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WITH PREVALENCE AP-
proaching one third of
the population, obesity
is among the most im-

portant medical problems in the United
States1 and identification of effective di-
etary treatment has become a major
public health priority.2 Three popular
diets—low fat, low carbohydrate, and
low glycemic load—have recently re-
ceived much attention. However, clini-
cal trials have produced inconsistent
findings, with some suggesting that one
diet is superior for weight loss3-8 and
others indicating no difference be-
tween diets.9-11 This inconsistency may
arise from methodological problems
both within and between trials, such as
different treatment intensity between
groups, inadequate attention to treat-
ment fidelity, variable nutrition edu-
cation and dietary counseling strate-
gies, and confounding by dietary and
nondietary factors. An alternative ex-
planation for this inconsistency re-
lates to inherent physiological differ-
ences among study participants.

One physiological mechanism that
might relate weight loss to dietary com-
position is individual differences in in-
sulin secretion. Diets with a high gly-
cemic load (the mathematical product

of the glycemic index and the carbo-
hydrate amount12) result in higher post-
prandial insulin concentration, calo-
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Context The results of clinical trials involving diet in the treatment of obesity have been
inconsistent, possibly due to inherent physiological differences among study participants.

Objective To determine whether insulin secretion affects weight loss with 2 popu-
lar diets.

Design, Setting, and Participants Randomized trial of obese young adults (aged
18-35 years; n=73) conducted from September 2004 to December 2006 in Boston,
Mass, and consisting of a 6-month intensive intervention period and a 12-month fol-
low-up period. Serum insulin concentration at 30 minutes after a 75-g dose of oral
glucose was determined at baseline as a measure of insulin secretion. Outcomes were
assessed at 6, 12, and 18 months. Missing data were imputed conservatively.

Interventions A low–glycemic load (40% carbohydrate and 35% fat) vs low-fat
(55% carbohydrate and 20% fat) diet.

Main Outcome Measures Body weight, body fat percentage determined by dual-
energy x-ray absorptiometry, and cardiovascular disease risk factors.

Results Change in body weight and body fat percentage did not differ between the
diet groups overall. However, insulin concentration at 30 minutes after a dose of oral glu-
cose was an effect modifier (group�time� insulin concentration at 30 minutes: P=.02
for body weight and P=.01 for body fat percentage). For those with insulin concentra-
tion at 30 minutes above the median (57.5 µIU/mL; n=28), the low–glycemic load diet
produced a greater decrease in weight (–5.8 vs –1.2 kg; P=.004) and body fat percent-
age (–2.6% vs –0.9%; P=.03) than the low-fat diet at 18 months. There were no sig-
nificant differences in these end points between diet groups for those with insulin con-
centration at 30 minutes below the median level (n=28). Insulin concentration at 30 minutes
after a dose of oral glucose was not a significant effect modifier for cardiovascular dis-
ease risk factors. In the full cohort, plasma high-density lipoprotein cholesterol and tri-
glyceride concentrations improved more on the low–glycemic load diet, whereas low-
density lipoprotein cholesterol concentration improved more on the low-fat diet.

Conclusions Variability in dietary weight loss trials may be partially attributable to
differences in hormonal response. Reducing glycemic load may be especially impor-
tant to achieve weight loss among individuals with high insulin secretion. Regardless
of insulin secretion, a low–glycemic load diet has beneficial effects on high-density
lipoprotein cholesterol and triglyceride concentrations but not on low-density lipopro-
tein cholesterol concentration.

Trial Registration clinicaltrials.gov Identifier: NCT00130299
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rie for calorie, than those with a low
glycemic load.13 High postprandial in-
sulin concentration has been postu-
lated to decrease availability of meta-
bolic fuels several hours after a meal,
causing hunger and overeating.14 For
this reason, we previously hypoth-
esized that individuals with a high in-
sulin response to glucose may be most
sensitive to the effects of glycemic
load.15 A translational study involving
rodents supports this hypothesis: in-
sulin concentration at 30 minutes af-
ter a dose of oral glucose predicted most
of the variability in weight gain among
animals consuming a high–glycemic in-
dex diet (R2=0.84; P�.001) but none
of the variability among animals con-
suming a low–glycemic index diet
(R2=0.003; P=.94).16

The purpose of this study was to
determine whether insulin secretion
affects body fat loss among obese
individuals consuming self-prepared
diets. Toward this end, we conducted
an 18-month randomized controlled
trial to compare the efficacy of a low–
glycemic load/higher-fat diet with a
low-fat/higher–glycemic load diet. To
reduce the possibility of experimental
bias, we aimed to keep treatment
intensity, treatment fidelity, nutrition
education and dietary counseling
strategies, and physical activity pre-
scription the same between the diet
groups.

METHODS
Overview

Nutrition education and dietary coun-
seling were provided to participants in
both the low–glycemic load and low-
fat diet groups. Prior to random assign-
ment of participants to groups, a 75-g
oral glucose tolerance test was con-
ducted and serum was stored for later
analysis of insulin. Body composition,
plasma lipid levels, blood pressure,
plasma glucose level, and serum insu-
lin level were assessed at baseline and
again at 6, 12, and 18 months. Body
weight was tracked throughout the
study. The institutional review board
at Children’s Hospital Boston ap-
proved the protocol. Each participant

provided written informed consent be-
fore enrollment. Data were collected in
Boston, Mass, between September 2004
and December 2006.

Participants

Participants were recruited using posted
fliers, newspaper and Internet adver-
tisements, and radio broadcasts that de-
scribed the study as an opportunity for
weight loss. Inclusion criteria in-
cluded age between 18 and 35 years,
body mass index (calculated as weight
in kilograms divided by height in me-
ters squared) of 30 and above, and
medical clearance from a primary care
provider. Exclusion criteria included
body weight exceeding 140 kg, cur-
rent smoking, recent adherence to a
weight loss diet, use of medications that
could affect study outcomes, and dia-
betes mellitus (fasting plasma glucose
�126 mg/dL [7 mmol/L]) or any other
major illness as assessed by a medical
history and laboratory screening tests
(blood urea nitrogen, creatinine, ala-
nine transaminase, hematocrit). Sev-
enty-three participants (15 males, 58 fe-
males) who met these criteria were
enrolled in the study.

