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ABSTRACT

BACKGROUND

Trials comparing the effectiveness and safety of weight-loss diets are frequently
limited by short follow-up times and high dropout rates.

METHODS

In this 2-year trial, we randomly assigned 322 moderately obese subjects (mean age,
52 years; mean body-mass index [the weight in kilograms divided by the square of the
height in meters], 31; male sex, 86%) to one of three diets: low-fat, restricted-calorie;
Mediterranean, restricted-calorie; or low-carbohydrate, non—restricted-calorie.
RESULTS

The rate of adherence to a study diet was 95.4% at 1 year and 84.6% at 2 years. The
Mediterranean-diet group consumed the largest amounts of dietary fiber and had the
highest ratio of monounsaturated to saturated fat (P<0.05 for all comparisons among
treatment groups). The low-carbohydrate group consumed the smallest amount of car-
bohydrates and the largest amounts of fat, protein, and cholesterol and had the highest
percentage of participants with detectable urinary ketones (P<0.05 for all comparisons
among treatment groups). The mean weight loss was 2.9 kg for the low-fat group, 4.4
kg for the Mediterranean-diet group, and 4.7 kg for the low-carbohydrate group (P<0.001
for the interaction between diet group and time); among the 272 participants who com-
pleted the intervention, the mean weight losses were 3.3 kg, 4.6 kg, and 5.5 kg, respec-
tively. The relative reduction in the ratio of total cholesterol to high-density lipoprotein
cholesterol was 20% in the low-carbohydrate group and 12% in the low-fat group
(P=0.01). Among the 36 subjects with diabetes, changes in fasting plasma glucose and
insulin levels were more favorable among those assigned to the Mediterranean diet than
among those assigned to the low-fat diet (P<0.001 for the interaction among diabetes
and Mediterranean diet and time with respect to fasting glucose levels).

CONCLUSIONS

Mediterranean and low-carbohydrate diets may be effective alternatives to low-fat
diets. The more favorable effects on lipids (with the low-carbohydrate diet) and on
glycemic control (with the Mediterranean diet) suggest that personal preferences
and metabolic considerations might inform individualized tailoring of dietary in-
terventions. (ClinicalTrials.gov number, NCT00160108.)
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HE DRAMATIC INCREASE IN OBESITY
worldwide remains challenging and un-
derscores the urgent need to test the ef-
fectiveness and safety of several widely used
weight-loss diets.»® Low-carbohydrate, high-pro-
tein, high-fat diets (referred to as low-carbohy-
drate diets) have been compared with low-fat,
energy-restricted diets.*® A meta-analysis of five
trials with 447 participants® and a recent 1-year
trial involving 311 obese women* suggested that
a low-carbohydrate diet is a feasible alternative to
a low-fat diet for producing weight loss and may
have favorable metabolic effects. However, longer-
term studies are lacking.#1° A Mediterranean diet
with a moderate amount of fat and a high pro-
portion of monounsaturated fat provides cardio-
vascular benefits.!* A recent review citing several
trials'? included a few that suggested that the Med-
iterranean diet was beneficial for weight loss.3:14
However, this positive effect has not been con-
clusively demonstrated.*>
Common limitations of dietary trials include
high attrition rates (15 to 50% within a year),
small size, short duration, lack of assessment
of adherence, and unequal intensity of inter-
vention.1®121517 We conducted the 2-year Di-
etary Intervention Randomized Controlled Trial
(DIRECT) to compare the effectiveness and safe-
ty of three nutritional protocols: a low-fat, restrict-
ed-calorie diet; a Mediterranean, restricted-calorie
diet; and a low-carbohydrate, non-restricted-
calorie diet.

METHODS

ELIGIBILITY AND STUDY DESIGN

We conducted the trial between July 2005 and
June 2007 in Dimona, Israel, in a workplace at a
research center with an on-site medical clinic.
Recruitment began in December 2004. The crite-
ria for eligibility were an age of 40 to 65 years
and a body-mass index (BMI, the weight in kilo-
grams divided by the square of the height in
meters) of at least 27, or the presence of type 2
diabetes (according to the American Diabetes As-
sociation criteria'®) or coronary heart disease,
regardless of age and BMI. Persons were exclud-
ed if they were pregnant or lactating, had a serum
creatinine level of 2 mg per deciliter (177 wmol
per liter) or more, had liver dysfunction (an in-
crease by a factor of at least 2 above the upper
limit of normal in alanine aminotransferase and
aspartate aminotransferase levels), had gastro-

intestinal problems that would prevent them from
following any of the test diets, had active cancer,
or were participating in another diet trial.

