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Abstract

Activity monitors such as the Actical accelerometer, the Sensewear armband, and the Intelligent 

Device for Energy Expenditure and Activity (IDEEA) are commonly validated against gold 

standards (e.g., doubly labeled water, or DLW) to determine whether they accurately measure total 

daily energy expenditure (TEE) or activity energy expenditure (AEE). However, little research has 

assessed whether these parameters or others (e.g., posture allocation) predict body weight change 

over time. The aims of this study were to (i) test whether estimated energy expenditure or posture 

allocation from the devices was associated with weight change during and following a low-calorie 

diet (LCD) and (ii) compare free-living TEE and AEE predictions from the devices against DLW 

before weight change. Eighty-seven participants from 2 clinical trials wore 2 of the 3 devices 

simultaneously for 1 week of a 2-week DLW period. Participants then completed an 8-week LCD 

and were weighed at the start and end of the LCD and 6 and 12 months after the LCD. More time 

spent walking at baseline, measured by the IDEEA, significantly predicted greater weight loss 

during the 8-week LCD. Measures of posture allocation demonstrated medium effect sizes in their 

relationships with weight change. Bland–Altman analyses indicated that the Sensewear and the 

IDEEA accurately estimated TEE, and the IDEEA accurately measured AEE. The results suggest 

that the ability of energy expenditure and posture allocation to predict weight change is limited, 

and the accuracy of TEE and AEE measurements varies across activity monitoring devices, with 

multi-sensor monitors demonstrating stronger validity.
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Résumé
Les moniteurs d’activité tels que l’accéléromètre Actical, le brassard Sensewear et le dispositif 

IDEEA (Intelligent Device for Energy Expenditure and Activity) sont généralement validés au 

moyen de tests de référence (p. ex., eau doublement marquée ou DLW), et ce, pour vérifier s’ils 

mesurent avec précision la dépense énergétique totale au cours d’une journée (TEE) ou la dépense 

énergétique durant une activité (AEE). Toutefois, peu d’études traitent de ces paramètres ou autres 

(p. ex. assignation posturale) pour la prédiction de la variation de la masse corporelle avec le 

temps. Cette étude a pour objectif : (i) vérifier si la dépense énergétique et l’assignation posturale 

estimées par ces instruments sont associées à la variation de la masse corporelle durant et à la suite 

d’un régime hypocalorique (LCD) et (ii) comparer les prédictions de TEE et de AEE d’individus 

libres de leur mouvement au moyen de ces instruments comparativement à DLW avant la 

modification de la masse corporelle. Quatre-vingt-sept participants dans deux essais cliniques 

portent deux de ces trois instruments en même temps durant une semaine sur deux lors de 

l’utilisation de DLW. Puis les participants entreprennent 8 semaines de LCD et sont pesés au début 

et à la cessation de LCD, puis 6 et 12 mois plus tard. Plus de temps consacré à la marche durant la 

période initiale au cours de laquelle IDEEA mesure cette activité est associé à une plus grande 

perte de poids durant les 8 semaines de LCD. Les mesures de l’assignation posturale révèlent une 

ampleur de l’effet modérée en ce qui concerne la variation de la masse corporelle. L’analyse de 

Bland–Altman démontre que Sensewear et IDEEA estiment avec précision la TEE et que IDEEA 

mesure avec précision AEE. D’après ces résultats, l’utilisation de la dépense énergétique et de 

l’assignation posturale pour prédire la variation de la masse corporelle est limitée, la précision des 

mesures de TEE et AEE varie d’un capteur à l’autre et les moniteurs équipés de capteurs multiples 

présentent une plus grande validité. [Traduit par la Rédaction]
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 Introduction

Energy expenditure represents the amount of energy required to maintain homeostasis and to 

complete daily activities. During weight maintenance, energy expenditure equals energy 

intake, and during weight loss, energy expenditure is greater than energy intake. Many 

weight loss interventions incorporate dietary components, and as energy intake decreases, 

maintenance of energy expenditure should mathematically translate into weight loss. 

However, changes in body weight produce complementary changes in energy expenditure 

that could result in poor long-term weight loss maintenance (Leibel et al. 1995). Given the 

importance of energy expenditure to understanding the process of weight change, and given 

the physiological and behavioral adaptations that accompany changes in energy expenditure 
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such as changes in fat mass and fat-free mass, it is important to develop reliable free-living 

methods that accurately estimate components of this construct (Hall et al. 2012).

