quantify physical

activity. Another accelerometer-based step monitor is the AMP-

331, which uses a pattern recognition algorithm applied to the

triaxial acceleration waveform signals at the ankle to count steps

taken during walking and running [11]. Some reports have

suggested that during treadmill walking, error in spring-lever

pedometers was greater in participants with higher waist

circumference and BMI such that spring-lever pedometers might

not capture as many steps taken as piezo-electric pedometers [12].

Little is known of how differences in the measurement of steps

taken between monitors affect the interpretation of the relation-

ships between walking and health outcomes.

The aim of this study was to examine how the relationship

between steps per day and body size, glucose regulation, and

adjusted physical activity level during free living differed between

three different step counting monitors.

Materials and Methods

Following a recruitment campaign in the Phoenix metropolitan

area, 27 men and 27 women aged 20–34 years of $50%

American Indian ancestry attended the National Institutes of

Health Clinical Research Center (CRC) in Phoenix, AZ, at 7:00

am on two occasions separated by a 7-day period of free-living

observation. Participants provided written informed consent and

underwent a detailed medical screen to evaluate the risk of

participation. The institutional review boards of the National

Institute of Diabetes and Digestive and Kidney Diseases and the

Phoenix Area Indian Health Service approved the protocol. No

participants were taking medicines for treatment of hyperglycemia

or high blood pressure.

Clinical Measures
Participants arrived at the CRC after a 10-hr overnight fast.

Blood was drawn before and 2 hours after a 75 g oral glucose

challenge for assessment of glucose tolerance according to World

Health Organization diagnostic criteria [13]. One enrolled

volunteer (out of 54 total enrolled) had fasting and 2-hr blood

glucose concentrations consistent with a diagnosis of diabetes and

was thus excluded from further participation.

Standard anthropometric data were collected by trained

observers with participants in a hospital gown and no shoes.

Height and weight were measured using a rigid stadiometer and

calibrated scale. The weight of the hospital gown was subtracted

from each individual’s body weight. Body composition was

assessed using a calibrated fan beam dual-x-ray absorptiometer

(DXA; Prodigy, GE/Lunar Co.).

Energy expenditure
Resting energy expenditure. Resting energy expenditure

(REE) was assessed shortly after arrival at the CRC on the final

morning of measurement using a Parvo Medic TrueOneH 2400

(Parvo Medic, Salt Lake City, UT, USA) open-circuit metabolic

cart configured for the assessment of resting respiratory gas

concentrations using a ventilated hood. The machine was

calibrated against gases of known composition (0.03% CO2,

20.94% O2, remainder N2) on the morning prior to each test by a

trained experimenter. Participants were fitted with a metabolic

hood while lying on a bed in a quiet room and were instructed not

to sleep, speak or move during the test. The total measurement

time was 45 minutes, but the first 7 minutes of data for all tests

were excluded to allow for metabolic stabilization and the

remaining test data were averaged for each individual.

TEE from doubly-labeled water. Total free-living energy

expenditure was assessed with doubly-labeled water (DLW) using

methods previously described [14]. Participants provided a

baseline urine sample on admission to the clinic in the morning

of the first visit. In the late morning of the same day, the

participants voided and drank a 1.9 g dose of DLW (0.0896 g
2H2O and 0.181 g H2

18O in a 1:20 ratio of 2H: 18O per kg of total

body water as estimated from body weight and height). Repeat

urine samples were then collected 2 hr, 3.5 hr, and 5 hr after

dosing while the participant remained at the CRC. Seven days

later, the participant returned to the clinic in the morning after an

overnight fast and provided two additional timed urine samples

collected during the ensuing 4 hrs. The 18O and 2H isotopic

enrichments in the urine samples were measured shortly after

collection. Mean daily CO2 production (rCO2 in moles/day) was

calculated, from which total daily energy expenditure (TEE) was

derived assuming a food quotient of 0.87.