The participants were randomly assigned with-
in strata of sex, age (below or above the median),
BMI (below or above the median), history of coro-
nary heart disease (yes or no), history of type 2
diabetes (yes or no), and current use of statins
(none, <1 year, or >1 year) with the use of Monte
Carlo simulations. The participants received no
financial compensation or gifts. The study was
approved and monitored by the human subjects
committee of Soroka Medical Center and Ben-
Gurion University. Each participant provided writ-
ten informed consent.

The members of each of the three diet groups
were assigned to subgroups of 17 to 19 partici-
pants, with six subgroups for each group. Each
diet group was assigned a registered dietitian who
led all six subgroups of that group. The dietitians
met with their groups in weeks 1, 3, 5, and 7 and
thereafter at 6-week intervals, for a total of 18
sessions of 90 minutes each. We adapted the
Israeli version (developed by the Maccabi Health
Maintenance Organization) of the diabetes-
prevention program?® and developed additional
themes for each diet group (see Supplementary
Appendix 1, available with the full text of this
article at www.nejm.org). In order to maintain
equal intensity of treatment, the workshop for-
mat and the quality of the materials were similar
among the three diet groups, except for instruc-
tions and materials specific to each diet strategy.
Six times during the 2-year intervention, another
dietitian conducted 10-to-15-minute motivation-
al telephone calls with participants who were
having difficulty adhering to the diets and gave
a summary of each call to the group dietitian. In
addition, a group of spouses received education
to strengthen their support of the participants
(data not shown).

LOW-FAT DIET
The low-fat, restricted-calorie diet was based on
American Heart Association?® guidelines. We
aimed at an energy intake of 1500 kcal per day
for women and 1800 kcal per day for men, with
30% of calories from fat, 10% of calories from
saturated fat, and an intake of 300 mg of choles-
terol per day. The participants were counseled to
consume low-fat grains, vegetables, fruits, and
legumes and to limit their consumption of addi-
tional fats, sweets, and high-fat snacks.
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MEDITERRANEAN DIET

The moderate-fat, restricted-calorie, Mediterranean
diet was rich in vegetables and low in red meat,
with poultry and fish replacing beef and lamb.
We restricted energy intake to 1500 kcal per day
for women and 1800 kcal per day for men, with
a goal of no more than 35% of calories from fat;
the main sources of added fat were 30 to 45 g of
olive oil and a handful of nuts (five to seven nuts,
<20 g) per day. The diet is based on the recom-
mendations of Willett and Skerrett.2*

LOW-CARBOHYDRATE DIET
The low-carbohydrate, non-restricted-calorie diet
aimed to provide 20 g of carbohydrates per day
for the 2-month induction phase and immediately
after religious holidays, with a gradual increase
to a maximum of 120 g per day to maintain the
weight loss. The intakes of total calories, protein,
and fat were not limited. However, the participants
were counseled to choose vegetarian sources of
fat and protein and to avoid trans fat. The diet
was based on the Atkins diet (see Supplementary
Appendix 2).22

NUTRITIONAL AND COLOR LABELING OF FOOD
IN THE CAFETERIA

Lunch is typically the main meal in Israel. The
self-service cafeteria in the workplace provided a
varied menu and was the exclusive source of
lunch for the participants. A dietitian worked
closely with the kitchen staff to adjust specific
food items to specific diet groups. Each food
item was provided with a label showing the num-
ber of calories and the number of grams of car-
bohydrates, fat, and saturated fat, according to
an analysis based on the Israeli nutritional data-
base. Each food item was also labeled with a full
circle (indicating “feel free to consume”) or a
half circle (indicating “consume in moderation”).
The labels were color-coded according to diet
group and were updated daily (see Supplementa-
ry Appendix 2).23

ELECTRONIC QUESTIONNAIRES AT BASELINE
AND FOLLOW-UP

Adherence to the diets was evaluated by a validat-
ed food-frequency questionnaire?# that included
127 food items and three portion-size pictures for
17 items.?5 A subgroup of participants completed
two repeated 24-hour dietary recalls to verify ab-
solute intake (data not shown). We used a vali-
dated questionnaire to assess physical activity.2°

At baseline and at 6, 12, and 24 months of fol-
low-up, the questionnaires were self-adminis-
tered electronically through the workplace intra-
net. The 15% of participants who requested aid
in completing the questionnaires were assisted
by the study nurse. The electronic questionnaire
helped to ensure completeness of the data by
prompting the participant when a question was
not answered, and it permitted rapid automated
reporting by the group dietitians.

OUTCOMES
The participants were weighed without shoes to
the nearest 0.1 kg every month. With the use of a
wall-mounted stadiometer, height was measured
to the nearest millimeter at baseline for determi-
nation of BMI. Waist circumference was measured
halfway between the last rib and the iliac crest.
Blood pressure was measured every 3 months
with the use of an automated system (Datascop
Acutor 4) after 5 minutes of rest.

