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IMPORTANCE—Foods that have similar carbohydrate content can differ in the amount they
raise blood glucose. The effects of this property, called the glycemic index, on risk factors for
cardiovascular disease and diabetes are not well understood.

OBJECTIVE—To determine the effect of glycemic index and amount of total dietary
carbohydrate on risk factors for cardiovascular disease and diabetes.

DESIGN, SETTING, AND PARTICIPANTS—Randomized crossover-controlled feeding trial
conducted in research units in academic medical centers, in which 163 overweight adults (systolic
blood pressure, 120-159 mm Hg) were given 4 complete diets that contained all of their meals,
snacks, and calorie-containing beverages, each for 5 weeks, and completed at least 2 study diets.
The first participant was enrolled April 1, 2008; the last participant finished December 22, 2010.
For any pair of the 4 diets, there were 135 to 150 participants contributing at least 1 primary
outcome measure.

INTERVENTIONS—(1) A high—glycemic index (65% on the glucose scale), high-carbohydrate

diet (58% energy); (2) a low—glycemic index (40%), high-carbohydrate diet; (3) a high—glycemic

index, low-carbohydrate diet (40% energy); and (4) a low—glycemic index, low-carbohydrate diet.
Each diet was based on a healthful DASH-type diet.

MAIN OUTCOMES AND MEASURES—The 5 primary outcomes were insulin sensitivity,
determined from the areas under the curves of glucose and insulin levels during an oral glucose
tolerance test; levels of low-density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL)
cholesterol, and triglycerides; and systolic blood pressure.

RESULTS—AU high dietary carbohydrate content, the low— compared with high—glycemic index
level decreased insulin sensitivity from 8.9 to 7.1 units (-20%, P = .002); increased LDL
cholesterol from 139 to 147 mg/dL (6%, P < .001); and did not affect levels of HDL cholesterol,
triglycerides, or blood pressure. At low carbohydrate content, the low— compared with high—
glycemic index level did not affect the outcomes except for decreasing triglycerides from 91 to 86
mg/dL (5%, P = .02). In the primary diet contrast, the low—glycemic index, low-carbohydrate
diet, compared with the high—glycemic index, high-carbohydrate diet, did not affect insulin
sensitivity, systolic blood pressure, LDL cholesterol, or HDL cholesterol but did lower
triglycerides from 111 to 86 mg/dL (—23%, P <.001).

CONCLUSIONS AND RELEVANCE—In this 5-week controlled feeding study, diets with low
glycemic index of dietary carbohydrate, compared with high glycemic index of dietary
carbohydrate, did not result in improvements in insulin sensitivity, lipid levels, or systolic blood
pressure. In the context of an overall DASH-type diet, using glycemic index to select specific
foods may not improve cardiovascular risk factors or insulin resistance.

TRIAL REGISTRATION—clinicaltrials.gov Identifier: NCT00608049

The health effects of dietary carbohydrate (both type and amount) are of substantial interest
to health professionals, the general public, and policymakers. Some carbohydrate-rich foods
have less effect than others to increase blood glucose. This property of individual foods,
called the “glycemic index,” is quantified according to the amount 50 g of its carbohydrate
compared with 50 g of glucose increases blood glucose during 2 hours.12 For example, a
banana increases blood glucose more than an apple that has the same amount of
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carbohydrate. Boiled sweet potato increases blood glucose more than boiled carrot. Meals or
complete diets may be designed using these tables to have a desired overall glycemic
index.3-> Glycemic index is but 1 attribute of carbohydrate-containing foods. Further,
nutrients often cluster. Hence, the effects of glycemic index, if any, might actually result
from other nutrients, such as fiber, potassium, and polyphenols, which favorably affect
health. Even though some nutrition policies advocate consumption of low—glycemic index
foods and even promote food labeling with glycemic index values, the independent benefits
of glycemic index are uncertain, especially when persons are already consuming a healthful
diet rich in whole grains, vegetables, and fruits.

Clinical trials that studied the effect of lowering glycemic index on insulin sensitivity and
cardiovascular disease (CVD) risk factors reported diverse results that may be related to
concomitant changes in content of total carbohydrate and fiber, concomitant weight loss,
and presence of and use of treatments for diabetes.® Using the controlled feeding technique,
we studied diets that had a large contrast in glycemic index, while at the same time we
controlled intake of total carbohydrates and other key nutrients such as fatty acids,
potassium, and sodium and maintained baseline bodyweight. The background diets in which
we manipulated glycemic index were healthful dietary patterns established in the Dietary
Approaches to Stop Hypertension (DASH)’ and Optimal Macronutrient Intake to Prevent
Heart Disease (OmniHeart)® studies that are being recommended in dietary guidelines to
prevent CVD. We studied the effect of glycemic index when total carbohydrate is high
(58%) as it is in the DASH diet’ or low (40%) as in the OmniHeart unsaturated fat diet® or
Mediterranean diets.%10 We hypothesized that a low compared with a high glycemic index,
especially of a high-carbohydrate diet, would cause modest though potentially important
improvements in insulin sensitivity and CVD risk factors.

