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Abstract

Background/Objectives—Objective and subjective measurement instruments have been used 

to estimate energy expenditure as alternatives to the doubly labeled water (DLW) methodology, 

but their relative validity for older adults remains uncertain. The purpose of this study was to 

validate an objective monitor (Sense Wear Mini Armband) and a self-report instrument (7-Day 

Physical Activity Recall) relative to the doubly-labeled water (DLW) under free-living conditions 

in older adults.

Subjects/Methods—Twenty-nine older adults (60–78 yrs) each wore the Mini for 14 

consecutive days, and completed two 7D-PARs after each week. For each measurement method, 

activity energy expenditure (AEE) was calculated as total energy expenditure (TEE) – measured 

resting metabolic rate –diet induced thermogenesis (10% of TEE). TEE and AEE from the Mini 

and 7D-PAR were each compared to values from the DLW.

Results—Equivalence testing indicated that estimates of TEE from the Mini and the 7D-PAR 

were statistically equivalent to those measured with DLW; however, differences were evident for 

estimates of AEE. The Mini had smaller mean absolute percent error for TEE (8.0%) and AEE 

(28.4%) than the 7D-PAR (13.8% and 84.5%, respectively) and less systematic bias in the 

estimates.

Conclusions—The Mini and 7D-PAR provided reasonably valid estimates of TEE but large 

errors in estimating AEE. The Mini and 7D-PAR have the potential to accurately estimate TEE for 

older adults.
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INTRODUCTION

Regular physical activity (PA) in older adults is known to be associated with decreased 

mortality1, 2 as well as reduced prevalence of metabolic risk factors,3 diabetes mellitus4 and 

cognitive impairment.5 However, the proportion of U.S. older adults adhering to the 

Physical Activity Guidelines for Americans (i.e. 30 min of PA on most days of a week)6 is 

less than 3%, which is the lowest among all age groups of U.S. populations. A substantial 

reduction in PA levels from early/mid adulthood to late adulthood7, 8 is a critical factor that 

leads to a reduction in energy requirements for older adults9; another critical factor is a 

decrease in resting metabolic rate (RMR) owing to aging-related loss of fat free mass.10–12 

Furthermore, older adults are exposed to an increased risk of developing impairments of 

energy regulating systems.13 Therefore, accurate assessment of PA and energy expenditure 

(EE) is desirable for this population.

The doubly-labeled water (DLW) method is the acknowledged “gold standard” method for 

measuring true levels of EE under free-living conditions.14–17 However, it is impractical and 

expensive to employ the DLW method in clinical studies and applications. As proxies for 

the DLW method, subjective (i.e. self-report) and objective (i.e. accelerometer-based 

monitor, multi-sensor monitor) assessment tools have been proposed and validated. Previous 

studies identified somewhat mixed findings about the validity of both self-report18–20 and 

objective21, 22 methods relative to the DLW technique in older adults. Consensus 

recommendations now advocate for the use of a combination of subjective and objective 

measurement tools to better understand both the quantity and context of behavior.23, 24 This 

is an especially important consideration for older adults since objective and subjective 

measures may yield distinct activity patterns in this population. Therefore, the purpose of 

this study was to examine the relative validity of two promising measures (one objective and 

the other subjective) compared to criterion data from the DLW method.

SUBJECTS and METHODS

Participants

Twenty-nine healthy older adult ages 60–80 yrs was recruited to participate in the study. 

Participants were screened using a medical history form followed by oral review to ensure 

that they could safely and effectively complete the study. Exclusion criteria included health 

condition that may have prevented the participant from being active, the use of supplemental 

oxygen or medical devices, and overt cognitive impairment. Additionally, individuals taking 

diuretics or thyroid medication were excluded from the study to avoid a confounding effect 

with the DLW method. This study was approved by the Institutional Review Board of Iowa 

State University, and participants signed the informed consent form before participation.

