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OBJECTIVE

To derive macronutrient recommendations for remission and prevention of type 2 
diabetes (T2D) in Asian Indians using a data-driven optimization approach.

RESEARCH DESIGN AND METHODS

Dietary, behavioral, and demographic assessments were performed on 18,090 adults 
participating in the nationally representative, population-based Indian Council of 
Medical Research–India Diabetes (ICMR-INDIAB) study. Fasting and 2-h postglucose 
challenge capillary blood glucose and glycosylated hemoglobin (HbA1c) were esti-

mated. With HbA1c as the outcome, a linear regression model was first obtained 
for various glycemic categories: newly diagnosed diabetes (NDD), prediabetes 
(PD), and normal glucose tolerance (NGT). Macronutrient recommendations were 
formulated as a constrained quadratic programming problem (QPP) to compute 
optimal macronutrient compositions that would reduce the sum of the difference 
between the estimated HbA1c from the linear regression model and the targets for 
remission (6.4% for NDD and 5.6% for PD) and prevention of progression in T2D in 
PD and NGT groups.

RESULTS

Four macronutrient recommendations (%E- Energy) emerged for 1) diabetes re-
mission in NDD: carbohydrate, 49–54%; protein, 19–20%; and fat, 21–26%; 2) PD  
remission to NGT: carbohydrate, 50–56%; protein,18–20%; fat, 21–27%; 3 and 4) 
prevention of progression to T2D in PD and NGT: carbohydrate, 54–57% and 
56–60%; protein, 16–20% and 14–17%, respectively; and fat 20–24% for PD 
and NGT.

CONCLUSIONS

We recommend reduction in carbohydrates (%E) and an increase in protein (%E) 
for both T2D remission and for prevention of progression to T2D in PD and NGT 
groups. Our results underline the need for new dietary guidelines that recom-
mend appropriate changes in macronutrient composition for reducing the burden 
due to diabetes in South Asia.
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Correcting unhealthy dietary habits has
emerged as a valuable tool not only to
prevent the development and progres-
sion of type 2 diabetes (T2D) (1) but also
to induce “remission” of T2D to normo-
glycemia in at least a subset of individu-
als (2). Imbalance in macronutrient intake
has been linked to insulin resistance and
chronic disease risk (3). However, there is
still a lot of uncertainty and controversy
on the ideal diet composition for T2D re-
mission/prevention (4). Considering these
challenges, mathematical optimization
techniques have been used to compute
macronutrient distribution range to re-
duce T2D risk (5). Nevertheless, the role
of optimization tools for recommending
macronutrient compositions to reduce
diabetes risk in larger populations is un-
explored. The quadratic programming prob-
lem (QPP) has been explored to provide
individual nutrient recommendations closer
to their current consumption (6).
The QPP is an optimization technique

with a convex objective (e.g., minimizing
the square of the error between mea-
sured and computed glycosylated he-
moglobin [HbA1c]) subject to constraints
over a convex set (see Supplementary
Fig. 2.1 for details). A convex set is a set
in which all the points on any straight
line connect 2 points contained in the
set. The convex problems can be solved
in polynomial time, and the solution ob-
tained is global (i.e., the optimal solution
obtained for the decision vectors is unique).
Examples of convex optimization problems
are linear programming, and quadratic pro-
gramming, among others. In particular, min-
imizing linear and quadratic objectives with
linear constraints are optimization prob-
lems widely used in least squares.
National surveys in India (7,8) have

attempted to document the dietary in-
takes of the population but are inade-
quate to inform macronutrient modeling
because they are not representative of
the entire nation or are limited to house-
hold food purchases or measure diet

diversity in women and children. They
also do not provide dietary recommen-
dations for prevention and management
of chronic diseases. Existing recommen-
dations have focused on single macro-
nutrients (9); therefore, there is a need
for guidelines on comprehensive macro-
nutrient distribution. The present analy-
sis of data from the Indian Council for
Medical Research-India Diabetes (ICMR-
INDIAB) national study aims to provide
optimal macronutrient recommendations
for remission and prevention of T2D us-
ing optimization models in Asian Indian
adults according to age, sex, BMI, and
physical activity levels of the population.