Methods

The trial was conducted at Johns Hopkins Medical Institutions, Baltimore, Maryland, and
Brigham and Women’s Hospital, Boston, Massachusetts, and was approved by their
institutional review boards. Each participant gave written informed consent. A full
description of the methods is in the trial protocol in Supplement 1.

Participants

Eligibility criteria were age 30 years or older; systolic blood pressure 120 to 159 mm Hg and
diastolic, 70 to 99 mm Hg; and body mass index (BMI) 25 or higher (calculated as weight in
kilograms divided by height in meters squared). The enrollment targets were 50% women
and 50% black. Participants self-identified their race or ethnicity using the choices provided
and required by the National Institutes of Health. We oversampled black individuals because
of their disproportionate burden of insulin resistance and other risk factors that result in high
rates of diabetes and cardiovascular disease.

Exclusion criteria included having cardiovascular disease, diabetes, or chronic kidney
disease; taking medication that lowers blood pressure or lipids; and having a fasting blood
glucose level of 125 mg/dL or greater (to convert glucose to mmol/L, multiply by 0.0555)
(Figure 1). The trial protocol has a complete list of exclusions (Supplement 1). The goal was
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160 participants finishing at least the first 2 of 4 diet periods. The primary recruitment
strategy was mass mailing of brochures, flyers, and coupons. The primary sources of
mailing lists were commercial vendors and local governments for lists of registered voters or
drivers.

Controlled Diet Intervention

Study Diets

Eligible participants began an 8-day run-in phase during which each study diet was given for
2 days. During run-in and the 4 diet periods, participants were provided all of their meals,
snacks, and calorie-containing beverages. After the run-in, the participants were randomized
to a sequence of the 4 study diets. For a crossover study with 4 diets to be administered,
there are 24 possible sequences, of which we used 8. We wanted to ensure that the high—and
low—glycemic index diet components were each used in the first 2 periods for all
participants. With this constraint, high- and low-carbohydrate components could be chosen
in any order, leading to 4 distinct sequences for the first 2 diets. Once the first 2 diets had
been determined, the remaining 2 could be assigned in any order, leading to a total of 8
distinct diet sequences. Thirteen blocks of random permutations of the 8 permissible
sequences were established for each site, to support up to 104 sequential randomizations per
site. Permutations were developed using the sample() function of R version 2.0 on March
14, 2008. The data center (directed by V.J.C.) was the holder of the diet sequences, and
requests for a participant to be randomized were provided to each sites’ dietary staff once
the participant had successfully completed the run-in.

Each diet was given for 5 weeks separated by a break of at least 2 weeks during which study
participants ate their self-selected diet. Calorie intake was adjusted to maintain initial body
weight. Participants completed a daily food diary for each day on the controlled diets. They
recorded any foods that they did not eat and any additional items eaten. Their on-site,
weekday meal attendance was recorded and meal consumption was monitored by trained
staff. During the daily on-site meals monitored by study staff, participants had to consume
the entire meal on-site. Participants were observed while eating and trays were cleared with
staff present to ensure no food was discarded.

Two diets had a high carbohydrate composition (58%of daily energy), one with a high
glycemic index (=65 on the glucose scale) and the other with a low glycemic index (<45 on
the glucose scale). Another 2 diets had a low carbohydrate composition (40%of daily
energy) also with either a high (=65) or a low (<45) glycemic index. The glycemic index cut
points corresponded approximately to the first and fifth quintiles of US population-based
intake.1! Table 1 displays the targets and estimated content of nutrients of the 4 study diets
as determined from food analysis software (ESHA Food Processor SQL, version 10.2,
ESHA Research).

The glycemic index values of individual foods were calculated primarily using published
tables.2 High— and low—glycemic index meals were constructed around similar categories of
foods that have different glycemic index to achieve the target contrast between high—and
low—glycemic index diets (eg, instant potatoes vs pasta; instant oatmeal vs steel cut oats;

JAMA. Author manuscript; available in PMC 2015 June 17.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sacks et al. Page 5
white bread vs whole kernel bread; bananas vs apples) (eTable 1 in Supplement 2). The
glycemic index values of the breads were measured directly, in vivo.l Fiber intakes averaged
31 g in the high—glycemic index and 35 g in the low—glycemic index diets. The diets also
provided similar amounts of other nutrients that might affect trial outcomes.

