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Abstract 

The modern global food system, responsible for ~30% of the total global greenhouse gas 

emission, is a major contributor to climate change and is exerting significant influence on both 

human and environmental health. Recognizing the imperative to address the accelerated impacts 

of anthropogenic climate change while ensuring sustainable production and consumption 

practices, the EAT-Lancet Commission proposed a Planetary Health reference Diet in 2019. This 

dietary pattern is based on a diverse range of whole plant-based foods, including fruits, 

vegetables, legumes, nuts, and whole grains, and encourages reduced consumption of red and 

processed meats, added sugars, and refined grains. Poor diet is among the top risk factors for 

cardiometabolic disease (CMD), which disproportionately burdens South Asian populations. 

Studies indicate that South Asian Americans, comprising 4%-5% of the total US population, and 

while genetics and family history play roles in increased cardiometabolic risk factors among 

South Asians, the interplay of sociocultural factors and dietary shifts towards a more westernized 

diet in the context of South Asians living in America underscores their disproportionate 

vulnerability. Given this context, this dissertation endeavored to explore the effects of a Planetary 

Health Diet on cardiometabolic risk outcomes in South Asians Living in America.  

The reference diet proposed by the 2019 EAT-Lancet Commission is associated with 

significant health benefits, including a substantial decrease in overall mortality; however, there is 
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a lack of evidence and a standardized metric to quantify the health outcomes, diet quality, and 

environmental advantages of adhering to a planetary-conscious diet. Thus, using data from the 

longitudinal Mediators of Atherosclerosis in South Asians Living in America (MASALA) study, 

Chapter One we developed and validated a Planetary Health Diet Index (PHDI) that measures 

adherence to the EAT-Lancet reference diet. In Chapter Two, we delve into the predictive 

criteria of this index by examining the associations of the PHDI with cardiometabolic risk 

markers and disease outcomes in the MASALA cohort. Finally, in Chapter Three, we employ a 

systems epidemiology approach to identify and validate plasma metabolomic profiles associated 

with the Planetary Health diet and evaluate associations of the derived metabolomic profile with 

cardiometabolic risk in South Asian Americans. 
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ABSTRACT 

Background: The current global food production system is a major driver of the global 

syndemic of anthropogenic climate change and malnutrition. Poor diet is among the top risk 

factors for cardiometabolic disease, which disproportionately burdens South Asian populations. 

In 2019, the EAT-Lancet Commission on Healthy Diets from Sustainable Food Systems 

proposed a Planetary Health Diet (PHD) designed to optimize human and global environmental 

health.  

Objective: We developed and validated a Planetary Health Diet Index (PHDI) based on the EAT-

Lancet PHD in a prospective cohort of individuals of South Asian ancestry in the United States. 

Methods: FFQ data completed by 891 participants of South Asian ancestry from the Mediators 

of Atherosclerosis in South Asians Living in America Study was included in the study. The PHDI 

was comprised of 15 food components with intake ranges as prescribed by the 2019 EAT-Lancet 

PHD and scored proportionally 0-10 for a total possible score between 0-140. Construct and 

content validation analyses included: multiple linear regression associations between individual 

nutrients and the PHDI, concurrent validation by examining differences in mean group scores, 

principal components analysis, dietary carbon footprint ascertainment, and Cronbach’s alpha 

coefficient for internal reliability. 

Results: PHDI scores ranged from a low of 51 to a maximum of 119 out of 140 possible points, 

with a mean score of 89. Associations between the PHDI and select nutrients were in the 

expected directions (p <0.001). Concurrent criteria validity highlighted significant differences in 

mean PHDI scores for certain subgroups. A higher PHDI score was associated with a lower 

dietary carbon footprint, and Cronbach’s alpha for internal reliability was 0.68.  
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Conclusions: Overall, the analyses demonstrate that the PHDI quantifies adherence to the 2019-

EAT Lancet dietary recommendations and can be used as a measure of dietary choices that 

optimize both human and planetary health.   
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INTRODUCTION 

Climate change is a critical issue in our world today, with human habits of production 

and consumption contributing heavily to its acceleration (1). The current food production system 

is a major driver of the global syndemic of anthropogenic climate change and malnutrition.  Diet 

is linked to climate change through a complex set of interactions that involve both the production 

and consumption of food (2,3). According to the Intergovernmental Panel on Climate Change, 

the food system contributes to 25-30% of global greenhouse gas emissions, encompassing 

emissions from livestock production, fertilizer use, and land-use change (4–6). Expansion of 

agricultural land due to rising food demand drives deforestation, releasing stored carbon and 

diminishing forests' carbon-absorbing capacity (7–9) 

The ubiquity and demand for westernized diets rich in animal-sourced foods have exacerbated 

land degradation, air and water pollution, and a global rise in diet-related non-communicable 

diseases. Transitioning to sustainable, more plant-based diets could cut greenhouse gas emissions 

by 41-74%, benefiting both health and climate resilience, and thereby reducing climate-induced 

illnesses and mortality (10,4,11). Recognizing this need, the EAT-Lancet Commission on 

“Healthy Diets from Sustainable Food Systems” proposed a Planetary Health reference Diet in 

2019 (12). Developed by an international scientific commission of 37 experts, the reference diet 

is based on a scientific evaluation of the health implications of consuming specific food groups,  

reductions in food loss and waste, as well as improved agricultural practices that were determined 

to be environmentally sustainable. This dietary pattern emphasizes the consumption of whole 

plant-based foods, fruits, vegetables, legumes, nuts, and whole grains, while encouraging limited 

consumption of red and processed meats, added sugars, and refined grains (12). The EAT-Lancet 

Planetary Health Diet provides a benchmark for thinking about nutrition and health on a global 

scale, offering insight into the environmental impacts of our food choices, and presenting a 
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pathway for promoting sustainability and healthy diets.  

Developing a diet quality metric to reflect adherence to the EAT-Lancet reference diet is 

important not only for investigating health outcomes but can also be used as an informational 

tool for lowering an individual’s carbon footprint. Sustainability was left out of the 2015-2020 

Dietary Guidelines for Americans, leaving a void of information that would be of interest to 

many consumers. The Planetary health diet has been studied as a model for healthy and 

sustainable food intake in the context of local food cultures among Italian (13,14) and Danish 

populations (15). However, its potential benefits for South Asian populations, who bear a 

disproportionate burden of cardiometabolic diseases, have yet to be elucidated. 

 To fill this important research gap, we used data from a cohort of Americans of South Asian 

descent who took part in the Mediators of Atherosclerosis among South Asians Living in 

America (MASALA) study to develop and validate a Planetary Health Diet Index (PHDI) that 

quantifies the adherence to the EAT-Lancet reference diet.  

 

METHODS 

Study Design & Setting 

The MASALA study is a community-based prospective cohort of self-identified South 

Asians recruited from Chicago and the San Francisco Bay Area that was established to 

understand the etiology and prognostic significance of subclinical atherosclerosis (16). Detailed 

descriptions of the eligibility criteria, recruitment methods, and study measures have been 

published elsewhere (16). Briefly, eligibility criteria included participants who: (1) were of South 

Asian ancestry (having three or more grandparents born in either India, Pakistan, Nepal, 

Bangladesh, or Sri Lanka) and had no history of cardiovascular disease; (2) were between 40 and 
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84 years of age; and (3) possessed the ability to speak and read in English, Urdu, or Hindi (16). 

Eligible participants were invited for an on-site, six-hour baseline examination at the University 

of California, San Francisco (UCSF) or Northwestern University clinical centers between 2010 

and 2013. A total of 906 participants were enrolled at the baseline visit. All participants provided 

written formal study consent, and the MASALA study protocol has been approved by the 

Institutional Review Boards of USCF and Northwestern University. The current analysis 

protocol has been approved by the Institutional Review Board of Brigham and Women’s 

Hospital, Boston, MA. 

 

Questionnaires 

At the baseline visit, participants visited the clinical field centers where trained bilingual 

research staff obtained written informed consent. Information on participants’ contacts, 

demographic data, language use, tobacco use, alcohol consumption, medical conditions, access 

to medical care, family history of cardiovascular disease or type 2 diabetes, reproductive history 

(women only), and current prescription and nonprescription medication and supplement use, 

including ayurvedic and other herbal medications was assessed using questionnaires. A 

traditional cultural beliefs scale consisting of 7 items was specifically developed for the 

MASALA cohort to assess the sum of traditional cultural measures. These items were scored on 

a Likert scale, where higher scores indicated weaker adherence to traditional South Asian beliefs 

(17,18). 
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Measurement of Diet 

Usual dietary intakes over the past 12 months were assessed using an ethnic-specific, 

validated, semiquantitative FFQ designed for participants from South Asia (16,19,20). The FFQ 

is comprised of 163 items, including 61 items unique to the South Asian diet. The daily servings 

consumed for each item were calculated from the frequency (day, week, month, year, never) and 

the serving size (average, small, large). The average serving size of each item was provided, 

whereby a small serving size was defined as half of the average serving size, while a large 

serving size was 1.5 times the average. The nutrient profile for the FFQ food items has been 

previously described in detail (16,19,21). Briefly, the Food Processor program was used for 

standard FFQ food items, while nutrient compositions for the 61 unique South Asian FFQ items 

were derived from South Asian study participants' recipes. Prototype recipes were formed by 

combining similar dish recipes, and the nutrient composition of each prototype was assigned to 

its corresponding FFQ item, based on a medium serving size (19,21). Consistent with previous 

research (21,22), individuals with energy intake deemed implausible, falling below 800 kcal/d or 

exceeding 4000 kcal/d for men, or below 500 kcal/d or above 3500 kcal/d for women, were 

excluded (n=13). We also excluded participants with missing data (n=2). The analytic sample 

included a total of 891 participants.  

 

Development of the PHDI 

 The EAT-Lancet reference diet defined 15 food groups with possible ranges of consumption 

(in g/day and kcal/day), for an intake of 2500 kcal/day.  The 163 food items on the FFQ were 

categorized into the 15 PHDI food groups based on both the EAT-Lancet recommendations and 

similarities in nutrient content and culinary usage within the South Asian diet. To convert food 
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groups in serving sizes to gram equivalents, we used the USDA Food Data Central database 

where available. Composite dishes and dishes unique to South Asian cuisine were first 

disaggregated using the MyPyramid Equivalents Database 2.0 or published literature on the 

composition of these dishes(23). Disaggregated food groups were then converted to their gram 

equivalents using the USDA Food Composition Database. Supplementary Table 1 provides the 

groupings made for the FFQ.  

 The scoring criteria are outlined in Table 1.1. Each of the 15 food groups is assigned a 

proportional score on a scale of 0 to 10, and intake ranges for each food group were set to be 

within the limits set forth by the EAT-Lancet reference diet. The minimum score threshold 

represents the intake level at which the food group has the least positive impact on both health 

and the environment while the maximum score threshold represents the level at which the food 

group has the highest level of favorable health and environmental impacts. The specific 

thresholds for the minimum and maximum scores vary depending on whether the relationship 

between each food group and health outcomes is positive or negative. For instance, for 

vegetables, recognized as a healthy food group, the minimum score is 0, indicating no 

consumption (0 g/day), while the maximum score is 10, reflecting a daily intake of 300 grams or 

more as recommended by current US dietary guidelines (24). Conversely, for beef/red meat, an 

animal-based food that should be limited, an individual receives a score of 0 for daily 

consumption of 100 grams or more but earns a score of 10 for consuming less than 14 grams per 

day, aligning with the EAT Lancet target (12). For intakes between the minimum and maximum 

range, scores were assigned proportionally. No further deduction or additional score was 

allocated for consumption out of the suggested range of the 15 food components. Scores for each 

group were summed for a total of 140 possible points.  
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Statistical Analysis 

PHDI Validity and Reliability 

 To confirm the construct validity of the PHDI, we examined correlations between the total 

PHDI score and specific nutrients using linear regression models that adjusted for age, sex, and 

total energy intake. We additionally evaluated the concurrent-criterion validity of PHDI by 

utilizing analysis of variance (ANOVA) to examine differences in average PHDI scores among 

groups with known variations in diet quality. To assess the multidimensionality of the PHDI, that 

is, whether the systematic variation in the observed data is better accounted for by a combination 

of components rather than driven by a single component, we performed principal component 

analyses (PCA). To evaluate whether the PHDI captures diet quality, we examined correlations 

between the Alternative Healthy Eating Index (AHEI) and the PHDI using a linear regression 

model adjusted for age, sex, and energy intake. Finally, we assessed the internal consistency of 

the PHDI using Cronbach’s coefficient alpha (25) for the PHDI components. We also evaluated 

Pearson’s correlation between the individual PHDI components. 

 

 Environmental footprint 

 To evaluate the dietary carbon equivalent footprint of each person’s diet based on their FFQ 

data, we computed the greenhouse gas emission (GHGE) metric using the Food Recall Impacts 

on the Environment for Nutrition and Dietary Studies (dataFRIENDS) database, described 

elsewhere (26,27). Briefly, dataFRIENDS is premised on an extensive review of the food-based 

lifecycle assessment literature from 2005–2016 and includes GHGE (kg CO2-equivalents) per 

kilogram for over 300 foods in the NHANES survey. The dataFRIENDS database subsequently 

linked these environmental impact values to the USDA food database, providing the kg CO2-eq 
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per 100 g of food. This environmental data represents generic “average” impact factors for the 

production of food consumed in the US (26,28). For composite dishes and dishes unique to the 

South Asian population that were unavailable in the USDA database, we used standardized 

recipes to disaggregate the food components which were then mapped to the USDA database 

(23,29,30).  The average GHGE per person was estimated by summing the carbon dioxide 

equivalent (kg CO2-eq) from the foods consumed by the individual and standardized to a total 

daily energy intake of 2500 kcal (26,31). General linear models were subsequently applied with 

the standardized carbon dioxide equivalent as the dependent variable and total PHDI score and 

total energy intake as independent variables to calculate the energy-adjusted GHGE for an 

individual’s diet.  

 

RESULTS 

The PHDI components and total score developed in the MASALA study are presented in 

Table 1.2. The total PHDI score was normally distributed with a mean of 89 points (95% CI 88-

90) (Supplementary Figure 1). The score ranged from a low of 51 to a maximum of 119 out of 

140 possible points. Participants received the highest mean scores for intakes of poultry (9.45 ± 

1.67), red and processed meat (9.42 ± 1.67), eggs (9.34 ± 1.49), vegetables (9.21 ± 1.64), tubers 

(9.04 ± 2.08), and fruit (8.44 ± 2.53). On average, participants received the lowest scores for 

intakes of soy (0.78 ± 1.27), legumes (1.09 ± 1.18), nuts (2.78 ± 2.03), fish (2.84 ± 3.71), and 

unsaturated fats (3.03 ± 2.47).  
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PHDI Validity & Reliability 

 The validity of the PHDI scoring design was evaluated by examining the relationship 

between the total PHDI score and the intake of specific nutrients from the total diet (Table 1.3). 

For each 5 unit increase in the PHDI, intakes were lower for both animal protein (-0.89 g; 95% 

CI: -1.6, -0.18) and animal-derived nutrients [cholesterol (-10.57 mg; 95% CI: -13, -7.8), vitamin 

B2 (-0.05 mg; 95% CI: -0.07, -0.03), vitamin B12 (-0.12 mcg; 95% CI: -0.18, -0.07), and total 

fat (-0.80 g; 95% CI: -1.5, -0.12)]. On the other hand, for each 5 unit increase in the PHDI, 

intakes were higher for total fiber (0.7 g; 95% CI: 0.46, 0.94), vegetable protein (1.11g; 95% CI: 

0.72, 1.50), PUFA (0.25 g; 95% CI: 0.09, 0.42), vitamin A (44.4 RE; 95% CI: 12.8, 76), vitamin 

B3 (0.17 mg; 95% CI: 0.03, 0.31), vitamin C (3.86 mg; 95% CI: 0.85, 6.87), vitamin E (0.08 mg; 

95% CI: 0.01, 0.16), folate (7.57 mcg; 95% CI: 2.81, 12.3), iron (0.33 mg; 95% CI: 0.17, 0.49), 

selenium (1.02 mcg; 95% CI: 0.78, 1.25), and chromium (0.29 mcg; 95% CI: 0.08, 0.51) were 

significantly higher (all p<0.05).  

