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Abstract

The glycemic and insulin indices assess postprandial glycemic and insulin response to foods 

respectively, which may not reflect the long-term effects of diet on insulin response. We developed 

and evaluated the validity of four empirical indices to assess the insulinemic potential of usual 

diets and lifestyles, using dietary, lifestyle and biomarker data from the Nurses’ Health Study 

(NHS, n=5,812 for hyperinsulinemia, n=3,929 for insulin resistance). The four indices were: 

the empirical dietary index for hyperinsulinemia (EDIH) and empirical lifestyle index for 

hyperinsulinemia (ELIH); empirical dietary index for insulin resistance (EDIR) and empirical 

lifestyle index for insulin resistance (ELIR). We entered 39 food frequency questionnaire-derived 

food groups in stepwise linear regression models and defined indices as the patterns most 

predictive of fasting plasma C-peptide, for the hyperinsulinemia pathway (EDIH and ELIH); and 

of the triglyceride/high density lipoprotein-cholesterol (TG/HDL) ratio, for the insulin resistance 

pathway (EDIR and ELIR). We evaluated the validity of indices in two independent samples from 

NHS-II and Health Professionals Follow-up Study (HPFS) using multivariable-adjusted linear 

regression analyses to calculate relative concentrations of biomarkers. EDIH is comprised of 18 

food groups; 13 were positively associated with C-peptide, five inversely. EDIR is comprised of 

18 food groups; ten were positively associated with TG/HDL and eight inversely. Lifestyle indices 

had fewer dietary components, and included BMI and physical activity as components. In the 
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validation samples, all indices significantly predicted biomarker concentrations, e.g., the relative 

concentrations (95%CI) of the corresponding biomarkers comparing extreme index quintiles in 

HPFS were: EDIH, 1.29(1.22, 1.37); ELIH, 1.78(1.68, 1.88); EDIR, 1.44(1.34, 1.55); ELIR, 

2.03(1.89, 2.19); all P-trend<0.0001. The robust associations of these novel hypothesis-driven 

indices with insulin response biomarker concentrations suggests their usefulness in assessing the 

ability of whole diets and lifestyles to stimulate and/or sustain insulin secretion.
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INTRODUCTION

Hyperinsulinemia and insulin resistance are considered important underlying mechanisms 

linking poor dietary and lifestyle behaviors to the development of multiple chronic diseases 

and conditions. For example, studies suggest that hyperinsulinemia is associated with higher 

risk of colorectal adenomas(1) and colorectal cancer independent of adiposity(2; 3), and 

insulin resistance has been consistently linked to obesity, inflammation, heart disease and 

type 2 diabetes(4; 5; 6). Although specific dietary factors have been shown to influence 

insulin resistance and secretion(7; 8); dietary patterns or indices that include multiple dietary 

factors and account for the complex interactions among nutrients and foods may be more 

predictive of diet-disease associations (9; 10). Other lifestyle factors that have been linked to 

hyperinsulinemia and insulin resistance are body weight and physical activity (11; 12; 13; 14). 

Physical activity plays an important role in the prevention of insulin insensitivity(14), 

while increased body weight has a direct association with insulin resistance(11). Therefore, 

combining diet, exercise, and body weight in a lifestyle index would likely be more 

predictive of hyperinsulinemia and insulin resistance than each of these factors considered 

separately.

Currently, the most common dietary index used to assess the ability of diets to stimulate 

insulin secretion is the glycemic index (GI). The GI classifies carbohydrate-containing foods 

by their ability to raise the postprandial blood glucose concentration relative to glucose 

or white bread (15) and therefore indirectly assesses immediate insulin responses to food 

intake. However, it neglects dietary factors such as proteins and fats that are also important 

in insulin secretion. Moreover the GI does not quantify the long-term effects of diet on 

glycemia. As an improvement on the GI, our group previously developed a food insulin 

index to directly quantify the postprandial insulin response(16). However this index was not 

predictive of C-peptide concentrations(16). The lack of predictive ability may be because the 

insulin index, similar to the glycemic index, assesses postprandial insulin response to the 

intake of specific foods and therefore is limited to quantifying short-term insulin response 

rather than the long-term effects of whole diets on insulinemia. Hence we developed dietary 

and lifestyle patterns that assess the insulinemic potential of usual diets and lifestyles to 

reflect long term insulin exposure and overall insulin resistance, the more relevant exposure 

for chronic disease prevention.
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Previously, our group derived a dietary pattern associated with hyperinsulinemia and 

found this pattern to be significantly associated with colorectal cancer risk(17). However, 

the sample size used to derive this pattern was small (n=833) and the pattern was 

applied in the same cohort. Our objectives in the current study were three-fold: first, we 

updated the previously developed dietary pattern using the currently available larger sample 

of women and additionally developed separate dietary and lifestyle patterns predictive 

of hyperinsulinemia, as well as insulin resistance. Second, in validation studies, we 

evaluated how well these patterns predicted concentrations of insulin response biomarkers 

in independent samples of men and women; and third, we examined the joint influence of 

diet, body weight and physical activity on clinically relevant hyperinsulinemia and insulin 

resistance.

