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Abstract

Objectives—Over the past three decades, twin studies have shown variation in the heritability of 

obesity. This study examined the difference of body mass index (BMI) heritability (BMI-H) by 

population characteristics, such as sex, age, time period of observation, and average BMI, as well 

as by broad social-environmental factors as indicated by country-level gross domestic product 

(GDP) per capita and GDP growth rate.

Methods—Twin studies that reported BMI-H and were published in English from Jan 1990 to 

Feb 2011 after excluding those with disease, special occupations or combined heritability 

estimates for country/ethnic groups were searched in PubMed. 32 studies were identified from 

Finland (7), the UK (6), the US (3), Denmark (3), China (3), Netherlands (2), South Korea (2), 

Sweden (2) and four from other countries. Meta regression models with random effect were used 

to access variation in BMI-H.

Results—Heterogeneity of BMI-H is significantly attributable to variations in age (<20yr, 20–

55yr & ≥56yr), time period of observation (i.e., year of data collection), average BMI, and GDP (≤

$20,000, $20,001–26,000 & >$26,000). BMI-H was higher in adolescents (<20yr), in studies done 

in past years, and in populations with higher average BMIs or higher GDP per capita (≥$26,000) 

than their counterparts. Consistent lowering effects of high GDP growth rate (>median) on BMI-H 

were shown through stratified analyses by GDP. BMI-H was lower in countries of mid-level GDP, 

particularly those experiencing rapid economic growth.

Conclusions—BMI-H is sensitive to age, time period of observation, average BMI, GDP, and 

rapid economic growth.
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Introduction

While genetic epidemiologic studies show that genetic factors are an important determinate 

of obesity in twin and adoption studies, numerous other population-based studies show that 

social-environmental factors are key drivers of the global obesity epidemic1. However, the 

relative contributions of genetic and social-environmental factors to obesity remain 

controversial. Studies on single-nucleotide polymorphisms (SNPs) and their interactions 

with selective environmental factors shed limited insight on this question. Although 68 

SNPs (FTO, MC4R, etc.) have been significantly linked to adult BMI, waist circumference 

and waist to hip ratio and their additional connection of age at menarche have been recently 

discovered2, they explain only a small proportion of genetic variance in body mass index 

(BMI) (e.g., two common variants in FTO and MC4R account for less than 2% of the 

variance in adult BMI)3. Less physical activity and high fat and carbohydrate intakes have 

also co- contributed with these genes, indicating accelerated risks of obesity with variant 

genotype4, 5.

Twin studies provide a unique method for separating the phenotypic impacts of “nurture”-

environmental variations from those of “nature”-genetic variations through the comparison 

of monozygotic (MZ) twins and dizygotic (DZ) twins. Heritability, the proportion of 

phenotypic variation in a population attributable to genetic variation among individuals, 

provides estimates of the relative contributions of differences in genetic vs. non-genetic 

factors. Genetic variance is an aggregate of the effect of all genetic loci6.

Similar degree of heritability may imply differing influences of genetic variance dependent 

on the within- population heterogeneity of environmental determinants of traits in question. 

Recent studies have alerted the importance of the relative contribution of environmental 

factors to obesity since changes in the population gene pool are too slow to explain the 

increasing obesity epidemic in recent decades. In fact, the risk of assorted marriages 

between high BMI (>95th BMI percentile) couples increased from 1.39 (1.10–1.81) to 2.39 

(1.85–3.09) in three decades, which may lead the offspring’s predisposition to obesity7. 

Some studies have reported that dietary intake and physical activity might modify the 

heritability of obesity in children and adults8, 9. This implies that the wide range of BMI-H 

(e.g., 45–85%) in recent twin studies10 may result from different characteristics in study 

populations. For example, age distribution of study sample is likely to cause variation in 

BMI-H due to the activation of certain genes for physical growth, which occurs at younger 

ages11. Nutrition transitions occurred by economic growth have introduced more obesogenic 

environments12 and resulting in large variation within a population’s lifestyle behaviors 

(e.g., regarding diet, transportation, and work practices) 13, 14.

Few studies have assessed whether obesity heritability may vary by population and social-

environmental characteristics. Previous research has only partly examined this question 

(e.g., only studied young age groups) or provided inconclusive results (e.g., given 

incomparable characteristics within family, adoption, and twin studies)10, 15, 16. This 

systematic review and meta-analysis aimed to answer whether and how obesity heritability 

might vary by population characteristics (e.g., sex, age, and average BMI) and 
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environmental conditions (e.g., social-environmental factors such as GDP, GDP growth rate, 

and time period of observation).

Materials and Methods

We searched PubMed for studies with twin subjects that reported BMI-H. Information on 

variables of interest (e.g., data collection methods, study population characteristics, social-

environmental factors, and BMI-H estimates) was abstracted using a standardized form 

(Table 1). To reflect the obesogenic conditions of study population at the time of 

investigation, average BMIs of the study population (reported in the articles) were used 

since they represent the level of environmental obesogenicity at the time and place of 

investigation more accurately than the concurrent obesity prevalence of country in general. 

GDP per capita and annual GDP growth rate were obtained from the Organisation for 

Economic Cooperation and Development (OECD) website for the corresponding year of 

data collection of each study so as to examine the effects of country’s economic status on 

BMI-H. This is because the prosperity of a country has been shown to be significantly 

associated with the level of BMI in a previous study1. Countries experiencing rapid 

economic growth (e.g., as reflected by the annual GDP growth rate) are likely to have 

widely ranging lifestyles due to influences of the burgeoning economy. Accompanying 

cultural shifts, such as in diet, transportation, and the work place, etc., result and create both 

mixtures and fusions of the new with the traditional as these countries did not have enough 

time to adjust their changes13, 14.

Literature search strategy

We searched PubMed for articles published between January 1, 1990, and February 18, 

2011, with the following search terms in combination with specific field tags, such as [mh] 

for MeSH terms and [tiab] for “title and abstract”: “twin”, “twin study”, “heritability”, 

“body mass index”, “BMI”, “body weight”, “waist”, “hip”, “body fat mass”, “fat”, 

“obesity”, “overweight”, and “adiposity”.

