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M Check for updates

Rapid dietary transitions in India have been associated with an alarming
risein cardiometabolic diseases. Using data from the national Indian
Council of Medical Research-India Diabetes survey (18,090 adults), we
examined India’s dietary profile and the effect of isocaloric substitution of

carbohydrates with other macronutrients on metabolic risk. Indian diets
are characterized by high intakes of low-quality carbohydrates (white
rice, milled whole grains and added sugar), high levels of saturated fat and
low intakes of protein. Compared to those with the least carbohydrate
intakes, those with the highest intakes had higher risk of newly diagnosed
type 2 diabetes (T2D; odds ratio (OR) =1.30, 95% confidence interval
(CI)=1.14,1.47), prediabetes (OR =1.20,95% Cl =1.06,1.33), generalized
obesity (OR =1.22,95% CI=1.07,1.37) and abdominal obesity (OR =1.15,
95% Cl=1.01,1.30). Replacing refined cereals with whole wheat or millet
flour without decreasing overall carbohydrate quantity was not associated
with lower risk for T2D (OR =0.94, 95% Cl = 0.57,1.56) or abdominal
obesity (OR =1.08,95% Cl = 0.66,1.76). Modeled isocaloric substitution

of carbohydrates for plant, dairy, egg or fish protein was associated with
lower likelihood of T2D (ranging from OR = 0.89, 95% Cl = 0.83, 0.95—for
dairyto OR=0.91,95% CI = 0.82, 0.99—egg) and prediabetes (ranging
from OR =0.82,95% Cl =0.72, 0.92—for dairy to OR = 0.94, 95% Cl = 0.89,
0.99—for fish). Public health strategies that reduce overall carbohydrates
and saturated fat while increasing intake of plant and dairy proteins could
mitigate the risk of metabolic diseases in India.

Noncommunicable diseases (NCDs) are major contributors to morbid-
ity and mortality worldwide, particularly in low-income and middle-
income countries. India, home to nearly 20% of the global population,
has undergone rapid nutrition and epidemiological transitions over
the past two decades, resulting in an alarming increase in NCD preva-
lence. The recent Indian Council of Medical Research-India Diabetes
(ICMR-INDIAB) study', a national cross-sectional population-based
survey conducted from November 2008 to December 2020, reported
weighted (for region, age and sex) prevalence of type 2 diabetes (T2D)
and prediabetes of 11.4% and 15.3%, respectively. The prevalence of

generalized obesity and abdominal obesity was also high at 28.6% and
39.5%, respectively. NCDs account for 6.3 million (68%) of all deaths
in India’. By 2060, the economic costs of overweight and obesity are
projected toreach $839 billion (2.47% of the nation’s GDP)°. Given the
enormous public health burden of NCDs and their associated economic
costs, it is crucial to identify cost-effective, practical strategies for
reducing NCD risk.

Unhealthy diets contribute substantially to the NCD burden.
Improving diet and physical activity can prevent nearly 50% of inci-
dent T2D*. Global per capita calorie availability has increased from
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Table 1| Policy implications of Indian diets on metabolic risk

Section

Summary

Background

India is experiencing a dramatic rise in NCDs due to a rapid nutrition and epidemiologic transition, with unhealthy diets being a
major contributing factor. Recent studies reveal that NCDs account for 68% of all deaths in India, emphasizing the urgent need
for effective dietary strategies to mitigate this public health burden. Aggregated national data indicate that nearly 65-75% of
calories in Indian diets are derived from carbohydrates. Given the diversity in Indian diets, no national survey has systematically
examined differences in intakes of major macronutrients and their food sources, by region and macronutrient quality. Likewise,
the effect of replacing carbohydrates with protein or fat subtypes on metabolic risk is unknown.

Main findings and limitations

Although it is known that regional preferences for main cereal staples in Indian diets vary, they are unified in their high
consumption of carbohydrates. We report high intake (62.3%E) of low-quality carbohydrates, such as refined cereals like white
rice, milled whole grains and added sugar. Millets were consumed by over one-third of the population in only three states in
the country. Intakes of saturated fat were above national dietary recommendations of <10%E for the general population in ten
states, whereas if the cutoff for metabolic risk (<7%E) was considered, all but four states were above recommended limits.
Overall protein intake was low, with plant protein being the biggest contributor to intake (8.9%E), followed by dairy protein
(2.1%E), and animal protein contributing only 1%E. States in the Northeastern region reported the highest intake of total protein
(13.6%E) and animal protein (2.9%E). Irrespective of the grain type, higher intakes of total carbohydrates were associated

with a 14-30% higher metabolic risk. Replacing 509 of refined cereals with 50g of either whole wheat or millet flour was not
associated with lower metabolic risk. Replacing 5%E from carbohydrates with 5%E from plant, dairy, egg or fish protein was
associated with lower likelihood of T2D and prediabetes but replacing with fat or its subtypes was not. Our study has a few
limitations; given the cross-sectional nature of the study, observed associations do not imply a causal relationship and residual
confounding remains a possibility. We were unable to capture intakes of added sugar from processed foods like street foods,
sugar-sweetened beverages and trans-fat content of commercially available products from the unregulated food sector.

Policy implications

Public health strategies should focus on practical and sustainable approaches to reduce carbohydrate intake while gradually
increasing consumption of protein from foods such as pulses, legumes and dairy to achieve a desirable macronutrient
composition for preventing NCDs. Such dietary shifts cannot only reverse the nutrition transition but can also help address
protein inadequacies and improve overall diet quality. These changes could be facilitated by government subsidies from

the PDS to prioritize healthier protein sources like pulses and legumes over highly refined grains like white rice. In addition,
encouraging the use of healthier edible oils—low in saturated fats—can further lower the risk of diet-related NCDs. Increasing
the availability of protein sources under the minimum support prices scheme could enhance both the availability and intake of
quality protein among the population. Because healthcare is a state government issue, the study’s findings on macronutrient
intake from major sources are vital for helping states enhance their PDS plans and promote subsidies that prevent NCDs within
their jurisdictions. A multisectoral approach involving healthcare, agriculture and socioeconomic policy reforms is crucial for

promoting healthier diets to lower NCD risk.

the 1980s to 2013, with carbohydrates contributing the most (70.5%)
and protein the least (10.5%)°. In India, data from epidemiological
studies® and national nutrition surveys, such as those by the National
Nutrition Monitoring Bureau (NNMB)’ and National Sample Survey
Organization®, indicate that Indian adults currently consume ~65%
to 75% of calories (%E) from carbohydrates (one of the highest in the
world), 9-11%E from proteins and 14-23%E from fats. Previous ICMR~
INDIAB analyses reported macronutrient intakes stratified by glycemic
status’. However, examining macronutrients by their quality (refined
carbohydrates versus whole grains, animal versus plant protein and
saturated fat versus unsaturated fat) is essential for effective national
dietary recommendations, as they are differentially associated with
NCDs'", Due to India’s dietary diversity, understanding inter-regional
and intraregional differences in macronutrient intake can inform tar-
geted policy recommendations. While evidence suggests that reducing
low-quality carbohydrates and increasing intake of plant protein and
healthy fatsimproves cardiometabolic health™", there is limited data
on the effect of replacing carbohydrates with other macronutrients
among Asian Indians.

The ICMR-INDIAB survey is a nationally representative cross-
sectional survey of NCDs in Indian adults from urban and rural areas
of30states, unionterritories and the National Capital Territory (NCT)
of Delhi'. Dietary data fromevery fifth participant were used to charac-
terizeIndia’s dietary profile across regions and examine inter-regional
andintraregional differencesin macronutrient intakes. We also investi-
gated the associationsbetween dietary factors and metabolic risk, and
evaluated the effects of isocaloric substitution of macronutrients on
glycaemia and adiposity. Study findings and policy implications are
summarized in Table 1.

Results

Study characteristics

The demographic and metabolic risk factors overall and by region
are given in Table 2. The median age of participants was 40 years and

49% were male. Tobacco use (in both smoke and smokeless forms) was
reported by 15% of the overall population, ranging from 8% in the West
to 24% inthe Northeast. Nationally, current alcohol use that included
toddy (fermented Asian palm sap), country liquor and other alcoholic
beverages was 15% with the highest prevalence in the Northeastern
region (23%). A total of 61% were physically inactive, defined as a physi-
calactivity level (PAL) between1.40 and 1.69 (ref.15). The median body
mass index (BMI) was 22.2 kg m2, 43% were overweight (BMI > 23 to
<25kg m™),26% were obese (BMI > 25.0 kg m™2) and 36% had abdominal
obesity (waist circumference > 90 cm for men and >80 cm for women).
The Northern region reported the highest rates of overweight (54%),
obesity (37%) and abdominal obesity (48%). Conversely, Eastern region
states had the lowest prevalence of overweight (31%), obesity (16%)
and abdominal obesity (29%). Nearly one-third of the population had
hypertension (27%) with little inter-regional differences. The prevalence
of newly diagnosed T2D was 9% overall, with the highest prevalencein
the West (12%) and lowest in the East and Northeast (6%). Newly diag-
nosed prediabetes was prevalent in 41% with the highest prevalence
inthe Central region (49%). Dyslipidaemia, defined using the National
Cholesterol Education Program Adult Treatment Panel lll guidelines',
was prevalent in half of the population. Overall, 83% of participants
had atleast one metabolicrisk factor defined as the presence of either
newly diagnosed T2D, prediabetes, dyslipidaemia, general obesity,
abdominal obesity or hypertension.

Compared to rural participants, urban participants were less
likely to use tobacco (14% versus 16%) and alcohol (14% versus 15%), but
were more likely to be physically inactive (70% versus 57%), and had
higher weighted median BMI (23.5 kg m2versus 21.6 kg m™2), waist cir-
cumference (83.5 cmversus 78.5 cm), fasting capillary blood glucose
(96 mg dI' versus 95 mg dI™), serum triglycerides (115 mg dI™ versus
108 mg dI™") and low-density lipoprotein cholesterol (100 mg dl™ versus
90 mg dI™). They also had a higher weighted prevalence of overweight
(56% versus 37%), generalized obesity (37% versus 22%), abdominal
obesity (48% versus 31%), hypertension (29% versus 27%) and metabolic
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Table 2 | Demographic characteristics and metabolic risk factors of the study population stratified by regions (n=18,090)

Variables Overall Northern Southern Eastern Western Central Northeastern
(n=18,090) (n=3,714) (n=3,198) (n=2,045) (n=1,730) (n=2,470) (n=4,933)

Age (years) 40 (30, 52) 40 (31, 50)° 41(31,53) 40 (30, 53)° 42(32,53) 40 (30, 53)° 39(30, 51)

Sex (male) (%) 49 49° 45 50° 48° 51* 50°

Current tobacco use (%) 15 13 13 13 8 10 24

Current alcohol use (%) 15 9 16 16 7 10 23

Family history of T2D (%) 9 10 16 7 9 5 6

Physically inactive® (%) 61 67 64 55 7 61 54

Metabolic risk factors

BMI (kgm™) 22.2(19.5,25.1) 23 (20, 26) 23 (20, 26) 21(18, 24) 22 (19, 25)° 22 (19, 25) 22 (19, 24)

Waist circumference (cm) 80.0(72.0,88.5) 84.9(76.3,92.4) 81.0(72.7,89.) 76.9 (69.0, 86.0) 791(70.0,876) 797 (721, 87.4) 78.0 (711, 86.0)
Male (cm) 811(73.2,89.4) 85.3(781,929) 821(736,907) 78.2(71.0,88.) 81.2(731,90.0) 81.0(73.9,88.2° 78.4(72.0,86.3)
Female (cm) 79.0(70.4,876) 84.0(75.0,921) 801(721,880) 75.0(66.583.5) 76.3(670,851) 785(70786.1)° 77.9(70.0,86.0)

Overweight® (%) 43 54 492 31 43 40 37

Generalized obesity® (%) 26 37 33 16 26 23 21

Abdominal obesity® (%) 36 48 4 29 34 32 29

Systolic blood pressure 126 (116, 137) 127 (118,137) 125 (115, 136) 127 (117,138) 126 (116, 137)° 125 (116, 134) 126 (116,137)*

(mm Hg)

Diastolic blood pressure 81(74, 87) 82 (76, 88) 79 (7, 86) 80 (73, 87)° 79 (73, 86) 82 (76, 88) 80 (73, 87)°

(mm Hg)

Hypertension® (%) 27 28 26 29 27 26 28

Fasting CBG (mgdLl™) 96 (87,105) 97(88,107) 96 (88, 106) 95 (88, 104)° 97(90, 106) 98 (90, 107) 92 (84, 101)

HbA1c (%) 5.4(5.0,5.6) 5.4(51,5.7) 5.5(5.2,5.8) 5.3(4.9,5.5) 5.4(5.0,5.6) 5.4(51,5.6) 5.2 (4.8,5.5)

Newly diagnosed T2D? 9 M n 6 12 9 6

n (%)

Newly diagnosed il 43 46 39 42 49 34

prediabetes" (%)

Serum triglyceride (mgdl™)  111(79, 160) 114 (82,169) 114 (82,164) 101(75, 143) 101(74,147) 104 (72,148) 118 (84, 168)

LDL (mgdl™ 93 (69, 118) 95 (67,121) 102 (79,128) 90 (70, 114) 107 (83,136) 83(52,113) 87 (66, 108)

HDL (mgdl™) 39 (33, 47) 41(35, 48) 39(32, 46) 38(32, 46) 40 (34, 49) 39 (33, 46)° 39 (33, 46)°
Male (mgdl™) 38(32, 45) 38(32, 44y 37(31, 44y 37(32, 44)° 38 (32, 46)° 37(32,44)° 38(32,46)*°
Female (mgdl™) 41(35, 48) 43 (37,50) 40 (34, 47y 40 (34, 47y 43 (36, 51) 41(34, 47)° 40 (34, 47)°

Dyslipidaemia' (%) 50 56 53 43 53 44 50°

Metabolic risk’ (%) 83 89 86 71 85 84 79

Data are presented as weighted median (IQR) for continuous variables and weighted (%) for categorical variables. P<0.05 was considered as significant. The P value was tested using
median and quantile test for continuous variables and chi-square tests for categorical variables. These tests were used to compare either the weighted median (continuous variables) or the
proportions (categorical variables) for each region with overall. PAL was calculated as TEE for 24 h expressed as a multiple of basal metabolic rates, and calculated as TEE/basal metabolic
rate for 24 h. PAL values are as follows: sedentary, 1.40-1.69; moderate, 1.70-1.99 and vigorous, 2.0-2.40. °Nonsignificant variables. °Physically inactive was defined as participants with
sedentary PALs (1.40-1.69). “Overweight was defined as BMI223 to <25kgm™. “Generalized obesity was defined as BMI>25kgm™. °Abdominal obesity was defined as waist circumference
of 290cm for males and 280 cm for females. Hypertension was defined as systolic blood pressure >140 mm Hg and diastolic blood pressure 290 mmHg. °Newly diagnosed T2D was

defined as HbA1c 26.5% and/or if fasting CBG 2126 mgdl™ (27mmoll™) or 2-h postglucose load CBG 2220 mgdLl™ (212.2mmoll™). "Newly diagnosed prediabetes was defined as HbAlc
5.7-6.4% or if fasting CBG was 2100-125mgdl™ (x5.6-6.9 mmoll™) and/or if 2-h postload CBG value was 2160 and <220 mgdl™ (8.9 to <12.2mmoll™). Dyslipidaemia was defined as serum
cholesterol concentrations of 2200mgdl” (25.2mmoll™); serum triglyceride concentrations of 2150 mgdLl™ (>1.7mmoll™) or low HDL-C (male<40mgdLl” (1.04 mmoll™) and female <50 mgdl™
(1.3mmoll™) and LDL-C concentrations of 2130 mgdLl™ (3.4mmoll™). 'Metabolic risk was defined as the presence of any one of the metabolic risk factors, including newly diagnosed

T2D, newly diagnosed prediabetes, dyslipidaemia, hypertension, generalized obesity or abdominal obesity. LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein

cholesterol; CBG, capillary blood glucose.

risk (87% versus 82%). Compared to men, women were younger
(39 years versus 41 years) and were less likely to use tobacco
(2% versus 28%) or alcohol (3% versus 27%), but more likely to be
physically inactive (65% versus 56%), overweight (43% versus 40%),
have general obesity (30% versus 23%) and abdominal obesity
(47% versus 24%); however, they were less likely to have hyperten-
sion (24% versus 31%) or dyslipidaemia (42% versus 60%; Supple-
mentary Table1).

