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OBJECTIVEdWe evaluated the effects of mixed meals differing in glycemic index (GI) and
carbohydrate content on postprandial serum glucose and insulin response, hunger, and satiety
over the course of a 12-h day.
RESEARCH DESIGN AND METHODSdIn this randomized crossover trial, 26 overweight
or obese adults received four diets in random order (high GI, high carbohydrate [HGI-HC]; high GI,
low carbohydrate [HGI-LC]; low GI, high carbohydrate [LGI-HC]; and low GI, low carbohydrate
[LGI-LC]). All meals were prepared by a metabolic kitchen. Participants received breakfast, lunch, and
dinner over the course of a 12-h day. Primary outcomes were postprandial serum glucose and insulin
quantiﬁed as area under the curve. Hunger, fullness, and satiety were assessed by visual analog scale.
RESULTSdThe HGI-LC, LGI-HC, and LGI-LC diets signiﬁcantly reduced glucose and insulin
area under the curve compared with the HGI-HC diet (P , 0.001 for all comparisons). There
were no signiﬁcant differences in ratings of hunger, fullness, or satiety between the different
dietary treatments.
CONCLUSIONSdReducing the GI or carbohydrate content of mixed meals reduces postprandial glycemia and insulinemia, and these changes can be sustained over the course of an
entire day. However, there were no differences in subjective hunger and satiety ratings between
the diets. These results demonstrate that maintaining a low GI or glycemic load diet is an effective
method of controlling serum glucose and insulin levels.
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T

he extent to which a food raises blood
glucose after its consumption is
ranked using the glycemic index
(GI) and the glycemic load (GL), which is
calculated by multiplying the GI of the
food by the amount of carbohydrate. Foods
with a high GI are those that cause a large
and rapid rise in blood glucose, whereas
those with a low GI produce small ﬂuctuations in blood glucose. It is believed that
low GI foods are advantageous for health
because the swings in glucose and insulin
production are minimized. This is especially

important for persons who are insulin
resistant or diabetic (1,2). Epidemiological studies have linked low GI or low GL
diets with reduced risk of developing
diabetes and cardiovascular disease (3).
A low GI or GL diet may also aid in weight
loss, although the ﬁndings thus far have
been inconsistent (4). It is believed that
low GI diets may aid weight control by
1) promoting satiety and 2) by promoting
fat oxidation over carbohydrate oxidation.
Many short-term studies have demonstrated that consumption of low GI foods
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reduced hunger and increases satiety compared with high GI food; however, many
of these experiments were confounded by
differences in other variables such as macronutrient content, energy density, and
palatability (5). In the studies that did control for these variables, the results were
mixed as to whether low GI foods delay
hunger and promote satiety (5). Early studies examined the effect of individual compounds or food items on glycemic response
and satiety. However, people usually eat
complex mixed meals, not individual
food items.
In this study, we examined the effect
of altering both GI and the amount of
carbohydrate in well-deﬁned mixed meals
on postprandial glucose and insulin response in overweight and obese subjects
over the course of a 12-h day. We also
assessed effects on subjective hunger and
satiety.
RESEARCH DESIGN AND
METHODS
Participants
Healthy male and female volunteers, 18–70
years of age, were recruited from the greater
Baton Rouge, Louisiana area. Eligible participants were free of chronic disease with
fasting serum glucose levels of #125 mg/dL
and a BMI between 25 and 35 kg/m2. The
study was approved by the Institutional
Review Board at Pennington Biomedical
Research Center; all subjects provided
written informed consent.
Study design
Participants were randomly assigned to one
of four possible diet sequences. There was
at least a 3-day washout period in between
diets. Women were only tested during the
luteal phase of their menstrual cycle. All
foods were prepared and provided by the
Pennington Metabolic Kitchen Core. For
each diet period, participants were fed a
standard American diet (34% fat, 15%
protein, 51% carbohydrate) for 3 days in
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order to control for diet prior to test days.
Clinicians often recommend that patients
consume a diet rich in carbohydrates prior
to oral glucose tolerance testing (6). The
energy level of the diet was individualized
based on each participant’s estimated resting metabolic rate. Participants were required to consume breakfast and dinner
at the Pennington Center. Lunch was provided as takeout. On day 4, participants
consumed all their meals for their assigned
diet in clinic. Participants were asked to
consume their meals within 20 min with
breakfast centered at 8:00 A.M. Lunch was
provided ;4 h following completion of
breakfast and dinner ;4 h following completion of lunch. Participants were required
to eat all food provided.

