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Supplemental File 1 Data sources and statistical methods 

 

Data sources 

Data at two time points from nationally representative health and nutritional household surveys 

conducted between 2005 and 2013 in Mexico, Colombia, and Peru were used. All the surveys were household 

surveys implemented with stratified multistage cluster sampling. Used surveys were: 

 

Mexico: National Health and Nutritional Survey (Encuesta Nacional de Salud y Nutrición, 

ENSANUT) 2006(1–3) and 2012(4,5) 

Colombia: Demographic and Health Survey / Nutritional Situation National Household Surveys 

(Encuesta Nacional de Demografía y Salud / Encuesta Nacional de la Situación Nutricional 

en Colombia, ENDS/ENSIN) 2005(6,7) and 2010(8,9) 

Peru: National Household Survey, Module for Monitoring of Nutritional Indicators (Encuesta 

Nacional de Hogares, Modulo de Monitoreo de Indicadores Nutricionales, ENAHO-

MONIN) 2007-8(10–13); and Nutritional Indicator Surveillance (Vigilancia de Indicadores 

Nutricionales, VIN)(14–16) 2012-3  

 

In Peru, surveys were conducted in 2009-2010 and 2011 as well; however, the data of 2012-13 were used to 

have a similar inter-survey period as the other two countries. Among the surveys we used, overall household 

response rates ranged from 85 to 92%. Overall individual response rate for obtaining anthropometric 

measurements ranged from 75 to 84%, where the rates were lower among men (61-81%) than women (80-89%). 

 

Inclusion criteria 

All adults aged 20 to 69 years were included in the study. Adults aged 70 years or over were not 

included due to their small number of observations. For Colombia, only adults aged 20 to 64 years were included 

since they did not measure adults aged 65 years or over for anthropometry. Women who were pregnant or whose 

records did not have information on pregnancy status were excluded from analyses. Records with height < 110 

cm or > 210 cm, weight < 20 kg, body mass index (BMI) < 12 kg/m2 or > 120 kg/m2 were excluded as having 

implausible values possibly due to measurement, recording, or data entry error. Those implausible or incomplete 

(i.e. either height or weight is missing) data were between 0.1% and 0.8% per survey. Final sample sizes were 

64,413 for Mexico, 144,628 for Colombia, and 36,082 for Peru. 

 

Response variable 

BMI was used as an indicator to measure overweight and obesity, and its distributions were modelled 

and assessed. BMI was assumed to follow a Box-Cox power exponential (BCPE) distribution, which allows a 
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response variable that exhibits skewness and kurtosis(17). The BCPE distribution consists of 4 parameters, 𝜇𝜇, 𝜎𝜎, 𝜈𝜈, 

and 𝜏𝜏, which can be interpreted as relating to location (median), scale (approximate coefficient of variation), 

skewness (transformation to symmetry), and kurtosis (power exponential parameter), respectively(17). 

 

Covariates 

Age (in 5-year age group as a categorical variable, i.e., 20-24, 25-30, …, 65-69), time in calendar year 

(as a continuous variable), and their interaction terms were included in the model. The interaction terms enabled 

us to estimate age-specific annual change in BMI distribution. Time of each survey was calculated as the mean 

of anthropometry measurement dates; if the measurement dates were not available, the midpoint of data 

collection period was used. 

 

Statistical analysis methods 

As an exploratory analysis, histograms of BMI were constructed for each combination of county, survey, 

sex, and age group. Then, in order to verify the goodness-of-fit of the BCPE distributions to the data, the BCPE 

distribution, as well as the log-normal and normal distributions as a comparison, were fitted, and the estimated 

distribution curves were superimposed on the histograms of the observed BMI. 

In order to estimate the year- and age-specific BMI distributions by country and sex, each of 4 

parameters of the BCPE distribution was modelled as a function of age, calendar time, and their interaction 

terms.  