Two common units of measurement for energy expenditure are total daily energy 

expenditure and activity energy expenditure. Total daily energy expenditure (TEE) is the 

total amount of energy that an individual expends during a 24-h period. Activity energy 

expenditure (AEE) is a component of TEE that represents energy expended during physical 

activity and exercise. The gold standard for calculating TEE and AEE involves metabolic 

methods such as doubly labeled water (DLW) and indirect calorimetry (Schoeller 1988; 

Westerterp 2009). However, these methods are labor intensive and can be impractical in 

many applied clinical settings because of cost and participant burden. Furthermore, these 

procedures do not provide momentary data on changes in activity (AEE), instead relying on 

retrospective weekly estimates. Hence, it is impossible to intervene and encourage an 

increase in physical activity in real time.

Because of the shortcomings of gold standard methods, portable electronic activity monitors 

have become popular tools for free-living energy expenditure assessment. Many 

contemporary activity monitors are accelerometry based, meaning that they quantify body 

acceleration and use algorithms to convert acceleration into estimates of energy expenditure 

(Chen and Bassett 2005). From 2007 to 2011, 18 different accelerometry-based activity 

monitors were validated against DLW (Plasqui et al. 2013), which reinforces the growing 

use of these devices to measure energy expenditure.

Given the emergence of these devices in recent years, a burgeoning area of research involves 

systematically comparing TEE and AEE estimates from multiple devices against one 

another and against estimates derived using gold standard methods like DLW and indirect 

calorimetry (Colbert et al. 2011; Dannecker et al. 2013; Wetten et al. 2014). Another 

emerging area of research involves comparing stand-alone accelerometers versus multi-

sensor accelerometry-based activity monitors (Brazeau et al. 2014; Dannecker et al. 2013; 

Heil et al. 2009), the latter of which integrate data from physiological and supplementary 

motion sensors to generate multidimensional estimates of energy expenditure (Chen et al. 

2012). Replicating these types of designs with novel devices would allow for evidence-based 

decision-making on what device best suits a specific research question, since most devices’ 

algorithms are not directly comparable.

In addition to estimating TEE and AEE, some of these activity monitors also quantify 

posture allocation, which is defined as the amount of time people spend in specific body 

positions or activities such as sitting, reclining, walking, or running (Levine et al. 2005). 

Posture allocation is also important to the understanding of weight change, as overweight 

and obese adults engage in significantly more sedentary behaviors per day than lean adults 

(Levine et al. 2005; Johannsen et al. 2008), while normal-weight adults spend more time 

standing and in activity than obese adults (Johannsen et al. 2008). Posture allocation is a 

component of non-exercise activity thermogenesis that accounts for 269–477 kilocalories 

(kcal) of energy expenditure per day among obese individuals (Levine et al. 2005). While 

these cross-sectional and other longitudinal results (Levine et al. 2008) provide initial 

support for the relationship between posture allocation and weight change, they also 
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encourage further exploration with more systematic comparisons (Levine et al. 2005; 

Johannsen et al. 2008).

In line with these recommendations for future research we tested whether parameters related 

to energy expenditure or posture allocation predicted weight loss among overweight and 

obese individuals during an 8-week low-calorie diet (LCD) and weight loss maintenance 

over 1 year following completion of the diet. Measures of TEE, AEE, and posture allocation 

were obtained from 3 activity monitoring devices: the Actical, the Sensewear armband, and 

the Intelligent Device for Energy Expenditure and Activity (IDEEA). Baseline AEE 

(Ekelund et al. 2005) and TEE (Piaggi et al. 2013) have been associated with longitudinal 

weight change; however, the ability of posture allocation to predict longitudinal weight 

change remains unclear. Because a more active lifestyle that includes greater time spent 

walking is associated with successful weight loss maintenance (Elfhag and Rossner 2005), 

we hypothesized that higher rates of physical activity and more time spent in active postures 

would be associated with greater weight loss during study enrollment.

A secondary aim was to compare the accuracy of TEE and AEE estimates from these 

devices with gold standard measures from DLW and indirect calorimetry. All of these 

devices have been previously evaluated for their ability to assess energy expenditure in free-

living conditions (Heil 2006; Johannsen et al. 2010; Whybrow et al. 2013). Biases associated 

with these devices range from 112 kcal·day−1 for TEE estimates from the Sensewear 

(Johannsen et al. 2010) to 479 kcal·day−1 for TEE estimates from the IDEEA (Whybrow et 

al. 2013). However, the IDEEA and the Sensewear are both multi-sensor accelerometry-

based activity monitors, which integrate more types of data into their TEE and AEE 

estimates than accelerometers like the Actical. Therefore, we hypothesized that the 

Sensewear and the IDEEA would estimate energy expenditure more accurately than the 

Actical.