Enrolled participants were entered
sequentially onto a list of random group
assignments prepared in advance by the
study statistician, with stratification by
sex and ethnicity/race (based on par-
ticipant self-report of non-Hispanic
white or other). The sequence of ran-
dom assignments was permuted within
stratum in blocks of 2 and 4. To avoid
any bias in assigning participants to diet
groups, staff conducting recruitment
and enrollment were masked to se-
quence. The study director assigned
participants to groups. For complet-
ing study visits, participants were paid
$50 at 6 months, $50 at 12 months, and
$100 at 18 months.

Interventions

Low–Glycemic Load Diet. Partici-
pants were counseled to consume
low–glycemic load foods (particularly
nonstarchy vegetables, legumes, and
temperate fruits) and to limit intake
of high–glycemic load foods (such as

refined grains, starchy vegetables, fruit
juices, and sweets). Attention also was
directed toward consuming sources of
healthful fat including nuts, seeds,
and oils. The target macronutrient
composition was 40% of energy from
carbohydrate, emphasizing low–
glycemic index sources, 35% from fat,
and 25% from protein. Participants
were equipped with food-choice lists
that delineated products into low–,
moderate–, and high–glycemic load
categories.17 Registered dietitians pro-
vided information during cooking
demonstrations to encourage con-
sumption of low–glycemic load foods
and led interactive activities using
food models to define appropriate
serving sizes of high–glycemic load
foods (eg, refined grain products,
sweets).

Low-Fat Diet. Participants were
counseled to consume low-fat grains,
vegetables, fruits, and legumes and to
limit intake of added fats, sweets, and
high-fat snacks. The target macronu-
trient composition was 55% of energy
from carbohydrate, 20% from fat, and
25% from protein. The intervention was
not designed to maximize dietary gly-
cemic index and glycemic load; rather,
the aim was to prescribe a diet consis-
tent with low-fat guidelines.18 Partici-
pants were equipped with food-choice
lists that delineated products into low-,
moderate-, and high-fat categories. Reg-
istered dietitians provided informa-
tion during cooking demonstrations to
encourage consumption of low-fat
foods and led interactive activities using
food models to define appropriate serv-
ing sizes of high-fat foods (eg, butter)
and sweets.

Treatment Intensity. Diets were pre-
scribed using an ad libitum approach,
relying on intrinsic control of energy in-
take based on the presumption that
these diets would decrease hunger, in-
crease satiation and/or satiety, and there-
fore promote a negative energy bal-
ance. Proposed mechanisms for this
presumption involve improved access
to metabolic fuels on the low–
glycemic load diet14,19 and decreased en-
ergy density on the low-fat diet.20-23
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An exchange system or a calorie-
counting regimen was not used to im-
pose an energy deficit, and partici-
pants did not receive any quantitative
information regarding macronutrient
targets. Rather, hunger and satiety cues
were discussed and participants were
advised as follows: “Eat when you are
hungry, before you become famished.
Stop eating when you are satisfied, be-
fore you become stuffed.” Physical ac-
tivity recommendations were consis-
tent between groups and based on
public health guidelines.24

The same intervention schedule, con-
sisting of a 6-month intensive interven-
tion period and a 12-month follow-up
period, was implemented for both
groups. There were 23 group work-
shops (1 hour each), 1 private counsel-
ing session (1 hour), and 5 motiva-
tional telephone calls (30 minutes each).
Six of the group workshops were sched-
uled during the first 2 months of the in-
tervention period, and the remaining
workshops were held on a monthly ba-
sis thereafter. The private session oc-
curred during the initial month, and a
telephone call was scheduled for each
of the subsequent 5 months of the in-
tensive intervention period.

Nutrition Education and Dietary
Counseling. Principles of nonformal
adult education25 and participant-
centered counseling26 were applied to
promote adherence to the diets. As
such, respectful consideration of par-
ticipant perspectives, core values, life
experiences, current circumstances, and
available resources formed a founda-
tion for education and counseling. The
primary objective of the workshops was
to foster knowledge and skills neces-
sary to follow the respective diets, and
the purpose of the telephone calls was
to enhance motivation for translating
knowledge and skills to changes in di-
etary behaviors. Dietitians were direc-
tive in negotiating goals with partici-
pants and empathetic when assisting
them in overcoming adherence chal-
lenges. Participants were asked to keep
one 3-day food diary prior to each
workshop, particularly during the in-
tensive intervention period, as a strat-

egy for monitoring goal attainment. Di-
etitians prepared written feedback on
submitted diaries, highlighting suc-
cesses and providing advice for correct-
ing deviations from diet prescriptions.
To track progress, dietitians measured
weight at each workshop using an elec-
tronic scale (model BWB-800, Tanita,
Arlington Heights, Ill).