RESEARCH DESIGN AND METHODS

Study Population and Sampling
The ICMR-INDIAB study is a cross-
sectional, population-based survey of
adults aged $20 years. The methodo-
logical details of the study have been
published elsewhere (10,11). In brief,
the study sampled 113,043 (33,537 urban,
79,506 rural) residents of 30 states/Union
Territories of India, using a stratified
multistage sampling design (details in
Supplementary Material 1.1–1.3).
For the current study, every fifth in-

dividual who participated in the main
study was included (n = 22,735). Of these,
dietary data were available for 20,860
individuals with a response rate of 91.8%.
Individuals with self-reported T2D (n =
1,404), outliers for energy intake (n =
1,340 with <500 and >4,200 kcal), and
those with very low HbA1c (<4%; n = 26)
were excluded from further analysis. The
final dietary data included 18,090 indi-
viduals, with 49% men and 27% urban,
which is representative of the demography
of the nation (Supplementary Fig. 1.1).
The study was approved by the Institu-

tional Ethics Committee (Madras Diabetes
Research Foundation, Chennai, Tamil Nadu,
India), and written informed consent was
obtained from all study participants. The

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

Exposure Assessment
A structured questionnaire was used to
obtain data on demographic and behav-
ioral aspects. Anthropometric, clinical, and
biochemical assessments were performed
using standardized protocols (Supple-
mentary Material 1.4.1–1.4.2) (10). Bio-
chemical analyses, including fasting and
2-h postglucose load blood glucose meas-
urements, were performed in individuals
without self-reported T2D. The assess-
ment of HbA1c was performed according
to standard protocol in every fifth partic-
ipant (Supplementary Material 1.4.3).

Physical Activity Assessment
The interviewer-administered Madras Dia-
betes Research Foundation Physical Activ-
ity Questionnaire (M-PAQ), validated in
both urban and rural settings (12), was
used to capture frequency and duration
of regular, obligatory, and discretionary
activities in all domains (occupation, gen-
eral activity [including sleep, personal care,
and domestic chores] transport, and lei-
sure activities).

Dietary Assessment
Detailed dietary assessment was per-
formed using the interviewer-administered,
validated Madras Diabetes Research
Foundation Food Frequency Question-
naire (M-FFQ) (13). This captures both
urban and rural food choices of India with
standard portion sizes (small/medium/
large) and portion tools (cup/tsp/tbsp).
Individuals were asked to report the
usual frequency that best represented
their dietary habits over the past 1 year.
A visual atlas of Indian foods with real
food images was used to help individuals
estimate the precise portion size and
tool. The individual’s average daily dietary
intake (total calories and macronutrients)
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was calculated using the in-house EpiNu
version 2.0 software. The M-FFQ showed
good reproducibility assessed by intraclass
coefficients for macronutrients. Briefly,
the intraclass coefficient for carbohydrate
ranged from 0.69 to 0.76, protein from
0.61 to 0.67, and total fat from 0.63 to
0.69 for both rural and urban India (13).
Energy-adjusted (residual method) macro-
nutrients were further used in the analysis
to correct measurement errors associated
with total energy intake (14).

Definitions
• Newly diagnosed diabetes (NDD) was
defined as HbA1c $6.5% and/or
fasting blood glucose $7 mmol/L
($126 mg/dL) or 2-h postglucose load
(capillary) blood glucose $12.2 mmol/L
($220 mg/dL) (12).

• Prediabetes (PD) was defined as HbA1c
5.7%–6.4% or if fasting glucose was
$100–125 ($5.6–6.9 mmol/L) and/or
if 2-h postload glucose (capillary) value
was $160 and <220 mg/dL ($8.9 to
<12.2 mmol/L) (15).

• Normal glucose tolerance (NGT) was
defined as HbA1c #5.6%, fasting blood
glucose <5.6 mmol/L (<100 mg/dL),
and 2-h postglucose load (capillary)
<8.9 mmol/L (<160 mg/dL) (15).

• Physically active: Moderate and vigorous
physical activity levels (PAL) were com-
bined for the “active” category based
on PAL cutoffs for moderate (1.70–1.99)
and vigorous (2.0–2.4) activities (16).

• Physically inactive was defined as sed-
entary PAL of 1.40–1.69 (16).