 Materials and methods

 Participants

Data were collected from a sample of 87 participants recruited for 2 clinical trials (Martin et 

al. 2009, 2012). These trials employed very similar procedures, and samples from these 

studies were pooled. Exclusion criteria included the following: (i) pregnant or planning to 

become pregnant during the trial (females only); (ii) previous diagnosis of diabetes, 

cardiovascular disease, or cancer; (iii) use of medications that influence appetite or body 

weight during the previous 3 months; and (iv) weight instability, defined as a weight change 

of >0.5 kg based on regressed daily body weights for 1 week at screening. The first trial 

enrolled only participants whose BMI was ≥25 and <40, while the second trial enrolled 

participants whose BMI was ≥18.5 and <40. Both study protocols were approved by the 

Institutional Review Board at Pennington Biomedical Research Center (PBRC), and all 

participants provided written informed consent prior to enrollment in their respective study.

Of the 87 participants considered for these secondary analyses, 5 were excluded because 

they did not finish baseline accelerometry assessment, and an additional 5 were excluded 

because they did not enter the LCD phase due to BMIs < 25. Finally, 7 more participants 
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from the original sample were excluded because they did not successfully complete all 

aspects of the DLW dosing period. Thus, for this report, a final sample size of 70 was 

considered for analysis.

 Metabolic measures

In both parent studies, DLW was used to measure TEE, and the dosing procedures were 

identical between the two trials. Participants in each study received 1.425 g of 10% enriched 

H2 18O and 0.075 g of 99.9% enriched 2H2O per kilogram body mass. They provided 

baseline urine samples before receiving a DLW dose and follow-up samples on days 7 and 

14 of the 2-week DLW cycle. Each urine sample was analyzed for 18O and 2H abundance 

using isotope ratio mass spectrometry and automated devices for deuterium (H/Device, 

Finnigan) and 18O (GasBench, Finnigan). The isotope concentrations in the samples 

collected after dosing compared with the pre-dose samples were used to calculate 

elimination rates (kD and kO) using linear regression. The rate of CO2 production (rCO2) 

was calculated using previously validated equations (Schoeller 1988) that were subsequently 

modified (Racette et al. 1994). TEE was determined by multiplying rCO2 by the energy 

equivalent of CO2 based on the estimated food quotient of the diet (0.86). These procedures 

resulted in 2 weeks of energy expenditure calculations, but for the purposes of this study, 

only the week that corresponded with wearing the activity monitors was used for analysis. 

This allowed for direct evaluation of the accuracy of the activity monitors when compared 

with DLW, as both measures were collected simultaneously.

Resting metabolic rate (RMR) was measured on Day 0 of the DLW phase, and as with the 

DLW procedures, data collection was done in an identical fashion across both studies. These 

data were collected over 60 min using a Deltatrac II metabolic cart (Datex-Ohmeda, 

Helsinki, Finland). The analyzer was calibrated before each participant, using standardized 

gases containing 5% CO2 and 95% O2. A clear plastic hood was placed over the head of a 

participant after he or she had rested for 20 min. Consumption of O2 and production of CO2 

were calculated based on continuous measurements of CO2 and O2 concentrations under the 

plastic hood, which fluctuated according to inspired and expired air and was diluted with a 

constant air flow (40 L·min−1) generated by the analyzer. Participants were asked to remain 

motionless and awake throughout the entire data collection period, and data from the last 30 

min of the measurement period were used to calculate RMR and energy expenditure. These 

RMR data were used to calculate AEE from DLW and IDEEA TEE using the formula TEE 

− [RMR + (0.1 × TEE)] (Ravussin and Rising 1992). The term 0.1 × TEE represents a 

population estimate for the thermic effect of food.