𝐵𝐵𝐵𝐵𝐵𝐵 ~ 𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵(𝜇𝜇,𝜎𝜎, 𝜈𝜈, 𝜏𝜏) 

𝜇𝜇 = � � 𝛽𝛽𝜇𝜇 1𝑘𝑘𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 + 𝛽𝛽2𝑘𝑘
𝜇𝜇 (𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)�

𝑘𝑘
 

log𝜎𝜎 = � [ 𝛽𝛽𝜎𝜎 1𝑘𝑘𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 + 𝛽𝛽2𝑘𝑘𝜎𝜎 (𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)]
𝑘𝑘

 

𝜈𝜈 = � [ 𝛽𝛽𝜈𝜈 1𝑘𝑘𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 + 𝛽𝛽2𝑘𝑘𝜈𝜈 (𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)]
𝑘𝑘

 

log 𝜏𝜏 = � [ 𝛽𝛽𝜏𝜏 1𝑘𝑘𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 + 𝛽𝛽2𝑘𝑘𝜏𝜏 (𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘 × 𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)]
𝑘𝑘

 

where  

𝑎𝑎𝑎𝑎𝑒𝑒𝑘𝑘: the indicator variable for the age group 𝑘𝑘 (20-24, 25-29, …, or 65-69) 

𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡: the continuous variable for calendar time centred at July 1, 2010 

𝛽𝛽𝜃𝜃 1𝑘𝑘: the coefficient for the age group 𝑘𝑘 for the parameter 𝜃𝜃 = 𝜇𝜇,𝜎𝜎, 𝜈𝜈, or 𝜏𝜏 

𝛽𝛽𝜃𝜃 2𝑘𝑘: the coefficient for the interaction between the age group 𝑘𝑘 and calendar time for the parameter 𝜃𝜃. 

The above model was fitted using a regression called the generalized additive model for location, scale and 

shape (GAMLSS), with which not only the location (mean or median) but also other parameters of the 

distribution of the response variable can be modelled as parametric functions of covariates(18). The model was 
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applied to the data separately for each country and sex, instead of fitting a single model on the pooled data, since 

the primary objective is to have country- and sex-specific estimates and we were not interested in statistical 

comparisons across countries and sexes. 

After fitting the model, values of 4 BCPE parameters were estimated for each combination of year (2005 

or 2010) and age group, and then, estimated BMI distribution curves (i.e., density functions of BCPE 

distribution) were constructed. In order to quantify the estimated BMI distributions, prevalence of 4 BMI 

categories was calculated from the estimated cumulative density function 𝐹𝐹�𝐵𝐵𝑀𝑀𝑀𝑀. The 4 BMI categories were: 

undernutrition (BMI < 18.5 kg/m2); normal (18.5 ≤ BMI < 25.0 kg/m2); overweight (25.0 ≤ BMI < 30.0 kg/m2); 

and obese (BMI ≥ 30 kg/m2), which can be given by 𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(18.5), �𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(25.0)− 𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(18.5)�, 

�𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(30.0)− 𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(25.0)�, and �1 − 𝐹𝐹�𝐵𝐵𝐵𝐵𝐵𝐵(30.0)�, respectively(19).  

Sampling weights and clustering within primary sampling units (PSUs) were incorporated in all 

analyses. Sampling weights were calibrated after the elimination of incomplete and implausible records so that 

age- and sex-specific total sums of sampling weights are equal to those of the original data. Then, sampling 

weights were re-calibrated referring to the UN population estimates(20,21) before pooling datasets of two time 

points in order to accommodate population sizes possibly estimated using different estimation methods when 

sampling weights were created. To estimate variances accounting for clustering at the sampling unit level, 2,000 

bootstrap samples were generated. A bootstrap sample was obtained by sampling (𝑛𝑛ℎ – 1) PSUs with 

replacement per stratum for all strata, where 𝑛𝑛ℎ stands for the number of PSUs in the stratum ℎ(22). For each 

bootstrapped sample, sampling weights were calibrated again so that sex- and age-specific sums of sampling 

weights are equal to those of the pre-bootstrapping data. Using estimated coefficients from the 2,000 bootstrap 

samples, the variance-covariance matrix of coefficients was estimated(23) and used for the hypothesis testing. 

Confidence intervals were reported as 95% bootstrap percentile confidence intervals. The model did not 

converge in 100 iterations with some bootstrap samples (0-29 out of 2,000 bootstrap samples depending on 

country-sex-specific dataset), and for these samples, an average of estimates from the last 50 iterations was used 

as the final estimate after verifying that the estimates of each iteration were not diverging. 