analysis information is provided in Supplementary Tables 1–4.
Glucose and insulin concentrations
On day 4, after a 10-h fast, blood samples
were drawn via indwelling catheter beginning just before breakfast and at timed
intervals thereafter for 12 h. A baseline
blood sample was obtained 15 min prior
to breakfast consumption. Additional blood
samples were collected at 15, 30, 45, 60, 90,
120, 150, and 210 min after eating commenced. Blood samples were collected at
the same time points after lunch and dinner.
Glucose and insulin levels were analyzed by
the Pennington Clinical Research Laboratory.
Visual analog scale ratings
Subjective appetite sensations and mood
were assessed using visual analog scales
(VAS) as previously described (7). Participants were asked to rate their levels of
hunger, satiety, energy, and mood using
the questions listed in Table 2. Questions
were presented one at a time, and subjects
marked their rating on a 100-mm line anchored at 0 (“I am not hungry at all”) and
100 (“I have never been more hungry”).
Questionnaires were presented electronically before meals and periodically
throughout the day.

Diets
One daily menu, including breakfast,
lunch, and dinner, was constructed for
four isocaloric diets differing in GL by
manipulation of GI based on white bread
values and percent energy from carbohydrate. Energy from protein was held at
20%, and fat varied with carbohydrate.
Dietary ﬁber was also held constant
among diets with the addition of cellulose
when needed. The meals consisted of
mixed foods (casseroles) that matched
the diets’ GI and percent energy from carbohydrate as closely as possible. Table 1
provides a summary of the test diets (high
GI, high carbohydrate [HGI-HC]; high GI,
low carbohydrate [HGI-LC]; low GI, high
carbohydrate [LGI-HC]; and low GI, low
carbohydrate [LGI-LC]). Detailed menu

Statistical analysis
The minimum clinically relevant difference
between any two levels of treatment for incremental area under the curve (AUC) for serum glucose is taken to be 25% of the mean
levels under standard diet conditions (8).

Table 1dGI, GL, energy, macronutrient, and ﬁber content of each diet at the 2,200-kcal
energy level
GI
HGI-HC
Breakfast 104.5
Lunch
104.1
Dinner
104.9
HGI-LC
Breakfast 103.3
Lunch
103.2
Dinner
104.4
LGI-HC
Breakfast
66.1
Lunch
67.0
Dinner
67.4
LGI-LC
Breakfast
66.8
Lunch
66.1
Dinner
67.8
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GL

Kilocalorie

Protein (g)

Fat (g)

Carbohydrate (g)

Fiber (g)