Study inclusion criteria: Language, sample size, and other conditions

A total of 176 articles were returned with the search above. We then screened the titles and 

abstracts. Excluding non-English studies and study populations with disease, a total of 73 

English language articles involving healthy human subjects remained. During article 

screening, 41 more entries were excluded for reasons including: not using primary data, 

focusing only on a specific occupational group (considering the exposure to extraordinary 

environments in a long period, e.g., soldiers or veterans), reporting combined heritability 

estimates across multiple ethnic or country groups, having a sample size less than 30, or not 

including quantitative information about the heritability of obesity (BMI or 

anthropometrics). To maximize comparability, we chose to focus only on the articles using 

BMI as their main outcome (instead of overweight, obesity, or another body composition 

indicator) as the great majority (80%) of remaining articles fit this description. In the end, 32 

twin studies were identified as being eligible (see Appendix 1). These studies were from 

Finland (n=7), the UK (6), the US (3), Denmark (3), China (3), Netherlands (2), South 

Korea (2), Sweden (2), and four other countries: (German, Poland, Belgium and Norway).
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Lastly, we checked whether any of the 32 eligible articles were based on data from the same 

study sample or cohort; we did not find this to be the case. Some of the work in Finland, 

Netherland and Denmark was based on their shared national twin registry, but concerned 

different age groups and time periods.

Data abstraction

Information on year of data collection, data collection methods, study design, sample size, 

study population’s characteristics (e.g., sex, age, country/ethnicity) and average BMI, 

statistical methods for analysis (e.g., for estimating BMI-H), and BMI-H estimates were 

abstracted from each article using a standardized form we developed for this review (Table 

1). Sex- and age-specific BMI-H values were specifically abstracted unless the articles 

reported an overall heritability estimate for the whole study population. A total of 74 unique 

estimates of BMI-H were collected from the 32 studies. We also contacted authors for 

information that we were abstracting but may not have been published.

Key study variables

The key outcome variable was the BMI-H estimate(s) reported in the articles, and key 

exposure variables included the study population’s characteristics and average BMI, GDP 

per capita, and annual GDP growth rate.

1) Population’s characteristics: Sex, age, country—To better attribute BMI-H 

estimates, they were categorized by sex as ‘male only’, ‘female only’, or ‘both/non-specific’ 

(if the article gave overall BMI-H values or did not present sex-specific BMI-H values). 

Ages of subjects were categorized into three age groups: younger than 20 years old, between 

ages 20–55 years, and 56 years and older for use in regression models. This approach was 

indicated by previous studies16 as well as by this study’s meta-analyses (see Statistical 

analysis section). We considered diversity of populations by country of study rather than by 

regions or racial groups represented.

2) Obesogenicity of the environment: Average BMI—To evaluate the obesogenic 

nature of a population’s environment, we used the study population’s average BMI (as 

reported in the articles) as a proxy measure. Compared to using a country’s prevalence of 

obesity in general, this indicator better reflects the study population’s characteristics by 

defined age and area, although both of them could be contemporaneous impact of a diverse 

range of lifestyle factors and behaviors (e.g., consumption of high fat and/or high calorie 

diets, healthy food preferences, sedentary behaviors, social norms regarding body image, 

etc.). For example, Haworth et al. 2008, Allison et al. 1994 and Silventoinen et al. 2007 had 

young children but Lehtovirta et al. 2000 and Alonso et al. 2009 observed old adults instead. 

Also most of the studies had wide range of age, which prohibits using the age- specific 

prevalence of obesity. This key variable was modeled as a continuous factor in our study as 

previous studies have observed a linear relationship between average BMI and BMI-H12.

3) Country-level economic factors: GDP per capita and annual GDP growth 
rate—Because a country’s economic growth and prosperity can impact a population’s 

environment and GDP has been shown to be significantly associated with BMI in Egger et 
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al., 2012, in order to examine the effects of a country’s economic status on BMI-H, we 

obtained information on GDP per capita and annual GDP growth rate1. Data for both GDP 

and the annual GDP growth rate were downloaded from the website of ‘OECD.Stat’ 

(stat.oecd.org) for the year of data collection for each relevant country and study17. Data for 

GDP was calculated using the expenditure approach [per head, in US dollars, using constant 

prices, constant purchasing power parities (ppps) and OECD base year] and estimated values 

were provided for China. To examine the effect of GDP on BMI-H, developed countries (26 

studies defined as having a GDP per capita over $20,000 in the year 2000; South Korea, 

Poland and China were excluded) were limitedly used in data analysis along with the year of 

data collection since the large gap between GDPs of developed countries and developing 

countries caused a bimodal distribution of GDP [mean (SD) = 23531.1 (585.9) vs. 10758.5 

(3434.2), p <0.001)]. GDP level was treated as a categorical variable with GDP under 

$20,000 per capita set as the low group, over $26,000 as the high group, and between 

$20,000 to $26,000 the middle group. The cut-off points were the points of slope changes in 

a locally weighted scatterplot smoothing (LOWESS) curve of GDP and BMI-H and these 

values also corresponded to the definition of wealthy countries (>$20,000–30,000 GDP) in a 

previous study that examined the relationship between GDP and BMI1.

The effect of GDP and GDP growth rate may differentially affect environmental conditions 

since variation of environments largely depends on the rate of economic growth. Once 

developed countries achieve a certain level of GDP, their GDP growth rates become 

relatively steady and stable. In contrast, in less developed countries, higher GDP growth 

rates are expected although their GDP may still be lower than that of more developed 

countries. The level of GDP in all of the 32 studies was significantly and negatively 

associated with GDP growth rate (r =−0.50, p <0.001). To estimate the effect of rapid 

economic growth on BMI-H in different levels of GDP, GDP growth rates were classified as 

high or low. For this classification, we used the classifications of countries based on GDP 

level (low, middle and high) described above, and compared each country’s GDP growth 

rate to the median rate in their respective group. The median rates were as follows: 1.80 in 

low GDP group, 3.41 in middle GDP group, and 2.44 in high GDP group for the developed 

countries (26 studies) (See Statistical analysis section for more details).

Statistical analysis

The age effect on BMI-H was examined by a bubble plot using the LOWESS method to 

produce a nonparametric smoothing curve to show its relationship. Fluctuation of BMI-H 

with age was observed as in previous studies. The size of the circles depended on the weight 

of the study (where the weighting factor was equivalent to sample size) (Appendix 1). Age 

was categorized at the points of slope change into three groups (below 20, between 20–55, 

and above 56 years old). These age categories were subsequently used in regression models 

given the non-linear relationship of age with BMI-H.

In conducting a test for heterogeneity in our meta-analysis, we found strong evidence of 

heterogeneity in BMI-H between studies (using the “meta” command in STATA 11, test for 

heterogeneity by the Der Simonian and Laird estimate of between studies variance = 

167.965, p-value <0.001). As a result, we regarded meta-regression models with random 

Min et al. Page 5

Obes Rev. Author manuscript; available in PMC 2015 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects as most appropriate for analyzing the associations between BMI-H and the study 

characteristics of interest. This approach provided restricted maximum likelihood estimates 

of regression parameters, and random effects allowed for the potential variations in the 

associations between BMI and study characteristics across the multiple studies. To give 

more weight for study-estimates with better precision (e.g. smaller standard errors, etc.), 

sample size was considered relative to weighting factor and used for Meta-regression 

models with random effects using the “metareg” command in STATA 11.