Treatment Fidelity. Dietitian adher-
ence to the intervention protocols was
conceptualized as treatment fidelity, a
term encompassing integrity and dif-
ferentiation.27 Integrity is the degree to
which treatment is implemented ac-
cording to established procedures, and
differentiation is the extent to which in-
terventions are distinct from one an-
other. Several strategies were used to
maximize treatment fidelity. First, group
workshops were scripted and written
educational materials were developed
to ensure delivery of well-defined nu-
trition messages for each diet group;
otherwise, the format of the work-
shops and quality of the materials were
completely parallel to maintain equal
treatment intensity. Second, flow-
charts provided structure for the pri-
vate session and motivational tele-
phone calls and were used to foster
dietitian adherence to a participant-
centered counseling model, with ad-
equate flexibility for addressing situa-
tions unique to each individual.
Prompts for open-ended questions were
included in the flowcharts to enhance
dialogue. The private session and tele-
phone calls were digitally recorded,
such that the study director and lead
dietitian could monitor deviations from
the protocol and provide feedback to di-
etitians as necessary. The duration of the
private session and each telephone call
also was monitored as an indicator of
integrity with regard to treatment in-
tensity. Third, weekly staff meetings
provided an opportunity for contin-
ued discussion on intervention deliv-
ery, particularly strategies for assisting
individual participants without com-
promising differentiation between diets.
Fourth, dietitians were given detailed
guidelines for providing written feed-
back on food diaries to avoid unin-

tended overlap in dietary advice be-
tween groups.

Process Evaluation
Participant adherence was evaluated
based on attendance at group work-
shops and the private session, comple-
tion of motivational telephone calls, and
self-reported dietary intake. In addi-
tion, data were obtained in regard to
physical activity and participant satis-
faction with the program.

Dietary and Physical Activity Re-
call Interviews. Three telephone-
administered 24-hour recall interviews
(2 weekdays and 1 weekend day) were
conducted at baseline and again at 6, 12,
and 18 months to assess diet and physi-
cal activity.Thesecallswere separate from
themotivational telephonecalls thatwere
part of the intervention. The recall in-
terviews were unannounced so that the
participant did not know the exact dates
of the telephone calls in advance. The in-
terviewer was masked to group assign-
ment. Prior to the first interview, in-
person training sessions were held on
how to estimate food and beverage por-
tion sizes and to rate the intensity of
physical activity.

Dietary intake was assessed by a mul-
tiple-pass method using the Nutrition
Data System for Research Software ver-
sions 5.0_35, 2005, and 2006 (Nutri-
tion Coordinating Center, University of
Minnesota, Minneapolis). The partici-
pant was prompted to list in sequence
the foods and beverages consumed dur-
ing the previous day, identify omis-
sions in the initial list, and then pro-
vide details (eg, portion sizes, brand
names) concerning each reported item.
Intake was reviewed and confirmed at
the end of the interview. Dietary vari-
ables of interest for this report include
carbohydrate, total and saturated fat,
protein, fiber, and energy intakes. Mac-
ronutrient (% of energy) and fiber (g/
1000 kcal) intakes are reported rela-
tive to energy intake.

Dietary glycemic index and glyce-
mic load for each day of self-reported
intake were quantified as follows. First,
glycemic index of individual carbohy-
drate-containing foods was assigned ac-
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cording to published values based on
a glucose reference.28 When a pub-
lished value was not available, the com-
position of the food was systemati-
cally evaluated to impute a value. The
same glycemic index value was as-
signed to any given food every time that
it was reported to avoid bias when
evaluating differences between groups
and changes over time. Second, the gly-
cemic index for each food item was
multiplied by the proportion of total
carbohydrate contributed by the item
to obtain a weighted glycemic index.
Third, the daily glycemic index was cal-
culated by summing the weighted val-
ues for each food item:�(glycemic in-
dex for food item�proportion of total
carbohydrate contributed by item).
Fourth, glycemic load was calculated
as the product of daily glycemic index
and total carbohydrate intake and then
adjusted for energy intake: (daily gly-
cemic index/100�grams of carbohy-
drate)/1000 kcal.

Following the dietary recall, the in-
terviewer prompted the participant to re-
call physical activity and inactivity using
a protocol modeled after established
methods.29 The participant was asked to
specify the activity performed most dur-
ing respective 15-minute time blocks
throughout the preceding day (12:00 AM-
11:59 PM) and then to rate the relative
intensity of each reported activity. A
metabolic equivalent was assigned to
each activity to calculate a physical ac-
tivity factor (kcal/kg per hour). As points
of reference, resting has a metabolic
equivalent level of 1.0 and brisk walk-
ing has a level of 5.0.30

Participant Satisfaction With the
Program. At the end of the 6-month in-
tensive intervention period, partici-
pants responded to a series of ques-
tions regarding satisfaction, using
10-cm visual analog scales with appro-
priate verbal anchors. Questions ad-
dressed overall satisfaction with the diet
and weight loss, ease of following the
diet, and palatability of foods.

Study Outcomes

Data were collected by personnel who
were masked to group assignment.

Weight was measured using an elec-
tronic scale (Model 6702, Scale-
Tronix, White Plains, NY) and height
was measured using a wall-mounted
stadiometer (Holtain Limited, Cry-
mych, Wales). Body composition was
assessed by dual-energy x-ray absorp-
tiometry using Hologic instrumenta-
tion, models QDR 4500 and Discov-
ery A (Hologic Inc, Bedford, Mass).
Body fat percentage was calculated as
the proportion of fat mass to total mass.
Blood pressure was determined using
an automated system (Model Pro 400,
Dinamap, Tampa, Fla) with the par-
ticipant sitting quietly. A blood sample
was drawn by venipuncture, after a 12-
hour overnight fast, and stored at –80°C
until assay for lipids, glucose, and in-
sulin.

Assessment of Insulin Secretion

At a baseline assessment visit, each par-
ticipant was given an oral glucose tol-
erance test using a standard 75-g dose
of dextrose. Blood for determination of
insulin concentration was obtained by
indwelling venous catheter; serum from
these samples was stored at –80°C un-
til assay. Insulin concentration 30 min-
utes after glucose consumption, the time
point of particular interest, has been
shown to be a good measure of insulin
secretion in humans,31-33 and this time
point was examined in our previous
study in rodents.16 Dietitians involved
in the interventions had no knowledge
of insulin concentration at 30 minutes
after the dose of oral glucose.