• Overweight was defined as a BMI
$23 kg/m2 but <25 kg/m2 for both
sexes for South Asians (based on the
World Health Organization Asia Pacific
Guidelines) (17).

• Diabetes remission was defined as
the return of HbA1c to <6.5% with-
out medications in an individual
with diabetes (18).

• Target HbA1c was set to 6.4% and
5.6% for remission of NDD and PD
respectively.

Statistical Analysis
Statistical analyses were performed using
SAS 9.0 statistical package (SAS Institute,
Cary, NC). Continuous variables are pre-
sented as median and interquartile range
(being not normally distributed), and
categorical variables are presented as
n (%). Significance was tested using the

Kruskal-Wallis test and x2 test for contin-
uous and categorical variables, respec-
tively. A P value <0.05 was considered
significant. The following variables were
determined as a priori potentially affect-
ing HbA1c: age, sex, BMI, family history
of T2D, systolic and diastolic blood pres-
sure, PAL, fasting and 2-h postglucose
load blood glucose, the main cereal sta-
ple (rice/wheat/millet), type of diet (veg-
etarian/nonvegetarian, etc.), total energy,
and macronutrients (g and %E)—carbohy-
drate, dietary fiber, protein, total fat, and
fatty acids.

Optimization-Driven Recommendations
for Macronutrients
For proposing data-driven macronutrient
recommendations for different glycemic
categories, a linear regression model
capturing the influences of covariates on
HbA1c% was developed using an optimi-
zation routine (Supplementary Tables
2.1–2.2 and Figs. 2.2–2.4). The model
provided coefficients that captured the
influence of each factor on the HbA1c%
outcomes. This was a linear regression
model solved using the conventional least
squares method with specific modifica-
tions (see Supplementary Material 2.1
and 2.2 for more details). In the HbA1c%
equation, the nondietary covariates were
fixed, and dietary covariates (the macro-
nutrients) were taken as optimization
variables. Consequently, the HbA1c esti-
mated by the linear regression was:

HbA1cest ¼ A� X1B� Z (1)

Where X models the vector of nondi-
etary covariates, such as age, sex, and
activity levels, etc, and selected dietary
factors (other than macronutrients), as
mentioned in the Statistical Analysis sec-
tion. The coefficient A was computed
by a linear regression model. Besides,
Z models the macronutrients and B
their linear regression coefficients. The
HbA1cest can therefore be expressed as
a linear combination of nondietary and
dietary factors. To recommend optimal
macronutrients, the optimization problem
aimed to reduce the sum of the differ-
ence between HbA1cest and the target
that was fixed depending on the glycemic
category. The target HbA1c was set to
6.4% and 5.6% to define remission of
NDD and PD respectively.

MinðHbA1cest � TargetÞ2 (2)

A quadratic objective term was used
as both positive and negative deviations
were penalized alike. The error was mini-
mized by computing the optimal macro-
nutrient composition in the expression
HbA1cest ¼ A� X1 B� Z. In addition,
the macronutrient compositions had a
range determined from the data, and
their total consumption could not ex-
ceed 100%. This aspect was modeled
using the constraints:

Zmin # Z # Zmax and SZ ¼ 100 (3)

By solving the constrained optimiza-
tion problem with the quadratic objec-
tive in Eq. 2 and constraints in Eq. 1
and Eq. 3, macronutrient recommenda-
tions could be obtained. Nevertheless,
usually a range of recommendations is
preferred in studies pertaining to larger
populations considering the variabilities
in dietary intake. Therefore, a reduction
factor “r” (capturing the percentage re-
duction) was introduced to model the
reduction factor on the sum of the
HbA1cest for each of the glycemic cate-
gories. This constraint was given by

HbA1cest # r*SðHbA1cestÞ (4)

In addition, the constraints for the
HbA1cest were given by

HbA1cmin
est # HbA1cest # HbA1cmax

est (5)

where HbA1cmin
est and HbA1cmax

est model
the minimum and maximum HbA1c lev-
els for a particular glycemic category.
Note: In this analysis, the HbA1c% is

used as the outcome variable based on
which the analysis considered NDD and
PD diagnosed by a designated HbA1c

cutoff.
A similar approach was used for both

remission and prevention of progression
to diabetes. This led to four different cat-
egories of recommendations, they are:

1. NDD remission
2. PD remission
3. Prevention of progression to NDD in

PD
4. Prevention of progression to NDD in

NGT

A flowchart indicating the methodol-
ogy and workflow with details is pro-
vided in Supplementary Fig. 2.5.
The QPP was solved in MATLAB 2020a

version using the quadprog routine.
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Data and Resource Availability
Data are available on reasonable request.