Blood samples were obtained by venipuncture
at 8 a.m. after a 12-hour fast at baseline and at
6, 12, and 24 months and were stored at —80°C
until an assay for lipids, inflammatory biomark-
ers, and insulin could be performed. Levels of
fasting plasma glucose, glycated hemoglobin, and
liver enzymes were measured in fresh samples.
The level of glycated hemoglobin was determined
with the use of Cobas Integra reagents and equip-
ment. Serum levels of total cholesterol, high-
density-lipoprotein (HDL) cholesterol, low-density-
lipoprotein (LDL) cholesterol, and triglycerides
were determined enzymatically with a Wako R-30
automatic analyzer, with coefficients of varia-
tion of 1.3% for cholesterol and 2.1% for triglyc-
erides. Plasma insulin levels were measured
with the use of an enzyme immunometric assay
(Immulite automated analyzer, Diagnostic Prod-
ucts), with a coefficient of variation of 2.5%.
Plasma levels of high-molecular-weight adiponec-
tin were measured by an enzyme-linked immu-
nosorbent assay (ELISA) (AdipoGen or Axxora),
with a coefficient of variation of 4.8%. Plasma
leptin levels were assessed by ELISA (Mediagnost),
with a coefficient of variation of 2.4%. Plasma
levels of high-sensitivity C-reactive protein were
measured by ELISA (DiaMed), with a coefficient
of variation of 1.9%. The clinic and laboratory
staff members were unaware of the treatment
assignments, and the study coordinators were
unaware of all outcome data until the end of the
intervention.
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STATISTICAL ANALYSIS

For weight loss, the prespecified primary aim was
the change in weight from baseline to 24 months.
We used the Israeli food database?? in the analy-
sis of the results of the dietary questionnaires. We
analyzed the dietary-composition data and bio-
markers with the use of raw unadjusted means,
without imputation of missing data. We compared
the dietary-intake values between groups at each
time point with the use of an analysis of variance
in which all pairwise comparisons among the
three diet groups were performed with the use of
Tukey’s Studentized range test. We transformed
physical-activity scores into metabolic equivalents
per week?” according to the amount of time spent
in various forms of exercise per week, with each
activity weighted in terms of its level of intensity.
For intention-to-treat analyses, we included all 322
participants and used the most recent values for
weight and blood pressure. To evaluate the re-
peated measurements over time, we used gener-
alized estimating equations for panel data analy-
sis, also known as cross-sectional time-series
analysis, with the use of the Stata software XTGEE
command; this allowed us to account for the non-
independence of repeated measurements of the
same bioindicator in the same participant over
time. We used age, sex, time point, and diet group
as explanatory variables in our models. To study
changes over time and the effects of sex or the
presence or absence of diabetes, we added appro-
priate interaction terms. We assessed the within-
person changes from baseline in each diet group
with the use of pairwise comparisons. We calcu-
lated the homeostasis model assessment of insu-
lin resistance (HOMA-IR) according to the follow-
ing equation?®: insulin (U/ml) x fasting glucose
(mmol/liter) +22.5. For a mean (£SD) difference
between groups of at least 2+10 kg of weight
loss, with 100 participants per group and a type
I error of 5%, the power to detect significant dif-
ferences in weight loss is greater than 90%. We
used SPSS software, version 15, and Stata soft-
ware, version 9, for the statistical analysis.

RESULTS

CHARACTERISTICS OF THE PARTICIPANTS
The baseline characteristics of the participants
are shown in Table 1. The mean age was 52 years
and the mean BMI was 31. Most participants
(86%) were men. The overall rate of adherence

(Fig. 1) was 95.4% at 12 months and 84.6% at 24
months; the 24-month adherence rates were 90.4%
in the low-fat group, 85.3% in the Mediterranean-
diet group, and 78.0% in the low-carbohydrate
group (P=0.04 for the comparison among diet
groups). During the study, there was little change
in usage of medications, and there were no sig-
nificant differences among groups in the amount
of change; four participants initiated and three
stopped cholesterol-lowering therapy. Twenty par-
ticipants initiated blood-pressure treatment, five
initiated medications for glycemic control, and
one reduced the dosage of medications for glyce-
mic control.