 Activity monitors

The Actical Physical Activity Monitor (Philips Respironics, Inc., Bend, Ore., USA) provides 

estimates of AEE and time spent in sedentary, light, moderate, and vigorous activities. The 

Actical is small, noninvasive, and easily attached to a belt or clothing because of its small 

size (28 × 2710 mm3) and mass (17 g). The Model C Actical detects low-frequency 

accelerations (0.5–3.0 Hz), which are then filtered and digitally sampled at 32 Hz before 

being summarized into epochs of 15 to 60 s. For this analysis, participants wore 2 Actical 

monitors, one on the waist and one on the dominant wrist, both of which were programmed 
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to record at sample epochs of 60 s. Previously established thresholds were used to classify 

activity into different intensities, including sedentary, light, moderate, and vigorous, and 

parameters were examined at the day level. The Light/Moderate cut point was 0.031 

kcal·min−1·kg−1, and the Moderate/Vigorous cut point was 0.083 kcal·min−1·kg−1 (Heil 

2006). More information on the technological and computational characteristics of the 

Actical can be found elsewhere (John and Freedson 2012).

The Sensewear armband (BodyMedia, Inc., Pittsburgh, Pa., USA) is a multi-sensor activity 

monitor worn on the upper part of the dominant arm. It integrates data from multiple 

physiological sensors and a biaxial accelerometer to estimate TEE and AEE. The algorithms 

that calculate these estimates, which are proprietary and unpublished, also incorporate 

anthropometric data such as sex, age, handedness, height, and body mass. The Sensewear 

samples data at a rate of 32 Hz and includes memory storage for up to 2 weeks of data. Data 

were transferred from the monitoring device to a personal computer via a USB cable. More 

information on the physical and measurement characteristics of the Sensewear armband can 

be found elsewhere (Andre et al. 2006).

The IDEEA (MiniSun LLC, Fresno, Calif., USA) objectively identifies 32 types of physical 

activities and postures via algorithms by Zhang et al. (2004), and it presents output in terms 

of time (minutes) and energy expenditure (kilocalories) for each posture and activity. The 

IDEEA incorporates data from 5 sensors that are placed on the body: 1 on the chest, 2 on the 

front of the thighs, and 2 on the feet. The sensors are connected with small flexible wires to 

a small recorder (59 g), which can be clipped to an article of clothing. The recorder includes 

a 33 MHz, 32-bit microprocessor for computational analysis. A detailed description of the 

IDEEA and the algorithms used to calculate TEE and AEE is provided elsewhere (Zhang et 

al. 2003).

 Procedures

A diagram of the procedures followed in each study is presented in Fig. 1. Participants in 

both studies wore multiple activity monitors simultaneously for 1 week during a 2-week 

DLW period. In both of the parent studies, the order of device measurement was balanced, 

such that half the participants wore the activity monitors for the first week of the DLW 

period and the other half wore them for the second week of the DLW period. Participants in 

Study 1 wore the two Actical monitors and the IDEEA, while participants in Study 2 wore 

the two Actical monitors and the Sensewear. Participants were asked not to remove any of 

the devices unless necessary (e.g., taking a bath) and received detailed instructions on how 

to reapply the monitors after removal. Participants wearing the IDEEA monitor returned to 

PBRC every 2 to 3 days during baseline testing for data upload and battery replacement.

After baseline testing, participants in both studies received a partially supplemented LCD for 

8 weeks. Only participants whose BMI fell in the overweight or obese range (i.e., 25 ≤ BMI 

≤ 40) were enrolled in the diet phase of the parent studies; thus, during Study 2, 5 

participants with BMIs < 25 did not participate in the weight loss diet. The LCD meal plan 

consisted of a 1000– 1500 kcal·day−1 diet composed of Health One shakes (Health and 

Nutrition Technology, Carmel, Calif., USA) and prepackaged portion-controlled foods or 
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home-cooked meals. Women were prescribed a 1000–1200 kcal·day−1 diet, while men were 

prescribed a 1200– 1500 kcal·day−1 diet.

Participants were asked to return to PBRC for follow-up evaluations 6 and 12 months after 

they had completed the LCD. Body mass (to the nearest 0.1 kg) was directly measured at the 

following time points: screening; Days 0, 7, and 14 of the DLW period; Weeks 0 and 8 of 

the LCD; and 6 and 12 months after completion of the LCD. For all analyses involving body 

weight, an intent-to-treat design was utilized; thus, if only a 6 month body weight was 

available, it was carried forward to the 12 month time point. Height was measured at 

screening using a stadiometer, and BMI at each time point was calculated by dividing weight 

by height squared (kg·m−2). Participants received monetary compensation for completing the 

trials.