 For concurrent-criterion validity, we found no differences in average PHDI scores between 

men (88.2±0.44) and women (89.5±0.46) (Table 4). However, individuals who were current 

smokers (85±1.8) had a lower mean PHDI score compared to those who were non-smokers 

(89±0.32, p=0.03). On average, participants who were aged 50-59 y (90±0.54) and 60-69 y 

(90±0.62) had higher PHDI scores than participants who were 40-49 y (87.4±0.55) or 70-89 y 

(86.4±0.90). Those with bachelor’s degrees had a higher average PHDI score (89.3±0.34) 

compared to those without (85.4±0.90, p<0.001). Likewise, individuals who reported a family 

income greater than $75,000 had significantly higher mean PHDI scores (89.7±0.37) compared 

to participants whose family income was less than $75,000 (86.7±0.62, p<0.001). Participants 
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with type 2 diabetes had higher PHDI scores (90.8±0.63) compared to those with pre-diabetes 

(88±0.55, p=0.002) or normal glycemia (88.4±0.49, p<0.005) (Supplementary Table 2).  

 When we evaluated construct validity, the scree plot from the principal components analysis 

indicated that no single linear combination of PHDI components accounted for a majority of the 

variance in the data (Figure 1.1). There was evidence for 5-9 dimensions as 5 factors have 

eigenvalues>1, indicating each of the five principal components explains more variance than a 

single variable. More than 50% of the variance is explained by these first 5 factors 

(Supplementary Figure 2). 

 After adjusting for age, sex, and total energy, the total PHDI score was significantly and 

positively associated with the overall diet quality as assessed by the AHEI. Each 5-unit higher 

PHDI score was associated with a higher AHEI score (partial correlation: r=0.7, p<0.0001). The 

standardized Cronbach’s coefficient alpha for the PHDI was 0.68 indicating moderate internal 

consistency. When we examined correlations between the total PHDI score and its components, 

we found the strongest correlation was between total PHDI and the component score for added 

sugar (r=0.54, p<0.001) indicating that healthier and more environmentally friendly diets were 

associated with lower added sugar intake. On the other hand, whole grains (r=0.17) and eggs 

(r=0.17) had the lowest correlations with PHDI (p<0.001).  When examining correlations 

between the individual components, vegetables, and unsaturated fat (r=0.33), red meat and 

poultry (r=0.45), and saturated fat and added sugar (r=0.45) were strongly correlated with each 

other. At the same time, both red meat and poultry were inversely correlated with fish intake (r=-

0.31) (Figure 1.2). The PHDI had a lower dietary carbon footprint such that a 5-unit higher 

PHDI score was associated with 7% lower dietary carbon footprint (p<0.001). (Supplementary 

Figure 3). 
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DISCUSSION 

This study developed and evaluated the validity and reliability of a Planetary Health Diet 

Index in a South Asian population that quantifies adherence to the dietary recommendations of 

the 2019-EAT Lancet Planetary Health reference diet. Utilizing established methods for the 

validation of a dietary index, the psychometric analyses of the PHDI demonstrated strong content 

and construct validity as well as internal reliability(32–34). The outcomes of the construct 

validity analysis were consistent with the findings from previous evaluations of the nutrient 

profiles in both vegetarian and non-vegetarian dietary patterns(35). The associations in the 

anticipated direction support the PHDI's capacity to differentiate between food components per 

the EAT-Lancet dietary recommendations.  

The PHDI discerned significant differences in dietary quality among groups known to have 

variations in diet quality, revealing noteworthy differences in average PHDI scores. The 

relationship between smoking status and diet quality has been highlighted by numerous studies, 

which have shown that current smokers typically have poorer diet quality (36) characterized by a 

preference for energy-dense foods (37), insufficient fruit and vegetable consumption, and high 

saturated fat intake (38). Our findings also align with prior research in supporting an age-related 

association with diet quality. While diet quality generally improves with age for adults aged 

between 30 to 60 years old, the determinants of sustaining healthy eating behaviors in older 

adults aged 69 years and older are intricate, influenced by factors such as socioeconomic 

disparities, social isolation, limited education on diet-disease relationships, and the challenges of 

aging, collectively contributing to declining diet quality among older adults (39,40). Likewise, 

disparities in diet quality based on income and educational levels have grown over the past 

decade, and research consistently shows that higher income and education are linked to healthier 
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dietary habits (41,42). Notably, the MASALA study participants overall had high family income 

and educational achievements(43), which are closely intertwined and may jointly influence 

individuals' dietary decisions.  

Intriguingly, the relationship between diabetes status and diet quality revealed that 

individuals diagnosed with diabetes had higher average PHDI scores than those with pre-diabetes 

or normal glycemia. This could be attributed to reverse causation, wherein post-diagnosis 

improvements in lifestyle factors prompt individuals to make healthier dietary choices (44,45). 

Congruent with our findings, the CARRS study on South Asians also noted this reverse causality, 

indicating that South Asian adults in urban areas were adjusting their diets after being diagnosed 

with a disease(46).   

 The PHDI and AHEI scores have several design parallels, encompassing common food 

groups like vegetables, fruit, whole grains, and red/processed meats, employing a similar scoring 

range from 0 to 10 for these food components(47). Capitalizing on these shared attributes, it was 

anticipated that the PHDI's assessment of diet quality would demonstrate robust positive 

correlations with the AHEI score in the MASALA Study. While both the AHEI and the PHDI 

aim to assess the quality of dietary patterns, the AHEI focuses primarily on health-related 

outcomes, considering factors associated with chronic diseases(47). On the other hand, the PHDI 

has a broader scope, aiming to enhance both health and environmental sustainability. It uniquely 

combines a focus on individual health promotion with an emphasis on mitigating the 

environmental impact of dietary choices, aligning with the broader concept of planetary health.  

Given that the 2019 EAT-Lancet reference diet promotes a planetary health diet with 

sustainable environmental impact, it was important to also determine the dietary carbon footprint 

of foods consumed by participants in a South Asian cohort based in the United States. Our 
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findings align with previous research, indicating that diets that favor plant-based foods are 

associated with lower carbon footprints compared to other prevalent American dietary patterns 

(27). Furthermore, opting for diets rich in fruits, vegetables, and legumes while reducing the 

consumption of red and processed meats, especially those from ruminant animals, represents a 

practical approach for individuals to decrease their carbon footprint resulting from food 

production(48). 

The test for internal consistency using the standardized Cronbach’s coefficient alpha was 

determined to be 0.68. As reported by numerous studies, dietary indices are inherently complex, 

multidimensional instruments, and expecting individuals to meet all dietary standards 

consistently is unrealistic (33,34,49,50). Therefore, given that the PCA results indicated that the 

PHDI was indeed multidimensional, coupled with the rather homogenous cohort of mostly Asian 

Indian immigrants comprising the MASALA Study, the coefficient alpha value was expected to 

be lower than the recommended cut-off. Furthermore, the low to moderate correlations of the 

component scores with the total score underscored the reliability. The food groups comprised of 

fruits, nuts, added saturated fat, and added sugar seemed to have more influence on the total 

PHDI score relative to the other components having correlations > 0.35. While the lower 

correlated components might not be adding as much information to the total score, it should be 

noted that these components might be providing important, independent information(33).  

It is crucial to highlight that, contrary to some prior studies reporting moderate to high 

legume consumption in South Asian populations(51), including the MASALA cohort (22,52,53), 

our examination and scoring revealed that the legume component of PHDI received one of the 

lowest scores. This discrepancy primarily arises from our methodology, which involves 

determining the dry weight of legumes in grams, unlike other investigations that considered 
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serving sizes for these food items without distinguishing the dry weight contribution of legumes 

to mixed dishes. Notably, many dietary guidelines do not make a distinction between dry and 

cooked legumes, despite potential variations in nutritional composition and digestibility (51,54).  

Multiple indices that quantify the 2019-EAT Lancet reference diet have been developed, each 

with different approaches and assumptions, and differ significantly from the index that we 

developed in this study. The index created in the EPIC-Oxford study considered 14 food groups 

and used a binary point allocation for a maximum of 14 points(55). The index also categorized 

refined grain foods into the wholegrain category. As previously critiqued(56), this index failed to 

consider the minimum to maximum range of consumption for various food items that could 

comprise a food category, as prescribed by the EAT-Lancet reference diet. Similarly, the ‘EAT-

Lancet index’ developed in the Swedish Malmö Diet and Cancer cohort(57) also considered 14 

food groups, scored between 0 to a maximum of 42 points, and categorized them as either 

‘emphasized’ or ‘limited-intake’ foods, but did not include a category for added saturated fat. The 

scoring system was divided based on 4 categories of consumption with 0 for the lowest category 

and 3 for optimal consumption. The dietary index developed in the ELSA-Brazil cohort(58) 

included 16 food components, categorized into adequacy, optimum, ratio, and moderation 

groups, resulting in a possible total score ranging from 0 to 150 points. The scoring system was 

based on the midpoints of the recommended intake ranges and converted to percentages of 

calories contributed by each food group to the overall diet. Notably, this index categorized 

coconut milk and coconut pulp in the nuts food group. However, it is worth mentioning that 

nutritional classification has determined that coconuts be excluded from the nuts category for 

nutritional research due to their high saturated fat content(59), which can negatively impact 

cardiometabolic health(60–62). Moreover, the index also defined a ratio component that 
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distinguished between green vegetables and red/orange vegetables in relation to total vegetable 

consumption(58). The PHDI constructed in our study was based on the grams per day 

consumption of the 15 food groups for a daily intake of 2500kcal and it was decided that 

coconut, which is high in saturated fats and ubiquitous in South Asian culinary practices, be best 

categorized under the added saturated fats component.  

Our study was not without limitations either. Firstly, in our attempts to disaggregate food 

items unique to the South Asian diaspora and convert them to appropriate gram equivalents from 

the serving sizes listed in the FFQ, we acknowledge the loss of precision. However, using the 

USDA database in conjunction with conversion factors that were previously published for this 

population, aided with the accuracy and consistency of our estimations and by extension the 

classification of the disaggregated items into their appropriate component categories and 

respective weights in grams per day. Furthermore, it's important to acknowledge that South 

Asians constitute a diverse group with origins in various countries and adherence to different 

religious practices and cultural traditions that significantly influence their lifestyles and dietary 

choices. For instance, Hindus commonly avoid beef consumption, while Muslims refrain from 

pork. Approximately 40% of the MASALA study participants identified as vegetarians with 

limited consumption of red or processed meats. This characteristic may have increased the total 

PHDI scores since participants received higher scores for their restricted intake of the negatively 

scored animal proteins. In addition, it's worth noting that while the MASALA cohort provided a 

valuable representation of the U.S. South Asian population, it is not a nationally representative 

sample. The study primarily includes middle to older-aged individuals with predominantly high 

levels of income and education, without existing cardiovascular disease, limiting its 

generalizability. Consequently, the outcomes may not apply to younger individuals of South 
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Asian ancestry, individuals with lower educational attainment, or the broader South Asian 

diaspora. Efforts are underway to diversify the South Asian participant pool with additional 

recruitment of Bangladeshi and Pakistani individuals(63). Moreover, the use of an FFQ for 

ascertainment of dietary intake is subject to a certain degree of recall bias as well as 

measurement error. However, these are presumably nondifferential since the FFQ used by the 

MASALA study has been previously validated and captures foods unique to the South Asian 

diet(19,22). 

Strengths of our study include that the PHDI developed in the MASALA Study closely 

aligned with the recommendations from the 2019-EAT Lancet Commission’s reference diet. 

Following good practice for a priori dietary indices(64), the scoring system considered empirical 

evidence for the associations of the 15 PHDI food groups with health and disease outcomes as 

well as the prescribed range of consumption set forth by the reference diet. Additionally, the 

PHDI also proportionally assigned individual scores for the range between minimum and 

maximum values for the respective food groups. Unique to our approach is the determination of 

a dietary carbon footprint for individuals of South Asian ancestry living in the US, which is not 

only novel but further corroborates the 2019-EAT Lancet commissions dietary recommendations 

as it relates to beneficial environmental impacts. Finally, we demonstrated the validity and 

reliability of the PHDI to measure adherence to the planetary health dietary guidelines set forth 

by the EAT Lancet Commission among a South Asian population. Future studies will aim to 

assess the predictive criteria of this index by examining the associations of the PHDI with 

specific health and disease outcomes. 
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TABLE 1.1. PHDI scoring criteria1  

No Component 

EAT-Lancet reference diet  

(for 2500 kcal/d demand) 
Criteria for scoring PHDI 

  

g/day kcal/day 
Min score (0) 

in gram/d 

Max score (10) in 

gram/d 
Weight 

1 Whole grain (dry 

weight) 

232 (0-60% TEI) 811 0 ≥ 75 g/d for women 

≥ 90 g/d or men  

1 

2 Tubers 50 (0-100) 39 ≥ 200 ≤ 50 1 

3 Vegetables 300 (200-600) 78 0 ≥ 300 1 

4 Fruits 200 (100-300) 126 0 ≥ 200 1 

5 Dairy foods 250 (0-500) 153 ≥ 1000 ≤ 250 1 

6 Red/processed 

meat 

14 (0-28) 30 ≥ 100 ≤ 14 1 

7 Poultry 29 (0-58) 62 ≥ 100 ≤ 29 1 

8 Eggs 13 (0-25) 19 ≥ 120 ≤ 13 1 

9 Fish 28 (0-100) 40 0 ≥ 28 1 

10 Nuts 50 (0-75) 291 0 ≥ 50 1 

11 Legumes 

(dry weight) 

50 (0-100) 172 0 ≥100 0.5 

12 Soy foods 25 (0-50) 112 0 ≥50 0.5 

13 Unsaturated fat 40 (20-80) 354 (14.16% TEI) ≤ 3.5% of TEI ≥ 21% of TEI 1 

14 Saturated fat 11.8 (0-11.8) 96 (3.8% TEI) ≥ 10% of TEI 0% of TEI 1 

15 Added sugar 31 (0-31) 120 (4.8% TEI) ≥25% of TEI <5% of TEI 1 

 

 

 

 

 

 

 

 

 
1 PHDI scoring criteria adapted from Linh Bui et al. 2023, Nurses’ Health Study.  

*TEI – Total energy intake 
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TABLE 1.2. Planetary Health Dietary Index Component and Total Scores in baseline FFQ data 

from the MASALA Study, 2010-2013 

Components Mean ± SD2 Median Min Max 

Wholegrains 7.24 ± 2.87 7.98 0 10 

Tubers 9.04 ± 2.08 10 0 10 

Vegetables 9.21 ± 1.64 10 1.38 10 

Fruits 8.44 ± 2.53 10 0 10 

Dairy 6.99 ± 3.04 7.8 0 10 

Red/processed 

Meat 
9.42 ± 1.67 10 0 10 

Poultry 9.45 ± 1.67 10 0 10 

Egg 9.34 ± 1.49 10 0 10 

Fish 2.84 ± 3.71 0.4 0 10 

Nuts 2.78 ± 2.03 2.48 0 10 

Legumes 1.09 ± 1.18 0.68 0 5 

Soy 0.78 ± 1.27 0.22 0 5 

Unsaturated Fat 3.03 ± 2.47 2.56 0 10 

Saturated Fat 4.60 ± 2.82 5.17 0 9.82 

Added Sugar 4.61 ± 4.01 4.63 0 10 

Total PHDI Score 88.84 ± 9.47 88.95 50.52 118.92 

 

 

 

 
2 Values descriptive statistics of the study population mean PHDI scores and standard deviations 

(SD). 
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TABLE 1.3. Associations between the Planetary Health Dietary Index and select nutrients 

(n=891). MASALA Study, 2010-20133 

Nutrient PHDI Score1 P-value 

Protein (g) -0.89 (-1.6, -0.18) 0.015 

Animal Protein (g) -2.5 (-3.0, -2.1) <0.0001 

Vegetable Protein (g) 1.11 (0.72, 1.50) <0.0001 

Carbohydrate (without fiber) (g) -1.8 (-4.1, 0.45) 0.11 

Total Fiber (g) 0.70 (0.46, 0.94) <0.0001 

Total Fat (g) -0.79 (-1.5, -0.12) 0.02 

Polyunsaturated Fat (g) 0.25 (0.09, 0.42) 0.002 

Monounsaturated Fat (g) 0.03 (-0.26, 0.31) 0.85 

Cholesterol (mg) -11 (-13, -7.8) <0.0001 

Vitamin A (RE) 44.4 (12.8, 76) 0.006 

Vitamin B2 (mg) -0.05 (-0.07, -0.03) <0.0001 

Vitamin B3 (mg) 0.17 (0.03, 0.31) 0.02 

Vitamin B12 (mcg) -0.12 (-0.18, -0.07) <0.0001 

Vitamin C (mg) 3.86 (0.85, 6.87) 0.012 

Vitamin D (mcg) 0.02 (-0.07, 0.08) 0.89 

Vitamin E (mg) 0.08 (0.01, 0.16) 0.035 

Folate (mcg) 7.57 (2.81, 12.3) 0.002 

Iron (mg) 0.33 (0.17, 0.49) <0.0001 

Potassium (mg) 12.7 (-27, 52.6) 0.53 

Sodium (mg) 13.9 (-21, 48.3) 0.43 

Zinc (mg) -0.08 ± (-0.18, 0.01) 0.08 

Chromium (mcg) 0.29 (0.08, 0.51) 0.007 

Selenium (mcg) 1.02 ± (0.78, 1.25) <0.0001 

 
3Values represent linear regression coefficients [β ± 95% CI] adjusted for total energy, age and 

sex 
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TABLE 1.4. Characteristics and average PHDI scores of MASALA Study participants with 

known differences in diet quality (n=891) 