Physical Activity Level and Physical Activity Energy

Expenditure. Physical activity energy expenditure (PAEE) in

kilocalories/day was calculated as (0.9*TEE – REE). Adjusted

physical activity level (adjusted PAL) was calculated as the residual

of a regression predicting TEE from REE [15]. The purpose of the

adjusted PAL is to make physical activity comparisons between

individuals of differing body size, but avoid the drawbacks

inherent in the use of ratios [16].

Physical activity monitors
Three different monitors, all capable of measuring steps, were

used for both laboratory and free-living conditions; the hip-worn

Accusplit AX120 spring-lever pedometer (San Jose, California,

USA), the hip-worn MTI ActiGraph model 7164 uniaxial

accelerometer (Fort Walton Beach, Florida, USA), and the

ankle-worn Dynastream AMP-331 triaxial accelerometer (Co-

chrane, Alberta, Canada). The step counting feature of the MTI

(or its predecessor the CSA) has been used as a criterion measure

to determine pedometer accuracy in free-living conditions [17].

The AMP is specifically designed to assess additional dimensions

of locomotion, including speed and stride length. While the MTI

and AMP have additional capabilities, in this investigation, only

the total steps measures were compared.

Assessment of monitor step count accuracy (laboratory)
The participants underwent a walk test. Each participant was

fitted with the monitors and instructed to walk at a self-selected

pace around a 6-lap level and even course on the hospital floor

(540 meters total distance). The AX120 and MTI were both

attached to a neoprene belt, the MTI was positioned at the level of

mid-axillary and the AX120 was positioned at the level of the mid-

thigh. The AMP was placed in a manufacturer provided sleeve

that was worn around the ankle over the participant’s sock. During

the test, a trained observer ensured that the participant neither

deviated from the course nor was in any way prevented from

walking at his or her chosen pace. The observer recorded the

number of steps taken using a thumb-click unit counter. The

absolute discrepancy for each monitor was determined as the

median absolute value of ((steps detected – observed steps)/

observed steps) 6100%.

We calculated a signed discrepancy score for each monitor to

assess the relationships between monitor step counts and observed

step counts, as well as step counts between the monitors. We also

calculated signed discrepancy scores to assess how measurement in

the laboratory setting compared with measurement in free living.

Step Count Differences and Body Size
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To compare measurement discrepancies between the monitors

in the laboratory versus free living we calculated discrepancy

scores that did not use observed steps. The laboratory discrepancy

scores were calculated as ((AX120 step counts – AMP step

counts)/AMP step counts); ((MTI step counts – AMP step counts)/

AMP step counts); and ((AX120 step counts – MTI step counts)/

MTI step counts). The free-living discrepancy scores were

calculated as ((AX120 steps/day – AMP steps/day)/AMP steps/

day); ((MTI steps/day – AMP steps/day)/AMP steps/day); and

((AX120 steps/day – MTI steps/day)/MTI steps/day).

Assessment of steps taken during free-living
Steps/day were measured with the AX120, MTI, and AMP

during a 7-day free living test period. The participants were

instructed to wear the monitors in the same configuration as

during the walk test. Participants were advised not to remove the

AX120 or MTI from the belt and to remove the belt and AMP for

sleep and periods of water immersion. For this investigation, we

assumed that the AX120 was worn (or not worn) simultaneously

with the other monitors. We used previously published methods to

discern non-wear periods in the MTI [18]. Briefly, this method

uses periods of near-continuous zero counts lasting at least 60

minutes to discern non-wear. We also examined the time-stamped

output of the AMP to verify that no steps were counted during

periods of MTI non-wear. We did not include any days with less

than 10 hours of wear (according to the MTI) in the analysis. We

assumed that non-wear time was spent in sedentary behaviour (not

in locomotion). Participants were given a diary with space to

Table 1. Descriptive characteristics of participants.