 Data analysis

All statistical analyses were performed using SPSS Version 20. Differences between subject 

characteristics across study samples and across completers and non-completers were 

evaluated using one-way ANOVA. The primary aim of the study was evaluated with linear 

regression analysis to determine whether TEE, AEE, or measures of posture allocation 

predicted weight loss during the 8-week LCD and weight maintenance at 12 months post-

LCD. Percent weight change from diet initiation to termination was the dependent variable 

for the weight loss regressions, and percent weight change from diet termination to follow-

up at 12 months was the dependent variable for the weight maintenance regressions. 

Because of the large number of analyses conducted for this study aim, alpha was set at 0.01 

to help control alpha inflation from multiple comparisons, and both p values and effect sizes 

(R2 values with standard errors of the estimates) were reported.

The secondary aim of the study was evaluated using 2 analytic approaches. First, the Bland–

Altman technique (Bland and Altman 1986) was used to determine whether TEE and AEE 

estimates from each device were significantly different from DLW-derived estimates. The 

Bland–Altman technique is often used to compare new measurement techniques against a 

gold standard (Bland and Altman 1986) and is frequently used in activity monitor research 

(St-Onge et al. 2007; Zhang et al. 2004). The Bland–Altman approach used in this analysis 

involved 2 steps. First, the difference between each device’s estimate and the DLW (gold 

standard) measure was evaluated using one-sample t tests, which determined whether the 

device had significant error (bias) compared with the gold standard. Next, linear regression 

was used to evaluate whether error variance differed across levels of the variable being 

measured (i.e., TEE or AEE).

In addition to the Bland–Altman approach, percent differences from DLW were calculated 

for each device and evaluated with one-way ANOVA. Tukey’s HSD post hoc analyses were 

used to identify pairwise differences in percent deviation among devices for TEE and AEE. 

This approach allowed for further evaluation of whether either multi-sensor device (i.e., 

either the Sensewear or the IDEEA) was associated with more accurate estimates than the 

stand-alone accelerometer (i.e., the Actical). Since these analyses represented planned 

comparisons, the alpha level was set at 0.05 for both the ANOVA and the pairwise Tukey 

tests.
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 Results

 Descriptive statistics and attrition

Sample characteristics from each study and weight change during and following the LCD 

are reported in Table 1. No significant differences emerged between the two original study 

samples, so participants from both studies were collapsed for all primary and secondary 

analyses. Four participants were lost to follow-up during the 8-week LCD, and 17 

participants were lost to follow-up at 12 months post-LCD. Thus, 94.3% of participants 

included in these analyses completed the LCD, and 75.7% of participants included in these 

analyses completed the 12-month follow-up. The only significant demographic difference 

between completers and non-completers was age, as participants who were lost to follow-up 

were significantly younger (mean ± SD: 35.6 ± 13.4 years) than those who completed the 

study (mean ± SD: 44.5 ± 12.8 years) (F1,85 = 8.075, p = 0.006).

 Prediction of weight change

Results of the linear regression evaluating the ability of these devices to predict weight 

change are reported in Table 2. No measures of energy expenditure were significant 

predictors of weight change during or after the 8-week LCD. When posture allocation was 

considered, the only statistically significant predictor of weight change during the 8-week 

LCD was raw time spent walking measured by the IDEEA. More time spent walking 

predicted greater weight loss during the 8-week LCD (p = 0.01). No indices of posture 

allocation predicted weight change during the 12-month follow-up period after the 8-week 

LCD.

 Validity against DLW

 Bland–Altman analysis: TEE—Estimates of TEE obtained from the Sensewear and 

the IDEEA were compared with estimates of TEE obtained by DLW; all estimates were 

expressed in kilocalories per day. Bland–Altman plots for these comparisons are presented 

in Fig. 2, and statistics corresponding to these plots can be found in Table 3.

First, one-sample t tests were used to evaluate differences between the activity monitors and 

DLW. TEE estimates from the Sensewear (p = 0.44) and the IDEEA (p = 0.17) did not differ 

significantly from DLW-derived estimates. Linear regressions showed that TEE estimates 

from the Sensewear and the IDEEA did not vary from DLW measures as a function of 

kilocalories expended (p values > 0.22). This suggests that as the TEE measured by DLW 

increased, the difference between measures did not change for either device.

 Bland–Altman analysis: AEE—Estimates of AEE obtained from the Actical, 

Sensewear, and IDEEA were compared with AEE measured by DLW and indirect 

calorimetry. Bland–Altman plots for these comparisons are presented in Fig. 3, and all 

statistics used to generate these plots are shown in Table 3, with estimates expressed in 

kilocalories per day.

