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A. Pepe, K.F. Alhabib, J. Chifamba, A.H. Yusufali, R. Igbal, K. Yeates, K. Yusoff,
N. Ismail, K. Teo, S. Swaminathan, X. Liu, K. Zatoriska, R. Yusuf,
and S. Yusuf, for the PURE Study Investigators*

ABSTRACT

BACKGROUND
Most data regarding the association between the glycemic index and cardiovascu-
lar disease come from high-income Western populations, with little information
from non-Western countries with low or middle incomes. To fill this gap, data are
needed from a large, geographically diverse population.

METHODS

This analysis includes 137,851 participants between the ages of 35 and 70 years
living on five continents, with a median follow-up of 9.5 years. We used country-
specific food-frequency questionnaires to determine dietary intake and estimated
the glycemic index and glycemic load on the basis of the consumption of seven
categories of carbohydrate foods. We calculated hazard ratios using multivariable
Cox frailty models. The primary outcome was a composite of a major cardiovascu-
lar event (cardiovascular death, nonfatal myocardial infarction, stroke, and heart
failure) or death from any cause.

RESULTS

In the study population, 8780 deaths and 8252 major cardiovascular events oc-
curred during the follow-up period. After performing extensive adjustments com-
paring the lowest and highest glycemic-index quintiles, we found that a diet with
a high glycemic index was associated with an increased risk of a major cardiovas-
cular event or death, both among participants with preexisting cardiovascular
disease (hazard ratio, 1.51; 95% confidence interval [CI], 1.25 to 1.82) and among
those without such disease (hazard ratio, 1.21; 95% CI, 1.11 to 1.34). Among the
components of the primary outcome, a high glycemic index was also associated
with an increased risk of death from cardiovascular causes. The results with re-
spect to glycemic load were similar to the findings regarding the glycemic index
among the participants with cardiovascular disease at baseline, but the association
was not significant among those without preexisting cardiovascular disease.

CONCLUSIONS
In this study, a diet with a high glycemic index was associated with an increased
risk of cardiovascular disease and death. (Funded by the Population Health Research
Institute and others.)
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ONCERN OVER THE HEALTH EFFECTS OF

poor-quality carbohydrate foods and bev-

erages has increased the popularity of
so-called low-carbohydrate diets.® Poor-quality
carbohydrate foods include those that contain a
low amount of fiber, a higher percentage of re-
fined grains than whole grains, and a high gly-
cemic index (a measure of how much 50 g of
carbohydrate from a specific food raises the
blood glucose level). There is broad agreement
on the value of whole-grain and high-fiber foods
for the prevention of chronic disease.*® Although
many studies support the consumption of a diet
with a low glycemic index in the prevention and
treatment of diabetes,”® data regarding the asso-
ciation between a diet with a low glycemic index
and a reduction in cardiovascular risk have been
more mixed.>'"!? In addition, most data regarding
the association between the glycemic index and
cardiovascular disease have been collected in high-
income Western populations, with little data
provided for non-Western countries with low or
middle incomes.

We have assessed the association between the
glycemic index and cardiovascular disease and
all-cause mortality in the large, international
Prospective Urban Rural Epidemiology (PURE)
study involving participants with a broad range
of carbohydrate intakes and diverse dietary pat-
terns.>”> We hypothesized that such a study
would be most likely to indicate the extent to
which the glycemic index has any value as a
marker of carbohydrate quality related to chron-
ic disease in general and to cardiovascular dis-
ease in particular.

METHODS

STUDY DESIGN AND PARTICIPANTS

The design and methods of the present study
have been described previously,>™ as detailed in
the Methods section and in Tables S1 through S7
in the Supplementary Appendix (available with
the full text of this article at NEJM.org). In brief,
our study included 137,851 participants between
the ages of 35 and 70 years from 20 countries on
five continents. The countries included 4 high-
income countries (Canada, Sweden, Saudi Arabia,
and the United Arab Emirates), 11 middle-income
countries (Argentina, Brazil, Chile, China, Colom-
bia, Iran, Malaysia, Palestinian territory, Poland,
South Africa, and Turkey), and 5 low-income

countries (Bangladesh, India, Pakistan, Tanzania,
and Zimbabwe). Income designations were based
on gross national income per capita from the
World Bank classification for 2006, the year in
which the study was initiated. The participants
were further classified according to seven ethno-
cultural regions: Europe and North America,
South America, Africa, Middle East, South Asia,
Southeast Asia, and China. The sampling and
recruitment strategies that we used are described
in detail in previous articles’**> and in the Sup-
plementary Appendix.