Characteristics n (%) Mean PHDI ± SEM4  P-value 

Sex   0.06 

      Male 472 (53) 88.2 ± 0.44  

    Female 419 (47) 89.5 ± 0.46  

Age category (years)   0.0002 

      40-49 289 (32.4) 87.4 ± 0.55  

      50-59 297 (33.3) 90 ± 0.54  

      60-69 231 (25.9) 90 ± 0.62  

      70-89 74 (8.3) 86.4 ± 1.1  

Smoking Status   0.03 

     Current Smokers 28 (3.1) 85 ± 1.8  

       Non-Smokers 863 (96.9) 89 ± 0.32  

Bachelor’s degree or higher    <0.0001 

       Yes 782 (87.8) 89.3 ± 0.34  

       No 109 (12.3) 85.4 ± 0.90  

Family Income >$75,000   <0.0001 

Yes 636 (75.5) 89.7 ± 0.37  

No 229 (26.4) 86.7 ± 0.62  

Diabetes categories   0.002 

      Normal 369 (41.74) 88.4 ± 0.49  

    Pre-diabetes 292 (33.03) 88.0 ± 0.55  

      Diabetes 223 (25.23) 90.8 ± 0.63  

 

 

 

 

 
4 Values are age, sex, and calorie adjusted mean ±  standard error (SEM) by using analysis of variance 

(ANOVA) for continuous variables and chi-square tests for categorical variables. P-values represent 

global test p-values evaluated at significance threshold of 0.05. P-values for post-hoc pairwise 

comparison with Tukey adjustment for multiple comparison results are presented in Supplementary 

Table 2 
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FIGURE 1.1. Scree plot from principal component analysis (PCA). Dietary Intake data from the 

MASALA Study 2010-2013  

 

 

 

 

 

Figure 1. Scree plot from principal component analysis (PCA). Dietary Intake data from the MASALA Study 

2010-2013 
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FIGURE 1.2. Lower correlation matrix of PHDI components. Larger numerical font represents 

significant correlations at p=0.05. Dietary Intake data from the MASALA Study 2010-2013. 

Figure 2. Lower correlation matrix of PHDI components. Larger numerical font represents significant correlations (p=0.05). Dietary Intake data

from the MASALA Study 2010-2013.
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Supplementary Table 1.1. PHDI food groups - MASALA Study  

 

 

 

 

PHDI Groups FFQ Food Items 

1. Whole grains   
100% whole wheat bread, 60% whole wheat bread, whole wheat bread rolls, roti/chapathi, 

bran/granola cereals, whole wheat cereals, cooked cereals, brown rice, quinoa, paratha 

2. Tubers 
Potatoes (boiled, mashed, or baked), Potato sabji stir fried or dry, Potato sabji curry, french 

fries, Tikia, potato patties, veg cutlets, veg samosa 

3. Vegetables 

Cauliflower or cabbage sabji, green pepper sabji, french beans, string beans, broccoli sabji, 

peas or matar curry, Okra or bhindi, Dark leafy vegetables, tomato, Onions, Yellow squash, 

white squash/zucchini/eggplant, Vegetable kofta curry, lettuce, cucumber, carrots, raw or 

boiled, carrot sabji, mix veg salads, sweet potato/leeks, radish, other vegs curry, other vegs 

stir fried, coriander/mint/parsley, ginger, fresh garlic, chillies, vegetable juice 

4. Fruits 
Apple/pear, citrus fruits, banana, grapes, berries, peach/plum/nectarine, cantaloupe, 

watermelon/honeydew, mango/papaya, all other fruit, canned fruit, dried fruit  

5. Dairy Foods 

Whole milk, 2% milk, 1% milk, skim milk, milk in tea and coffee, cream in tea and coffee 

(coffee creamer, half&half), Yogurt drink, Regular fat cheese/cream cheese, part skim 

cheese, Plain, regular fat yogurt, Plain low fat buttermilk, Raita with vegetables, Fruit 

flavored yogurt, Paneer. Milk equivalents from: Ice-cream, barfi/ladoo (milk-based), 

rasmalai, rice kheer.  

6. Red/ 

Processed Meat 

Beef curry, ground beef, other beef, pork curry, other pork, goat/lamb curry, other 

goat/lamb, hot dogs/sausages, lunch meat, meat samosa.  

7. Poultry 
Liver, fried chicken, chicken curry, roast tandoori chicken, meat samosa, pasta with 

cheese/meat, 

8. Egg Boiled/poached egg, Fried/scrambled/curried egg 

9. Fish/Shellfish Fresh baked/steamed fish, fish curry, canned fish, deep fried fish, seafood curry  

10. Nuts Nuts, peanut butter 

11. Legumes  
Lentils/Dal curry, Sambhar/rasam, chick peas curry, other dried beans curry, papad, dal ki 

pakora/vada, dhokla, idli, khichri, dosa 

12. Soy foods Tofu 

13. Unsaturated 

oils 

Salad dressing, oil/vinegar, unsaturated oils in: paratha, puri, assorted stir-fried vegetables, 

assorted deep fried foods 

14. Saturated 

oils 

Butter/ghee, butter on bread, roti, paratha, margarine, mayonnaise 

15. Added sugar 

Sugar or honey, non-diet cola, other soft drinks (non-diet), orange, grapefruit juice, fruit 

juices – apple, pineapple, other juices, fruit drink (iced tea, lemonade), sugar on cereal, jam, 

syrup. Added sugar in: barfi/ladoo, cakes, doughnuts, cookie, pies and tarts, gulab jamun, 

suji ka halwa 
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Supplementary Figure 1.1. Histogram of Total PHDI Score for participants in the MASALA 

study  
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Supplementary Table 1.2. Characteristics and difference in mean PHDI scores of MASALA 

Study participants with known differences in diet quality (n=891).  

Characteristics n (%) Difference in Mean PHDI 

(95% CI) 

P-value 

Sex    

      Male 472 (53) Ref  

    Female 419 (47) -1.19 (-2.44, 0.06) 0.06 

Smoking Status    

       Non-Smokers 863 (96.9) Ref  

       Current Smokers 28 (3.1) 4.0 (0.44, 7.57) 0.03 

Bachelor’s degree or higher     

       No 109 (12.3) Ref  

       Yes 782 (87.8) -3.92 (-5.80, -2.04) <0.0001 

Family Income >$75,000    

No 229 (26.4) Ref  

Yes 636 (75.5) -2.95 (-4.38, -1.52) <0.0001 

Age category (years)   0.0003* 

       40-49 289 (32.4) Ref  

       50-59 297 (33.3) -2.65 (-4.64, -0.65) 0.004 

       60-69 231 (25.9) -2.34 (-4.78, -0.51) 0.008 

       70-89 74 (8.3) 0.93 (-2.21, 4.08) 0.90 

Diabetes categories   0.002* 

        Diabetes 223 (25.23) Ref  

        Normal 369 (41.74) 2.38 (0.51, 4.25) 0.008 

     Pre-diabetes 292 (33.03 2.80 (0.84, 4.76) 0.002 
*Global test p-values.  
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Supplementary Figure 1.2. The proportion of Variance explained by the 15 PHDI components. 

Dietary Intake data from the MASALA Study 2010-2013. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

 40 

Supplementary Figure 1.3. Predicted Dietary Carbon Footprint for a 5 unit increase in PHDI 

Score. 
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Supplementary Figure 1.4. Mean dietary carbon footprint across quartiles of PHDI score 
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ABSTRACT 

 

Introduction: The current global food system significantly impacts both environmental and 

human health, contributing to substantial greenhouse gas emissions. Additionally, poor diets are 

a major risk factor for cardiometabolic disease, which disproportionately burdens South Asians. 

In 2019, the EAT-Lancet Commission proposed a Planetary Health Diet designed to optimize 

human and planetary health. 

Objective: We examined associations between a novel Planetary Health Diet Index (PHDI), that 

reflects adherence to the EAT-Lancet recommendations, and cardiometabolic risk in a 

prospective cohort of South Asians in the US. 

Methods: Participants from the MASALA study with complete baseline (n=891) and 5-year 

follow-up (n=735) data were included in the analysis. The PHDI was based on consumption 

ranges prescribed by the 2019 EAT-Lancet Commission and comprised of 15 food components. 

The scoring of the PHDI ranged from 0 to a maximum of 140, with higher scores indicating 

greater adherence to the PHDI. We used multivariable linear and logistic regression models to 

examine cross-sectional and prospective (5-year) associations between baseline PHDI and 

measures of glycemia, blood lipids, inflammation, adiposity, and incident type 2 diabetes 

adjusting for demographic, health, and lifestyle factors.  

Results: Among MASALA study participants (49% female, mean age 57 y), the mean PHDI 

score was 88.8 (SD 9.47). At baseline, each 10 unit increase in PHDI scores was associated with 

(β ± SE) lower fasting glucose (-0.45±0.22 mmol/L), HbA1c (-0.49±0.22%), LDL cholesterol (-

0.015±0.007 mmol/L), CRP (-5.40±2.42 mg/L), higher adiponectin (4.67 ±2.02 mg/dL), lower 

body weight (-0.59 ±0.26 kg), BMI (-0.27±0.11 kg/m2), waist circumference (-025±0.29 cm), 

visceral fat (-1.37±1.32 cm2), and pericardial fat (-0.58±0.43 cm3) (p <0.05 for all). Higher PHDI 
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scores were associated with lower odds of obesity [OR (95% CI): 0.80 (0.71-0.92)] and 

overweight [0.77 (0.74-0.85)]. Prospectively, higher PHDI scores were significantly associated 

with a favorable cardiometabolic profile, including lower measures of glycemia, blood lipids, 

adiposity, and systolic blood pressure. Each 10-unit higher PHDI was associated with a 20% 

lower odds of incident diabetes [OR (95%CI): 0.80 (0.54-0.86)]. 

Conclusions: In this South Asian cohort, greater adherence to a planetary healthy diet was 

associated with lower cardiometabolic risk factors and risk of incident type 2 diabetes. These 

observations support the planetary health diet as a feasible strategy to address planetary health 

while optimizing human health outcomes. 
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INTRODUCTION 

The modern global food system has a significant impact on both environmental and 

human health. It is responsible for 26-34% of the total global greenhouse gas emissions, with a 

majority coming from the agricultural sector, making it a major contributor to climate change1. 

With up to a third of global food production being wasted, the current food system is not 

operating in a sustainable manner which in turn increases greenhouse gas emissions2. 

Furthermore, approximately 11 million premature deaths a year have been linked to unhealthy 

diets, the global food system has enormous negative effects on human health, 3–5.  

Cardiometabolic disorders, including coronary heart disease, stroke, and diabetes, are the 

leading causes of global morbidity and mortality; three of the top 10 global causes of death—6. 

Studies suggest that South Asians in the US, who account for 2% of the total US population, 

have disproportionately higher rates of obesity and diabetes than other race and ethnic groups7–9. 

This is due to a combination of factors including genetics (family history of disease), 

sociocultural factors10, modifiable lifestyle11,12 , and dietary risk factors13,14. Although native 

South Asians share genetic and many cultural risk factors with the diaspora, South Asians in the 

US differ in socioeconomic status, level of education, access to healthcare, and acculturation, 

which affects their risk11,15–17. Importantly, South Asian immigrants are adopting unfavorable 

dietary habits of their host countries, thereby replacing suboptimal South Asian dietary habits 

with potentially even more harmful Western dietary patterns11,14,18,19.  

In 2019, the EAT-Lancet Commission20 released a Planetary Health diet that focuses on 

promoting the consumption of whole grains, fruits, vegetables, nuts, and legumes, while limiting 

red and processed meats, added sugars, and refined grains. The Planetary Health diet is an 

evidence-based approach to dietary recommendations that could reduce the risks of chronic 
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diseases and meet both human health and environmental goals. We have previously developed a 

Planetary Health Diet Index (PHDI) that quantifies the degree of adherence to the EAT-Lancet 

reference diet and demonstrated its validity in a South Asian population using data from the 

Mediators of Atherosclerosis in South Asians Living in America (MASALA) cohort21. Although 

the EAT-Lancet report was intended for the global food system, the health impacts of the EAT-

Lancet diet across diverse populations are unclear and its global adaptability has been subject to 

scrutiny.  

The PHDI offers an evidence-based dietary approach to mitigate chronic disease risks 

while aligning with health and environmental objectives. Despite some studies indicating 

reduced risks of cardiovascular disease (CVD)22 and type 2 diabetes (T2D)23 with adherence to 

the EAT-Lancet diet, there is a paucity of data evaluating its potential effectiveness in individuals 

of South Asian descent. We, therefore, aimed to investigate the association between the PHDI 

and cardiometabolic risk factors in a cohort of U.S. South Asians. 

METHODS 

Study population 

We used data from the MASALA study, a community-based prospective cohort of self-

identified South Asians recruited from Chicago and the San Francisco Bay Area24. Eligibility 

criteria for the MASALA study included having South Asian ethnicity (at least 3 grandparents 

born in any South Asian country), proficiency in English, Hindi, or Urdu, an age range of 40 to 

84 years at baseline, and free of CVD at baseline. The baseline clinical examination took place 

from October 2010 to March 2013, enrolling a total of 906 participants. A follow-up examination 

was conducted 5 years later, between September 2015 and March 2018, with 749 participants 

returning for a follow-up assessment. Trained bilingual research staff collected data through 



 
 

 47 

questionnaires and secured written informed consent at the clinical field centers where 

participants were recruited24,25. All participants provided written formal study consent per their 

respective IRBs. The MASALA study protocol has been approved by the Institutional Review 

Boards of USCF and Northwestern University. The current analysis protocol has been approved 

by the Institutional Review Board of Brigham and Women’s Hospital, Boston, MA. 

 

Dietary assessment and PHDI score 

Dietary intakes over the past 12 months were assessed using an ethnic-specific, validated, 

semiquantitative food frequency questionnaire (FFQ)26. The FFQ consists of 163 items, with 61 

items unique to the South Asian diet. For each food item, the number of servings consumed per 

day was computed from the frequency (per day, week, month, year, or never) and the serving size 

(average, small, or large) as reported on the FFQ. The average serving size was provided for each 

item, with a small serving equal to half the average size, while a large serving was 1.5 times the 

average. Detailed information on the nutrient profile of the FFQ food items has been previously 

documented in detail24. Participants with implausible energy intakes (defined as <800 kcal/d or 

>4000 kcal/d for men; <500 kcal/d or >3500 kcal/d for women), were excluded from the 

analysis.  

The EAT-Lancet diet outlines 15 food groups with recommended consumption ranges for 

a 2500 kcal/day intake. Adaptation of the FFQ items into the 15 PHDI components has been 

previously detailed elsewhere21. Briefly, the FFQ's 163 food items were classified into 15 PHDI 

food groups, aligning with EAT-Lancet guidelines and South Asian dietary characteristics. We 

transformed serving sizes into grams using the USDA Food Data Central database. Dishes 

unique to South Asian cuisine were disaggregated and converted to gram equivalents with the 
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MyPyramid Equivalents Database 2.0 or USDA Food Composition Database. The criteria for 

scoring the Planetary Health Diet Index (PHDI) were previously developed and validated within 

the MASALA cohort (Supplementary Table 1). Scoring ranges for each of the 15 food groups 

align with the parameters defined by the EAT-Lancet reference diet20. The minimum score 

reflects the least positive impact of a food group on both health and the environment, while the 

maximum score indicates the highest level of favorable health and environmental effects 

associated with that food group. The thresholds for minimum and maximum scores vary based 

on whether the relationship between each food group and health outcomes is positive or 

negative. Intake between the minimum and maximum threshold was assigned proportionally. No 

deductions or additional scores are given for consumption falling outside the suggested range of 

the 15 food components. The total score ranged from 0 to 140. 

