Supplementary File
S1: Rationale behind indicators
The following table describes the rationale behind selecting each indicator for the construction of the vulnerability index for CVDs in India.
Table S1: Indicators and rationale behind each indicator.
	Indicator
	Construction
	Rationale

	Socioeconomic Domain

	Urbanisation
	The proportion of households in urban areas among the total number of households
	Urbanisation is associated with increased cardiovascular risks among various populations. Urban setting exposes individuals to a wide range of risk factors, starting from sedentary lifestyle, unhealthy dietary patterns, to high levels of outdoor pollution (Flies et al., 2019). Additionally, urban environments can foster chronic stress due to overcrowding, work pressure, and lack of green spaces, which can contribute to the development or worsening of hypertension, obesity and other CVD-related conditions. Several existing studies on developing countries have uncovered that the incidence rates of CVD risk factors are likely influenced by changes in lifestyle brought on by urbanisation (Armstrong et al., 2023; Huffman et al., 2011; Sajid et al., 2020; Teo & Rafiq, 2021). Urbanisation is also seen as a double-edged phenomenon when it comes to such lifestyle diseases. Although urban areas have improved and a high concentration of medical facilities, not everyone has easy access to medical treatment (Salvi et al., 2015). Moreover, a study has reported that 37% of doctors in the country had minimal or no medical training, with the proportion being higher in rural areas (63%) than in urban (20%) (Rao et al., 2012). Therefore, including urbanisation as an indicator while developing a CVD vulnerability index is imperative.

	Higher Education
	The proportion of adults who have higher education (above secondary) among the total population
	The indicator of higher education is inversely related to vulnerability, where the higher the proportion of people with higher education, the lower the vulnerability. Highly educated people are more likely to understand health-related information, identify symptoms and follow treatment plans, which may result in better control of risk factors and early diagnosis. Higher education is linked to a decreased risk of various CVDs, including heart disease, stroke, and type 2 diabetes (Hu et al., 2024).  Lower educational attainment was linked to a higher prevalence of risk factors and increased cardiovascular mortality (Strand & Tverdal, 2004). Additionally, higher education attainment within a household may benefit other members, influencing other members’ health behaviours and proper resource allocation. Therefore, including the proportion of the population with higher education acts as a coping mechanism that can lower vulnerability to CVDs.

	Economic status
	The proportion of households without a BPL card among the total number of households
	The inclusion of the proportion of households without a BPL card as a socioeconomic vulnerability indicator is grounded in the well-established social gradient of non-communicable diseases, particularly in the context of India's ongoing epidemiological transition. Households not classified under the BPL category are relatively more affluent and are therefore more likely to be exposed to a distinct set of CVD risk factors associated with economic prosperity. These include sedentary occupational and leisure-time behaviours, greater consumption of calorie-dense and processed foods, higher rates of obesity and abdominal adiposity, psychosocial stress associated with urban professional lifestyles, and greater access to and consumption of tobacco and alcohol products. Moreover, rising disposable income is associated with increased consumption of processed foods and fast foods along with reduced physical activity. By including the proportion of non-BPL households, the index captures this emerging pattern of lifestyle-driven cardiovascular vulnerability

	Physiological Domain

	Abdominal Obesity
	The proportion of adults exceeding the required waist circumference among the total population
	Abdominal Obesity is a significant risk factor for cardiovascular diseases, type-2 diabetes, and various other metabolic conditions (Powell-Wiley et al., 2021). This study defines abdominal obesity using waist circumference, which is regarded as a more precise measure of abdominal obesity compared to the waist-to-hip ratio. The sex-specific cut-off points for waist circumference are 94 cm for men and 80 cm for women to indicate an increased risk as per WHO recommendations (Consultation, 2008).

	Diabetes
	The proportion of adults with diabetes among the total population
	Diabetes is a serious health condition that is closely associated with the development and advancement of cardiovascular illnesses, making it an essential determinant of vulnerability. Diabetic patients have a 2-4 times higher risk of developing CVDs as compared to non-diabetic patients (Dal Canto et al., 2019). Given the alarming rise in the prevalence of diabetes across India, it is essential to include it in the vulnerability index to capture the unequal burden of CVDs in the country.

	Older Population
	The proportion of older adults above the age of 45 among the total population
	An increasing proportion of Indians are moving into older age groups, and CVDs are strongly associated with older populations, with a self-reported prevalence of 29.4% for those aged 45 years and above (Kundu & Kundu, 2022). In this study, as well, the proportion of the population aged over 45 is considered a part of this indicator. As individuals age, physiological changes such as arterial stiffening, endothelial dysfunction, and a higher likelihood of comorbidities like hypertension and diabetes significantly elevate the risk of CVDs (Harvey et al., 2015). Given that ageing is a non-modifiable yet critical risk factor, districts with a higher proportion of elderly individuals are inherently more susceptible to the burden of CVDs, justifying its inclusion in the index.