107.6
107.1
107.9

704
728
735

36.5
35.5
36.7

19.7
19.8
19.3

103.0
102.8
102.9

7.3
7.6
8.1

76.6
76.7
76.8

700
740
736

36.2
36.4
36.7

32.9
32.7
32.6

74.1
74.3
73.6

7.5
7.6
7.2

68.0
68.6
69.4

704
729
732

36.3
36.5
37.2

19.8
20.1
19.2

102.9
102.3
102.8

7.7
7.6
8.7

46.9
48.9
50.1

710
737
734

36.3
36.8
36.4

32.8
32.4
32.2

74.6
74.1
73.9

7.2
7.0
8.0
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A sample size of 25 subjects gives 80%
power to detect a 25% difference between
treatments with a signiﬁcance level of
a = 0.05. We enrolled 30 participants to
allow for attrition.
A mixed linear statistical model ANOVA
was used in the evaluation of treatment
efﬁcacy. This model included AUC as the
dependent variable and ﬁxed effects for the
four treatments, the 4 days, and the four
sequences together with random effects for
subjects within sequence as independent
(predictor) variables. All hypotheses were
tested against two-directional alternatives.
Statistical signiﬁcance was deﬁned as P #
0.05, and pairwise comparisons of the four
treatments were performed using a Tukey
adjustment.
RESULTS
Participants
Thirty participants were enrolled in the
study between February and June 2007
with a total of 26 completing. Two participants changed their minds, one participant
discontinued because of a schedule conﬂict,
and one participant was not able to meet
the study demands. Of the 26 completing
participants, 10 were male and 16 female.
There were 12 African Americans, 13 Caucasians, and 1 other. The average age of
participants was 43.5 6 14.7 years, and the
average BMI was 29.1 6 2.8 kg/m2. Baseline characteristics of the study participants
are shown in Supplementary Table 5.
Glucose and insulin
The daylong (12 h) glucose and insulin
proﬁles are shown in Supplementary Fig. 1.
Mean glucose and insulin AUC values for
all meals combined were signiﬁcantly
higher for the HGI-HC compared with all
other diets (Fig. 1). Compared with the
HGI-HC treatment, serum glucose AUC
was reduced 24, 33, and 42% in the HGILC, LGI-HC, and LGI-LC treatments, respectively (P , 0.001 for all comparisons). Serum
insulin AUC was 20, 20, and 29% lower in
the HGI-LC, LGI-HC, and LGI-LC treatments as compared with the HGI-HC diet
(P , 0.0001 for all comparisons). Using criteria of at least a 25% change from mean
levels, the LGI-LC diet produced the largest
clinically relevant reductions in serum glucose and insulin. Not surprisingly, consumption of the HGI-LC (GL = 77) and LGI-HC
(GL = 69) diets resulted in glucose and
insulin AUCs that were intermediate to
the HGI-HC (GL = 108) and LGI-LC
(GL = 50) diets. This trend could be seen
after all three meals individually (Fig. 2).
care.diabetesjournals.org
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Table 2dVAS ratings of satiety, energy, and emotions
Question
How hungry do you feel at
this moment?
How full does your stomach
feel at this moment?
How strong is your desire to
eat at this moment?
How sad do you feel?
How tense do you feel?
How much effort is it to do
anything?
How happy do you feel?
How weary do you feel?
How calm do you feel?
How sleepy do you feel?

HGI-HC

HGI-LC

LGI-HC

LGI-LC

33,625 (28,895–38,356)

32,978 (28,355–37,602)

37,937 (32,392–42,402)

31,825 (26,549–37,100)

42,759 (36,966–48,553)

42,414 (36,752–48,077)

43,201 (37,072–49,331)

43,484 (37,023–49,945)

34,191 (27,208–41,174)
2,813ab (1,202–4,425)
2,143 (739–3,546)

36,184 (29,359–43,010)
4,123b (2,548–5,699)
1,272 (0–2,643)

41,087 (33,698–48,475)
1,743a (37.6–3,448)
2,164 (680–3,649)

3,208 (24,298–39,874)
3,140ab (1,343–4,938)
1,402 (0–2,967)

7,137ab (4,224–10,051)
4,442 (2,534–6,350)
2,425a (478–4,372)
1,319a (0–2,834)
8,448 (4,889–12,006)

4,569a (1,721–7,417)
1,905 (40.5–3,770)
4,387ab (2,484–6,290)
2,888ab (1,407–4,369)
7,129 (3,652–10,607)

4,951a (1,868–8,033)
4,100 (2,081–6,119)
4,144ab (2,084–6,204)
3,964b (2,361–5,567)
9,627 (5,862–13,391)

9,936b (6,686–13,185)
3,432 (1,304–5,560)
5,191b (3,019–7,362)
2,004ab (314–3,694)
8,244 (4,276–12,213)

Data are mean AUC for the entire day (95% CI). Different superscript letters indicate signiﬁcant differences (P , 0.05).