 

Cardiometabolic risk factors 

Measure of glycemia and dyslipidemia 

At baseline enrollment, several cardiometabolic risk factors were assessed, encompassing 

measures of glycemia, serum lipids, inflammation/adipokines, and body composition. These 

have been described in detail elsewhere24. Briefly, blood samples were collected following a 12-

hour fast. Fasting plasma glucose was determined using the hexokinase method (Ortho Clinical 

Diagnostics, Johnson & Johnson), and fasting insulin through a sandwich immunoassay (Roche 

Elesys 2010, Roche Diagnostics). Serum lipids consisting of total cholesterol, HDL cholesterol, 

and triglyceride, were measured using enzymatic methods (Quest Diagnostics). LDL cholesterol 

was calculated via the Friedwald formula. Insulin resistance was gauged using the homeostatic 

model assessment of insulin resistance (HOMA-IR): fasting insulin(μIU/mL) × fasting glucose 
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(mmol/L) ÷ 22.5 27. Insulin sensitivity was assessed using a surrogate measure of beta-cell 

function through the oral disposition index: (∆insulin0–30 ÷ ∆ glucose0–30) × (1 ÷ fasting 

insulin)28. High-sensitivity C-reactive protein (hsCRP) was measured with the BNII 

nephelometer (Siemens Healthcare Diagnostics), and serum total adiponectin was ascertained via 

the Millipore Luminex adipokine panel A (EMD Millipore)25. 

 

Body composition measures 

Standardized methods were employed for measuring weight, height, and waist 

circumference, with BMI calculated as [weight(kg) / height(m)²]. Asian-specific WHO cut-offs 

were applied to define overweight (BMI ≥23.0 kg/m²) and obesity (≥27.5 kg/m²)24,29,30. 

Abdominal visceral and subcutaneous fat areas were measured through computerized 

tomography (CT) scans of the abdomen, while non-contrast cardiac CT scans were used for 

pericardial fat volume and hepatic attenuation assessment (an inverse measure of hepatic 

steatosis). Fatty liver was defined by hepatic attenuation <40 HU 24.  

 

Subclinical atherosclerosis 

High-resolution B-mode ultrasonography, employing the General Electric Vivid 7 

ultrasound at the University of California, San Francisco, and the Siemens Acuson Sequoia C256 

at Northwestern, was utilized for precise measurements of intima media thickness in the right 

and left internal and common carotid arteries25. The cardiac CT scans were conducted using 

either a Phillips 16D scanner or a Toshiba MSD Aquilion 64 at the University of California, San 

Francisco, and a Siemens Sensation Cardiac 64 Scanner at Northwestern, following established 
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protocols31. Agatston scores were employed to assess coronary artery calcium in each of the four 

major coronary arteries, and the unadjusted sum of these scores was used for analysis32. 

 

Other cardiometabolic risk factors 

Blood pressure was recorded as the average of two readings using an automated blood 

pressure machine (V100 Vital Signs Monitor, GE Healthcare). Hypertension was defined as 

blood pressure ≥140/90 mm Hg or the use of antihypertensive medication25,33. T2D was defined 

by the utilization of glucose-lowering medication, fasting plasma glucose levels ≥7.0 mmol/L, 

and/or glucose levels ≥11.1 mmol/L at 2 hours following a 75g oral glucose challenge24,33. 

Incident diabetes during the follow-up period was evaluated exclusively for participants who did 

not have T2D at the baseline assessment. 

 

Assessment of covariates 

Participants provided written informed consent during visits to clinical field centers, 

where proficient bilingual research staff gathered information on various aspects. This included 

participants' contacts, demographic details, language preferences, tobacco and alcohol usage, 

medical history, access to medical care, family history of CVD and T2D, and current use of 

prescription and non-prescription medications and supplements. Physical activity was evaluated 

using the Typical Week’s Physical Activity Questionnaire, quantified as total metabolic 

equivalent (MET) minutes per week24. Additionally, a traditional cultural beliefs scale, 

comprising 7 items, was utilized to assess the sum of cultural traditional measures, with Likert 

scale scoring reflecting the strength of traditional South Asian beliefs (lower scores indicating 

stronger traditional beliefs)15,24. 
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Statistical analysis 

The baseline characteristics of study participants across quartiles of the PHDI were 

compared. Statistical differences were assessed using linear regression and logistic regression 

models, adjusted for age, sex, and total energy intake, for continuous variables, and the chi-

square test for categorical variables. Linear trend tests were performed by assigning the median 

value to each quartile and treating it as a continuous variable in the regression model. 

Multivariable linear regression models were employed to assess the associations between the 

PHDI score (as a continuous exposure variable) and cardiometabolic risk factors. Assumptions of 

normality, linearity, and homogeneity were tested through examinations of residuals compared 

with predicted values and normal probability plots of residuals in all linear regression models. 

Outliers were identified through visual inspection of residual plots. In the presence of 

heteroscedasticity, outcome variables were log-transformed, and the residual plots were re-

examined.  

Four multivariable models were examined, with covariates added incrementally in a forward 

stepwise fashion. In the initial model, adjustments were made for age, sex, study site, education, 

smoking status, alcohol use, family history of diabetes, years lived in the United States, physical 

activity, the sum of cultural traditional measures, refined grain consumption, and total energy. As 

the PHDI does not include refined grains as a component, we decided to adjust for this variable 

in our analysis due to both its consumption in the cohort19, as well as its association with 

increased cardiometabolic risk among individuals of South Asian descent34.  In model 2, we 

further adjusted for diabetes medication use, cholesterol-lowering medication use, and 

hypertension medication use. Because BMI and waist circumference are potential mediators of 
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the relationship between diet and cardiometabolic risk factors23,33, we also adjusted for BMI in 

model 3 with an additional adjustment for waist circumference in model 4.  

For all prospective associations, adjustments included baseline values of covariates and the 

corresponding outcome measure. To minimize confounding due to prevalent disease, participants 

with T2D were excluded for follow-up glycemia measures. Linear association results are 

presented as the unit change in the outcome per 10-unit higher PHDI score. Potential effect 

modifications by age and sex were explored by including a cross-product term between these 

variables and the PHDI score in the model. All tests were two-sided and conducted using SAS, 

version 9.4 and in R 4.2.3. 

RESULTS 

Baseline characteristics 

At baseline, 45% of the participants were female, with an average age of 55 ± 9.2 years and  

BMI of 25.3 ± 3.9 kg/m2. The average PHDI scores ranged from 77.8 ± 0.4 (mean ± SEM) to 

102.3 ± 0.3 in the lowest versus highest quartile. Participants in the highest quartile compared to 

the lowest quartile of PHDI scores had lived in the United States for slightly fewer years, held 

stronger traditional cultural beliefs, were less likely to be current or former smokers, had higher 

family income, and were more likely to have a bachelor's degree or higher educational 

attainment (Table 1). No significant differences were observed in terms of country of birth, 

physical activity, weight, BMI, or waist circumference. Participants with the highest PHDI scores 

were also more likely to have diabetes, hypertension, and hypercholesterolemia at baseline 

compared to participants in quartile 1. 

 

Cross-sectional analysis 
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Table 2 presents cross-sectional associations between the PHDI and cardiometabolic risk 

measures. Among participants without T2D at baseline, each 10-unit higher PHDI score, after 

multivariable adjustment for BMI and waist circumference, was associated with (β ± SE) lower 

fasting glucose (-0.45±0.21 mmol/L; p=0.03) and HbA1c (-0.5±0.22%; p=0.04). We found no 

association between PHDI and beta-cell function. On the other hand, although higher PHDI 

scores were associated with lower insulin resistance, this association did not reach statistical 

significance. For lipids, although no associations were observed between PHDI and triglycerides 

and HDL-C, a 10-unit higher PHDI score was associated with lower LDL cholesterol (-

0.015±0.006 mmol/L; p=0.02). A 10-unit higher PHDI was inversely associated with lower high-

sensitive CRP (-5.4±2.42 mg/L, p=0.03), and positively associated with adiponectin (4.67±2.02 

mg/dL, p=0.02).  

Higher PHDI scores were associated with favorable measures of body composition and 

ectopic fat measures. For example, a 10-unit higher PHDI score was associated with a 0.59 kg 

lower body weight (p=0.02), a 0.27 kg/m2 lower BMI (p=0.01), and a 0.25 cm lower waist 

circumference (p=0.03). Similarly, following BMI adjustment, a higher PHDI score was 

associated with a smaller visceral fat area (−1.37±0.69 cm2; p=0.04) and a smaller pericardial fat 

volume, which remained significant after additional adjustment for waist circumference 

(−0.58±0.29 cm3; p=0.05). We found no evidence of an association between PHDI score and 

subclinical measures of atherosclerosis. 

Cross-sectional associations between PHDI scores and odds of disease are presented in 

Figure 1. In multivariable-adjusted models, for each 10-unit higher PHDI score, there were 20% 

lower odds of obesity (OR: 0.80; 95% CI: 0.71, 0.92) and a 23% lower likelihood of overweight 

(OR: 0.77; 95% CI: 0.74, 0.85). Although non-significant, after adjusting for BMI and waist 
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circumference, each 10-unit higher PHDI was associated with a 15% lower likelihood of 

metabolic syndrome (OR: 0.85; 95% CI: 0.69, 1.06). No significant associations were identified 

with hypertension or fatty liver disease. 

 

Prospective analysis 

In prospective analyses conducted approximately 5 years after the baseline visit, each 10-unit 

higher PHDI score was associated with lower fasting glucose (−0.29±0.15%; p=0.05) and lower 

HbA1c in the fully adjusted model (−0.08±0.04%; p=0.03) (see Table 3).  Likewise, higher 

PHDI scores were associated with higher HDL (0.40±0.17 mmol/L%; p=0.02) but not 

triglycerides or LDL-C. Follow-up assessments of body composition revealed that a 10-unit 

higher PHDI score was associated with lower body weight (-0.37±0.12 kg; p=0.003), BMI (-

0.08±0.03 kg/m2; P < 0.03), and waist circumference (-0.49±0.17 cm; p=0.005). Furthermore, a 

higher PHDI was associated with lower systolic blood pressure (-0.65±0.30 mmHg; p=0.03), but 

not statistically significant for diastolic blood pressure. 

Associations between the PHDI score and odds of incident disease are depicted in Figure 1. 

Each 10-unit higher PHDI was associated with 20% lower odds of incident diabetes (OR: 0.80; 

95% CI: 0.54-0.86). Although not statistically significant, in the fully-adjusted model, each 10-

unit higher PHDI score was associated with a 9% lower odds of incident hypertension (OR: 0.90; 

95% CI: 0.66-1.04). We did not observe any indications of effect modification by age or sex in 

the associations between the PHDI and cardiometabolic risk markers (P-interactions > 0.01). 
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DISCUSSION  

In this study involving a prospective cohort of South Asian adults in the U.S., we found 

that greater adherence to the EAT-Lancet Planetary Health Diet, assessed by the PHDI, was 

associated with a favorable cardiometabolic risk profile. In cross-sectional analysis, stronger 

adherence to the PHDI was beneficially associated with outcomes in glycemic control, blood 

lipids, inflammatory markers, and adiposity measures. In prospective analysis, higher adherence 

to the PHDI was additionally associated with a lower risk of incident T2D. These associations 

persisted after adjusting for various known confounders in this population. To our knowledge, 

the current study is the first to investigate and generate evidence in a South Asian population on 

the association between adherence to the EAT-Lancet dietary guidelines and incident T2D. Our 

findings suggest that a diet aligning with the Planetary Healthy diet may serve as an effective 

strategy to prevent cardiometabolic risk in a high-risk South Asian population, while potentially 

concurrently addressing the impact of global food systems on the climate crisis.  

Excess adiposity, encompassing both visceral and ectopic fat, is linked to heightened 

cardiometabolic risk factors, including insulin resistance, chronic inflammation, dyslipidemia, 

and hypertension35. This elevated risk contributes to an increased susceptibility to 

cardiometabolic diseases. Previous evaluations of adherence to the EAT-Lancet diet using 

various scoring methods have yielded results consistent with our findings regarding its influence 

on cardiometabolic risk profile. In a prospective cohort of 59,849 adults from the UK Biobank, 

the authors discerned that 40% of the association of the EAT-Lancet diet pattern score with T2D 

could be ascribed to waist circumference, while 44% of the association was attributable to 

BMI23. Similarly, in the prospective NutriSante cohort of 62,382 participants, the association 

between the EAT-Lancet diet and cardiovascular disease was largely mediated by BMI36. In 

addition, in the ELSA-Brasil cross-sectional study of 14,515 Brazilian adults, higher EAT-Lancet 
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diet scores were associated with an inverse relationship with indicators of obesity, including 

lower LDL-C, systolic blood pressure, and non-HDL cholesterol37. High adherence to the EAT-

Lancet diet was associated with lower BMI and waist circumference, with a 24% lower 

likelihood of being overweight or obese37. Moreover, these individuals were also 27% less likely 

to have a substantial increase in waist circumference compared to those with lower adherence. 

Consistent with these studies, our findings demonstrated strong associations with BMI and 

obesity, suggesting that adherence to the PHDI is associated with healthier body weight and 

composition. The attenuation of other risk associations after adjusting for BMI and waist 

circumference, suggests that a substantial part of the observed associations between PHDI 

adherence and other cardiometabolic risk outcomes is mediated through its impact on body 

weight and central adiposity.  

Prior research focusing on assessing adherence to the EAT-Lancet diet, using binary 

scoring mechanisms, and its relationship with T2D have reported results consistent with our 

study. In the prospective Mexican Teachers’ Cohort, López et al. observed a protective 

association with a 10% lower risk of T2D for those with higher adherence to the EAT-Lancet 

healthy reference diet score38. Similarly, in the Danish Diet, Cancer and Health cohort study, 

stronger adherence to the EAT-Lancet dietary guidelines was associated with a 19% decreased 

risk of T2D onset, indicating potential public health benefit39. The European Prospective 

Investigation into Cancer and Nutrition (EPIC)-Oxford study also demonstrated favorable 

associations between high adherence to the EAT–Lancet reference diet and diabetes risk22, and a 

prospective cohort of 59,849 adults from the UK Biobank without prior diabetes diagnoses 

demonstrated that each incremental point increase in the diet score correlated with a 6% decrease 

in the risk of T2D23. More recently, Zhang et al. examined the relationship between the EAT–
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Lancet diet T2D in 24,494 adults from the Malmö Diet and Cancer (MDC) study40. In contrast to 

the binary scoring mechanisms, the authors implemented a gradual scoring system akin to the 

approach used in our investigations. The MDC cohort findings revealed a dose–response 

relationship across percentiles, with the highest adherence to their EAT–Lancet diet index being 

associated with an 18% decreased risk of T2D. Notably, this association remained robust after 

accounting for participants’ genetic predisposition to T2D and through multiple sensitivity 

analyses. Intriguingly, in our study, we note potential reverse causation in the relationship 

between chronic disease and diet quality such that participants in the highest quartile compared 

to the lowest quartile of PHDI scores were diagnosed with diabetes, hypertension, or 

hypercholesterolemia. This reverse causation has been previously observed in the CARRS study 

on South Asians41, wherein South Asian adults in urban areas were adopting healthier dietary 

choices post-diagnosis 42,43.  

Various potential mechanisms may underlie the observed favorable associations of the 

PHDI with cardiometabolic risk markers and T2D. The plant-based, nutrient-dense foods 

emphasized by the EAT-Lancet diet are rich in dietary fiber, antioxidants, unsaturated fats, and 

micronutrients, which support improved glycemic control, enhanced insulin sensitivity, 

decreased chronic inflammation, and improved weight control44,45. Additionally, the de-emphasis 

on food associated with heightened cardiometabolic risk, such as red and processed meats, 

saturated fats, and added sugar, strengthens the ameliorative advantages.  A prior MASALA 

study investigating plant-based indices demonstrated similar findings regarding the impact of a 

healthy plant-based diet on cardiometabolic outcomes, in contrast to an unhealthy plant-based 

diet33. While we did not make the distinction, it's worth noting that the quality of a plant-based 

diet and the extent of processing may play a crucial role in the observed associations33. The 
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exclusion of refined grains from the PHDI could also impact certain metabolic markers, 

potentially explaining the non-significant prospective associations noted with triglycerides and 

LDL-C. This aligns with findings from Radhika et al. in the Chennai Urban Rural Epidemiology 

Study (CURES), in which high consumption of refined grains in an Indian cohort was associated 

with higher waist circumference, serum triglyceride, and LDL-C34. 

Our study has notable strengths, including a prospective cohort comprising individuals of 

South Asian heritage with extensive data on cardiometabolic risk, and measures of subclinical 

atherosclerosis. The comprehensive design of the MASALA study allowed consideration and 

control for confounding due to ethnic-specific measures beyond the traditional risk factors. 