Sensitivity analyses showed participantsin the diet sub-study
were more likely to be male, current tobacco or alcohol users, and
less likely to have a family history of T2D (Supplementary Table 2)

with no significant differences in BMI, blood pressure or fasting
capillary glucose concentrations compared to those not included in
this study.

National nutrition profile

Cereal staple choices, the primary constituents of Indian diets,
varied widely by region (Fig. 1 and Extended Data Table 1). Refined
cereal (whiterice) was the primary choice in the Northeast (99%), South
(87%) and East (78%), and whole wheat (milled as flour) in the North
(90%) and Central (70%) regions. Intraregional variations included a
lower preference for white rice in Karnataka (Southern region, 47.6%)
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Fig.1| Top three cereal grain staple choices reported by the study population by states and union territories in India (n =18,090). Map represents the top three
cereal staples reported by the weighted percentage of the study population in each state.

and Bihar (Eastern region, 53%). Millets were consumed alongside rice
and wheat in 16 states, while whole millet flour was consumed only in
Karnataka (47.7%) and Gujarat and Maharashtra (both 35%). Among the
millet choices, sorghum and finger millet were commonly consumedin
Karnataka, while pearl millet and maize consumption were greater in
Gujarat, and pearl millet and sorghum were also commonly consumed
in Maharashtra.

Macronutrient profiles expressed as a %E for the nation overall
and by geographic regions are shown in Fig. 2a-c and Extended Data
Table 2. Nationwide, carbohydrates contributed 62.3% of total daily
energy intake, mainly from refined cereals (28.5%E) and milled whole
grains (16.2%E). Total fat contributed 25.2%E, while protein intake
was low at 12%E (Extended Data Table 2), below the National Dietary
Guideline recommendation of 15%E".
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values are provided in Extended Data Tables 2-5. a, Intakes of total carbohydrates
and their selected food sources (%E). Refined cereals include white rice, refined
wheat flour (maida), refined millet grains/flour (minor millets like little millet

and foxtail millet) and wheat semolina (rava). Milled whole grains include whole
wheat, whole millets and whole grains milled into flour. Added sugar includes
white sugar, honey, jaggery and palm sugar added during cooking and on the
table. b, Intakes of total fats and their subtypes. ¢, Intakes of total protein and
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their subtypes. Plant protein includes cereals, pulses, legumes, fruits, vegetables
(including roots and tubers), nuts and oilseeds. Dairy protein includes fermented
dairy protein (Indian style yogurt (curd), buttermilk, lassi) and nonfermented
dairy protein (all types of milk (cow/buffalo/yak/goat), milk added to coffee and
tea, paneer (curdled milk solids)). Animal proteinincludes red meat, poultry,
fishand egg, and does not include dairy protein. For refined cereals and milled
whole grains, the analysis only included participants who consumed =50 g. For
added sugar, the analysis only included participants who consumed >1 teaspoon
(=5gd™). The connected lines for each region do notimply a trend.

Carbohydrate intake patterns

Carbohydrateintake was high across regions, with little inter-regional
variability, 59.6% in the West to 64.8% in the East. However, sources of
carbohydrate varied, with refined cereal intake highestin the Northeast
(51.7%E), followed by the South (36%E) and East (31.5%E), largely from
white rice (95% of refined cereals; Fig. 2a and Extended Data Table 2).
The Centraland Northern regions reported the highest intakes of milled
whole grains (30.9%E and 27.8%E, respectively, versus 16.2%E nation-
ally), mainly from wheat flour (15%E of 16.2%E). Millet flour contributed
minimally (1.4%E). There was also a substantial inter-regional variability
in added sugar intake, with median intakes ranging from 2.1%E in the
Northeast to 7.9%E in the North.

Substantial variability in refined cereal intake was seen among
states within regions (Fig. 2a and Extended Data Table 3). For example,
withinthe Southernregion, the consumption of refined cereals in Tamil
Nadu was 51.5%E, of which white rice contributed to 47.3%E, as com-
paredto the neighboring state of Karnataka, where the intake was only
25.8%E (23.8%E from whiterice). Karnataka had the highest whole grain
consumption in the region (25.1%E) with millets contributing 10%E.
In the North, refined cereal consumption varied from 9.9%E (7.4%E
from white rice) in NCT of Delhi to 18.4%E (14.6%E from white rice) in
Himachal Pradesh. The least variability in refined cereal intake was in

the Northeastern states, ranging from 49.8%E in Meghalaya to 56.5%E
in Assam. Milled whole grainintake varied widely in the West, ranging
from 9.3%E in Goato 27.1%E in Gujarat. In the North, milled whole grain
intakes ranged from 19.3%E in Delhi to 38.5%E in Punjab. Karnatakain
the South and Gujaratin the West derived an equal proportion of energy
fromrefined cereals and milled whole grains.

Consumption of added sugars (which only included sugar added
during cooking, at the table and in processed foods that label for added
sugar, such as aerated drinks) was above the recommended 5%E"
in 19 states, the NCT of Delhi and the union territory of Puducherry
(Extended Data Table 3). Haryana and NCT of Delhi in the North, Kar-
nataka in the South, Odisha in the East and Madhya Pradesh in the
Central region had the highest added sugar intakes (>10%E). Added
sugar consumption varied widely in the South (4.8%E in Tamil Nadu to
10.4%E in Karnataka) with little intraregion variability (-1%) in the West.
Inthe Northeast, added sugar intake was within recommended limits
(<5%E) exceptin Meghalaya (5.8 %E; Extended Data Table 3).

Total fat and fat subtype patterns

Total fatintake ranged from 21.6%E in the Northeast to 27.9%E in the
West (Fig.2b and Extended Data Table 2). Saturated fats were the most
consumed nationally (8.9%E), with the highest intake in the North
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Fig.3 | Pooled odds ratios (95% CI) for the association of total carbohydrates
(%E) with likelihood of newly diagnosed T2D and newly diagnosed
prediabetes in the ICMR-INDIAB study (n = 18,090). a, Newly diagnosed T2D.
b, Newly diagnosed prediabetes. A fixed-effects model was used to synthesize
data from the regions. Two-sided P values were used in calculating ORs and 95%
Cls through survey logistic regression. All dietary exposure variables (refined
cereals (g d™), milled whole grains (g d*), added sugar (g d*)) were adjusted
for total energy using the residual model. Models were adjusted for PSU, state
code, population weight, age (in years), sex (male/female), family history of T2D
(yes/no), tobacco use (never/current/past), alcohol use (never/current/past),
PAL (sedentary/moderate/vigorous), time period the study was conducted,
education qualification (primary school/high school/college), BMI (kg m™),

b Weight Weight
Study log(OR)  s.e.(log_OR) OR OR 95% Cl (common) (random)
Carbohydrate sources = total carbohydrates (%E) |
Northern 0.1057 0.0463 —-— 1M [1.02;1.22] 6.0% 6.0%
Southern 0.2283 0.0598 . 126 [112;1.41] 3.6% 3.6%
Eastern 0.1681 0.0498 —-— 118 [1.08;1.29] 6.1% 6.1%
Western 0.2123 0.0759 —-— 1.24 [1.07;1.43] 2.2% 2.2%
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place of residence: urban versus rural, intakes of total energy (kcal d™), fat (%E),
fruits (g d™), vegetables (g d™), tubers (g d™), milk and milk products (g d™),
alcohol (gd™), pulses and legumes (g d*), added salt (g d*) and edible oils
and fats (g d™), hypertension, dyslipidaemia and abdominal obesity. Models
with food sources as the main exposure were adjusted for the remaining food
sources while models with total carbohydrates (%E) were adjusted for total
fat (%E). Newly diagnosed T2D was defined as HbAlc >6.5% and/or if fasting
CBG =126 mg dI™* (=7 mmol 1) or 2-h postglucose load CBG >220 mg dI™*
(212.2 mmol I). Newly diagnosed prediabetes was defined as HbAlc 5.7-6.4%
or if fasting CBG was >100-125 mg dI™ (=5.6-6.9 mmol I?) and/or if 2-h postload
CBG value was >160 and <220 mg dI™ (8.9 to <12.2 mmol I"). CBG, capillary
blood glucose.

(11.2%E) and lowest in the Northeast (7.4%E). Monounsaturated fatty
acid (MUFA) intake was low overall (6.1%), ranging from 5% in the East
to 6.7% in the North and Central regions. Polyunsaturated fatty acids
(PUFA) intake showed more inter-regional variability, from 5.3%E in the
Northeast to 9.1%E in the Central region. The Northeastern states had
thelowest intakes of n6 polyunsaturated fat (4.6%E), and they had the
highestintakes of n3 polyunsaturated fat (0.4%E) compared to intake
nationally and in other regions.

Intraregional variation in total fat intake was minimal except in
the Northeast, where it ranged from 15.6%E in Arunachal Pradesh to
28.9%E in Sikkim (Extended Data Table 4). All Northern states (except
Himachal Pradesh), Andhra Pradesh (undivided) in the South, Goa
and Gujarat in the West and Mizoram and Sikkim in the Northeast
exceeded the general recommended saturated fat intake of <10%E'®.
Except for Jharkhand in the East, Chhattisgarh in the Central region
and Arunachal Pradesh and Manipur in the Northeast, no state met
the recommended saturated fat intake of <7%E" for populations at
risk of cardiovascular disease. MUFA and PUFA intakes also varied
widely within regions. Within the Northeast, MUFA and PUFA intakes

ranged at 4.2%E each in Arunachal Pradesh to 8%E and 9%E in Sik-
kim. Manipur and Nagaland (0.9%E each) had the highest intakes of
n3 polyunsaturated fat in the nation, followed by Mizoram (0.5%E;
Extended Data Table 4).

Total protein and protein subtype patterns
Overall, total proteinintakein Indiawas low (12%E), with the Northeast
having the highest intake (13.6%E; Fig. 2c and Extended Data Table 2).
Most protein came from plant sources (8.9%E) withllittle inter-regional
differences. The North had the highest dairy protein intake (3.6%E),
while the East (1.2%E) and Northeast (1.1%E) had the lowest. Fermented
dairy contributed 0.2%E nationally, with intakes ranging from 0.02%E
inthe Northeast to 0.5%E in the North. Nonfermented dairy intake was
1.7%E nationwide, ranging from 0.9%E in the Northeast to 3%E in the
North. Animal protein intake varied widely from a low of 0.3%E in the
North and Central regions to 2.9%E in the Northeast, with poultry as
the main contributor (0.3%E).

Intraregional differences in protein intake were minimal except
inthe Northeast, whereit ranged from12.2%E in Arunachal Pradesh to
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17.6%E in Nagaland (also the nation’s highest). With regard to protein
subtypes, Himachal Pradesh (North) and Jharkhand (East) had the high-
est plant proteinintakes (10.2%E each), while Keralainthe South (5.7%E)
and Goa in the West (5.9%E) had the lowest (Extended Data Table 5).
The NCT of Delhi (4.1%E) and Haryana (3.7%E) in the North and Gujarat
(3.6%E) in the West had the highest dairy protein intakes; Manipur and
Meghalaya in the Northeast and Chhattisgarh in the Central region
had the lowest intakes at 0.8%E. Haryana and Rajasthan in the North
and Gujarat in the West reported the highest fermented dairy protein
intakes at 0.7%E each. Rajasthan had the highest median intake of non-
fermented dairy protein (4.7%E) in the nation, while Arunachal Pradesh
inthe Northeast reported the lowest at 0.4%E (Extended Data Table 5).

The highest animal protein intake was seen in the Northeastern
states of Meghalaya (4.9%E), Mizoram (6.9%E) and Nagaland (7.4%E).
They also had the highest protein intakes from red meat—Nagaland
(4.2%E), Mizoram (2.3%E) and Meghalaya (2.0%E). Mizoram also
reported a high intake of poultry protein (2.3%E). Egg protein intake
was low and showed little variation nationwide. States in the North-
eastern region like Manipur (1.5%E), Meghalaya (1.1%E) and Nagaland
(1.0%E) reported the highest intakes of fish protein, along with Goain
the West (1.2%E; Extended Data Table 5).

Nutrient profile by place of residence and sex

Compared to urban participants, rural participants consumed more
energy from total carbohydrates and refined cereals, but less from
added sugars and all major fat subtypes, including saturated fat, MUFA
and PUFA. They had higher intakes of plant and animal protein but
lower intakes of dairy protein. Compared to men, women consumed
fewer calories (%E) and protein, but more added sugar and saturated
fat (%E; Supplementary Table 3).

