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Abstract

Objectives: Usual physical activity (PA) is a complex exposure and typical instruments to 

measure aspects of PA are subject to measurement error, from systematic biases and biological 

variability. This error can lead to biased estimates of associations between PA and health 
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outcomes. We developed a calibrated physical activity measure that adjusts for measurement error 

in both self-reported and accelerometry measures of PA in adults from the US Hispanic 

Community Health Study/Study of Latinos (HCHS/SOL), a community-based cohort study.

Design: Total energy expenditure (TEE) from doubly labeled water and resting energy 

expenditure (REE) from indirect calorimetry were measured in 445 men and women aged 18–74 

years in 2010–2012, as part of the HCHS/SOL Study of Latinos: Nutrition & Physical Activity 

Assessment Study (SOLNAS). Measurements were repeated in a subset (N = 98) 6 months later.

Method: Calibration equations for usual activity-related energy expenditure (AEE = 0.90 × TEE-

REE) were developed by regressing this objective biomarker on self-reported PA and sedentary 

behavior, Actical accelerometer PA, and other subject characteristics.

Results: Age, weight and height explained a significant amount of variation in AEE. Actical PA 

and wear-time were important predictors of AEE; whereas, self-reported PA was not 

independently associated with AEE. The final calibration equation explained fifty percent of 

variation in AEE.

Conclusions: The developed calibration equations can be used to obtain error-corrected 

associations between PA and health outcomes in HCHS/SOL. Our study represents a unique 

opportunity to understand the measurement characteristics of PA instruments in an under-studied 

Hispanic/Latino cohort.
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1. Background

There is a large body of evidence demonstrating that regular physical activity (PA) is an 

important determinant of health. Higher PA levels have been associated with lower risks of 

coronary heart disease, diabetes, and some cancers, such as colon and breast; and it has been 

associated with better mental health, better bone health and overall functional health.1 PA 

can also be an important factor for energy balance and weight control.2 In order to assess the 

association between PA and disease, an accurate measure of individual PA is vital.

PA in free-living individuals is variable and difficult to measure. Previous studies have 

shown that the instruments commonly used in epidemiologic studies for PA assessment, 

such as self-reported questionnaires or accelerometers, are subject to systematic 

measurement error.3–5 Weight lifting, biking, swimming or levels of activity while sitting, 

are more difficult to track with accelerometry. Systematic error related to participant 

characteristics such as gender, body mass index (BMI, body mass/height2 (kg/m2)), and age, 

has been observed in self-reported PA data, and this type of error can create negative or 

positive bias in estimated exposure-disease associations.3,6 The day-to-day variability 

(random error) in an individual’s PA level limits the precision with which an instrument can 

capture habitual PA, which can attenuate estimates of associations between PA and health 

outcomes and reduce the power to detect such associations. Objective biomarkers following 
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a classical measurement error model (random error), such as doubly labeled water (DLW) 

for total energy expenditure (TEE), can be used to calibrate other measures that encompass 

both systematic and random error.6 These types of studies have been conducted for dietary 

exposures,7–9 but PA has been less studied in this context. Previous studies validating 

measures of PA from self-report or accelerometry in free-living persons with DLW have 

been conducted in small and/or very specific cohorts of individuals, and participant 

characteristics have been shown to be important factors in the degree of correlation with the 

objective biomarkers.10–12

As part of the Hispanic Community Health Study/Study of Latinos (HCHS/SOL),13,14 we 

performed the Study of Latinos Nutrition & Physical Activity Assessment Study 

(SOLNAS), in which a biomarker measure of activity-related energy expenditure (AEE) and 

dietary factors were obtained on a subset of participants.9 The purpose of SOLNAS was to 

use biomarker measures to characterize the error/reliability in the HCHS/SOL study 

instruments of diet and PA and derive calibration equations for use in epidemiologic 

investigations in the HCHS/SOL cohort. We previously reported on the calibration equations 