METHODS

Study populations

The Nurses’ Health Study (NHS), Nurses’ Health Study-II (NHS-II) and Health 

Professionals Follow-up Study (HPFS) are ongoing prospective cohorts established in 1976, 

1989 and 1986 respectively. The NHS (n=121,701) enrolled female registered nurses aged 

30–55 years, while the NHS-II (n=116,430) enrolled younger female registered nurses 25 

to 42 years(18). The HPFS (n=51,529) enrolled male health professionals aged 40–75 years. 

Blood samples were collected from subpopulations of the NHS (n=32,826) in 1989–1990, 

NHS-II (n=29,611) between 1996 and 1999 and HPFS (n=18,225) from 1993 to 1994(19). 

Blood collection was conducted using similar protocols for all cohorts. The procedures, 

including collection, handling and storage, have been previously summarized (20). In the 

current study, we used data from previous matched case-control studies nested within each 

of the three cohorts that measured fasting concentrations of plasma C-peptide, triglycerides 

(TG) and high density lipoprotein cholesterol (HDL). In the NHS, 5,812 women with C-

peptide data and 3,929 women with data on TG and HDL were included in the development 

of the dietary and lifestyle indices. For the validation studies, there were 4,002 men with 

C-peptide data and 3,559 men with TG and HDL data in the HPFS cohort; and 1,717 

women with C-peptide data and 1,008 women with TG, HDL data in the NHS-II cohort. The 

Institutional Review Boards at Brigham and Women’s Hospital and at Harvard T.H. Chan 

School of Public Health approved this study.

Biomarker assessment

For the current analysis, we utilized fasting plasma C-peptide concentrations to assess 

hyperinsulinemia. Compared to insulin, C-peptide has proven to be a better measure of 

beta-cell secretory activity as it is not extracted by the liver, has a slower metabolic clearance 

rate, and does not cross-react with antibodies to insulin(21). To assess insulin resistance, 

we utilized the ratio of fasting triglyceride to fasting high-density lipoprotein-cholesterol 

(TG/HDL) which has been shown to be significantly correlated with insulin resistance (22). 

TG/HDL is also a simple and clinically useful way to identify apparently healthy individuals 

who are insulin resistant (23; 24; 25).
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Procedures for the measurement of fasting plasma insulinemic markers (C-peptide, TG 

and HDL) in the NHS, NHS-II, and HPFS have been described (26; 27). C-peptide was 

measured by ELISA (Diagnostic Systems Laboratories/Beckman Coulter, Webster, TX). 

HDL cholesterol and TG were measured by standard methods with reagents from Roche 

Diagnostics (Indianapolis, IN) and Genzyme (Cambridge, MA) (26; 27). The intra-assay 

coefficient of variation from blinded quality control samples were <12% for C-peptide and 

<1.8% for TG and HDL across batches.

In the nested case-control studies in which these biomarkers were measured, samples from 

cases and their matched controls were analyzed in the same batch. Quality control samples 

were randomly interspersed among the case-control samples, and laboratory personnel were 

blinded to quality control and case-control status for all assays. Biomarkers were measured 

in multiple batches over several years. There may be differences in mean biomarker levels 

by batch due to different reagents, technicians, or laboratories, but also due to differences 

in the participants in each batch. We therefore used a 3-step method previously described 

by Rosner et al.(28), to recalibrate biomarker concentrations across several batches to the 

value of an "average batch" accounting for true variability across batches due to different 

distributions of predictors of the biomarker across batches: i) we constructed a linear 

regression model with biomarker levels as the dependent variable and batch indicators 

as well as variables that may vary by biomarker levels and by batch (regular aspirin/

NSAIDs use, age at blood draw, physical activity, smoking status, diabetes, other chronic 

diseases/conditions, case-control status, and menopausal status, postmenopausal hormone 

use in women) as the independent variables, ii) next we calculated the average batch 

beta coefficient (β) by summing the batch indicator βs and dividing by the total number 

of batches, iii) lastly we calculated the difference between each batch β and average β 
and recalibrated biomarker concentrations by subtracting this difference from the original 

biomarker concentration. The recalibrated biomarkers were then used in analyses. The 

correlations between the recalibrated and uncalibrated TG/HDL was 0.96, and 0.85 for 

C-peptide in the NHS, therefore we used the uncalibrated TG/HDL and calibrated C-peptide 

in the primary analyses and conducted sensitivity analyses with the recalibrated TG/HDL 

and uncalibrated C-peptide.