Data collection procedures

Participants reported to the lab following a 10-hour fast and provided a baseline urine 

sample upon arriving. Height was measured to the nearest 0.1 cm with a wall-mounted 

stadiometer. Body mass was measured with an electronic scale to the nearest 0.1 kg. Body 

mass index was calculated as weight(kg)/height2(m2).
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The Mini was initialized using the participant’s personal information and adjusted to fit 

snugly on the triceps of the participant’s right arm following manufacturer 

recommendations. After fitting the Mini, a DLW dose was administered to the participant. 

The dose was determined based on body weight in accordance with a standardized 

protocol.25 Each participant received a 1.5 ml/kg body weight dose of the whole mixture of 

heavy water (mixture of 10% atom-enriched H2 18O and 99% atom-enriched 2H2O) 

(Cambridge Isotopes, Cambridge, MA). Four urine samples were collected at 1.5, 3.0, 4.5 

and 6.0 hours following DLW ingestion. Liquid consumption was monitored during these 6 

hours.

The participants were instructed to continue their normal life while wearing the Mini for 24 

hours a day, except while doing water-related activities (showering, swimming). Participants 

were instructed to record non-wearing periods. On days 7 and 14 of the protocol, 

participants reported to the lab in a fasted state and provided additional urine samples at two 

time points (90-minutes apart). On both visits to the lab, the participants completed a 7D-

PAR guided by the researchers. RMR was measured on both days using an indirect 

calorimetry system (Physiodyne Instruments, Quogue, NY) following the manufacturer’s 

recommendations. Participants were supine and resting quietly by avoiding speaking and 

minimizing their movement for 25 minutes. Only the data from the last 15 minutes were 

used. The averaged RMR value between the two RMR measures was then extrapolated for 

24-h RMR.

Instruments

Doubly Labeled Water—The DLW method is a non-invasive technique that, via 

ingestion of isotopic tracers (deuterium and Oxygen-18) gradually eliminated from the body, 

enables estimation of carbon dioxide production and subsequent estimation of oxygen 

consumption (using a standardized Respiratory Quotient).16 Activity EE (AEE) can be 

estimated by subtracting the RMR and diet-induced thermogenesis (~10%), from daily EE.26

The collected urine samples from Days 0, 7 and 14 were divided into duplicate samples (12 

ml each), labeled and frozen. Samples were sent to the Pennington Biomedical Research 

Center (Baton Rouge, LA) for processing on a gas isotope ratio mass spectrometer. The 2H 

and 18O isotope elimination rates (kD and kO) were calculated using linear regression 

following a log transformation and total body water (N) was determined at time zero using 

the regression line of the H2
18O isotope. The rate of CO2 production rCO2 (moles/d) was 

calculated using standard equations.27 TEE was then calculated using the following 

equation: . This formula 

assumes a respiratory quotient of 0.86 which is typical for a healthy, rather low fat diet. Both 

TEE and AEE values were expressed per day to facilitate interpretation. Additional 

information about the DLW protocol and processing are published elsewhere.25

Sense Wear Mini Armband—The Mini is a light (45.4 g), small (55×62×13 mm) and 

triaxial accelerometer-based activity monitor, coupled with several heat-related sensors (heat 

flux, body temperature and galvanic skin response). The Mini has a rechargeable battery for 
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7 days of use, and a memory for 14 consecutive days. Data from the Mini were processed 

using a proprietary software package (v.7.0 with algorithm v.2.2).

During visits to the laboratory on days 7 and 14 of the protocol, data from the Mini were 

downloaded. Using the activity log provided by the participants, EE values for the non-

wearing periods were estimated using MET values based on the Compendium of Physical 

Activities by Ainsworth et al.28 After all data gaps were filled, daily TEE was calculated by 

summing the amount of EE expended by the participant over the monitoring period (14 

days).

7-day Physical Activity Recall—The 7D-PAR instrument has been one of the most 

widely used physical activity instruments in the field. It provides data across a 7-day period 

in order to capture typical activity behavior but this advantage may be offset by the lack of 

precision in the data for the individual days.29

TEE was calculated as the average hours per day in each activity category multiplied by a 

previously assigned MET value (sleep=1.0, light=1.5, moderate=4.0, hard=6.0, and very 

hard=10), body weight (kg) and 24 hrs. The values from the two independent 7D-PAR 

reports were summed together to capture the same 14-day period assessed with the DLW 

method.