Laboratory Analyses

Plasma lipid concentrations were de-
termined in a laboratory certified by the
Lipid Standardization Program of the
Centers for Disease Control and Pre-
vention and the National Heart, Lung,
and Blood Institute. Low-density lipo-
protein (LDL) cholesterol level was
measured by a homogeneous enzy-
matic assay (Genzyme Corp, Cam-
bridge, Mass),34 and levels of high-
density lipoprotein (HDL) cholesterol
and triglycerides were measured using
a Hitachi 911 analyzer (Roche Diag-
nostics, Indianapolis, Ind). Plasma glu-

cose level was determined by an enzy-
matic colorimetric assay using a Hitachi
917 analyzer (Roche Diagnostics). Se-
rum insulin level was quantified using
a paramagnetic particle, chemilumi-
nescence immunoassay (Access Immu-
noassay System, Beckman Coulter,
Chaska, Minn).

Statistical Analysis

Flow of participants through the trial
is presented in FIGURE 1. Data on in-
sulin concentration at 30 minutes af-
ter a 75-g dose of oral glucose were not
available for 17 of 73 participants who
were randomly assigned to a diet group
(8 in the low–glycemic load diet group
and 9 in the low-fat diet group), pri-
marily due to hemolysis when draw-
ing timed blood samples. Hemolyzed
samples were not analyzed in light of
the well-documented effects of hemo-
lysis on the accuracy of assays for quan-
tifying insulin concentration.35 More-
over, there is no reason to believe that
availability of blood samples for insu-
lin analysis would influence re-
sponses to respective dietary interven-
tions. Thus, effect modification by
insulin concentration at 30 minutes was
tested using a sample size of 56 par-
ticipants (28 participants per diet
group). In all analyses the intention-
to-treat principle was used, classify-
ing each participant in his/her ran-
domly assigned diet group regardless
of adherence or attendance.

Baseline demographic characteris-
tics, body composition variables, and
cardiovascular disease risk factors were
compared between the diet groups
using the Fisher exact test for categori-
cal variables and the t test for continu-
ous variables. The t test was corrobo-
rated by the Mann-Whitney-Wilcoxon
2-sample test in any case of mildly
skewed distribution. Baseline charac-
teristics were similarly compared be-
tween participants with high and low
insulin concentration at 30 minutes, di-
viding those for whom insulin data were
available into 2 strata: above the me-
dian (�57.5 µIU/mL) and below the
median (�57.5 µIU/mL). Treatment in-
tensity and participant satisfaction mea-
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sures were likewise compared using the
t test.

Dietary intakes and physical activity
level over the course of the trial were ana-
lyzed by mixed-model analysis of vari-
ance. The 4 time points (baseline and 6,
12, and 18 months) were represented by
an arbitrary pattern (3 degrees of free-
dom) to avoid a global assumption of lin-
earity or other functional form. Within-
participant correlation was accounted for
by a random effect (repeated measures
with compound-symmetric covari-
ance). Age, sex, cohort (3 waves of re-
cruitment), and ethnicity/race (non-
Hispanic white vs other) were included
as covariates in all analyses. The covar-
iate-adjusted means at each time point
were used for graphical presentation. The
group� time interaction term (3 de-
grees of freedom) provided a test of the
hypothesis that the 2 dietary interven-
tion groups did not differ across the study

period. From parameters of the fitted
model, a scalar contrast (1 degree of free-
dom) also was formed to compare the
baseline measurement with the mean of
all 3 postintervention measurements ([6
months�12 months�18 months]/
3−baseline). The difference in this con-
trast between the 2 diet groups served to
summarize the group�time interaction.

Missing body composition mea-
sures, cardiovascular disease risk fac-
tors, and body weight data were im-
puted by a conservative strategy as
follows. For intermittent missing val-
ues, the most recent prior measure-
ment was imputed. For body fat per-
centage after dropout, either the last
measurement obtained or the baseline
value, whichever was greater, was im-
puted. For the cardiovascular disease risk
factors after dropout, the last measure-
ment obtained or the baseline value was
imputed, whichever was least favor-

able (eg, higher for blood pressure, lower
for HDL cholesterol). For body weight
after dropout, an increase of 1 kg per year
was imputed,36 starting from the last
available measurement. All imputa-
tions were applied irrespective of group
assignment.

The primary end point of the trial,
body fat percentage, was analyzed by
repeated-measures analysis of variance
of the baseline and 6-, 12-, and
18-month measurements, as described
above for dietary intakes, with the
same covariates and covariance struc-
ture. Among the 56 participants with
insulin response assessed at baseline,
effect modification was tested by add-
ing a dichotomous variable for insulin
concentration at 30 minutes after a
75-g dose of oral glucose to the regres-
sion model (above or below median)
and testing the 3-way interaction
(group� time� insulin concentration
at 30 minutes). To summarize and
compare the changes overall and
within high and low strata for insulin
concentration at 30 minutes, scalar
contrasts were formed from para-
meters of the fitted model, estimating
the 6-month and 18-month changes
(eg, [18-month−baseline] in the low-
fat, high insulin concentration group).
The 6-month point marked the end of
the intensive intervention period and a
time at which maximum weight loss
often is observed in dietary interven-
tions for obesity.37 The 18-month
point marked the end of the follow-up
period and a time when most long-
term studies show substantial weight
regain.37 Similar repeated-measures
analyses were performed for lipids,
blood pressure, and fasting glucose
and insulin.