Three of the devices produced mean AEE estimates that differed significantly from AEE 

measured by DLW (p values ≤ 0.01). The waist-worn Actical and the Sensewear 
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significantly underestimated AEE, and both of these underestimates increased as the number 

of kilocalories expended per day increased (p values < 0.01). The wristworn Actical 

significantly overestimated AEE, on average (p < 0.01). However, the degree of 

overestimation did not change significantly as a function of kilocalories expended per day (p 
= 0.49). The IDEEA did not produce AEE estimates that differed significantly from DLW-

derived estimates, and the difference between these estimates did not change as a function of 

kilocalories expended per day (p = 0.15).

 Comparisons across devices—Percent deviation from DLW was quantified for TEE 

estimates from the multi-sensor devices and for AEE estimates from all four devices; these 

deviations were then compared across devices. For TEE estimates, percent deviation from 

DLW did not significantly differ between the Sensewear (0.84 ± 14.44) and the IDEEA 

(6.69 + 17.60) (F1,56 = 1.91, p = 0.17). Percent deviation from DLW for AEE estimates did 

significantly differ across the four devices (F3,187 = 3.02, p = 0.03). Tukey HSD post hoc 

tests confirmed that mean percent deviation from DLW for the wrist-worn Actical (55.31 

± 123.84) was significantly greater than mean percent deviation from DLW for the waist-

worn Actical (7.83 ± 72.60) (p = 0.022).

 Discussion

The purpose of this study was to evaluate how well parameters from the Actical, Sensewear, 

and IDEEA activity monitors predicted weight change during and following an LCD and to 

determine how accurately these devices estimated energy expenditure. Our primary 

hypothesis was partially supported, as only measures of posture allocation from the 

Sensewear and the IDEEA showed modest relationships (Cohen 1988) with weight change 

during and following an 8-week LCD. Our secondary hypothesis was also somewhat 

supported, as multi-sensor devices demonstrated modest validity when compared with 

metabolic measures. The IDEEA accurately estimated AEE when compared with DLW, and 

both the Sensewear and the IDEEA produced relatively accurate estimates of TEE. However, 

the Sensewear significantly underestimated AEE, and the estimates became more discrepant 

as the number of kilocalories expended per day increased.

Our results support other research establishing the poor performance of the Actical at 

accurately measuring components of energy expenditure (Paul et al. 2007), particularly 

among obese individuals (Feito et al. 2011). However, our results contrast with previous 

research suggesting that the Sensewear produces inaccurate TEE estimates (Bäcklund et al. 

2010; Johannsen et al. 2010) and the IDEEA produces inaccurate estimates of AEE (Löf et 

al. 2013) and TEE (Whybrow et al. 2013). Taken together, our Bland– Altman findings 

provide modest support for the assertion that multi-sensor activity monitors produce more 

accurate estimates of physical activity and energy expenditure (Van Remoortel et al. 2012). 

Our data also encourage further parameter development and continuing validation research 

with these multi-sensor activity monitors, as predicted by Intille et al. (2012).

Our results suggest that parameters of energy expenditure are not strong predictors of weight 

change either during or following an active weight loss period. This is in contrast to findings 

from 2 other studies suggesting that baseline AEE (Ekelund et al. 2005) and TEE (Piaggi et 
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al. 2013) are associated with weight change. However, these studies used other objective 

methods to measure energy expenditure (heart rate monitoring and a 24-h respiratory 

chamber), and there are several other methodological factors in our study that may explain 

our contrasting findings (e.g., sample size, sample composition, and follow-up duration).

Our results support other research (Plasqui et al. 2013) showing inconsistencies across 

devices in accurately assessing AEE and TEE. Our findings expand on this by suggesting 

that although multi-sensor activity monitors provide relatively accurate assessments of TEE, 

inconsistencies may exist in their utility for AEE assessment. One factor that could be 

related to these inconsistencies is reactivity during activity assessment, which is 

conceptualized as participants modifying their usual rate of engaging in a behavior when 

they know that the behavior in question is being monitored (Motl et al. 2012). Measurements 

collected during activity monitoring may not reflect participants’ habitual rates of physical 

activity, which could threaten the internal validity of the assessment (Dössegger et al. 2014). 