PROCEDURES

We used standardized questionnaires to collect
information about demographic factors, socio-
economic status (education, income, and employ-
ment), lifestyle (smoking, physical activity, and
alcohol intake), health history, and medication
use. Physical assessments included weight, height,
waist and hip circumference, and blood pres-
sure. Standard case-report forms were used to
record data regarding major cardiovascular
events and death during follow-up, findings that
were adjudicated centrally in each country with
the use of standard definitions.’*'” In the final
analysis, we included all outcome events that
had occurred as of June 30, 2019. Data were
available for more than 98% of the participants
regarding vital status and for 95% regarding
cardiovascular disease.

FOOD-FREQUENCY QUESTIONNAIRES

At baseline, we recorded details regarding the
habitual food intake of participants (i.e., food
frequency) using 28 questionnaires, including
19 that were specific to individual countries and
9 that were specific to regions in India. The
food-frequency questionnaires covered a total of
3200 food items, with a range of 98 to 220 items
per questionnaire.

For each food, a commonly used unit or por-
tion size was specified. Participants were asked
how often on average during the previous year
they had consumed that unit of food. Nine re-
sponses were possible, ranging from “never” to
“six or more times per day.” We calculated the
daily intake of foods and 45 nutrients by multi-
plying the frequency of consumption of each
unit of food by the nutrient content using both
the U.S. Department of Agriculture food-compo-
sition database (release 18 and 21) and culture-
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specific food-composition tables for local dishes.
Details regarding the development and assess-
ment of the food-frequency questionnaire for
each country are provided in the text in the
Supplementary Appendix and in Tables S4 and
S5. Participants were excluded from the study if
their baseline energy intake as recorded on their
food-frequency questionnaire was considered to
be implausible (<800 or >4200 kcal per day for
men or <500 or >3500 kcal per day for women).®

OUTCOMES
The primary outcome was a composite of a ma-
jor cardiovascular event (cardiovascular death,
nonfatal myocardial infarction, stroke, or heart
failure) or death from any cause. Secondary out-
comes were each of the components of the com-
posite outcome plus death from noncardiovascu-
lar causes, as adjudicated in previous studies (see
the Supplementary Methods section and Table
$3).1° In the primary analysis, participants were
categorized according to the presence or absence
of preexisting cardiovascular disease and were
grouped into quintiles of glycemic index and
glycemic load (Fig. S1).

ESTIMATION OF GLYCEMIC INDEX AND GLYCEMIC
LOAD

We obtained the glycemic index for carbohydrate
foods that were identified in the 28 food-frequency
questionnaires from international glycemic-index
tables and from databases of certain tropical
foods.”® Glycemic-index values were ascribed to
all foods that had a combined occurrence of four
or more times as recorded on the food-frequency
questionnaires (Table S8). Where possible, we
used the mean of more than two studies of the
same food. We used the so-called bread scale,
which is based on a glycemic index of 100 for
white bread (as compared with the glucose scale,
on which 100 indicates the glycemic index for
glucose). If no data were found, the glycemic-
index value for a similar food was used. A glyce-
mic index was ascribed to each of seven catego-
ries of carbohydrate-containing foods as follows:
legumes, 42; nonlegume starchy foods, 93; non-
starchy vegetables, 54; fruit, 69; fruit juice, 68;
dairy, 38; and sugar-sweetened beverages, 87
(Table S8). These values were derived from the
individual foods in that category, which were
calculated as a weighted mean according to their
frequency of occurrence in the food-frequency

N ENGL J MED 384,14

questionnaires (Tables S9 and S10). The glyce-
mic indexes of the seven carbohydrate categories
were then weighted according to the net carbo-
hydrate consumed in each food category to ob-
tain the participant’s mean glycemic index.

The participant’s glycemic load was calculated
by multiplying the mean net carbohydrate intake
(as measured in grams per day) by the glycemic
index and then dividing by 100." We had previ-
ously compared our food-category approach to
the glycemic-index calculation with the conven-
tional individual-food approach using 204 7-day
food records from a previously published clinical
trial.?* The mean glycemic index as calculated by
the conventional method was 77, as compared
with a glycemic index of 81 as calculated by our
method (r=0.69). The seven-category approach
captured 92.5% of the net carbohydrate in the
participants’ diets.