Assessment of dietary and non-dietary data

Dietary data are updated every four years in the NHS (since 1980), NHS-II (since 1991) and 

in the HPFS (since 1986) with a validated semi quantitative food frequency questionnaire 

(FFQ) that assessed diet intake in the previous one year (29; 30; 31). We used dietary data 

from the questionnaires closest to the blood draw. That is, the 1990 FFQ for the NHS, 1999 

FFQ for NHS-II, and the 1994 FFQ for HPFS. Participants with excessive missing items 

(≥70) on the FFQs or implausibly low or high energy intake (<600 or >3500 kcal/d for 

women and <800 or >4,200 kcal/d for men) were excluded(32).

All three cohorts collected nondietary data (e.g., medical history and health practices) 

and updated the data through biennial self-administered questionnaires. We calculated 

participants’ body mass index (BMI -kg/m2) using height (meters) reported at baseline 

for each cohort, and weight (kg) reported on the questionnaire closest to blood draw. 
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Participants reported smoking status (never, former, current), and we calculated physical 

activity, expressed in metabolic equivalent (MET)-hours per week by summing the average 

MET-hours/week for the following activities: tennis/squash/racquetball, rowing, calisthenics, 

walking, jogging, running, bicycling, and swimming. The reproducibility and validity of 

the physical activity questionnaire have been evaluated.(33; 34) Regular use of aspirin or 

other non-steroidal anti-inflammatory drugs (NSAID) was defined as use of ≥2 standard 

tablets (325-mg) of aspirin or ≥2 tablets of NSAIDs per week. We derived a chronic 

disease comorbidity score by summing the presence=1/absence=0 of the following chronic 

diseases/conditions: hypercholesterolemia, cancer, high blood pressure, heart disease, and 

rheumatoid/other arthritis).

Development of the indices of lifestyle and dietary insulinemic potential

We developed four indices to assess the insulinemic potential of whole diets and lifestyles: 

the empirical dietary index for hyperinsulinemia (EDIH) and empirical lifestyle index for 

hyperinsulinemia (ELIH) that also includes BMI and physical activity as components; 

the empirical dietary index for insulin resistance (EDIR) and empirical lifestyle index for 

insulin resistance (ELIR) that also includes BMI and physical activity as components.

Of the three cohorts, the NHS had the largest sample of participants with biomarker data, 

therefore we used dietary, lifestyle and biomarker data (C-peptide, TG and HDL) in the 

NHS to develop the indices, and based the scores on food groups rather than nutrients, to 

approximate how people perceive dietary intake. We first calculated daily intakes per 1000 

kcal of 39 previously defined food groups(32) from the 1990 FFQ. The grouping scheme 

was based on the similarity of the nutrient profiles or culinary usage among the foods.(32) 

We then used four separate stepwise multivariable-adjusted linear regression analyses to 

identify the most important component food groups and lifestyle factors contributing to 

hyperinsulinemia (with C-peptide concentrations as the dependent variable) and to insulin 

resistance (with TG/HDL as the dependent variable), with the 39 food groups as independent 

variables, and a significance level of P=0.1 for entry into, and retention in the model. BMI 

and physical activity were added to the list of the 39 food group predictors in models to 

develop the lifestyle indices. Intakes of the food groups identified in the stepwise linear 

regression analyses were weighted by the regression coefficients derived from the final 

stepwise linear regression model, and then summed to constitute the indices. All four 

index scores assess the insulinemic potential of diet on a continuum from maximally low 

insulinemic potential to maximally high insulinemic potential, with higher (more positive) 

scores indicating more highly insulinemic diets or lifestyles (hyperinsulinemia or insulin 

resistance) while lower (more negative) scores indicate low insulinemic or insulin sensitive 

diets or lifestyles.

Sensitivity analyses

In sensitivity analyses, we created three potential alternative versions of both the EDIH and 

EDIR by: i) using uncalibrated C-peptide and calibrated TG/HDL; ii) using unweighted 

components, thus assuming that all components contribute equally to the total score; iii) 

constructing the indices among only control subjects of the nested case-control studies 
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(although all the nested case-control studies that generated the data for the current study 

used prediagnostic blood samples from chronic disease-free participants).

Additionally, we compared the predictive ability of the previously developed C-peptide 

dietary pattern. This pattern was high in red meat, high energy beverages, fish and creamy 

soup intake, and low in coffee, high-fat dairy and whole grains intake. Lastly, we compared 

the predictive ability of EDIH and EDIR with that of the previously developed insulin index. 

The insulin index has been described; its values compare the postprandial plasma insulin 

response of a specific food relative to a reference food(16).

Statistical analysis

Where it is not explicitly stated, the analyses described for EDIH and EDIR were also 

applied to their respective lifestyle versions. We described participants’ characteristics using 

means (standard deviations) for continuous variables or geometric means (coefficient of 

variation) for log transformed variables, and frequencies (%) for categorical variables. 

Concentrations of all biomarkers were back transformed to their original units (ex where x 

is the transformed biomarker value) because biomarkers were log transformed using natural 

logarithms prior to analyses.