Thus, reactivity is a possible confound in intervention studies or studies designed to quantify 

levels of habitual physical activity, though reactivity presents far fewer problems for validity 

studies such as the present study. Evaluating reactivity to activity monitors is a critical but 

often overlooked aspect of this research area that requires further exploration.

Much like TEE and AEE, nearly all measures of posture allocation were not significantly 

associated with longitudinal weight change, with the exception of raw time spent walking 

measured by the IDEEA, which predicted weight loss during the LCD. Several previous 

reports describe the relationships between walking and successful weight loss maintenance 

(Anderson et al. 2001) and between sedentary behavior and weight regain following weight 

loss (Weiss et al. 2007). Even though elevated physical activity and reduced sedentary 

behavior can produce several positive health outcomes, the ability of exercise and physical 

activity to promote weight loss can be modest (Fogelholm and Kukkonen-Harjula 2000), and 

their association with weight loss maintenance can vary across individuals (Swift et al. 

2014).

Thus, our results support both empirical (Lee et al. 2010) and editorial (Westerterp 2010) 

assertions that physical activity has a minimal role in preventing weight gain, particularly 

among the overweight and obese population. The relationship between physical activity and 

body weight remains a controversial topic in the obesity and weight loss research fields 

(Blair et al. 2013; Luke and Cooper 2013), and there is still much work to be done to 

elucidate whether physical activity promotes acute weight loss or weight loss maintenance. 

Our results suggest that there is a modest relationship between a physically active lifestyle 

and weight loss, and other individualized variables that are physiological (Martin et al. 

2011), metabolic (Martin et al. 2007), or behavioral (Church et al. 2009) likely interact with 

physical activity to influence weight regulation, especially during calorie restriction 

(Catenacci et al. 2008).

The findings reported here should be considered within the scope of the study’s limitations. 

The finding that participants lost to follow-up were younger than completers is a trend that is 

commonly seen in weight loss trials (Fabricatore et al. 2009) and is an important limitation 

for this particular study, as age is inversely associated with physical activity (Sallis 2000) 
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and longitudinal weight gain (Colditz et al. 1990). TEE, AEE, and posture allocation were 

not assessed outside of the baseline period because of budgetary considerations, and this 

limits our understanding of how these constructs may have changed during the LCD or the 

follow-up period, thereby also limiting our ability to identify potential physiological and 

behavioral adaptations occurring with changes in energy expenditure or changes in body 

weight. The algorithms used for some of the devices in this study are proprietary and 

undocumented. Access to raw accelerometry data and the algorithms used to process the raw 

data are limited with many accelerometers, and these data would facilitate comparability of 

accelerometry research and promote replication. Finally, our study did not assess body 

composition; therefore, changes in fat mass and fat-free mass were not quantified. 

Nonetheless, both fat mass and fat-free mass decrease during low-calorie diets (Heilbronn et 

al. 2006) and the same is expected in the present sample.

Nevertheless, these data provide some evidence supporting the validity of multi-sensor 

activity monitors like the Sensewear and the IDEEA for estimating physical activity and 

energy expenditure. Our results reflect the inconsistencies seen in the research literature on 

activity monitors, and they encourage further evaluation of the utility of these devices 

(especially those that are multi-sensor) in clinical settings. They also encourage further 

exploration of the many parameters acquired by these devices to determine their roles in 

evaluating physical activity and serving as intervention components.
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Fig. 1. 
Procedural diagram for Studies 1 and 2. DLW, doubly labeled water; LCD, low-calorie diet. 

Activity devices in Studies 1 and 2 were worn during the same 7-day period during the DLW 

dosing. 1Worn in Study 1. 2Worn in Study 2.
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Fig. 2. 
Bland–Altman plots comparing total daily energy expenditure (TEE) estimates from the 

Sensewear (Panel A) and the IDEEA (Panel B) with those derived by the doubly labeled 

water method (DLW).
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Fig. 3. 
Bland–Altman plots comparing activity energy expenditure (AEE) estimates from activity 

monitors with those derived by the doubly labeled water method (DLW). Panels A and B 

report results from the Actical, Panel C reports results from the Sensewear, and Panel D 

reports results from the IDEEA.
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Table 1

Descriptive characteristics for the entire sample and for the individual studies.