STATISTICAL ANALYSIS
Continuous variables are expressed as means
(£SD) and categorical variables as percentages.
The methods for classifying education, smoking
status, exercise status, and other covariates are
provided in the Supplementary Appendix. We used
restricted cubic-spline plots with three knots to
explore the shape of the association between the
glycemic index and the risk of the primary com-
posite outcome (death or major cardiovascular
events).”’ We used a multivariable Cox frailty
model to calculate hazard ratios; estimates of
hazard ratios and 95% confidence intervals are
presented for each quintile of glycemic index and
glycemic load. Minimally adjusted models were
adjusted for age, sex, and study center as a ran-
dom effect. Maximally adjusted models were fur-
ther adjusted for urban or rural location, country
income category (economic region), education
level, smoking status, physical activity, waist-to-
hip ratio, history of diabetes, statin use, use of
blood-pressure medication, total daily energy in-
take, consumption of dietary fiber, and consump-
tion of whole-grain cereals (grams per day). We
verified the proportional-hazards assumption of
the Cox model by visual assessment of linearity
in plots of the log of the negative log of the esti-
mated survival function against the log of time.
In subgroup analyses, we assessed the asso-
ciation between the glycemic index and the pri-
mary composite outcome according to economic
region, geographic region (Asian or non-Asian
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countries), sex, body-mass index (BMI, the weight
in kilograms divided by the square of the height
in meters, of <25 or >25), and smoking and ex-
ercise status. To determine whether the associa-
tions differed among subgroups, the significance
of the interaction between groups was assessed
for both the glycemic index and glycemic load as
a categorical variable. Tests of heterogeneity com-
paring the estimates of association across differ-
ent subgroups were conducted with the use of
the I? statistic. A P value of less than 0.05 was
considered to indicate statistical significance.
All statistical analyses were performed with
Stata software, version 15, or SAS software, ver-
sion 9.4.

RESULTS

HIGH GLYCEMIC VALUES AND CARDIOVASCULAR
EVENTS

Overall, the consumption of diets and specific
foods with a high glycemic index was highest in
China, followed by Africa and Southeast Asia.
The consumption of diets with a high glycemic
load was highest in South Asia, followed by Af-
rica and China (Table 1 and Table S11).

During a median of 9.5 years of follow-up
(range, 3.2 to 11.9 years), data regarding the
primary composite outcome were available for
119,575 participants; data regarding major car-
diovascular events were available for 119,572
participants. During this period, the primary
composite outcome occurred in 14,075 partici-
pants and included 8780 deaths (3229 definite or
possible cardiovascular deaths and 5551 noncar-
diovascular deaths) (Table 2 and Table S12). An
additional 649 injury-related deaths were not
included with the noncardiovascular deaths be-
cause of their unlikely association with diet.’”
During the same period, 8252 participants had
at least one major cardiovascular event (3579 with
myocardial infarction, 3840 with stroke, and
923 with heart failure).

ASSOCIATION BETWEEN HEALTH OUTCOMES

AND GLYCEMIC MEASURES

Data regarding the association between health
outcomes and the glycemic index are reported
according to the presence or absence of cardio-
vascular disease at baseline and in the total
population (Table 2). The median values for the
glycemic index were as follows: quintile 1, 76

(interquartile range [IQR], 74 to 78); quintile 2,
81 (IQR, 80 to 83); quintile 3, 86 (IQR, 85 to 87);
quintile 4, 89 (IQR, 88 to 89), and quintile 5, 91
(IQR, 90 to 91). In comparing highest versus
lowest quintiles of glycemic index in the fully
adjusted model, we observed a positive associa-
tion with the primary composite outcome in all
three groups, including among participants with
no preexisting cardiovascular disease (hazard
ratio, 1.21; 95% confidence interval [CI], 1.11 to
1.34), in those with preexisting cardiovascular
disease (hazard ratio, 1.51; 95% CI, 1.25 to
1.82), and in the total population (hazard ratio,
1.25; 95% CI, 1.15 to 1.37). Similar associations
were seen for cardiovascular death, major cardio-
vascular events, and stroke. The glycemic index
was also associated with the risk of death from
any cause and from noncardiovascular causes
(Table S12). A significant positive nonlinear rela-
tionship was found between the glycemic index
and total mortality and major cardiovascular
disease (Fig. S2).

A similar pattern for the total population was
also seen for the glycemic load, although the
effects were less marked. (Details regarding out-
comes and individual quintiles of glycemic load
are provided in Table 3.) However, for major
cardiovascular events and death from any cause,
a significant association with glycemic load was
seen only among participants with preexisting
cardiovascular disease (Table S12).

EFFECT OF BMI, EXERCISE, AND SMOKING

The association between the glycemic index and
the primary composite outcome was significantly
stronger among participants with a higher BMI
(225) than among those with a lower BMI (<25)
(P=0.01) (Fig. 1). There was no significant as-
sociation between the glycemic index and the
primary composite outcome according to exer-
cise status (heavy or light), smoking status, or
the use of blood-pressure medications or statins
(Table S13).