for self-reported dietary nutrients, including energy, protein, sodium and potassium, derived 

using the objective dietary recovery biomarkers9,15 Here, we present the measurement 

properties and derive regression calibration equations for the self-reported PA and 

accelerometer instruments used in HCHS/SOL, which provide a measurement-error 

corrected measure of an individual’s activity-related PA level.6 SOLNAS presents a unique 

opportunity to understand the nature of measurement error in these commonly used PA 

instruments in an under-studied Hispanic population, given that the types of physical 

activities they engage in may differ from those of non-Hispanic populations.16 The 

calibration equations we develop can be used in future studies to better understand the 

relationship between PA and health outcomes in this cohort.17–19

2. Methods

HCHS/SOL is a community-based cohort study of 16,415 adults aged 18–74 years who self-

identified as Hispanic/Latino and were recruited in 2008–2011 from randomly selected 

households in four US urban centers (Chicago, IL; Miami, FL; Bronx, NY; San Diego, CA).
13,14 Four of the metropolitan areas within the US with the largest number of Hispanics/

Latinos were selected as sites to study the health status, as well as study associations 

between baseline risk factors and disease, in several Hispanic/Latino backgrounds. 

Individuals had a comprehensive baseline examination that included biological, behavioral 

and social-demographic assessments, yearly follow-up and a second clinic visit (October, 

2014–2017). Four hundred eighty-five HCHS/SOL participants were enrolled in the 

SOLNAS study in 2010–2012.9 SOLNAS enrollment targets at each site were set by specific 

categories for age, BMI, and Hispanic/Latino background to mirror the characteristics of the 

parent study. All participants provided informed consent and study procedures were 

approved by the institutional review board at each participating institution.

Individuals eligible for SOLNAS were those whose baseline HCHS/SOL study visit was 

within 7 months, extended for one site to 12 months (Supplemental Fig. 1). Participants 

were excluded for having any medical condition that could affect weight stability or 
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performance of the biomarkers, including pregnancy or breast feeding, weight change >15 

pounds in past four weeks, taking medication for diabetes, irregular use of diuretics, recent 

initiation of medications that affect energy expenditure (EE) (e.g. thyroid medication) or 

energy intake (e.g. chemotherapy), having extended travel planned during the study period, 

or claustrophobia (since the indirect calorimetry measurement required participants to lie 

under a hood for 30 min). Of the 1360 individuals invited, 342 (25.1%) declined, 176 

(12.9%) could not be contacted, 227 (16.7%) were ineligible, 603 agreed (44.3%), and 485 

(35.7%) signed an informed consent. A total of 477 completed the protocol and a subsample 

of 98 individuals (20%) repeated the study protocol approximately 6 months later to provide 

data for reliability analyses.

The SOLNAS protocol included two study visits on all participants. At Visit 1, participants 

provide an informed consent, underwent anthropometry, initiated a DLW protocol and 

completed a 24-h dietary recall and questionnaires on sedentary behavior and body image.9 

Visit 2 occurred twelve days later to complete the DLW protocol and obtain weight and 

indirect calorimetry. SOLNAS participants, as part of the HCHS/SOL baseline, self-reported 

their PA and were asked to wear an Actical accelerometer. Self-reported PA in a typical 

week was assessed using a modified Global Physical Activity Questionnaire (GPAQ).20,21 

The GPAQ had both an English and Spanish version. Details regarding DLW, indirect 

calorimetry and accelerometer protocols are provided in the Supplemental Materials. 

Participants selected to participate in the reliability subsample repeated procedures for the 

Actical accelerometer, DLW, indirect calorimetry, and 24-h dietary recall at Visits 3 and 4, 

five to seven months later (Supplemental Fig. 1).

Self-reported min/day of moderate and vigorous activities were reported across three 

domains: recreation, work, and transportation. The amount of time spent sitting or reclining 

was also self-reported, which was coded in the analysis as time spent in sedentary behavior. 