Variable Men Women

N 25 25

Age (years) 26.8 (24.0, 31.1) 24.9 (23.0, 29.7)

Height (cm) 178.7 (175.0, 183.1) 163.4 (161.4, 167.6)

Weight (kg) 94.6 (82.6, 117.5) 68.7 (63.1, 73.4)

Waist circumference (cm) 105.0 (92.0, 120.7) 85.4 (80.0, 92.0)

BMI (kg/m2) 30.0 (26.4, 36.6) 25.6 (23.4, 27.8)

Body fat (%) 35.5 (29.1, 42.3) 35.4 (31.9, 41.4)

Total energy expenditure (kcal/d) 3580 (3453, 3825) 2392 (2088, 2560)

Resting energy expenditure (kcal/d) 1890 (1673, 2108) 1288 (1200, 1458)

Physical activity energy expenditure (kcal/d) 1358 (1120, 1482) 764 (687, 930)

Walking speed during walk test (km/h) 4.74 (4.37, 5.12) 4.82 (4.54, 5.40)

Steps/day from AX120 (hip-worn pedometer) 5668 (3865, 7988) 5516 (4178, 7876)

Steps/day from MTI (hip-worn accelerometer) 10064 (7671, 12536) 8824 (7282, 10467)

Steps/day from AMP (ankle-worn accelerometer) 8585 (5761, 11029) 6865 (6115, 8311)

Statistics are medians (25th, 75th percentile).
doi:10.1371/journal.pone.0018942.t001

Table 2. Discrepancy scores for three different objective methods for assessing steps.

Men Women

N 25 25

Absolute
Discrepancy

Signed
Discrepancy

Absolute
Discrepancy

Signed
Discrepancy

540m laboratory walk test

AMP steps versus observed steps 0.5 (0.1, 1.1) -0.1 (-0.8, 0.5) 0.3 (0.0, 0.9) 0.0 (-0.4, 0.5)

AX120 steps versus observed steps 3.6 (1.3, 11.7) 0.1 (-5.6, 1.6) 4.4 (0.5, 10.8) -1.6 (-8.8, 0.1)

MTI steps versus observed steps 5.6 (2.6, 9.8) -0.1 (-5.6, 5.5) 7.5 (3.2, 11.4) 2.8 (-3.8, 8.4)

AX120 walk versus AMP steps 4.4 (1.6, 11.4) -1.8 (-6.4, 1.3) 3.7 (0.8, 9.5) -0.6 (-8.4, 0.9)

MTI steps versus AMP steps 4.9 (3.0, 9.0) 0.0 (-4.9, 4.7) 6.2 (3.3, 11.1) 4.2 (-2.1, 8.7)

AX120 steps versus MTI steps 6.0 (2.0, 17.8) -2.0 (-10.5, 1.1) 10.4 (7.1, 16.1) -7.7 (-16.6, -1.2)

Free-living

AX120 steps/day versus AMP steps/day 26.6 (12.0, 41.5) -26.6 (-41.5, -12.0) 22.5 (11.3, 28.5) -22.0 (-28.5, -9.6)

MTI steps/day versus AMP steps/day 17.4 (8.8, 30.6) -16.4 (-22.9, -7.6) 18.0 (13.9, 28.0) -18.7 (-29.9, -13.5)

AX120 steps/day versus MTI steps/day 20.2 (7.6, 32.1) -11.4 (-30.4, 2.2) 15.2 (8.6, 26.3) 7.9 (-9.1, 15.7)

Statistics are medians (25th, 75th percentile) percent difference.
doi:10.1371/journal.pone.0018942.t002
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record details about monitor wear and removal during the free-

living period. Participants were asked to indicate time and reason

for device removal in the provided activity diary. According to the

diaries kept by volunteers, only one participant engaged in an

activity in which the monitors could not be worn. This participant

reported one episode of swimming during the study period,

described as ‘‘lounging at a pool’’ (i.e. not swimming for exercise).