Measurements

The 5 primary outcomes were insulin sensitivity; systolic blood pressure; and low-density
lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and triglyceride
levels. Secondary outcomes included diastolic blood pressure, fasting and 2-hour blood
glucose and insulin, and other lipoprotein parameters.

Blood pressure was measured by trained and certified staff using a validated automated
oscillometric OMRON 907 devicel? at the clinic on 3 days during screening for eligibility;
on 1 day during run-in; and on 1 day during the first, second, and third weeks and on 5 days
in the final fourth and fifth weeks, during each of the 4 diet periods. On each occasion, the
blood pressure was measured 3 times. The measurements during the last 2 weeks were
averaged and constituted the outcome variable for blood pressure, as done previously.8

At baseline and in the final 10 days of each of the 4 diet periods, blood was collected after
an overnight 8- to 18-hour fast (mean, 13 hours), and plasma and serum were separated,
aliquoted, and stored at —70°C until analysis.

Plasma was separated by ultracentrifugation into very-low-density lipoproteins (VLDL)
(density <1.006 g/mL), LDL (1.006=density <1.063 g/mL), and HDL (density =1.063).
Plasma total and lipoprotein cholesterol, triglycerides, and apolipoproteins B, C-1l1, and E
were measured using enzymatic kits or enzyme-linked immunosorbent assay. HDL
cholesterol was measured in the supernatant of plasma after the precipitation of
apolipoprotein B—containing lipoproteins with dextran sulfate, 50 000 molecular weight.

Insulin sensitivity was measured by an oral glucose tolerance test, 75 g, during screening
and the final 10 days of each diet period. Blood was sampled at 0, 10, 20, 30, 60, 90, and
120 minutes. Insulin sensitivity was calculated by the index of Matsuda and DeFronzo that
uses blood glucose and serum insulin levels at 0, 30, 60, 90, and 120 minutes.13

In a self-selected subcohort of 35% (n = 61), a 12-hour meal test was conducted in the final
2 weeks of each diet period. On that day, participants were given the same diet type for that
diet period for breakfast, lunch, and dinner, which had a mean 486, 610, 618 kcal,
respectively, for a typical 2000-kcal diet, the same as in the other days of the controlled diet.
Blood was sampled at fixed intervals just before eating breakfast; 30, 60, and 90 minutes
after starting breakfast; and hourly thereafter through 12 hours.1 Incremental area under the
curve (AUCI) was calculated by summing the time intervals 30 to 210 minutes, 270 to 510
minutes, and 570 to 690 minutes. This 12-hour meal test is a process variable that
determines the differences in blood glucose caused by the differences among the diets in
glycemic index and amount of carbohydrate. Diets with higher glycemic index and higher
amount of carbohydrate are expected to increase the 12-hour blood glucose AUCI.
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Urine collections (24-hour) were obtained once during screening and once during the last 2
weeks of each diet period. Data collection personnel were blinded to diet sequence.
Information on serious adverse events was collected from participants and their medical
records and reported to the institutional review board as required.

Analysis Plan

The diet contrasts pertaining to the effect of glycemic index were high glycemic index vs
low glycemic index in the setting of high total carbohydrate intake and separately in the
setting of low total carbohydrate intake. The trial design also allowed a test of the effects of
lowering total dietary carbohydrate, separately in the setting of high—glycemic index and
low—glycemic index foods. Although this 4-period study could be analyzed as a factorial
design, combining the high- and low-carbohydrate periods to test glycemic index, and
combining the high- and low—glycemic index diets to test level of carbohydrate, we
considered it likely that glycemic index has a stronger effect when the total carbohydrate
intake is high and that carbohydrate level has a stronger effect when the glycemic index is
high. Therefore, a factorial analysis was considered inappropriate. We provide point
estimates and nominal 95% confidence intervals for the effects of these diet contrasts on all
outcomes.

In the protocol-specified analytical plan, the primary analysis is a comparison of the high-
carbohydrate, high—glycemic index diet and the low-carbohydrate, low—glycemic index diet,
representing a single integrated measure of the hypothesized maximal effect on the 5
primary outcomes of manipulating dietary carbohydrate by reducing its amount and
glycemic index. To achieve approximate nominal 95%coverage for the resulting group of 5
confidence intervals for the 5 primary outcomes, we tested mean within-person changes for
statistical significance at the .01 level and used 99% confidence intervals.1> For nonprimary
outcomes, a 5% significance level was specified in the protocol as a guide. Because some
participants did not provide measures on all outcomes for all diets, multiple imputation
analysis was performed for the 5 primary outcomes. There was no qualitative effect of
multiple imputation compared with complete case analysis. Full details are given in the
online appendix (eFigure 1 in Supplement 2).