The basic meta-regression model we used is shown below:

where yi is a statistic from study i; θi is the true effect of study i, θi~N (θ, τ2); and εi is a 

measure of within- study uncertainty, εi~N (0, σi
2). The regression coefficients (βi, ······ βp) 

are the estimated increase per unit increase of the covariates (xi1,······· xip). The covariates 

included in the model are the population characteristic variables that we wanted to examine 

as contributing factors to the heterogeneity of BMI-H (e.g., age, sex).

The basic meta-regression model with random-effects included variables that had recently 

been suggested to be contributing factors to the heterogeneity of BMI-H, such as sex10, 

age16, and average BMI12. Again, age and sex were both treated as categorical variables and 

average BMI as a continuous variable.

To examine the effect of economic status on BMI-H, GDP per capita, annual GDP growth 

rate, and the year of data collection were added to the model above. Again, due to the 

bimodal distribution of GDP levels, developed countries’ data (26 studies) were separately 

entered into the basic model along with the year of data collection and GDP and GDP 

growth rate were both treated as categorical variables. Additional analysis was done by 

including the remaining countries of South Korea, Poland, and China with the developed 

countries’ data (for a total of 32 studies) to examine whether countries overall experienced 

similar effects of GDP growth rate on BMI-H as developed countries.

Finally, we tested for interaction between GDP and GDP growth rate on BMI-H through 

analysis of variance (ANOVA). The predicted BMI-H by the previous model (described in 

Table 2) were compared between countries with high and low GDP growth rates within the 

different GDP levels.

Results

Characteristics of studies

The median of the reported BMI-H from all 32 studies was 73% and estimates ranged from 

31% (Silventioinen et al., 2007)18 to 90% (Poulsen et al., 2001)19. The majority of the 

studies included both sexes and was cross-sectional. Only four were cohort studies. Most of 

the studies (84%) were from the US (n=3) and European countries (n=24). Several different 

statistical models were used to estimate BMI-H such as the ACE model, which was 

implemented in 86% studies. In this model, structural equation modeling decomposes the 
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total variation in BMI into sources of additive genetic variance (A), common environmental 

variance (C), or unique environmental variance (E) after model selection based on Akaike’s 

Information Criteria (where the model with the lowest AIC is chosen as the best balance of 

goodness of fit and parsimony). Falconer’s formula, path analysis, and other methods were 

used in other studies.

The studies were widely varied. For example, many studies in Finland, the Netherlands, 

Denmark, Sweden, Norway, South Korea, and the UK (one article) utilized data from 

nationwide twin registries or other health record systems (n=18). Other studies in the UK 

(five articles), the US, Germany, and China used community- or hospital-based data sources 

(n=13). There were wide ranges in age (from 3 to 91 years old), time period of data 

collection (from 1965 to 2007), average BMI (from 15.0 to 28.2 kg/m2), GDP per capita 

(from $2,555 to $31,358), and annual GDP growth rate (from −0.81 to 10.03%).

Random-effects meta-regression analysis

1) Differences of BMI-H with age, sex, and average BMI—BMI-H varied by age 

(see Appendix 2). BMI-H increased until around 20 years old [β =1.55, SE =0.39, p <0.001] 

at which point it reached its peak (BMI-H at age 20=79% on the LOWESS curve). Then, 

BMI-H decreased steadily until the mid-50’s (β =−0.47, SE =0.16, p <0.01; BMI-H at age 

55=66% on the LOWESS curve) and then afterwards gradually increased again (β =0.15, SE 

=0. 57, p =0.80).

After adjustment for sex and average BMI, BMI-H was found to be lower in the two older 

age groups compared to the youngest age group (β =−15.16 in the age 20–55 group and β =

−23.09 in the age ≥56 group; both p <0.01 compared to the age 20 and below group). BMI-

H increased with the level of average BMI (β =2.34 per kg/m2, p <0.01). No significant 

effects were observed in BMI-H with sex (β =2.65 in women compared to men, p =0.45; β= 

1.78 in both sexes compared to only men, p =0.60).

2) Differences of BMI-H with GDP per capita level, annual GDP growth rate, 
and secular trends—To examine the effect of economic factors on BMI-H, analyses 

limited to the developed countries (n =26 of the 32 total studies) were performed. GDP, 

GDP growth rate, and the year of data collection were added to the previous model that 

already included sex, age, and average BMI. BMI-H increased with average BMI (β =2.58 

per kg/m2, p <0.01) and it was significantly higher in the high GDP group (≥$26,000) than 

in the low GDP (<$20,000) (β =18.36, p =0.03). In contrast, BMI-H decreased in the older 

age groups (β =−21.7 in the age 20–55 year group and β =−27.0 in the age 56 years and 

above group; both p <0.01 compared to younger than 20 years old age group), with rapid 

economic growth (β =−2.13, p =0.04), and secularly over time (β =−0.56 per year, p =0.03).

3) The combined effects of GDP per capita and GDP growth rate on BMI-H—
Overall, BMI-H was lower in the group of high GDP growth rate countries than in the group 

of low GDP growth rate countries [mean (SD) of BMI-H= 68.63 (5.55) for high growth rate 

countries vs. 75.28 (6.28) for low growth rate countries; p <0.001]. Similarly, in analyzing 

each strata of GDP individually, those countries with higher GDP growth rates had lower 

levels of BMI-H than those with lower GDP growth rates. The mean differences of BMI-H 
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between the high and low GDP growth rate groups (high-low) were, by GDP strata, as 

follows: 6.06% in the high GDP group, 5.07% in the middle GDP group, and 6.34% in the 

low GDP group. BMI-H was observed to be the lowest in the middle level GDP, high GDP 

growth rate group at 66.01% (SD =4.96; the 4th group in Figure 1). This group’s heritability 

was also significantly lower compared to that in the low GDP, low GDP growth rate group, 

which was 77.16% (SD =6.00; the 1st group in Figure 1), as well as that in the high GDP, 

low GDP growth rate group, which was 77.27% (SD =6.78; the 5th group in Figure 1]. 

These analyses were done using Scheffé post-hoc tests.

Additional analysis to examine whether countries overall had similar effects of GDP growth 

rates on BMI-H as developed countries was done by including the remaining countries of 

South Korea, Poland, and China with the developed countries’ data. Similar results were 

observed as above. The BMI-H was lowest in countries in the middle GDP, high GDP 

growth rate group at 67.80% (SD =4.06). This value was significantly lower than that in the 

low GDP, low growth rate group (74.60%, SD =5.37%, p <0.001) and the high GDP, low 

growth rate group (75.66%, SD =4.74%, p <0.001).