Carbohydrate intake and metabolic risk
Higher calorie intake from carbohydrates was associated with a 14%
higher likelihood of newly diagnosed T2D (odds ratio (OR) =1.14, 95%
confidence interval (CI) =1.10-1.18). Pooled meta-analyses of the six
major regionsinIndiashowed thatrefined cereals, milled whole grains
and added sugars were associated with higher odds of newly diag-
nosed T2D by 13% (95% C1=1.08-1.18), 9% (95% Cl =1.05-1.13) and 14%
(95% C1=1.09-1.19), respectively (Fig. 3a). There was no evidence of
inter-regional heterogeneity in risk estimates. Higher intakes of total
carbohydrates (OR =1.15,95% Cl =1.11-1.20), refined cereals (OR =1.15,
95% C1=1.09-1.21) and added sugars (OR =1.15, 95% Cl =1.10-1.20)
were each associated with a15% higher likelihood of newly diagnosed
prediabetes. Although the risk estimates for milled whole grains were
attenuated, their consumption was still associated with higher odds
of newly diagnosed prediabetes (OR =1.12,95% Cl =1.07-1.17; Fig. 3b).
Higher intakes of total carbohydrate calories (OR =1.15, 95%
CI=1.10-1.20) and refined cereals (OR =1.15, 95% Cl =1.10-1.21) were
eachassociated with15% higher odds of general obesity (Extended Data
Fig.1a). Milled whole grains (OR=1.11, 95% ClI=1.06-1.16) and added
sugars (OR =1.12,95% Cl =1.07-1.17) were associated with aweaker, but
still significant, odds of general obesity. Likewise, higher intakes of total
carbohydrates (OR =1.18,95% Cl = 1.11-1.25), refined cereals (OR =1.08,
95% Cl=1.03-1.14), milled whole grains (OR = 1.14,95% Cl = 1.08-1.20)
andaddedsugars (OR =1.10,95% Cl =1.06-1.15) were all associated with
higher odds of abdominal obesity (Extended Data Fig. 1b).
Comparedtothe lowest carbohydrate intakes, those with the high-
estintakes (69%E (66.7,72.7)) had a15-30% higher likelihood of newly
diagnosed T2D, prediabetes, general obesity and abdominal obesity
(Extended Data Fig. 2a). When examining carbohydrate subtypes,
those with the highest consumption of refined cereals (median (inter-
quartile range (IQR)) = 256.5 (218.7,316.9) g d*) had an 18-25% higher
likelihood of being diagnosed with T2D, prediabetes, general obesity
and abdominal obesity compared to the lowest intake group (median
(IQR) =93.2 (75.8,109.8) g d*; Extended Data Fig. 2b). Those who

consumed the highest quantities of white rice (median (IQR) =198.4
(169.8-252.4) g d™) had a 19-26% higher likelihood of being newly
diagnosed with T2D, prediabetes, general obesity and abdominal obe-
sity compared to those who consumed the least (median (IQR) = 81.5
(66-88.2) g d'; Extended Data Fig. 2c).

Compared to those with the lowest consumption of milled whole
grains (median (IQR) = 80.1 (64.9-93.6) g d ), those with the highest
intakes (median (IQR) =262.2 (219.8-324.1) g d*) had 11-29% higher
risks of T2D, prediabetes, general obesity and abdominal obesity
(Extended Data Fig. 2d). Similarly, a higher risk of 14-31% for T2D,
prediabetes and general obesity was observed for the highest tertiles
of whole wheat (median (IQR) =249.9 (211.1-312.7) g d) and 21-29%
for milled whole millets (median (IQR) =172.6 (144.3-218.1) g d™) con-
sumption (Extended Data Fig. 2e,f). Those with the highest intakes of
addedsugar (median (IQR) = 46.5(37.3-62.7) g d ") had a14-26% higher
likelihood of newly diagnosed T2D, prediabetes, general obesity and
abdominal obesity compared to those with the least intakes (median
(IQR) =10 (7.2-12.6) g d'; Extended Data Fig. 2g).

Carbohydrate substitution and metabolic risk

We mathematically modeled the effect of an isocaloric substitution
of 5%E from carbohydrates with S%E from other macronutrients on
glycemicrisk (Fig. 4). Replacing 5%E from carbohydrates with 5%E from
protein, specifically from plants, pulses and legumes or dairy (both
fermented and nonfermented), was associated with a lower likelihood
of newly diagnosed T2D and prediabetes (Fig. 4). On the other hand,
the replacement of carbohydrate with animal protein was not associ-
ated with a lower risk of newly diagnosed T2D or prediabetes except
when the source of animal protein was fish or egg, where the risk was
lower by 6-10%. Replacing 5%E from carbohydrates with S%E from
total fat or fat subtypes, including saturated fat, monounsaturated or
n3 polyunsaturated fat did not alter the risk of newly diagnosed T2D
or prediabetes (Fig. 4).

The replacement of carbohydrates with total protein or protein
from various food sources was not associated with risk of general or
abdominal obesity (Extended Data Table 6). However, replacing S%E
from carbohydrates with 5%E from total fat was associated with a 5%
higher likelihood of general obesity (OR =1.05, 95% CI=1.02, 1.09;
Extended Data Table 6). At the same time, replacing 50 g of refined
cereals with 50 g milled whole grains or its subtypes (wheat and millet
flour) was not associated with dysglycaemia or obesity (Extended Data
Table 7). However, as the population’s intake of intact whole grains
(brown rice, whole wheat and millets) was limited, they could not be
evaluated in this substitution model.

Discussion

Using nationally representative data, we report high intakes (62.3%E)
of low-quality carbohydrates (refined cereals like white rice, milled
whole grains and added sugar) and saturated fat, and low protein
intake. Millet consumption was high only in three states. Saturated
fat intake exceeded national dietary recommendations (<10%E)" in
ten states, while if metabolic risk threshold (<7%E) was used", all but
four states exceeded recommended limits. Total protein intake was
low nationwide with plant protein contributing 8.9%E, dairy 2%E and
animal protein 1%E. Carbohydrate intake (>56%E), regardless of grain
type, was associated with a14-30% higher metabolic risk. Replacing
refined cereals with whole wheat or millet flour was not associated
with lower risk. However, replacing 5%E from carbohydrates with 5%E
from plant, dairy, egg or fish protein was associated with lower risk of
newly diagnosed T2D and prediabetes, while replacement with fat of
any subtype did not change risk.

Data from the current study along with previous surveys”*’ con-
firmthat Asian Indians consume high amounts of carbohydrates. Our
results show that white rice is the most popular primary cereal staple
(61% of population) followed by whole wheat flour (34%), with only a
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Fig. 4| Odds ratios (95% CI) for glycemic risk in isocaloric substitution analysis
for the replacement of 5% energy from carbohydrates for 5% energy from
other macronutrientsin the study population (n = 18,090). Two-sided
Pvalues were used in calculating ORs and 95% Cls through survey logistic
regression. Models were adjusted for PSU, state code, population weight,

age (inyears), sex (male/female), family history of T2D (yes/no), tobacco use
(never/current/past), alcohol use (never/current/past), PAL (sedentary/
moderate/vigorous), time period the study was conducted, education
qualification (primary school/high school/college), BMI (kg m™2), place of
residence: urban versus rural, intakes of total energy (kcal d ). It was further
adjusted for hypertension, dyslipidaemia and abdominal obesity. Models were

additionally adjusted for all nutrients except the nutrient being replaced. Plant
proteinincludes cereals, pulses, legumes, fruits, vegetables (including roots and
tubers), nuts and oilseeds. Animal protein (%E) includes red meat, poultry, egg
and fish, and does not include dairy protein. Dairy protein includes fermented
dairy protein (Indian style yogurt (curd), buttermilk, lassi) and nonfermented
dairy protein (all types of milk (cow/buffalo/yak/goat), milk added to coffee and
tea, paneer (curdled milk solids)). Newly diagnosed T2D was defined as HbAlc
>6.5% and/or if fasting CBG >126 mg dI™ (>7 mmol I™") or 2-h postglucose load CBG
>220 mg dI™! (212.2 mmol I"™!). Newly diagnosed prediabetes was defined as HbAlc
5.7-6.4% or if fasting CBG was >100-125 mg dI™ (25.6-6.9 mmol I™!) and/or if 2-h
postload CBG value was >160 and <220 mg dI™ (=8.9 to <12.2 mmol I)).
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small percentage using millet flour. Because of the Green Revolution
(introduction of high-yielding varieties of wheat and rice in develop-
ing countries, leading to major increases in the production of these
foodgrains) inthe1960s, there hasbeenadecrease in millet consump-
tion,and anincrease in rice and wheat consumption®. Consistent with
findings from the National Expenditure Survey 2011-2012 (ref. 8), we
reportthatrural residents derive agreater proportion of total calories
fromcerealsthan urbanresidents. While refined cereals are the major
source of carbohydrate calories (28.5%E) followed by milled whole
grains (16.2%E), actual intakes may be higher, as processed foods,
which often contain substantial amounts of refined cereals, were not
included in our database.

India accounts for 15% of the global sugar consumption®. Our
survey found that added sugar consumption was higher than the rec-
ommended 5%E in most states and exceeded levels reported in the
NNMB survey (=15 g d™*)*. The definition of added sugarsin this survey
included only sugaradded at the table, during cooking and from prod-
ucts with added sugar on the product label. Therefore, actual intakes
are likely much higher. Despite Food Safety and Standards Authority
of Indiaregulations® to label added sugarsin the Nutrition Facts panel,
many processed foods inthe unregulated food sector (such as fast-food
eateries, street vendors, local bakeries, fruit juices and traditional
Indian sweets or mithais) do not label for added sugars.

Total fat intake aligned with the NNMB survey" and remained
within the recommended ~-30%E". However, most states exceeded the
saturated fat recommendation (<7%E)"®, highlighting an urgent need
for targeted public health interventions to lower intakes. While total
PUFA intake was comparable with global levels**?°, MUFA intake was
muchlower in the United States and Europe**?, likely due to higher con-
sumption of nutsand red meat in Western diets. Total proteinintake was
low nationwide when compared to the United States™. Plant protein was
higher in India compared to the West*, while animal protein was low
due tolow meat*and fishintake®. Conversely, dairy proteinintake met
National ‘My plate for the day’ recommendations” of =2%E. These low
intakes of animal protein align with the recent National Family Health
Survey-5 (ref. 30) data, which show that half of adults consumed pulses/
beans and milk/curd daily, but fewer consumed animal foods daily.

The Global Burden of Disease Study demonstrated that, for South
Asia, -23% of T2D burden was due to excess intake of white rice™.
Although refined and whole grains differ in their associations with NCD
risk®?, higher intakes of milled whole grains (wheat and millets) were
still associated with adverse metabolic profiles, showing no benefit
for milled whole grains. In India, most whole grains are consumed as
milled flour for flatbreads such as chapati and roti. Milling lowers the
particle size of whole wheat and increases its glycemic index to the
extent that the glycemic response becomes similar to that of refined
wheat products and white rice®*. In several randomized crossover
trials**** that examined the effects of whole grain processing, spe-
cifically milling, on glycemic control, finely milled whole wheat flour
increased postprandial glycemic response and increased body weight.
Given minimal intake of intact whole grains (brown rice, whole wheat
and whole millets), public health recommendations should focus on
lowering total carbohydrate intake from both refined and milled whole
grains, which are the country’s primary cereal staples.

Given the higher risk of T2D associated with refined cereal con-
sumption®*¢, identifying optimal macronutrient replacements is
imperative. Replacing carbohydrates with protein from plant sources,
dairy, eggs or fish was associated with lower T2D risk, unlike western
studies where animal protein was associated with a higher T2D risk**®,
This likely reflects the predominance of plant protein in Indian diets.
However, the quality of plant protein is equally important® because,
in our study, protein from pulses and legumes, but not cereals, was
associated with alower risk of T2D. Replacing rapidly digested carbo-
hydrates (refined grains) with legume protein may improve glycemic
control and lower the overall glycemic index of the diet*°, while also

addressing protein deficiencies®. Although literature surrounding
dairy and egg consumption and metabolic risk has been inconsist-
ent*™*, replacing low-quality carbohydrates with dairy, egg or fish
canmitigate metabolicrisk inthe Asian Indian population due to high-
carbohydrate intakes and low proteinintakes. Infact, low yogurtintake
aloneaccounts for13% of South Asia’s T2D burden®. The International
Lipid Expert Panel recommends increase in protein intake from poultry
and fish for cardiometabolic risk reduction**. Another multi-country
study has shown benefits with weekly two servings of fish (175 g per
week) for individuals with cardiometabolic risk*. While red meat has
been previously associated with higher NCD risk*®, we found that red
meat protein was not associated with likelihood of T2D or prediabetes
possibly due to low consumption.

While isocaloric substitutions are useful for understanding the
effects of replacing one nutrient with another while keeping total
energy intake constant, itisimportant to recognize that this approach
involves statistical modeling rather than actual replacements by par-
ticipants. Diet is acomplex matrix of various foods and nutrients that
interact synergistically or antagonistically, and simpleisocaloric sub-
stitutions may not capture these interactions. We were unable to evalu-
ate the effect of replacing carbohydrates with foods other than plant
protein, such as intact whole grains, fruits and vegetables, which are
also highin fiber and have been shown to decrease the risk of NCDs".
Further studies should investigate this in the Asian Indian population
toinform more comprehensive nutritional policy recommendations.

The current nationwide high-carbohydrate intake represents a
major risk factor for NCDs and should prompt policy action to lower
consumption. Widespread reliance on subsidized rice and wheat likely
drives high cerealintake, highlighting the need to prioritize pulses and
legumesinsubsidy programs over refined cereals*®. Excess added sugar
further endangers public health, and current tax rates on carbonated
drinks have not reduced consumption*’, suggesting the need for alter-
native strategies. Saturated fat intake also exceeds recommendations
inmany states, likely due to high intakes of ghee (clarified butter) in the
North and the use of subsidized palm oil and coconut oil in the South.
In addition, palmolein oil, due to its lower cost compared to other
vegetable oils, is widely used in the food industry and in processed
foods™. Policies should shift toward provision of healthier oils through
the publicdistribution system (PDS), and raising consumer awareness
to support healthier choices.

Our study has several strengths. This is a nationally representative
study that highlights similarities and differences in the usual intakes
of macronutrients between and within various regions of India. We
used a validated food frequency questionnaire (FFQ)* to assess diet
across regions. We also explored a strategy to reduce metabolic risk
by modelingisocaloric substitution of proteinandits subtypes for car-
bohydrates. The findings from this study can be extrapolated to other
countries in South and Southeast Asia with similar dietary patterns
and where high-carbohydrate diets from cereal staples are prevalent.

Our findings should be interpreted considering several limita-
tions. First, this was a cross-sectional study, and therefore, reverse
causationisa possibility. However, because our primary outcomes were
newly diagnosed T2D and prediabetes, participants were unaware of
their status when dietary information was collected. Second, a single
measure of glycaemia (glycated hemoglobin (HbAlc) or blood glucose)
was used to define T2D and prediabetes, although two measurements
arerecommended for making a clinical diagnosis. However, for epide-
miological studies, asingle measureis considered acceptable and often
the only feasible option. The use of the American Diabetes Associa-
tion’s* less stringent cutoffs for fasting blood glucose (100 g d™) for
prediabetes could have selected more individuals prone to reversion
tonormoglycemia compared to the higher cut-pointadvocated by the
WHO (110 mg dI™)*. Third, we were unable to capture intakes of pro-
cessed foods and trans-fat content of commercial products due to lack
of atrans-fat database and labeling regulations. Fourth, although we
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adjusted for potential confounders, residual confounding is possible
due to the observational design. Fifth, we did not include medication
use in defining dyslipidaemia and hypertension; therefore, actual
prevalence of these risk factors might be higher than reported. Sixth,
because our analyses were prespecified, findings were not adjusted for
multiple comparisons, potentially increasing the likelihood of a type
lerror. However, given the mechanistic links among our outcomes,
atype Il error is unlikely. Seventh, although the FFQ used in INDIAB
was validated, measurement errors are likely. Because these errors
are nondifferential with respect to the outcome, the associations are
likely to be attenuated. Eighth, as the dietary datawere collected from
every fifth participant, theincluded population may not fully represent
the larger population. However, demographic differences between
included and excluded participants were minimal and not clinically
relevant, suggesting a good external validity.