For body weight, measurements
were obtained at the following time
points: baseline and weeks 1, 2, 4, 5,
6, 10, 14, 17, 21, and 26; then every 4
weeks through week 74. For analysis
of weight change, repeated-measures
analysis of variance was used. An
arbitrary pattern of variation for the
23 discrete time points was allowed
from which contrasts of interest (eg,
[6 months – baseline] in the low–

Figure 1. Flow of Participants Through the Trial

36 Included in Primary Analysis
15 Insulin Level ≤57.5 µIU/mL at 30 min
13 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

37 Included in Primary Analysis
13 Insulin Level ≤57.5 µIU/mL at 30 min
15 Insulin Level >57.5 µIU/mL at 30 min
9 Insulin Data Not Available

28 Completed 18-mo Follow-up
10 Insulin Level ≤57.5 µIU/mL at 30 min
10 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

23 Completed 18-mo Follow-up
9 Insulin Level ≤57.5 µIU/mL at 30 min
6 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

29 Completed 12-mo Follow-up
10 Insulin Level ≤57.5 µIU/mL at 30 min
11 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

26 Completed 12-mo Follow-up
11 Insulin Level ≤57.5 µIU/mL at 30 min
7 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

32 Completed 6-mo Follow-up
13 Insulin Level ≤57.5 µIU/mL at 30 min
11 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

34 Completed 6-mo Follow-up
13 Insulin Level ≤57.5 µIU/mL at 30 min
13 Insulin Level >57.5 µIU/mL at 30 min
8 Insulin Data Not Available

227 Individuals Assessed for Eligibility

73 Randomized

154 Excluded
69 Did Not Meet Inclusion

Criteria
39 Refused to Participate
46 Other

36 Randomized to Receive a
Low–Glycemic Load Diet
15 Insulin Level ≤57.5 µIU/mL at 30 min

After 75-g Dose of Oral Glucose
13 Insulin Level >57.5 µIU/mL at 30 min

After 75-g Dose of Oral Glucose
8 Insulin Data Not Available

37 Randomized to Receive a
Low–Glycemic Load Diet
13 Insulin Level ≤57.5 µIU/mL at 30 min

After 75-g Dose of Oral Glucose
15 Insulin Level >57.5 µIU/mL at 30 min

After 75-g Dose of Oral Glucose
9 Insulin Data Not Available
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glycemic load group – [6 months –
baseline] in the low-fat group) and
localized estimates of trend (eg, rate
of weight loss over baseline to 26
weeks) could be formed. The same
covariates and covariance structure
were specified as described above.
The overall diet effect was tested by
the group� time interaction and the
presence of effect modification
(group� time� insulin concentration
at 30 minutes). To summarize and
compare the changes, scalar contrasts
were formed from the fitted weight
model representing net change at 18
months (eg, [18 months – baseline] in
the low-fat, high insulin concentra-
tion group). Scalar contrasts also were
constructed and compared for the lin-
ear trend in weight over each phase of
the trial (baseline to 26 weeks, 26-50
weeks, and 50-74 weeks). To cor-
roborate these results, effect modifica-
tion was tested using baseline insulin
concentration at 30 minutes after a
dose of oral glucose as a continuous
variable, log-transformed to reduce
the influence of extreme observations.
For graphical presentation, the raw
weights were converted to changes
from the participant’s baseline mea-
surements and repeated-measures
analysis was performed on the result-
ing 22 discrete time points. The
covariate-adjusted mean changes at
each time point were displayed. All
outcome variables were analyzed
untransformed with the exception of
plasma triglyceride concentration,
which showed a marked skew in dis-
tribution. Therefore, log-transformed
triglyceride values were used in a
repeated-measures analysis and
changes were presented as percent-
ages (100%� [exp(change in log) –
1]).

The power assessment for the pri-
mary end point, body fat percentage,
was based on a 2-sample t test with 36
participants per diet group and a 5%
type I error rate. The mean (SD) base-
line body fat percentage was 40.6 (5.6)
in the sample of 73. Assuming a cor-
relation of 0.9, the projected SD of
change was (2 [1−0.9])½�5.6=2.5%.

The sample size provided 80% power
to detect an effect size of 0.67, or
0.67�2.5=1.7%. For effect modifica-
tion by insulin concentration at 30 min-
utes after a dose of oral glucose in the
available sample of 56, the effect size
detectable with 80% power was 1.53,
or 1.53�2.5=3.8%.

Computations were performed with
SAS software version 9.01 (SAS Insti-
tute Inc, Cary, NC). Data are pre-
sented as mean (SE) unless otherwise
indicated. Statistical significance was
defined as P less than .05.

RESULTS
Baseline Measures

Baseline characteristics by diet groups
and strata for insulin concentration at
30 minutes after a 75-g dose of oral glu-
cose are presented in TABLE 1. There
were no significant differences be-
tween diet groups, with the exception
of LDL cholesterol concentration. Fast-
ing insulin level and trunk fat were
higher in the stratum with high insulin
concentration (�57.5 µIU/mL) at 30
minutes after a dose of oral glucose than
in the stratum with low insulin concen-
tration (�57.5 µIU/mL) at 30 minutes.

Process Measures

Changes in diet composition differed
between groups as intended (FIGURE 2).
The changes were expressed as the
mean (95% confidence interval) of 6-,
12-, and 18-month intake compared
with baseline (P value by analysis of
variance). For the low–glycemic load
group, glycemic index and carbohy-
drate intake decreased, producing a sig-
nificant mean (SE) decrease in glyce-
mic load (–19.8 [2.5] g/1000 kcal;
P�.001). Total dietary fat increased
(mean [SE], 3.0% [1.3%] of energy;
P=.02) whereas saturated fat did not
change (mean [SE], 0.5% [0.6%] of en-
ergy; P=.36). For the low-fat group,
total fat intake decreased (mean [SE],
–10.8% [1.3%] of energy; P�.001), as
did saturated fat intake (mean [SE],
–4.5% [0.6%] of energy; P�.001). Car-
bohydrate intake increased, produc-
ing an increase in glycemic load (mean
[SE], 5.0 [2.5] g/1000 kcal; P=.05),

even though glycemic index de-
creased slightly. Changes in consump-
tion of protein and fiber and in physi-
cal activity did not differ between the
groups.