DIETARY INTAKE, ENERGY EXPENDITURE,
AND URINARY KETONES

At baseline, there were no significant differences
in the composition of the diets consumed by par-
ticipants assigned to the low-fat, Mediterranean,
and low-carbohydrate diets. Daily energy intake,
as assessed by the food-frequency questionnaire,
decreased significantly at 6, 12, and 24 months
in all diet groups as compared with baseline
(P<0.001); there were no significant differences
among the groups in the amount of decrease
(Table 2). The low-carbohydrate group had a low-
er intake of carbohydrates (P<0.001) and higher
intakes of protein (P<0.001), total fat (P<0.001),
saturated fat (P<0.001), and total cholesterol
(P=0.04) than the other groups. The Mediterra-
nean-diet group had a higher ratio of mono-
unsaturated to saturated fat than the other groups
(P<0.001) and a higher intake of dietary fiber
than the low-carbohydrate group (P=0.002). The
low-fat group had a lower intake of saturated fat
than the low-carbohydrate group (P=0.02). The
amount of physical activity increased significant-
ly from baseline in all groups, with no signifi-
cant difference among groups in the amount of
increase. The proportion of participants with de-
tectable urinary ketones at 24 months was higher
in the low-carbohydrate group (8.3%) than in the
low-fat group (4.8%) or the Mediterranean-diet
group (2.8%) (P=0.04).

WEIGHT LOSS
A phase of maximum weight loss occurred from
1 to 6 months and a maintenance phase from 7 to
24 months. All groups lost weight, but the reduc-
tions were greater in the low-carbohydrate and the
Mediterranean-diet groups (P<0.001 for the inter-
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Table 1. Baseline Characteristics of the Study Population.*
Low-
Mediterranean Carbohydrate
Low-Fat Diet Diet Diet All
Characteristic (N=104) (N=109) (N=109) (N=322)
Age —yr 51+7 53+6 52+7 52+7
Male sex— no. (%) 89 (86) 89 (82) 99 (91) 277 (36)
Current smoker — no. (%) 19 (18) 16 (15) 16 (15) 51 (16)
Weight — kg 91.3x£12.3 91.1+13.6 91.8+14.3 91.4+13.4
BMI 30.6+3.2 31.2+4.1 30.8+3.5 30.9+3.6
Blood pressure — mm Hg7
Systolic 129.6+13.2 133.1+14.1 130.8+15.1 131.3+14.5
Diastolic 79.1£9.1 80.6+9.2 79.4+9.1 79.7£9.2
Waist circumference — cmi: 105.3+9.2 106.2+9.1 106.3+9.1 105.9+9.1
Type 2 diabetes — no. (%) 12 (12) 15 (14) 19 (17) 46 (14)
Coronary heart disease — no. (%) 38 (37) 46 (42) 34 (31) 118 (37)
Blood biomarkers
Serum LDL cholesterol — mg/d| 117.0+35.6 122.8+34.4 117.2+34.5 119.0+34.8
Serum HDL cholesterol — mg/dI 38.6+9.6 39.4+9.4 37.5+8.7 38.5+9.2
Serum triglycerides — mg/d| 156.5+62.4 173.6+67.7 181.7+116.9 170.8+90.0
Serum non-HDL cholesterol — mg/dI 154.2+37.9 163.3+35.8 161.3+£36.0 159.6+36.7
Ratio of total cholesterol to HDL cholesterol 5.2+1.4 5.4+1.6 5.6+1.7 5.4+1.6
Fasting plasma insulin — pU/ml 13.316.8 14.6+8.0 14.1£10.2 14.0+8.5
Fasting plasma glucose — mg/d| 86.9+26.0 94.3£38.1 92.6+28.5 91.3£31.5
HOMA-IR 2.9+1.8 3.6+2.9 3.2+2.9 3.2+2.6
Plasma high-sensitivity C-reactive protein — mg/liter 3.6£2.9 4.6+3.4 4.5+3.3 4.2+3.2
Plasma high-molecular-weight adiponectin — mg/d| 7.3%2.6 7.3x2.8 7.3x3.1 7.3x2.8
Plasma leptin — mg/dI 12.0+£9.6 14.2+13.2 11.2+8.1 12.5£10.5
Plasma bilirubin — mg/d| 0.74+0.34 0.79+0.35 0.77+0.36 0.77+0.34
Plasma alkaline phosphatase — U/liter 71.4£18.0 74.2£20.1 71.6£17.7 72.4£18.6
Plasma alanine aminotransferase — U/liter 28.2+14.2 27.7£12.6 28.3+11.2 28.1+12.7
Medications in current use
Lipid-lowering therapy — no. (%) 28 (27) 29 (27) 27 (25) 84 (26)
Antihypertensive therapy — no. (%) 23 (22) 37 (34) 36 (33) 96 (30)
Hormone-replacement therapy — no. (%) 0 3(3) 4 (4) 7(2)
Oral glycemic-control medications — no. (%) 6 (6) 7 (6) 13 (12) 26 (8)
Insulin treatment — no. (%) 2(2) 0 2(2) 4(1)

* Plus—minus values are means +SD. To convert values for cholesterol to millimoles per liter, multiply by 0.02586. To convert values for tri-
glycerides to millimoles per liter, multiply by 0.01129. To convert values for glucose to millimoles per liter, multiply by 0.05551. To convert
values for bilirubin to micromoles per liter, multiply by 17.1. BMI denotes body-mass index, HDL high-density lipoprotein, HOMA-IR ho-
meostasis model assessment of insulin resistance, and LDL low-density lipoprotein.