Statistical analysis
Spearman correlations, partialled for age and sex, were used to

test the associations between steps counted by each monitor and

body size, glucose regulation, adjusted PAL, and PAEE. We also

tested the equality of the correlations between monitors and each

of the body size, glucose regulation, and physical activity measures

[19]. The slope between PAEE and 1000 steps per day was

calculated for each monitor using generalized linear models.

Statistical significance was defined as a p-value #0.05 for all

statistical tests. All statistical analyses were performed using SAS

version 9.2 (SAS Institute, Cary, NC).

Results

Complete data were available for 50 participants (25 women),

characteristics of whom are shown in Table 1. One participant

was unable to complete the walk test, data could not be retrieved

from one AMP monitor and one MTI monitor. Of the men, 48%

were obese (BMI $30 kg/m2). Of the women, 20% were obese.

The mean (range) wear time for the MTI was 14.1 (11.4–16.0)

hours per day for women and 14.7 (12.3–18.4) hours per day for

men.

The median (25th, 75th centiles) step count discrepancies

between monitors are shown in Table 2. The 3–6 fold differences

between laboratory comparisons and free-living comparisons

indicate that step count differences are much greater in the free-

living environment than in the controlled laboratory walk test.

Figure 1 shows the Bland-Altman plots of the pairwise

comparisons of the difference in steps/day measured by each of

the monitors plotted by the average steps/day. The AX120

generally undercounted relative to either of the other step

counters. The difference in steps/day was not significantly related

to the average steps/day for any of the pair wise comparisons.

Figure 2 shows the correlations between the pairwise percent

difference in steps/day during the free living trial and waist

circumference. The difference in steps/day measured by the

AX120 was significantly negatively related to waist circumference

when compared to either of the other monitors.

Table 3 shows the Spearman correlation coefficients for free-

living steps/day and the metabolic health parameters. In general,

AX120 and MTI steps/day were inversely related to indicators of

obesity, whereas corresponding correlations with AMP steps/day

were weaker and not statistically significant. Fasting glucose was

inversely related to all step measures but differences between

correlations did not reach statistical significance.

Steps/day as measured by MTI or AMP were both significantly

positively related to physical activity measures from doubly-labeled

water, and more strongly so than the AX120. Table 4 shows the

results of simple linear regressions predicting PAEE from steps

counts from each of the monitors. Both the AMP and the MTI

step counts were significant correlates of PAEE while AX120 step

counts were not.

Discussion

Pedometers and other types of step counters have been used

widely to measure physical activity [9,10,20,21] but vary

considerably in accuracy, with the AMP accelerometer and the

MTI accelerometer thought to be among the most accurate

monitors for step counting [17,22]. Accuracy is often assessed

during short walking tests done on treadmills or other lab-based

settings. In these lab-based studies error in spring-lever devices has

been shown to be positively associated with BMI, walking speed,

and pedometer tilt [12,23,24]. It is plausible that due to

placement, an ankle-worn accelerometer (e.g., the AMP) would

not be as prone to error related to body size as a hip-worn spring-

lever pedometer (e.g., the AX120). Indeed, the AMP was the most

accurate of the instruments compared with observed steps in the

laboratory-based walk test. A different ankle-worn step counting

device (Stepwatch) was more accurate than hip-worn devices

adults [22] and in normal and overweight children at walking

speeds greater than 0.3 kph [23] in laboratory-based tests. In our

investigation the step counting discrepancies were considerably

larger in the 7-day free living trial compared with the 540m

walking test in the clinical research center. This highlights the

difficulty in using laboratory-based tests to draw conclusions about

step counter accuracy in free living.

Comparison of devices in free living are often only conducted

over a 24 hour measurement period [12,17,22]. These studies

consistently find that spring-lever pedometers are less accurate

than either piezo-electric pedometers or accelerometry-based

devices. In a recently published paper, error for a spring-lever

pedometer (similar to the AX120 we used), defined as discrepancy

from steps counted by an ankle-worn device, was positively related

to BMI, such that the spring-lever device undercounted steps to a

greater extent in obese individuals during 7 days of free-living [26].