In NHS, we calculated correlation coefficients between the EDIH or EDIR, their alternative 

versions and the insulinemic markers. We also assessed the distribution of the absolute 

average concentrations of C-peptide across quintiles of EDIH, and TG/HDL across quintiles 

of EDIR, stratified by joint categories of BMI and physical activity (PA) as follows: lean 

and active (BMI <25kg/m2 and PA ≥median PA), lean and sedentary (BMI <25kg/m2 

and PA <median PA), overweight/obese and active (BMI ≥25kg/m2 and PA ≥median 

PA) and overweight/obese and sedentary (BMI ≥25kg/m2 and PA <median PA). The 

multivariable models were adjusted for the following covariates: age at blood draw (years, 

continuous), physical activity (MET-hours/week, continuous), smoking status (never, former, 

current), regular aspirin/NSAIDs use (yes/no), case-control status, history of diabetes 

(yes/no), chronic disease comorbidity score and additionally for menopausal status and 

postmenopausal hormone use. BMI was not controlled for in the multivariable models 

because it has been shown to mediate(35; 36) and/or modify(17) the association between diet 

and insulin markers, thus controlling for BMI could result in attenuation of true associations 

or loss of statistical power to detect true associations.

In the validation studies in which we evaluated how well the indices predicted 

concentrations of the insulin response biomarkers in the HPFS and NHS-II samples, 

we calculated scores for the EDIH and EDIR and their potential alternative versions, 

and estimated correlations among the index scores and biomarkers (C-peptide for 

hypersinsulinemia) and (TG/HDL for insulin resistance). Also, we assessed the distribution 

of the absolute average concentrations of C-peptide across quintiles of EDIH, and TG/HDL 

across quintiles of EDIR, stratified by joint categories of BMI,PA described above. To 

determine if there were clinically relevant differences in the insulinemic potential of 

diet between these categories, we used clinically relevant cut points; 1.8ng/mL for C-

peptide(37; 38) and 3 for TG/HDL(25; 39) (values considered to be the upper limit of normal) 

to dichotomize the biomarkers. Participants with values ≥1.8ng/mL were classified as having 

Tabung et al. Page 6

Br J Nutr. Author manuscript; available in PMC 2018 May 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



high C-peptide concentrations while those with TG/HDL >3 had high TG/HDL ratio. We 

then calculated proportions of participants with clinically high levels of biomarkers across 

dietary index quintiles in each category of BMI,PA.

The associations between EDIH or EDIR and their respective outcome biomarkers was 

assessed in multivariable-adjusted linear regression models using relative concentrations 

of the biomarkers predicted in higher EDIH or EDIR quintiles, with the lowest quintile 

as reference (e.g., concentration in quintile 5 / concentration in quintile 1). We used 

the continuous index adjusted for multiple covariates to assess the trend of biomarker 

concentrations across quintiles of the categorized index. All multivariable models were 

adjusted for the previously described potential confounding variables.

In sensitivity analyses, we applied each of the three alternative versions of the EDIH 

or EDIR (scores developed using uncalibrated C-peptide and calibrated TG/HDL, scores 

developed using unweighted components, scores developed in control subjects only) in 

multivariable-adjusted linear regression models to predict relative concentrations of the 

biomarkers. In addition, we compared the predictive ability of the previously developed 

C-peptide dietary pattern and the insulin index with that of the EDIH and EDIR. Though 

participants were free from diabetes at blood collection, we excluded participants identified 

to have diabetes during the nested case-control studies, and compared findings with those 

from all participants.

All analyses were conducted using SAS version 9.3 for UNIX. All tests were 2-sided and 

95% confidence intervals not including 1 were considered to indicate statistically significant 

results.

RESULTS

Of the 39 food groups examined, 18 were identified as significant contributors to the 

EDIH, with 13 of them positively associated and five inversely associated with C-peptide 

concentrations (Table 1). ELIH had 14 components; seven components including BMI 

were positively associated with C-peptide while the remaining seven components including 

physical activity were inversely associated with C-peptide concentrations. Common to 

both the dietary and lifestyle hyperinsulinemia indices were red meat, margarine, creamy 

soups, butter (positive associations); high fat dairy, wine, coffee and whole fruit (inverse 

associations). The EDIR had 18 components; ten were positively associated while eight 

were inversely associated with TG/HDL. ELIR had 17 components: 11 including BMI, 

were positively associated with TG/HDL, while the remaining six including physical activity 

were inversely associated with TG/HDL. Common to both the dietary and lifestyle insulin 

resistance indices were margarine, red meat, refined grains, processed meat, tomatoes, other 

vegetables, low energy beverages (positive associations); coffee, wine, high fat dairy, liquor 

and green leafy vegetables (inverse associations) (Table 1). The potential alternative versions 

were similar and mainly differed from EDIH and EDIR in the number of components 

(Supplemental Table 1).
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In the NHS, the proportion of overweight women in the highest quintile of both the EDIH 

and EDIR was ≈2 times higher than the proportion in the lowest quintile. Similarly, the 

proportion of lean and active participants was highest in quintile 1 and lowest in quintile 