T Data were available from 297 participants.
i+ Data were available from 302 participants.

action between diet group and time) than in the
low-fat group (Fig. 2). The overall weight changes
among the 322 participants at 24 months were
—2.9+4.2 kg for the low-fat group, —4.4+6.0 kg for
the Mediterranean-diet group, and —4.7£6.5 kg

for the low-carbohydrate group. Among the 277
male participants, the mean 24-month weight
changes were —3.4 kg (95% confidence interval
[CI], —4.3 to —2.5) for the low-fat group, —4.0 kg
(95% CI, -5.1 to —3.0) for the Mediterranean-diet
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group, and —4.9 kg (95% CI, —6.2 to —3.6) for the
low-carbohydrate group. Among the 45 women,
the mean 24-month weight changes were —0.1 kg
(95% CI, 2.2 to 1.9) for the low-fat group, —6.2
kg (95% CI, —10.2 to —1.9) for the Mediterranean-
diet group, and —2.4 kg (95% CI, —6.9 to 2.2) for
the low-carbohydrate group (P<0.001 for the in-
teraction between diet group and sex). The mean
weight changes among the 272 participants who
completed 24 months of intervention were
—-3.3+4.1 kg in the low-fat group, —4.6£6.0 kg in
the Mediterranean-diet group, and —5.5+7.0 kg in
the low-carbohydrate group (P=0.03 for the com-
parison between the low-fat and the low-carbo-
hydrate groups at 24 months). The mean (+SD)
changes in BMI were —1.0+1.4 in the low-fat
group, —1.5+2.2 in the Mediterranean-diet group,
and -1.5%2.1 in the low-carbohydrate group
(P=0.05 for the comparison among groups).

All groups had significant decreases in waist
circumference and blood pressure, but the dif-
ferences among the groups were not significant.
The waist circumference decreased by a mean of
2.8+4.3 cm in the low-fat group, 3.5£5.1 cm in
the Mediterranean-diet group, and 3.8+5.2 cm in
the low-carbohydrate group (P=0.33 for the com-
parison among groups). Systolic blood pressure
fell by 4.3+11.8 mm Hg in the low-fat group,
5.5+14.3 mm Hg in the Mediterranean-diet group,
and 3.9+12.8 mm Hg in the low-carbohydrate
group (P=0.64 for the comparison among groups).
The corresponding decreases in diastolic pres-
sure were 0.9+8.1, 2.2+9.5, and 0.8+8.7 mm Hg
(P=0.43 for the comparison among groups).

LIPID PROFILES
Changes in lipid profiles during the weight-loss
and maintenance phases are shown in Figure 3.
HDL cholesterol (Fig. 3A) increased during the
weight-loss and maintenance phases in all groups,
with the greatest increase in the low-carbohydrate
group (8.4 mg per deciliter [0.22 mmol per liter],
P<0.01 for the interaction between diet group
and time), as compared with the low-fat group
(6.3 mg per deciliter [0.16 mmol per liter]). Tri-
glyceride levels (Fig. 3B) decreased significantly in
the low-carbohydrate group (23.7 mg per decili-
ter [0.27 mmol per liter], P=0.03 for the interac-
tion between diet group and time), as compared
with the low-fat group (2.7 mg per deciliter [0.03
mmol per liter]). LDL cholesterol levels (Fig. 3C)
did not change significantly within groups, and

there were no significant differences between
the groups in the amount of change. Overall, the
ratio of total cholesterol to HDL cholesterol (Fig.
3D) decreased during both the weight-loss and
the maintenance phases. The low-carbohydrate
group had the greatest improvement, with a rela-
tive decrease of 20% (P=0.01 for the interaction
between diet group and time), as compared with
a decrease of 12% in the low-fat group.

