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A B S T R A C T

Background: The relationship between education and cardiometabolic biomarkers is contextually dependent on both inter-country and intra-country factors. This 
study aimed to examine educational differences in cardiometabolic biomarkers among middle-aged and older adults in the US, Mexico, China, and India, and whether 
this relationship is modified by urbanicity of residence.
Methods: Data were from contemporary cross-sectional waves of the US Health and Retirement Study (HRS; 2016/17, n = 19,608), the Mexican Health and Aging 
Study (MHAS; 2015, n = 12,356), the China Health and Retirement Longitudinal Study (CHARLS; 2015/16, n = 13,268), and the Longitudinal Aging Study in India 
(LASI; 2017/19, n = 47,838). To account for substantial variations in educational distribution across the four countries, we measured education attainment in two 
ways: by categorizing education levels into binary classifications (‘lower education: lower secondary education or below’ vs. ’higher education: upper secondary 
education or above’) to assess absolute education attainment, and by using within-country percentile ranks to capture relative education attainment. We assessed 
educational differences in four cardiometabolic biomarkers: body mass index (BMI), systolic blood pressure (SBP), glycated haemoglobin (HbA1c), and total 
cholesterol. We tested whether urbanicity of residence modified the relationship between education and these cardiometabolic biomarkers.
Results: The proportion of individuals with higher education was 82.6% in the US, 15.6% in Mexico, 10.6% in China, and 16.8% in India. In the US, higher education 
was associated with lower SBP (− 2.74 mmHg, 95% CI: − 3.62, − 1.86) and HbA1c (− 0.14%, 95% CI: − 0.20, − 0.08), but higher total cholesterol (3.33 mg/dL, 95% 
CI: 1.41, 5.25). In Mexico, higher education was associated with lower BMI only (− 0.51 kg/m2, 95% CI: − 0.76, − 0.26). In China, higher education was not associated 
with any biomarker. In India, higher education was associated with higher BMI (1.61 kg/m2, 95% CI: 1.49, 1.73), SBP (1.67 mmHg, 95% CI: 1.16, 2.18), and HbA1c 
(0.35%, 95% CI: 0.19, 0.51). The association between education and cardiometabolic biomarkers was modified by urbanicity in China and India but not in the US or 
Mexico. In both China and India, relationships between education and cardiometabolic biomarkers were stronger among rural residents compared to those among 
urban residents. Results based on relative education attainment showed similar patterns in terms of the direction of the effect estimates, despite some discrepancies in 
statistical significance.
Interpretation: There is a complex relationship between education and cardiometabolic biomarkers across countries and by urbanicity of residence. This complexity 
underscores the importance of accounting for contextual factors when devising strategies to enhance cardiometabolic health in various settings.

1. Introduction

Cardiometabolic diseases are prevalent at older age and lead to 
heavy financial burdens, compromised quality of life, and high risks of 
morbidity and mortality (Miranda et al., 2019; Pongiglione et al., 2022; 
Roth et al., 2020; Xu et al., 2022). Despite persistent prevention efforts 
for decades, high-income countries (HICs) have long observed a high 
prevalence of cardiometabolic conditions, including obesity, 

hypertension, diabetes, and dyslipidemia (Miranda et al., 2019; Schultz 
et al., 2018). For example, in the United States (US) and Europe, 
large-scale public health initiatives like the Million Hearts Initiative and 
NHS Health Check have been launched decades ago to reduce car
diometabolic risk factors (Blue et al., 2023; Chang et al., 2015; Frieden & 
Berwick, 2011). However, these initiatives face persistent challenges 
due to lifestyle factors, aging populations, and evolving health risks.

Since the 1980s, with the emerging global obesity epidemic, low- 
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and middle-income countries (LMICs) also have observed a surge in the 
number of people living with adverse cardiometabolic conditions (Allen 
et al., 2017; Miranda et al., 2019; Schultz et al., 2018). The rapid in
crease in cardiometabolic diseases in LMICs is primarily driven by 
modern lifestyle changes. These include factors such as the reduced cost 
of food, a diet rich in processed foods, and decreased physical activity, 
all of which are further compounded by economic development and 
urbanization (Mills et al., 2020; Miranda et al., 2019; Sattar et al., 2020; 
Valenzuela et al., 2023). For example, as LMICs develop economically, 
food becomes more accessible, especially processed and packaged; in 
addition, urbanization leads to sedentary lifestyles and easier access to 
processed foods in urban areas, contributing to the increase in car
diometabolic diseases (Goryakin & Suhrcke, 2014; Westbury et al., 
2021). In these regions, prevention efforts have focused on strength
ening primary healthcare systems and implementing community-based 
interventions, often with limited resources and infrastructure (Maria 
et al., 2021; Sacks et al., 2018). Despite these challenges, there have 
been persistent and ongoing efforts in both HICs and LMICs to mitigate 
the growing burden of cardiometabolic diseases.

Socioeconomic conditions, widely recognized as fundamental de
terminants of health, have been extensively linked to cardiometabolic 
health, yet exhibiting substantial variation in associations across 
different countries (Allen et al., 2017; Clark et al., 2009; Miranda et al., 
2019; Rosengren et al., 2019; Schultz et al., 2018). For example, in HICs, 
adverse cardiometabolic conditions are more likely to occur among 
people of low socioeconomic status (SES) (Pongiglione et al., 2022; 
Schultz et al., 2018). In contrast, in LMICs, while these conditions are 
more common among people with high SES, they are rapidly prolifer
ating among those with low SES (Dinsa et al., 2012; Hu et al., 2017; 
Lamb et al., 2021; Miranda et al., 2019). This pattern, where associa
tions between SES and cardiometabolic health diverge in different di
rections across populations from countries at varying stages of economic 
development, is known as the ‘reversal hypothesis’ (Kirschbaum et al., 
2022; Pampel et al., 2012). One possible explanation is that the proxi
mate mediators of the relationship between SES and cardiovascular 
health differ between HICs and LMICs. For example, in HICs, high SES 
may contribute to healthy eating and regular exercise, whereas in 
LMICs, it may enable the consumption of high-calorie foods and the 
avoidance of physically demanding work (Clark et al., 2009; Kirsch
baum et al., 2022; Pampel et al., 2012). This demonstrates that the 
relationship between SES and cardiometabolic health evolves alongside 
social and economic progression.