AEE estimates for all the three methods (i.e. DLW, Mini, and 7D-PAR) were obtained by 

subtracting thermic effect of foods (10% of TEE) and measured RMR from the TEE (AEE= 

[(TEEx0.9)−RMR]).

Statistical analyses

Data were checked for normality and constant variance assumptions. Descriptive statistics 

were computed to describe the characteristics of the participants and their activity profiles.

Equivalence testing was used to evaluate group-level agreement of Mini and 7D-PAR 

relative to DLW.30, 31 This approach is different from a regular hypothesis testing of a 

difference in that it reverses the traditional null hypothesis to specify that two methods are 

not the same. Therefore, equivalence testing is more suitable for validation studies to 

examine whether one method equates with the other since it provides a direct test of 

equivalence (i.e. rejecting the null hypothesis). In order for the null hypothesis to be rejected 

(i.e., two methods are not equivalent) in a 95% equivalence test, 90% confidence intervals 

(CI) of Mini or 7D-PAR must be completely included within a pre-specified zone of 

equivalence (±10% of the mean of the DLW in this study). This corresponds to rejecting two 

one-sided tests: a lower end of 95% CI greater than a lower boundary (i.e., −10%) of the 

equivalence zone and an upper end of 95% CI smaller than an upper boundary (i.e., +10%) 

of the equivalence zone. Tukey-Kramer adjustment was applied to account for multiple 

methods (i.e., Mini, 7D-PAR, and DLW) for each participant.

Traditional indicators of agreement were also computed to facilitate comparisons with other 

studies. Mean absolute percent errors (MAPE) were computed as the average of the absolute 

value of the residuals divided by the actual DLW value, multiplied by 100. Pearson 
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correlations were computed to evaluate the associations between the various estimates of 

TEE and AEE. Bland-Altman graphical procedures along with 95% limits of agreement 

(LoA)32 were used to examine agreement across the range of TEE and AEE values between 

the alternative methods (Mini, 7D-PAR) and DLW. The averages of the two methods were 

regressed to the differences on the Bland-Altman plots in order to quantify any patterns of 

systematic bias. The equivalence testing was performed using SAS Version 9.3 (SAS 

Institute Inc., Cary, NC, USA), and all other statistical analyses were performed using 

STATA/SE Version 12 (StataCorp LP, College Station, TX, USA).

RESULTS

Twenty nine participants (12 males, 17 females) completed the study. Participants wore the 

monitors for 97.9% (±3.8%) of the time during the 14 days of monitoring. Descriptive 

statistics for the participants study cohort are provided in Table 1.

In performing the equivalence testing, the original TEE values violated the assumptions of 

the normal distribution and equal variance. Therefore, we logarithmically transformed the 

data, which led to the satisfaction of both the normality (i.e. through a p-value of 0.10 from 

the Shapiro-Wilk’s test and visual inspection on the histogram) and equal variance (through 

a p-value of 0.06 from the Breusch-Pagan/Cook-Weisberg test) assumptions. As shown in 

Figure 1, results from 95% equivalence testing indicated that TEE from the Mini (90% CI; 

log of 7.74 and 7.9) and 7D-PAR (90% CI; log of 7.8 and 8.0) were equivalent to TEE 

values measured with DLW (equivalence zone; log of 7.0 and 8.6). A subsequent analyses 

by gender also indicated that TEE values from both the Mini and 7D-PAR were equivalent 

to those from the DLW. In estimating AEE vales, however, neither the Mini (90% CI; 699.0 

and 910.5 kcal/d) nor the 7D-PAR (90% CI; 889.1 and 1130.7 kcal/d) was equivalent to the 

DLW (equivalence zone; 741.8 and 906.6 kcal/d). A similar pattern of results was identified 

for males and females with neither the Mini or the 7D-PAR yielding AEE values equivalent 

to the DLW values (see Figure 1).