From accelerometry, counts/min were used to categorize time in sedentary behavior, as well 

as light, moderate or vigorous activity. Light PA was defined as 100–1534 counts/min, 

moderate as 1535–3961 counts/min, vigorous as >3961 counts/min, and sedentary behavior 

as <100 counts/min.22,23 The average wear-time (minutes/day) was calculated for those 

participants with at least three days each with 10 or more hours of wear-time. Biomarker 

AEE in kcal/day was derived as TEE, measured by DLW, minus resting energy expenditure 

(REE), measured by indirect calorimetry, with a correction for the thermic effect of food 

(AEE = 0.9 × TEE-REE).

We develop a regression model to predict usual AEE using the SOLNAS main study visit 

biomarkers (Visit 1). We assume that the biomarker measurement of AEE (M), as a measure 

of the true underlying usual AEE (Y), adheres to the classical measurement error model 

(random (mean 0) error independent of Y and other personal characteristics). That is, we 

assume no systematic trends in AEE over time, only random day-to-day variation — an 

assumption consistent with the SOLNAS eligibility requirement that individuals be weight 

stable. Under this assumption, coefficients for the regression of Y on predictors X can be 

estimated by regressing M on the same predictors. We also calculated the Pearson’s 

correlation between the repeat measures and used the method of Prentice et al.24 to estimate 

the R-squared coefficients adjusted for the random variability (measurement error). This 
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measurement-error adjusted R-squared coefficient estimates the amount of variation 

explained by the model covariates if the day-to-day variability of AEE could be removed.

Because our analysis approach was to build a statistical prediction model for usual AEE, we 

sought a regression model that had many predictors in order to leverage the correlation 

between usual AEE and personal characteristics, as well as measures of PA and sedentary 

behavior. The Akaike information criterion (AIC) was used to select the functional form for 

the AEE predictors, including those summarizing PA and sedentary behavior (see 

Supplemental Methods and Supplemental Table 1). The final calibration model included 

predictors for both PA instruments. All models were adjusted for the same participant 

characteristics collected at the HCHS/SOL baseline visit, including age, sex, Hispanic/

Latino background, BMI, language preference, education, income, employment status, and 

other health factors (See Supplementary Materials). As a sensitivity analysis, we fit a 

parsimonious calibration model using backwards model selection requiring p-value <0.20. 

We also considered whether interaction terms between language preference and level of self-

reported PA; however, these interactions did not improve the predictive performance of the 

model (see Supplemental Materials Table 1).

Inverse probability weighting (IPW) was used to account for missingness in the regression 

models that included accelerometry predictors, as 14.4% had missing or unacceptable 

accelerometry (Supplemental Fig. 2). Further details are provided in the Supplemental 

Materials. Regressions based only on GPAQ and other participant characteristics were 

performed as a complete case analysis, as 408 participants (92%) had complete covariates in 

the full prediction model that excluded Actical (Supplemental Fig. 2).

All tests of significance were two-sided and performed at the 0.05 level. Statistical analyses 

were conducted with SAS, version 9.3, (SAS Institute, Inc., Cary, North Carolina) and R, 

version 3.2.4 (R Foundation for Statistical Computing, Vienna, Austria).

3. Results

Sociodemographic characteristics of SOLNAS participants are shown in Table 1. 

Participants were 62% female, had a mean age of 46 years and mean BMI of 30 kg/m2 at 

baseline. Median yearly household income was between $20–40,000 and 56% did not have 

education beyond high school. Supplemental Table 2 shows other lifestyle and health-related 

characteristics. Notably, 66% of males and 43% of female self-reported a high level of PA 

based on the 2008 Physical Activity Guidelines for Americans,25 with another 9–10% 

reporting medium level activity.