RESULTS

Table 1 summarizes the demographic
and nutritional profile of the 18,090
individuals stratified by three glycemic
categories: NDD (n = 1,594), PD (n =
7,336), and NGT (n = 9,160). Those with
NGT were younger and had significantly
lower BMI, systolic and diastolic blood
pressure, fasting and postprandial glucose

levels, and HbA1c compared with PD and
NDD (all values P < 0.0001). Inactivity
levels were high in all three glycemic
categories, with the highest in NDD. The
total calorie intake was significantly differ-
ent between groups (P = 0.01). Individuals
with NGT had the highest consumption
of carbohydrates and protein (g/day and
%E) and the highest glycemic index and
glycemic load. However, total fat, satu-
rated fat, and mono- and polyunsaturated
fat (%E) were higher in NDD and PD.

The nutrition profile of all three glyce-
mic categories stratified by place of resi-
dence (urban/rural), sex, physical activity,
age, and BMI are provided in Supple-
mentary Tables 3.1–3.5. Supplementary
Table 3.1 provides the nutrition profile
stratified by place of residence. Total
calorie and fat intake were significantly
higher in urban compared with rural areas
across glycemic categories, while carbohy-
drate, glycemic index, and glycemic load
were higher in rural areas, and there were

Table 1—Demographic and nutritional profile of Asian Indians stratified by glycemic status (N = 18,090) from 27 states and
3 Union Territories

Adults with NDD Adults with PD Adults with NGT Overall population

Description n = 1,594 n = 7,336 n = 9,160 P value N = 18,090

Age (years) 48 (22) 44 (21) 36 (19) <0.0001 40 (22)

Men, n (%)† 774 (49) 3503 (48) 4,521 (49) 0.12 8,798 (49)

Urban, n (%)† 551 (35) 2,075 (28) 2,254 (25) <0.0001 4,880 (27)

Rural, n (%)† 1,043 (65) 5,261 (72) 6,906 (75) <0.0001 13,210 (73)

BMI (kg/m2) 24 (7) 23 (6) 21 (5) <0.0001 22 (6)

Blood pressure

Systolic (mmHg) 132 (23) 127 (21) 124 (20) <0.0001 126 (21)
Diastolic (mmHg) 83 (14) 82 (13) 80 (14) <0.0001 81 (13)

Fasting blood glucose (mg/dL) 128 (45) 105 (11) 88 (11) <0.0001 95 (18)

2-h postprandial blood glucose (mg/dL) 155 (106) 124 (31) 110 (23) <0.0001 117 (31)

HbA1c (%) 6.6 (1.4) 5.5 (0.7) 5.1 (0.4) <0.0001 5.3 (0.6)

Family history of diabetes, n (%) 194 (12) 697 (10) 679 (7) <0.0001 1,574 (9)

Smoking (yes), n (%)† 222 (14) 1,060 (14) 1,458 (16) 0.01 2,740 (15)

Alcohol (yes), n (%)† 216 (14) 987 (14) 1,376 (15) 0.01 2,579 (14)

Physically active, n (%)† 477 (30) 2,462 (34) 3,287 (36) <0.0001 6,226 (34)

Physically inactive, n (%)† 1,117 (70) 4,874 (66) 5,873 (64) <0.0001 11,864 (66)

Total energy (kcal) 2,062 (1,009) 2,069 (982) 2,043 (1,018) 0.01 2,054 (1,005)

Carbohydrates (g) 324 (39) 324 (42) 326 (45) 0.12 325 (43)

Carbohydrates (%E) 61.4 (7·9) 61.4 (8·3) 61.7 (9.3) <0.0001 61.6 (8.7)

Glycemic load 164 (48) 166 (50) 169 (54) <0.0001 168 (52)

Glycemic index (%) 61 (10) 61 (10) 63 (10) <0.0001 62 (10)