Education, an important marker of SES, has shown heterogeneous 
associations with cardiometabolic health across countries (Hill-Briggs 
et al., 2020; Leng et al., 2015; Williams et al., 2018). In the US and 
Mexico, many studies have reported negative associations between ed
ucation attainment and certain cardiometabolic biomarkers, such as 
body size index, blood pressure, and glucose levels (Addey et al., 2023; 
Kubota et al., 2017). However, findings from China present a mixed 
picture, depending on the population being studied (Bi et al., 2015; Hu 
et al., 2017; Kodali et al., 2023; Li et al., 2018; Li & Lumey, 2019a; Ruan 
et al., 2018; Zaman et al., 2012). In India, most studies report positive 
associations between education and cardiometabolic health indicators 
(Corsi & Subramanian, 2019; Lee et al., 2022; Subramanian et al., 2013). 
Economic developments and epidemiological transitions of these 
countries provide a backdrop to these inconsistencies in associations. 
For example, while the US began its epidemiologic transition before the 
mid-20th century with cardiometabolic diseases taking precedence 
(Omran, 1977), Mexico’s transition began around the 1980s (Stevens 
et al., 2008). In comparison, China and India started their epidemiologic 
transitions even later, in the 1990s and 2000s, respectively (Li et al., 
2019; Li, ÓGráda, & Lumey, 2024; Li & Lumey, 2017; Nations within a 
nation, 2017; Yang et al., 2013). Given the large and growing pop
ulations of older adults in China and India, these shifts warrant attention 
as they are critical to forecasting population health trends globally in the 
coming decades (Hu et al., 2017).

Within countries, the relationship between education and car
diometabolic health can be modified by country-specific contextual 
factors, such as urbanicity of residence (i.e., rural vs. urban residence). 
Urbanicity, especially in LMICs, serves as an indicator of economic 
progress, and rural and urban regions can greatly differ in terms of 
environment, diet, lifestyle, and healthcare access (Neuman et al., 2013; 
Rosengren et al., 2019). A recent nationwide study in India reported that 
the positive association between obesity and education is stronger 
among rural residents compared to urban residents (Barua, 2023). Such 
intra-country variations in the relationship between education and 
cardiometabolic health have also been documented in many other 
countries (Rosengren et al., 2019; Zhang, 2020; Zimmer & Kwong, 
2004). However, the influence of urbanicity on the 
education-cardiometabolic health relationship may not be consistent 
across countries, as the contrasts between rural and urban areas can 
differ markedly from one country to another. For example, in the US, 
rural residents have more limited access to healthy food options and 
tend to consume more ultra-processed food and sugar-sweetened bev
erages compared to their urban counterparts (Losada-Rojas et al., 2021; 
McCullough et al., 2022; Sharkey et al., 2011; Trivedi et al., 2015). 
Conversely, in countries like Mexico, China, and India, rural residents 
are less likely to consume ultra-processed food and sugar-sweetened 
beverages compared to urban dwellers (Lara-Castor et al., 2023; 
López-Olmedo et al., 2018; Mathur et al., 2020; Navarro-Meza et al., 
2014; Zou et al., 2015). This urban-rural divide, marked by differences 
in economic and social development, creates distinct environments that 
may modify the relationship between education and cardiometabolic 
health, leading to country-specific variations.

The above examples underscore the importance of contextualizing 
both inter-country and intra-country factors when studying the interplay 
between education and cardiometabolic health. In this study, we 
leveraged four population-based studies of middle-aged and older adults 
in the US, Mexico, China, and India to examine the relationships be
tween education and four measured cardiometabolic biomarkers, 
including body mass index (BMI), blood pressure, glucose, and lipids 
(Perianayagam et al., 2022; Sonnega et al., 2014; Wong et al., 2017; 
Zhao et al., 2014). We first compared educational differences in car
diometabolic biomarkers in each country. Subsequently, we examined 
whether these differences varied by urbanicity of residence. By 
comparing educational differences in cardiometabolic biomarkers 
across countries and within urban and rural settings, we aim to explore 
how contextual factors might influence these relationships. Under
standing these patterns can provide preliminary insights into potential 
mechanisms, thereby informing the development of more targeted and 
effective public health strategies.

2. Methods

2.1. Data and sample

Data were used from the cross-sectional waves of the 2016-17 US 
Health and Retirement Study (HRS), the 2015 Mexican Health and 
Aging Study (MHAS), the 2015-16 China Health and Retirement Lon
gitudinal Study (CHARLS), and the 2017-19 Longitudinal Aging Study in 
India (LASI) (Perianayagam et al., 2022; Sonnega et al., 2014; Wong 
et al., 2017; Zhao et al., 2014). The four studies are independently 
conducted, and are harmonized international partner studies of the US 
HRS, each with its own schedule of data collection. While the years of 
data collection are not identical across all studies, we have selected 
waves that fall within a roughly similar time frame (2015–2019) to 
facilitate comparisons (Gross et al., 2023; Li, Liu, et al., 2024; Varghese 
et al., 2023). The 2017-19 LASI wave is the first publicly available wave 
for India, making it necessary to select the 2015 MHAS, 2016 HRS, and 
2015 CHARLS waves as they are the closest in terms of data availability. 
This approach allows us to draw the most meaningful comparisons 
across countries.
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We selected these studies because they were conducted in countries 
at varying stages of economic development and epidemiologic transi
tions. According to the World Bank, since the post-World War II intro
duction of country classifications by income levels, the US has been 
categorized as a high-income country; Mexico achieved upper-middle 
income status in 1990; China in 2010; and India was classified as a 
lower-middle income country in 2007 (Country and Lending Groups, 
2023). To provide further information on the socioeconomic and 
epidemiologic conditions of these countries during the study period, we 
summarized several key indicators including GDP per capita, urban/
rural population ratio, prevalence of chronic conditions, and leading 
causes of death for each country between 2015 and 2020 
(Supplementary Table 1). (World Bank Open Data, 2023; Global burden 
of 369 diseases, 2020; revision of world urbanization prospects, 2018) 
For example, the table shows a stark contrast in GDP per capita, ranging 
from $59,800 in the United States to $2100 in India. Additionally, the 
prevalence of obesity varies widely, with the US having the highest 
prevalence of 40.0% compared to 3.4% in India.

All four studies recruited middle-aged and older adults using sam
pling strategies to make their samples nationally representative. They 
administered similar designs and questionnaires (Supplementary 
Table 2). The HRS and MHAS surveyed individuals aged 50 and above, 
and their spouses irrespective of age. The CHARLS and LASI surveyed 
individuals aged 45 and above, and their spouses regardless of age. To 
facilitate cross-national comparison studies, we used harmonized vari
ables constructed by the Gateway to the Global Aging Data. The 
harmonized data contain ready-to-use measures that are comparable 
between different countries’ studies. We included participants aged 50 
and over in each of the four studies (Fig. 1). There were 20,148, 14,203, 
16,476, and 52,393 participants aged 50 years and over in these selected 
cross-sectional waves of HRS, MHAS, CHARLS, and LASI, respectively. 
We further restricted our analysis to participants with complete infor
mation on education, residence of urbanicity, and at least one of the four 
selected cardiometabolic biomarkers described in the next section. This 
led to the inclusion of 19,608, 12,356, 13,268, and 47,838 participants 
for each of the four studies, respectively.

2.2. Measures

Cardiometabolic biomarkers. Cardiometabolic health encompasses a 
variety of interrelated anthropometric and blood biomarkers such as 
adiposity, blood pressure, blood glucose, and lipid profiles (O’Hearn 
et al., 2022). We selected four biomarkers that represent essential and 
distinct aspects of cardiometabolic health: body mass index (BMI, 

kg/m2), systolic blood pressure (SBP, mmHg), glycated haemoglobin 
(HbA1c, %), and total cholesterol (mg/dL). (O’Hearn et al., 2022; Cas
telli et al., 1992; Sarwar et al., 2010; Dudina et al., 2011; Ettehad et al., 
2016).