HIGH-SENSITIVITY C-REACTIVE PROTEIN, HIGH-
MOLECULAR-WEIGHT ADIPONECTIN, AND LEPTIN
The level of high-sensitivity C-reactive protein de-
creased significantly (P<0.05) only in the Medi-
terranean-diet group (21%) and the low-carbohy-
drate group (29%), during both the weight-loss
and the maintenance phases, with no significant
differences among the groups in the amount of
decrease (Fig. 4A). During both the weight-loss
and the maintenance phases, the level of high-
molecular-weight adiponectin (Fig. 4B) increased
significantly (P<0.05) in all diet groups, with no
significant differences among the groups in the
amount of increase. Circulating leptin, which
reflects body-fat mass, decreased significantly
(P<0.05) in all diet groups, with no significant
differences among the groups in the amount of
decrease; the decrease in leptin paralleled the de-
crease in body weight during the two phases (Fig.
4C). The interaction between the effects of low-
carbohydrate diet and sex on the reduction of
leptin (P=0.04), as compared with the low-fat
diet, reflects the greater effect of the low-carbo-
hydrate diet among men.

FASTING PLASMA GLUCOSE, HOMA-IR,
AND GLYCATED HEMOGLOBIN

Among the 36 participants with diabetes (Fig. 4D),
only those in the Mediterranean-diet group had a
decrease in fasting plasma glucose levels (32.8 mg
per deciliter); this change was significantly differ-
ent from the increase in plasma glucose levels
among participants with diabetes in the low-fat
group (P<0.001 for the interaction between diet
group and time). There was no significant change
in plasma glucose level among the participants
without diabetes (P<0.001 for the interaction
among diabetes and Mediterranean diet and time).
In contrast, insulin levels (Fig. 4E) decreased sig-
nificantly in participants with diabetes and in
those without diabetes in all diet groups, with
no significant differences among groups in the
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amount of decrease. Among the participants with
diabetes, the decrease in HOMA-IR at 24 months
(Fig. 4F) was significantly greater in those assigned
to the Mediterranean diet than in those assigned
to the low-fat diet (2.3 and 0.3, respectively;
P=0.02; P=0.04 for the interaction among diabe-

tes and Mediterranean diet and time). Among the
participants with diabetes, the proportion of gly-
cated hemoglobin at 24 months decreased by
0.4+1.3% in the low-fat group, 0.5+1.1% in the
Mediterranean-diet group, and 0.9+0.8% in the
low-carbohydrate group. The changes were signifi-

Table 2. Changes in Dietary Intake, Energy Expenditure, and Urinary Ketones during 2 Years of Intervention.*

Variable

Energy change from baseline (kcal/day)

Low-Fat Diet

6 mo -458.3+1412.9
12 mo -559.1+1764.8
24 mo -572.6+1638.0
Carbohydrate
% of energy
Baseline 51.8+8.1
6 mo 50.4+6.9
12 mo 50.5+6.8
24 mo 50.7+£5.7
Change from baseline (g/day)
6 mo -69.1+191.7
12 mo -83.41+215.8
24 mo -82.8+202.0
Protein
% of energy
Baseline 18.2+3.3
6 mo 19.6+3.7
12 mo 19.4+3.4
24 mo 19.0+3.2
Change from baseline (g/day)
6 mo -12.8+58.7
12 mo -16.7+84.9
24 mo -19.8+75.0
Total fat
% of energy
Baseline 31.4+4.7
6 mo 30.7+4.0
12 mo 30.8+4.2
24 mo 30.0+3.9
Change from baseline (g/day)
6 mo -14.7£55.6
12 mo -18.0+68.1
24 mo -18.9+66.4