This is consistent with our finding. The differences between

AX120 steps/day and AMP steps/day as well as AX120 steps/day

and MTI steps/day were significantly related to waist circumfer-

ence. Our study included individuals with a wide range of body

sizes. The relationship between undercounting by the AX120 and

waist circumference would be more difficult to detect in a sample

that only included individuals with a more narrow range of body

sizes, particularly if all the participants were of normal BMI and

waist circumference. It is unclear why the AX120 undercounted

relative to the other devices to a greater extent in individuals with

a greater waist circumference. Free-living walk speed (as estimated

by the AMP) was not significantly related to waist circumference in

our study (data not shown). It is possible that other differences in

walking biomechanics, patterns of walking, or the impact of waist

circumference on the tilt of the device might influence steps

captured by the AX120.

We show here that estimates of daily step accumulation vary

considerably between monitors worn simultaneously during free

Figure 1. Bland-Altman plots of agreement between free-living steps per day. The pairwise comparisons of the difference between steps
per day (shown in 1000 steps per day) plotted by the average steps per day. The correlation coefficients and 95% confidence intervals are for the
relationship between the difference in steps per day between the monitors and the average steps per day of the monitors. A significant correlation
indicates significant heteroscedasticity. Figure 1A shows the difference between the AX120 hip-worn pedometer and the AMP-331 ankle-worn
accelerometer by the average of the AX120 and AMP steps per day. Figure 1B shows the difference between MTI hip-worn accelerometer and AMP-
331 ankle-worn accelerometer steps per day by the average of MTI and AMP steps per day. Figure 1C shows the difference between MTI hip-worn
accelerometer and AX120 hip-worn pedometer steps per day by the average of MTI and AX120 steps per day.
doi:10.1371/journal.pone.0018942.g001
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living. This suggests that applying a determination about physical

activity level using generic steps per day thresholds can result in

different activity classifications based on the device used. A better

approach to activity classification by steps per day would be to

identify steps per day thresholds that are unique to the monitor

used.

The correlations between the steps/day and measures of obesity

were significantly different when using the AMP versus the

AX120. The correlations between steps/day and PAEE were

significantly different for the AMP versus the AX120 as well as

between the AX120 and the MTI. Additionally, while the MTI

and AMP step counts were each significant correlates of PAEE,

the AX120 step counts were not. This suggests that it would be

harder to detect changes in energy expenditure based on changes

in steps per day using the AX120. This is relevant if the AX120

was to be used to set physical activity goals to increase daily

physical activity energy expenditure. Daily step accumulation has

been related with various measures of obesity [20,21,27,28] and

walking interventions are associated with favorable changes in

cardiovascular risk factor profiles [29]. As shown in short walking

tests, the Accusplit AX120 and other pedometers are susceptible to

measurement error [17,30,25,24]. Our results suggest that these

correlations may be specific to the monitor used and might not be

replicated with monitors that are believed to be more accurate.

Our results also suggest that measurement accuracy impacts on

the observed dose-response relationships between steps per day

and health outcomes; this is somewhat concerning if an inaccurate

measure was used to establish public health recommendations.

In the Diabetes Prevention Program and other clinical trials,

pedometers were predominantly used to motivate participants.

Recent research has suggested that the addition of a pedometer to

a walking intervention was associated with a significant improve-

ment in glucose tolerance compared to an intervention without

using pedometers in individuals with IGT [8]. It is unclear if the

accuracy of the step counting device used to motivate participants

has an impact on intervention efficacy. We are unaware of any

study assessing the impact of the accuracy of feedback of a physical

activity monitor on intervention efficacy. Given the important

ramifications for using step counting devices to motivate increased

physical activity behavior we feel that this is an area that deserves

future study. Devices such as the AMP and MTI may not be useful

devices to motivate participants, because neither provides user

feedback in the form of a real time display of steps taken. Spring-

levered pedometers (such as the AX120) cost much less than

accelerometers (such as the MTI and AMP). All of these factors

must be taken into account when choosing a step monitor.