The distribution of within-person differences in response variables for pairs of diets was
analyzed using the t.test function of R version 3.1.1. This provides estimates of average
effect, standard error of the estimate, and limits of confidence intervals for selected
confidence coefficients. Statistical visualization and additional analyses such as multiple
imputation sensitivity analysis and tests for carryover effects were also performed using R.
We used standard assessments of carryover effects in crossover designs based on the
comparison of distributions of sums of outcomes between groups of participants receiving
treatments in different orders.16 All P values are 2-sided.

A sample size of 160 participants provided at least 80% power to investigate the dietary
effects on blood pressure, lipids, and insulin sensitivity. Minimal detectable differences for
the effect of glycemic index at a significance level of 5% were systolic blood pressure, 1.4
mm Hg; HDL cholesterol, 1.6 mg/dL (to convert HDL and LDL cholesterol to mmol/L,
multiply by 0.0259); LDL cholesterol, 3.9 mg/dL; triglycerides, 11 mg/dL (to convert
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triglycerides to mmol/L, multiply by 0.0113); and insulin sensitivity, 2.9 (Matsuda index
units).

One hundred sixty-three participants completed at least 2 diets and were included in the
analysis of outcomes (Figure 1). For any pair of diets, there were 135 to 150 participants.
The trial ended when at least 160 participants completed at least 2 diets, as planned.

Women comprised 52%of the participants; 51%were black (Table 2). Hypertension was
present in 26% of participants; obesity (BMI =30) in 56%; LDL cholesterol of 130 mg/dL or
greater in 68%; triglycerides of 150 mg/dL or greater in 17%; and fasting blood glucose of
100 mg/dL or greater in 30%.

Measures of Adherence and Process Variables

According to participant self-reports and observation at the daily lunch or dinner, adherence
was high; all study food was consumed and no nonstudy foods were eaten on 96%o0f person-
days on each diet. Participants lost an average of 1 kg of body weight from baseline to the
end of each diet period, the same for each diet type. Alcoholic beverages were consumed on
10% to 11% of all person-days across the 4 diet periods.

Urinary nitrogen and creatinine levels, biomarkers of dietary protein, were higher on the
low-carbohydrate diets (that provided 23% kcal of energy from protein) than the high-
carbohydrate diets (that provided 15%kcal of energy from protein) (eTable 2 in Supplement
2). Urinary sodium and potassium excretion were similar during each diet period.

At the high carbohydrate content, the low— compared with the high—-glycemic index level
reduced the 12-hour blood glucose AUCI by 17%(P = .06); however, at the low
carbohydrate content, the low—comparedwith the high—glycemic index level did not reduce
blood glucose AUCI (Figure 2 and eTable 3 in Supplement 2). Reduced carbohydrate
content of the high—glycemic index level lowered 12-hour blood glucose AUCi by 19% (P
=.009); however, reduced carbohydrate content of the low—glycemic index level did not
reduce blood glucose AUCI. The low carbohydrate content and the low—glycemic index
level together lowered it by 20%, compared with high carbohydrate content, high—-glycemic
index level.

Effect of Low Compared With High Glycemic Index of Dietary Carbohydrate

At the high dietary carbohydrate content, the low— compared with the high—glycemic index
level significantly reduced insulin sensitivity from8.9 to 7.1 units (-20%, P = .002) (Figure
3 and Table 3). At the low carbohydrate content, the low— compared with the high—glycemic
index level did not affect insulin sensitivity but increased fasting blood glucose level by 2.5
mg/dL (P =.007) (eTable 13 in Supplement 2). Mean glucose and insulin levels during the
oral glucose tolerance test are shown in eFigure 2 in Supplement 2.

At the high carbohydrate content, the low— compared with the high—-glycemic index level
significantly increased LDL cholesterol from 139 to 147 mg/dL (6%, P <.001) (Figure 3
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and Table 3) and LDL apolipoprotein B from 71 to 75 mg/dL (5%, P =.008) (eTable 4 in
Supplement 2). At the low carbohydrate content, the low— compared with the high—glycemic
index level decreased plasma total triglyceride level from 91 to 86 mg/dL (-5%, P =.02).
Glycemic index level did not affect HDL cholesterol level or systolic blood pressure or
diastolic blood pressure.

Effect of Amount of Carbohydrate

A low compared with a high dietary carbohydrate content did not affect insulin sensitivity at
either the high— or the low—glycemic index level (Figure 3 and Table 3). The oral glucose
tolerance test increased serum glucose at the 1-hour peak more during the low carbohydrate
than during the high carbohydrate periods (P = .05) (eFigure 2 and eTable 3 in Supplement
2).