Compared to the DLW, the Mini underestimated TEE (difference ranges from −33.0 to 

−12.1 kcal/d) while the 7D-PAR overestimated TEE (difference ranges from 96.7 to 276.2 

kcal/d). The MAPEs of the Mini (range from 6.2 to 7.1%) and 7D-PAR (range from 8.8 to 

14.9%)were small in estimating TEE values and this was consistent for both men and 

women (See Table 2). The MAPEs were considerably higher for estimating AEE but they 

were much smaller for the Mini (range from 19.1 to 34.9%) than the 7D-PAR (range from 

36.8 to 118.1%). The smaller MAPE values for the Mini were consistent for all demographic 

comparisons. Correlations with the DLW estimates were also consistently higher for the 

Mini (range from 0.59 to 0.88) than for the 7D-PAR (range from 0.38 to 0.73).

Bland-Altman plots along with 95% LoA revealed no specific pattern of systematic bias for 

the Mini in estimating TEE (panel (a); r=0.02, p-value=0.851) and AEE (panel (c); r=0.02, 

p-value=0.861) (See Figure 2 and Table 3). However, evidence of systematic bias was 

identified for the 7D-PAR for TEE (panel (b); r=0.26, p-value=0.001) and AEE (panel (d); 

r=0.22, p-value=0.068). In both cases, there was larger EE over-estimation for higher TEE 
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or AEE values. Relatively larger LoAs were observed for the 7D-PAR in comparison with 

the Mini for both TEE and AEE (See Table 3 and Figure 2).

DISCUSSION

Overall, relative to the DLW method, both the Mini and 7D-PAR showed equivalence and 

small MAPEs in estimating TEE values, but demonstrated non-equivalence and considerable 

MAPEs for AEE.

To date, only a single study21 has been carried out that compared both accelerometer-based 

and self-reported measures of EE to the DLW technique in older adults. Colbert and 

colleagues21 used DLW in 56 older adults to compare AEE from several activity monitors as 

well as three different self-report instruments. The resulting findings were similar to those 

from the present study.21 For example, they21 also observed large MAPEs for AEE for the 

objective measurements (range: 22.5–26.8%) but even larger MAPEs for the self-report 

instruments (range: 30.4–32.8%). In addition, the associations between the monitors and the 

DLW method were moderate (range: r=0.48–0.60), but low associations for the self-report 

instruments (range: r=0.07–0.28).21 However, the study by Colbert et al.21 did not examine 

agreement for TEE or investigate overall group-level agreement among different methods. 

However, the present study directly evaluated both TEE and AEE and employed a robust 

and innovative methodology for group-level agreement (i.e. equivalence testing).

The results for the validity of the Mini monitor relative to DLW were consistent with values 

recently reported in a study by Mackey et al.22 who used the DLW method to validate the 

previous model of the Mini (i.e. Sense Wear Pro Armband) in a sample of 19 older adults. 

They22 reported non-significant mean differences in TEE between the Armband and DLW, 

and high intra-correlation coefficients (r>0.90). For AEE, however, the Armband yielded 

significant mean differences and moderate intra-correlation coefficients (r=0.65 to r=0.72). 

Overall, objective multi-sensor monitoring tools appear to provide accurate estimates of 

TEE, but inaccurate estimates of AEE. However, it is important to note that RMR alone can 

account for approximately 60%~80% of TEE,33 and participants’ demographic 

characteristics are the major components of determining TEE estimates (from the Mini) and 

RMR measures. Hence, it is not surprising for the Mini to show relatively low errors for 

TEE comparisons, and high errors for AEE comparisons. Nonetheless, multi-sensor data 

from the Mini appeared to have reduced the AEE prediction errors as compare to the 7D-

PAR in these relatively active older subjects, although it is not transparent how the multiple 

sensor data were modeled due to the proprietary nature of the software algorithm.