For the HRS, biomarker data in 2014 and 2016 were combined to 
maximize the sample size because HRS collects anthropometric mea
sures and dried blood spots (DBS) biomarkers from half of its sample 
each wave (Sonnega et al., 2014). MHAS collected anthropometric 
measures from a subsample of 13,064 participants in 2015 and other 
biomarkers from a random subsample of 2089 participants in 2012 
(Wong et al., 2017). CHARLS collected anthropometric measures from a 
subsample of 16,234 participants and blood samples from an over
lapping subsample of 13,013 participants in 2015 (Chen et al., 2019). 
While LASI assessed anthropometric and blood pressure measures from 
over 66,000 participants, additional blood biomarkers of HbA1c and 
total cholesterol were only accessible for 3000 participants through an 
ancillary study, the LASI-DAD (Lee et al., 2019). Details on the mea
surement of these biomarkers are described below and summarized in 
Supplementary Table 3.

BMI is a crude measure of body fat based on height and weight 
(Amato et al., 2013). Specifically, weight was measured using a 
Healthometer 830 KL scale in HRS, Omron HN-286 scale in CHARLS, 
and a SECA 803 digital weighing scale in LASI. Height was measured by 
trained interviewers using a tape while the respondent was standing 
against the wall without shoes in HRS, a SecaTM213 stadiometer in 
CHARLS, and a standardized stadiometer in LASI. In MHAS, both weight 
and height were self-reported, which has been validated in this cohort 
(Avila et al., 2021; Avila-Funes et al., 2004).

SBP measures the pressure in arteries when the heart beats, which is 
a useful predictor of cardiovascular and renal events, especially among 
people aged 50 years and over (Franklin et al., 2001; Mourad, 2008). 
Blood pressure was measured three times during each visit in HRS, 
CHARLS, and LASI, and was measured twice in MHAS using different 
validated versions of Omron blood pressure monitors. If there were three 
valid SBP measurements, we calculated the mean of the second and third 
measurements. If there were two valid SBP measurements, SBP was 
calculated as the mean of both measurements. In CHARLS, the SBP of 35 
participants from one residence community was recorded as lower than 
their diastolic blood pressure (DBP), which was rectified by switching 
these records.

HbA1c reflects the average blood glucose level over the past two to 
three months. In HRS, the Bio-Rad Laboratories Variant II High Pressure 
Liquid Chromatography (HPLC) System was utilized for HbA1c mea
surements, which were converted into NHANES (National Health and 

Fig. 1. Flow diagram across countries.
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Nutrition Examination Survey) equivalents (Crimmins et al., 2013; Kim 
et al., 2023). In MHAS, the A1CNOW device was employed for assays 
(Jiang et al., 2014; Wong et al., 2015). In CHARLS, KingMed Diagnostics 
performed the assays using venous blood samples, with daily quality 
checks by the provider and weekly assessments by the CHARLS research 
team (Chen et al., 2019). In LASI, the Bio-Rad D10 was utilized for 
HbA1c measurements, with consistent daily quality control maintained 
at the Delhi Metropolis laboratory (Lee et al., 2020).

Total cholesterol, which indicates the entirety of cholesterol circu
lating in the bloodstream, serves as a critical cardiovascular disease risk 
factor (Peters et al., 2016). In both HRS and CHARLS, total cholesterol 
was measured in a similar way as HbA1c (Chen et al., 2019; Crimmins 
et al., 2013). In MHAS and LASI, total cholesterol was measured using 
Architect equipment (Lee et al., 2020; Wong et al., 2015). Most of these 
studies also collected and provided data on high-density lipoproteins 
(HDL) and low-density lipoproteins (LDL), except for LDL in the MHAS 
study. These two biomarkers were used in sensitivity analyses to com
plement findings based on total cholesterol. We examined the distribu
tion of each biomarker among men and women separately from each 
country and further set the lower and upper thresholds at 1% and 99% 
levels to reduce the influence of extreme data. We also examined the 
correlation between each pair of biomarkers.

To aid in the interpretation of our study results, we provided a 
classification of these biomarkers. BMI was classified as underweight 
(<18.5 kg/m2), normal weight (18.5–24.9 kg/m2), and overweight/ 
obese (≥25.0 kg/m2) (Obesity Preventing 2000). SBP was categorized as 
normal (<120 mmHg), elevated (120–129 mmHg), and hypertensive 
(≥130 mmHg) (Whelton et al., 2017). HbA1c was categorized as normal 
(<5.7%), prediabetic (5.7–6.4%), and diabetic (≥6.5%) (WHO Guide
lines Approved by the Guidelines Review Committee, 2011). Total 
cholesterol was classified as desirable (<200 mg/dL), borderline high 
(200–239 mg/dL), and high (≥240 mg/dL) (Third Report of the Na
tional Cholesterol Education Program (NCEP and), 2002). It is important 
to note that these cut-offs do not account for population differences, 
such as varying BMI thresholds for overweight and obesity between 
Asian and Western populations (Appropriate body, 2004).

Education attainment. Across the four studies, education was re
ported as the highest level attained based on country-specific response 
categories. Given the varying distributions of education attainment 
across countries, we employed two methods to measure both absolute 
and relative education attainment. Results from both methods were 
presented as the main results to provide a comprehensive understanding 
of the relationship between education and cardiometabolic biomarkers.

First, to measure absolute education attainment, we harmonized 
levels of education based on the 2011 International Standard Classifi
cation of Education (ISCED) and categorized participants into two 
groups: ’lower secondary education or below’ (‘lower education’) and 
’upper secondary education or above’ (‘higher education’) (Gross et al., 
2023; International Standard Classification of Education, 2012). 
Dichotomizing education in this way allows us to create a harmonized 
measure across the four countries, addressing issues of sparse data at the 
lower and upper ends of the distribution of education attainment in 
different countries. This method also allows for the examination and 
comparison of absolute differences in binary education levels and their 
relationships with cardiometabolic biomarkers across countries. Second, 
we assessed individuals’ relative education attainment within their 
country-specific contexts by creating a percentile rank of education 
attainment within each country. This method captures participants’ 
relative education attainment within each country.

Urbanicity of residence. Across countries, urbanicity of residence 
was dichotomized into urban and rural areas. Each study employed 
specific criteria to categorize residences. In HRS, the residence was 
coded based on Beale Rural Urban 2013 coding. (Service UER) It dis
tinguishes metropolitan counties by the population size of their metro 
area, and nonmetropolitan counties by the degree of urbanization and 
adjacency to a metro area. In MHAS, residence was coded based on the 

standard values used by the Mexican Statistical Bureau (INEGI) (Inform 
á et al). It classifies areas with ≥15,000 residents as urban areas and less 
than this cutoff as rural areas. In CHARLS, the residence was determined 
based on the National Bureau of Statistics in China in 2011, where the 
distinction between urban and rural areas is largely based on a combi
nation of administrative criteria and population size and density (Qin & 
Zhang, 2014). In LASI, residence was classified as urban or rural based 
on the Census of India in 2011 (Goel & Gross, 2019). According to the 
Indian census, a town is labeled as ‘statutory’ if it has a municipality, 
corporation, cantonment board, or a notified town area committee. It 
was designated a non-statutory in case it did not have any of the above 
but had at least 5000 people, 75% of its male residents were engaged in 
non-agricultural pursuits, and the density of population was at least 400 
habitants per square kilometer. Other areas were considered rural. 
Despite the variations in urban classification across these studies, a 
shared theme is the consideration of development level and population 
size in defining urban and rural areas.