Treatment intensity did not differ be-
tween diet groups (P�.40). On aver-
age, participants attended a mean (SE)
of 13.4 (0.7) of the 23 scheduled work-
shops and completed 5.4 (0.2) of the
6 planned individual contacts with a
registered dietitian. They provided food
diaries on a mean (SE) of 5.6 (0.3) oc-
casions during the 6-month intensive
intervention period. Satisfaction with
the program also did not differ be-
tween groups (TABLE 2). There were no
adverse events during the intensive in-
tervention period. Two adverse events
occurred during the follow-up period,
one unrelated to the protocol and the
other possibly related (diagnosis of an
eating disorder).

Body Weight and Body Fat
Percentage

Change in body weight throughout
the study is depicted in FIGURE 3.
Weight loss did not differ between
diet groups for the full cohort of 73
participants (P = .99). Among those
for whom baseline data were avail-
able, insulin concentration at 30
minutes after a dose of oral glucose
was a significant effect modifier
(P = .02 for group � time � insulin
concentration at 30 minutes). In the
high-insulin concentration stratum,
the low–glycemic load group lost
weight more rapidly during the 6
months of intensive intervention
(–1.0 vs –0.4 kg/mo; P�.001) and
achieved greater overall weight loss
at 18 months (–5.8 vs –1.2 kg;
P= .004) compared with the low-fat
group. Moreover, there was no evi-
dence of weight regain after 6
months for participants in the stra-
tum with high insulin concentration
at 30 minutes who were assigned to
the low–glycemic load group. Weight
loss did not differ significantly
between diet groups in the stratum
with low insulin concentration at 30
minutes.
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Treated as a continuous variable, in-
sulin concentration at 30 minutes af-
ter a dose of oral glucose was related
to weight change at 6 months in the
low–glycemic load group (mean [SE],
–1.2 [0.5] kg for each 2-fold increase
in insulin concentration at 30 min-
utes; P= .02) but not in the low-fat
group (mean [SE], 1.0 [0.7] kg for each
2-fold increase in insulin concentra-
tion at 30 minutes; P=.17). The net
mean (SE) difference was –2.2 (0.9) kg
for each 2-fold increase in insulin con-
centration at 30 minutes (P=.01).

Change in body fat percentage also
did not differ between diet groups for
the full cohort over the course of the

study (P=.81); although again, insu-
lin concentration at 30 minutes was a
significant effect modifier (P=.01). Body
fat percentage decreased more in the
low–glycemic load vs low-fat group,
only among those in the stratum with
high insulin concentration at 30 min-
utes (TABLE 3).

Cardiovascular Disease
Risk Factors

Insulin concentration at 30 minutes af-
ter a dose of oral glucose was not a sig-
nificant effect modifier for lipids, blood
pressure, fasting glucose, and fasting in-
sulin. Among the whole cohort, changes
in LDL cholesterol, HDL cholesterol,

and triglyceride concentrations dif-
fered significantly between diet groups.
Changes in blood pressure, fasting glu-
cose level, and fasting insulin level were
not different between diet groups
(Table 3).

COMMENT
The main finding of our study is that a
simple measure of insulin secretion
predicted weight and body fat loss on
low–glycemic load and low-fat diets.
For individuals with a low insulin
concentration at 30 minutes after a
75-g dose of oral glucose, both diets
produced comparab le resu l t s .
However, for those with a high insulin

Table 1. Baseline Characteristics*

No. (%) of Participants

P
Value

No. (%) of Participants

P
Value

Low–Glycemic
Load Diet
(n = 36)†

Low-Fat Diet
(n = 37)‡

Insulin Concentration
�57.5 µIU/mL at 30 min

(n = 28)§�

Insulin Concentration
�57.5 µIU/mL at 30 min

(n = 28)§¶

Sex
Male 7 (19) 8 (22)

.99
6 (21) 8 (29)

.76
Female 29 (81) 29 (78) 22 (79) 20 (71)

Ethnicity/race
Hispanic 4 (11) 6 (16)

.74
3 (11) 3 (11)

.99
Non-Hispanic 32 (89) 31 (84) 25 (89) 25 (89)

White 20 (56) 19 (51)
.82

12 (43) 14 (50)
.79

Nonwhite 16 (44) 18 (49) 16 (57) 14 (50)

Household annual income, $
�30 000 5 (14) 8 (22)

.52
7 (25) 5 (18)

.39
30 000-59 999 20 (56) 16 (43) 13 (46) 10 (36)

�60 000 11 (31) 13 (35) 8 (29) 13 (46)

Mean (SD) Mean (SD)
Age, y 28.2 (3.8) 26.9 (4.2) .19 27.6 (3.8) 27.8 (4.4) .83

Weight, kg 103.5 (17.3) 103.3 (15.1) .94 101.1 (18.1) 107.8 (16.4) .15

Height, cm 166.8 (8.5) 168.0 (7.9) .52 168.4 (9.3) 166.7 (8.0) .46

Body fat percentage 41.1 (5.4) 40.1 (5.8) .46 40.3 (6.6) 40.5 (5.6) .89

Trunk fat, kg 20.9 (4.7) 20.3 (4.9) .57 19.3 (4.3) 22.2 (5.4) .04

Cholesterol, mg/dL
Low-density lipopoprotein 102 (35) 126 (34) .005 112 (35) 117 (36) .56