5. The proportion of participants with ≥3 chronic diseases/conditions in the highest quintile 

was >2 times higher than in the lowest quintile (Table 2). Both dietary indices showed 

moderate correlations with biomarkers. For example, the Spearman correlation coefficient 

was 0.21 for EDIH and C-peptide and 0.32 for EDIR and TG/HDL. The correlations were 

stronger for the two lifestyle indices, with correlations coefficients of 0.47 between ELIH 

and C-peptide and 0.46 between ELIR TG/HDL (Table 3). Also, the EDIH and EDIR 

were highly correlated with their potential alternative versions but correlations with the 

insulin index were low, e.g., while the EDIH had a correlation coefficient of 0.90 with the 

version developed in control subjects, its correlations with the insulin index was −0.07. 

Corresponding correlations for the EDIR were 0.89 and 0.14 respectively (Supplemental 

Table 2).

In multivariable-adjusted models in the NHS, the EDIH and EDIR were significantly 

associated with C-peptide and TG/HDL. The C-peptide concentration of women in the 

highest quintile of the EDIH was 40% (95%CI; 34%, 46%; P-trend<0.0001) higher than 

that of women in the lowest quintile. Similarly, women in the highest quintile of the 

EDIR had a 67% (95%CI; 55%, 80%; P-trend<0.0001) higher concentration of TG/HDL 

than women in the lowest quintile. The corresponding contrasts for the ELIH and ELIR 

were 97% (95%CI; 89%, 106%) and 127% (95%CI; 111%, 145%), respectively (Table 

4). Multivariable-adjusted analyses excluding women with diabetes were not materially 

different (Supplemental Table 3). In stratified analyses, there were large differences in 

C-peptide concentrations in EDIH quintiles across combinations of BMI,PA. Women in the 

overweight/obese and sedentary category had the highest concentrations of C-peptide while 

those in the lean, active category had the lowest concentrations. Also, there were significant 

trends of increasing TG/HDL concentrations within joint strata of BMI and physical activity 

(Figure 1).

In the validation studies using HPFS and NHS-II data, we observed similar trends in 

participant characteristics as in the NHS. Concentrations of C-peptide and TG/HDL 

increased monotonically across quintiles of their respective dietary and lifestyle indices. 

For example, between extreme index quintiles in the HPFS, there was a 25 and 82 percent 

increase in C-peptide for EDIH and ELIH respectively, and a 60 and 132 percent increase 

in TG/HDL for EDIR and ELIR respectively (Supplemental Table 4 for EDIH and EDIR 

and Supplemental Table 5 for ELIH and ELIR). Also, we found similar correlation patterns 

for the indices and biomarkers in the HPFS and NHS-II samples as in the NHS. That is, 

moderate correlations between dietary indices and biomarkers, stronger correlations between 

lifestyle indices and biomarkers (Table 3), and very strong correlations between dietary 

indices and potential alternative versions but low to moderate correlations with the insulin 

index and previously developed C-peptide dietary pattern (Supplemental Table 2). The 

insulin index was inversely correlated with C-peptide and with EDIH. In the HPFS the 

correlation between the EDIH and EDIR was 0.63.
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All four indices were significantly associated with their respective biomarkers in HPFS 

and NHS-II, with stronger associations observed for the two lifestyle indices than their 

diet-only counterparts (Table 4). For example, in HPFS, the relative concentration of 

C-peptide was 29% (95%CI; 22%, 27%; P-trend<0.0001) higher in the highest quintile 

of EDIH compared to the lowest quintile; while the concentration of TG/HDL was 44% 

(95%CI; 34%, 55%; P-trend<0.0001 higher in quintile 5 of EDIR compared to quintile 

1. Corresponding associations for the lifestyle indices were: 78% (95%CI; 68%, 88%; P-

trend<0.0001 for ELIH and 103% (95%CI; 89%, 119%; P-trend<0.0001 for ELIR (Table 4). 

Excluding participants with diabetes did not materially change these findings (Supplemental 

Table 3). In HPFS, there were differences in concentrations of C-peptide and TG/HDL 

across index quintiles and in categories of BMI,PA, with overweight/obese and sedentary 

men having the highest biomarker levels compared with overweight/obese and active men 

or to lean, active or sedentary men (Figure 2). The proportion of participants with clinically 

high C-peptide concentrations across each EDIH quintile was 1.5 to 2 times higher among 

overweight/obese and sedentary men than among lean and active men, while the proportion 

with high TG/HDL levels was 2 to 3 times higher with EDIR quintile among overweight/

obese and sedentary men than among lean and active men. Among men classified as lean 

and active, a higher proportion of those consuming diets with high insulinemic potential had 

clinically high biomarker levels than those consuming insulin sensitive diets (Figure 3).