According to DLW, females and males expended an average (SD) of 2196 (354) and 2772 

(502) kcal/day, respectively; females and males had an average AEE of 581 (253) and 741 

(357) kcal/day, respectively (Table 1). The work domain explained much of the higher levels 

of the GPAQ vigorous activities for males, with an average (SD) 89 (147) min reported for 

males and only 33 (88) min for females (Supplemental Table 3).

Participants wore the Actical device for an average of 16.2 (3.0) hours per day, with no 

meaningful differences in wear-time by sex. There were 64 of 445 individuals (14.4%) who 
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were missing accelerometry, which was a slightly lower missingness rate than the 22% 

observed for the entire HCHS/SOL cohort.26 Supplemental Tables 4 and 5 examined the 

association between missing accelerometry and patient characteristics. Similar to the parent 

cohort, missingness was significantly associated with Hispanic/Latino background and 

appeared higher for women and younger participants, though these differences were not 

significant in the SOLNAS cohort.

Accelerometer estimates of time spent in moderate and vigorous PA levels were lower than 

those self-reported, with participants having an average (SD) of 23 (23) min/day of moderate 

or vigorous activity, compared to 107 (167) min/day estimated by the GPAQ. This was true 

for both males and females; however, the difference between instruments was larger for 

males, resulting in a smaller difference between genders in the amount of moderate or 

vigorous activity measured by the Actical compared to GPAQ. The age-adjusted difference 

in the amount of time (min/day) spent in moderate or vigorous activity was 77.6 fewer 

minutes for females versus males according to GPAQ (p < 0.0001) and 9.2 fewer minutes 

according to the Actical (p = 0.0001) (Table 1).

Table 2 displays the calibration equations with PA predictor variables measured by GPAQ 

alone, Actical alone, and the full model with both GPAQ and Actical. The adjusted R-

squared coefficient was highest at 0.19 for the model with only the Actical PA predictors, 

suggesting little to no additional predictive value for usual AEE from the self-reported PA 

and sedentary behavior. The amount of time spent in light activity was the most important 

Actical predictor (Table 2). Age, body mass and height were important predictors that 

significantly explained variation in AEE; other borderline significant predictors included 

female gender (p = 0.09), Hispanic/Latino background (p = 0.06), and employment (p = 

0.10). Supplemental Table 6 provides the reduced calibration model from the backwards 

selection (p < 0.20). Coefficients and significance were similar for this reduced model. Since 

our goal is to build a prediction model for usual AEE, we included many predictors in our 

main model and de-emphasize the interpretation of individual beta coefficients, which can 

be complex given the relationship between variables and potential systematic error in self-

reported and accelerometer measures in PA and sedentary behavior.

Fig. 1 compares the reliability of the TEE, REE, and AEE measures, showing the Pearson’s 

correlation between the baseline and 6-month visit values for individuals in the reliability 

subset (N = 86). Correlation was 0.80, 0.88, and 0.50 for TEE, REE, and AEE, respectively. 

The measurement-error corrected R-squared coefficients for the three models in Table 4 

were 0.42, 0.49 and 0.50 for the models with PA based on GPAQ alone, Actical alone and 

the combination, respectively.

4. Discussion

Hispanics/Latinos in the United States have a high burden of obesity, heart disease and 

diabetes.27–29 It is important to understand to what extent the level of PA in this population 

contributes to these risks. This is the first detailed study in the United States that compared 

self-reported PA and accelerometry to a DLW-assessed value of AEE in a diverse cohort of 

Hispanic/Latino men and women. This study provides information on the performance of 
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these instruments in this population and also developed a set of regression calibration 

equations for AEE, which can be used in studies of the prospective HCHS/SOL cohort that 

aim to estimate the level of PA and provide a measurement-error adjusted association of PA 

with health outcomes.6

An important finding of this study is that little to no association was found between usual 

AEE and self-reported level of PA measured by the GPAQ. Further, there were systematic 

differences in the level of PA by the accelerometry and self-reported instruments. For 

example, men had more moderate PA than women according to self-report; whereas 

according to accelerometry, men and women had similar levels. Such systematic differences, 

if not accounted for, can cause bias in analyses that focus on relating AEE with health 

outcomes. Adjusted associations with the accelerometer measures of PA were also modest. 