Low-
Mediterranean Carbohydrate
Diet Diet P Value}
-254.6+740.6 -560.8+1568.3 0.22
-321.7+802.4 -591.1+1472.9 0.33
-371.9+864.2 -550.0+1453.9 0.55
51.5+8.3 50.8+8.4 0.63
49.8+8.0 41.4+9.3% <0.001
50.0+7.7 41.6+8.81% <0.001
50.2+8.6 40.4+7.1% <0.001
-39.6+98.1 -123.6+223.5% 0.003
-49.0+112.3 -127.7+216.3% 0.01
-50.5+126.1 -129.8+212.63% 0.02
18.4+3.8 18.7+3.8 0.61
18.9+3.6 21.6+3.5% <0.001
18.9+3.6 21.5+4.0% <0.001
18.8+3.5 21.8+3.9% <0.001
-10.2+47.7 -10.2+69.7 0.99
-12.2+47.6 -11.8+69.3 0.86
-17.5+48.1 -6.9+66.6 0.38
31.7+4.9 32.1+5.5 0.65
33.245.1 38.8+6.91 <0.001
32.9+5.1 38.5+6.51 <0.001
33.1+5.5 39.1+5.5§ <0.001
-5.8+30.8 -3.6+58.2 0.23
-8.3£33.1 -4.8+57.7 0.21
-10.5+33.2 -1.74£51.2 0.10
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Table 2. (Continued.)
Low-
Mediterranean Carbohydrate
Variable Low-Fat Diet Diet Diet P Valuej
Saturated fat
% of energy
Baseline 9.7£2.4 9.74£2.4 9.9+2.3 0.84
6 mo 9.6+1.9 9.7+2.5 12.2+3.9% <0.001
12 mo 9.8+2.1 9.6+2.1 12.5+3.85% <0.001
24 mo 9.6+1.8 9.6+2.2 12.3+3.21 <0.001
Change from baseline (g/day)
6 mo -4.8+17.0 -3.0+£11.4 0.28+18.7 0.07
12 mo -5.3+21.3 -3.8+11.5 0.78+19.5§ 0.04
24 mo -6.2+21.4 -4.6x11.3 0.56+15.7§ 0.02
Change in monounsaturated:saturated fat ratio
from baseline
6 mo 0.00+0.18 0.09+0.219 -0.02+0.23 0.001
12 mo -0.02+0.18 0.08+0.199 -0.05+0.22 <0.001
24 mo 0.02+0.21 0.11+0.209 -0.01+0.21 <0.001
Change in dietary cholesterol from baseline (mg/day)
6 mo -71.8+312.2 -66.7+243.4 11.7+283.2 0.06
12 mo -87.4+£377.0 -78.8+239.8 1.76+325.3 0.09
24 mo -94.2+373.5 -94.6+254.6 6.51+262.9% 0.04
Change in dietary fiber from baseline (g/day)
6 mo -2.3+17.4 1.2+12.6 -7.4£22.0| 0.002
12 mo -4.3+£19.0 0.22+12.9 -8.3+21.6| 0.004
24 mo -4.7+18.8 0.29+13.8 -10.0+21.7| 0.002
Level of physical activity (MET/wk)
Baseline 15.8+22.6 11.3£15.7 14.0+£29.4 0.37
6 mo 17.5+23.1 14.2+19.3 18.7+32.0 0.41
12 mo 20.0+23.6 16.1+18.0 18.8+32.5 0.55
24 mo 21.4+26.7 15.6+18.9 16.3+18.9 0.18
Detectable urinary ketone bodies (% of participants)
Baseline 29 1.8 4.6 0.10
24 mo 4.8 2.8 83 0.04

* Plus—minus values are means +SD.

7 P values for differences among the three diet groups were calculated by analysis of variance, except for urinary ketone values, for which the
chi-square test was used. When the difference among the groups was significant (P<0.05), all pairwise comparisons between groups were
tested for significance with the use of Tukey’s Studentized range test. The Mediterranean-diet group consumed the largest amounts of di-
etary fiber and had the highest ratio of monounsaturated to saturated fat (P<0.05 for all comparisons among treatment groups). The low-
carbohydrate group consumed the smallest amount of carbohydrates and the largest amounts of fat, protein, and cholesterol; the percent-
age of participants with detectable urinary ketones was also highest in this group (P<0.05 for all comparisons among treatment groups).
The amount of decrease in intake of calories was similar among the diet groups.

i The value for the low-carbohydrate group is significantly different from the value for the low-fat group or the Mediterranean-diet group
(P<0.05).

§ The value for the low-carbohydrate group is significantly different from the value for the low-fat group (P<0.05).

9§ The value for the Mediterranean-diet group is significantly different from the value for the low-fat group or the low-carbohydrate group
(P<0.05).

| The value for the low-carbohydrate group is significantly different from the value for the Mediterranean-diet group (P<0.05).
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Figure 2. Weight Changes during 2 Years According to Diet Group.

Vertical bars indicate standard errors. To statistically evaluate the changes
in weight measurements over time, generalized estimating equations were
used, with the low-fat group as the reference group. The explanatory vari-
ables were age, sex, time point, and diet group.
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cant (P<0.05) only in the low-carbohydrate group
(P=0.45 for the comparison among groups).

LIVER-FUNCTION TESTS
Changes in bilirubin, alkaline phosphatase, and
alanine aminotransferase levels were similar
among the diet groups. Alanine aminotransferase
levels were significantly reduced from baseline to
24 months in the Mediterranean-diet and the
low-carbohydrate groups (reductions of 3.4+11.0
and 2.6£8.6 units per liter, respectively; P<0.05
for the comparison with baseline in both groups).

DISCUSSION

In this 2-year dietary-intervention study, we found
that the Mediterranean and low-carbohydrate di-
ets are effective alternatives to the low-fat diet for
weight loss and appear to be just as safe as the
low-fat diet. In addition to producing weight loss
in this moderately obese group of participants,
the low-carbohydrate and Mediterranean diets had
some beneficial metabolic effects, a result sug-
gesting that these dietary strategies might be con-
sidered in clinical practice and that diets might be
individualized according to personal preferences

and metabolic needs. The similar caloric deficit

achieved in all diet groups suggests that a low-car-

bohydrate, non—restricted-calorie diet may be opti-
mal for those who will not follow a restricted-cal-
orie dietary regimen. The increasing improvement
in levels of some biomarkers over time up to the
24-month point, despite the achievement of maxi-
mum weight loss by 6 months, suggests that a
diet with a healthful composition has benefits be-
yond weight reduction.