In conclusion, based on our findings, national guidelines and
policy changes should emphasize reduced consumption of refined
carbohydrates and saturated fat, and recommend increased consump-
tion of protein, primarily from plant and dairy sources. Public health
messaging should highlight practical strategies such as gradually
increasing the ratio of pulses, legumes and dairy in the diet to achieve
a desirable macronutrient composition for NCD prevention. Such
dietary shifts can reverse the nutrition transition, address protein
inadequacies and improve overall diet quality. Subsidies through the
PDS should emphasize healthier protein sources (pulses and legumes)
and healthier edible oils (low in saturated fat) over refined grains like
white rice. Minimum support prices for cereals, if extended to pulses,
legumes and dairy canimprove both the quality and the quantity of pro-
teinconsumed. Because healthcareis a state government responsibility
inIndia, the study’s findings are vital for helping states to enhance their
PDS plans and to promote subsidies that prevent NCDs. A multisectoral
approachinvolving healthcare, agriculture and socioeconomic policy
is crucial for fostering healthier diets and lowering NCD risk in India.
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maries, source data, extended data, supplementary information,
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Methods

Sampling and study population

The ICMR-INDIAB national study is a cross-sectional door-to-door
population-based survey that includes a representative sample of
individuals aged >20 years drawn from 30 states and union territories,
and the NCT of Delhi. To be nationally representative, the survey was
conducted in multiple phases using a stratified multistage sampling
designusingthree-level stratification based on geography, population
size and socioeconomic status of each state. In phase 1(2008-2010),
individuals from Tamil Nadu, Chandigarh, Jharkhand and Maharash-
tra were recruited. Phase 2 was conducted from 2012 to 2013, and
included undivided Andhra Pradesh, Bihar, Gujarat, Karnatakaand Pun-
jab. Phase 3 (2017-2018) included Delhi, Madhya Pradesh, Rajasthan
and Uttar Pradesh, while phase 4 (2018-2019) included Kerala, Goa,
Puducherry, Haryana and Chhattisgarh. The Northeast phase was con-
ducted between 2011and 2017 and included states of Assam, Arunachal
Pradesh, Manipur, Meghalaya, Mizoram, Nagaland, Sikkim and Tripura.
The final phase (phase 5) was conducted between 2019 and 2020 and
covered Himachal Pradesh, Uttarakhand, Odisha and West Bengal.
Additional methodological details of the ICMR-INDIAB survey have
been published earlier'. The primary sampling units (PSUs) were vil-
lages in rural areas and census enumeration blocks in urban areas.
Using a systematic sampling method described elsewhere’, from each
PSU, 24 households from urban areas and 56 households from rural
areas were selected. To avoid selection bias with respect to age and
sex, one individual was selected from each household using the WHO
Kish method™.

The total sample size, including all 30 states, union territories
and the NCT of Delhi, was 113,043 adults, with 79,506 from rural areas
and 33,537 from urban areas. Of the 113,043 individuals, every fifth
individual (n = 24,800) and all those with known and newly diagnosed
diabetes wereinvited to provide informationon diet. A total of 20,860
individuals provided information on diet (response rate 91.8%). The
final dataset for this study comprised 18,090 adults (49% male, 27%
urban), for whomall biochemical and dietary assessments were avail-
able for further analysis.

Ethics

TheInstitutional Ethics Committee at Madras Diabetes Research Foun-
dation (MDRF) granted approval for the study, and written informed
consent was obtained from all study participants. The study was regis-
tered with the Clinical Trials Registry of India (CTRI/2019/03/018095).
The study was conducted in accordance with the principles outlined
inthe Declaration of Helsinki for medical research.

Study procedures

Information pertaining to demographic and socioeconomic character-
istics of all participants was collected using a standardized, structured
questionnaire. Weight, height and waist circumference were meas-
ured using standardized procedures. BMI was calculated as weight in
kilograms divided by height in meters squared. Blood pressure was
recordedinthesitting position twice with aninterval of 5 min. Measure-
ments were takenin the right arm to the nearest1 mm Hg, using digital
sphygmomanometers (Omron HEM-7101, Omron). The average of the
two readings was used as the final reading. For quality assurance, equip-
ment with the same specifications were used throughout the study.
Interobserver and intra-observer coefficients of variation between
the field technicians were documented to be less than 5% in all regions.

Biochemical assessments

Biochemical assessments were performed using standardized methods
by the same team of laboratory technicians throughout the study. In
individuals without self-reported T2D, we conducted an oral glucose
tolerance test using capillary blood glucose (One Touch Ultra, LifeS-
can, Johnson & Johnson). Fasting venous blood samples were drawn

for assessment of glycosylated hemoglobin (HbAlc) in every fifth
participant. Venous samples were centrifuged within1 h at the survey
siteand serumwas transferred tolabeled vials and temporarily storedin
—20 °Cfreezersbeforebeingsenttothe centrallaboratory. HbAlc was
measured with high-pressure liquid chromatography using the Variant
IITurbo machine (Bio-Rad, Hercules), which s certified by the National
Glycohemoglobin Standardization Program as having documented
traceability to the Diabetes Control and Complications Trial reference
method®. Serum cholesterol (cholesterol esterase oxidase-peroxidase-
amidopyrine method), serum triglycerides (glycerol phosphate oxi-
dase-peroxidase-amidopyrine method) and high-density lipoprotein
cholesterol (direct method—immune inhibition) were measured using
the Olympus2700/480 automated biochemistry analyzer (Fullerton)
from 2008t02015, and the Beckman Coulter AU 680 clinical chemistry
analyzer (Fullerton) from 2016 to 2021. LDL-C was calculated using the
Friedwald equation®. The intra-assay and interassay coefficients of
variation for biochemical assays conducted at the central laboratory
ranged between 3.1% and 7.6%.

Assessment of diet

Diet was assessed using an interviewer-administered questionnaire,
MDRF-FFQ’'. The MDRF-FFQ is a meal-based, quantitative FFQ that
contains a list of 222 food items normally consumed by both urban
and rural populations. Participants were instructed to indicate usual
frequency of consumption for each food item (number of times per
day, week, month, year or never) and their usual serving size, reflecting
their dietary patterns over the past year, using one of the five following
categories: ‘never’, ‘daily’, ‘weekly’, ‘monthly’ and ‘yearly’. To precisely
estimate portion sizes and tools, participants were provided with a
visual atlas of Indian foods. Inaddition, common household measures,
such as household cups, bowls, ladles, spoons, wedges and circles of
different diameters, were shown.

The MDRF-FFQ has been previously validated for adultsin urban
andrural areas across ten states in five regions of India®’. The FFQ was
administered to adults twice a year (at 0 and 12 months). Reproduc-
ibility, assessed using intraclass correlation coefficients, showed
moderate to good correlations for nutrients and food groups (for
example, 0.50-0.77 for saturated fat and energy in urban areas, and
0.61-0.72 for protein and saturated fat in rural areas). Intraclass cor-
relation coefficients for foods such as whole grains (urban, 0.53; rural,
0.61) and fruits and vegetables (>0.7) were also high, indicating good
reproducibility. We also assessed the construct validity of carbohy-
drate and fat intake using serum lipids in regression analyses. The
de-attenuated Pearson correlation for the energy-adjusted nutrients
between FFQ and 24-h recalls ranged from 0.73 for carbohydrates to
0.35for calcium.

Theaverage daily intake of calories, macronutrients, dietary fiber,
fatty acids and food groups (excluding nutrient supplements like
protein powder) was computed using the ‘EpiNu’ Software (version
2.0). EpiNu consists of awide range of recipes gathered from various
places (ranging from households to commercial eating places such as
fast-food outlets and popular restaurants) tobe morerealisticasto the
actual eating habits of the population. The food groups were catego-
rized based on the food items reported by the participantsin the FFQ.

Calculation of %E for macronutrients

The %E for each individual was calculated as follows: carbohydratesin
g x 4 calories/total daily calories x 100; protein in g x 4 calories/total
daily calories x100; and fat in g x 9 cal/total daily calories x100.

Calculation of %E food groups

« For the purpose of this analysis, %E from refined cereals
included meals/snacks prepared with white rice, refined wheat
flour (white flour/maida), refined millet grains/flour, wheat
semolina (rava) and vermicelli.
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The %E from milled whole grains included calories from whole

wheat and whole millets used in flour or grit form.

» The %E from added sugar included white sugar, honey, jaggery
and palm sugar added during cooking or processing and on the
table. Added sugar from processed foods was not included in
this definition due to lack of adequate information.

» The %E from plant protein included protein calories derived
from cereals (whole and refined), pulses, legumes, nuts and
oilseeds.

 The %E from dairy protein included protein calories derived
from milk and its derivatives.

» The %E from fermented dairy included Indian style yogurt
(curd), buttermilk and lassi.

» The %E from nonfermented dairy included all types of milk
(cow/buffalo/yak/goat), milk added to coffee and tea, paneer
(curdled milk solids).

» The %E from animal protein included protein calories derived

from meat, poultry, eggs, fish and seafoods.

Physical activity assessment

The MDRF Physical Activity Questionnaire captures datafrom multiple
activity domains over the period of a year from males and females of
varying ages and has been validated in both urban and rural settings,
covering tenstatesin different regions*. Thisinterviewer-administered
questionnaire documents the frequency and duration of various activi-
ties, encompassing regular, obligatory and discretionary tasks across
all domains. These domains include occupation, general activities
(like sleep, personal care and household chores), transportation and
leisure activities. The calculation of physical activity for an ‘average’
day was derived from a sum of the activities in various domains for a
24-hperiod. Total energy expenditure (TEE) was calculated as the time
spent on various activities in the multiple domains and the energy
cost of these activities. Energy cost was reported as amultiple of basal
metabolicrate (BMR) and called physical activity ratio. Total time spent
on habitual activities was multiplied by the physical activity ratio to
derive the TEE of 24 h. The PAL was then calculated as TEE/BMR for24 h
(ref.15). Participants were categorized as physically active or inactive.
Moderate and vigorous PAL were combined for the ‘active’ category
based on PAL cutoffs for moderate (1.70-1.99) and vigorous (2.0-2.4)
activities, while physically inactivity was defined as sedentary PAL of
1.40-1.69 (ref.15).

Assessment of metabolic risk
Newly diagnosed T2D was defined as HbAlc 26.5% and/or fasting
(capillary) blood glucose 126 mg dI™ (=7 mmol I™") or 2-h postglucose
load (capillary) blood glucose 220 mg dI™ (=12.2 mmol [})"525357,
Newly diagnosed prediabetes was defined as an HbAlc 5.7-6.4% or
if fasting glucose was =100-125 mg dI™* (25.6-6.9 mmol ") and/or
if 2-h postload glucose (capillary) value was above 160 mg dI™ but
<220 mg dI™* (8.9 to <12.2 mmol I!)*>***", Generalized obesity was
defined using Asia-specific cutoffs of BMI of 25 kg m™ or higher.
Abdominal obesity was defined based on the WHO Asia Pacific guide-
lines, with a waist circumference of 90 cm or greater for men and 80
cm or greater for women’®,

Hypertension was defined as a systolic blood pressure of 2140 mm
Hg, oradiastolic blood pressure of >90 mm Hg (ref. 59). Dyslipidaemia
was defined using the National Cholesterol Education Program Adult
Treatment Panel Ill guidelines as follows: serum cholesterol concen-
trations of 2200 mg dI™* (=5.2 mmol "), serum triglyceride concen-
trations of 2150 mg dI™! (=1.7 mmol ™)), low high-density lipoprotein
cholesterol (male, <40 mg dI™ (1.04 mmol I™); female, <50 mg dI™*
(1.3 mmol I")) and high low-density lipoprotein cholesterol concentra-
tions of 2130 mg dI™* (3.4 mmol 1), Metabolic risk was defined as the
presence of any one of newly diagnosed T2D, prediabetes, dyslipidae-
mia, generalized obesity, abdominal obesity or hypertension.

Statistical analysis

For the purpose of this analysis, the Indian states were divided into the
following six geographical zones: North (Chandigarh, Delhi, Haryana,
Himachal Pradesh, Punjab and Rajasthan), South (Andhra Pradesh
(undivided-subsequently bifurcated into Andhra Pradesh and Telan-
gana), Karnataka, Kerala, Puducherry, and Tamil Nadu), East (Bihar,
Jharkhand, Odisha and West Bengal), West (Goa, Gujarat and Maha-
rashtra), Central (Chhattisgarh, Madhya Pradesh, Uttar Pradesh and
Uttarakhand) and Northeast (Arunachal Pradesh, Assam, Manipur,
Meghalaya, Mizoram, Nagaland, Sikkim and Tripura). Sensitivity analy-
sis on the dietary profile of undivided Andhra Pradesh did not differ
from the separate states of Telangana and Andhra Pradesh (Supple-
mentary Table 4), and hence in this study, undivided Andhra Pradesh
(matching with the actual data collection period of 2012-2013) was
considered. To account for the multistage complex survey design of
the study, to ensure that our results are representative of the larger
population and to compensate for the unequal probability of selection,
our analyses adjusted for sampling weights using the PROC SURVEY
(frequency/mean) procedure, where all key survey elements were used
in statistical analyses. The PSU was accounted for as the cluster, the
normalized weight was accounted for as the final study weight and the
state was accounted for as the stratum to estimate population means,
medians, variance and proportions.

We excluded participants with self-reported T2D (n=1,404),
HbAlc of <4% (n=26) or if they had implausible dietary data
defined as a reported energy intake (n =1,340 with values <500 and
>4,200 kcal d™)°. After these exclusions, the final analytic sample
consisted of 18,090 participants (Extended DataFig.3). Complete data
were available for 90% of the study participants. Missing data were
considered to be missing completely at random. To impute missing
data, we used information on age, sex and BMI to identify the nearest
neighbor and applied the k-nearest neighbor imputation method®
using Python package (version 3.11.7). Given the pervasive presence
of added sugar in foods and beverages, for analyses involving added
sugar as an exposure, we excluded participants who consumed<5g d™
of added sugar. For analyses on saturated fat, we excluded implausible
values (participants with >30%E coming from saturated fat, n = 80).

Intakes of major macronutrients from different food sources were
expressed as a percentage of total energy using the residual method®’.
We evaluated differences in intakes of carbohydrate and its major
food sources (refined cereals including white rice, refined wheat flour
(maida), refined millet grains/flour (minor millets like little millet and
foxtail millet) and wheat semolina (rava); milled whole grains includ-
ingwhole wheat, whole millets and whole grains milled into flour and
added sugar including white sugar, honey, jaggery and palm sugar
added during cooking and onthe table), total protein and its subtypes
(plant protein including cereals, pulses, legumes, fruits, vegetables
(including roots and tubers), nuts and oilseeds; dairy protein includ-
ing fermented dairy protein (Indian style yogurt (curd), buttermilk,
lassi) and nonfermented dairy protein (all types of milk (cow/buffalo/
yak/goat), milk added to coffee and tea, paneer (curdled milk solids));
animal protein including red meat, poultry, fish, egg but not dairy
protein) and total fat and its subtypes (saturated fat, monounsaturated
fat, polyunsaturated fat, n6 polyunsaturated fat, n3 polyunsaturated
fat) by place of residence (urban versus rural), sex, geographical region
(North, South, West, East, Central and Northeast) and within geographi-
calregions). Because dietary data were skewed, we presented weighted
medians and IQRs when describing intakes. All weighted descriptive
statistics were tested for significance by regions, urban versus rural,
male versus female using median and quantile test for continuous vari-
ables and chi-square test for categorical weighted variables. The map
(Fig.1) representsthetop three cereal grainsreported by the weighted
percentage of adults in each state.