Glucose and insulin responses were
highest after breakfast. The HGI-HC
breakfast meal yielded the highest levels
of circulating glucose, and levels for all
other diets were equally reduced compared with HGI-HC diet. Blood insulin
levels were higher in response to both
high-carbohydrate diets regardless of GI.
At lunch, the effect of GI on glucose and
insulin levels became more pronounced,
and a distinct dose-response relationship
between glucose or insulin AUC and GL
was apparent. These effects continued at
dinner but were somewhat mitigated.
Hunger, satiety, energy, and mood
We measured subjective hunger, fullness,
and satiety using VAS throughout the
course of the day. There were no differences between dietary treatments in these

measures (Table 2). As an exploratory
measure, we also asked subjects to answer
several questions related to energy levels
and emotions. Participants rated their
levels of weariness higher when they consumed the LGI-LC diet compared with
the HGI-HC diet (P , 0.05). Participants
also felt that doing anything took more
effort when they were consuming the
LGI-LC diet compared with the LGI-HC
and HGI-LC diets (P , 0.05). Calmness
ratings were highest in the LGI-HC treatment, whereas sadness ratings were highest in the HGI-LC treatment. With most of
the ratings, there was no clear relationship
with GI or GL.
CONCLUSIONSdThis study is unique
in that we fed well-deﬁned meals to overweight or obese subjects throughout an

entire day and compared a low GI diet to a
high GI diet with percent energy from
carbohydrate at two levels (40 and 56%).
Thus, the GL varied for all diets. We were
also able to control for any effects of previous diet by having participants consume
standard diets for the 3 days prior to testing.
Overall consumption of the low GI diets
resulted in glucose and insulin AUCs that
were lower than that AUCs induced by high
GI diets regardless to whether it was high or
low in percent energy from carbohydrates.
Our results are in agreement with previous literature including a recent study by
Bao et al. (9), which demonstrated that GL
is a good predictor of postprandial serum
glucose and insulin response in healthy,
lean adults. In that study, groups of subjects
consumed 121 single food items and 13
mixed meals, and glucose and insulin

Figure 1dGlucose and insulin AUC values for all meals combined (mean 6 95% CI; n = 26).
care.diabetesjournals.org
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Figure 2dGlucose and insulin AUC values for breakfast, lunch, and dinner (mean 6 95% CI; n = 26).

response was quantiﬁed as AUC. Among
single foods, GL explained 85 and 59% of
the observed variation in glucose and insulin response, respectively (P , 0.001).
Among mixed meals, GL explained 58%
(P = 0.003) and 46% (P = 0.01) of the variation in glucose and insulin response,
1636
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respectively. Our study suggests that the
GL remains a good predictor of postprandial serum and glucose levels in an overweight and obese population.
Interestingly, despite signiﬁcant reductions in postprandial glycemia and insulinemia with decreasing GL, there was no

effect on measures of hunger or satiety.
Though this does not support the hypothesis that blood glucose levels mediate
appetite, our ﬁndings are in agreement with
the handful of studies that have examined
the effect of low or high GI mixed meals
on hunger and satiety ratings (10–13). All
care.diabetesjournals.org
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studies except one report no effect of low
versus high GI meals on hunger and satiety
ratings. Lemmens et al. (14) previously
demonstrated that blood glucose and insulin tracked with VAS scores, but the amount
of variation explained by these blood markers was too small to serve as a useful biomarker. Indeed, a meta-analysis by Flint
et al. (15) found no correlation between
blood glucose concentrations and feelings
of hunger or satiety. Our study was limited
in that we were only able to assess subjective measures of hunger and satiety. Quantifying caloric intake in an ad libitum setting
would have allowed for objective measurement of food intake. However, other studies have reported no differences in calories
consumed at ad libitum meals when subjects are prefed a low or high GI test meal
(10,12,13,16).
Although we did see some statistically
signiﬁcant changes in parameters related
to mood and energy, the physiological
signiﬁcance is questionable due to the lack
of a clear relationship with GI or GL. Based
on our data, it does not appear that blood
glucose levels are a signiﬁcant modulator
of mood or energy levels.
This study demonstrates that lowering the GL of mixed meals is an effective
method of controlling blood glucose and
insulin levels throughout the day.
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