Additionally, employing a validated South Asian-specific FFQ for dietary data enabled the 

development of the PHDI that incorporated culturally significant foods widely consumed within 

the South Asian diaspora. This allowed our approach to align with the design intent of the 2019 

EAT-Lancet report, enabling local interpretation that reflects the culture and demography of the 

population. Moreover, to our knowledge, this is the first investigation that highlights the 

ameliorative benefits of the PHDI on cardiometabolic risk markers and diseases in a South Asian 

population, thereby providing further evidence to the ongoing discourse for the need to promote 

healthy and sustainable diets in South Asian countries. Nevertheless, it is important to interpret 

our results within the context of certain limitations. Firstly, as with most observational studies, 

while we adjusted for a large number of known confounders in this population, we cannot 

entirely rule out the possibility of residual or unmeasured confounding. Complete data on all 

cardiometabolic risk factors were not available for the prospective analysis. The limited number 

of incident diabetes cases constrained our power for prospective analysis. Additionally, we were 

not able to investigate environmental outcomes in the present study. However, our previous 
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investigation has demonstrated the positive impact of the PHDI in the MASALA cohort on lower 

greenhouse gas emissions and dietary carbon footprint21. Finally, the study population is 

predominantly comprised of middle to older-aged South Asian individuals with high levels of 

income and education, thus limiting the generalizability of our findings to younger individuals or 

the broader South Asian diaspora.  

In conclusion, our findings provide the first prospective evidence indicating that 

adherence to the PHDI is associated with a lower risk of incident T2D and favorable 

cardiometabolic risk measures in a South Asian population. Given the EAT-Lancet diet's inherent 

design to benefit both human and planetary health, our findings support the notion that adopting 

a diet aligned with 2019 EAT-Lancet recommendations may contribute to preventing T2D and 

improving cardiometabolic risk in a high-risk population, concurrently addressing the 

environmental impact of the food system on anthropogenic climate change. 
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FIGURE 2.1. Likelihood (OR [95% CI]) of hypertension (n = 891; cases = 443), fatty liver (n = 878; 

cases = 80), metabolic syndrome (n = 889; cases = 306), overweight (n = 891; cases = 677), obesity (n = 

891; cases = 270), incident hypertension (n=95) and incident type 2 diabetes (n = 45) per 10-unit increase 

in PHDI, with odds of disease MASALA Study, 2010-2013. Hypertension is defined using the National 

Cholesterol Education Program criteria as blood pressure ≥ 140/90 mm Hg or use of medication. Obesity 

is defined as BMI ≥ 27.5 kg/m2. Overweight is defined as BMI ≥ 23. All models were adjusted for age, 

sex, study site, education (bachelor’s degree or higher; yes vs no), smoking status (never, former, 

current), alcohol (yes vs no), family history of diabetes (any first-degree biological relatives), years lived 

in US, physical activity (MET-min/week), refined grain intake (grams), total energy, the sum of cultural 

traditional measures, use of diabetes medication (except for incident diabetes outcome), cholesterol-

lowering medication, hypertension medication (except for hypertension outcome), and BMI (except for 

overweight and obesity outcomes). 

 

 

 

OR: 0.80

95% CI: 0.54 − 0.86

OR: 0.91

95% CI: 0.66 − 1.10

OR: 0.80

95% CI: 0.71 − 0.92

OR: 0.77

95% CI: 0.74 − 0.85

OR: 0.85

95% CI: 0.69 − 1.06

OR: 1.04

95% CI: 0.76 − 1.43

OR: 1.09

95% CI: 0.90 − 1.32

Incident Diabetes

Incident Hypertension

Obesity

Overweight

Metabolic Syndrome

Fatty Liver

Hypertension

0.50 0.75 1.00 1.25 1.50

Odds Ratio (95% CI)



 
 

 69 

TABLE 2.1. Baseline participant characteristics per quartile of Planetary Health Diet Index, 

MASALA Study, 2010-2013 

Characteristic 
Quartiles of PHDI1  

1 2 3 4 P-trend 

Participants, n 222 223 223 223  

Mean Score ± SEM 77.8 ± 0.4 87.9 ± 0.1 94.2 ± 0.1 102.7 ± 0.3  

Age, years 54.1 ± 0.6 55.9 ± 0.6 55.2 ± 0.6 55.7 ± 0.6 0.11 

Sex (% female) 41.4 49.3 48.4 48.9 0.15 

Years lived in US, years 27.4 ± 0.6 27.1 ± 0.6 26.8 ± 0.6 25.7 ± 0.6 0.006 

Sum of cultural traditions measures2 15.4 ± 0.4 13.8 ± 0.4 13.7 ± 0.4 12.5 ± 0.4 0.012 

Questionnaire in Hindi or Urdu % 7.21 4.04 4.04 2.24 0.015 

Birth Country (%)     0.41 

India 81.5 84.3 86.1 83  

Pakistan 6.1 4.5 2.7 4  

Sri Lanka 1.4 1.4 0.5 0.9  

Nepal 0 0.5 0.5 0.9  

Bangladesh 0 0 0.9 1.4  

Fiji 2.3 1.4 2.2 1.8  

USA 2.7 2.7 2.2 0.5  

Other Diaspora country 5.9 5.4 4.9 7.6  

Family Income > $75,000 68.7 71.9 74.8 78.6 0.015 

Bachelor’s degree or higher (%) 82.4 87 88.8 92.8 0.0008 

Physical activity, MET-min/week 9984 ± 275 10190 ± 267 9995 ± 268 10419 ± 269 0.34 

Alcohol (% ≥1 drink/week) 35.6 28.7 30.5 36.8 0.70 

Smoking category (%)     0.003 

Never 77.9 80.7 84.6 89.7  

Former 17.9 16.7 11.2 8.5  

Current 5.41 4.04 1.79 1.35  

Tobacco pack-year consumption 2.3 ± 0.4 1.5 ± 0.4 1.2 ± 0.4 1.1 ± 0.4 0.03 

TV Watching mins/week 587 ± 31 553 ± 30 526 ± 30 538 ± 30 0.21 

Weight, kg 70.1 ± 0.8 70.1 ± 0.8 69.2 ± 0.8 69.4 ± 0.8 0.44 

BMI, kg/m2 26.2 ± 0.3 26.3 ± 0.3 25.8 ± 0.3 25.7 ± 0.3 0.20 

Waist circumference, cm 92.8 ± 0.7 93 ± 0.7 91.9 ± 0.7 92.5 ± 0.7 0.58 

Medication use, (%)      

Diabetes medication 7.7 13.9 16.6 26.0 <0.0001 

Hypertension medication 19.8 29.6 29.2 42.6 <0.0001 

Cholesterol medication 21.2 26.9 28.3 41.7 <0.0001 

Controlled hyperlipidemia, % 70.1 76.6 80.8 81.3 0.38 

Hypertension, % 31.5 40.4 39.1 49.3 0.0004 

Family history of Diabetes, % 49.3 55.3 49.3 67.1 0.002 

Diabetes category (%)     0.0001 

Normal 67.1 64.1 60.5 54.5  

Prediabetes 20.6 15.7 18.8 16.2  

Diabetes 12.3 20.2 20.6 29.3  

Cardiometabolic Risk Factors      

Triglycerides, mmol/L3 1.1 ± 1 1.1 ± 1 1.1 ± 1 1.1 ± 1 0.78 

LDL-C, mmol/L 3 ± 0.1 2.9 ± 0.1 2.9 ± 0.1 2.7 ± 0.1 0.003 
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Table 2.1 (Continued)      

 

HDL-C, mmol/L 1.3 ± 0 1.3 ± 0 1.3 ± 0 1.3 ± 0 

 

0.80 

Fasting glucose, mmol/L3 3.1 ± 1 2.6 ± 1 2.1 ± 1 1.1 ± 1 <0.0001 

HbA1c, %3 2.2 ± 1 2.2 ± 1 2.2 ± 1 2.2 ± 1 0.001 

HOMA-IR3 1.5 ± 1 1.5 ± 1 1.5 ± 1 1.5 ± 1 0.76 

β -cell function3,4 1.4 ± 1 1.4 ± 1 1.4 ± 1 1.3 ± 1 0.21 

Subcutaneous fat area, cm2 242.5 ± 6.4 244.8 ± 6.2 236.7 ± 6.3 225.4 ± 6.4 0.05 

Visceral fat area, cm2 136.5 ± 3.6 135.4 ± 3.6 134.1 ± 3.6 129.4 ± 3.6 0.04 

Pericardial fat volume, cm3 59 ± 1.8 57 ± 1.8 57 ± 1.7 56.3 ± 1.7 0.04 

Hepatic fat attenuation, HU 57.2 ± 0.7 56.2 ± 0.7 55.8 ± 0.6 53.2 ± 0.4 0.04 

C-reactive protein, mg/L3 1.2 ± 1 1.1 ± 1 1.2 ± 1 1 ± 1 0.05 

Adiponectin, mg/L3 56.5 ± 1 57 ± 1 54.6 ± 1 54 ± 1 0.014 

Coronary artery calcium score 1.9 ± 1.1 2.2 ± 1.1 2.4 ± 1.1 2.3 ± 1.1 0.014 

Common carotid IMT, mm 0.9 ± 1 0.9 ± 1 0.9 ± 1 0.9 ± 1 0.60 

Internal carotid IMT, mm3 1.1 ± 1 1.1 ± 1 1.1 ± 1 1.1 ± 1 0.61 

PHDI Food Components, grams      

Wholegrains 61.9 ± 3.1 70.8 ± 3 70.4 ± 3 78.9 ± 3 <0.0001 

Starchy vegetables 70.2 ± 3.9 49 ± 3.8 45.7 ± 3.8 36 ± 3.8 <0.0001 

Vegetables 371.8 ± 11.4 397.2 ± 11.1 428.9 ± 11.1 453.6 ± 11.2 <0.0001 

Fruits 216 ± 9.9 252.6 ± 9.5 299.5 ± 9.6 326.2 ± 9.6 <0.0001 

Dairy 529 ± 16.9 512.2 ± 16.3 457.9 ± 16.4 397.9 ± 16.5 <0.0001 

Red meat 13.9 ± 1.3 9.6 ± 1.2 7.6 ± 1.2 7.7 ± 1.2 <0.0001 

Poultry 17.4 ± 1.2 15.5 ± 1.2 15.1 ± 1.2 14.6 ± 1.2 0.013 

Eggs 16.8 ± 1.3 12.5 ± 1.2 14 ± 1.3 10.9 ± 1.3 0.004 

Fish 6.5 ± 1.2 9 ± 1.2 11.2 ± 1.2 17 ± 1.2 <0.0001 

Nuts 9 ± 0.6 12.9 ± 0.6 16.3 ± 0.6 18 ± 0.6 <0.0001 

Legumes 121.5 ± 5.5 130.3 ± 5.3 139.9 ± 5.3 146.1 ± 5.3 0.001 

Soy Foods 2.6 ± 1.3 9.4 ± 1.3 11.4 ± 1.3 14 ± 1.3 <0.0001 

Unsaturated Fats 2.6 ± 0.1 2.1 ± 0.1 2.1 ± 0.1 2 ± 0.1 0.004 

Saturated Fats 6.3 ± 0.2 4.1 ± 0.2 3.4 ± 0.2 2.3 ± 0.2 <0.0001 

Added Sugar 31 ± 0.8 22.1 ± 0.8 15.8 ± 0.8 9.2 ± 0.8 <0.0001 
1Planetary Health Dietary Index Values represent age, sex, and calorie adjusted mean (SEM) or percentages 

where applicable. Calculated using chi-square tests for categorical variables and linear regression for 

continuous variables. 
2A lower score indicates stronger adherence to traditional South Asian beliefs. 
 3Values were log-transformed to obtain normally distributed residuals and back-transformed into geometric 

means. 
4Beta cell function was measured using the oral disposition index.  

Abbreviations: MASALA, Mediators of Atherosclerosis in South Asians Living in America; PHDI, SEM, 

standard error of the mean; MET, metabolic equivalents of task; HbA1c, glycated hemoglobin; HOMA-IR, 

Homeostatic Model Assessment for Insulin Resistance; HU, Hounsfield units; IMT, intima media thickness. 
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TABLE 2.2. Cross-sectional associations per 10-unit increase in Planetary Health Diet Index with 

cardiometabolic risk factors (n=869), MASALA Study, 2010-20131 

Risk Factor n2 Model3 PHDI Score1 P-value 

Subclinical Measures of Atherosclerosis 

 

Coronary artery calcium score4 

 

 1 0.071 ± 0.026 0.008 

862 2 0.024 ± 0.013 0.063 

 3 0.029 ± 0.015 0.059 

 4 0.027 ± 0.014 0.057 

 

Internal carotid IMT, mm3 

 

 1 0.50 ± 1.07 0.64 

859 2 -0.41 ± 1.07 0.70 

 3 -0.16 ± 1.06 0.88 
 4 -0.12 ± 1.06 0.91 

 

Common carotid IMT, mm3 

 

 1 -1.43 ± 0.79 0.07 

861 2 -1.52 ± 0.80 0.06 

 3 -1.33 ± 0.80 0.09 

 4 -1.26 ± 0.80 0.11 

Glycemia measures among participants without type 2 diabetes 

 

Fasting glucose, mmol/L4 

 

 1 -0.40± 0.20 0.046 

639 2 -0.55 ± 0.25 0.031 

 3 -0.50 ± 0.23 0.032 

 4 -0.45 ± 0.22 0.034 

 

HbA1c, % 

 

 1 -0.45 ± 0.22 0.041 

638 2 -0.50 ± 0.22 0.024 

 3 -0.45 ± 0.22 0.029 

 4 -0.49 ± 0.22 0.042 

 

Beta cell function4,5 

 1 -4.76 ± 3.98 0.21 

524 2 -4.24 ± 3.99 0.27 

 3 -4.42 ± 3.97 0.25 

 4 -4.65 ± 3.95 0.22 

 

HOMA-IR4 

 1 -1.95 ± 3.00 0.51 

594 2 -2.68 ± 2.98 0.36 

 3 -2.14 ± 2.60 0.40 

 4 -1.86 ± 2.52 0.45 

Lipids 

 

Triglycerides, mmol/L4 

 1 1.89 ± 1.84 0.30 

864 2 1.32 ± 1.87 0.48 

 3 1.98 ± 1.83 0.28 

 4 2.17 ± 1.82 0.24 

 

HDL-C, mmol/L 

 1 -0.071 ± 0.024 0.003 

863 2 0.004 ± 0.002 0.089 

 3 0.009 ± 0.005 0.078 

 4 0.008 ± 0.005 0.079 

LDL-C, mmol/L 

 

 1 -0.010 ± 0.007 0.015 

857 2 -0.010 ± 0.005 0.042 

 3 -0.014 ± 0.006 0.026 

 4 -0.015 ± 0.007 0.023 
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Table 2.2 (Continued)     

Inflammatory Markers & Adipokines 

  1 -8.65 ± 4.10 0.036 

C-reactive protein, mg/L4 853 2 -8.62 ± 4.15 0.038 

  3 -5.87 ± 2.35 0.013 

   4 -5.40 ± 2.42 0.026 

  1 5.36 ± 2.00 0.008 

Adiponectin, mg/dL4 847 2 4.19 ± 2.04 0.040 

  3 4.71 ± 2.01 0.020 

  4 4.67 ± 2.02 0.021 

Body Composition Measures 

Weight, kg 869 1 -0.36 ± 0.18 0.045 

 2 -0.59 ± 0.26 0.021 

BMI, kg/m2 869 1 -0.18 ± 0.08 0.029 

  2 -0.27 ± 0.11 0.011 

 

Waist circumference, cm 

 1 -0.47 ± 0.21 0.024 

869 2 -0.82 ± 0.29 0.004 

 3 -0.25 ± 0.11 0.029 

 

Subcutaneous fat area, cm2 

 1 -4.30 ± 1.93 0.026 

798 2 -5.22 ± 2.20 0.018 

 3 -0.86 ± 0.49 0.077 

 

Visceral fat area, cm2 

 1 -1.17 ± 0.62 0.060 

844 2 -3.22 ± 1.32 0.015 

 3 -1.37 ± 0.69 0.045 

 

Pericardial fat volume, cm3 

 1 -0.68 ± 0.35 0.054 

852 2 -1.82 ± 0.70 0.009 

 3 -0.92 ± 0.43 0.032 

 4 -0.58 ± 0.29 0.047 

 

Hepatic fat attenuation, HU 

 1 0.004 ± 0.002 0.099 

844 2 0.42 ± 0.19 0.029 

 3 0.17 ± 0.09 0.063 

 4 0.10 ± 0.12 0.077 
 

1Values represent multivariable adjusted change in cardiometabolic risk markers [β ± SE or % increase ± 

SE for log-transformed variables] for each 10-unit increase in planetary health diet score using 

multivariable linear regression.  
2n varies due to missing values for outcome variables.  
3Multivariable-adjusted linear regression models:  

model 1 adjusted for age, sex, study site, education (bachelor’s degree or higher; yes vs no), smoking status 

(never, former, current), alcohol (yes vs no), family history of diabetes (any first-degree biological 

relatives), years lived in US, physical activity (MET-min/week), refined grain intake (grams), total energy 

and sum of cultural traditional measures by using multivariable linear regression. 

model 2 additionally adjusted for diabetes medication use, cholesterol-lowering medication use (yes vs no), 

hypertension medication use (yes vs no);  

model 3 includes variables from model 2, with an additional adjustment for BMI (kg/m2). 