Discussion

The relative contributions of genetic and social-environmental factors to body weight status 

have been controversial. Due to the polygenic nature of obesity, previous studies have been 

limited in their ability to examine the genetic contribution to obesity development beyond a 

few single nucleotide polymorphisms (SNPs) or genetic interactions with a few 

environmental factors. In contrast, as an aggregated index of all genetic loci, BMI-H shows 

the relative contributions of differences in genetic and environmental factors to total 

phenotypic variance in a population. Most twin studies present a relatively high level of 

BMI-H, but reported BMI-H estimates show great variation, from 31% to 90%. Also, few 

studies have assessed whether obesity heritability may vary by population demographic 

characteristics. Such questions have only been partially explored (e.g., in younger age 

groups only) or remain unresolved (e.g., due to incomparable characteristics across family, 

adoption, and twin studies)10, 15, 16. Also, in terms of social-environmental influences, few 

studies have suggested a non-linear relationship and time lag between GDP and BMI to 

date1, 20. Our systematic review found that heterogeneity of BMI-H is significantly 

attributable to variations in age, average BMI, the time period of data collection (i.e., secular 

effects), GDP, and GDP growth rates. Children and adolescents, populations with higher 

average BMIs and higher levels of GDP are likely to have greater BMI-H. In contrast, 

lowering effects of high GDP growth rate and recent years are shown on BMI-H. The 

activation of obesity-related genes during periods of heightened growth activity in 

adolescence (i.e., growth spurts) and/or in obesity-promoting environments (e.g., as 

reflected by high average BMIs and high GDP levels) are likely to increase contributions to 

BMI-H from genetic variations compared to environmental influences. Conversely, the 

mixing of traditional lifestyle behaviors with newer, more sedentary ones that tends to 

accompany rapid economic growth is likely to lead to large variations in the environment 

within countries during such transitions. Under these conditions, social-environmental 

influences on BMI-H are likely to be stronger. With the interplay of population 

characteristics and the influence of the study environment, BMI-H may stabilize.
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Effects of age on BMI-H

The relationship between BMI-H and age is dynamic. In our meta-analysis, BMI-H 

increased until around age 20 when it reached its peak. BMI-H then decreased steadily until 

age 55, after which it gradually increased again, but not to its earlier heights. After adjusting 

for sex and average BMI, BMI-H was lower in older age groups compared to the youngest 

age group (β =−15.16 in the age 20–55 group and β =−23.09 in age ≥56 year old group both 

p <0.01 compared to the <20 years old group).

One review of childhood obesity studies up to age 18 (which included nine twin and five 

adoption studies) observed moderate to high levels of BMI-H (mean =75%) and a nonlinear 

relationship between age and BMI-H. The study found BMI-H during adolescence higher 

than in early childhood. In contrast, common environmental effects from shared family 

background (such as parents’ BMI, food preference, eating behavior, etc.) on BMI-H 

became relatively small around adolescence compared to early childhood in the twin and 

adoption studies16. Silventoinen et al. examined cases of strong BMI tracking from birth to 

late-middle age in adulthood and suggested that continuity of BMI from early childhood to 

the onset of adulthood was related to genes that started to affect BMI during periods of 

physical growth15. Thus, various events in gene expression and gene activation for physical 

growth during childhood and adolescents that occur in sequential pathways (e.g., for weight 

and height gain11) could increase genetic variation and genetic contribution to BMI-H in 

young ages. To distinguish the shared environments and non-additive genetic variance (e.g., 

food availability at home vs. appetite gene effect, etc.), Dr. Segal and colleagues tried 

ACDE models of virtual twins (composed by adoptee and same-age unrelated siblings)21. 

However, as most of heritability studies to date do not use advanced ACDE modeling and 

because of the limited comparability of family adoption and twin studies, we were only able 

to include twins in our study population.

Conversely, unique environments become relatively more diverse in adulthood compared to 

childhood. As people age, they tend to encounter more physical exposures (e.g., smoking, 

alcohol, chemical toxins, diet, and sedentary-promoting lifestyles, etc.), as well as more 

social factors (e.g., peer pressure, social norms for body image, cultural influences on body 

shape, etc.) that can impact body weight. Non-genetic factors may interact with and 

influence one’s genetic potential of influence. For example, in one study, physical activity 

modified genetic variations in BMI [−0.18 (95% CI: −0.31 to −0.05)] and resulted in lower 

BMI-H in the active group compared to the sedentary group. High dietary protein have also 

been found to reduce genetic variances in BMI and waist circumference8, 9. Epigenetic 

studies have supported the role of the environment in activating and inactivating genes as 

well since starvation, folic acid, and various chemical exposures have all been linked to 

epigenetic changes22.

Positive relationships of average BMI and GDP with BMI-H

We found BMI-H increased with average BMI of the study population (β =+2.58 per kg/m2, 

p <0.01). BMI-H was also significantly higher in countries of high GDP (annual GDP >

$26,000) than in those of lower GDP (annual GDP <$20,000).
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The associations between population level of BMI and obesity prevalence with BMI-H were 

recently examined in Swedish and Danish populations12, 23. Additive genetic variance 

(ranging from 4.3 to 7.9) and unique environmental variance (ranging from 1.4 to 2.0) of 

BMI variance was observed to linearly increase with the population mean of BMI over three 

decades. BMI-H increased from 75% to 78.8% over the same period. The authors 

hypothesized that a relationship of this nature was more likely due to environmental 

influences modifying the genetic influences on adiposity since the population gene pool 

changes at a much slower rate than could explain the fast-rising obesity patterns observed 

over the last 30–50 years. They also surmised it was possible for obesogenic environments 

to inspire new gene activation, gene expression, and/or epigenetic changes related to obesity.

Egger and Swinburn (1997)24 proposed an ecological model for obesity comprised of two 

different layers of the environment that could together explain the epidemic rise of obesity 

over the past years. First, a proximal layer influences changes on a more individual level (for 

example, in energy intake or physical activity levels) and also includes the food environment 

and the built environment. Second, a more distal layer includes factors (for example, 

economic growth) that have a more macro-level reach and can affect proximal level entities. 

GDP is the most commonly used indicator for national prosperity and it can therefore impact 

an in-country level of obesogenicity since economic growth is often achieved through 

increasing consumption. Therefore, populations living in developed countries are more 

likely to be exposed to obesogenic environments as well as have a greater prevalence of 

obesity and/or higher population means of BMI. Indeed, as Egger et al. examined, average 

BMI was more likely to be higher in developed countries, although GDP was not observed 

to have a linear relationship with average BMI beyond a GDP per capita of $5,0001. 

Interestingly, in a study of 103 countries, a dose-response relationship has been observed 

between the level of GDP and the level of caloric sweetener intakes25.