In conclusion, randomized clinical trials have shown the efficacy

of lifestyle modification to prevent or delay the onset of type 2

diabetes in high-risk populations [2,31]. Although these studies

show convincingly that lifestyle modification decreases diabetes

risk, little is known of the mechanisms that underlie this effect. To

elucidate these mechanisms will likely require the application of

accurate and precise measures of physical activity to appropriately

designed studies. Therefore, the magnitude of the measurement

error and the types of bias that are characteristic of different

physical activity monitors should be considered when planning

Figure 2. Relationship between differences in steps per day and waist circumference. The difference in steps per day, expressed as a
percent difference, is plotted by waist circumference. The correlation coefficients and 95% confidence intervals are for the relationships between
percent difference in steps per day and waist circumference. A significant correlation indicates a relationship between percent difference in steps per
day and waist circumference. Figure 2A shows the relationship between the percent difference in AX120 hip-worn pedometer and the AMP-331
ankle-worn accelerometer (expressed as a percentage of the AMP-331) steps per day and waist circumference. Figure 2B shows the relationship
between the percent difference in AMP-331 ankle-worn accelerometer and MTI hip-worn accelerometer (expressed as a percentage of the MTI) steps
per day and waist circumference. Figure 2C shows the relationship between the percent difference in AX120 hip-worn pedometer and the MTI hip-
worn accelerometer (expressed as a percentage of the MTI) steps per day and waist circumference.
doi:10.1371/journal.pone.0018942.g002

Table 3. Associations between steps taken and metabolic health outcomes.

Measure

AX120 (hip-worn pedometer)
steps/day

MTI (hip-worn accelerometer) steps/
day

AMP (ankle-worn accelerometer) steps/
day

r (95% CI) r (95% CI) r (95% CI)

BMI -0.38 (-0.59 to -0.11) -0.25 (-0.50 to 0.04) -0.21 (-0.46 to 0.08) a

Weight -0.41 (-0.62 to -0.15) -0.33 (-0.56 to -0.04) -0.24 (-0.49 to 0.05) a

Waist circumference -0.43 (-0.63 to -0.15) -0.26 (-0.51 to 0.03) -0.18 (-0.44 to 0.10) a

Fat mass -0.41 (0.62 to -0.15) -0.27 (-0.52 to -0.02) -0.17 (-0.43 to 0.12) a

Fat-free mass -0.25 (-0.50 to 0.05) -0.24 (-0.49 to 0.04) -0.22 (-0.47 to 0.06)

Fasting glucose -0.44 (-0.64 to -0.17) -0.40 (-0.61 to -0.12) -0.30 (-0.54 to -0.01)

Two hour glucose -0.23 (-0.49 to 0.06) -0.09 (-0.37 to 0.20) -0.16 (-0.43 to 0.13)

Fasting insulin -0.18 (-0.46 to 0.12) -0.17 (-0.44 to 0.14) -0.17 (-0.44 to 0.14)

Adjusted PAL 0.34 (0.05 to 0.57) 0.44 (0.17 to 0.64) 0.43 (0.16 to 0.63)

PAEE 0.18 (-0.10 to 0.43) 0.47 (0.21 to 0.66) b 0.42 (0.15 to 0.62)a

Spearman correlations between steps/day and BMI are partialled for age and sex, all other correlations are additionally partialled for height.
ap#0.05 for difference between AMP and AX120.
bp#0.05 for difference between AX120 and MTI.
doi:10.1371/journal.pone.0018942.t003
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studies and interpreting data on the relationship between physical

activity and health outcomes.