We used PROC SURVEY LOGISTIC REGRESSION to evaluate the
association between carbohydrate (%E) and metabolic risk. We also
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examined associations between refined cereals (g d™), milled whole
grains (g d™), added sugar (%E) and metabolic risk. For this analysis,
we excluded nonconsumers and those with intakes <50 g of refined
cereals, whiterice, milled whole grains, milled whole wheat and milled
whole millets, and participants with intakes <5 g d of added sugar.
Models were adjusted for PSU, state code, population weight, age (in
years), sex (male/female), family history of T2D (yes/no), tobacco use
(never/current/past), alcohol use (never/current/past), PAL (sedentary/
moderate/vigorous), time period the study was conducted, educa-
tion qualification (primary school/high school/college), BMI (kg m™;
except for generalized obesity), place of residence: urban versusrural,
intakes of total energy (kcal d™), fat (%E), fruits (g d™), vegetables (g d ™),
tubers (g d™), milk and milk products (g d™), alcohol (g d™), pulses
and legumes (g d™), added salt (g d™) and edible oils and fats (g d™).
Models were further adjusted for newly diagnosed T2D (exceptin
models with newly diagnosed T2D and newly diagnosed prediabetes
as outcomes), newly diagnosed prediabetes (except in models with
newly diagnosed T2D and newly diagnosed prediabetes as outcomes),
hypertension, dyslipidaemia and abdominal obesity (exceptin models
with abdominal and generalized obesity as outcomes). Models were
additionally adjusted for all food sources and nutrients (carbohydrates,
%E) except those that were the outcome. All analyses were conducted
separately in each of the six regions. Heterogeneity in the association
of the dietary exposure with metabolic risk was assessed by using the
P statistic. /* values of ~25%, 50% and 75% were considered to indicate
low, moderate and high heterogeneity, respectively.

We statistically modeled the isocaloric substitution of 5% of energy
from carbohydrates with an equal amount from protein (from actual
foods and not supplements like protein powders) and fat by simulta-
neously including %E derived from carbohydrates with %E from the
replacement nutrient as continuous variables along with other covari-
ates. The differencein the beta coefficients of the two macronutrients
being compared, along with the variances and covariances, were used
to estimate the OR and 95% confidence interval for the substitution
effect®. Additionally, we statistically modeled the replacement of 50 g
of refined cereals with 50 g of milled whole grains, whole wheat flour,
or whole millet flour. The base model was adjusted for PSU, state code,
population weight, age (inyears), sex (male/female), family history of
T2D (yes/no), tobacco use (never/current/past), alcohol use (never/
current/past), PAL (sedentary/moderate/vigorous), time period the
study was conducted, education qualification (primary school/high
school/college), BMI (kg m™; except for generalized obesity), place of
residence (urban versus rural) and intakes of total energy (kcal d™). It
was further adjusted for newly diagnosed T2D (exceptin models with
newly diagnosed T2D and newly diagnosed prediabetes as outcomes),
newly diagnosed prediabetes (exceptin models with newly diagnosed
T2D and newly diagnosed prediabetes as outcomes), hypertension,
dyslipidaemia and abdominal obesity (exceptin models with abdomi-
nal obesity as an outcome). Models were additionally adjusted for all
nutrients except the nutrient being replaced. In sensitivity analyses,
we tested for potential effect modification of the associationbetween
nutrients and metabolic risk by place of residence (urbanversus rural)
and sex (male versus female). Since these tests were not significant
(Pieraction > 0.05), we present results without stratification. All statistical
analyses were two sided and performed with R software (version 4.3.3)
and SAS (version 9.4; SAS Institute).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

Data access (de-identified data) for the ICMR-INDIAB study cannot
be made publicly available because of ethical and data protection
constraints in India. Being a Government of India-funded study with

involvement of all states, multiple layers of permission are required
for data access. However, if corresponding authors are contacted via
email, they will get the required permissions and share the raw data
without cost for noncommercial and research purposes within 3-4
months. However, the data use will be subject to the norms of the
Research Ethics Board of the Madras Diabetes Research Foundation,
the ICMR and Department of Health Research, Government of India.
Data will be shared through an institutional data sharing agreement
or arrangements will be made for analyses to be conducted remotely
without the necessity for data transfer.

Code availability

The underlying code for the results detailed in this study is available
at GitHub—https://github.com/MDRFFNDRstats/INDIAB_21_Substitu-
tion_model.git.
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Extended Data Fig. 1| Pooled odds ratio (95% confidence interval) for the
association of total carbohydrates (%E) and its selected food sources

(g/day) with likelihood of generalized obesity and abdominal obesity in the
ICMR-INDIAB study (n = 18,090). a, Forest plot for generalized obesity, which
is defined as body mass index (BMI) > 25 kg/m? b, Forest plot for abdominal
obesity, defined as waist circumference of > 90 cm for males and > 80 cm for
females. A fixed-effects model was used to synthesize data from the regions.
Two-sided p-values were used in calculating odds ratios and 95% confidence
intervals viasurvey logistic regression. Energy adjusted was used for all the
dietary exposure variables (refined cereals (g/day), milled wholegrains (g/day),
added sugar (g/day), white rice (g/day), milled whole wheat (g/day) and milled
whole millets (g/day)). Models were adjusted for primary sampling unit (PSU),
state code, population weight, age (inyears), sex (male/female), family history

253, df =3 (p = 0.4702)
230, df =3 (p = 0.5133)
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Carbohydrate sources = Refined cereals (g) E
Northern 0.0000 0.0527 - 1.00 [0.90; 1.11] 4.6% 46%
Southern 0.1664 0.0599 ﬂ:.* 1.18 [1.05; 1.33] 3.6% 3.8%
Eastern 0.1240 0.0557 —— 1.13 [1.02; 1.26) 4.2% 4.3%
Western 0.0857 0.0467 * 1.09 [0.99; 1.19] 5.9% 5.6%
Central 0.0124 0.0417 - 1.01 [0.93; 1.10] 7.4% 6.5%
Northeastern 0.1151 0.0529 - 1.12 [1.01;1.24] 4.6% 4.6%
Common effect model L d 1.08 [1.03; 1.12] 30.3% D
Random effects model < 1.08 [1.03; 1.14] . 29.4%
Heterogeneity: /% = 37.5%, 1> = 0.0015, p = 0.1560 H
Carbohydrate sources = Milled wholegrains (g) E
Northern 0.1561 0.0605 —EI*— 1.17 [1.04;1.32) 3.5% 3.7%
Southern 0.0540 0.0512 - 1.06 [0.95; 1.17] 4.9% 4.9%
Eastern 0.0733 0.0528 ~q— 1.08 [0.97; 1.19] 4.6% 4.6%
Western 0.2005 0.0507 .- 1.22 [1.11;1.35] 5.0% 4.9%
Central 0.1798 0.0804 %F 1.20 [1.02; 1.40] 2.0% 2.3%
Northeastern 0.1350 0.0729 - 1.14 [0.99; 1.32] 2.4% 27%
Common effect model .‘ 1.13 [1.08; 1.19] 22.5% 2
Random effects model * 1.14 [1.08; 1.20] . 23.2%
Heterogeneity: /° = 14.5%, <* = 0.0011, p = 0.3213 H
Carbohydrate sources = Added sugar (g) H
Northern 0.0700 0.0451 ‘- 1.07 [0.98; 1.17] 6.3% 5.9%
Southern 0.0894 0.0494 * 1.09 [0.99; 1.20] 5.3% 5.1%
Eastern 0.0898 0.0524 i 1.09 [0.99; 1.21] 4.7% 4.7%
Western 0.0958 0.0467 - 1.10 [1.00; 1.21] 5.9% 5.6%
Central 0.1596 0.0696 i 1.17 [1.02; 1.34] 27% 3.0%
Northeastern 0.1297 0.0720 + 1.14 [0.99; 1.31] 2.5% 2.8%
Common effect model * 1.10 [1.06; 1.15] 27.4% .
Random effects model 6‘ 1.10 [1.06; 1.15] 3 27.0%
Heterogeneity: 1% = 0%, 1 = 0, p = 0.9224 H
H
Common effect model ‘ 1.12 [1.09; 1.14] 100.0% .
Random effects model * .12 [1.09; 1.15) . 100.0%
1

05
Heterogeneity: I = 19.0%, +* = 0.0008, p = 0.2013  Protective Risk
Test for subgroup differences (common effect): 72 = 7.69, df = 3 (p = 0.0528)
Test for subgroup differences (random effects): y5 = 5.81,df = 3 (p = 0.1211)

~

of type 2 diabetes (yes/no), tobacco use (never/current/past), alcohol use (never/
current/past), physical activity level (sedentary/moderate/vigorous), time
period the study was conducted, education qualification (primary school/high
school/college), body mass index (BMI) (kg/m?) (except for generalized obesity),
place of residence: urban vs rural, intakes of total energy (kcal/day). It was further
adjusted for newly diagnosed type 2 diabetes, newly diagnosed prediabetes,
hypertension, dyslipidaemia, and abdominal obesity (except in models with
abdominal and generalized obesity are an outcome). Models with food sources
as the main exposure were adjusted for the remaining food sources while models
with total carbohydrates (%E) were adjusted for total fat (%E). For refined cereals
and milled wholegrains, the analysis only included participants who consumed
>50 g/day. For added sugar, the analysis only included participants who
consumed >1teaspoon (=5 g/day).
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(A) Total carbohydrates (%E) and metabolic risk factors
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Extended Data Fig. 2| Odds ratios (95% confidence intervals) for the
association between total carbohydrates and its selected food sources and
cardiometabolicrisk factors in the study population (n = 18,090). Data
presented as weighted median (IQR). Energy adjusted by residual method

was used for all the dietary exposure variables (refined cereals (g/day), milled
wholegrains (g/day), added sugar (g/day), white rice (g/day), milled whole wheat
(g/day) and milled whole millets (g/day)). Models were adjusted for primary
sampling unit (PSU), state code, population weight, age (inyears), sex (male/
female), family history of type 2 diabetes (yes/no), tobacco use (never/current/
past), alcohol use (never/current/past), physical activity level (sedentary/
moderate/vigorous), time period the study was conducted, education
qualification (primary school/high school/college), body mass index (BMI) (kg/m?)
(except for generalized obesity), place of residence: urban vs rural, intakes of
total energy (kcal/day), fat (%E), fruits (g/day), vegetables (g/day), tubers
(g/day), milkand milk products (g/day), alcohol (g/day), pulses and legumes
(g/day), added salt (g/day), and edible oils and fats (g/day). It was further
adjusted for newly diagnosed type 2 diabetes (except in models with newly
diagnosed type 2 diabetes and newly diagnosed prediabetes as outcomes), newly
diagnosed prediabetes (except in models with newly diagnosed type 2 diabetes
and newly diagnosed prediabetes as outcomes), hypertension, dyslipidaemia,
and abdominal obesity (except in models with abdominal and generalized
obesity as outcomes). Models with food sources as the main exposure were
adjusted for the remaining food sources while models with total carbohydrates
(%E) were adjusted for total fat (%E). Newly diagnosed type 2 diabetes was
defined as glycated hemoglobin (HbAlc) >6.5% and/or if fasting capillary blood

glucose 2126 mg/dL (=7 mmol/L) or 2-h post glucose load capillary blood glucose
>220 mg/dL (=12.2 mmol/L). Newly diagnosed prediabetes was defined as
glycated hemoglobin (HbAlc) 5.7%-6.4% or if fasting capillary blood glucose
was >100-125 mg/dL (=5.6-6.9 mmol/L) and/or if 2-h post load capillary blood
glucose value was 2160 and <220 mg/dL (=8.9 to <12.2 mmol/L). Generalized
obesity was defined as body mass index (BMI) >25 kg/m?. Abdominal obesity
was defined as waist circumference of 290 cm for males and >80 cm for females.
Superscript letter ‘@’ indicates refined cereals include white rice, refined wheat
flour (maida), refined millet grains/flour (minor millets like little millet and
foxtail millet) and wheat semolina (rava). Superscript letter ‘b’ indicates milled
whole grains include milled whole wheat and milled whole millet as flours. White
riceincludes foods made from white rice flour and white rice flakes. Superscript
letter ‘c’indicates milled whole wheat includes foods made from whole wheat
grits and flour. Superscript letter ‘d’ indicates milled whole millets include
foods made from millet grits and flours. Superscript letter ‘e’ indicates added
sugar from white sugar, honey, jaggery and palm sugar added during cooking
and onthe table. For refined cereals and milled whole grains, the analysis only
included participants who consumed >50 g/day. For added sugar, the analysis
onlyincluded participants who consumed >1teaspoon (=5 g/day). a, Total
carbohydrates (%E) and metabolic risk factors. b, Refined cereals (g/day) and
metabolicrisk factors. ¢, White rice (g/day) and cardiometabolic risk factors.

d, Milled wholegrains (g/day) and metabolic risk factors. e, Milled whole wheat
(g/day) and metabolicrisk factors. f, Milled whole millets (g/day) and metabolic
risk factors. g, Added sugar (g/day) and metabolic risk factors.
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N =1,13,043 (94.2%)

Indian Council of Medical Research — India Diabetes (ICMR-INDIAB) study

Urban Rural
n = 33,537 >e n=79,506
v
Every 5% individual
n=22735

l

Study Assessments

circumference

Clinical assessment: Blood pressure

Biochemical assessments:

Demographic assessments:

density lipoprotein

Anthropometric assessments: Height, weight, body mass index, waist

Fasting capillary blood glucose, 2-hr post load
capillary blood glucose, glycated haemoglobin,
serum triglycerides, high density lipoprotein, low

Demographic details, tobacco and alcohol

use, family history of type 2 diabetes, medical
history, dietary habits and physical activity

l

Dietary assessment completed
n = 20,860
(Response rate: 91.8%)

\ 4

P

Statistical analysis n = 18,090

Exclusion

Self-reported type 2 diabetes, n=1,404
Energy outliers (< 500 and > 4200 kcal), n = 1,340
Outliers for low glycated haemoglobin (<4%), n = 26

Extended Data Fig. 3| Study flow diagram. Flow diagram outlining the number of participants assessed for eligibility, excluded, enrolled and analyzed in the final

diet dataset.
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Extended Data Table 1| Top three cereal staple choices reported by the weighted percentage of the study population
stratified by states and union territories (n=18,090)

Region Regiow/ State n ‘White rice n (%)  Whole wheat flour # (%) :’(zzzl)mlllet flours g::ﬁe;, ?%u;et g:?llrl'ﬁ':;:)t zz:lglh::ﬂ /:;u.llet :I(?;nz)e Tlour
All India 18,090 10,998 (60.8) 6,213 (34.3) 879 (4.9) 163 (0.9) 260 (1.4) 343 (1.9) 113 (0.6)