Model 4 includes variables from model 3, with an additional adjustment for waist circumference (cm). 
4Values were log-transformed to obtain a normal distribution of the residuals. For outcomes that were log-

transformed, values represent % increase in outcome variable for every 10 unit increase in planetary health 

diet score. 
5Beta cell function was measured using the oral disposition index.  
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Abbreviations: MASALA, Mediators of Atherosclerosis in South Asians Living in America; SEM, 

standard error of the mean; MET, metabolic equivalents of task; HbA1c, glycated hemoglobin; HOMA-

IR, Homeostatic Model Assessment for Insulin Resistance; HU, Hounsfield units; IMT, intima media 

thickness. 
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TABLE 2.3. Prospective associations per 10-unit increase in Planetary Health Diet Index with 

cardiometabolic risk factors (n=709), MASALA Study, 2010-2013 

 n2 Model3 PHDI Score1 P-value 

Glycemia measures among participants without type 2 diabetes 

 

Fasting glucose, mmol/L4 

 

 1 -0.18 ± 0.09 0.051 

528 2 -0.29 ± 0.14 0.048 

 3 -0.28 ± 0.14 0.049 

 4 -0.29 ± 0.15 0.052 

 

HbA1c, % 

 1 -0.02 ± 0.01 0.031 

533 2 -0.08 ± 0.04 0.032 

 3 -0.08 ± 0.04 0.032 
 4 -0.08 ± 0.04 0.033 

Lipids 

 

Triglycerides, mmol/L4 

 1 2.04 ± 2.50 0.42 

704 2 1.89 ± 2.55 0.46 

 3 1.91 ± 2.55 0.45 

 4 1.99 ± 2.56 0.44 

 

HDL-C, mmol/L 

 1 0.06 ± 0.03 0.09 

 2 0.37 ± 0.16 0.03 

706 3 0.38 ± 0.17 0.02 

 4 0.40 ± 0.17 0.02 

 

LDL-C, mmol/L 

 1 -0.02 ± 0.01 0.06 

695 2  0.02 ± 0.01 0.05 

 3  0.02 ± 0.01 0.06 

 4  0.02 ± 0.01 0.06 

Body Composition Measures 

Weight, kg 706 1 -0.48 ± 0.13 0.0003 

 2 -0.37 ± 0.12 0.0028 

BMI, kg/m2 706 1 -0.13 ± 0.05 0.007 

  2 -0.08 ± 0.04 0.026 

 

Waist circumference, cm 

 1 -0.53 ± 0.18 0.003 

706 2 -0.48 ± 0.17 0.006 

 3 -0.49 ± 0.17 0.005 

Other markers 

 

Systolic blood pressure, mmHg 

 1 -0.67 ± 0.30 0.027 

448 2 -0.61 ± 0.28 0.032 

 3 -0.65 ± 0.30 0.029 

 4 -0.66 ± 0.30 0.028 

 

Diastolic blood pressure, mmHg 

 1 -0.13 ± 0.07 0.077 

450 2 -0.11 ± 0.06 0.080 

 3 -0.11 ± 0.06 0.080 

 4 -0.11 ± 0.06 0.080 
1Values represent multivariable adjusted change in cardiometabolic risk markers [β ± SE or % increase ± SE for log-

transformed variables] for each 10-unit increase in planetary health diet score using multivariable linear regression.  
2n varies due to missing values for outcome variables.  
3Multivariable-adjusted linear regression models:  
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model 1 adjusted for age, sex, study site, education (bachelor’s degree or higher; yes vs no), smoking status (never, 

former, current), alcohol (yes vs no), family history of diabetes (any first-degree biological relatives), years lived in 

US, physical activity (MET-min/week), refined grain intake (grams), total energy, sum of cultural traditional measures 

and baseline value of the respective cardiometabolic risk factor by using multivariable linear regression. 

model 2 additionally adjusted for diabetes medication use, cholesterol-lowering medication use (yes vs no), 

hypertension medication use (except for blood pressure outcomes);  

model 3 includes variables from model 2, with an additional adjustment for BMI (kg/m2). 

model 4 includes variables from model 3, with an additional adjustment for waist circumference (cm). 
4Values were log-transformed to obtain a normal distribution of the residuals. For outcomes that were log-transformed, 

values represent a % increase in outcome variable for every 10 unit increase in planetary health diet score. 

Abbreviations: MASALA, Mediators of Atherosclerosis in South Asians Living in America; HbA1c, glycated 

hemoglobin. 
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Supplementary table 2.1. PHDI scoring criteria5  

No Component 

EAT-Lancet reference diet  

(for 2500 kcal/d demand) 
Criteria for scoring PHDI 

  

g/day kcal/day 
Min score (0) 

in gram/d 

Max score (10) in 

gram/d 
Weight 

1 Whole grain (dry 

weight) 

232 (0-60% TEI) 811 0 ≥ 75 g/d for women 

≥ 90 g/d or men  

1 

2 Tubers 50 (0-100) 39 ≥ 200 ≤ 50 1 

3 Vegetables 300 (200-600) 78 0 ≥ 300 1 

4 Fruits 200 (100-300) 126 0 ≥ 200 1 

5 Dairy foods 250 (0-500) 153 ≥ 1000 ≤ 250 1 

6 Red/processed 

meat 

14 (0-28) 30 ≥ 100 ≤ 14 1 

7 Poultry 29 (0-58) 62 ≥ 100 ≤ 29 1 

8 Eggs 13 (0-25) 19 ≥ 120 ≤ 13 1 

9 Fish 28 (0-100) 40 0 ≥ 28 1 

10 Nuts 50 (0-75) 291 0 ≥ 50 1 

11 Legumes 

(dry weight) 

50 (0-100) 172 0 ≥100 0.5 

12 Soy foods 25 (0-50) 112 0 ≥50 0.5 

13 Unsaturated fat 40 (20-80) 354 (14.16% TEI) ≤ 3.5% of TEI ≥ 21% of TEI 1 

14 Saturated fat 11.8 (0-11.8) 96 (3.8% TEI) ≥ 10% of TEI 0% of TEI 1 

15 Added sugar 31 (0-31) 120 (4.8% TEI) ≥25% of TEI <5% of TEI 1 

 

 

 

 

 

 

 

 

 
5 PHDI scoring criteria adapted from Linh Bui et al. 2023, Nurses’ Health Study.  

*TEI – Total energy intake 



 
 

 78 

Chapter Three 

 

Metabolomic signatures of a Planetary Health Diet and associations with cardiometabolic 

risk:  The Mediators of Atherosclerosis in South Asians Living in America 

 

Nilendra K Nair1,2, Danielle Haslam1,3, Caleigh M Sawicki3,4, Namratha R Kandula5, Alka M 

Kanaya6, Kyu Ha Lee1,4,7, Meir Stampfer,1,3,4 Walter C Willett1,4, Shilpa N Bhupathiraju1,3 

 

1. Department of Nutrition, Harvard T.H. Chan School of Public Health, Boston, MA, USA; 

2. Francois-Xavier Bagnoud Center for Health and Human Rights, Harvard University, Boston, 

MA, USA; 

3. Channing Division of Network Medicine, Brigham and Women’s Hospital and Harvard 

Medical School, Boston, MA, USA; 

4. Department of Epidemiology, Harvard T.H. Chan School of Public Health, Boston, MA, 

USA; 

5. Division of General Internal Medicine and Geriatrics, Department of Medicine, Northwestern 

University Feinberg School of Medicine, Chicago, IL, USA; 

6. Division of General Internal Medicine, Department of Medicine, University of California, 

San Francisco, San Francisco, CA, USA 

7. Department of Biostatistics, Harvard T.H. Chan School of Public Health, Boston, MA, USA 

 

 



 
 

 79 

 

ABSTRACT 

 

Aim: To elucidate the metabolomic profile of the Planetary Health Diet in a South Asian cohort, 

and to examine the association between the profile and cardiometabolic risk factors and disease 

outcomes.  

Methods: We utilized data from 679 participants in the Mediators of Atherosclerosis in South 

Asians Living in America (MASALA) study. Only participants with complete dietary, 

metabolite, and clinical data were included in the analysis. A validated ethnic-specific FFQ was 

used to determine the participant’s Planetary Health Diet Index (PHDI) scores, while the 

metabolites were assessed using standard LC/MS assay methods. Machine learning methods 

involving elastic net regression was used to identify the metabolomic profile predictive of the 

Planetary Health Diet. Multivariable adjusted linear and logistic regression models were used to 

determine the cross-sectional and prospective associations between the metabolite-predicted 

PHDI and cardiometabolic risk and disease outcomes. 

Results: The elastic net regression selected a panel of 41 metabolites predictive of PHDI. The 

metabolite profile score based on these selected metabolites was significantly correlated with the 

PHDI (r=0.35; P<0.0001). A range of metabolites was identified across all the scores, with 

glycerophosphocholines making up the greatest proportion (31.7%), followed by triacylglycerols 

(17.1%), and fatty acyls (12.2%). The top metabolites positively associated with the PHDI 

included zeta-carotene, anhydrolutein I, triglyceride, sulfoglycosphingolipid and L-

acetylcarnitine. Of the 41 metabolites unique to the mp-PHDI profile, 17 were positively 

associated and 24 were inversely associated with mp-PHDI. Zeta-carotene and anhydrolutein 
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were significantly positively correlated with fruits (zeta-carotene only), vegetables, nuts 

(anhydrolutein only), and soy. Metabolites positively associated with the PHDI tended to be 

positively correlated with vegetables, nuts, unsaturated fats, and fish/seafood and negatively 

correlated with several animal-sourced foods, while those negatively associated included 

sphingomyelin, phosphatidylcholines (PC), glycosphingolipids and creatinine. Cross-sectionally,  

among participants without T2D at baseline, each 10-unit higher mp-PHDI score, in the fully 

adjusted model, was associated with favorable glycemic measures, including lower fasting 

glucose and HbA1c. We also note favorable lipid profiles, inflammatory markers, and body 

composition with lower triglycerides, LDL, CRP, body weight, BMI, waist circumference, 

visceral fat, and higher hepatic fat attenuation. Finally, in examining the odds of disease, we note 

that in multivariable-adjusted models, for each 10-unit higher PHDI score, there were 23% lower 

odds of obesity, a 36% lower likelihood of overweight and a notable  68% lower odds of fatty 

liver disease. These estimates remained robust after additional adjustment for the FFQ-derived 

PHDI score. No significant associations were identified with hypertension or metabolic 

syndrome. 

Conclusion: This study identified a metabolomic signature that reflects adherence to the PHDI. 

The metabolites that were positively associated with food groups emphasized by the EAT-Lancet 

2019 recommendations, were also associated with beneficial health outcomes in other studies. 

The metabolite-predicted PHDI was associated with favorable cardiometabolic risk outcomes 

and lowered odds of disease.  
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INTRODUCTION 

Systems epidemiology integrates principles from epidemiology, systems biology, and 

computational modeling to understand the complex interactions among biological, 

environmental, and social factors contributing to health and disease outcomes at the population 

level1. Metabolomics is an emerging field of study that has the potential to revolutionize our 

understanding of health and wellness, particularly among South Asian populations2. While 

genetics and family history of disease have been implicated in the pathogenesis of increased 

cardiometabolic risk factors in this population3–6; the complexities of sociocultural factors, 

acculturation, coupled with adoption of more westernized diets, lends South Asians living in 

America to be disproportionately vulnerable4–6.  

The food choices we make have significant environmental impacts, including greenhouse gas 

emissions, land use, and water consumption. South Asians living in America, like all consumers, 

contribute to these environmental pressures through their dietary habits7. A Planetary Health 

Diet, which emphasizes plant-based foods, whole grains, and sustainable protein sources while 

minimizing the intake of processed foods and animal products is designed to promote both 

human health and environmental sustainability8. In a prior study utilizing data from participants 

enrolled in the Mediators of Atherosclerosis in South Asians Living in America (MASALA) 

study, we demonstrated that individuals with higher scores on a Planetary Health Diet Index 

(PHDI), indicative of greater adherence to the 2019 EAT-Lancet's Planetary Health Diet 

recommendations, exhibited improved cardiometabolic risk profiles, lower odds of obesity and 

overweight as well as a reduced likelihood of developing type 2 diabetes9. 

In the context of studying the metabolomics of dietary patterns in South Asians, systems 

epidemiology offers a comprehensive framework to provide an unprecedented level of detail in 
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our understanding of dietary patterns and disease risk by potentially elucidating specific 

biological mechanisms or pathways that specific diet-derived metabolites are actively involved 

in2,10,11.  Previous research among South Asian Americans has revealed that three empirically 

derived dietary patterns are associated with specific circulating metabolites12, including those 

associated with adverse cardiometabolic profiles13. However, to our knowledge, the metabolomic 

profile and biological pathways of a Planetary Health Diet have yet to be investigated. 

Understanding the metabolic consequences of dietary patterns among South Asians is 

important for addressing the disproportionate burden of cardiometabolic diseases within this 

population. Adopting a Planetary Health Diet presents an opportunity to mitigate these health 

disparities while promoting environmental sustainability. Thus, using metabolomics data from 

the MASALA study, we propose to explore the nexus between optimal planetary and human 

health by elucidating the serum metabolomic profile associated with a planetary health diet and 

examining whether this metabolomic profile is associated with cardiometabolic risk markers and 

disease outcomes. By identifying metabolic signatures associated with the planetary health diet, 

this research aims to inform targeted dietary interventions tailored to the unique needs of South 

Asians, contributing to efforts to improve both human health and environmental sustainability. 

 

METHODS 

Study population 

We used data from the MASALA study, a community-based prospective cohort of self-

identified South Asians14. Eligible participants were recruited from Chicago and the San 

Francisco Bay Area, with the following inclusion criteria: i) having South Asian ethnicity (at 

least 3 grandparents born in any South Asian country); ii) proficiency in English, Hindi, or Urdu; 
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iii) an age range of 40 to 84 years at baseline; iv) and being free of CVD at baseline14. Baseline 

enrollment and data collection took place from October 2010 to March 2013, and a total of 906 

participants were recruited. A follow-up examination was conducted 5 years later, between 

September 2015 and March 2018, where 749 participants returned for a follow-up assessment. 

Trained research staff collected data through questionnaires and secured written informed 

consent at the recruitment clinics14,15. The Institutional Review Boards of USCF and 

Northwestern University have approved the MASALA study protocol. The Institutional Review 

Board of Brigham and Women’s Hospital, Boston, MA has approved the current analysis 

protocol. All participants provided written formal study consent per their respective IRBs. 

 

Metabolomics 

 At baseline, a total of 717 fasting serum samples were collected for metabolite analysis. 

Detailed methodology has been previously published12, and briefly described here. Metabolite 

assays were performed at the National Phenome Center (London, UK), and ultra-performance 

liquid chromatography-mass spectrometry (UPLC-MS) was used to analyze the serum samples. 

An ACQUITY UPLC system (Waters Corp., Milford, MA, USA) was utilized to perform the 

chromatographic separation. Reverse-phase chromatography was performed for lipidomic 

profiling and hydrophilic interaction liquid chromatography was employed for the polar 

metabolite profiling. The lipidomic and polar separations were coupled with high-resolution 

mass spectrometry (Xevo G2-S TOF mass spectrometers, Waters Corp., Manchester, UK). A 

reference sample comprised of pooling equal parts of each study sample was run every 10 

samples for quality control. Using an open-source package 
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(https://doi.org/10.5281/zenodo.3523406), the signals for the metabolites were extracted and 

annotated for a total of 446 named metabolites. 

 

Dietary assessment and PHDI score 

An ethnic-specific, validated, semiquantitative food frequency questionnaire (FFQ), 

comprised of 163 items, was used to assess dietary intakes over the previous 12 months16. The 

FFQ contained 61 items unique to the South Asian diet and for each food item, the number of 

servings consumed per day was computed from the frequency (per day, week, month, year, or 

never) and the serving size (average, small, or large) as reported on the FFQ. Detailed 

information on the nutrient profile of the FFQ food items has been previously published14. 