Covariates. We included covariates that could be confounders 
(common causes) of associations between education and car
diometabolic biomarkers. These included age at the time of survey (in 
years), gender (men, women), highest level of parental education (lower 
education: lower secondary education or below, higher education: upper 
secondary education or above), and height (in meters with two decimal 
places). Although our study is cross-sectional, we prioritized covariates 
that reflect potential confounders established earlier in life to avoid 
introducing mediators that could obscure the direct relationship be
tween education and cardiometabolic health. The highest level of 
parental education was coded as the highest of paternal or maternal 
education levels. Height was used as a proxy for net nutritional status 
during childhood (Perkins et al., 2016). It was used as a covariate in 
regression models for the above selected cardiometabolic biomarkers, 
except for BMI. In HRS, self-reported race/ethnicity was included 
(non-Hispanic white, non-Hispanic black, Hispanic, and other). In 
China, Hukou registration status was included (agricultural or 
non-agricultural). In India, caste was included (general or none or other 
backward caste, scheduled caste, or scheduled tribe). The covariate with 
the highest amount of missing data was the highest level of parental 
education, with a missingness proportion reaching 19.67% in the HRS, 
as indicated in Supplementary Table 4. To account for missing data, we 
used multiple imputation by chained equations considering all the 
covariates used in the main analysis (Cho et al., 2023; Li, Liu, et al., 
2024; Varghese et al., 2023).

2.3. Statistical analysis

We examined the distribution of demographic characteristics and 
cardiometabolic biomarkers across countries. Within each country, we 
utilized multiple linear regression models to examine the association 
between education and each of the four cardiometabolic biomarkers. 
Models were adjusted for urbanicity of residence, age, gender, the 
highest level of parental education, height (except for models of BMI), 
and the country-specific covariate. We added an interaction term be
tween education and urbanicity of residence to examine whether 
urbanicity modifies the association between education and each of the 
cardiometabolic biomarkers. Analyses based on both absolute and 
relative education attainments were conducted.

We performed four sets of sensitivity analyses to assess their 
robustness and provide a more comprehensive understanding of our 
findings. First, we re-ran our analyses using HDL and LDL as separate 
outcomes in each country where these data were available, com
plementing the findings based on total cholesterol. Second, we re-ran 
our analyses using covariates before imputation to assess the impact of 
imputation on findings. Third, we further added a three-way interaction 
term for education, urbanicity of residence, and gender, alongside all 
lower-order two-way interactions, to examine if there were gender- 
specific patterns in the above results. Fourth, to determine if there are 
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differences across countries, we conducted a pooled analysis, modeling 
each cardiometabolic biomarker as a function of education, urbanicity 
of residence, shared covariates, country fixed effects, and a three-way 
interaction between education, urbanicity, and country along with the 
corresponding two-way interaction terms (Li, Liu, et al., 2024; Varghese 
et al., 2023). Since the results based on both absolute and relative ed
ucation attainments showed similar patterns, with consistent directions 
of effect estimates despite some discrepancies in statistical significance, 
we reported only the results based on absolute education attainment in 
the sensitivity analyses for simplicity. All analyses were conducted using 
R version 4.2.

3. Results

Our analysis included 19,608 participants from the US, 12,356 par
ticipants from Mexico, 13,268 participants from China, and 47,838 
participants from India (Table 1). The distribution of education varied 
notably among these countries. In the USA, 82.6% of participants had 
achieved an education level of upper secondary or higher. In contrast, in 
Mexico, China, and India, the proportions with an upper secondary 
education or higher were 15.6%, 10.6%, and 16.8%, respectively. In 
each country, urban residents were more likely to have an upper sec
ondary education or above compared to their rural counterparts, except 
for the US (Supplementary Table 5).

Summary statistics for the four primary cardiometabolic biomarkers, 
including BMI, SBP, HbA1c, and total cholesterol, are also presented in 
Table 1. A clear gradient in average BMI across countries was observed 
in line with its economic development and stage in the epidemiologic 
transition: the US (29.41 kg/m2), and then in Mexico (27.42 kg/m2), 
China (23.69 kg/m2), and India (22.59 kg/m2). The distributions of the 

four main cardiometabolic biomarkers, including BMI, SBP, HbA1c, and 
total cholesterol, among men and women in each country are in Sup
plementary Fig. 1. Women had consistently higher levels of total 
cholesterol across all countries, while the distributions of the other three 
biomarkers tended to overlap between men and women. In each coun
try, most of the four cardiometabolic biomarkers correlated with each 
other except for Mexico (Supplementary Table 6).

3.1. Associations of absolute education attainment with cardiometabolic 
biomarkers

Regression models that did not include the interaction term between 
absolute education attainment and urbanicity of residence showed the 
relationship between education and each of the four cardiometabolic 
biomarkers (Table 2 Models A). In the US, higher education (upper 
secondary education or above) was associated with lower SBP (− 2.74 
mmHg, 95% CI: − 3.62, − 1.86), lower HbA1c (− 0.14%, 95% CI: − 0.20, 
− 0.08), and higher total cholesterol (3.33 mg/dL, 95% CI: 1.41, 5.25), 
but not with BMI. In Mexico, higher education was associated with lower 
BMI (− 0.51 kg/m2, 95% CI: − 0.76, − 0.26) but not with SBP, HbA1c, 
and total cholesterol. In China, higher education was not associated with 
any of these biomarkers. In India, higher education was associated with 
higher BMI (1.61 kg/m2, 95% CI: 1.49, 1.73), higher SBP (1.67 mmHg, 
95% CI: 1.16, 2.18), and higher HbA1c (0.35%, 95% CI: 0.19, 0.51), but 
not with total cholesterol.

Regression models that included the interaction term between ab
solute education attainment and urbanicity of residence further showed 
how urbanicity of residence might modify the relationship between 
education and each cardiometabolic biomarker (Table 2 Models B). In 
the US and Mexico, the interaction terms were not statistically 

Table 1 
Summary of sociodemographic characteristics and cardiometabolic biomarkers by urbanicity of residence and countries.