Northern 3,714 298 (8) 3,349 (90) 67(2) 4(0.1) 34 (0.9) 29 (0.8)

o Southern 3,198 2,777(87) 56 (2) 365 (11) 143 (4.4) 4(0.1) 216 (6.8) 2(0.1)

=Y Eastern 2,045  1.601(78.2) 437 (21.3) 7(0.5) 4(0.2) 1(0.1) - 2(0.1)

& Western 1,730 703 (41) 607 (35) 420 (24) 11(0.6) 219 (12.7) 126 (7.2) 64 (3.7)
Central 2,470 729 (29.5) 1,723 (69.8) 18 (0.7) 1(0.02) 1(0.02) - 16 (0.7)
Northeastern 4,933 4,890 (99) 41(0.8) 2(0.2) - 1(0.02) 1(0.02) -
Chandigarh 505 83 (12) 422 (88) - - - - -

2 NCT Delhi 616 48 (12) 568 (88) - - - - -

é Haryana 675 9(1) 666 (99) - - - - -

S Himachal Pradesh 603 143 (25.0) 456 (74.5) 4(0.5) 4(0.5) - - -

“ Punjab 615 12 (2.0 603 (98.0) - - - - -
Rajasthan 700 3(04) 634 (90.4) 63(9.2) - 34(5.3) - 29 (3.9)
Andhra Pradesh® 630 613 (97.4) 7(1.2) 10 (1.4) 10(1.4) - - -

g Karnataka 723 344 (47.6) 31(4.7) 348 (47.7) 130 (17.4) 2(0.3) 215 (29.8) 1(0.2)

g Kerala 584 574 (97.7) 7(1.7) 3(0.6) 1(0.2) 1(0.2) 1(0.2) -

3 Puducherry 625 618 (99.1) 7(0.9) - - - - -
Tamil Nadu 636 628 (98.7) 4(0.8) 4(0.5) 2(0.3) 1(0.2) - 1(0.1)
Bihar 559 290 (53.0) 264 (46.2) 5(0.8) 2(0.2) 1(0.2) - 2(0.4)

E: Jharkhand 520 404 (80.8) 114 (18.9) 2(0.3) 2(0.3) - - -

ﬁ Odisha 505 480 (93.7) 25 (6.3) - - - - -
West Bengal 461 427(92.0) 34 (8.0) - - - - -

g Goa 628 573 (91.6) 50 (7.7) 5(0.7) - - 5(0.7) -

% Gujarat 634 42(5.8) 348 (58.9) 244 (35.3) 9(1.2) 161 (23.4) 12(1.5) 62(9.2)

& Maharashtra 468 88 (17.4) 209 (47.5) 171 (34.6) 2(0.5) 58 (11.6) 109 (22.5) 2(0.3)

_ Chhattisgarh 552 525 (95.8) 27 (4.2) - - - - -

£ Madhya Pradesh 673 30 (4.6) 627 (92.6) 16 (2.8) - - - 16 (2.8)

g Uttar Pradesh 606 115(19.3) 490 (80.6) 1(0.2) - 1(0.2) - -
Uttarakhand 639 59(9.2) 579 (90.7) 1(0.2) 1(0.2) - - -
Arunachal Pradesh 662 654 (98.8) 8(1.2) - - - - -
Assam 682 670 (99.1) 12(0.9) - - - - -

5 Manipur 688 687 (99.9) - 1(0.1) - 1(0.1) - -

% Meghalaya 623 621 (99.7) 2(0.3) - - - - -

2 Mizoram 594 593 (99.8) - 1(0.2) - - 1(0.2) -

2 Nagaland 550 543 (99.0) 7(1) - - - - -
Sikkim 461 451 (98.8) 10(1.2) - - - - -
Tripura 673 671 (99.7) 2(0.3) - - - - -

Data are presented as weighted percentages. *Undivided.
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Extended Data Table 2 | Inter-regional differences in intakes of macronutrients and their selected food sources and
subtypes for the study population (n=18,090)

Macronutrient Region

All India Northern Southern Eastern Western Central Northeastern
Carbohydrates (%E) and food sources
Carbohydrates (%E) 62.3 (60.0, 66.8) 60.3 (56.8,63.3) 63.7 (59.6,67.4) 64.8 (60.8, 69.0) 59.6 (55.6,59.2) 62.6 (59.2,66.0) 63.8 (57.1,70.5)
Refined cereals (%E)* 28.5(16.9, 48.6) 9.4(3.4,18.1) 36.0 (27.4,45.6) 31.5(19.1,45.8) 25.7(16.5,50.5) 18.8(11.4,26.3) 51.7 (31.0,69.0)
White rice (%E) 26.2(15.5,37.5) 8.1(3.6,13.9) 33.8(22.5.45.1) 31.1(17.8,41.9) 23.3(11.5.39.5) 17.1(10.1.23.9) 48.1 (28.1.67.5)
Milled wholegrains (%E)® 16.2(8.9,25.1) 27.8 (19.5,32.1) 11.4 (6.0, 21.9) 14.6 (6.5, 24.6) 15.0 (6.9, 25.9) 30.9 (22.4,38.1) 7.7 (1.6, 15.6)
Milled whole wheat (%E) 15.0(7.1,23.5) 26.3 (13.5,35.0) 10.9 (6.7, 15.1) 13.4(6.5,24.1) 10.0 (6.7, 23.5) 30.0 (21.5,40.1) 7.6 (1.7, 13.6)
Milled whole millets (%E) 14(0.3,4.9) 0.2(0.1,0.7) 0.4 (0.1,2.7) 0.3(0.1,0.9) 5.1(1.1,12.1) 0.3(0.1,1.2) 0.0 (0.0,0.3)
Added sugar (%E)° 4.2(1.5,8.5) 7.9 (4.1,12.9) 7.1(3.9,11.7) 6.3 (3.2,12.7) 7.1(34,114) 7.0 (3.1, 10.9) 2.1(0.4,4.1)
Fats and subtypes
Total fats (%E) 25.2(20.8,29.1) 27.7 (24.7,30.7) 24.7 (21.1,28.2) 24.0(19.6,28.0) 27.9 (24.2,31.7) 25.6(22.2,29.0) 21.6(16.3,27.1)
Saturated fat (%E) 8.9 (6.6,11.6) 11.2 (8.8, 14.1) 9.3(7.1,12.3) 7.6 (5.5,9.8) 9.9 (8.0,12.2 8.5(6.4,10.9) 7.4 (4.8,9.8)
Monounsaturated fat (%E) 6.1(4.8,7.5) 6.7 (5.6,7.7) 5.7 (4.8,6.8) 5.0 (4.0,64) 6.0 (4.9,7.5) 6.7(5.4,7.8) 6.1(4.3,7.9)
Total Polyunsaturated fat (%E) 7.7(5.8.9.3) 8.4(7.2,9.5) 8.0 (6.5,9.4) 8.1(6.7,9.6) 8.0 (6.3,9.5) 9.1(7.6,10.3) 5.3(3.9.7.1)
n6 Polyunsaturated fat (%E) 7.1(5.2,8.7) 7.8 (6.5,9.0) 7.5 (6.1,8.9) 7.6(6.3,9.2) 7.3 (5.8,8.8) 8.4(7.1,9.6) 4.6(3.2,6.4)
n3 Polyunsaturated fat (%E) 0.2 (0.2,0.3) 0.2(0.2,0.3) 0.2 (0.1,0.2) 0.2 (0.2, 0.3) 0.2 (0.1,0.2) 0.2 (0.2,0.3) 0.4 (0.2,0.7)
Protein and subtypes
Total protein (%E) 12.0(11.0, 13.3) 12.1 (11.2,13.1) 11.5 (10.7,12.3) 11.3(104,12.1) 12.2(11.4,13.1) 11.5(10.6,12.4) 13.6 (12.0,16.1)
Plant protein? (%E) 8.9 (7.6,10.0) 9.2(8.2,10.1) 7.5 (6.2,8.6) 9.5 (8.7,10.3) 8.6 (6.5,9.9) 9.6 (8.7,10.4) 8.7(7.5,9.9)
Dairy protein® (%E) 2.1(1.1,3.3) 3.6(2.6,4.8) 2.0(1.3,2.8) 1.2(0.7,2.0) 2.7(1.8,3.7) 2.5(1.4,3.5) 1.1(0.5,1.7)
Fermented dairy protein (%E) 0.2(0.1,0.5) 0.5(0.3,0.8) 0.1(0.07,0.3) 0.1 (0.0, 0.3) 0.4 (0.2,0.7) 0.3(0.2,0.6) 0.02 (0.0, 0.1)
Non- fermented dairy protein (%E) 1.7(0.8,2.7) 3.0(2.2,4.1) 1.8 (1.1,2.5) 1.0 (04, 1.6) 2.2(14,3.0) 2.1(1.2,2.9) 0.9(0.3,1.6)
Animal protein® (%E) 1.0(0.1,2.0) 0.3(0.1,0.4) 1.0 (04,1.6) 0.6 (0.1, 1.0) 1.4 (0.5,2.0) 0.3 (0.0,0.5) 2.9(1.5,5.5)
Red meat protein (%E) 0.2(0.1,0.8) 0.1(0.0,0.2) 0.1 (0.0,0.3) 0.1(0.0,0.1) 0.1 (0.0,0.2) 0.1(0.0,0.3) 0.8(0.3,2.2
Poultry protein (%E) 0.3 (0.1, 0.6) 0.2(0.1,0.4) 0.3 (0.1,0.6) 0.2(0.1,04) 0.2 (0.1,0.4) 0.1(0.1,0.3) 0.5(0.2,1.2)
Egg protein (%E) 0.1(0.02,0.2) 0.0(0.0,0.2) 0.1 (0.0.0.2) 0.1(0.0,0.2) 0.1 (0.0.0.2) 0.0 (0.0,0.1) 0.1(0.0,0.2)
Fish protein (%E) 0.2 (0.0, 0.6) 0.0 (0.0,0.1) 0.3 (0.1,0.7) 0.1 (0.0, 0.4) 0.5 (0.2,1.5) 0.1(0.0,0.2) 0.5(0.1,1.6)

Data are presented as weighted median (IQR). °Refined cereals include white rice, refined wheat flour (maida), refined millet grains/flour (minor millets like little millet and foxtail millet)

and wheat semolina (rava). "Milled wholegrains included milled whole wheat and milled whole millet as flours. °Added sugar from white sugar, honey, jaggery and palm sugar added

during cooking and on the table. For refined cereals and milled wholegrains the analysis only included participants who consumed >50 g/day. For added sugar, the analysis only included
participants who consumed >1teaspoon (25g/day). “Plant protein includes cereals, pulses, legumes, fruits, vegetables (including roots and tubers), nuts and oilseeds. °Dairy protein includes
fermented dairy protein (Indian style yoghurt (curd), buttermilk, lassi) and non-fermented dairy protein (all types of milk (cow/buffalo/yak/goat), milk added to coffee and tea, paneer (curdled
milk solids)). Animal protein includes red meat, poultry, egg, and fish and does not include dairy protein.
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Extended Data Table 3 | Intra-regional differences in intakes of total carbohydrates and their selected food sources (%E) for
the study population (n=18,090)