Results from the sensitivity analyses in both men and women showed that associations 

between the dietary patterns developed only in control subjects and those with uncalibrated 

C-peptide and uncalibrated TG/HDL with biomarkers were reasonably similar to the 

associations obtained with the EDIH or EDIR. However, associations for the unweighted 

versions and the previously developed C-peptide pattern were smaller in magnitude. In 

contrast, the insulin index was not predictive of C-peptide concentrations in both men and 

women. Relative concentrations were: 0.94 (95%CI; 0.89, 1.00; P-trend=0.03) for men and 

0.99 (95%CI; 0.91, 1.09; P-trend<0.90) for women, comparing extreme index quintiles, 

though there was a trend towards an inverse association in men. The insulin index however 

had a direct (but smaller compared to EDIR) association with TG/HDL in men 1.20 (95%CI; 

1.11, 1.29; P-trend<0.0001) but not in women 1.12 (95%CI; 0.99, 1.26; P-trend=0.06). The 

previously developed C-peptide dietary pattern also had direct associations (though smaller 

in magnitude) with C-peptide concentrations in both men and women (Supplemental Table 

6).

DISCUSSION

We developed two dietary and two lifestyle indices in a large cohort of women and evaluated 

their validity in two large independent cohorts of men and women. In all cohorts, the indices 

were predictive of both the absolute and relative concentrations of the insulin response 

biomarkers though the lifestyle indices were more predictive than the dietary indices. When 

we applied cut points that have been shown to discriminate between clinically high and low 

biomarker concentrations in adults, we found a consistently higher proportion of participants 

with high biomarker concentrations across index quintiles within subgroups defined by 

joint categories of BMI,PA, and across BMI,PA categories within index quintiles. These 

dietary indices assess the long term insulinemic potential of whole diets, which is in contrast 
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to the assessment of the acute postprandial glycemic or insulinemic potential of specific 

foods as has been done previously. In addition, the use of the TG/HDL ratio to derive 

the insulin resistance dietary pattern is novel. While our group previously used C-peptide 

concentrations to derive a hyperinsulinemia dietary pattern(17), in the current study, we 

updated and strengthened this pattern by validating it in two independent cohorts of men and 

women. Several sensitivity analyses supported the robustness of the EDIH and EDIR.

The dietary patterns though empirical, align well with current knowledge. In concordance 

with the inverse associations found for whole fruits, green leafy vegetables, and coffee 

with hyperinsulinemia, other studies have shown that higher coffee intake as well as a 

plant-based diet that is high in fiber, fruit and whole grains is associated with lower 

concentrations of C-peptide (7; 40) (8). The dietary pattern predictive of insulin resistance 

is simultaneously influenced by factors that affect both triglycerides and high-density 

lipoprotein cholesterol. We found margarine, refined grains, processed meats, creamy soups 

and fruit juice to be positively associated with insulin resistance while nuts, alcohol, and 

green leafy vegetables to be inversely associated. Similarly, in previous studies, diets 

consisting of refined carbohydrates, and sweeteners, large amounts of saturated fats and 

trans fats (as in many cream-based sauces) have been associated with higher triglycerides 

concentrations, while higher intake of omega-3-fats such as in nuts and the moderate use of 

alcohol have been linked to higher levels of HDL cholesterol(7; 41).

We found clinically relevant differences in biomarker concentrations both across dietary 

index quintiles and across BMI,PA categories. For example 73% of overweight/obese and 

sedentary men consuming the most pro-insulinemic diets had high C-peptide concentrations 

(≥1.8ng/mL) compared to only 37% of lean and active men consuming the least pro-

insulinemic diets. Also, 72% of overweight/obese and sedentary men consuming the most 

insulin resistant diets had high TG/HDL levels (>3) compared to only 19% of lean and 

active men consuming the most insulin sensitive diets. These differences further strengthen 

the idea that these dietary indices can be useful in identifying populations at risk of 

hyperinsulinemia or insulin resistance. Our approach to create lifestyle indices (ELIH and 

ELIR) is complementary to the stratification of the diet-only indices (EDIH and EDIR) 

by BMI,PA combinations. Lifestyle indices assess the joint influence of diet, body weight 

and physical activity on hyperinsulinemia and insulin resistance, which is important for 

public health interventions. The indices assess the insulinemic potential of diet/lifestyle on 

a continuum from maximally low insulinemic to maximally high insulinemic potential with 

no optimal cut point for classifying individuals as absolutely high or low. Stratifying the 

diet-only indices by BMI,PA combinations accordingly to established clinically relevant 

biomarker cut points provides further insight on subgroups to target with specific dietary and 

or lifestyle interventions to reduce hyperinsulinemia and/or insulin resistance.