US (HRS 2016/17) Mexico (MHAS 2015) China (CHARLS 2015/16) India (LASI 2017/19)

Total Rural Urban Total Rural Urban Total Rural Urban Total Rural Urban

Sample size, N 19,608 4539 15,069 12,356 3358 8998 13,268 8261 5007 47,838 31,460 16,378
Age (years) 66.55 

(11.21)
68.34 
(11.18)

66.01 
(11.16)

66.60 
(9.73)

66.40 
(10.10)

66.68 
(9.58)

62.87 
(8.85)

62.93 
(8.80)

62.77 
(8.93)

62.90 
(9.30)

63.04 
(9.36)

62.63 
(9.19)

Gender, 
N and %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Men 8268 
(42.17)

1903 
(42.23)

6365 
(41.93)

5494 
(44.46)

1654 
(49.26)

3840 
(42.68)

6389 
(48.15)

4027 
(48.75)

2362 
(47.17)

22,389 
(46.80)

14,905 
(47.38)

7484 
(45.69)

Women 11,340 
(57.83)

2636 
(57.76)

8704 
(58.07)

6862 
(55.54)

1704 
(50.74)

5158 
(57.32)

6879 
(51.85)

4234 
(51.25)

2645 
(52.83)

25,449 
(53.20)

16,555 
(52.62)

8894 
(54.30)

Education, 
N and %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Lower 
secondary and 
below

3408 
(17.38)

768 
(16.92)

2640 
(17.52)

10,435 
(84.45)

3047 
(94.75)

7159 
(80.37)

11,864 
(89.42)

7716 
(93.40)

4148 
(82.84)

39,793 
(83.18)

28,401 
(90.28)

11,392 
(69.56)

Upper 
secondary and 
above

16,200 
(82.62)

3771 
(83.07)

12,429 
(82.48)

1921 
(15.55)

169 
(5.25)

1749 
(19.63)

1404 
(10.58)

545 
(6.60)

859 
(17.16)

8045 
(16.82)

3059 
(9.72)

4986 
(30.44)

Parental 
education, 
N and %

​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​ ​

Lower 
secondary and 
below

7677 
(39.15)

1894 
(41.73)

5783 
(38.38)

11,105 
(89.88)

3241 
(96.52)

7864 
(87.40)

12,785 
(96.36)

8079 
(97.80)

4706 
(93.99)

45,021 
(94.11)

30,562 
(97.15)

14,459 
(88.28)

Upper 
secondary and 
above

11,931 
(60.85)

2645 
(58.27)

9286 
(61.62)

1251 
(10.12)

117 
(3.48)

1134 
(12.60)

483 
(3.64)

182 
(2.20)

301 
(6.01)

2817 
(5.89)

898 
(2.85)

1919 
(11.72)

BMI (kg/m2) 29.41 
(6.34)

29.56 
(6.39)

29.36 
(6.32)

27.42 
(4.79)

26.93 
(4.85)

27.60 
(4.76)

23.69 
(3.62)

23.31 
(3.59)

24.31 
(3.58)

22.59 
(4.60)

21.58 
(4.23)

24.52 
(4.68)

SBP (mmHg) 128.05 
(18.93)

128.78 
(18.98)

127.84 
(18.83)

138.94 
(20.52)

138.79 
(20.43)

139.27 
(20.75)

128.84 
(19.86)

128.47 
(20.01)

129.47 
(19.58)

130.58 
(19.10)

129.62 
(19.36)

132.41 
(18.46)

HbA1c (%) 6.01 
(1.05)

6.02 
(1.01)

6.01 
(1.07)

6.84 
(1.84)

6.82 
(1.80)

6.85 
(1.85)

6.01 
(0.90)

5.96 
(0.83)

6.09 
(0.99)

6.28 
(1.48)

6.10 
(1.32)

6.62 
(1.70)

Total 
cholesterol 
(mg/dL)

190.53 
(41.55)

191.18 
(42.28)

190.33 
(41.31)

201.79 
(39.95)

199.62 
(39.71)

202.74 
(40.04)

184.85 
(34.98)

186.53 
(35.30)

183.82 
(34.75)

183.72 
(41.10)

182.68 
(39.76)

185.61 
(43.40)
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significant, suggesting no evidence of differential educational effects on 
the cardiometabolic biomarkers based on urbanicity of residence. 
However, in China and India, statistically significant interaction terms 
were observed. Specifically, in China, higher education was associated 
with smaller reductions in BMI, SBP, and HbA1c among urban residents 
compared to rural ones, with interaction term estimates of − 0.57 kg/m2 

(95% CI: − 0.98, − 0.16) for BMI, − 2.77 mmHg (95%CI: − 5.00, − 0.54) 
for SBP, and − 0.16% (95% CI: − 0.28, − 0.04) for HbA1c. In India, the 
interaction term estimates were − 0.90 kg/m2 (95% CI: − 1.12, − 0.68) 
for BMI, − 2.78 mmHg (95% CI: − 3.72, − 1.84) for SBP, and − 9.47 mg/ 
dL (95% CI: − 17.43, − 1.51) for total cholesterol.

Fig. 2 shows the estimated mean and 95% CI for cardiometabolic 
biomarkers by absolute education attainment (higher vs. lower educa
tion) and urbanicity of residence across countries. In the US and Mexico, 
higher education was generally associated with lower levels of car
diometabolic biomarkers, regardless of urbanicity of residence. In 
contrast, in China and India, higher education was generally associated 
with higher levels of cardiometabolic biomarkers, and educational dif
ferences of these biomarkers were less pronounced among urban resi
dents. In addition, the figure shows that rural residents in the US have 
higher levels of cardiometabolic biomarkers when compared to their 
urban counterparts, a trend that is reversed in Mexico, China, and India.

3.2. Associations of relative education attainment with cardiometabolic 
biomarkers

Results from regression models using relative education attainment, 
without and with the interaction term between education and urban
icity, are generally consistent with those based on absolute education 
attainment (Table 3). However, two major discrepancies are apparent 
when comparing these results to those based on absolute education 
attainment. First, regression models without the interaction term 
showed that in the US, each 10-percentile higher level of education was 
associated with lower BMI (− 0.08 kg/m2, 95% CI: − 0.11, − 0.05), while 
in China, each 10-percentile higher level of education was associated 
with higher BMI (0.04 kg/m2, 95% CI: 0.02, 0.06). Second, in regression 
models with an interaction term between education and urbanicity, an 
interaction was found for BMI in Mexico (− 0.23 kg/m2, 95% CI: − 0.39, 
− 0.07), but not for SBP in China (− 0.20 mmHg, 95% CI: − 0.44, 0.03). 
Importantly, the directions of these effect estimates were consistent 
between relative and absolute education attainment.

Table 2 
Regression analysis of the association between absolute education attainment 
and cardiometabolic biomarkers.