Negative influences of GDP growth rate and secular trends on BMI-H

BMI-H was consistently lower in countries with high GDP growth rates in both overall 

analysis (β =−2.13, p =0.04) and stratified analyses by GDP level. In our study, the lowering 

effects were seen across all three levels of GDP groups. The mean differences in BMI-H 

between the high and low GDP growth rate groups were, by GDP strata: 6.06% in the high 

GDP group, 5.07% in the middle GDP group, and 6.34% in the low GDP group. The secular 

trend in BMI-H was observed to be significantly negative (β =−0.56 per year, p =0.03) as 

well.

There is potential for public health and, specifically, obesity rates in mid-level GDP 

countries to be adversely affected by rapid economic growth. For example, the pattern of 

rapid increases in diabetes prevalence over short periods of time in Asian populations seems 

to be attributed mostly to lifestyle changes resulting from rapid socio-economic growth26. 

China’s urbanization between 1991 and 2006 saw a 32% reduction in physical activity 

across the population14. As we have discussed, the introduction of new social and cultural 

influences on lifestyle behaviors (i.e., dietary habits, nutrition, transportation, work habits, 

etc.) due to economic growth and technology have led to large variation in people’s 

environments14, 25 through mixing with traditional lifestyle behaviors; this may result in a 
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reduction of BMI-H. Secular trends are also important to note as these results suggest a 

gradual push towards more environmental variation over time and, with it, partly decreased 

BMI-H.

Additionally, the combined or interactive effects of GDP and GDP growth rates could 

influence the BMI-H. Developed countries have relatively high levels of GDP but lower and 

steadier GDP growth rates. This may happen after a country achieves a certain level of GDP. 

It follows that developed countries with low GDP growth rates are more likely to have 

higher levels of BMI-H than those with high GDP growth rates. This is because obesogenic 

environments may activate the expression of adiposity-related genes while more stable 

lifestyles and cultures may weaken the power of environmental variation.

Along this pattern, countries with middle-level GDP and high GDP growth rates, in contrast, 

would be expected to have the lowest BMI-H; this is what we observed in our meta-analysis. 

Countries of mid-level GDP and high growth rates are subject to relatively greater 

environmental heterogeneity because traditional and newer lifestyles coexist in the same 

population to a greater extent than in countries of high- or low-level GDP. Less obesogenic 

environments compared to what is found in countries with high GDP drive less activation of 

the adiposity related genes. For example, while we observed a high level of BMI-H in the 

low GDP group, there was also a higher level of environmental homogeneity maintained in 

this group compared to the middle and high GDP groups.

The main strengths of this study include: a) the use of stringent study inclusion criteria (e.g., 

study had to involve healthy populations, observe twins, have sample sizes greater than 30, 

not focus on a non-generalizable and specific occupational group, etc.), which minimized 

possibilities of biased interpretation of results and allowed for analyses of various 

population characteristics and environmental factors of interest, b) a wide representation of 

countries, years of data collection, GDP, and GDP growth rates across the 32 included 

studies, and c) the use of meta-regression models with random effects, which allowed for the 

possibilities of both i) variation in the associations between study characteristics and BMI-H 

across multiple studies and ii) identification of significant study characteristics for BMI-H 

heterogeneity. This study also had its limitations, including: a) BMI-heritability between 

developing versus developed countries could not be compared due to the small number of 

twin studies from developing countries, and b) the effects of ethnic differences on BMI-H 

could not be assessed since most of populations we reviewed were Caucasians and/or from 

the US or European countries.

In summary, we found that BMI-H varied by population characteristics and social-

environmental factors, especially with age, average BMI of the study population, time 

period of observation, and economic development. Monitoring various aspects of 

environments is needed to help evaluate genetic effects on total phenotypic variations in a 

population. Continued research on modifiers of BMI-H will help public health scientists 

better understand the genetic, socio-environmental, and other potential drivers of the obesity 

pandemic.
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Figure 1. The combined effects of GDP and GDP growth rates on BMI-heritability: Findings of 
pooled analysis based results from 32 twin studies
Predicted values of BMI-heritability were modeled by several predictors in Table 2. As 

described in the Methods section, studies were classified into one of three groups according 

to their level of GDP per capita: countries with GDP levels below $20,000 were referred to 

as the low GDP group (n=16 studies), those between $20,000 and $25,999 were referred to 

as the middle GDP group (n=28), and those above $26,000 were referred to as the high GDP 

group (n=22). Studies were further characterized as having either a low or high GDP growth 

rate within their GDP strata. Within each strata, studies with growth rates higher than the 

median growth rate were considered as high GDP growth rate countries and those below the 

median value were considered as low GDP growth rate countries. The median values were 

1.80 in the low GDP group, 3.41 in middle GDP group, and 2.44 in the high GDP group.

Finally, the number of studies for each combination of GDP and GDP growth rate in our 

study were as follows: low GDP-low GDP growth rate (n =5), low-high (11), middle-low 

(7), middle-high (21), high-low (10), high-high (12). The mean level of BMI-heritability 

was significantly different (p <0.001) across the six groups according to ANOVA tests. This 

was evident between the Low-Low and the Middle-High groups as well as the Middle-High 

and the High-Low groups given Scheffé post-hoc tests.

Min et al. Page 16

Obes Rev. Author manuscript; available in PMC 2015 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Appendix 1. Literature search flowchart and results
*PubMed was searched for articles published between January 1, 1990, and February 18, 

2011, with following keywords in combination with specific field tags, such as [mh] for 

MeSH terms and [tiab] for “title and abstract”: “twin”, “twin study”, “heritability”, “body 

mass index”, “BMI”, “body weight*”, “waist”, “hip”, “body fat mass”, “fat”, “obesity”, 

“overweight”, and “adiposity”.
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Appendix 2. Bubble plot of BMI-heritability against age using the LOWESS method, based on 
overall heritability estimates from all 32 twin studies
The effect of age on BMI-heritability is described by this bubble plot using the locally 

weighted scatterplot smoothing (LOWESS) method for regression to create a non-

parametric smoothing curve. The size of the circles reflects the weight of the study (where 

the weighting factor was equivalent to study sample size). The curve increased until around 

age 20 (β =1.55, SE =0.39, p <0.001) and peaked in early adulthood (age 20). BMI-

heritability at age 20 was 79%. Then, the heritability curve decreased steadily until the 

mid-50’s (β =-0.47, SE =0.16, p <0.01; BMI-heritability at age 55 was 66%), and then 

gradually increased afterwards, though not significantly so (β =0.15, SE =0.57, p =0.80).