R (version 3.2.2) was used to fit the GAMLSS regression models, and Stata (version 14.1) was used for 

the rest of the analyses. 
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Supplemental Table 1 Demographic characteristics of the study populations (adult aged 20-69 years*)† 

 
 Mexico  Colombia  Peru 
 (n = 64,413)  (n = 144,628)  (n = 36,082) 
 Men Women  Men Women  Men Women 
 (n = 26,347) (n = 38,066)  (n = 59,993) (n = 84,635)  (n = 16,349) (n = 19,733) 
 2006 2012 2006 2012  2005 2010 2005 2010  2007-8 2012-3 2007-8 2012-3 
Number of observations               

Number of records 11,982 14,365 18,178 19,888  23,275 36,718 36,247 48,388  8,191 8,158 9,507 10,226 
Weighted counts (000) 29,166 33,855 29,680 33,980  11,763 13,096 11,973 13,382  7,773 8,304 7,607 8,067 

               
Age (%)               

20-29 29 29 27 26  33 30 30 28  29 24 27 22 
30-39 25 24 27 27  25 25 26 24  25 22 27 23 
40-49 21 21 22 21  22 23 23 23  24 23 24 24 
50-59 15 16 14 16  15 16 16 18  13 18 14 19 
60-69 10 10 10 10  5 6 6 6  9 13 9 13 

               
Type of residence (%)               

Urban 78 79 77 79  73 74 77 78  68 75 71 78 
Rural 22 22 23 21  27 26 23 22  32 25 29 22 

               
Educational attainment (%)               

Primary 44 34 53 40  41 38 42 36  28 24 39 35 
Secondary 41 48 37 45  40 42 41 42  43 41 35 35 
Higher 14 18 10 16  17 20 18 22  29 34 26 30 
Missing 1 0 0 0  1 1 0 0  0 0 0 0 

               
Household wealth quartile‡ (%)               

Lowest 22 23 24 23  25 26 21 21  21 23 20 21 
Lower 25 24 25 25  26 25 26 25  24 24 23 23 
Higher 26 25 26 26  25 25 27 27  26 23 27 25 
Highest 27 27 25 26  25 24 27 27  25 25 27 25 
Missing 0 0 0 0  0 0 0 0  4 6 4 7 
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* In the case of Colombia, adults aged 20-64 years. 
† All numbers were presented as weighted numbers except the number of records. 
‡ A household wealth index score was constructed for each survey from variables on dwelling characteristics, available household services and assets 

following a method established by the Demographic Health Surveys (DHS) Program(1-4). And then, quartiles of the wealth score were calculated. 
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Supplemental Figure 1 Estimated prevalence of 4 BMI categories by age for year 2010 
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Supplemental Figure 2 Estimated BMI distributions by age for years 2005 and 2010, Mexico 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P-values (from 4-df Wald tests) indicate difference in distributions between years 2005 and 2010. The null hypothesis is: 𝛽𝛽𝜇𝜇 2𝑘𝑘 = 0, 𝛽𝛽𝜎𝜎 2𝑘𝑘 = 0, 𝛽𝛽𝜈𝜈 2𝑘𝑘 =
0, 𝛽𝛽𝜏𝜏 2𝑘𝑘 = 0, where 𝛽𝛽𝜃𝜃 2𝑘𝑘 is the coefficient for the interaction term between age group 𝑘𝑘 and time for the parameter 𝜃𝜃 = 𝜇𝜇,𝜎𝜎, 𝜈𝜈, or 𝜏𝜏. 
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Supplemental Figure 3 Estimated BMI distributions by age for years 2005 and 2010, Colombia 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

P-values (from 4-df Wald tests) indicate difference in distributions between years 2005 and 2010. The null hypothesis is: 𝛽𝛽𝜇𝜇 2𝑘𝑘 = 0, 𝛽𝛽𝜎𝜎 2𝑘𝑘 = 0, 𝛽𝛽𝜈𝜈 2𝑘𝑘 =
0, 𝛽𝛽𝜏𝜏 2𝑘𝑘 = 0, where 𝛽𝛽𝜃𝜃 2𝑘𝑘 is the coefficient for the interaction term between age group 𝑘𝑘 and time for the parameter 𝜃𝜃 = 𝜇𝜇,𝜎𝜎, 𝜈𝜈, or 𝜏𝜏. 
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 Supplemental Figure 4 Change in prevalence of overweight and obesity prevalence by age 

between 2005 and 2010 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Vertical lines from the bars represent 95% percentile confidence intervals. 