REGIONAL EFFECTS

The association between the glycemic index or
glycemic load and the primary composite out-
come varied slightly according to geographic
region (Fig. S3). Among the 44,845 Chinese
participants (the largest subgroup), a significant
effect was seen for the top quintile of the glyce-
mic index as compared with the bottom quintile
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(hazard ratio, 1.76; 95% CI, 1.23 to 2.53); a
similar direction of effect was found among
participants in the Middle East (hazard ratio,
3.22; 95% CI, 1.02 to 10.19). Among the partici-
pants in South America, a significant associa-
tion was seen for glycemic load only (hazard ra-
tio, 1.38; 95% CI, 1.03 to 1.84) (Table S14). In the
analysis that compared participants in Asia with
those not in Asia, the effect was seen only in the
non-Asian region (Fig. S4), probably because of
the greater range of glycemic-index values in non-
Asian countries (Fig. S5). In comparisons of
economic regions, a gradation was seen for gly-
cemic load, with the highest economic regions
tending to have the strongest association with
the primary composite outcome in the total
population (hazard ratio, 1.93; 95% CI, 1.05 to
3.53) (Table S15).

DISCUSSION

In this study, we found that across multiple coun-
tries and geographic and economic regions, diets
with a high glycemic index were associated with a
higher risk of cardiovascular disease and death
than diets with a low glycemic index. The cultural
and socioeconomic diversity of this study permits
an examination of the association between glyce-
mic index and glycemic load with events across a
very broad range of dietary patterns. The assess-
ment of outcomes among participants according
to the presence or absence of preexisting cardio-
vascular disease allowed for the exploration of
associations with implications for both primary
and secondary prevention strategies.

As expected, a higher glycemic index was as-
sociated with an increased risk of adverse effects
among the participants with a higher BMI, as
reported previously.® Persons with a high BMI
are at increased risk for diabetes, cardiovascular
disease, and certain cancers. Although the gly-
cemic index of foods is independent of glucose-
tolerance status,'? the overall postprandial gly-
cemic response to diet increases as the BMI
increases.”? Thus, diets with a high glycemic
index can be expected to interact with the insu-
lin resistance associated with increased BMI to
produce an even higher postprandial glycemic
response, thus increasing the negative conse-
quences of consumption of a diet with a high
glycemic index.

Diets with a low glycemic index have been

Glycemic Index Hazard Ratio (95% Cl)

Body-mass index <25
Quintile 1 1.00 (1.00-1.00)
Quintile 2 vs. Quintile 1 —— 1.03 (0.92-1.15)
Quintile 3 vs. Quintile 1 +—-— 1.09 (0.97-1.23)
Quintile 4 vs. Quintile 1 — 1.16 (1.02-1.31)
Quintile 5 vs. Quintile 1 —— 1.14 (1.00-1.30)

Body-mass index =25

Quintile 1 1.00 (1.00-1.00)

Quintile 2 vs. Quintile 1 -T— 1.04 (0.96-1.13)

Quintile 3 vs. Quintile 1 —— 1.19 (1.08-1.31)

Quintile 4 vs. Quintile 1 — 1.29 (1.16-1.44)

Quintile 5 vs. Quintile 1 — 1.38 (1.22-1.55)
OTS 1.0 1f5 2?0

Figure 1. Association between the Primary Composite Outcome and the
Glycemic Index in the Study Participants, According to Body-Mass Index.

Shown is the risk of the primary composite outcome of a major cardiovas-
cular event (cardiovascular death, nonfatal myocardial infarction, stroke,
or heart failure) or death from any cause among the study participants, ac-
cording to the quintile of the median glycemic index (ranging from 76 in quin-
tile 1 to 91 in quintile 5) and the category of body-mass index (<25 or =25).

associated with lower postprandial glycemic lev-
els, lower levels of serum cholesterol and C-reac-
tive protein, and lower blood pressure.** Such
diets have been associated with a reduced inci-
dence of diabetes and cardiovascular disease,®!?
conditions that may increase the risk of death
from other causes, possibly including coronavi-
rus disease 2019 (Covid-19).%*

Our study has some potential limitations.
First, carbohydrate foods were grouped into
seven categories, which may have resulted in less
precision in calculations than the method of
calculating values for individual foods. However,
because standard glycemic-index values were not
available for many foods and dishes that were
listed on the 28 food-frequency questionnaires,
such values had to be imputed on the basis of
the values of similar foods. Thus, although the
approach that we used in this study may dilute
real associations with particular foods, it is likely
to be more readily applicable to very diverse
dietary intakes and has shown a reasonable cor-
relation with glycemic-index values generated by
the individual-food method.