Min et al. Page 18

Obes Rev. Author manuscript; available in PMC 2015 March 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Min et al. Page 19

T
ab

le
 1

Su
m

m
ar

y 
of

 th
e 

m
ai

n 
ch

ar
ac

te
ri

st
ic

s 
an

d 
fi

nd
in

gs
 o

f 
32

 id
en

tif
ie

d 
tw

in
 s

tu
di

es
 r

eg
ar

di
ng

 B
M

I 
he

ri
ta

bi
lit

y

N
o

R
ef

er
en

ce
C

ou
nt

ry
/e

th
ni

c
gr

ou
p

D
at

a 
le

ve
l

Y
ea

r(
s)

of
 d

at
a

co
lle

ct
io

n

se
x

N
 (

pa
ir

s)

K
ey

an
al

yt
ic

al m
et

ho
d

s†

M
ea

n 
ag

e
(y

r;
 r

an
ge

)
B

M
I 

(k
g/

m
2 ;

SD
)

B
M

I-
H

er
it

ab
ili

ty
(%

)

47
K

or
ke

ila
 e

t a
l. 

19
91

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
19

75
M

, F
M

Z
: 2

37
2,

 D
Z

: 4
87

3
A

E
 m

od
el

18
–5

4
M

: 2
4.

0 
(2

.6
);

 F
: 2

2.
6 

(2
.9

)
M

: 7
3,

 F
: 6

8

50
T

ur
ul

a 
et

 a
l. 

19
90

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
19

75
M

, F
M

Z
 &

 D
Z

: 7
24

5
A

C
E

 m
od

el
22

 (
18

–5
4)

M
: 2

3.
8;

 F
: 2

1.
5

M
: 7

2,
 F

: 6
6

39
Pi

et
ila

in
en

 e
t a

l. 
19

99
Fi

nl
an

d/
Fi

nn
is

h
na

tio
nw

id
e

19
93

M
, F

M
Z

: 6
92

, D
Z

: 1
41

9
A

E
 m

od
el

16
, 1

7
20

.4
 (

2.
4)

; 2
0.

8 
(2

.5
)

M
: 8

1,
 F

: 8
7;

 M
: 8

6 
F:

 
85

38
L

eh
to

vi
rt

a 
et

 a
l. 

20
00

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
19

97
M

, F
M

Z
: 2

1,
 D

Z
: 2

0
A

E
 m

od
el

62
 (

54
–7

2)
26

.4
 (

3.
0)

54

9
M

us
te

lin
 e

t a
l. 

20
09

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
20

01
M

, F
M

Z
: 6

96
, D

Z
: 1

39
6

A
E

 m
od

el
25

 (
22

–2
7)

23
.1

 (
3.

3)
M

: 7
9,

 F
:7

8

33
L

aj
un

en
 e

t a
l. 

20
09

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
3 

tim
es

 f
/u

; 
19

97
, 1

99
9,

 
20

01

M
, F

M
Z

: 2
41

3
A

C
E

 m
od

el
11

–1
2,

 1
4,

 1
7

17
.7

 (
2.

6)
; 1

9.
4 

(2
.8

);
 

21
.5

 (
2.

9)
M

: 6
9,

 F
: 5

8;
 M

: 6
6,

 F
: 

58
; M

: 8
3,

 F
: 7

4

45
A

lo
ns

o 
et

 a
l. 

20
09

Fi
nl

an
d/

Fi
nn

is
h

na
tio

nw
id

e
5 

tim
es

 f
/u

; 
19

75
, 1

98
1,

 
19

90
, 2

00
1,

 
20

04

F
M

Z
: 1

02
, D

Z
: 1

14
A

E
 m

od
el

43
, 4

9,
 5

8,
 6

9,
 7

2 
(6

3–
76

)
23

.9
; 2

4.
6;

 2
5.

7;
 2

8.
0;

 
28

.2
54

; 5
8;

 6
1;

 6
8;

 7
2

48
H

ew
itt

 e
t a

l. 
19

91
B

ir
m

in
gh

am
, U

K
/B

ri
tis

h
co

m
m

un
ity

 -
 b

as
ed

19
88

M
M

Z
: 4

0,
 D

Z
: 4

0
pa

th
 a

na
ly

si
s 

of
 g

en
es

, 
in

di
vi

du
al

 e
nv

ir
on

m
en

ts
, 

ag
e

19
 (

3)
21

.5
 (

3.
2)

87

37
B

ai
rd

 e
t a

l. 
20

01
B

ir
m

in
gh

am
, U

K
/B

ri
tis

h
co

m
m

un
ity

 -
 b

as
ed

19
96

M
, F

M
Z

: 5
8,

 D
Z

: 1
40

A
D

E
 m

od
el

44
 (

1)
25

.8
 (

4.
0)

77

34
W

al
la

ce
 e

t a
l. 

20
04

Sc
ot

la
nd

, U
K

/S
co

tti
sh

co
m

m
un

ity
 -

 b
as

ed
20

00
F

M
Z

: 5
4,

 D
Z

: 3
9

D
E

 m
od

el
 (

χ2 -
 g

oo
dn

es
s 

of
 f

it 
st

at
is

tic
s)

56
 (

46
–6

5)
23

.6
 (

21
.0

–2
7.

5)
71

6
M

an
ek

. E
t a

l. 
20

03
L

on
do

n,
 U

K
/B

ri
tis

h
co

m
m

un
ity

 -
 b

as
ed

20
00

F
M

Z
: 2

61
, D

Z
: 5

24
A

C
E

 m
od

el
54

 (
8)

24
.8

 (
4.

3)
55

30
B

ea
rd

sa
ll 

et
 a

l. 
20

09
C

am
br

id
ge

, U
K

/B
ri

tis
h

co
m

m
un

ity
 -

 b
as

ed
20

01
M

, F
M

Z
: 8

8,
 D

Z
: 9

8
A

C
E

 m
od

el
9 

(7
–1

1)
16

.5
 (

2.
3)

72

51
H

aw
or

th
 e

t a
l. 

20
08

U
K

/B
ri

tis
h

na
tio

nw
id

e
4 

tim
es

 f
/u

; 
19

99
, 2

00
2,

 
20

05
, 2

00
6

M
, F

M
Z

: 1
42

2,
 D

Z
: 2

16
0

A
C

E
 m

od
el

4,
 7

, 1
0,

 1
1

15
.8

 (
2.

0)
; 1

5.
7 

(2
.0

);
 

17
.2

 (
3.

0)
; 1

7.
8 

(3
.1

)
49

; 6
6;

 8
2;

 7
7

46
A

lli
so

n 
et

 a
l. 

19
94

G
eo

rg
ia

-K
en

tu
ck

y-
In

di
an

a,
 U

S/
B

la
ck

, w
hi

te
co

m
m

un
ity

 -
 b

as
ed

19
65

M
, F

M
Z

: 1
08

, D
Z

: 1
30

A
E

 m
od

el
s

15
 (

12
–1

8)
20

.1
w

hi
te

: 8
9;

 b
la

ck
: 9

0

43
C

ar
m

ic
ha

el
 e

t a
l. 