A low compared with a high dietary carbohydrate content significantly lowered plasma total
triglycerides at both high— and the low—glycemic index levels. Specifically, the low-
carbohydrate, high—glycemic index diet compared with the high-carbohydrate, high—
glycemic index diet lowered triglycerides from 111 to 90 mg/dL (-18%, P <.001); and the
low-carbohydrate, low—glycemic index diet, compared with the high-carbohydrate, low-
glycemic index diet, lowered triglycerides from 108 to 87 mg/dL (-20%, P < .001) (Figure 3
and Table 3). A low compared with a high dietary carbohydrate content, at both high— or
low—glycemic index levels, also lowered VVLDL apolipoprotein B, VLDL cholesterol, VLDL
triglycerides (all P <.001), and LDL triglycerides (P < .002) (eTable 4 in Supplement 2). A
low compared with a high dietary carbohydrate content at the high—glycemic index level
increased HDL cholesterol from 57 to 60 mg/dL (4%, P = .003) and additionally decreased
VLDL apolipoprotein C-111 (P =.02). A low compared with a high dietary carbohydrate
content lowered diastolic blood pressure by about 1 mm Hg (P < .01) at both high- or low—
glycemic index levels.

Combined Effects of Dietary Content of Carbohydrate and the Glycemic Index of the
Carbohydrate

The low—glycemic index, low-carbohydrate diet compared with the high—glycemic index,
high-carbohydrate diet lowered mean plasma triglycerides from111 to 86mg/dL (-23%, P
<.001) but did not significantly affect mean levels of insulin sensitivity, systolic blood
pressure, LDL cholesterol, or HDL cholesterol (Figure 3 and Table 3). There was no
evidence of additive effects of glycemic index level and dietary carbohydrate content on any
of the outcomes.

Other Analyses

No evidence was found of carryover between high— and low—glycemic index diet periods
(lowest Wilcoxon P = .44), or between high- and low-carbohydrate diet periods (lowest P
=.25) for the primary outcomes. A sensitivity analysis restricted to the 135 participants who
completed all 4 diets yielded results similar to the primary analyses (eTable 5 in Supplement
2). The effects of the diets were uniform across subgroups defined by sex, race/ethnicity
(black and nonblack), metabolic syndrome, baseline level of outcome variables, and BMI
(25-29.9 vs =30) (eTables 6-16 in Supplement 2).
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Serious adverse events occurred in 7 participants: injuries from automobile crashes (3
participants), kidney stone (1), acute asthma (1), osteomyelitis (1), and pneumonia (1). None
were judged to be related to the study procedures. There were no unintended or
unanticipated effects.

Changes From Baseline

All 4 study diets were associated with lower systolic blood pressure by 7 to 9 mm Hg (Table
3) and diastolic blood pressure by 4 to 6 mm Hg (eTable 3 in Supplement 2). Compared
with baseline, the high-carbohydrate, high—glycemic index diet; the low-carbohydrate, high—
glycemic index diet; and the low-carbohydrate, low—glycemic index diets were associated
with lower LDL cholesterol by 9% to 10%, and the high-carbohydrate, low—glycemic index
diet by 4%.

Discussion

In this trial, which enrolled overweight and obese participants with prehypertension or stage
1 hypertension, composing a healthful diet with low—glycemic index carbohydrate-
containing foods rather than high—-glycemic index foods did not improve insulin sensitivity,
HDL cholesterol levels, LDL cholesterol levels, or systolic blood pressure but did reduce
plasma triglyceride levels slightly by 4 to 5 mg/dL. Paradoxically, the low—glycemic index,
high-carbohydrate diet compared with the high—glycemic index, high-carbohydrate diet
decreased insulin sensitivity and increased LDL cholesterol and LDL apolipoprotein B
levels while other dietary factors that affect LDL levels such as saturated fat, cholesterol,
and fiber were held constant. These findings are contrary to our hypotheses on glycemic
index.

As we found previously in the OmniHeart trial 8 the beneficial effects of the DASH diet can
be improved modestly by reducing its carbohydrate content. Lowering the carbohydrate
content and compensating the reduced calories with unsaturated fat and protein substantially
lowered triglycerides and VLDL levels and slightly lowered diastolic blood pressure,
confirming previously established findings.8:17 It is also meaningful that every DASH-type
diet studied in previous trials and this trial”8:18 lowered blood pressure and LDL cholesterol
levels of the participants from baseline when they were eating their usual diets. Thus, the
new information in the present study is that composing a DASH-type diet with low-
glycemic index foods compared with high—glycemic index foods does not improve CVD
risk factors and may in fact reduce insulin sensitivity and increase LDL cholesterol.