Total dietary fiber (g) 37 (12) 37 (12) 37 (13) 0.86 37 (12)

Total dietary fiber (%E) 3.5 (1.2) 3.5 (1.2) 3.4 (1.3) 0.84 3.5 (1.2)

Protein (g) 63 (10) 63 (11) 64 (11) 0.0002 63 (11)

Protein (%E) 11.8 (2.0) 11.8 (2.1) 12.0 (2.4) <0.0001 11.9 (2.2)

Total fat (g) 60 (16) 60 (17) 59 (18) <0.0001 59 (17)

Total fat (%E) 25.2 (7.0) 25.1 (7.8) 24.6 (8.2) <0.0001 24.8 (8.0)

Total saturated fatty acid (g) 22 (22–23) 21 (21–22) 21 (20–21) <0.0001 21 (21–21)

Total saturated fatty acid (%E) 9.3 (9.1–9.6) 9.0 (8.9–9.1) 8.6 (8.5–8.6) <0.0001 8.8 (8.7–8.9)

Total monounsaturated fatty acid (g) 15 (14–15) 15 (15–15) 14 (14–14) <0.0001 14 (14–14)

Data are presented as median (interquartile range), unless indicated otherwise. Bold P values are statistically significant. SI conversion factor:
To convert fasting blood glucose and postprandial blood glucose to mmol/L multiply by 0.0555. P value <0.05 considered as significant with
Kruskal-Wallis test for continuous variable. †P value <0.05 considered as significant with x2 test for categorical variables.
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no significant differences in protein and fi-
ber intake (g/day and %E). Supplementary
Table 3.2 shows the nutritional profile
stratified by sex. While total calorie in-
take was higher in men in all categories,
carbohydrate intake (g/day and %E) did
not significantly differ by sex. In the PD
and NGT categories, men reported higher
protein, while women had higher fat in-
take. Supplementary Table 3.3 depicts the
nutritional profile stratified by physical
activity levels. Those who were physically
active consumed more calories and car-
bohydrates across glycemic categories,
whereas fat intake was significantly higher
among inactive individuals. Absolute pro-
tein intake (g/day) did not differ by physi-
cal activity levels in NDD and PD. The
nutritional status stratified by age is given
in Supplementary Table 3.4. No significant
differences in intakes of macronutrients
were observed between the two age
categories ($60 years vs. <60 years).
However, total calorie intake was signifi-
cantly lower in older individuals com-
pared with younger individuals. Supple-
mentary Table 3.5 shows the nutritional
profile stratified by BMI. Overweight and
obese individuals consumed more fat
and less carbohydrates across glycemic
categories.
The macronutrient recommendations

computed through the optimization ap-
proach for remission and prevention of
progression to T2D in the three glycemic
categories with various stratifications are
given in Tables 2–4. Four recommen-
dations emerged, with two recommen-
dations for remission in NDD and PD
(Tables 2 and 3) and two for prevention
of progression to T2D in PD and NGT
(Table 4). Overall, the recommendation
for the NDD category was suggested by
the optimization algorithm for reducing
mean HbA1c by 15–20% (denoted by “r”
in the optimization routine). This reduc-
tion in HbA1c translates to remission in
66–78% of individuals with NDD. The
optimal macronutrient ranges (%E) to
achieve this remission in NDD were car-
bohydrates, 49–54; proteins,19–20; fat,
21–26; and dietary fiber, 5–6. The fat
recommendation was lower for rural com-
pared with urban counterparts (21–24 vs.
23–25%E, respectively). However, carbohy-
drate and dietary fiber recommendations
for rural residents were 1% higher than
for urban. The optimization results based
on physical activity levels showed that for
active individuals, the carbohydrate intake

could be in the range of 52–55%E,
whereas for inactive individuals, a lower
range of 50–52% was recommended. Be-
sides, women were recommended a 2%
greater reduction in carbohydrates than
men. Further, older individuals ($60 years)
were recommended 1%E lower carbohy-
drates and 1%E higher protein compared
with younger individuals. Similarly, for
overweight and obese, an additional 2%

reduction in carbohydrates (49–52%E
vs. 52–54%E) was recommended com-
pared with individuals with normal BMI
(Table 2).
Remission of PD to NGT (Table 3)

could be induced in 52–78% of individu-
als. Overall, the optimal macronutrient
recommendations for this category were
carbohydrates, 50–56%E; protein, 18–20%E;
fat, 21–27%E; and dietary fiber, 3–5%E.