US (HRS 
2016/17)

Mexico 
(MHAS 
2015)

China 
(CHARLS 
2015/16)

India 
(LASI 
2017/19)

​ ​ Estimate 
(95% CI)

Estimate 
(95% CI)

Estimate 
(95% CI)

Estimate 
(95% CI)

Models A. No interaction term between education and residence added
BMI (kg/m2)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

− 0.03 
(− 0.28, 
0.22)

¡0.51 
(-0.76, 
-0.26)

0.19 
(− 0.02, 
0.40)

1.61 
(1.49, 
1.73)

SBP (mmHg)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

¡2.74 
(-3.62, 
-1.86)

0.01 
(− 3.03, 
3.05)

− 0.49 
(− 1.65, 
0.67)

1.67 
(1.16, 
2.18)

HbA1c (%)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

¡0.14 
(-0.20, 
-0.08)

− 0.17 
(− 0.44, 
0.10)

0.02 
(− 0.04, 
0.08)

0.35 
(0.19, 
0.51)

Total cholesterol (mg/dL)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

3.33 
(1.41, 
5.25)

0.21 
(− 5.92, 
6.34)

− 0.19 
(− 2.44, 
2.06)

0.27 
(− 2.91, 
3.45)

Models B. Interaction term between education and residence added
BMI (kg/m2)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

0.00 
(− 0.49, 
0.49)

0.18 
(− 0.55, 
0.91)

0.52 
(0.21, 
0.83)

2.11 
(1.93, 
2.29)

Residence Rural Ref Ref Ref Ref
Urban ¡0.59 

(-1.10, 
-0.08)

0.78 
(0.58, 
0.98)

0.76 
(0.60, 
0.92)

2.47 
(2.37, 
2.57)

Interaction Upper ×
Urban

− 0.05 
(− 0.60, 
0.50)

− 0.77 
(− 1.55, 
0.01)

¡0.57 
(-0.98, 
-0.16)

¡0.90 
(-1.12, 
-0.68)

SBP (mmHg)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

¡4.16 
(-5.89, 
-2.45)

− 4.66 
(− 12.21, 
2.89)

1.09 
(− 0.63, 
2.81)

3.19 
(2.46, 
3.92)

Residence Rural Ref Ref Ref Ref
Urban ¡2.60 

(-4.36, 
-0.84)

− 1.02 
(− 3.23, 
1.19)

1.86 
(1.06, 
2.66)

3.29 
(2.88, 
3.70)

Interaction Upper ×
Urban

1.88 
(− 0.04, 
3.80)

5.49 
(− 2.62, 
13.60)

¡2.77 
(-5.00, 
-0.54)

¡2.78 
(-3.72, 
-1.84)

HbA1c (%)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

− 0.07 
(− 0.17, 
0.03)

0.02 
(− 0.67, 
0.71)

0.11 
(0.03, 
0.19)

0.49 
(0.27, 
0.71)

Residence Rural Ref Ref Ref Ref
Urban − 0.01 

(− 0.11, 
0.09)

0.14 
(− 0.08, 
0.36)

0.10 
(0.06, 
0.14)

0.47 
(0.33, 
0.61)

Table 2 (continued )

US (HRS 
2016/17) 

Mexico 
(MHAS 
2015) 

China 
(CHARLS 
2015/16) 

India 
(LASI 
2017/19)

Interaction Upper ×
Urban

− 0.10 
(− 0.22, 
0.02)

− 0.21 
(− 0.95, 
0.53)

¡0.16 
(-0.28, 
-0.04)

− 0.27 
(− 0.56, 
0.02)

Total cholesterol (mg/dL)
Education Lower 

secondary 
and below

Ref Ref Ref Ref

Upper 
secondary 
and above

1.52 
(− 2.11, 
5.15)

2.90 
(− 12.45, 
18.25)

− 0.80 
(− 4.19, 
2.59)

8.37 
(2.33, 
14.41)

Residence Rural Ref Ref Ref Ref
Urban − 3.63 

(− 7.41, 
0.15)

1.36 
(− 3.05, 
5.77)

1.22 
(− 0.35, 
2.79)

2.06 
(− 1.45, 
5.57)

Interaction Upper ×
Urban

2.42 
(− 1.70, 
6.54)

− 3.17 
(− 19.69, 
13.35)

1.07 
(− 3.30, 
5.44)

¡9.47 
(-17.43, 
-1.51)

Footnote: All models were adjusted for age, gender, residence, education, and 
parental education. All models except those using BMI as the outcome were also 
adjusted for height.
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3.3. Sensitivity analyses

Results from four sets of sensitivity analyses are presented in this 
section. First, the findings from regression models using HDL and LDL as 
separate outcomes are shown in Supplementary Table 7. Results of 
regression models without interaction term between absolute education 
attainment and urbanicity of residence show that in the US, higher ed
ucation was associated with higher levels of both HDL and LDL; in 
China, higher education was associated with a lower level of HDL; in 

Mexico and India, no associations were observed. Results of regression 
models with interaction term showed that urbanicity modified the 
relationship between education and LDL in India. However, no such 
interaction was observed in the US, Mexico, and China.

Second, the association estimates based on the non-imputed data 
closely matched those based on the imputed data set (Supplementary 
Fig. 2). Third, no three-way interaction of education, urbanicity of 
residence, and gender was statistically significant for most biomarkers, 
except for BMI in China and India (Supplementary Table 8). Therefore, 

Fig. 2. Estimated mean and 95% CI of cardiometabolic biomarkers by education and urbanicity of residence across countries. 
Footnote: 1. Low: lower secondary education and below; High: upper secondary education and above. 
2. Orange: rural residents; Blue: urban residents. 
3. Estimated marginal means of cardiometabolic biomarkers were generated based on results of Models A and B in Table 2. When no interaction between education 
and urbanicity of residence was observed, results of Models A were used. Otherwise, results of Models B were used.
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gender-specific patterns in the relationship between education, urban
icity of residence, and BMI in China and India are shown in Supple
mentary Fig. 3. Fourth, in pooled analyses, likelihood ratio tests 
comparing two nested models with and without the three-way interac
tion term involving education, urbanicity, and country showed that the 
interaction term was statistically significant for most cardiometabolic 
biomarkers except for HbA1c. Detailed results on how education and 
urbanicity are related to cardiometabolic biomarkers are summarized in 
Supplementary Table 9.

4. Discussion

In this large cross-national study, we had two main findings about 
the relationship between education and cardiometabolic biomarkers. 
First, the association between education and specific cardiometabolic 
biomarkers is not uniform, the direction and magnitude of which varies 
across countries. This heterogeneity could be driven by country-level 
differences in social and economic contexts. Second, urbanicity of resi
dence modifies the associations between education and cardiometabolic 
biomarkers in China and India, but not in the US or Mexico. These 
varying patterns show that how education relates to cardiometabolic 
health extends beyond biology and is shaped by social and economic 
environments. Therefore, the mechanisms linking education to these 
interrelated biomarkers may differ across countries, reflecting the 
evolving meaning of education and the socioeconomic contexts and 
epidemiologic landscapes of these countries.

This study is unique in its use of high-quality harmonized population 
survey data from the US, Mexico, China, and India to examine educa
tional differences in multiple cardiometabolic biomarkers. The sub
stantial differences in economic development and epidemiologic 
transition stages across these four populous countries are evidenced by 
the observed variations in educational achievement and BMI (Barro & 
Lee, 2013; Omran, 1971). In our study, the proportion of participants 
with upper secondary education or higher in the USA (82.6%) was 
significantly higher than those of Mexico (15.6%), China (10.6%), and 
India (16.8%). In addition, rural-urban differences in education attain
ment were much higher in Mexico, China, and India than in the US. 
Therefore, rural residence may be less of a barrier to education resources 
in the US than in the other three countries, indicating access to educa
tion is less meritorious than in the US. (Ulubaşoğlu and Cardak, 2007) 
The notably high BMI among middle-aged and older adults in the US and 
Mexico underscores the health risks associated with obesity 
(DiBonaventura et al., 2018; Dinsa et al., 2012; Trivedi et al., 2015).