Characteristic
Total sample
(n = 87)

Study 1
(n = 40)

Study 2
(n = 47) p

Sex (no. of males, no. of females) 15 M, 72 F 9 M, 31 F 6 M, 41 F 0.24

Race (% Caucasian) 66.67 75.0 59.57 0.13

Age (y) 42 (13) 43 (14) 41 (13) 0.60

Height (cm) 164.9 (7.6) 165.3 (6.9) 164.5 (8.1) 0.63

Screening body mass (kg) 85.9 (15.6) 87.2 (14.1) 84.9 (16.9) 0.41

Screening BMI (kg·m−2) 31.6 (4.5) 31.9 (3.7) 31.3 (5.0) 0.50

Week 8 body mass (kg)a 81.4 (14.1) 80.8 (14.1) 82.0 (14.3) 0.72

Month 12 body mass (kg)b 81.4 (15.7) 82.5 (14.3) 80.6 (16.9) 0.65

% Weight loss following 8-week LCDa −6.2 (2.5) −6.6 (2.4) −5.9 (2.6) 0.29

% Weight change from Week 8 to 12 months post-LCDb 3.1 (5.6) 4.1 (6.3) 2.2 (4.9) 0.23

Note: BMI, body mass index; LCD, low-calorie diet. Continuous variables are reported as the mean (standard deviation).

a
Study 1, n = 32; Study 2, n = 34.

b
Study 1, n = 25; Study 2, n = 28.
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Table 2

Linear regression results for device parameters predicting percent weight change during and after an 8-week 

low-calorie diet.

Baseline to
Week 8

Week 8 to
Month 12

Device parameter R2 (SEE) p R2 (SEE) p

Actical AEE (waist) 0.00 (2.54) 0.75 0.00 (5.82) 0.89

Actical % time sedentary (waist) 0.02 (2.50) 0.31 0.01 (5.79) 0.52

Actical % time light activity (waist) 0.07 (2.44) 0.05 0.00 (5.82) 0.80

Actical % time moderate activity (waist) 0.02 (2.50) 0.35 0.03 (5.75) 0.29

Actical % time vigorous activity (waist) 0.05 (2.40) 0.73 0.01 (5.79) 0.50

Actical AEE (wrist) 0.00 (2.53) 0.71 0.02 (5.68) 0.40

Actical % sedentary time (wrist) 0.00 (2.53) 0.94 0.01 (5.69) 0.45

Actical % time light activity (wrist) 0.00 (2.53) 0.67 0.01 (5.71) 0.62

Actical % time moderate activity (wrist) 0.00 (2.53) 0.61 0.02 (5.66) 0.32

Actical % time vigorous activity (wrist) 0.04 (2.64) 0.80 0.01 (5.92) 0.64

Sensewear armband TEE 0.00 (2.69) 0.77 0.00 (5.34) 0.84

Sensewear armband AEE 0.10 (2.55) 0.11 0.09 (5.11) 0.19

Sensewear physical activity duration 0.06 (2.62) 0.24 0.17 (4.88) 0.07

Sensewear lying down 0.03 (2.65) 0.38 0.12 (5.02) 0.13

Sensewear steps 0.15 (2.49) 0.05 0.01 (5.32) 0.63

IDEEA TEE 0.03 (2.59) 0.34 0.05 (6.24) 0.27

IDEEA % walking time 0.03 (2.60) 0.40 0.07 (6.19) 0.22

IDEEA time walking (minutes) 0.22 (2.33) 0.01 0.13 (5.98) 0.09

IDEEA % standing time 0.13 (2.46) 0.06 0.24 (5.59) 0.02

IDEEA time standing (minutes) 0.19 (2.37) 0.02 0.21 (5.69) 0.02

Note: SEE, standard error of the estimate; AEE, activity energy expenditure; TEE, total daily energy expenditure. Bolded and italicized entries 
represent predictors with p values < 0.01.
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Table 3

One-sample t test and linear regression results for Bland and Altman comparisons of device measurements 

against doubly labeled water.

Device and measurement

Difference
between

estimates p R2 (SEE) p

Sensewear TEE −59.98 0.44 0.054 (407.55) 0.22

IDEEA TEE 121.72 0.17 0.035 (467.98) 0.33

Actical waist AEE −111.38 0.01 0.197 (319.73) 0.00

Actical wrist AEE 194.52 0.00 0.007 (455.73) 0.49

Sensewear AEE −416.95 0.00 0.286 (318.89) 0.00

IDEEA AEE 108.77 0.21 0.080 (427.22) 0.15

Note: SEE, standard error of the estimate; TEE, total daily energy expenditure; AEE, activity energy expenditure.
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