The differences between participants with clinically high and low biomarker levels within 

quintiles of the dietary indices were observed despite the low to moderate correlations 

between the indices and biomarkers. In previous studies, hypothesis-driven dietary patterns 

have shown low to moderate correlations with the biomarkers used to derive the patterns, 

yet these dietary patterns have shown robust associations with disease risk in independent 

populations(42; 43). For example, Fung et al. reported a correlation coefficient of 0.23 
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between the dietary pattern predictive of C-peptide and C-peptide concentrations in NHS, 

though the pattern showed a significant positive association with colon cancer risk(17). Also, 

a dietary inflammatory index showed low correlations with inflammatory markers yet strong 

associations with chronic diseases including cancer (44; 45; 46). This suggests that correlations 

with biomarkers may not be a direct assessment of the performance of the dietary pattern 

in disease prediction or clinical significance. For example, among lean and active men, 

comparing the highest quintile of EDIR to the lowest, the prevalence of clinically high 

TG/HDL levels can potentially be reduced by >50% through diet interventions even though 

the EDIR had a low correlation (r=0.15) with TG/HDL. A low/moderate correlation may 

also be due to the dietary patterns not capturing other lifestyle behaviors that are associated 

with the biomarker. Interestingly, when lifestyle factors such as BMI and physical activity 

were included, the correlations between the lifestyle indices and biomarkers were >2 higher 

than that between the diet-only indices and biomarkers.

Our group previously created the dietary insulin index to quantify the short term 

(postprandial) insulin-secreting ability of specific foods(16). This index was associated 

with higher triglycerides and lower HDL levels, with an indicative inverse association 

with C-peptide concentrations(16). In the current study we compared the predictive ability 

of the four indices with the insulin index in sensitivity analyses. The insulin index was 

directly associated with TG/HDL, which is expected in the context of prevalent insulin 

resistance, but the correlation was much lower than that of our empirical indices with TG/

HDL. Moreover, the index also showed an inverse trend of association with C-peptide 

concentrations, which at first seemed counterintuitive but may be understood in the 

context of our cross-sectional study design using fasting plasma samples. For example, in 

participants who may usually be consuming a high EDIH/high GI diet; such a diet will elicit 

higher insulin secretion to reduce the acute postprandial glycemia. The lowered glucose 

level will down-regulate further insulin secretion(47), and blood drawn a couple of hours 

into the fasting period will therefore show an inverse association (temporarily) between 

the insulin index (postprandial insulinemia) and insulin secretion (C-peptide concentration) 

which may not persist longitudinally.

Our study is not without limitations. We only had one measurement of the insulin markers, 

which may underestimate validity assessed by correlation coefficients.(48) Given that food 

intake was self-reported, some measurement error is inevitable, though the validation data 

showed reasonably good correlations between FFQ and diet records suggesting that dietary 

intake is generally well measured in our cohorts(29; 30; 31). The composition of food groups 

may not be uniform across studies, which would limit the ability to apply the indices across 

studies in a standardized manner, though investigators may be able to create unified food 

groups in pooled analyses of primary data or in multi-center studies and thus enhance the 

usefulness of these hypothesis-driven dietary patterns in large scale epidemiologic research. 

Study participants in all three cohorts are mostly Caucasian health professionals, but the 

distributions of most participant characteristics in the three cohorts are generally similar 

to that of the larger US multi-racial/ethnic population. It is important however to further 

apply the indices in multi-racial/ethnic populations. Other lifestyle factors include smoking 

and exogenous hormone use but we focused mainly on BMI and PA in the lifestyle 

indices because these have been shown to be strongly associated with circulating insulin 
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markers(11; 12; 13; 14). We adjusted for a large number of potential confounding variables 

including a history of diabetes and other chronic diseases/conditions, but these variables 

were self-reported, thus allowing the possibility of residual confounding. However, results 

from the age-adjusted and multivariable-adjusted models were very similar in all cohorts, 

suggesting that any confounding would have been very minimal.

CONCLUSION

These novel hypothesis-driven empirically derived dietary and lifestyle indices assess 

dietary and lifestyle quality based on insulinemic potential. Their robust associations with 

the insulin response biomarkers in independent samples suggest their usefulness in assessing 

the ability of whole diets and lifestyles to stimulate and/or sustain insulin secretion. The 

indices can be useful in identifying populations at high risk for hyperinsulinemia or insulin 

resistance. Additionally, the indices may be calculated in a standardized and reproducible 

manner across different populations thus circumventing a major limitation of dietary 

patterns derived in the same study in which they are applied. Moreover, studies without 

insulin markers data may calculate the index scores to investigate associations between 

dietary and lifestyle insulinemic potential and disease outcomes.
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Figure 1. 
Multivariable-adjusted biomarker concentrations across quintiles of the (A) empirical dietary 

index for hyperinsulinemia (EDIH) and (B) empirical dietary index for insulin resistance 