Within each country, our findings on the relationship between edu
cation and cardiometabolic biomarkers show major variations. Each 
biomarker had a unique association with education based on either 
absolute education attainment (binary education: higher vs. lower ed
ucation) or relative education attainment (percentile rank education). 
For example, in the US, while binary education was not associated with 
BMI, it had a negative association with SBP and HbA1c, and a positive 
association with total cholesterol. These varying associations suggest 
that the mechanisms linking education to these biomarkers are multi
faceted, despite the interrelations of these biomarkers (Kim et al., 2018). 
It is noteworthy that findings based on the absolute education attain
ment for BMI in the US suggest no association between education and 
BMI. While this is in contrast to some other studies in the US(An, 2015; 
Crane et al., 2023; Sobal & Stunkard, 1989), a negative association was 
observed when relative education attainment was used. An analogous 
inconsistency in the relationship between education and BMI was also 
observed in China using absolute and relative education attainment. The 
use of absolute education in our study allows for comparisons of edu
cation levels and their relationships with cardiometabolic biomarkers 
across countries (Hummer & Hernandez, 2013). However, this measure 
can also obscure associations by reducing education attainment to only 
two levels. By using both absolute and relative education measures, we 
can capture different dimensions of education attainment and its 

Table 3 
Regression analysis of the association between relative education attainment 
and cardiometabolic biomarkers.

US (HRS 
2016/17)

Mexico 
(MHAS 
2015)

China 
(CHARLS 
2015/16)

India 
(LASI 
2017/19)

​ ​ Estimate 
(95% CI)

Estimate 
(95% CI)

Estimate 
(95% CI)

Estimate 
(95% CI)

Models A. No interaction term between education and residence added
BMI (kg/m2)
Education Increase by 

10 
percentiles

¡0.08 
(-0.11, 
-0.05)

¡0.04 
(-0.07, 
-0.01)

0.04 
(0.02, 
0.06)

0.25 
(0.24, 
0.27)

SBP (mmHg)
Education Increase by 

10 
percentiles

¡0.48 
(-0.59, 
-0.37)

− 0.11 
(− 0.47, 
0.24)

− 0.04 
(− 0.17, 
0.04)

0.28 
(0.22, 
0.33)

HbA1c (%)
Education Increase by 

10 
percentiles

¡0.03 
(-0.04, 
-0.02)

− 0.02 
(− 0.06, 
0.01)

0.00 
(0.00, 
0.01)

0.04 
(0.02, 
0.06)

Total cholesterol (mg/dL)
Education Increase by 

10 
percentiles

0.47 
(0.23, 
0.70)

0.24 
(− 0.47, 
0.96)

0.20 
(− 0.06, 
0.45)

1.11 
(0.62, 
1.59)

Models B. Interaction term between education and residence added
BMI (kg/m2)
Education Increase by 

10 
percentiles

¡0.08 
(-0.14, 
-0.02)

0.15 
(0.08, 
0.22)

0.06 
(0.03, 
0.09)

0.27 
(0.25, 
0.28)

Residence Rural Ref Ref Ref Ref
Urban ¡0.58 

(-0.91, 
-0.26)

1.26 
(1.00, 
1.52)

0.87 
(0.65, 
1.09)

2.22 
(2.09, 
2.34)

Interaction Increase ×
Urban

0.00 
(− 0.07, 
0.07)

¡0.23 
(-0.39, 
-0.07)

¡0.05 
(-0.09, 
-0.01)

¡0.04 
(-0.06, 
-0.02)

SBP (mmHg)
Education Increase by 

10 
percentiles

¡0.53 
(-0.75, 
-0.31)

− 0.14 
(− 0.88, 
0.61)

0.04 
(− 0.12, 
0.20)

0.35 
(0.29, 
0.42)

Residence Rural Ref Ref Ref Ref
Urban − 1.09 

(− 2.21, 
0.04)

− 0.53 
(− 3.44, 
2.37)

2.47 
(1.26, 
3.68)

3.35 
(2.78, 
3.91)

Interaction Increase ×
Urban

0.06 
(− 0.18, 
0.31)

0.03 
(− 0.79, 
0.84)

− 0.20 
(− 0.44, 
0.03)

¡0.21 
(-0.31, 
-0.11)

HbA1c (%)
Education Increase by 

10 
percentiles

¡0.02 
(-0.03, 
-0.01)

− 0.02 
(− 0.09, 
0.05)

0.01 
(0.00, 
0.02)

0.05 
(0.02, 
0.07)

Residence Rural Ref Ref Ref Ref
Urban − 0.05 

(− 0.11, 
0.02)

0.14 
(− 0.12, 
0.40)

0.14 
(0.08, 
0.20)

0.46 
(0.28, 
0.65)

Interaction Increase ×
Urban

− 0.01 
(− 0.02, 
0.01)

0.00 
(− 0.07, 
0.07)

¡0.02 
(-0.03, 
0.00)

− 0.01 
(− 0.04, 
0.02)

Total cholesterol (mg/dL)
Education Increase by 

10 
percentiles

0.02 
(− 0.46, 
0.50)

0.81 
(− 0.68, 
2.31)

0.26 
(− 0.04, 
0.57)

1.51 
(0.91, 
2.10)

Residence Rural Ref Ref Ref Ref
Urban ¡3.71 

(-6.14, 
-1.28)

2.46 
(− 3.31, 
8.23)

1.88 
(− 0.44, 
4.21)

3.93 
(− 0.90, 
8.77)

Interaction Increase ×
Urban

0.57 
(− 0.01, 
1.14)

− 0.71 
(− 2.34, 
0.93)

− 0.15 
(− 0.60, 
0.29)

¡1.01 
(-1.89, 
-0.12)

Footnote: The effect estimates for education should be interpreted as every 10 
percentiles increase in education attainment. All models were adjusted for age, 
gender, residence, education, and parental education. All models except those 
using BMI as the outcome were also adjusted for height.
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relationship with health, thereby providing a more nuanced under
standing of how education may relate to health outcomes across diverse 
country contexts (Montez & Zajacova, 2013).

The positive association between education and total cholesterol in 
the US is not intuitive, in contrast to other biomarkers. One possible 
explanation is that individuals with higher education might have dietary 
patterns that include more cholesterol-rich foods, possibly due to higher 
income (Wilcox et al., 2020). Additionally, although they may lead 
healthier lifestyles in some respects, these behaviors might not effec
tively manage cholesterol levels. It is also important to consider the 
distinction between ’good’ (HDL) and ’bad’ (LDL) cholesterol (Millán 
et al., 2009; Virani et al., 2023). In our sensitivity analyses of HDL and 
LDL, we observed that higher education was associated with increased 
levels of both types in the US. These associations between education and 
cardiometabolic biomarkers vary in each of the other three countries as 
well. Therefore, measuring cardiometabolic risk as a composite score 
might overlook the specific details of each biomarker (Kamel et al., 
2018).