High-density lipopoprotein 57 (20) 54 (13) .44 58 (17) 56 (19) .67

Triglycerides, mg/dL# 112 (96) 126 (81) .28 102 (59) 130 (105) .20

Blood pressure, mm Hg
Systolic 105 (12) 108 (11) .45 106 (10) 109 (14) .28

Diastolic 63 (8) 62 (9) .63 63 (8) 64 (9) .57

Fasting glucose, mg/dL 86 (8) 88 (10) .28 86 (12) 88 (7) .43

Fasting insulin, µIU/mL 10.7 (5.7) 10.2 (7.2) .76 7.4 (3.0) 13.8 (8.2) �.001
SI conversion factors: To convert low-density and high-density lipoprotein cholesterol to mmol/L, multiply by 0.0259; glucose to mmol/L, multiply by 0.0555; triglycerides to mmol/L,

multiply by 0.0113.
*Sex, ethnicity, race, and income were compared between diet groups and strata for insulin concentration at 30 minutes using the Fisher exact test. The continuous variables were

compared between diet groups and strata for insulin concentration at 30 minutes using the t test.
†For fasting insulin, n = 33.
‡For low-density and high-density lipoprotein cholesterol and triglycerides, n = 36; for fasting insulin and glucose, n = 35.
§After a 75-g dose of oral glucose.
||For fasting insulin, n = 27.
¶For fasting insulin and glucose, n = 27.
#Triglyceride distributions are skewed. The concentrations were compared using the Mann-Whitney-Wilcoxon test.
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concentration at 30 minutes, the low–
glycemic load diet was more effica-
cious for weight loss, consistent with
an a priori hypothesis. Thus, pheno-
typic differences among individuals
may explain some of the variability in
individual outcomes within dietary
weight-loss trials, and in mean out-
comes among different trials.3,5-11

The results of our outpatient study
involving dietary counseling are con-
sistent with 2 short-term feeding stud-
ies using hypocaloric diets in obese or
overweight participants. Cornier et al38

studied 12 insulin-sensitive and 9 in-
sulin-resistant women. Among those
who were insulin-sensitive, weight loss
was greater on a low-fat (60% carbo-
hydrate, 20% fat) vs high-fat (40% car-

bohydrate, 40% fat) diet after 4 months
(P�.01); among insulin-resistant indi-
viduals, weight loss was greater on the
high-fat vs low-fat diet (P=.02). In a
preliminary report, Pittas et al39 found
that overweight participants with a high
insulin concentration at 30 minutes on
a low–glycemic load diet (40% carbo-
hydrate, 30% fat; n=8) lost more weight
than those with a high insulin concen-
tration at 30 minutes on a high-
glycemic load diet (60% carbohy-
drate, 20% fat; n=8; P= .05) after 6
months; no significant effect of diet on
body weight was found among partici-
pants with a low insulin concentra-
tion at 30 minutes.

With regard to cardiovascular dis-
ease risk factors, HDL cholesterol and

triglyceride concentrations improved
more during the intensive interven-
tion phase of the study for the full co-
hort on the low–glycemic load diet
compared with the low-fat diet. (This
difference persisted at 18 months for
HDL cholesterol but not for triglycer-
ide concentration.) These findings are
consistent with previous research dem-
onstrating benefits of low-carbohy-
drate or low–glycemic index diets40,41

with regard to components of the meta-
bolic syndrome.42 Conversely, LDL cho-
lesterol concentration (not a compo-
nent of the metabolic syndrome)
improved more on the low-fat diet. Al-
though differential changes in LDL cho-
lesterol concentration could relate to the
baseline group difference, the lower

Figure 2. Dietary Intake and Physical Activity
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Error bars indicate 95% confidence intervals. Data based on repeated-measures analysis of variance of nutrient or activity level, accounting for within-subject corre-
lation and between-subject variability. The P value at the lower left of each panel indicates the test of whether the change between baseline and intervention period
(mean of 6, 12, and 18 months) differed significantly between participants assigned to a low–glycemic load diet vs a low-fat diet.
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saturated fat content of the low-fat diet
provides a plausible explanation for this
finding.43 When controlling for mac-
ronutrient content, some clinical trials
show benefits of a low–glycemic in-
dex diet on LDL cholesterol concen-
tration.11,14 Therefore, we speculate that
a low–glycemic load diet in which satu-
rated fat is kept low (eg, by substitut-
ing monounsaturated or polyunsatu-
rated fat from vegetable sources for

Table 2. Participant Satisfaction*

Mean (SE)

P
Value†

Low–Glycemic
Load Diet
(n = 32)

Low-Fat Diet
(n = 34)

How satisfied are you with this diet? 7.0 (0.4) 6.9 (0.3) .80

How easy has this diet been? 5.3 (0.3) 5.1 (0.4) .68

How tasty have the foods been? 6.9 (0.3) 6.8 (0.3) .92

How satisfied are you with your weight loss to date? 4.1 (0.4) 4.7 (0.5) .37
*On 10-cm visual analog scale with 0 indicating not at all and 10, extremely.
†Testing for group difference using the t test.

Figure 3. Change in Body Weight
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In the full cohort (left panel), weight loss did not differ significantly between participants assigned to the low–glycemic load diet vs the low-fat diet. Among participants
for whom data were available at baseline (right 2 panels), insulin concentration at 30 minutes after a 75-g dose of oral glucose was a significant effect modifier (P=.02).
Error bars indicate 95% confidence intervals. Data based on repeated-measures analysis, accounting for within-subject correlation and between-subject variability. The
P value at the lower left of each panel tests the group� time interaction. Missing data were imputed conservatively.