Exclusions were made for participants with implausible energy intakes (defined as <800 kcal/d 

or >4000 kcal/d for men; <500 kcal/d or >3500 kcal/d for women.  

The EAT-Lancet Planetary Health diet outlines recommended ranges of consumption for 

15 food groups for an intake of 2500 kcal/day. In accordance with the EAT-Lancet guidelines and 

South Asian dietary characteristics, the FFQ's 163 food items were categorized into the 15 PHDI 

food groups. The criteria for scoring the Planetary Health Diet Index (PHDI) were previously 

developed and validated within the MASALA cohort. The scoring ranges for the PHDI food 

groups reflect the prescribed consumption parameters that were defined by the EAT-Lancet 

reference diet8.  

 

Assessment of cardiometabolic risk factors 

Several cardiometabolic risk factors were assessed at baseline recruitment including 

measures of glycemia, body composition, inflammatory markers, and body composition. These 

https://doi.org/10.5281/zenodo.3523406
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have been previously published in detail elsewhere14 and briefly described here. Blood samples 

were collected following a 12-hour fast and measures of interest included fasting plasma glucose 

(determined using the hexokinase method), fasting insulin, serum lipids consisting of total 

cholesterol, HDL cholesterol, and triglyceride, LDL cholesterol. Insulin resistance was gauged 

using the homeostatic model assessment of insulin resistance (HOMA-IR17) and insulin 

sensitivity was assessed using a surrogate measure of beta-cell function18. Inflammatory markers 

included C-reactive protein (hsCRP) and total serum adiponectin15. 

Body composition measures were ascertained using standardized methods for measuring 

weight, height, and waist circumference, while BMI was defined using the Asian-specific WHO 

cut-offs14,19,20 with overweight being defined as BMI ≥23.0 kg/m² and obesity as ≥27.5 kg/m². 

Computerized tomography (CT) scans of the abdomen were used to determine abdominal 

visceral and subcutaneous fat areas. Non-contrast cardiac CT scans were used to determine 

pericardial fat volume and hepatic attenuation assessment. Fatty liver was defined by hepatic 

attenuation <40 HU 14.  

High-resolution B-mode ultrasonography was employed to measure intima-media 

thickness in both the right and left internal as well as common carotid arteries15. The cardiac CT 

scans were conducted following established protocols21 and Agatston scores were employed to 

assess coronary artery calcium22. An average of two readings from an automated blood pressure 

machine was used to record the blood pressure and hypertension was defined as blood pressure 

≥140/90 mm Hg or if there was use of antihypertensive medication15,23. Diabetes was defined if 

the participants were using glucose-lowering medication, fasting plasma glucose levels ≥7.0 

mmol/L, and/or glucose levels ≥11.1 mmol/L at 2 hours following a 75g oral glucose 
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challenge14,23. Incident diabetes during the follow-up period was recorded for participants who 

did not have a diabetes diagnosis at the baseline recruitment. 

 

Assessment of other covariates 

Other covariates considered in the analysis included participants’ demographic details, 

language preferences, tobacco consumption, alcohol usage, medical history, family history of 

disease, and current use of prescription and non-prescription medications. Physical activity was 

evaluated using the Typical Week’s Physical Activity Questionnaire, quantified as total metabolic 

equivalent (MET) minutes per week14. Finally, acculturation was determined using a traditional 

cultural beliefs scale comprised of 7 items with Likert scale scoring reflecting the adherence to 

traditional South Asian beliefs (lower scores indicated stronger traditional beliefs)4,14. 

 

Statistical analysis 

Before implementing modeling and machine-learning methods, rank-based inverse 

normal transformations were performed to convert all metabolites to z-scores with a mean of 0 

and a standard deviation (SD) of 1 24.  A total of 687 participants with complete metabolite 

profiles, valid FFQ data, and complete measures of all other covariates were included in the 

analysis (Figure 1). We performed an 80/20 training and testing split to identify and validate 

metabolomic profiles that reflected adherence to the Planetary Health Diet. For the training and 

testing sets, we built an elastic net model with a penalty weight of alpha=0.5, and the shrinkage 

parameter, lambda, was optimized using a 10-fold cross-validation framework. In the training 

set, we also applied a leave-one-out cross-validation approach to prevent overfitting. The elastic 

net model selected sets of metabolites most predictive of the PHDI from the 446 known 
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metabolites in the original dataset. The trained model was then applied to the testing test to 

calculate metabolite profile scores for participants, and the metabolite profile scores were 

calculated as the weighted sum of the selected metabolites with weights equal to the elastic net 

regression coefficients 25.  

Pearson correlations were calculated between the PHDI and its corresponding metabolite 

profile score. Additionally, we also created heatmaps to depict correlations between the selected 

metabolites in each score and the different PHDI food categories to elucidate the possible food 

sources of the metabolites. To adjust for multiple testing, the p-values for these correlations were 

presented both with and without a Bonferroni correction. Multivariable adjusted linear regression 

models were used to evaluate cross-sectional associations between metabolite-predicted PHDI 

and cardiometabolic measures risk measures, hypertension, fatty liver disease, metabolic 

syndrome, overweight, and obesity. Logistic regression was used to evaluate the association 

between metabolite-predicted PHDI score and incident type 2 diabetes as well as incident 

hypertension.  

Four multivariable models were examined, with covariates added incrementally in a 

forward stepwise fashion. In the initial model, adjustments were made for age, sex, study site, 

education, smoking status, alcohol use, family history of diabetes, years lived in the United 

States, physical activity, the sum of cultural traditional measures, diabetes medication use, 

cholesterol medication use, hypertension medication use, refined grain consumption, and total 

energy. Because BMI and waist circumference are potential mediators of the relationship 

between diet and cardiometabolic risk factors, in models 2 and 3, we further adjusted for 

potential mediators of diet and cardiometabolic risk, BMI and waist circumference respectively. 

In the fourth model, we additionally adjusted for self-reported PHDI score that was derived using 
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the FFQ data. This was done in order to capture any additional variation in metabolism among 

individuals consuming the same type of diet. The elastic net regression analysis was performed 

in R 4.2.3, and the regression analyses were performed in SAS 9.4.  

 

RESULTS  

Baseline characteristics of study participants 

 Baseline characteristics of the MASALA study participants by quartiles of metabolite-

predicted PHDI (mp-PHDI) are provided in Table 1. At baseline, 45% of the participants 

included in the metabolomics analysis were female with a mean age of 56 ± 9.3 (mean ± SD) 

years and an average BMI of 25.9 ± 4.2 kg/m2. The average mp-PHDI scores ranged from 85 to 

93 in the lowest versus highest quartile. Participants with higher scores had lived in the United 

States for more years, had weaker cultural traditions (higher scores indicate lower cultural 

tradition beliefs), were less likely to be current or former smokers, had higher family income, 

and were more likely to have a bachelor's degree or higher educational attainment (Table 1). 

Additionally, those with higher mp-PHDI scores were more likely to have a lower BMI, smaller 

subcutaneous and visceral fat areas, lower pericardial fat volume, and higher attenuation of 

hepatic fat. No significant differences were observed in terms of physical activity or alcohol 

consumption. Participants with the highest mp-PHDI scores were also more likely to be taking 

medications for diabetes, hypertension, and hypercholesterolemia at baseline compared to 

participants in quartile 1. 

Metabolites associated with PHDI 

The elastic net regression selected a panel of 41 metabolites predictive of PHDI. The 

metabolite profile score based on these selected metabolites was significantly correlated with the 
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PHDI (r=0.35; P<0.0001) (Figure 2a). A range of metabolites was identified across all the 

scores, with glycerophosphocholines making up the greatest proportion (31.7%), followed by 

triacylglycerols (17.1%), and fatty acyls (12.2%) (Figure 2b). The top metabolites positively 

associated with the PHDI included zeta-carotene, anhydrolutein I, triglyceride (TG) (56:6), 

sulfoglycosphingolipid (SulfoHexCer)(d18:2/22:0(OH)) and L-acetylcarnitine, while those 

negatively associated included sphingomyelin (SM)(d19:1/16:0), phosphatidylcholines (PC) 

(18:0/22:5) and (PC)(16:0/15:0), glycosphingolipids (HexCer)(d18:1/23:0) and creatinine.  

Figure 3 presents the correlations between selected metabolites and the food groups used in 

the diet scoring. Of the 41 metabolites unique to the mp-PHDI profile, 17 were positively 

associated and 24 were inversely associated with mp-PHDI. Zeta-carotene and anhydrolutein 

were significantly positively correlated with fruits (zeta-carotene only), vegetables, nuts 

(anhydrolutein only) and soy. Metabolites positively associated with the PHDI tended to be 

positively correlated with vegetables [such as trimethylamine N-oxide], nuts (L-acetylcarnitine), 

unsaturated fats [L-acetylcarnitine, docosapentaenoic acid (FA)(22:5)], and fish/seafood 

[trimethylamine N-oxide, L-acetylcarnitine, docosapentaenoic acids (FA)(22:6) and (FA)(22:5)], 

and negatively correlated with several animal-sourced foods[docosapentaenoic acids (FA)(22:6)].  

Cross-sectional analysis 

Table 2 presents cross-sectional associations between the mp-PHDI and cardiometabolic 

risk measures. Among participants without T2D at baseline, each 10-unit higher mp-PHDI score, 

after multivariable adjustment for BMI and waist circumference, was associated with (β ± SE) 

lower fasting glucose (-0.73±0.37 mmol/L; p=0.04) and HbA1c (-0.87±0.40%; p=0.03). When 

adjusted for FFQ-derived PHDI, associations remained significant. We found no association 

between PHDI and beta-cell function or HOMA-IR. For lipids, although no associations were 



 
 

 90 

observed between mp-PHDI and HDL-C, a 10-unit higher mp-PHDI score was associated with 

lower triglycerides (-13.22 ± 2.84 mmol/L; p<0.0001) and lower LDL cholesterol (-0.31 ± 0.05 

mmol/L; p<0.0001). These associations remained significant after additional adjustment for the 

FFQ-derived PHDI score. 

Higher mp-PHDI scores were associated with favorable measures of inflammation, body 

composition, and ectopic fat measures even after adjusting for FFQ-derived PHDI scores. For 

example, a 10-unit higher mp-PHDI was inversely associated with lower high-sensitive CRP (-

17.78 ± 6.22 mg/L, p=0.001),  a 1.01 kg lower body weight (p=0.002), a 0.65 kg/m2 lower BMI 

(p=0.02), and a 0.25 cm lower waist circumference (p=0.05). Similarly, following FFQ-derived 

PHDI score adjustment, a higher mp-PHDI score was associated with greater hepatic fat 

attenuation (3.39±0.69 cm2; p<0.0001). On the other hand, although higher mp-PHDI scores 

were associated with lower visceral fat area, this association did not reach statistical significance 

after adjustment for the FFQ-derived PHDI score. We found no evidence of an association 

between mp-PHDI score and subclinical measures of atherosclerosis. 

Cross-sectional associations between the mp-PHDI scores and odds of disease are 

presented in Figure 4. In multivariable-adjusted models, for each 10-unit higher PHDI score, 

there were 23% lower odds of obesity (OR: 0.77; 95% CI: 0.57, 0.98), a 36% lower likelihood of 

overweight (OR: 0.64; 95% CI: 0.52, 0.89), and a 68% lower odds of fatty liver disease (OR: 

0.32; 95% CI: 0.25, 0.53). These estimates remained robust after additional adjustment for the 

FFQ-derived PHDI score. No significant associations were identified with hypertension or 

metabolic syndrome. 

Prospective analysis  
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Associations between the mp-PHDI score and odds of incident disease are depicted in 

Figure 4. Each 10-unit higher mp-PHDI was associated with 34% lower odds of incident 

diabetes (OR: 0.66; 95% CI: 0.38-0.98). However, this estimate was non-significant after 

additional adjustment for the FFQ-derived PHDI score (0.68; 95% CI: 0.39-1.19). Although not 

statistically significant, in the fully-adjusted model, each 10-unit higher mp-PHDI score was 

associated with a 12% lower odds of incident hypertension (OR: 0.88; 95% CI: 0.58-1.34).                                                       

 

DISCUSSION 

 Leveraging metabolomics data from 679 MASALA participants of South Asian ancestry, 

this study is the first to identify a metabolomic signature that reflects adherence to a Planetary 

Health Diet. The metabolite profile scores of the PHDI were positively associated with improved 

measures of glycemia as well as favorable measures of adiposity and inflammatory makers 

including lower weight, BMI, waist circumference, visceral fat area, and CRP. Additionally, the 

metabolite-predicted PHDI was also significantly associated with lower odds of obesity, 

overweight, fatty liver disease, and incident diabetes independent of demographic information, 

lifestyle factors, BMI, and waist circumference. However, after adjustment for FFQ-derived 

PHDI, both visceral fat area and incident type 2 diabetes did not maintain statistical significance, 

suggesting that additional metabolic variation among individuals with similar dietary habits does 

not explain the observed associations. 

The Planetary Health Diet’s emphasis on the consumption of plant-based, while limiting 

animal-sourced foods, processed meats, and added sugar, has been previously associated with 

reduced risk of chronic diseases. Congruent with our results, the authors of the  ELSA-Brasil 

cross-sectional study demonstrated an inverse relationship whereby higher EAT-Lancet diet 

scores were associated with a favorable lipid profile, including a lower BMI, waist 
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circumference, and a 24% lower likelihood of overweight or obesity26. Similarly López et al. 

observed a protective association with a 10% lower risk of T2D for those with higher adherence 

to the EAT-Lancet healthy reference diet score in the Mexican Teacher’s cohort27while the 

Danish Diet, Cancer and Health cohort study reported a 19% decreased risk of T2D onset, a UK 

Biobank study demonstrated a 6% decrease in the risk of T2D28. Zhang et al. examination of the 

relationship between the EAT-Lancet diet T2D in the Malmö Diet and Cancer (MDC) study29 

revealed a dose-response relationship across percentiles, with the highest adherence to their 

EAT–Lancet diet index being associated with an 18% decreased risk of T2D. 

Increased hepatic fat has been suggested as the nexus of cardiometabolic disorders and liver-

related diseases, having been associated with dyslipidemia and dysglycemia independent of 

visceral fat30,31, higher odds of diabetes, hypertension, and increased insulin resistance32 and 

inflammatory markers30. For individuals of South Asian descent, this elevated risk contributes to 

an increased susceptibility to cardiometabolic diseases. Previous investigations of healthy dietary 

patterns have yielded results consistent with our findings regarding its influence on hepatic fat 

attenuation and lower odds of fatty liver disease. Improved diet quality has been shown to reduce 

liver fat and decrease the odds of fatty liver disease33. In the MASALA study, higher DASH diet 

scores were associated with greater hepatic fat attenuation34, while both a South Asian 

Mediterranean-style diet (SAM) and a Healthy Plant-Based Diet (hPDI) were associated with 

lower odds of fatty liver disease35. Notably in our study, higher metabolite-predicted PHDI 

scores were significantly associated with increased hepatic fat attenuation and a 68% lower odds 

of fatty liver disease.  

The metabolomic profile of the Planetary Health Diet was comprised of many metabolites 

that have demonstrated important health benefits. The top metabolites positively associated with 
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the PHDI included zeta-carotene, a precursor of vitamin A with antioxidant properties that confer 

protection against inflammation, oxidative stress36, as well as favorable lipid and fatty acid 

profiles in high cardiovascular risk populations37,38. We observed that zeta-carotene was 

positively correlated with vegetables, fruits nuts, and soy. Similarly, anhydrolutein I was also 

associated with vegetables, nuts, and soy and was also found to be beneficial for atherosclerosis 

and inflammatory markers39. Moreover, omega-3 fatty acids, docosahexaenoic acid [DHA; 

FA(22:6)] and docosapentaenoic acid [DPA; FA(22:5)]), were also positively correlated with the 

PHDI. They were also positively correlated with fish and unsaturated fat intake, and negatively 

with whole grains, red meat, poultry, eggs and legumes. Intakes of DHA40 and DPA41,42 have 

been associated with improvements in lipid profiles, endothelial function, and inflammation. 

Finally, L-Acetylcarnitine was positively correlated with fish, nuts, and unsaturated fats, while 

being negatively correlated with whole grains, vegetables, and fruits. Recent studies have 

observed amelioration of arterial hypertension, insulin resistance, impaired glucose tolerance, 

and hypoadiponectinemia with L-acetylcarnitine supplementation43–45, including reduced risk of 

non-alcoholic fatty liver disease (NAFLD) in mouse modes46.  