Second, the inclusion of many different popu-
lations could limit uniform conclusions; how-
ever, the diversity also increases the range of
differences that may be helpful in establishing
associations, and when effects are seen, they are
likely to be robust and meaningful.
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Risk Ratio for Death from Cardiovascular

Study and Year Weight Disease (95% Cl)

%
Levitan et al., 2007 39 —i— 1.23 (1.02-1.48)
Nagata et al., 2014 28 1.22 (0.98-1.52)
PURE study, 2021 34 —a— 1.32 (1.08-1.61)
Total - 1.26 (1.12-1.41)
Heterogeneity: tau?=0.00; x2=0.35, df=2 (P=0.84); 12=0% OTS 0f7 110 1f5 ZTO

Test for overall effect: z=3.87 (P<0.001)

Less Risk with More Risk with
High Glycemic High Glycemic
Index Index

Figure 2. Association between the Glycemic Index and the Risk of Death from Cardiovascular Disease in Three Studies.

Shown in the forest plot is the risk of death from cardiovascular disease associated with a diet with a high glycemic
index in two key studies, as compared with the findings in the PURE study. The data were identified by Reynolds et al.?
in 2019 from two cohort studies (by Levitan et al.?’ and Nagata et al.?®) that formed the basis for one of the series of
meta-analysis commissioned by the World Health Organization and to which the corresponding data from the current
study were added. In their meta-analysis, Reynolds et al. used the less adjusted model for the study by Levitan et al.
to avoid overadjustment and combined men and women in the study by Nagata et al. The weighting of the analysis
according to the inclusion of data from each study is indicated as a percentage. The size of the squares corresponds
to the number of participants in the study; the diamond represents the pooled risk estimate. All results are present-
ed as risk ratios and 95% confidence intervals on the basis of a random-effects model. Cl denotes confidence inter-
val, df degrees of freedom, and I? the percentage of total variation that is due to heterogeneity rather than chance.

Third, we were interested in learning how
different regions and countries may be affected
differently by diets with a high glycemic index.
Unfortunately, the numbers of participants, al-
though large overall, were not large enough to
allow meaningful analyses according to geo-
graphic region. Furthermore, the diets with a
high glycemic index that are common to Asian
nations may have limited the range of exposure
required to establish associations with outcomes.
In our study, such associations were seen in our
non-Asian subgroup and have also been reported
in studies involving Western populations.®

Fourth, we could not correct for measurement
errors in covariates, especially in dietary vari-
ables, although the elimination of dietary co-
variates made little difference to the outcome
(Table S16). And fifth, our reliance on one base-
line measure of dietary intake may not reflect
current patterns in the various countries. For
example, we began recruiting participants in
China at a time when carbohydrate intakes were
higher than they are now.” More rapid changes
in dietary patterns are likely to be seen in popu-
lations, such as those in China, that have had
rapid economic growth. Moreover, the differing
rates of change of diets over time in different
countries are likely to reduce the ability to show

N ENGL J MED 384,14

associations between glycemic index and cardio-
vascular disease. Nevertheless, the data from the
present study have proved sufficiently consistent
to show dietary associations with disease out-
Comes.13’14'17

The present study has several strengths. It is
large and includes participants from diverse eco-
nomic regions and many low-income countries
that have been little studied. We have used
country-specific food-frequency questionnaires
to assess dietary intake. The study design has
allowed us to compare the effect of glycemic
index and glycemic load among participants ac-
cording to the presence or absence of preexist-
ing cardiovascular disease. We were able to show
significant associations between the glycemic in-
dex and the incidence of death and major cardio-
vascular disease with a positive dose—response
relationship that was not seen in a recent meta-
analysis that had a smaller sample size.?® The
addition of our data to a recent meta-analysis
that was commissioned by the World Health
Organization strengthened the association be-
tween glycemic index and death from cardiovas-
cular disease (Fig. 2).”?® Furthermore, we were
able to perform adjustments using detailed co-
variates, a major strength of the study. We also
determined that the glycemic index and glyce-
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mic load are relevant measures of carbohydrate
quality in the analysis of a wide range of differ-
ent dietary patterns according to their associa-
tion with adverse health outcomes.

Our study showed that in a diverse popula-
tion of participants, those who consumed a diet
with a low glycemic index and a low glycemic
load had a lower risk of cardiovascular disease
and death than participants who consumed a diet
with a higher glycemic index and glycemic load.
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