	Chronic Respiratory Diseases
	The proportion of adults with respiratory diseases among the total population
	Chronic respiratory diseases, including asthma and chronic obstructive pulmonary disease (COPD), are independently associated with CVDs, particularly ischemic heart disease and heart failure, and hence become an important indicator of cardiovascular vulnerability (Carter et al., 2019). Persistent respiratory conditions can lead to systemic inflammation, elevated blood pressure, and impaired heart function, all of which raise the risk of cardiovascular morbidity and mortality (Imaizumi et al., 2015). With the rising prevalence of respiratory diseases attributable to various factors such as air pollution and lifestyle changes, incorporating this as an indicator allows for an in-depth understanding of the cumulative risks associated with CVDs in India.

	Chronic Kidney Diseases
	The proportion of adults with kidney diseases among the total population
	Chronic kidney diseases (CKD) are considered an independent risk factor for CVDs, and there exists a close and reciprocal association between CVD and CKD (Watanabe et al., 2009). The dysfunction of one organ induces and exacerbates the dysfunction in the other, which is known as the cardiorenal syndrome (Ronco et al., 2008). Endothelial damage brought on by kidney dysfunction affects the blood vessels' capacity to control blood pressure and flow. This malfunction exerts more pressure on the heart and thus can lead to heart disease in such individuals (Baaten et al., 2023). In India, the proportion of deaths due to kidney failure has increased by 38% from 2001-03 to 2010-13 (Dare et al., 2017), which is why incorporating CKD as an indicator is essential while developing a vulnerability index for CVDs.

	Behavioural Domain

	Smoking
	The proportion of adults who smoke daily or weekly among the total population
	Tobacco smoking remains the world’s largest preventable cause of death and a significant risk factor for CVDs. Toxic chemicals present in tobacco, such as carbon monoxide, nicotine and heavy metals, have profound effects on the lining of the blood vessels, blood lipids and clotting, causing atherosclerosis (Roy et al., 2017). In India, the absolute number of male smokers has increased enormously between 1998 and 2015 (S. Mishra et al., 2016). Given its strong causal association with CVDs and increasing prevalence across various geographic and demographic groups, it is extremely important to include smoking as an indicator in this vulnerability index.

	Alcohol
	The proportion of adults who consume alcohol daily or weekly among the total population
	Alcohol consumption is another significant behavioural risk factor for CVDs. Excessive or long-term alcohol consumption can lead to hypertension, arrhythmias, cardiomyopathy, and an increased risk of stroke and heart failure (Piano, 2017). Although some research indicates that low to moderate alcohol consumption may be beneficial (Matsumoto et al., 2014), the overall consensus in public health suggests that the risks are far outweighed by the possible benefits, especially in contexts where heavy or binge drinking behaviours are common (Arnett et al., 2019; Piepoli et al., 2020). In India, alcohol consumption is often associated with other socioeconomic and health vulnerabilities, which exacerbates its effect on the risk of CVDs (Roy et al., 2010). Thus, including it as an indicator is crucial.

	High Occupational Activities
	The proportion of adults engaged in occupations that require physical activity among the total population
	High levels of occupational physical activities, which are common in professions such as farming, construction and other forms of manual work, are typically associated with increased daily movement. Unlike sedentary lifestyles, which are well-established risk factors for CVDs, regular physical movement enhances blood circulation, regulates blood pressure and helps in maintaining weight (Tian & Meng, 2019). In many parts of India, particularly in rural areas, individuals engaged in physically demanding occupations are less exposed to the sedentary behaviours commonly associated with urban work environments (Anjana et al., 2014). Thus, a higher proportion of individuals in high occupational activities are considered to be at lower CVD risk and is included accordingly in the index construction.

	Healthcare Domain

	Insurance
	The proportion of households with at least one member covered under insurance among total households.
	The vulnerability index includes health insurance coverage as a protective indicator, as it improves access to healthcare and offers financial protection, both of which significantly reduce vulnerability to CVDs. Although private insurance is associated to a 21% lower CVD mortality risk compared to no insurance (Song et al., 2020), uninsured individuals are less likely to be aware of or control cardiovascular risk factors (Fowler-Brown et al., 2007). Studies in India have also shown that increasing the scope of national insurance to include primary prevention, secondary prevention, and tertiary treatment for cardiovascular disease (CVD) could be cost-effective and save millions of disability-adjusted life years (Basu et al., 2015). In India, health insurance coverage has reduced financial stress from acute cardiovascular diseases (Nasir & Khera, 2019). It helps in reducing both the direct and indirect effects of CVDs, such as long-term health consequences and lost productivity, by reducing the out-of-pocket expenditures and providing timely and quality care. Hence, it is imperative to include health insurance coverage as an adaptive capacity indicator when it comes to a chronic condition like CVDs.