There are several strengths of the current study, including a prospective cohort design of the 

MASALA study, as well as the extensive collection of cardiometabolic and body composition 

measures of individuals of South Asian ancestry. Moreover, this prospective cohort is the only 

study comprised exclusively of Americans of South Asian heritage, with dietary intake captured 

by a validated ethnic-specific FFQ giving insight into the nuances of the effects of immigration 

and acculturation on the dietary practices of a diasporic population. However, our results have to 

be interpreted in the context of a few limitations. Firstly, while we attempted to account for 

various confounders, given the observational nature of the study, we cannot completely rule out 
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residual confounding. Additionally, the FFQ is subject to a certain degree of recall bias as well as 

potential measurement error that can attenuate the associations we observed. However, we 

assume these to be non-differential given the established validation of the FFQ. With the rather 

small number of incident diabetes cases, we were underpowered to detect significant associations 

in our prospective analysis. The cross-sectional nature of the metabolite collection also limits our 

ability to differentiate between endogenous metabolites and those derived from the consumption 

of food items associated with the PHDI. Additional collection of dietary data and serum 

metabolites would aid in understanding how changes in the diet can be captured by the 

metabolome and consequently affect cardiometabolic risk factors. Finally, the generalizability of 

our findings is limited to older South Asians with high income and educational attainment and 

further recruitment efforts are warranted to understand the cardiometabolic risk and metabolomic 

profile across age and socio-economic attainments.  

In conclusion, to our knowledge, this is the first study to investigate the metabolomic 

signature of the 2019 EAT-Lancet Planetary Health Diet. The metabolomic signature of the PHDI 

was associated with favorable cardiometabolic risk profiles, including lowered odds of obesity 

and being overweight. We also demonstrated a significant reduction in fatty liver disease with 

higher adherence. The unique metabolomic signature highlights some important metabolites that 

may be of interest for further research, especially relating to precision nutrition to elucidate 

molecular pathways and expanding our understanding of the diet-disease relationship as well as 

leveraging food as medicine. 
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FIGURE 3.1. Flow chart of the metabolomics analysis detailing the elastic net model. 
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2a.                    

       2b. 

FIGURE 3.2. Known metabolites measured and the metabolite profile score for the PHDI. (a) 

The distributions of categories for the 41 selected metabolites. (b) Correlation between PHDI 

and the metabolite-predicted score. 
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FIGURE 3.3. Metabolites in the signature for Planetary Health Diet Index and their correlations 

with individual food groups, MASALA Study. 
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FIGURE 3.4. Likelihood (OR [95% CI]) of hypertension (n = 891; cases = 443), fatty liver (n = 

878; cases = 80), metabolic syndrome (n = 889; cases = 306), overweight (n = 891; cases = 677), 

obesity (n = 891; cases = 270), incident hypertension (n=95) and incident type 2 diabetes (n = 

45) per 10-unit increase in mp-PHDI, with odds of disease MASALA Study, 2010-2013. 

Hypertension is defined using the National Cholesterol Education Program criteria as blood 

pressure ≥ 140/90 mm Hg or use of medication. Obesity is defined as BMI ≥ 27.5 kg/m2. 

Overweight is defined as BMI ≥ 23. All models were adjusted for age, sex, study site, education 

(bachelor’s degree or higher; yes vs no), smoking status (never, former, current), alcohol (yes vs 

no), family history of diabetes (any first-degree biological relatives), years lived in US, physical 

activity (MET-min/week), refined grain intake (grams), total energy, the sum of cultural 

traditional measures, use of diabetes medication (except for incident diabetes outcome), 

cholesterol-lowering medication, hypertension medication (except for hypertension outcome), 

BMI (except for overweight and obesity outcomes), and FFQ-derived PHDI score. 
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TABLE 3.1. Baseline Characteristics by Quartiles of Metabolite-predicted PHDI scores, 

MASALA study, 2010-2013 

 
Characteristic Quartiles of Metabolite Predicted-PHDI  

1 2 3 4 P-trend 

Participants, n 177 177 177 177  

Mean Score ± SEM 85 ± 0.09 87.8 ± 0.05 89.9 ± 0.04 92.8 ± 0.1  

Age, years 54.2 ± 0.7 55.0 ± 0.7 55.3 ± 0.7 57.2 ± 0.7 0.03 

Sex (% female) 50.85 41.24 46.89 41.81 0.1997 

Years lived in US, years 25.3 ± 0.7 26.2 ± 0.7 26.6 ± 0.7 27.8 ± 0.7 0.002 

Sum of cultural traditions measures2 13.2 ± 0.5 13.6 ± 0.5 14.6 ± 0.5 14.9 ± 0.5 <0.0001 

Questionnaire in Hindi or Urdu % 6.78 2.82 2.82 1.13 0.0054 

Bachelor’s degree or higher (%) 80.23 92.66 90.96 93.22 0.0003 

Family Income > $75,000 63.84 72.88 75.71 83.62 <0.0001 

Physical activity, MET-min/week 9904 ± 294 10365 ± 296 10007 ± 295 10459 ± 297 0.2907 

Alcohol (% ≥1 drinks/week) 31.07 34.46 34.46 36.72 0.2881 

Weight, kg 71.0 ± 0.9 69.1 ± 0.9 70.0 ± 0.9 68.2 ± 0.9 0.0425 

BMI, kg/m2 26.5 ± 0.3 25.8 ± 0.3 25.9 ± 0.3 25.1 ± 0.3 0.0024 

Smoking category (%)     0.0293 

Non-smoker 94.35 96.61 97.74 98.31  

Smoker 5.65 3.39 2.26 1.69  

Medication use, %      

      Diabetes medication 8.47 13.56 17.51 24.29 <0.0001 

      Hypertension medication 24.29 27.12 33.33 35.59 0.0093 

Cholesterol medication 12.99 21.47 33.33 48.02 <0.0001 

Cardiometabolic Risk Factors      

      Triglycerides, mmol/L3 1.63 ± 0.06 1.45 ± 0.06 1.47 ± 0.06 1.3 ± 0.06 0.0003 

      LDL-C, mmol/L 3.12 ± 0.06 3.06 ± 0.06 2.72 ± 0.06 2.53 ± 0.06 <0.0001 

      HDL-C, mmol/L 1.3 ± 0.02 1.34 ± 0.02 1.29 ± 0.02 1.31 ± 0.02 0.8282 

      Fasting glucose, mmol/L3 8.38 ± 1.01 8.29 ± 1.01 8 ± 1.01 8.01 ± 1.01 0.0018 

      HbA1c, %3 2.17 ± 1 2.18 ± 1 2.18 ± 1 2.19 ± 1 0.1524 

      HOMA-IR3 1.53 ± 1.02 1.43 ± 1.02 1.49 ± 1.02 1.44 ± 1.02 0.1242 

      β -cell function3,4 1.42 ± 1.03 1.42 ± 1.03 1.45 ± 1.03 1.36 ± 1.03 0.4309 

      Subcutaneous fat area, cm2 230.65 ± 8.07 219.52 ± 8.09 219.24 ± 8.05 198.91 ± 8.14 0.0075 

      Visceral fat area, cm2 136.98 ± 4.06 130.12 ± 4.09 136.5 ± 4.07 122.53 ± 4.1 0.0333 

      Pericardial fat volume, cm3 60.46 ± 2.12 58.63 ± 2.14 57.24 ± 2.12 54.96 ± 2.14 0.041 

      Hepatic fat attenuation, HU 53.06 ± 0.84 54.7 ± 0.85 55.63 ± 0.84 57.66 ± 0.86 <0.0001 

      C-reactive protein, mg/L3 1.26 ± 1.03 1.17 ± 1.03 1.11 ± 1.03 1.01 ± 1.03 <0.0001 

      Adiponectin, mg/L3 55.79 ± 1.02 55.97 ± 1.02 54.97 ± 1.02 57.01 ± 1.02 0.4809 

      Common carotid IMT, mm 0.94 ± 1.01 0.94 ± 1.01 0.94 ± 1.01 0.93 ± 1.01 0.6919 

      Internal carotid IMT, mm3 1.06 ± 1.01 1.06 ± 1.01 1.07 ± 1.01 1.08 ± 1.01 0.1624 

PHDI Food Components, grams      

      Wholegrains 74.6 ± 3.5 69.9 ± 3.5 70.4 ± 3.5 70.3 ± 3.5 0.42 

      Starchy vegetables 49.3 ± 4.1 50.6 ± 4.1 45.8 ± 4.1 43.7 ± 4.2 0.25 

      Vegetables 406. ± 13.7 426.5 ± 13.8 420.7 ± 13.7 444.2 ± 13.8 0.069 

      Fruits 257.8 ± 12.0 275.4 ± 12.1 262.7 ± 12.0 294.7 ± 12.2 0.058 

      Dairy 486.0 ± 20.5 497.1 ± 20.6 492.7 ± 20.5 435.6 ± 20.7 0.086 

      Red meat 10.3 ± 1.3 7.9 ± 1.4 9.3 ± 1.3 7.9 ± 1.4 0.32 

      Poultry 9.6 ± 1.3 12.3 ± 1.4 10.9 ± 1.3 11.3 ± 1.4 0.48 

      Eggs 12.6 ± 1.5 12.6 ± 1.5 13.1 ± 1.5 14.9 ± 1.5 0.26 
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Table 3.1 (Continued) 
 

     

      Fish 6.9 ± 1.4 9.6 ± 1.4 9.5 ± 1.4 14.9 ± 1.4 <0.0001 

      Nuts 12.2 ± 0.8 13.5 ± 0.8 13.97 ± 0.8 17.7 ± 0.8 <0.0001 

      Legumes 21.9 ± 2.2 23.2 ± 2.2 24 ± 2.16 23.3 ± 2.2 0.6086 

      Soy Foods 6.4 ± 1.5 11.3 ± 1.5 8.6 ± 1.5 12.2 ± 1.5 0.0266 

      Unsaturated Fats 7.5 ± 0.3 7.3 ± 0.3 7.4 ± 0.3 7.8 ± 0.3 0.3115 

      Saturated Fats 6.0 ± 0.2 5.3 ± 0.3 5.2 ± 0.2 4.7 ± 0.3 <0.0001 

      Added Sugar 24 ± 1.1 19.6 ± 1.1 17.8 ± 1.1 15.8 ± 1.1 <0.0001 
1Planetary Health Dietary Index values represent age, sex, and calorie adjusted mean (SEM) or 

percentages where applicable. Values were calculated using chi-square tests for categorical variables and 

linear regression for continuous variables. 
2A lower score indicates stronger adherence to traditional South Asian beliefs. 
 3Values were log-transformed to obtain a normal distribution of residuals and back transformed into 

geometric means. 
4Beta cell function was measured using the oral disposition index.  

Abbreviations: MASALA, Mediators of Atherosclerosis in South Asians Living in America; SEM, 

standard error of the mean; MET, metabolic equivalents of task; HbA1c, glycated hemoglobin; HOMA-

IR, Homeostatic Model Assessment for Insulin Resistance; HU, Hounsfield units; IMT, intima media 

thickness. 
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TABLE 3.2. Cross-sectional associations per 10-unit increase in metabolite-predicted Planetary 

Health Diet Index with cardiometabolic risk factors (n=869), MASALA Study, 2010-20131 

Risk Factor n2 Model3 mp-PHDI Score P-value 

Subclinical Measures of Atherosclerosis 

 

Internal carotid IMT, mm3 

 1 2.03 ± 1.88 0.28 

678 2 1.77 ± 1.95 0.36 

 3 1.81 ± 1.95 0.35 

 4 2.29 ± 2.01 0.26 

 

Common carotid IMT, mm3 

 

 1 -0.94 ± 1.36 0.49 

679 2 -0.27 ± 1.42 0.85 

 3 -0.15 ± 1.43 0.92 

 4  0.14 ± 1.46 0.92 

Glycemia measures among participants without type 2 diabetes 

 

Fasting glucose, mmol/L4 

 

 1 -0.35 ± 0.19 0.072 

534 2 -0.57 ± 0.31 0.069 

 3 -0.73 ± 0.37 0.043 

 4 -0.85 ± 0.43 0.051 

 

HbA1c, % 

 1 -0.53 ± 0.26 0.21 

529 2 -0.65 ± 0.29 0.12 

 3 -0.87 ± 0.40 0.03 

 4 -0.95 ± 0.46 0.04 

 

Beta cell function4,5 

 1 -10.33 ± 6.13 0.068 

446 2 -9.18 ± 6.23 0.112 

 3 -9.61 ± 6.24 0.096 

 4 -10.33 ± 6.46 0.082 

 

HOMA-IR4 

 1 -5.47 ± 4.56 0.21 

498 2 -3.53 ± 4.07 0.37 

 3 -2.64 ± 3.98 0.49 

 4 -1.06 ± 4.11 0.79 

Lipids 

 

Triglycerides, mmol/L4 

 1 -12.48 ± 2.75 <0.0001 

679 2 -13.37 ± 2.84 <0.0001 

 3 -13.22 ± 2.84 <0.0001 

 4 -14.50 ± 2.93 <0.0001 

 

HDL-C, mmol/L 

 1 -0.023 ± 0.02 0.253 

679 2 -0.019 ± 0.02 0.356 

 3 -0.02 ± 0.02 0.325 

 4 -0.019 ± 0.021 0.372 

 

LDL-C, mmol/L 

 1 -0.434 ± 0.052 <0.0001 

679 2 -0.303 ± 0.051 <0.0001 

 3 -0.306 ± 0.051 <0.0001 

 4 -0.314 ± 0.053 <0.0001 

Inflammatory Markers & Adipokines 

C-reactive protein, mg/L4 679 1 -26.178 ± 6.46 <0.0001 

  2 -18.449 ± 6.24   0.001 



 
 

 108 

Table 3.2 (Continued) 

 

 
 

  

  3 -17.772 ± 6.22   0.001 

  4 -17.446 ± 6.43 0.002 

Adiponectin, mg/dL4 679 1 2.477 ± 3.254 0.445 

  2 4.755 ± 3.369 0.161 

  3 4.759 ± 3.378 0.162 

  4 6.575 ± 3.479 0.063 

Body Composition Measures 

Weight, kg 679 1 -1.136 ± 0.347 0.001 

 3 -1.008 ± 0.325 0.002 

BMI, kg/m2 679 1 -0.663 ± 0.255 0.010 

  3 -0.645 ± 0.273 0.018 

 

Waist circumference, cm 

 1 -1.404 ± 0.616 0.023 

679 2 -0.083 ± 0.048 0.085 

 4 -0.245 ± 0.127 0.055 

 

Subcutaneous fat area, cm2 

 1 -17.128 ± 6.97 0.014 

679 2 -5.819 ± 6.37 0.362 

 4 -3.592 ± 6.21 0.563 

 

Visceral fat area, cm2 

 1 -7.754 ± 3.458 0.025 

679 2 -6.864 ± 3.144 0.029 

 4 -5.557 ± 3.023 0.066 

 

Pericardial fat volume, cm3 

 1 -4.833 ± 2.957 0.090 

679 2 -3.643 ± 2.61 0.150 

 3 -2.793 ± 2.545 0.260 

 4 -1.841 ± 2.624 0.473 

 

Hepatic fat attenuation, HU 

 1 3.023 ± 0.681 <0.0001 

679 2 3.472 ± 0.668 <0.0001 

 3 3.38 ± 0.666 <0.0001 

 4 3.386 ± 0.688 <0.0001 
 

1Values represent multivariable adjusted change in cardiometabolic risk markers [β ± SE or % increase ± SE for 

log-transformed variables] for each 10 unit increase in planetary health diet score using multivariable linear 

regression.  
2n varies due to missing values for outcome variables.  
3Multivariable-adjusted linear regression models:  

model 1 adjusted for age, sex, study site, education (bachelor’s degree or higher; yes vs no), smoking status 

(never, former, current), alcohol (yes vs no), family history of diabetes (any first-degree biological relatives), 

years lived in US, physical activity (MET-min/week), refined grain intake (grams), total energy and sum of 

cultural traditional measures by using multivariable linear regression. 

model 2 additionally adjusted for diabetes medication use, cholesterol-lowering medication use (yes vs no), 

hypertension medication use (yes vs no);  

model 3 additional adjustment for BMI (kg/m2). 

model 4 included additional adjustment for waist circumference (cm). 
4Values were log-transformed to obtain a normal distribution of the residuals. For outcomes that were log-

transformed, values represent % increase in outcome variable for every 5 unit increase in planetary health diet 

score. 
5Beta cell function was measured using the oral disposition index.  
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Abbreviations: MASALA, Mediators of Atherosclerosis in South Asians Living in America; SEM, standard 

error of the mean; MET, metabolic equivalents of task; HbA1c, glycated hemoglobin; HOMA-IR, Homeostatic 

Model Assessment for Insulin Resistance; HU, Hounsfield units; IMT, intima media thickness. 

 

 

 

 