Table 2—Optimized macronutrient recommendations for NDD remission
(n = 1,000)

Stratification
Macronutrient percentage

of energy (%E)
Individuals attaining

remission (%)

Overall Carbohydrates: 49–54 66–78
Proteins: 19–20

Fat: 21–26
Dietary fiber: 5–6

Urban Carbohydrates: 52–53 79–87

Proteins: 18–20
Fat: 23–25

Dietary fiber: 4–5

Rural Carbohydrates: 52–54 67–80

Proteins: 18–20
Fat: 21–24

Dietary fiber: 5–6

Inactive Carbohydrates: 50–52 81–86

Proteins: 19–20
Fat: 22–25

Dietary fiber: 6

Active Carbohydrates: 52–55 71–84

Proteins: 18–19
Fat: 23–25

Dietary fiber: 3–5

Men Carbohydrates: 51–54 67–78

Proteins: 19–20
Fat: 21–25

Dietary fiber: 5–6

Women Carbohydrates: 50–52 82–86

Proteins: 19–20
Fat: 22–25

Dietary fiber: 6

Age <60 years Carbohydrates: 52–54 52–63

Proteins: 18–19
Fat: 21–25

Dietary fiber: 5–6

Age $60 years Carbohydrates: 50–53 81–86

Proteins: 19–20
Fat: 21–25

Dietary fiber: 6

Overweight and obese Carbohydrates: 49–52 66–80

Proteins: 19–20
Fat: 22–26

Dietary fiber: 6

Normal BMI Carbohydrates: 52–54 86

Proteins: 18–20
Fat: 23–25

Dietary fiber: 4–5

Optimization was carried by QPP.
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A 1%E higher carbohydrate intake was
recommended for rural residents com-
pared with their urban counterparts.
Physically inactive individuals were rec-
ommended greater reduction (4%E) in
carbohydrates as against active individ-
uals, who could increase fat calories by
2%. Recommendations stratified by sex
indicated a 2% increase in carbohy-
drate calories for men compared with

women. On the other hand, older indi-
viduals were suggested a 1% decrease
in each of carbohydrate and fat calo-
ries but a 1% increase in protein com-
pared with younger individuals. Similarly,
overweight/obese individuals were rec-
ommended to reduce carbohydrate and
fat by 1% and increase fiber by 1%
compared with those with normal
BMI.

The third and fourth recommenda-
tions of macronutrient composition to
aid in prevention of progression to T2D
for individuals with PD and NGT are
summarized in Table 4. The macronu-
trients (%E) that would prevent progres-
sion to T2D for PD were carbohydrates,
54–57; protein, 16–20; fat, 20–24; and
dietary fiber, 3–6 for all stratifications
(urban/rural, inactive/active, sex, age,
overweight/normal BMI). Similarly, for
NGT, the macronutrients (%E) were car-
bohydrates, 56–60; protein, 14–17; fat,
20–24; and dietary fiber, 3–6 for all
stratifications.

CONCLUSIONS

Here we report key findings that emerged
from modeling the proportions of dietary
macronutrients in relation to the remis-
sion/prevention of progression to T2D in
Asian Indians. We recommend reductions
in carbohydrate calories and an increase
in protein calories for both remission and
prevention of T2D in all glycemic catego-
ries. Further, to prevent progression in PD
and NGT categories, we have identified
a minimum protein intake of 14–16%E.
Physically inactive, obese, and older in-
dividuals, as well as those residing in
urban locations, required greater re-
ductions in carbohydrate (%E) intake.
The national Acceptable Macronutri-

ent Distribution Range (AMDR) for adults
derives 45–65% of its total dietary calo-
ries from carbohydrates, 5–15% from
protein, and 15–35% from fat (19). Our
findings suggest that a lower range of
carbohydrate intake (49–56%E), a higher
range of protein (14–20%E), and a nar-
rower range of fat intake (21–27%E)
would be optimal for remission/preven-
tion of T2D. The nutrition profile of our
study participants was similar to the re-
cent “What India Eats” study, which re-
ported higher carbohydrates and lower
fat intake in rural compared with urban
areas (20). However, compared with our
findings, the earlier study reported higher
protein intake in rural (69 g vs. 63 g) and
lower intake in urban (55.4 g vs. 63–64 g)
areas (20). Our optimization model-based
macronutrient recommendations contrast
with those derived from substitution
models in Western studies (9), in that
the latter suggest increasing carbohy-
drate calories to replace the fat calories
by 2–3%. These differences are perhaps
due to the inherently high carbohydrate