We found that a low compared with a high glycemic index of a high-carbohydrate diet
decreased insulin sensitivity measured by an oral glucose tolerance test. Fasting glucose
level was higher on low—glycemic index than high—glycemic index dietary carbohydrate as
previously reported.3:19-21 Perhaps the low—glycemic index diet induced more morning
insulin resistance to maintain an adequate blood glucose level. However, a low—glycemic
index diet did not affect insulin sensitivity in other studies in which body weight either
remained constant during the trial or decreased by a similar amount in the high— and low—
glycemic index groups.19:21-29
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We chose a 5-week duration of the intervention feeding periods based on results of previous
studies, which suggested that 5 weeks was sufficient to detect changes in our outcomes (trial
protocol in Supplement 1). A recent meta-analysis of 14 trials that had durations of at least 6
months found no effect of lowering glycemic index on lipids or fasting glucose, although
fasting insulin was reduced.3° Lowering glycemic index did not affect insulin
sensitivity22:29.31.32 or blood pressure in trials of at least 6-month duration,3:22:29.31-33
These results do not suggest that the effects of lowering glycemic index become apparent
only after a longer duration of intake.

This trial did not address the effect of glycemic index in a typical US diet. Rather we studied
a low compared with a high glycemic index in a DASH-type diet. However, we do not
attribute the null findings on glycemic index to the healthfulness or specific content of the
DASH diet. For example, in several European studies'923:31.32 and one in Brazil 22 the
researchers gave or prescribed selected foods to the participants to use in their own diets
instead of providing complete diets that differed from their usual diets. In these studies,
lowering glycemic index did not increase insulin sensitivity or improve blood pressure, HDL
cholesterol level, or triglyceride level; LDL cholesterol level decreased in one of these
studies!® but did not change in the others.22:23:31,32

We showed in a subsample of the participants that the glycemic index values of individual
foods computed from dietary tables, when assembled into meals, produced expected
differences in blood glucose AUCi over 12 hours, a process variable, thus confirming
previous results.3-> Compared with the high-glycemic index, high-carbohydrate diet, either
a lower—glycemic index level or a lower carbohydrate content lowered glucose AUCI with
no further benefit from the diet with both lower glycemic index and lower carbohydrate
levels. These results suggest that lowering glycemic index or lowering carbohydrates for
breakfast, lunch, and dinner reduces blood glucose during 12 hours without any further
reduction from lowering both together. Thus, the effects of these 2 changes in dietary
carbohydrate were not additive, suggesting a plateau effect, as also found in a similar
study.2” This finding could have policy implications because a lower day-long glucose
concentration, as indicated by lower hemoglobin A4 level, predicts lower risk of diabetes
and CVD according to results of cohort studies.3* Diets high in glycemic index or glycemic
load were associated with a higher incidence of diabetes according to meta-analyses.35:36
Our results suggest that at carbohydrate levels as in the lower-carbohydrate diets in this
study and in Mediterranean diets, glycemic index levels between 40 and 65 spanning the
range in the US diet may not affect blood glucose levels throughout the day.

After we started this trial, reports of trials that involved glycemic index have accumulated. A
meta-analysis of 28 trials found that lowering glycemic index did not affect HDL cholesterol
or triglyceride levels and lowered LDL cholesterol level only if fiber content was also
increased.3” The LDL cholesterol-lowering effect of dietary fiber, per se, is well-
established.38 In our study, LDL cholesterol levels and other components of LDL such as
apolipoprotein B and apolipoprotein C-I11 were higher during the low—glycemic index, high-
carbohydrate diet than during the other 3 diets. There were no increases in foods or nutrients
in the low—glycemic index, high-carbohydrate diet that have known effects to raise LDL
levels. In fact, the low—glycemic index, high-carbohydrate diet contained slightly less

JAMA. Author manuscript; available in PMC 2015 June 17.
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dietary cholesterol and more fiber than the other diets, but these differences would have
lowered not raised LDL levels. Low—glycemic index diets did not lower blood
pressure,319.21,22.31-33 Other studies in participants without diabetes found that high vs low
glycemic index did not affect glycemia or insulin resistance.21:23:25.27.28,32 \We caution that
we did not study lowering glycemic index in people with type 2 diabetes to control their
hyperglycemia; 2 meta-analyses reported benefits®39 and our findings should not be
extended to type 2 diabetes. We also did not study the influence of glycemic index on
weight loss. Lowering glycemic index may improve weight loss® or maintenance0:41
according to a meta-analysis® and some more recent clinical trials,*%:41 although others did
not find an advantage of low—glycemic index diets.3:22:27,29,31,42

This trial oversampled black individuals because of their greater burden of type 2 diabetes
and CVD that could be modifiable by dietary change. The results were similar in black and
white participants. The main dietary contrast of interest, high vs low glycemic index,
included 163 participants, exceeding the goal of 160. However, the number of participants
for each dietary contrast ranged from 135 to 150. Still, the precision of estimation of effects,
as shown by the confidence intervals, was adequate for clinically relevant inference on the
risk factors of interest.