19
95

M
in

ne
so

ta
, U

S
co

m
m

un
ity

 -
 b

as
ed

19
94

M
, F

M
Z

: 5
86

, D
Z

: 4
47

A
E

 m
od

el
32

 (
18

–3
8)

, 4
8 

(3
9–

59
),

 6
7 

(6
0–

81
)

23
.4

 (
3.

5)
; 2

5.
2 

(3
.8

);
 

25
.8

 (
4.

3)
82

; 7
0;

 6
3

41
A

us
tin

 e
t a

l. 
19

97
O

ak
la

nd
, U

S
co

m
m

un
ity

 -
 b

as
ed

2 
tim

es
 f

/u
; 

19
79

, 1
99

0
F

M
Z

: 1
85

, D
Z

: 1
30

A
E

 m
od

el
41

 (
18

–8
5)

, 5
1 

(3
0–

91
)

23
.2

 (
4.

6)
80

; 7
9

42
H

er
sk

in
d 

et
 a

l. 
19

96
D

en
m

ar
k/

D
an

is
h

na
tio

nw
id

e
19

66
M

, F
M

Z
: 4

93
, D

Z
: 7

40
A

E
 m

od
el

46
–5

9,
 6

0–
76

25
.1

 (
3.

4)
; 2

5.
9 

(3
.6

)
M

: 4
6,

 F
: 7

7;
 M

:6
1,

 F
: 

75

Obes Rev. Author manuscript; available in PMC 2015 March 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Min et al. Page 20

N
o

R
ef

er
en

ce
C

ou
nt

ry
/e

th
ni

c
gr

ou
p

D
at

a 
le

ve
l

Y
ea

r(
s)

of
 d

at
a

co
lle

ct
io

n

se
x

N
 (

pa
ir

s)

K
ey

an
al

yt
ic

al m
et

ho
d

s†

M
ea

n 
ag

e
(y

r;
 r

an
ge

)
B

M
I 

(k
g/

m
2 ;

SD
)

B
M

I-
H

er
it

ab
ili

ty
(%

)

19
Po

ul
se

n 
et

 a
l. 

20
01

D
en

m
ar

k/
D

an
is

h
na

tio
nw

id
e

19
98

M
, F

M
Z

: 1
25

, D
Z

: 1
78

2(
rM

Z
-r

D
Z

)
67

 (
55

–7
4)

N
/A

al
l: 

80
; M

: 5
8;

 F
: 9

0

32
M

al
is

 e
t a

l. 
20

05
D

en
m

ar
k/

D
an

is
h

na
tio

nw
id

e
20

03
M

, F
M

Z
: 1

08
, D

Z
: 8

8
D

E
 f

or
 y

ou
ng

, A
E

 f
or

 
ol

d
28

 (
25

–3
2)

, 6
2 

(5
8–

66
)

24
.1

 (
3.

1)
; 2

6.
1 

(4
.8

)
85

; 7
7

53
O

uy
an

g 
et

 a
l. 

20
10

C
hi

na
/C

hi
ne

se
co

m
m

un
ity

 -
 b

as
ed

20
02

M
, F

M
Z

: 4
07

, D
Z

: 3
00

A
C

E
 m

od
el

17
 (

13
–2

0)
19

.4
 (

2.
0)

M
: 8

6,
 F

: 4
8

54
L

ee
 e

t a
l. 

20
10

C
hi

na
/C

hi
ne

se
co

m
m

un
ity

 -
 b

as
ed

20
03

M
, F

M
Z

: 7
79

, D
Z

: 4
81

A
C

E
 m

od
el

M
: 3

9 
(1

1)
; F

: 3
8 

(9
)

22
.8

 (
3.

2)
61

55
W

u 
et

 a
l. 

20
10

C
hi

na
/C

hi
ne

se
co

m
m

un
ity

 -
 b

as
ed

20
01

M
, F

M
Z

: 1
24

3,
 D

Z
: 8

33
A

C
E

 m
od

el
38

 (
19

–8
1)

23
.0

 (
3.

2)
74

31
B

ur
k 

et
 a

l. 
20

06
N

et
he

rl
an

ds
/D

ut
ch

na
tio

nw
id

e
19

92
M

, F
M

Z
: 1

03
9,

 D
Z

: 1
95

7
A

C
E

 m
od

el
5

15
.0

 (
1.

5)
M

: 3
4;

 F
: 7

4

18
Si

lv
en

to
in

en
 e

t a
l. 

20
07

N
et

he
rl

an
ds

/D
ut

ch
na

tio
nw

id
e

19
96

M
, F

M
Z

: 2
61

5,
 D

Z
: 5

14
0 

at
 a

ge
 3

, 
6 

tim
es

 f
/u

A
C

E
 m

od
el

3,
 4

, 5
, 7

, 1
0,

 1
2

15
.6

 (
1.

3)
; 1

5.
2 

(1
.3

);
 

15
.9

 (
1.

5)
; 1

5.
3 

(1
.8

);
 

16
.4

 (
2.

2)
; 1

7.
2 

(2
.6

)

M
: 7

0,
 F

: 6
8;

 M
: 7

3,
 F

−
67

; M
: 3

1,
 F

−
71

; M
: 

60
, F

: 6
9;

 M
: 7

8,
 F

−
70

; 
M

: 7
5,

 F
: 8

2

28
H

ur
. 2

00
7

So
ut

h 
K

or
ea

/K
or

ea
n

na
tio

nw
id

e
20

06
M

, F
M

Z
: 5

98
, D

Z
: 2

90
A

E
 m

od
el

16
 (

13
–1

9)
20

.1
 (

2.
6)

M
:8

2;
 F

:8
7

27
So

ng
 e

t a
l. 

20
10

So
ut

h 
K

or
ea

/K
or

ea
n

na
tio

nw
id

e
20

07
M

, F
M

Z
:4

68
, D

Z
:1

20
SO

L
A

R
 p

ac
ka

ge
 b

y 
ad

di
tiv

e 
ge

ne
tic

 e
ff

ec
ts

39
 (

30
–7

4)
23

.3
 (

3.
1)

63

49
St

un
ka

rd
 e

t a
l. 

19
90

Sw
ed

en
/S

w
ed

is
h

na
tio

nw
id

e
19

84
M

, F
M

Z
: 2

47
, D

Z
: 4

26
A

D
E

 m
od

el
59

 (
14

)
24

.7
 (

2.
8)

M
: 7

4;
 F

: 6
9

52
Si

lv
en

to
in

en
 e

t a
l. 