Acknowledgments

The views expressed in this paper are those of the authors and do not

necessarily represent those of the National Institutes of Health or the

Indian Health Service. We thank the volunteers for participating in this

study, and Toricellas Begay, Inge Harper, Jill Loebel, Shandiin Begay,

Carol Massengill, Dr. Jonathan Krakoff, and the other staff at the Obesity

and Diabetes Clinical Research Section in Phoenix and Dr. Richard

Troiano of the National Cancer Institute for their expert technical

assistance.

Author Contributions

Conceived and designed the experiments: JP SB JMC PDS WCK PWF.

Performed the experiments: JP SB JMC PWF. Analyzed the data: JP PWF.

Wrote the paper: JP SB PDS WCK PWF.

References

1. Booth FW, Gordon SE, Carlson CJ, Hamilton MT (2000) Waging war on
modern chronic diseases: primary prevention through exercise biology. J Appl

Physiol 88: 774–787.
2. Knowler WC, Barrett-Connor E, Fowler SE, Hamman RF, Lachin JM, et al.

(2002) Reduction in the incidence of type 2 diabetes with lifestyle intervention or

metformin. N Engl J Med 346: 393–403.
3. Simpson ME, Serdula M, Galuska DA, Gillespie C, Donehoo R, et al. (2003)

Walking trends among U.S. adults: The Behavioral Risk Factor Surveillance
System, 1987-2000. American Journal of Preventive Medicine 25: 95–100.

4. Tudor-Locke C, Williams JE, Reis JP, Pluto D (2004) Utility of pedometers for
assessing physical activity: construct validity. Sports Med 34: 281–291.

5. Sirard JR, Melanson EL, Li L, Freedson PS (2000) Field evaluation of the

Computer Science and Applications, Inc. physical activity monitor. Med Sci
Sports Exerc 32: 695–700.

6. The Diabetes Prevention Program Research Group (2002) The Diabetes
Prevention Program (DPP): Description of lifestyle intervention. Diabetes Care

25: 2165–2171.

7. The Look AHEAD Research Group (2003) Look AHEAD (Action for Health in
Diabetes): design and methods for a clinical trial of weight loss for the prevention

of cardiovascular disease in type 2 diabetes. Controlled Clinical Trials 24:
610–628.

8. Yates T, Davies M, Gorely T, Bull F, Khunti K (2009) Effectiveness of a

pragmatic education programme aimed at promoting walking activity in
individuals with impaired glucose tolerance: a randomized controlled trial.

Diabetes Care: -.
9. Church TS, Earnest CP, Skinner JS, Blair SN (2007) Effects of Different Doses

of Physical Activity on Cardiorespiratory Fitness Among Sedentary, Overweight
or Obese Postmenopausal Women With Elevated Blood Pressure: A

Randomized Controlled Trial. JAMA 297: 2081–2091.

10. Sisson SB, Camhi SM, Church TS, Tudor-Locke C, Johnson WD, et al. (2010)
Accelerometer-Determined Steps/Day and Metabolic Syndrome. American

Journal of Preventive Medicine 38: 575–582.
11. Darter BJ, Janz KF, Puthoff ML, Broffitt B, Nielsen DH (2006) Reliability and

Accuracy of the AMP 331 for Activity Monitoring and Energy Expenditure

Prediction in Young Adults. Journal of Physical Activity & Health 3: 277.
12. Crouter SE, Schneider PL, Bassett DR (2005) Spring-levered versus piezo-

electric pedometer accuracy in overweight and obese adults. Med Sci Sports
Exerc 37: 1673–9.

13. World Health Organization (1999) Definitions, Diagnosis and Classification of
Diabetes Mellitus and its Complications: Part 1: Diagnosis and Classification of

Diabetes Mellitus.