Conclusions

In this 5-week controlled feeding study, diets with low glycemic index of dietary
carbohydrate, compared with high glycemic index of dietary carbohydrate, did not result in
improvements in insulin sensitivity, lipid levels, or systolic blood pressure. In the context of
an overall DASH-type diet, using glycemic index to select specific foods may not improve
cardiovascular risk factors or insulin resistance.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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985 Individuals assessed for eligibility

783 Excluded
175 Declined to participate
608 Did not meet inclusion criteria
510 Blood pressure ineligible
> 22 Body mass index exclusion

17 Unwilling to eat study diets
16 Medical history exclusion
10 Laboratory value exclusion
33 Other exclusions

4
202 Started run-in
> 13 Dropped out

189 Randomized to receive 1 of 8 diet sequences

23 Randomizedto | 26 Randomizedto @ 22 Randomizedto | 24 Randomizedto | 25 Randomizedto = 22 Randomizedto | 25 Randomizedto | 22 Randomized to

receive high receive high receive high receive high receive low receive low receive low receive low
carb, high GI; carb, high GI; carb, low GI; carb, low GI; carb, high GI; carb, high GI; carb, low GI; carb, low Gl;
high carb, low high carb, low high carb, high high carb, high low carb, low low carb, low low carb, high low carb, high
Gl; low carb, Gl; low carb, Gl; low carb, Gl; low carb, Gl; high carb, Gl; high carb, Gl; high carb, Gl; high carb,
high GI; low low GI; low high GI; low low GI; low high GI; high low GI; high high GI; high low GI; high
carb, low GI carb, high GI carb, low GI carb, high GI carb, low Gl carb, high GI carb, low GI carb, high GI
diet sequence diet sequence diet sequence diet sequence diet sequence diet sequence diet sequence diet sequence
Y h 4 * l Y 4 Y b 4

5 Dropped out 3 Dropped out 1 Dropped out 2 Dropped out 2 Dropped out 3 Dropped out 2 Dropped out 1 Dropped out

during first diet during first diet during first diet during first diet during first diet during first diet during first diet during first diet

0 Dropped out 1 Dropped out 1 Dropped out 1 Dropped out 0 Dropped out 2 Dropped out 2 Dropped out 0 Dropped out

during second during second during second during second during second during second during second during second
diet diet diet diet diet diet diet diet

0 Dropped out 4 Dropped out 0 Dropped out 2 Dropped out 2 Dropped out 1 Dropped out 4 Dropped out 2 Dropped out

during third diet during third diet during third diet during third diet during third diet during third diet during third diet during third diet

0 Dropped out 1 Dropped out 1 Dropped out 1 Unable to 0 Dropped out 1 Dropped out 0 Dropped out 2 Dropped out

during fourth during fourth during fourth complete third during fourth during fourth during fourth during fourth
diet diet diet diet, study diet diet diet diet
1 Unable to closure 1 Unable to 1 Unable to
complete fourth 2 Dropped out complete fourth complete fourth
diet, study during fourth diet, study diet, study
closure diet closure closure
2 Unable to
complete fourth
diet, study
closure
Y A4 A 4 i Y Y b, 4 b §

18 Completed at 22 Completed at 20 Completed at 21 Completed at 23 Completed at 17 Completed at 21 Completed at 21 Completed at
least 2 diet least 2 diet least 2 diet least 2 diet least 2 diet least 2 diet least 2 diet least 2 diet
periods and periods and periods and periods and periods and periods and periods and periods and
were included were included were included were included were included were included were included were included
in primary in primary in primary in primary in primary in primary in primary in primary
analysis analysis analysis analysis analysis analysis analysis analysis

Y
141 Included in analysis of low carb, low Gl vs high carb, high GI
149 Included in analysis of high carb, low Gl vs high carb, high GI
139 Included in analysis of low carb, high Gl vs high carb, high GI
142 Included in analysis of low carb, high Gl vs high carb, low GI
144 Included in analysis of low carb, low Gl vs high carb, low GI
150 Included in analysis of low carb, low Gl vs low carb, high GI

Figure 1.
Participant Screening, Enrollment, and Follow-up in the OmniCarb Study

Carb indicates carbohydrate; GI, glycemic index.
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Figure 2.
Effect of the Study Diets on Blood Glucose and Insulin Levels Over 12 Hours

In the morning after a 10- to 12-hour fast and during the fourth or fifth week of each dietary
period, the participants were given breakfast, lunch, and dinner that had the food and
nutrient composition of the assigned diet period. Blood was sampled before breakfast,

usually at 8:00 am, 8:30 am, 9:00 av, and hourly, ending at approximatel

y 7:30 »w. See eTable

3 in Supplement 2 for data on glucose and insulin area under the curve and statistical testing.