The supportive evidence for the validity of the 7D-PAR relative to the DLW is also 

noteworthy. For TEE, we found the 7D-PAR to have good agreement with the DLW at both 

the group-level and individual-level. This was consistent with the two previous studies18, 19 

that demonstrated the validity of the 7D-PAR relative to the DLW for TEE in older adults. 

To be specific, these previous studies18, 19 both reported mean percent differences of 

approximately 10%, which were not significantly different. While these studies18, 19 both 

demonstrated relatively high validity for estimating TEE, our study and others20 

demonstrate the lower accuracy for AEE. It is also important to note that we found in this 
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study a larger MAPE and lower correlations with DLW for the 7D-PAR method, compared 

to the Mini. Bland-Altman plots for TEE showed a similar systematic bias than the Mini, 

with larger 95% LoA. Nearly identical patterns of findings were also identified for younger 

adults in previous studies using the DLW method to validate varying types of 

questionnaires.18, 29, 34, 35 In general, the 7D-PAR appears to clearly provide less precision 

than the objective monitor but the ability to capture context of PA may still provide some 

advantages.

On average, the 7D-PAR overestimated TEE and AEE for our sample of older adults. A 

related comparison between self-report instruments and the DLW method36 showed similar 

overestimations in AEE and minutes of PA. Researchers suggested a possible influence of 

social desirability and social approval explaining the “over reporting” by the participants. 

However, there are a number of alternative explanations for the overestimation in EE with 

the 7D-PAR. One source of error is with the use of standard metabolic equivalents (i.e., 

MET=3.5 mL O2.kg−1. min.−1) in the calculations of EE since these do not account for 

individual variability in RMR and may be high.37 Another possible explanation could be the 

inability of the 7D-PAR to discriminate sitting time (~1–1.2 METs) from light activity (1.5 

METs). This may seem like a small difference but it would add considerable error due to the 

large amount of sitting time in a day.38 A final explanation is due to a systematic perception 

of PA being more vigorous than it really wa The strengths of the study include the use of the 

DLW method as a criterion measure to validate both widely used objective and subjective 

monitoring tools. Another strength is the inclusion of measured RMR obtained via indirect 

calorimetry in estimating AEE for all the three methods compared, which led to reducing 

inherent errors in the AEE comparisons. A noteworthy aspect of the study is the high level 

of compliance noted for wear time (average of 97.9% wear time). This may have contributed 

to the more favorable findings than reported in a similar study21 with older adults (average 

of 58.3%).

Key limitations include the small sample size and the use of a convenience sample, thereby, 

precluding the generalization of the results to the general population. Additional work is 

warranted to advance research on physical activity assessment techniques in older adults but 

the findings support the use of the Mini and the 7D-PAR in this population.

In conclusion, the results indicate that the Mini and 7D-PAR both provide reasonably valid 

estimates for TEE, but not for AEE, in relation to the DLW technique in older adults under 

free-living environments. The objective monitor would provide more robust estimates but 

the subjective measures may identify discrepancies or provide valuable contextual 

information of energy expended under free-living conditions.
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Figure 1. 
Results from 95% equivalence testing for total energy expenditure (top; log scale) and 

activity energy expenditure (bottom) for the Sense Wear Mini Armband (Mini) and 7-Day 

Physical Activity Recall (7D-PAR) compared to Doubly-Labeled Water (DLW). across all, 

male, and female. The thicker solid line is the equivalence zone for DLW while the other 

line is that for either the Mini or PAR. A single thinner solid line indicates that the two 

measures are equivalent while a single dotted line indicates that they are not.
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Figure 2. 
Bland Altman plots for total energy expenditure and activity energy expenditure (kcal/day): 

Mini vs. DLW for TEE (top-left panel), (b) 7D-PAR vs. DLW for TEE (top-right panel), (c) 

Mini vs. DLW for AEE (bottom-left panel) and (d) 7D-PAR vs. DLW for AEE (bottom-

right panel). Note: Mini-Sense Wear Mini Armband; DLW-Doubly labeled water; TEE-total 

energy expenditure; AEE–active energy expenditure
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