(EDIR), stratified by joint categories of body mass index (BMI) and physical activity (PA) 

in the Nurses’ Health Study (NHS), 1990. Values are back transformed (ex , where x is 

the transformed biomarker value) predicted mean fasting plasma biomarker concentrations, 

obtained from linear regression models, adjusted for regular aspirin/NSAIDs use, age, 

smoking status, physical activity, menopausal status, postmenopausal hormone use, diabetes, 

other chronic diseases/conditions, case-control status. The P-value for trend was the P-value 

of the dietary index as a continuous index variable adjusted for all covariates. Categories 

of BMI and PA combinations were created as follows: lean and active (lean,act; BMI 

<25kg/m2 and PA ≥median PA), lean and sedentary (lean,sed; BMI <25kg/m2 and PA 

<median PA), overweight/obese and active (owt/ob,sed; BMI ≥25kg/m2 and PA ≥median 

PA) and overweight/obese and sedentary (owt/ob/act; BMI ≥25kg/m2 and PA <median PA). 

Median PA=10.2 MET-hrs/week for women with C-peptide data, and 9.10 MET-hrs/week 

for those with TG/HDL data.
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Figure 2. 
Multivariable-adjusted biomarker concentrations across quintiles of the (A) empirical dietary 

index for hyperinsulinemia (EDIH) and (B) empirical dietary index for insulin resistance 

(EDIR), stratified by joint categories of body mass index (BMI) and physical activity (PA) 

in the Health Professional Follow-up Study (HPFS), 1994. Values are back transformed 

(ex , where x is the transformed biomarker value) predicted mean fasting plasma biomarker 

concentrations, obtained from linear regression models, adjusted for regular aspirin/NSAIDs 

use, age, smoking status, physical activity, diabetes, other chronic diseases/conditions, case-

control status. The P-value for trend was the P-value of the dietary index as a continuous 

index variable adjusted for all covariates. Categories of BMI and PA combinations were 

created as follows: lean and active (lean,act; BMI <25kg/m2 and PA ≥median PA), lean 

and sedentary (lean,sed; BMI <25kg/m2 and PA <median PA), overweight/obese and active 

(owt/ob,act; BMI ≥25kg/m2 and PA ≥median PA) and overweight/obese and sedentary (owt/

ob,sed; BMI ≥25kg/m2 and PA <median PA). Median PA=28.1 MET-hrs/week for men with 

C-peptide data, and 24.8 MET-hrs/week for men with TG/HDL data.
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Figure 3. 
Distribution of participants (%) with clinically high levels of biomarkers in quintiles 

(Q) of dietary indices and in joint categories of body mass index/physical activity (PA) 

combinations, Health Professionals Follow-up Study (HPFS), 1994. Categories of BMI 

and PA combinations were created as follows: lean and active (lean,act; BMI <25kg/m2 

and PA ≥median PA), lean and sedentary (lean,sed; BMI <25kg/m2 and PA <median 

PA), overweight/obese and active (owt/ob,act; BMI ≥25kg/m2 and PA ≥median PA) and 

overweight/obese and sedentary (owt/ob,sed; BMI ≥25kg/m2 and PA <median PA). Median 

PA=28.1 MET-hrs/week for men with C-peptide data, and 24.8 MET-hrs/week for men with 

TG/HDL data.
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Table 3

Spearman correlations coefficients among the insulinemic dietary and lifestyle patterns and fasting plasma 

biomarker concentrations in the three cohorts

Empirical dietary indices for
hyperinsulinemia C-peptide

NHS NHS-II HPFS

C-peptide 1 1 1

EDIH 0.21 0.20 0.14

ELIH 0.47 0.43 0.36

Unweighted EDIH 0.16 0.16 0.09

Unweighted ELIH 0.28 0.24 0.19

EDIH in controls 0.20 0.19 0.14

EDIH with unadjusted C-peptide 0.20 0.21 0.13

Previously developed C-peptide dietary pattern 0.11 0.12 0.09

Insulin index −0.03 −0.03* −0.06

Empirical dietary indices for insulin resistance TG/HDL

NHS NHS-II HPFS

TG/HDL 1 1 1

EDIR 0.32 0.16 0.21

ELIR 0.46 0.35 0.39

Unweighted EDIR 0.28 0.10 0.19

Unweighted ELIR 0.27 0.24 0.16

EDIR in controls 0.28 0.16 0.18

EDIR with adjusted TG, HDL 0.31 0.18 0.21

Insulin index 0.06 0.07 0.05

NHS, Nurses' Health Study, 1990; NHS-II, Nurses' Health Study-II, 1999; HPFS, Health Professional Follow-up Study, 1994; EDIH, empirical 
dietary index for hyperinsulinemia; ELIH, empirical lifestyle index for hyperinsulinemia; EDIR, empirical dietary index for insulin resistance; 
ELIR, empirical lifestyle index for insulin resistance; TG, triglyceride, HDL, high density lipoprotein cholesterol;

*
P>0.05
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