A self-selected subgroup of participants were included. Carb indicates

JAMA. Author manuscript; available in PMC 2015 June 17.
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glycemic index. To convert glucose to mmol/L, multiply by 0.0555; insulin to pmol/L,
multiply by 6.945.
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Replacing high- with low-glycemic index foods
Low GlI, high carb vs high G, high carb
Low GlI, low carb vs high G, low carb
Replacing high- with low-carb foods
High GI, low carb vs high G, high carb
Low GlI, low carb vs low Gl, high carb

Combined effects of reducing glycemic index
and carbohydrate level?
Low GlI, low carb vs high Gl, high carb

Replacing high- with low-glycemic index foods
Low GlI, high carb vs high G, high carb
Low GlI, low carb vs high G, low carb
Replacing high- with low-carb foods
High GI, low carb vs high G, high carb
Low GlI, low carb vs low Gl, high carb

Combined effects of reducing glycemic index
and carbohydrate level?
Low GlI, low carb vs high Gl, high carb

Figure 3.

r

-4

Between-Diet Difference,
Mean (95% Cl), mg/dL

Effect of Study Diets on Main Outcomes
The primary outcomes were systolic blood pressure, insulin sensitivity, and levels of low-
density lipoprotein (LDL) cholesterol, high-density lipoprotein (HDL) cholesterol, and
triglycerides. Diastolic blood pressure was a secondary outcome. Additional data related to
these outcomes are presented in Table 3 and eTable 3 in Supplement 2. Apolipoproteins and
other lipid outcomes are in eTable 4. Carb indicates carbohydrate; Gl, glycemic index. To
convert cholesterol to mmol/L, multiply by 0.0259; triglycerides to mmol/L, multiply by

0.0113.

Between-Diet Difference,
Mean (95% Cl), mm Hg

Between-Diet Difference,
Mean (95% Cl), mm Hg

aFor the 5 primary outcomes on the primary diet contrast (insulin sensitivity, triglycerides,
HDL cholesterol, LDL cholesterol, and systolic blood pressure), we plot and tabulate 99%
Cl to achieve nominal 95% coverage.
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Baseline Characteristics of Participants (N=163)

Characteristic

Baseline Value

Age, mean (SD), y 53 (11)
Female sex, No. (%) 85 (52)
Race/ethnicity, No. (%)
Black 83 (51)
Non-Hispanic white 66 (40)
Hispanic white 5(3)
Asian 4(2)
Other 5(3)
Body mass index&
Mean (SD) 32(6)
=30, No. (%) 92 (56)
Waist circumference, mean (SD), cm 104 (14)
Hypertension, No. (%) 43 (26)
Smoking status, No. (%)
Current 26 (16)
Former 33(20)
Never 104 (64)
Marital status, No. (%)
Married 47 (29)
Divorced or separated 38(23)
Widowed 9 (6)
Never married 69 (42)
Education level, No. (%)
High school or less 30 (18)
Some college 63 (39)
College graduate or beyond 70 (43)
Household income, annual, No. (%), $
<30 000 54 (33)
30 000-59 999 58 (36)
>60 000 44 (27)
Did not give information 7(4)
Alcoholic beverage drinking, none 90 (55)
Drinks among drinkers, mean (SD), No./wk 4(3)
Menopausal (women), No. (%) 49 (58)
Metabolic syndrome, No. (%) 33 (20)

Dietary intake per day (FFQ), mean (SD)

JAMA. Author manuscript; available in PMC 2015 June 17.
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Characteristic Baseline Value
Energy, kcal 2175 (1131)
Carbohydrate, % 52 (10)
Protein, % 15 (4)
Fat, % 33(7)

Saturated fat, % 10 (3)

Monosaturated fat, % 13 (3)

Polyunsaturated fat, % 10 (2)
Cholesterol, mean (SD), mg 236 (149)
Dietary fiber, mean (SD), ¢ 22 (13)

Abbreviation: FFQ, Food Frequency Questionnaire.

aCaIcuIated as weight in kilograms divided by height in meters squared.
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