Across countries, the relationship between education and all four 
cardiometabolic biomarkers displays differences in both direction and 
magnitude. This indicates that education’s implications and effects on 
cardiometabolic health can vary significantly by country (Schultz et al., 
2018). This difference is particularly notable when comparing findings 
in the US with those in India, where many observed associations are in 
opposing directions. In high-income countries (HIC) including the US, 
individuals with higher education often possess better health awareness, 
behaviors, and healthcare access, typically leading to improved car
diometabolic health (Cutler & Lleras-Muney, 2010; Jehn, 2022). How
ever, in low- and middle-income countries (LMIC), while those with 
higher education may possess increased health awareness and knowl
edge, they are also more likely to adopt a Westernized lifestyle (Dinsa 
et al., 2012). This lifestyle is characterized by reduced physical activity 
and a diet rich in high-energy, processed foods, which might explain the 
prevalence of adverse cardiometabolic conditions among more educated 
individuals in these countries. Additionally, early-life undernutrition or 
exposure to environmental shocks in many LMICs will further compli
cate these relationships (Ke et al., 2022; Li et al., 2019, 2024a; Li and 
Lumey, 2019b, 2022). The findings from all four countries generally 
align with results from other studies examining the ‘reversal hypothesis’ 
and highlight the importance of considering each country’s level of 
economic development and stage of epidemiologic transition (Jaacks 
et al., 2019; Kirschbaum et al., 2022; Pampel et al., 2012).

We noted rural-urban differences in cardiometabolic biomarkers 
across the four countries. The nature of these disparities varied, espe
cially when comparing the US to the other three countries. In the US, 
urban residents had lower levels of cardiometabolic biomarkers than 
rural residents. This observation might be explained by the fact that 
urban residents in the US generally have more access to social and health 
services, superior educational resources, and better employment op
portunities compared to their rural counterparts, all of which can pro
mote cardiometabolic health (Cross et al., 2020; Groenewegen et al., 
2020; MacKinnon et al., 2023). In contrast, urban residents in Mexico, 
China, and India had higher levels of cardiometabolic biomarkers than 
their rural counterparts. This finding is consistent with prior evidence 
indicating that urban populations in these countries were more likely to 
adopt a Westernized lifestyle compared to their rural counterparts 
(Dinsa et al., 2012; Gong et al., 2012). Collectively, these findings sug
gest that rural-urban disparities might lessen or even reverse as nations 
develop and navigate their epidemiologic transitions (Goldstein, 1990; 
Moore et al., 2003).

Urbanicity of residence can further modify the relationship between 
education and cardiometabolic biomarkers depending on the country. In 
the US and Mexico, we observed no interactions between education and 
urbanicity of residence. In China and India, we found that educational 
differences among urban residents were generally smaller than those 
among rural residents. These findings highlight that urbanicity of 

residence may also serve as an indicator for levels of economic devel
opment and stages of epidemiologic transition within a country, espe
cially in LMICs. This observation is reinforced by the pronounced rural- 
urban disparities evident in India compared to the other countries, 
reminiscent of trends reported in studies from China during the 1990s 
and 2000s when it was less economically developed (Gu et al., 2005; 
Hou, 2008).

The three-way interaction of education, urbanicity of residence, and 
gender that was observed for BMI in China and India shows the 
importance of taking gender into consideration. This may be explained 
by the differential impacts of education and urbanicity of residence on 
BMI comparing women to men. Additionally, pooled analyses across 
countries showed that the three-way interaction term involving educa
tion, urbanicity of residence, and country was statistically significant for 
most cardiometabolic biomarkers, except for HbA1c. These findings 
suggest that the relationship between education and cardiometabolic 
health is not uniform across urban and rural settings, and that this 
relationship varies by country. Future research should further explore 
these interactions to better understand the pathways through which 
education and urbanicity relate to cardiometabolic outcomes in diverse 
populations.

There are multiple strengths of our study. We included high-quality 
survey data from countries at different levels of economic development 
and stages of epidemiological transition. This enabled us to examine 
how the relationship between education and cardiometabolic health 
may differ across countries. Moreover, the surveys used in our study 
adopted harmonized designs and questionnaires and encompassed a 
range of comparable cardiometabolic biomarkers, which enabled cross- 
national comparisons. This strength is especially pertinent as many prior 
studies depended on self-reported statuses of cardiometabolic diseases, 
which can vary based on the country and residence type. We also used 
both absolute and relative measures of education attainment to capture 
the complexities of education attainment and their relationships with 
health outcomes across different national contexts. Another strength is 
these surveys had a large sample size of middle-aged and older adults 
from both rural and urban areas, which made it possible to examine the 
relationships between education and cardiometabolic health across and 
within countries.

However, our study also has several limitations. First, the cross- 
sectional design, with data gathered between 2015 and 2019 across 
the four countries, does not allow causal inferences. As more survey 
waves are under collection or planned for each of these four studies, we 
will have an opportunity to examine changes in cardiometabolic bio
markers over time according to education levels and potential mecha
nisms. Second, although we harmonized education across countries 
based on the 2011 International Standard Classification of Education 
(ISCED), equivalent education attainments might hold different impli
cations and significances across nations, and education quality can also 
vary across and within countries. However, we also created relative 
education attainment in each country and observed similar findings 
based on this variable, suggesting that our findings were robust. Third, 
we adopted each country’s classification of rural or urban residency. 
This approach allowed us to use contextually specific definitions of 
urbanicity that were relevant in each country, but it may lead to in
consistencies in the definition of urbanicity. Fourth, the cardiometabolic 
biomarkers that were available, their collection methodologies, and the 
accuracy and consistency of measurement devices varied across coun
tries. However, measurement variation does not systematically bias 
country-specific estimates, which was the main objective of this study. 
Last, we observed differential missingness in biomarkers, education, and 
urbanicity of residence across countries, which could affect the repre
sentativeness of our analytical samples from these countries and intro
duce bias. Future research should take this limitation into account and 
explore methods to mitigate its potential impact on sample representa
tiveness and cross-national comparisons.

In conclusion, we found that the association of education and 
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cardiometabolic biomarkers varies across middle-aged and older pop
ulations in the US, Mexico, India, and China, aligning with each coun
try’s current economic development and stage of epidemiological 
transition. Our interaction analyses of education and urbanicity of 
residence showed that educational differences in cardiometabolic bio
markers are similar among rural and urban residents in the US and 
Mexico. However, in contrast, these educational differences are less 
pronounced among urban residents compared to rural residents. These 
findings underscore the importance of considering both inter-country 
and intra-country contextual factors in developing initiatives and pol
icies aimed at improving cardiometabolic health, particularly in the 
context of the rising global burden of poor cardiometabolic health.
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