Region State Carbohydrates Refined cereals® ‘White rice Milled wholegrains®  Milled whole wheat Milled whole millets Added sugar®
Chandigarh 60.2 (56.5, 63.4) 15.6 (6.9, 23.7) 12.4(6.7, 18.4) 34.8(31.0, 39.6) 33.7(29.0, 39.6) 0.0 (0.0, 0.0) 4.6(3.0,6.49)
g NCT Delhi 59.3 (57.0, 62.6) 9.9 (2.2,17.3) 7.4(3.0,12.5) 19.3(13.3,25.1) 18.2(12.3,24.1) 0.0 (0.0,0.1) 104 (5.6, 15.1)
_;_' Haryana 60.3 (57.0, 62.8) 15.5(3.2,274) 11.8 (6.9, 15.6) 19.7 (14.0, 27.1) 19.1(10.9, 29.3) 0.0 (0.0, 0.1) 11.0 (5.9, 15.5)
<) Himachal Pradesh 62.5 (60.0, 65.1) 18.4(11.9,24.8) 14.6 (9.9, 18.7) 23.9(184,31.7) 23.6(15.1,32.4) 0.3(0.1,0.5) 9.6(54,13.8)
“ Punjab 61.8 (58.6, 65.1) 10.8 (4.4, 16.7) 8.9(3.8,13.1) 38.5(35.0,45.7) 37.3(31.0,43.7) 0.0(0.0,1.2) 9.1(5.0,13.7)
Rajasthan 56.7 (53.2, 59.3) 14.8 (5.1, 24.5) 11.9 (5.3, 17.5) 33.8(23.1,44.3) 31.1(21.6,43.1) 2.7 (0.7, 4.4) 8.7 (4.0, 12.7)
Andhra Pradeshd 61.8(57.8,65.4) 38.4(31.0,47.9) 35.8 (28.1,42.7) 10.1(7.0,17.1) 9.6 (6.1, 16.7) 0.0 (0.0, 0.0) 7.4(44,123)
E Karnataka 65.5 (62.2, 68.8) 25.8(21.9,33.5) 23.8(19.7,28.1) 25.1(18.7,31.8) 22.0(13.0,31.0) 10.0(1.6,19.4) 104 (5.2,154)
'5= Kerala 64.7 (61.2, 68.3) 42.5(35.0,47.2) 39.5 (35.0, 46.5) 11.8 (4.9, 18.5) 8.6(54,12.1) 4.1(2.7,6.3) 7.5(4.2,12.6)
3 Puducherry 62.1 (58.1, 66.0) 36.0(25.7,49.3) 33.6 (22.8,45.8) 11.3 (3.6, 18.4) 10.9 (4.0, 17.7) 0.0 (0.0, 0.0) 9.5(4.2,14.6)
Tamil Nadu 63.4(58.8, 67.5) 51.5(43.8,57.8) 47.3 (38.9, 56.5) 9.5(4.5,15.4) 9.2 (3.9, 15.1) 0.1(0.0,0.2) 4.8(1.9,7.6)
. Bihar 65.7 (61.7, 69.7) 31.1(18.2,44.2) 28.9 (17.5, 39.6) 19.9 (9.8, 30.0) 19.5 (9.5, 29.7) 1.3(0.2,2.6) 5.9 (3.1,8.9)
g Jharkhand 67.6 (63.5, 71.5) 32.4(21.1,46.1) 29.8 (17.9,43.8) 16.0 (8.8, 24.0) 15.7 (9.3, 24.0) 0.9 (0.1, 1.6) 8.0 (4.1,12.9)
é Odisha 63.0 (59.7, 66.0) 33.5(19.1,46.1) 30.7 (19.0,41.4) 9.7(5.5,14.4) 9.3 (4.9, 13.6) 0.0 (0.0, 0.0) 10.7 (5.6, 15.4)
West Bengal 62.8 (58.8, 67.0) 37.6(19.4,53.1) 34.9 (17.2, 50.9) 14.7 (5.1, 21.5) 13.9 (5.0, 21.3) 0.0 (0.0, 0.0) 7.2 (3.1, 10.9)
g Goa 58.4(53.9,63.2) 324 (174,50.1) 29.8 (13.5,45.5) 9.3(4.1,15.8) 8.3(4.5,12.2 1.0 (0.1,1.9) 7.8(3.7,114)
?‘: Gujarat 60.6 (57.2, 63.7) 25.4(11.0, 36.0) 22.6(10.7,33.6) 27.1(18.6,39.4) 19.7 (10.1, 30.3) 8.9(0.7,17.1) 7.1(3.1,10.8)
E Maharashtra 59.6 (55.7, 63.7) 47.9(29.2, 60.4) 42.9(27.5,58.2) 10.9 (2.9, 17.8) 7.1 (1.2,15.0) 5.5(2.6,9.2) 74(3.1,11.6)
— Chhattisgarh 68.2 (624, 73.6) 18.7 (13.5,23.8) 17.5 (12.4,22.1) 31.7(22.2,39.1) 30.7 (21.8, 37.6) 0.0 (0.0, 1.0) 6.1(2.3,10.8)
E Madhya Pradesh 62.5 (58.9, 65.3) 18.5(5.2,31.4) 16.6 (7.9, 25.2) 32.3(23.5,42.5) 32.0(23.2,42.1) 1.2(0.1,2.4) 10.2 (4.7, 15.6)
8 Uttar Pradesh 61.6 (58.0, 64.4) 19.0 (11.2,28.0) 18.0 (11.7, 24.6) 32.5(25.1,45.3) 32.0(24.2,44.1) 0.0 (0.0, 0.3) 6.4 (3.4,9.5)
Uttarakhand 61.2 (58.5, 63.7) 19.0 (15.7, 24.9) 17.4 (9.9, 24.5) 30.0(21.0, 37.9) 29.5 (20.7, 36.9) 0.0 (0.0, 1.4) 9.0(5.2,13.5)
Ar hal Pradesh 69.3 (624, 77.9) 51.3(35.2,65.2) 47.7 (32.7, 62.8) 8.5(1.3,15.6) 8.5(1.6,14.5) 0.0 (0.0,0.2) 1.1(0.4,3.5)
. Assam 64.7 (59.7, 69.3) 56.5 (38.6.68.3) 52.8 (28.3.72.1) 7.8(13.12.2 7.5(1.6,12.0) 0.0 (0.0, 0.0) 3.5(1.9.5.1)
5 Manipur 66.6 (59.8,72.3) 54.8 (32.6, 69.1) 51.1(27.3,73.9) 8.7(24,15.0) 8.7 (1.7,14.1) 0.0 (0.0, 0.1) 3.1(2.0,4.5)
?i Meghalaya 63.1(55.8,70.2) 49.8 (26.9, 68.7) 45.2 (25.8, 65.8) 8.4(1.2,15.8) 8.4(1.3,15.8) 0.0 (0.0, 0.0) 5.8(2.8.6.9)
= Mizoram 55.9 (48.2, 63.6) 49.9 (34.1,62.3) 45.1 (29.0, 61.6) 7.7(1.9,13.6) 7.5(1.5,13.5) 0.0 (0.0, 0.0) 1.3(0.5,3.1)
2 Nagaland 58.5 (54.0, 63.1) 52.6 (28.5,74.4) 49.5 (35.3,64.3) 8.5(1.1,16.5) 8.4 (1.1,15.8) 0.0 (0.0, 0.1) 1.5(0.2,3.5)
Sikkim 57.5 (54.3, 60.8) 50.2 (23.6,74.3) 47.1 (22.7,71.8) 10.9 (2.5, 17.4) 9.9 (2.6, 15.5) 1.1(0.1,2.4) 1.9 (0.6,3.3)
Tripura 67.0 (62.7, 70.9) 54.2(29.7,75.3) 51.0 (26.4, 72.1) 8.7(2.3,14.7) 8.4(1.6,14.2) 0.0 (0.0, 0.0) 1.8(0.3,3.7)

Data are presented as weighted median (IQR). °Refined cereals include white rice, refined wheat flour (maida), refined millet grains/flour (minor millets like little millet and foxtail millet)
and wheat semolina (rava). "Milled wholegrains included milled whole wheat and milled whole millet as flours. °Added sugar from white sugar, honey, jaggery and palm sugar added
during cooking and on the table. For refined cereals and milled wholegrains the analysis only included participants who consumed >50 g/day. For added sugar, the analysis only included
participants who consumed >1teaspoon (25g/day). ‘Undivided.
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Extended Data Table 4 | Intra-regional differences in intakes of total fats and their subtypes (%E) for the study population

(n=18,090)
Total n6 n3
Region State 1;.::21 Sang:ted Monoul;;ztllurated Polyunsaturated Polyunsaturated Polyunsaturated
fat fat fat
Chandigarh 26.6(23.5,29.8) 11.5 (8.6, 15.6) 5.6(4.8,6.5) 7.3(6.2,8.9) 6.7 (5.6,8.3) 0.2(0.2,0.2)
= NCT Delhi 28.4(25.9, 30.5) 10.4 (8.0, 12.9) 6.6(5.9,7.5) 8.8(7.7,9.9) 8.3(7.2,94) 0.2(0.1,0.3)
2 Haryana 28.4(26.1,31.3) 11.3(9.1,13.8) 7.4 (6.6, 84) 8.9(7.9,9.9) 8.0(7.0,9.1) 0.2(0.2,0.3)
5 Himachal Pradesh 25.3(23.0,27.4) 9.6 (8.2,11.0) 7.2(6.5,7.9) 8.4(7.7.9.2) 7.7(6.9.8.5) 0.3(0.2,0.3)
“ Punjab 25.9(22.0,29.1) 11.5(8.9,15.1) 4.9 (4.2,5.6) 6.7(5.3.8.3) 6.3(4.8,7.9) 0.2(0.2,0.2)
Rajasthan 30.6(27.9, 33.8) 13.9(10.9, 18.5) 7.6 (6.7,8.7) 9.0 (8.0,9.9) 8.6(7.6,9.7) 0.3 (0.2,0.3)
Andhra Pradesh ? 26.6(23.2,30.3) 15.3 (9.5, 24.6) 5.9 (5.0,6.8) 7.9(64,9.5) 7.4(5.9,9.1) 0.2(0.1,0.2)
E Karnataka 23.0(19.8, 26.0) 9.5(7.2,13.2) 5.0(4.3,5.8) 6.9(5.8,8.3) 6.4(5.3,7.8) 0.2(0.1,0.2)
'='; Kerala 244(21.2,274) 9.0 (7.2,11.0) 5.6(4.7,6.5) 7.7(6.5,9.1) 7.4(6.1,8.8) 0.1(0.1,0.2)
A Puducherry 254(21.9,284) 9.0 (7.3,10.8) 7.0 (6.1, 8.0) 9.0 (7.7,10.4) 8.5(7.2,9.9) 0.2(0.2,0.2)
Tamil Nadu 24.4(20.6, 28.5) 7.4(59,9.3) 5.5(4.7,6.5) 8.3 (6.8,9.5) 7.7 (6.3,9.0) 0.2 (0.1,0.2)
~ Bihar 22.7(18.4,26.3) 7.2(54,8.9) 4.3(3.5,5.0) 7.3 (6.0, 8.8) 6.9(5.7,84) 0.2(0.1,0.2)
§ Jharkhand 20.6 (16.8,24.7) 6.1(4.4,8.5) 4.3(3.5,5.1) 7.7(6.3,9.2) 7.4(6.0,8.8) 0.2(0.1,0.2)
é’ Odisha 25.7(22.7,28.5) 8.3 (6.7,10.0) 6.3(5.3,7.2) 8.8 (7.4,10.0) 8.1(6.7,9.4) 0.2(0.2,0.3)
West Bengal 26.3 (22.0,29.7) 8.5 (6.1,10.9) 6.2 (5.0,7.5) 8.9 (7.3,10.2) 8.3 (6.8,9.8) 0.2(0.2,0.3)
g Goa 28.6(24.8,32.7) 10.0(7.8,12.2) 7.8(6.5,9.0) 8.8(7.6,10.1) 7.8 (6.6,9.2) 0.2(0.1,0.2)
;u:: Gujarat 27.1 (23.9, 30.3) 10.6 (9.1, 13.0) 5.1(44,5.8) 6.3(5.4,7.7) 5.9(5.0,7.3) 0.2(0.2,0.2)
s Maharashtra 27.9(24.0,31.9) 8.7 (7.1,10.9) 5.7 (4.8, 6.6) 8.9 (7.1,10.7) 8.4 (6.7, 10.1) 0.2 (0.1,0.2)
. Chhattisgarh 20.5(15.6, 25.8) 6.0 (4.3,84) 5.1(3.8,6.3) 7.2(5.7,8.9) 6.7 (5.3,8.1) 0.2(0.1,0.2)
g Madhya Pradesh 25.3(22.4,28.7) 8.0 (6.1,10.6) 6.3(54,7.5) 9.1(7.7,10.3) 8.8(7.4,9.9) 0.2(0.2,0.3)
g Uttar Pradesh 26.8 (23.9, 30.6) 9.0(7.2,11.4) 6.6(5.6,7.9) 9.0 (7.7,10.7) 8.4(7.2,10.1) 0.2(0.2,0.3)
Uttarakhand 27.1(24.8,29.5) 9.9 (8.4,11.5) 7.7(7.1,8.2) 9.9 (9.0,10.7) 8.9 (8.0,9.7) 0.2(0.2,0.3)
Arunachal Pradesh 15.6(9.7,23.1) 4.6(2.6,6.9) 4.2(2.6,6.7) 42(2.7,6.3) 3.8(2.3,5.6) 0.3(0.2,0.4)
. Assam 22.9(19.2,26.8) 7.7(6.4.9.5) 5.3(4.3,64) 6.8(54.8.3) 6.3(5.0,7.8) 0.3(0.2,0.4)
Lﬁ Manipur 17.6 (13.5,23.4) 4.7(3.0,6.8) 4.9(34,6.7) 4.6 (3.6, 6.0) 4.0(3.0,5.3) 0.9 (0.5, 1.5)
§ Meghalaya 21.9(16.8,274) 7.0 (4.5,9.5) 6.7(4.9,9.0) 5.9(4.6,7.5) 5.3(4.3,6.9) 0.4(0.2,0.7)
£ Mizoram 27.8(21.4,33.0) 10.3(7.7.13.4) 7.5(6.0,9.2) 5.0(4.0.6.1) 4.0(3.1.5.0) 0.5(0.3,0.8)
z° Nagaland 23.5(19.5,26.2) 9.3(7.0,11.3) 7.5(6.1,8.9) 45(3.5,5.5) 3.4(2.6,4.5) 0.9(0.5,1.9)
Sikkim 28.9(25.6,31.8) 10.1(8.5,12.2) 8.0(7.0,9.1) 9.0 (7.9,10.2) 7.8 (6.7,8.9) 0.3(0.3,0.4)
Tripura 19.3 (15.7, 22.7) 7.5(5.6,9.5) 5.7 (4.6, 6.9) 4.7 (3.5,6.1) 4.0(2.9,5.2) 0.3 (0.2,0.4)

Data are presented as weighted median (IQR). *Undivided.
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Extended Data Table 5 | Intra-regional differences in intakes of total protein and its subtypes (%E) for the study population
(n=18,090)

. Fermented Non-
Region State Total protein Plant protein® Dau:yb dairy ferm?nt.ed 24 Red m.eat Poulrf'y Egg protein Fish protein
protein’ ! dairy protein protein
protein protein

Chandigarh 12.8(12.0,13.7) 9.6(8.5,10.5) 34(25,44) 03(02,05) 29(22,3.8 0.6(0.3,1.1) 0.1(0.0,0.1) 0.3(0.1,0.5) 0.3(0.1,0.5) 0.1(0.0,0.2)

o NCT Delhi 11.5(10.7.12.1) 8.6(8.0.9.5 41(32.47) 06(05.08 34(26.41) 03(0.1,08 01(0.0.02) 02(0.1,04) 0.0(0.0.0.0) 0.1(0.0.0.2)
g Haryana 11.2(10.2,12.1)  8.2(7.0,9.3) 377,47 07(05,10 291,38 02(0.1,04) 0.1(0.0,02) 0.2(0.1,04) 0.0(0.0,0.1) 0.1(0.0,0.2)
S Himachal Pradesh  12.0(11.0,12.8) 10.2(9.5,11.0) 25(1.8,3.2) 0.3(0.2,0.5) 2.1(14,2. 02(0.1,0.3) 0.1(0.0,0.1) 0.1(0.1,0.2) 0.0(0.0,0.1) 0.02 (0.0, 0.04)
z Punjab 124(116,132) 9.4(8.7,10.1) 3.0(24,40) 03(02,05) 271,35 03(0.1,0.8) 0.1(0.0,0.1) 0.3(0.1,0.5) 0.1(0.0,0.4) 0.02 (0.0, 0.04)
Rajasthan 129(12.1,13.6) 8.9(7.7,10.0) 2.7(4.3,6.6) 0.7(06,1.0) 47(3.6,5.7 0.2(0.1,0.3) 0.1(0.0,02) 0.1(0.1,0.2) 0.0(0.0,0.1) 0.03 (0.0, 0.04)
Andhra Pradeshd 11.5(10.6,12.5) 7.2 (64,8.0) 24(15,37) 01(0.1,02) 22(14,34 07(03,1.1) 0.1(0.0,02) 0.4(02,0.7) 0.2(0.1,0.4) 0.0(0.0,0.1)

g Kamataka 11.5(11.0,12.1)  8.1(7.1,8.9) 21(1.6,2.8) 02(01,04) 19(1.524) 08(0.3,1.3) 0.1(0.0,02) 0.4(0.2,0.7) 0.1(0.0,0.3) 0.2(0.0,0.3)
'rg Kerala 10.5 (9.8, 11.4) 5.7 (44,7.0) 1.7(09,2.5) 0.2(0.1,03) 15(0.7,2.3) 13(06,1.9) 0.2(0.1,04) 0.1(0.1,0.3) 0.1(0.0,0.1) 0.7(0.3,1.4)
& Puducherry 11.8(11.1,127) 8.0(65.8.8)  1.5(09.24) 0.1(0.1,03) 13(0.7.2.00 12(07.22) 02(0.1,04) 0.3(0.1,0.5) 0.0(0.0,0.1) _ 0.5(0.2,1.4)
Tamil Nadu 119(113,12.8)  8.1(6.9,9.1) 2.0(14,2.7) 0.1(0.0,02) 18(1.2,2.5 0.9(04,1.7) 0.1(0.0,04) 0.3(0.1,0.6) 0.3(0.1,0.6) 0.3 (0.0,0.6)