	No nearby public health facilities
	The proportion of households having no nearby public health facilities among the total number of households
	One of the most important factors in determining prompt diagnosis, treatment and management of CVDs is proximity to healthcare facilities. A lack of nearby health facilities can delay access to essential care, resulting in late-stage identification and poor health outcomes, especially in conditions such as heart failure or hypertension that require ongoing care (Kapwata & Manda, 2018). In the context of India, individuals with CVDs are more likely to travel outside their district for medical care, especially those from rural and economically disadvantaged backgrounds (Karmakar et al., 2024). The index incorporates the percentage of the population that lacks access to nearby public health facilities, thereby capturing a critical dimension of CVD vulnerability. 

	Number of hospitals per 1 lakh population
	The proportion of hospitals per 1 lakh population in the district
	The availability of healthcare infrastructure, measured through the number of hospitals available per 1 lakh population in a district, is a crucial determinant of a region’s capacity to handle both routine and emergency CVD cases. Inadequate healthcare infrastructure and unsupportive health policies have a disproportionately negative impact on CVD mortality in lower socioeconomic categories in India (A. Singh & Dixit, 2016). The management of CVDs, particularly in resource-limited settings, faces numerous challenges, including insufficient infrastructure, workforce shortages, and limited access to specialised care (Thompson et al., 2019). Timely intervention and follow-up care are crucial for achieving optimal patient outcomes, particularly in cases of CVDs (Thompson et al., 2019). Therefore, including this indicator helps capture the healthcare system’s ability to respond to the growing burden of CVDs. 

	Long waiting time
	The proportion of households that reported long waiting times in hospitals among the total number of households
	Long waiting times in healthcare facilities are indicative of systemic inefficiencies and an overburdened health infrastructure, which can significantly impact the quality of care. Extended waiting periods for CVD services in community hospitals in Canada were linked to increased mortality, morbidity and inefficient bed use (N. Singh et al., 1999). Prolonged waiting times may discourage individuals from seeking care altogether, especially in rural or low-income settings, where daily wage loss and travel costs further exacerbate the burden. Thus, it serves as an essential indicator for assessing CVD vulnerability in the country. 

	Diet Domain

	Consumption of chicken/meat
	The proportion of adults consuming chicken/meat daily among the total population
	Dietary patterns play a significant role in cardiovascular health, and frequent consumption of meat, particularly processed or red meat, has been linked to elevated risks of CVDs (Abete et al., 2014). Despite being a leaner source of protein, the way chicken is prepared (deep frying or high salt and spice content) and high intake levels can still raise the risk of CVDs (Connolly & Campbell, 2023). High quantities of saturated fats and cholesterol found in red meats can increase the levels of low-density lipoprotein (LDL) cholesterol, which is a key contributor to certain cardiovascular conditions (Bronzato & Durante, 2017). Therefore, this indicator helps in capturing the dietary vulnerabilities that elevate CVD risk.

	Consumption of aerated drinks
	The proportion of adults consuming aerated drinks daily among the total population
	The consumption of aerated or sugar-sweetened beverages is a growing dietary concern due to its strong association with multiple cardiovascular risk factors. These drinks, including sodas, fruit drinks, and energy drinks, provide empty calories with little to no nutritional value (V. S. Malik et al., 2010). Regular consumption is associated with higher risks of metabolic syndrome, type 2 diabetes, obesity, and hypertension – all of which are known to contribute to CVDs (Dhingra et al., 2007). Including this indicator in the index helps take into consideration the dietary transitions and growing lifestyle-related vulnerability to CVDs. 

	Consumption of fried foods
	The proportion of adults consuming fried foods daily among the total population
	A growing body of evidence suggests a positive association between frequent consumption of fried foods and CVD risk (Gadiraju et al., 2015; Qin et al., 2021).  This can lead to elevated LDL cholesterol and reduced HDL cholesterol, in addition to an increased risk of hypertension, obesity, insulin resistance, and type 2 diabetes (Gadiraju et al., 2015). Rapid urbanisation in recent years has resulted in notable changes in eating habits, particularly in metropolitan and peri-urban areas where inexpensive, ready-to-eat fried snacks and fast foods are now easily accessible (Hawkes et al., 2017). In line with the above two indicators, this also reflects shifting dietary patterns that contribute to increased CVD vulnerability among the population.