20
08

Sw
ed

en
/S

w
ed

is
h

na
tio

nw
id

e
20

05
M

M
Z

: 1
58

2,
 D

Z
: 1

86
4

A
C

E
 m

od
el

18
 (

16
–2

5)
21

.2
 (

2.
4)

84

44
H

ar
ri

s 
et

 a
l. 

19
95

N
or

w
ay

/N
or

w
eg

ia
n

na
tio

nw
id

e
19

92
M

, F
M

Z
: 9

44
, D

Z
: 1

62
6

A
C

E
 m

od
el

18
–2

5
22

.0
 (

2.
6)

M
: 7

1;
 F

: 7
9

40
N

ar
ki

ew
ic

z 
et

 a
l. 

19
99

Po
la

nd
/P

ol
is

h
N

/A
19

95
F

M
Z

: 1
9,

 D
Z

: 1
4

A
C

E
 m

od
el

21
 (

6)
21

.3
79

29
So

ur
en

 e
t a

l. 
20

07
B

el
gi

um
/B

el
gi

an
co

m
m

un
ity

 -
 b

as
ed

19
98

M
, F

M
Z

: 2
40

, D
Z

: 1
38

A
E

 m
od

el
25

 (
18

–3
4)

27
.5

 (
1.

2)
M

: 8
5;

 F
:7

5

35
H

an
is

ch
 e

t a
l. 

20
04

G
er

m
an

y/
G

er
m

an
ho

sp
ita

l
20

02
M

, F
M

Z
:2

0,
 D

Z
: 1

0
(V

D
Z

-V
M

Z
)/

V
D

Z
19

–6
2

25
.1

 (
4.

7)
57

[N
O

T
E

S]
 T

he
 s

tu
di

es
 a

re
 s

or
te

d 
fi

rs
t b

y 
co

un
tr

y,
 th

en
 b

y 
th

e 
st

ud
y 

sa
m

pl
e 

si
ze

 (
n)

, a
nd

 th
en

 b
y 

th
e 

ye
ar

 o
f 

da
ta

 c
ol

le
ct

io
n.

[A
bb

re
vi

at
io

ns
] 

N
/A

: d
at

a 
no

t a
va

ila
bl

e;
 B

M
I:

 b
od

y 
m

as
s 

in
de

x;
 M

: m
al

e;
 F

: f
em

al
e;

 M
Z

: m
on

oz
yg

ot
ic

; D
Z

: d
iz

yg
ot

ic
; V

: v
ar

ia
tio

n;
 S

O
L

A
R

 p
ac

ka
ge

: S
eq

ue
nt

ia
l o

lig
og

en
ic

 li
nk

ag
e 

an
al

ys
is

 r
ou

tin
es

; r
: c

or
re

la
tio

n 
co

ef
fi

ci
en

t.

† [S
ta

tis
tic

al
 m

od
el

] 
St

ru
ct

ur
al

 e
qu

at
io

n 
m

od
el

in
g 

de
co

m
po

se
d 

th
e 

B
M

I 
va

ri
at

io
n 

in
to

 v
ar

ia
nc

es
 o

f 
ad

di
tiv

e 
ge

ne
tic

 (
A

),
 d

om
in

an
t g

en
et

ic
 (

D
),

 c
om

m
on

 e
nv

ir
on

m
en

t (
C

),
 a

nd
 in

di
vi

du
al

 e
nv

ir
on

m
en

t (
E

).
 F

in
al

 m
od

el
 s

el
ec

tio
n 

w
as

 b
as

ed
 o

n 
A

ka
ik

e’
s 

In
fo

rm
at

io
n 

C
ri

te
ri

on
 (

A
IC

);
 

th
e 

m
od

el
 w

ith
 th

e 
lo

w
es

t A
IC

 w
as

 c
ho

se
n 

as
 th

e 
be

st
 b

al
an

ce
 o

f 
go

od
ne

ss
 o

f 
fi

t a
nd

 p
ar

si
m

on
y 

(b
y 

de
fa

ul
t)

.

A
ge

 a
nd

 B
M

I 
of

 s
tu

dy
 s

ub
je

ct
s 

ar
e 

pr
es

en
te

d 
as

 m
ea

n 
an

d 
st

an
da

rd
 d

ev
ia

tio
n 

or
 r

an
ge

. T
he

 m
ed

ia
n 

of
 B

M
I 

he
ri

ta
bi

lit
y 

w
as

 7
3%

 a
cr

os
s 

th
e 

32
 s

tu
di

es
 a

nd
 v

ar
ie

d 
be

tw
ee

n 
31

%
 a

nd
 9

0%
. A

ge
s 

of
 s

tu
dy

 p
op

ul
at

io
ns

 w
er

e 
ra

ng
ed

 f
ro

m
 b

et
w

ee
n 

4 
to

 9
1 

ye
ar

s 
ol

d.
 S

am
pl

e 
si

ze
s 

va
ri

ed
 

fr
om

 4
0 

to
 7

75
5 

tw
in

 p
ai

rs
.

Obes Rev. Author manuscript; available in PMC 2015 March 02.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Min et al. Page 21

Table 2

Random effects meta-regression analyses: Estimates of predictors of heterogeneity in BMI-heritability in 

developed countries*

Predictors

BMI-heritability

β Standard error p-value

Age-

Below 20 years old (reference)

Between 20 and 55 years old −21.65 6.19 0.001

Age 56 and above −26.98 7.75 0.001

Sex-

Male (reference)

Female 4.62 3.47 0.18

Both male & female/non-specific −0.88 3.71 0.81

Average BMI (kg/m2) 2.58 0.78 0.002

GDP per capita-

Below $20,000 (reference)

Between $20,000 and $25,999 8.81 6.91 0.21

$26,000 and above 18.36 8.43 0.03

Annual GDP growth rate (%) −2.13 1.06 0.04

Year of data collection (year) −0.56 0.29 0.05

*
A total of 26 of 32 studies were from developed countries and from these studies, 66 unique BMI-H estimates were abstracted.

Random effects meta-regression modeling was used to analyze whether study characteristics could be related to the statistical heterogeneity 
observed between BMI-H estimates across multiple studies. Heterogeneity in BMI-heritability between studies was evident (p =0.01). The 
regression coefficients can be understood as the estimated changes (increase, decrease, or no change) in BMI-heritability per unit increase in the 
covariate after adjusting for other covariates and considering statistical significance. We used dummy variables for age, GDP per capita, and sex in 
the model. Given the non-linear relationship between age and GDP on BMI-H, age and GDP were categorized both into three groups according to 
the points of change in slope (for age, the three groups were: below 20 years old, between 20–55, and 56 years and older; for GDP per capita, the 
three groups were: below $20,000, between $20,001–25,999, and $26,000 or above). Beta coefficients for each dummy variable were presented 
compared to the reference group (as marked).
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