Table 3. Changes in Adiposity and Cardiovascular Disease Risk Factors*

6-mo Follow-up, Mean (SE)

P
Value

18-mo Follow-up, Mean (SE)

P
Value

Low–Glycemic
Load Diet Low-Fat Diet

Low–Glycemic
Load Diet Low-Fat Diet

Body fat percentage†
All −1.3 (0.4) −1.4 (0.3) .94 −1.5 (0.4) −1.1 (0.3) .50

Insulin concentration �57.5 µIU/mL
at 30 min‡

−0.9 (0.5) −2.2 (0.6) .11 −0.9 (0.5) −1.4 (0.6) .56

Insulin concentration �57.5 µIU/mL
at 30 min‡

−2.0 (0.6) −0.4 (0.5) .04 −2.6 (0.6) −0.9 (0.5) .03

Lipids
Cholesterol, mg/dL

Low-density lipoprotein −5.8 (3.4) −16.3 (3.3) .03 −0.3 (3.4) −10.6 (3.3) .03

High-density lipoprotein 1.6 (1.4) −4.4 (1.3) .002 −3.7 (1.5) −8.2 (1.5) .03

Triglycerides,%§ −21.2 (4.7) −4.0 (5.6) .02 −9.0 (5.4) 2.0 (6.0) .18

Blood pressure, mm Hg
Systolic −5.1 (2.3) −4.8 (2.3) .93 −3.2 (2.3) 1.1 (2.3) .18

Diastolic −2.4 (1.7) −2.0 (1.7) .88 0 (1.7) 2.9 (1.7) .22

Glucose homeostasis
Fasting glucose, mg/dL 1.6 (1.3) −0.3 (1.3) .31 2.1 (1.3) 1.4 (1.3) .73

Fasting insulin, µIU/mL −2.1 (0.8) −0.9 (0.8) .28 −0.8 (0.8) 0 (0.8) .49
SI conversion factors: To convert low-density and high-density lipoprotein cholesterol to mmol/L, multiply by 0.0259; glucose to mmol/L, multiply by 0.0555; triglycerides to mmol/L,

multiply by 0.0113.
*The means are from repeated-measures analysis of conservatively imputed data. The P values are for significant difference between diet groups.
†Effect modification by insulin concentration at 30 minutes, P = .01. Effect modification was nonsignificant for all other listed variables, P�.10.
‡After a 75-g dose of oral glucose.
§Measurements in mg/dL were log-transformed for analysis to reduce skew; mean change is expressed as percentage, calculated as 100% � (exp[mean log change]−1).
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saturated fat from animal sources)
would have favorable effects on all 3 risk
factors. Indeed, a recent epidemiologi-
cal study involving 82 802 women over
20 years showed that a low–glycemic
load diet high in vegetable fat and pro-
tein reduces risk of coronary heart dis-
ease.44

Several issues pertaining to study de-
sign warrant comment. Strengths of the
study include a diverse cohort (with
both sexes and several ethnic/racial
groups) and relatively high follow-up
rates of 90% at 6 months and 70% at
18 months. We analyzed data using the
intention-to-treat principle, with con-
servative methods for imputing miss-
ing data. Also, we measured body com-
position using state-of-the-art dual-
energy x-ray absorptiometry. Because
this study used dietary counseling
rather than meals prepared in a meta-
bolic kitchen, these findings should
have direct relevance to the manage-
ment of obesity in routine clinical prac-
tice.

A methodological concern with most
nutrition-related outpatient clinical
trials is the possibility of bias because
study participants consuming self-
prepared diets and the study staff pro-
viding education and counseling gen-
erally cannot be masked to group
assignment. However, we believe that
this possibility has been minimized in
our study for several reasons. First, con-
siderable effort was made to maintain
similar treatment intensity and treat-
ment fidelity between groups. Sec-
ond, process measures demonstrated
that the intended changes in diet oc-
curred in both groups, whereas pro-
tein and fiber, 2 potential confound-
ers,45,46 did not differ between groups.
Third, other process measures showed
that physical activity and participant
satisfaction also did not differ be-
tween groups. Moreover, dietitians de-
livered the interventions without know-
ing which individuals were in the low-
concentration and high-concentration
insulin strata at 30 minutes after a dose
of oral glucose. Thus, the virtually iden-
tical weight loss for both diet groups in
the stratum with low-insulin concen-

tration provides further indication that
the interventions were delivered with-
out bias.

Limitations of this study include self-
reporting for assessing diet and reli-
ance on tabulated glycemic index val-
ues for quantifying glycemic load.
Underreporting of dietary intake is a
well-recognized phenomenon, com-
mon to all studies that aim to collect
process data under free-living condi-
tions, although adjusting other di-
etary variables for energy intake may
partially correct for underreport-
ing.47,48 With regard to tabulated gly-
cemic index values,28 many were de-
rived from studies conducted in
countries where foods may differ in
quality from those consumed in the
United States. We used values derived
from studies conducted in North
America, when available. Moreover, we
recognize that the outcomes observed
in this study cannot be attributed ex-
clusively to the effects of lowering di-
etary glycemic load. While we aimed to
prescribe diets of similar protein and fi-
ber content, other dietary factors (eg,
energy density, palatability) may have
differed between groups. Neverthe-
less, we note that this limitation would
apply to all clinical trials of diet in the
treatment of obesity in which partici-
pants consume self-prepared meals.

Statistical issues include the possi-
bility of bias from use of imputed data,
the modest sample size (particularly for
analyses involving insulin concentra-
tion at 30 minutes at the later time
points), and the possibility of “overfit-
ting” too many covariates for the sample
size. We do not believe that these con-
cerns threaten the validity of the find-
ings. Our conservative imputation strat-
egy would tend to bias toward the null
hypothesis. The SEs were based on
pooled variance estimates from the full
mixed-model analysis rather than po-
tential underestimates from predomi-
nantly imputed values at the later time
points. We included a random effect to
take proper account of small-sample
variability. Finally, the degrees of free-
dom expended on covariate adjust-
ment amounted to a small fraction of

the total number of data points, and
their omission had negligible effect on
the primary statistical tests.

In conclusion, we found evidence for
a diet-phenotype interaction involv-
ing insulin secretion. For obese indi-
viduals with high insulin concentra-
tion at 30 minutes during an oral
glucose tolerance test, a low–glycemic
load diet may promote more weight and
body fat loss than a low-fat diet. Re-
gardless of insulin secretion, a low–
glycemic load diet has beneficial ef-
fects on concentrations of HDL
cholesterol and triglycerides but not on
LDL cholesterol. Additional research is
needed to examine these effects in other
populations and to explore the mecha-
nistic basis for the observed diet-
phenotype interaction.
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