The present study has several limitations. We
enrolled few women; however, we observed a sig-
nificant interaction between the effects of diet
group and sex on weight loss (women tended to
lose more weight on the Mediterranean diet), and
this difference between men and women was also
reflected in the changes in leptin levels. This pos-
sible sex-specific difference should be explored
in further studies. The data from the few partici-
pants with diabetes are of interest, but we recog-
nize that measurement of HOMA-IR is not an op-
timal method to assess insulin resistance among
persons with diabetes. We relied on self-reported
dietary intake, but we validated the dietary assess-
ment in two different dietary-assessment tools and
used electronic questionnaires to minimize the
amount of missing data. Finally, one might argue
that the unique nature of the workplace in this
study, which permitted a closely monitored di-
etary intervention for a period of 2 years, makes
it difficult to generalize the results to other free-
living populations. However, we believe that simi-
lar strategies to maintain adherence could be ap-
plied elsewhere.

The strengths of the study include the one-
phase design, in which all participants started
simultaneously; the relatively long duration of the
study; the large study-group size; and the high
rate of adherence. The monthly measurements of
weight permitted a better understanding of the
weight-loss trajectory than was the case in previ-
ous studies.

We observed two phases of weight change:
initial weight loss and weight maintenance. The
maximum weight reduction was achieved during
the first 6 months; this period was followed by
the maintenance phase of partial rebound and a
plateau. Among all diet groups, weight loss was
greater for those who completed the 24-month
study than for those who did not. Even moderate
weight loss has health benefits, and our find-
ings suggest benefits of behavioral approaches
that yield weight losses similar to those obtained
with pharmacotherapy.?®
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Figure 3. Changes in Cholesterol and Triglyceride Biomarkers According to Diet Group during the Maximum Weight-
Loss Phase (1 to 6 Months) and the Weight-Loss Maintenance Phase (7 to 24 Months) of the 2-Year Intervention.
Panel A shows the results for serum high-density lipoprotein (HDL) cholesterol, Panel B for serum triglycerides,
Panel C for serum low-density lipoprotein (LDL) cholesterol, and Panel D for the ratio of total cholesterol to HDL
cholesterol. Vertical bars indicate standard deviations. To statistically evaluate the changes in weight measurements
over time, generalized estimating equations were used, with the low-fat group as the reference group. The explana-
tory variables were age, sex, time point, and diet group. Results are presented for the 82% of the study population
(263 participants) with blood-sample data at all time points (90 in the low-fat group, 92 in the Mediterranean-diet
group, and 81 in the low-carbohydrate group). The P values for the comparison between the low-fat group and the
Mediterranean-diet group are 0.94 for HDL cholesterol, 0.21 for triglycerides, 0.41 for LDL cholesterol, and 0.23 for
the ratio of total cholesterol to HDL cholesterol. The P values for the comparison between the low-fat group and the
low-carbohydrate group are 0.01 for HDL cholesterol, 0.03 for triglycerides, 0.94 for LDL cholesterol, and 0.01 for
the ratio of total cholesterol to HDL cholesterol. To convert values for cholesterol to millimoles per liter, multiply by
0.02586. To convert values for triglycerides to millimoles per liter, multiply by 0.01129.

We distinguished between changes in levels of
biomarkers (leptin, adiponectin, and high-sensi-
tivity C-reactive protein) that are apparently related
to loss of adipose tissue and changes in biomark-
ers (triglycerides, HDL cholesterol, glucose, and
insulin) that apparently reflect, in part, the effects
of specific diet composition. The changes we ob-
served in levels of adiponectin and leptin,*° which
were consistent in all groups, reflect loss of weight.
Consumption of monounsaturated fats is thought
to improve insulin sensitivity,'*31,32 an effect that
may explain the favorable effect of the Mediter-
ranean diet on glucose and insulin levels. The

results imply that dietary composition modifies
metabolic biomarkers in addition to leading to
weight loss. Our results suggest that health care
professionals might consider more than one di-
etary approach, according to individual preferences
and metabolic needs, as long as the effort is sus-
tained.

This trial also suggests a model that might be
applied more broadly in the workplace. As Okie
recently suggested,®* using the employer as a
health coach could be a cost-effective way to
improve health. The model of intervention with
the use of dietary group sessions, spousal sup-
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port, food labels, and monthly weighing in the
workplace within the framework of a health pro-
motion campaign might yield weight reduction

and long-term health benefits.
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