14. Ravussin E, Harper IT, Rising R, Bogardus C (1991) Energy expenditure by
doubly labeled water: validation in lean and obese subjects. Am J Physiol 261:

E402–9.
15. Frisard MI, Fabre JM, Russell RD, King CM, DeLany JP, et al. (2007) Physical

Activity Level and Physical Functionality in Nonagenarians Compared to

Individuals Aged 60 74 Years. J Gerontol A Biol Sci Med Sci 62: 783–788.

16. Allison DB, Paultre F, Goran MI, Poehlman ET, Heymsfield SB (1995)
Statistical considerations regarding the use of ratios to adjust data. Int J Obes

Relat Metab Disord 19: 644–52.
17. Le Masurier GC, Lee SM, Tudor-Locke C (2004) Motion sensor accuracy under

controlled and free-living conditions. Med Sci Sports Exerc 36: 905–10.

18. Matthews CE, Chen KY, Freedson PS, Buchowski MS, Beech BM, et al. (2008)
Amount of Time Spent in Sedentary Behaviors in the United States, 2003-2004.

Am J Epidemiol 167: 875–881.
19. Kleinbaum DG, Kupper LL, Muller KE, Nizam A (1988) Testing for the

Equality of Two Correlations. In: Applied regression analysis and other
multivariable methods. Boston, MA, USA: PWS Publishing Co. pp 99–100.

20. Chan CB, Spangler E, Valcour J, Tudor-Locke C (2003) Cross-sectional

Relationship of Pedometer-Determined Ambulatory Activity to Indicators of
Health. Obesity 11: 1563–1570.

21. Storti KL, Arena VC, Barmada MM, Bunker CH, Hanson RL, et al. (2009)
Physical Activity Levels in American-Indian Adults: The Strong Heart Family

Study. American Journal of Preventive Medicine 37: 481–487.

22. Karabulut M, Crouter SE, Bassett DR (2005) Comparison of two waist-mounted
and two ankle-mounted electronic pedometers. European Journal of Applied

Physiology 95: 335–343.
23. Mitre N, Lanningham-Foster L, Foster R, Levine JA (2009) Pedometer Accuracy

for Children: Can We Recommend Them for Our Obese Population? Pediatrics

123: e127–131.
24. Melanson EL, Knoll JR, Bell ML, Donahoo WT, Hill JO, et al. (2004)

Commercially available pedometers: considerations for accurate step counting.
Prev Med 39: 361–8.

25. Foster RC, Lanningham-Foster LM, Manohar C, McCrady SK, Nysse LJ, et al.
(2005) Precision and accuracy of an ankle-worn accelerometer-based pedometer

in step counting and energy expenditure. Prev Med 41: 778–83.

26. Tyo BM, Fitzhugh EC, Bassett DR, John D, Feito Y, et al. (2011) Effects of body
mass index and step rate on pedometer error in a free-living environment. Med

Sci Sports Exerc 43: 350–356.
27. Tudor-Locke C, Ainsworth BE, Whitt MC, Thompson RW, Addy CL, et al.

(2001) The relationship between pedometer-determined ambulatory activity and

body composition variables. Int J Obes Relat Metab Disord 25: 1571–1578.
28. Wyatt HR, Peters JC, Reed GW, Barry M, Hill JO (2005) A Colorado statewide

survey of walking and its relation to excessive weight. Medicine and Science in
Sports and Exercise 37: 724–30.

29. Murphy MH, Nevill AM, Murtagh EM, Holder RL (2007) The effect of walking
on fitness, fatness and resting blood pressure: a meta-analysis of randomised,

controlled trials. Prev Med 44: 377–385.

30. Schneider PL, Crouter SE, Lukajic O, Bassett DR (2003) Accuracy and
reliability of 10 pedometers for measuring steps over a 400-m walk. Med Sci

Sports Exerc 35: 1779–84.
31. Tuomilehto J, Lindström J, Eriksson JG, Valle TT, Hämäläinen H, et al. (2001)
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