	Indoor Environment Domain

	Unclean fuel
	The proportion of households using unclean fuel among the total number of households
	The use of unclean cooking fuels, such as firewood, dung, and kerosene, contributes significantly to household air pollution, which is a major environmental risk factor for cardiovascular diseases (CVDs) (McCracken et al., 2012). Long-term exposure to pollutants released during the burning of these fuels can cause endothelial dysfunction, systemic inflammation and oxidative stress, all of which are linked to heightened risk of hypertension, heart diseases and stroke (Hamanaka & Mutlu, 2018). 40.72% of the Indian households still rely on solid fuels, underscoring the widespread exposure to harmful indoor air pollutants that elevate CVD risk (N. K. Mishra et al., 2024). Given this substantial reliance on unclean fuel and its strong association with CVDS, it is an essential indicator in capturing indoor environmental vulnerability in relation to the CVD vulnerability index.

	Untreated water source
	The proportion of households consuming water from untreated sources among the total number of households
	While traditionally linked to infectious diseases, recent evidence suggests that exposure to contaminated water can also indirectly contribute to cardiovascular health (Lamas et al., 2023). Metals like arsenic, lead and cadmium are considered significant contributors to CVDs worldwide (Alissa & Ferns, 2011). In India, a considerable proportion of households still rely on untreated sources of water such as unprotected wells, springs, and rivers, which are highly contaminated with these toxic metals (Bhowmick et al., 2015; Gupta et al., 2012). Adding this indicator to the indoor environmental domain helps in reflecting a much broader picture of the household-level exposure risks that contribute to CVDs.

	Unimproved sanitation
	The proportion of households having unimproved sanitation among the total number of households

	While sanitation and CVDs might not be directly linked, poor sanitation can contribute to repeated infections and chronic inflammation that have been associated with higher risks of hypertension and metabolic disorders. Poor sanitation conditions are often concentrated in communities with lower socio-economic development, inadequate infrastructure, and limited access to healthcare, all of which are environments where cardiovascular risks accumulate and health-seeking behaviour is delayed or compromised. Also repeated exposure to unhygienic conditions can exacerbate existing comorbidities such as diabetes or kidney disorders, which in turn increase the likelihood of CVD complications.

	Overcrowding
	The proportion of households having more than 5 members per room among the total number of households
	Overcrowding in households is an important proxy for poor living conditions and socio-economic deprivation, both of which have indirect but significant associations with CVD vulnerability. Densely populated households often face constraints in physical space, ventilation, and sanitation, leading to chronic stress and sleep deprivation (Krieger & Higgins, 2002). In addition, overcrowded settings may hinder the management of existing chronic conditions, which are particularly acute for the elderly and individuals with pre-existing conditions who may require cleaner, quieter and less congested living environments. 

	Outdoor Environment Domain

	Aerosol Optical Depth (AOD)
	Value of aerosol optical depth in the district between 2011-20
	AOD is a satellite-derived measure that indicates the concentration of aerosols suspended in the atmosphere. Higher AOD values corresponds to higher air pollution, which are known to contribute to systemic inflammation, endothelial dysfunction and increased risk of CVDs. Air pollution is one of the most significant risk factors for CVDs globally and particularly in India, where many urbanised regions experience persistently high levels of ambient air pollution due to vehicular emissions, industrial activity and construction dusts (Brook et al., 2004). Exposure to high levels of particulate matter has been strongly associated with increased incidence of heart attacks, strokes and hypertension (Liao et al., 2021). Hence, adding this as an indicator helps in assessing the environmental vulnerability of CVDs.

	Nitrogen dioxide (NO2)
	Value of NO2 in the district between 2019-22
	These three major pollutants are widely recognised for their harmful effects on human health, particularly cardiovascular health. They are primarily released through vehicular emissions, burning of fossil fuels, and industrial activities, all of which are prevalent in both rural and urban areas in India (Pandey et al., 2005). Chronic exposure to these gases has been linked with increased hospital admissions, incidence of strokes and mortality from ischemic heart diseases (Motesaddi Zarandi et al., 2022). Including the levels of these pollutants in the index enables a clearer understanding of the environmental burden contributing to CVD vulnerability.

	Sulphur dioxide (SO2)
	Value of SO2 in the district between 2019-22
	

	Carbon monoxide (CO)
	Value of CO in the district between 2019-22
	



S2: Sensitivity analysis for spatial weights
To assess the robustness of the spatial autocorrelation results to the choice of spatial weights, a sensitivity analysis was conducted using a K-Nearest Neighbours (KNN) weight matrix with k=5 as a n alternative to the Queen’s contiguity-based weight matrix used in the main analysis. This was considered particularly important given the substantial variation in the geographical size of Indian districts. The KNN-based analysis yielded a Global Moran’s I value of 0.631 (z = 27.879, pseudo p-value =0.001, permutations = 999), which is virtually identical to the Queen contiguity-based value of 0.636 reported in the main analysis. The corresponding Moran’s I scatter plot, and LISA cluster map are presented in Figures S1 and S2, respectively. 
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Figure S1: Spatial autocorrelation of district-level vulnerabilities of CVDs in India using KNN weight matrix.
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Figure S2: Local Moran's I cluster map (a) and corresponding significance map (b).
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