Table 3—Optimized macronutrient recommendations for PD remission (n = 3,094)

Stratification
Macronutrient percentage

of energy (%E)
Individuals attaining

remission (%)

Overall Carbohydrates: 50–56 52–78
Proteins: 18–20

Fat: 21–27
Dietary fiber: 3–5

Urban Carbohydrates: 52–54 52–78

Proteins: 16–20
Fat: 21–26

Dietary fiber: 3–5

Rural Carbohydrates: 52–55 52–78

Proteins: 17–20
Fat: 21–26

Dietary Fiber: 4–5

Inactive Carbohydrates:52–54 51

Proteins: 18–20
Fat: 21–24

Dietary fiber: 5–6

Active Carbohydrates: 52–58 40–64

Proteins: 18–19
Fat: 20–26

Dietary fiber: 3–4

Men Carbohydrates: 52–55 48–53

Proteins: 18–20
Fat: 20–24

Dietary fiber: 5–6

Women Carbohydrates: 52–53 50–80

Proteins: 18–20
Fat: 22–24

Dietary fiber: 5–6

Age <60 years Carbohydrates: 52–55 53–65

Proteins: 18–19
Fat: 20–25

Dietary fiber: 5–6

Age $60 years Carbohydrates: 51–54 50

Proteins: 19–20
Fat: 21–24

Dietary fiber: 5–6

Overweight and obese Carbohydrates: 50–53 35–76

Proteins: 19–20
Fat: 21–25

Dietary fiber: 6

Normal BMI Carbohydrates: 52–54 51

Proteins: 18–20
Fat: 21–26

Dietary fiber: 4–5

Optimization was carried by QPP.
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and lower fat content in Indian ver-
sus Western diets, such that reduc-
ing carbohydrate calories would have a
proportionately greater benefit in the
former. We showed in an earlier publi-
cation that reducing carbohydrate in-
take to <65%E can reduce the risk of
T2D by 70% (21,22). We now show that
remission in T2D would require further
reduction of carbohydrate intake to
49–54%E.We showed earlier that urban
Asian Indian adults derive 61–64% of
their total daily energy intake from car-
bohydrate (23). In general, low- and
middle-income countries consume car-
bohydrate in the range of 60–70%E
(24). Hence, the study findings can be
extended to such high carbohydrate–
consuming countries.
As our recommendations do not entail

drastic changes from the usual carbohy-
drate intake of the population, we be-
lieve that they are eminently feasible,
acceptable, and sustainable on a large
scale, in contrast to the widely used keto
diet, paleo diet, very low-calorie diet,
and other “diabetes reversal” diets that
require much more extreme reductions
in carbohydrate and calorie intake (2,25).
We recommend a fat intake of

21–27%E for remission and prevention
of T2D, which is essentially similar to
earlier guidelines. However, further stud-
ies are required to elucidate the optimal
distribution of different types of fat in the
diet. Similarly, our dietary fiber recom-
mendations agree with the national

recommendations of 25–40 g/2,000 kcal/
day (19). The Asian Indian diet has
been traditionally considered deficient in
quantity and quality of protein (26), and
this has been postulated to predispose to
T2D by reduction in lean body mass (27).
Increasing protein intake should therefore
be relevant for prevention/remission of
diabetes via its potential effect on main-
tenance of skeletal muscle mass (28). Na-
tional dietary recommendations for India
now recommend alteration of the ratio
of protein intake from dietary cereal-
legume-milk from 11:1:3 to 3:1:2.5 (19),
suggesting that an increase in dietary
protein intake is feasible in India, us-
ing sources of protein that are easily
available.
Inactive, older, and obese individuals

in our study needed a greater reduction
in carbohydrate with higher intake of
protein. Also, individuals in rural areas
(who are more likely to be engaged in
physically active occupations) were found
to require a lesser reduction of carbohy-
drate for improvement of glycemic status
compared with their urban counterparts.
These subtle differences can have signifi-
cant implications in designing policy initia-
tives for reduction of diabetes risk in
different subsections of the Asian Indian
population.
The current study has several strengths.