. Bihar 115(11.0,122) 9.9(92,10.5) 12(0.7,19 0.0(00,01) 1.1(06,1.8 04(0.1,07) 00(0.0,03) 0.1(0.1,03) 0.1(0.1,0.2) 0.0(0.0,0.1)
E; Jharkhand 11.5(10.6,124) 102(9.511.0) 0.9(0.2,1.6) 0.0(0.0,0.1) 05(0.1,1.3) 04(0.1,0.7) 0.0(0.0,02) 0.1(0.1,0.3) 0.2(0.1,0.5) 0.1(0.0,0.2)
lﬁ Odisha 11.1(10.1,12.1) 9.5(8.9,10.3) 13(0.8,1.8) 0.3(0.1,04) 09(06,1.5 0.8(0.3,1.3) 0.1(0.0,02) 0.2(0.1,04) 0.1(0.0,0.1) 0.4(0.1,0.7)
West Bengal 10.6 (9.9, 11.5) 8.6 (8.0,9.4) 1.4 (0.8,2.2 0.3(0.1,04) 1.0(0.5,1.7 0.9(04,1.4) 0.1(0.0,0.2) 0.2(0.1,0.5) 0.1(0.0,0.2) 0.3(0.1,0.6)

g Goa 121(11.0,132) 59(45,7.2) 21(14,29) 03(02,05) 17(1.0,25 24(1.6,35 00(0.0,02) 0.1(0.1,04) 0.1(0.0.0.2) 1.2(1.1,3.4)
z Gujarat 122(116,129) 9.4(8.7,10.1) 3.6(2.6.45 0.7(03,10) 281,36 04(0.1,07) 0.1(0.0,02) 0.3(0.1,0.5) 0.1(0.0,0.2) 0.0(0.0,0.0)
Z Maharashtra 123(11.6,13.2) 9.9(8.8,10.9) 25(1.8,34) 04(02,06) 21(14,28 05(0.1,0.7) 0.1(0.0,02) 0.3(0.1,0.5) 0.2(0.1,0.3) 0.1(0.0,0.2)
__Chhattisgarh 10.5(9.7,11.3)  9.7(89,10.5) 0.8(04,1.4) 0.2(0.1,03) 0.6(03,1.1) 02(0.1,0.5 0.0(0.0,02) 0.1(0.1,0.2) 0.0(0.0,0.0) _ 0.1(0.0,0.2)
g Madhya Pradesh 123(114,13.0)  9.8(83,10.7) 22(25,44) 0.6(04,07) 2.6(20,3.6) 0.2(0.1,0.6) 0.1(0.0,0.2) 0.1(0.1,0.3) 0.0(0.0,0.1) 0.1(0.0,0.2)
8 Uttar Pradesh 114(10.7,12.1) 9.2(8.0,10.2) 22(1.6,3.00 03(0.1,04) 19(14,26 03(0.1,05 0.1(0.0,02) 0.1(0.1,0.3) 0.1(0.0,0.1) 0.0(0.0,0.0)
Uttarakhand 11.6(108,124) 9.6(9.0,10.2) 3.1(24,39) 04(03,06) 2.6(20,3.3) 0.3(0.1,0.7) 0.1(0.0,02) 0.1(0.1,0.2) 0.1(0.0,0.2) 0.1(0.0,0.2)
Arunachal Pradesh 122 (11.0,14.1) 9.1 (8.1,9.9  1.6(02,1.3) 0.0(0.0,0.0) 04 (0.1,1.1) 2.0(1.0.3.5) 0.6(03,13) 0.8(0.3,1.8)  0.1(0.0,0.1)  0.2(0.03,0.3)
Assam 12.3(11.0,13.8) 9.2(7.9,104) 29(0.5,1.5) 0.0(0.0,0.0) 08(04,1.4) 15(0.7,2.6) 0.1(0.1,04) 0.3(0.2,0.6) 0.1(0.0,0.1) 0.5(0.2,1.3)

E Manipur 142(128,164) 9.3(82,10.9) 0.8(03,14) 0.0(00,00) 0.7(02,1.3) 3.1(24,45) 03(0.1,0.8) 0.4(0.2,1.1) 0.0(0.0,0.1) 1.5(1.4,2.6)
g Meghalaya 143(124,16.8) 7.9 (6.6,8.8) 0.8(04,2.1) 0.0(0.0,01) 05(0.2,1.6) 49(3.1,74) 2.0(1.0,3.8) 0.3(0.2,0.8) 0.1(0.0,0.2) 1.1(1.0,2.5)
£ _Mizoram 16.0(13.8,192)  68(5.6,8.0) 3.4(1.0,22) 0.0(00,01) 13(0.6,1.9 69 (39,106) 23(1.2,39) 23(07,3.2) 02(0.1,0.3) _ 0.6(0.1,1.0)
2 Nagaland 17.6(15.7,19.6) 7.7(6.9.8.6) 15(1.0,1.9) 0.1(0.0.0.1) 15(09,1.8) 74(5.0,10.1) 42(26,59) 0.7(04.1.1) 0.0(0.0.0.1) 1.0(0.7.2.5)
Sikkim 131(122,142) 9.8(9.0.10.7) 16(1.2.2.2 0.1(00,02) 15(1.1,200 19(08.2.8 07(03.14) 0.7(04.1.3) 0.1(0.0,0.2) 0.1(0.0.0.2)
Tripura 13.1(11.8.145) 9.0(8.0.10.0) 1.2(0.7,1.8) 0.0(0.0,00) 1.1(04,1.7 19(1.1,3.0)0 1.0(05,1.7) 0.3(0.1,0.6) 0.0(0.0,0.1) 0.3(0.0,0.5)

Data are presented as weighted median (IQR). °Plant protein includes cereals, pulses, legumes, fruits, vegetables (including roots and tubers), nuts and oilseeds. ®Dairy protein includes
fermented dairy protein (Indian style yoghurt (curd), buttermilk, lassi) and non-fermented dairy protein (all types of milk (cow/buffalo/yak/goat), milk added to coffee and tea, paneer (curdled
milk solids)). °Animal protein includes red meat, poultry, egg, and fish and does not include dairy protein. “Undivided.
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Extended Data Table 6 | Odds ratios (95% confidence intervals) for generalized and abdominal obesity in isocaloric
substitution analysis for the replacement of 5% energy from carbohydrates with 5% energy from other macronutrientsin
the study population (n=18,090)

0, o] cdr
Replacement nutrient (%E) Generalised obesity® 5% Car bokid,' ate. 1 obesity®
Total protein (%E) 0.97 (0.90, 1.04) 0.99 (0.91, 1.07)
Plant protein® (%E) 0.94 (0.84,1.05) 1.06 (0.93, 1.20)
Cereal protein (%E) 0.93 (0.83,1.04) 1.06 (0.94, 1.20)
Pulses and legumes protem (%E) 0.94 (0.84,1.05) 1.06 (0.94,1.21)
Dairy protein? (%E) 1.08 (0.98,1.19) 1.10 (0.98, 1.23)

Fermented dairy protein (%E)

1.01 (0.90, 1.13)

1.03(0.91, 1.16)

Non- fermented dairy protein (%E)

1.06 (0.96, 1.18)

1.11 (0.97, 1.26)

Animal protein® (%E)

0.97 (0.92, 1.04)

0.95 (0.89, 1.02)

Red meat protein %E

0.97 (0.90, 1.04)

0.94 (0.87, 1.02)

Poultry protein (%E)

0.99 (0.93, 1.06)

0.97 (0.89, 1.05)

Egg protein (%E)

0.98 (0.92, 1.06)

0.94 (0.87, 1.02)

Fish protein (%E)

0.99 (0.93,1.06)

0.94 (0.87, 1.02)

Plant protein with dairy (%E)

1.00 (0.91, 1.10)

1.08 (0.98, 1.20)

Animal protein with dairy (%E)

1.00 (0.94, 1.05)

0.95 (0.90, 1.01)

Total fats (%E)

1.05 (1.02,1.09)

1.00 (0.96. 1.04)

Saturated fat (%E)

1.04 (0.99, 1.11)

1.01 (0.94, 1.08)

Monounsaturated fat (%E)

1.02 (0.97, 1.08)

0.94 (0.8, 1.00)

Total polyunsaturated fat (%E)

1.01 (0.95, 1.07)

0.94 (0.88, 1.01)

n6 Polyunsaturated fat (%E)

1.02 (0.96, 1.07)

0.94 (0.88, 1.01)

n3 Polyunsaturated fat (%E)

1.01 (0.95, 1.08)

0.94 (0.87, 1.01)

Two-sided p-values were used in calculating odds ratios and 95% confidence intervals via survey logistic regression. Models were adjusted for primary sampling unit (PSU), state code,
population weight, age (in years), sex (male/female), family history of type 2 diabetes (yes/no), tobacco use (never/current/past), alcohol use (never/current/past), physical activity level
(sedentary/moderate/vigorous), time period the study was conducted, education qualification (primary school/high school/college), body mass index (BMI) (kg/m?) (except for generalized
obesity), place of residence: urban vs rural, intakes of total energy (kcal/day). It was further adjusted for newly diagnosed type 2 diabetes, newly diagnosed prediabetes, hypertension,
dyslipidaemia, and abdominal obesity (except in models with abdominal obesity as an outcome). Models were additionally adjusted for all nutrients except the nutrient being replaced.
2Generalized obesity was defined as body mass index (BMI) 25 kg/m?2. "Abdominal obesity was defined as waist circumference (cm) 290 cm for male and 280cm for female. °Plant protein
includes cereals, pulses, legumes, fruits, vegetables (including roots and tubers), nuts and oilseeds. “Dairy protein includes fermented dairy protein (Indian style yoghurt (curd), buttermilk,
lassi) and non-fermented dairy protein (all types of milk (cow/ buffalo/yak/goat), milk added to coffee and tea, paneer (curdled milk solids)). *Animal protein (%E) includes red meat, poultry,
and egg and egg products and fish and does not include dairy protein.
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Extended Data Table 7 | Odds ratios (95% confidence intervals) for cardiometabolic risk factors in substitution analysis for
the replacement of 50 g refined cereals with 50 g wholegrains’ subtypes in the study population (n=18,090)

50 g Refined cereals
Food groups (g/ day) ls'ieaw];‘iyt':slaagnosed type2 Newly diagnosed prediabetes® Generalised obesity® Abdominal obesity?
Milled wholegrains 1.01 (0.66,1.56) 1(0.72,1.38) 0.99 (0.71,1.39) 1.01 (0.69,1.46)
Milled whole wheat® 0.94 (0.57,1.56) 0.96 (0.65,1.42) 1.00 (0.66,1.52) 1.04 (0.65,1.66)
Milled whole millets® 0.96 (0.56,1.67) 1.04 (0.68,1.58) 0.96 (0.62,1.51) 1.08 (0.66,1.76)

Two-sided p-values were used in calculating odds ratios and 95% confidence intervals via survey logistic regression. Total energy adjusted by residual method was used for all the dietary
exposure variables (refined cereals (g/day), milled wholegrains (g/day), milled whole wheat (g/day) and milled whole millets (g/day)). Models were adjusted for primary sampling unit (PSU),
state code, population weight, age (in years), sex (male/female), family history of type 2 diabetes (yes/no), tobacco use (never/current/past), alcohol use (never/current/past), physical

activity level (sedentary/moderate/vigorous), time period the study was conducted, education qualification (primary school/high school/college), body mass index (BMI) (kg/m?) (except for
generalized obesity), place of residence: urban vs rural, intakes of total energy (kcal/day), fruits (g/day), vegetables (g/day), tubers (g/day), milk and milk products (g/day), pulses and legumes
(g/day), animal foods (g/day), nuts and oilseeds (g/day), and edible oils and fats (g/day). It was further adjusted for newly diagnosed type 2 diabetes (except in models with newly diagnosed
type 2 diabetes and newly diagnosed prediabetes as outcomes), newly diagnosed prediabetes (except in models with newly diagnosed type 2 diabetes and newly diagnosed prediabetes as
outcomes), hypertension, dyslipidaemia, and abdominal obesity (except in models with generalized and abdominal obesity as an outcome). Models were additionally adjusted for all food
groups except the food group being replaced. *Newly diagnosed type 2 diabetes was defined as glycated hemoglobin (HbA1c) 26.5% and/or if fasting capillary blood glucose 2126 mg/dL
(27mmol/L) or 2-h post glucose load capillary blood glucose 220 mg/dL (212.2mmol/L). °Newly diagnosed prediabetes was defined as glycated hemoglobin (HbA1c) 5.7%-6.4% or if fasting
capillary blood glucose was >100-125 mg/dL (25.6-6.9 mmol/L) and/or if 2-h post load capillary blood glucose value was 2160 and <220 mg/dL (>8.9 to <12.2mmol/L). “Generalized obesity was
defined as body mass index (BMI) >25kg/m?. “Abdominal obesity was defined as waist circumference of 290 cm for males and >80 cm for females. *Milled wholegrains include milled whole
wheat and milled whole millet as flours. Milled whole wheat includes foods made from whole wheat grits and flour. °Milled whole millets include foods made from millet grits and flours. For
milled wholegrains, the analysis only included participants who consumed >50g.
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Plants

The study was registered with the Clinical Trials Registry of India (CTRI/2019/03/018095).

Anjana, R. M. et al. The Indian Council of Medical Research-India Diabetes (ICMR-INDIAB) study: methodological details. J. Diabetes
Sci. Technol. 5, 906-914 (2011)

The Indian Council of Medical Research-India Diabetes (ICMR-INDIAB) national study is a cross-sectional population-based survey that
includes a representative sample of individuals aged 20 years and older drawn from 30 states, union teritories (UTs), and the National
Capital Territory (NCT) of Delhi. To be nationally representative, the survey was conducted in multiple phases using a stratified
multistage sampling design using three-level stratification based on geography, population size, and socioeconomic status of each
state. In Phase 1 (2008 to 2010) individuals from Tamil Nadu, Chandigarh, Jharkhand and Maharashtra were recruited into the study.
Phase 2 was conducted from 2012-2013 and included undivided Andhra Pradesh (subsequently divided into Andhra Pradesh and
Telangana), Bihar, Gujarat, Karnataka and Punjab. Phase 3 (2017-2018) included Delhi, Madhya Pradesh, Rajasthan and Uttar Pradesh
while phase 4 (2018-2019) included Kerala, Goa, Puducherry, Haryana and Chhattisgarh. The Northeast phase was conducted
between 2011-2017 and included the states of Assam, Arunachal Pradesh, Manipur, Meghalaya, Mizoram, Nagaland, Sikkim, and
Tripura. The final phase (phase 5) was conducted between 2019-2020 and covered Himachal Pradesh, Uttarakhand, Odisha and West
Bengal.

Leveraging dietary data collected among every fifth participant, we aimed to characterize the dietary profile of India across regions
and examine intra and inter- regional similarities and differences in intakes of macronutrients. Given the high carbohydrate content
of Indian diets, we evaluated the effects of isocaloric substitution of carbohydrates with other macronutrients on measures of
glycemia and adiposity. In all study participants, a structured questionnaire was administered and anthropometric parameters and
blood pressure were measured. Fasting capillary blood glucose was first determined using a glucose meter. An oral glucose load was
administered to all participants except those with self-reported diabetes, and the 2 h post-load capillary blood glucose was
estimated. Additionally, in every fifth subject, a fasting venous sample was collected for measurement of lipids and validated FFQ
questionnaire was administered for dietary assessment questionnaire.
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gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
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the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor
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assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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