Our study also revealed that overall AEE has an appreciable amount of within-person 

variability (reliability coefficient 0.50). This finding suggests that within-person variability, 

if ignored, would cause an appreciable amount of dilution bias in analyses using PA 

exposures.

There are relatively few large prospective cohort studies that have compared PA study 

measures to an objective and unbiased biomarker measure of AEE. Neuhouser et al.10 is one 

such study from the Women’s Health Initiative (WHI); in this cohort, self-reported PA did 

explain a small amount of variation in the objective measure of AEE, in contrast to our 

population. This finding emphasizes that cohort-specific calibrations are useful and 

necessary. The WHI is a relatively healthy, non-Hispanic white and well-educated cohort; in 

contrast, our population is Hispanic/Latino, with relatively low education and income, and 

overall had very little moderate to vigorous activity.

Our study has some limitations. We assumed that the error terms in the objectively measured 

AEE would not be correlated with those in the accelerometer or self-reported PA. It is 

uncertain to what degree such correlations between the multiple measures of PA exist in our 

cohort. Our prediction models explained a relatively low amount of variability in AEE, 

which had an appreciable amount of within-person variability. Future studies that desire a 

more accurate estimate of AEE may want to consider an average of repeated measures over 

time. Light activity, which comprises a substantial amount of PA in our cohort, was not 

assessed by the GPAQ, which may have limited its ability to capture the main sources of PA 

in this cohort. This finding is noteworthy as GPAQ is a commonly used PA instrument in 

current cohort studies. Another limitation is that the timing of the Actical and GPAQ 

measures was about 7 (IQR, 6.5,7.1) months earlier than the AEE in the primary study; 

however, Actical and AEE measures were performed at about the same time period in the 

reliability study. We assume there were no systematic differences in the average PA level 

during this time period, although seasonality and temporal differences could have lowered 

the correlation between these different PA measures. There was little change in AEE (Fig. 1) 

and the SOLNAS reliability Actical measure, which occurred a median of 12.7 (IQR 12.2, 

13.4) months after the HCHS/SOL baseline measure, had an average change from baseline 

in MVPA of 1.7 min/week (95% CI: −4.6, 8.1).
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5. Conclusion

Many previous studies of PA and health outcomes have relied on error-prone measures of 

PA, with no adjustment for measurement error. In a recent systematic review, roughly 40% 

did not acknowledge the impact that mismeasurement of PA could be having on their 

studies’ results and almost no studies adjusted their statistical analyses for measurement 

error.30 The developed biomarker-calibrated PA, which relies on an unbiased and objective 

biomarker, provides such an adjustment that can be used to adjust estimated associations for 

bias from error-prone exposures.6 Future work will enhance efforts to study the association 

between calibrated PA and chronic health outcomes, such as diabetes and heart disease, in 

the HCHS/SOL cohort.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Practical implications

• Typical measures of usual physical activity in epidemiologic studies, i.e. self-

report or accelerometry, have systematic error and day-to-day variability that 

can bias measures of association between PA and health.

• In an understudied Hispanic cohort, we provided calibration equations that 

adjust for both systematic error and day-to-day variability in AEE.

• The developed calibration equations provide an error-corrected measure of PA 

that can be used in future studies to better understand the relationship between 

PA and health.
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Fig. 1. 
Comparison of total, resting, and activity-related energy expenditure between baseline and 

6-months. TEE, total energy expenditure; AEE, activity-related energy expenditure. TEE 

was measured by doubly-labeled water, resting energy expenditure (REE) by indirect 

calorimetry, and AEE = 0.90xTEE − REE (n = 86).
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