Firstly, the ICMR-INDIAB study has been
performed on a nationally representative
sample, and this substudy on diet has
equal representation from each state/

Union Territories in India and from both
urban and rural areas.
Secondly, the macronutrients were all

adjusted for total energy intake, whereby
the measurement error of nutrient intake
associated with total energy is minimized.
Thirdly, the optimization method used

has firm mathematical background on
optimality conditions, convergence, and
feasibility that makes it easier to adopt,
and the problem being convex, could be
solved in reasonable time for even large
data sets. For the first time, recommen-
dations have been provided for different
stratifications of glycemic categories in
the population.
Further, the recommendations are

based on modifications of current popu-
lation-based consumption levels. They do
not entail drastic changes in the usual
diet patterns and should therefore be
easier to comply with and are likely to
be more sustainable. Moreover, the findings
are generalizable to other low- and middle-
income South Asian countries with high
diabetes prevalence, as they have a sim-
ilar dietary profile to India with very high
carbohydrate intakes (24,29).
However, the study has some limita-

tions. Even when collected using the
best available measures, assessment of
self-reported dietary intake is compli-
cated by challenges such as complexity
of many foods, inability to describe spe-
cific foods, natural day-to-day variability
in intake, and limitations of food com-
position databases. The quality of mac-
ronutrients for recommendations (types
of fats, carbohydrates, and proteins) is
another important aspect of optimized
diet that is not included in the current
study due to lack of adequate details
(fatty acids, glycemic index, glycemic
load, and protein-quality score) for the
reported processed and cooked foods.
The method heavily relies on the HbA1c
model to be linear that worked for the
data considered in our analysis, and
generalization of the approach across
data sets may be difficult. In the current
study, modeling efforts could not be fur-
ther tested dynamically to assess the
change in dietary macronutrients to ef-
fect a change (i.e., reduction in the dia-
betes risk). The FFQ was collected only
once due to the cross-sectional design
of the study; hence, changes in diet and
lifestyle that have occurred subsequently
may have an influence on the data. It
should also be noted that these

Table 4—Macronutrient recommended for prevention of progression to diabetes
in PD and NGT

Macronutrients. %E

Stratifications PD (n) NGT (n) PD (n = 3,094) NGT (n = 9,160)

Overall 3,094 9,160

Carbohydrates: 54–57
Protein: 16–20
Fat: 20–24

Dietary fiber: 3–6

Carbohydrates: 56–60
Protein: 14–17
Fat: 20–24

Dietary fiber: 3–6

Urban 912 2,254

Rural 2,182 6,906

Inactive 2,086 5,873

Active 1,008 3,287

Men 1,576 4,521

Women 1,518 4,639

<60 years 2,384 8,174

$60 years 710 986

Overweight/obese 1,601 3,059

Normal BMI 1,493 6,101

Optimization was carried by QPP.
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recommendations are derived from
the macronutrient calories reported by
the population in each glycemic cate-
gory and therefore do not represent
personalized recommendations for di-
abetes remission or prevention but
rather a single population-level recom-
mendation in each category. Finally, the,
associations should be confirmed in pro-
spective studies (ideally through random-
ized, long-term intervention studies) both
on remission as well as prevention of pro-
gression to T2D.
This report presents a population-

based approach for remission and preven-
tion of progression to T2D by reorganizing
macronutrient compositions using a data-
driven optimization approach. We recom-
mend reduction in carbohydrate and an
increase in protein intake for both remis-
sion in NDD and PD as well as for preven-
tion of progression to diabetes in PD and
NGT categories. As our analyses have
been performed on data from the na-
tionally representative ICMR-INDIAB study
covering all states of India, our findings
comprehensively capture the inherent
diversities in the food habits and culture
and our recommendations can be ap-
plied to the entire Indian population.
These model-based recommendations
highlight and suggest the need to develop
guidelines for appropriate dietary macro-
nutrient composition, which could be
an important step to reduce T2D risk
in India.
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