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Background: Low-carbohydrate diets remain popular despite a
paucity of scientific evidence on their effectiveness.

Objective: To compare the effects of a low-carbohydrate, keto-
genic diet program with those of a low-fat, low-cholesterol,
reduced-calorie diet.

Design: Randomized, controlled trial.
Setting: Outpatient research clinic.

Participants: 120 overweight, hyperlipidemic volunteers from
the community.

Intervention: Low-carbohydrate diet (initially, <20 g of carbo-
hydrate daily) plus nutritional supplementation, exercise recom-
mendation, and group meetings, or low-fat diet (<30% energy
from fat, <300 mg of cholesterol daily, and deficit of 500 to 1000
kcal/d) plus exercise recommendation and group meetings.

Measurements: Body weight, body composition, fasting serum
lipid levels, and tolerability.

Results: A greater proportion of the low-carbohydrate diet group
than the low-fat diet group completed the study (76% vs. 57%;
P = 0.02). At 24 weeks, weight loss was greater in the low-
carbohydrate diet group than in the low-fat diet group (mean
change, —12.9% vs. —6.7%; P < 0.001). Patients in both groups
lost substantially more fat mass (change, —9.4 kg with the low-
carbohydrate diet vs. —4.8 kg with the low-fat diet) than fat-free

mass (change, —3.3 kg vs. —2.4 kg, respectively). Compared with
recipients of the low-fat diet, recipients of the low-carbohydrate
diet had greater decreases in serum triglyceride levels (change,
—0.84 mmol/L vs. —0.31 mmol/L [-74.2 mg/dL vs. —27.9 mg/
dL]; P = 0.004) and greater increases in high-density lipoprotein
cholesterol levels (0.14 mmol/L vs. —0.04 mmol/L [5.5 mg/dL vs.
—1.6 mg/dL]; P < 0.001). Changes in low-density lipoprotein
cholesterol level did not differ statistically (0.04 mmol/L [1.6
mg/dL] with the low-carbohydrate diet and —0.19 mmol/L [-7.4
mg/dL] with the low-fat diet; P = 0.2). Minor adverse effects
were more frequent in the low-carbohydrate diet group.

Limitations: We could not definitively distinguish effects of the
low-carbohydrate diet and those of the nutritional supplements
provided only to that group. In addition, participants were healthy
and were followed for only 24 weeks. These factors limit the
generalizability of the study results.

Conclusions: Compared with a low-fat diet, a low-carbohydrate
diet program had better participant retention and greater weight
loss. During active weight loss, serum triglyceride levels decreased
more and high-density lipoprotein cholesterol level increased more
with the low-carbohydrate diet than with the low-fat diet.

Ann Intern Med. 2004,140:769-777.
For author affiliations, see end of text.
See related article on pp 778-785 and editorial comment on pp 836-
837.

www.annals.org

s the prevalence of obesity has increased over the past

20 years (1), the difficulties faced by overweight pa-
tients and their health care practitioners have become ap-
parent. Fewer than 25% of Americans who attempt to lose
weight actually reduce caloric intake and increase exercise
as currently recommended (2). Persons who successfully
lose weight have difficulty maintaining their weight loss
(3). Therefore, it is not surprising that consumers spend
$33 billion yearly on weight loss products and services in
search of effective therapies (2). Because many weight loss
interventions are unproven and untested, practitioners of-
ten lack information with which to recommend a certain
therapy or to monitor a patient once a therapy is chosen.

One approach to weight loss that has gained recogni-
tion in the face of modest supportive scientific evidence is
the low-carbohydrate diet. A popular version of this diet
recommends extreme restriction of carbohydrate intake to
less than 20 g/d initially (4). This level of carbohydrate
restriction can induce serum and urinary ketones and
weight loss (5, 6). However, until recently, available data
on low-carbohydrate diets came from small studies of short
duration, most of which were uncontrolled (5, 7—10).

We examined body weight, body composition, serum
lipid levels, and adverse effects over 24 weeks in hyperlip-
idemic persons who were randomly assigned to follow a
low-carbohydrate, ketogenic diet or a low-fat, low-choles-
terol, reduced-calorie diet commonly used to induce
weight loss and decrease serum lipid levels.

METHODS
Participants

Generally healthy persons were recruited from the
community. Inclusion criteria were age 18 to 65 years,
body mass index of 30 to 60 kg/mz, desire to lose weight,
elevated lipid levels (total cholesterol level > 5.17 mmol/L
[>200 mg/dL], low-density lipoprotein [LDL] cholesterol
level > 3.36 mmol/L [>130 mg/dL], or triglyceride lev-
el > 2.26 mmol/L [200 mg/dL]), and no serious medical
condition. Exclusion criteria were use of any prescription
medication in the previous 2 months (except for oral con-
traceptives, estrogen therapy, and stable thyroid medica-
tion), pregnancy or breastfeeding, use of any weight loss
diet or diet pills in the previous 6 months, and baseline
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Context

Low-carbohydrate weight reduction diets are popular de-
spite a dearth of data on long-term efficacy and adverse
effects.

Contribution

Community-dwelling hyperlipidemic persons were ran-
domly assigned to either a low-carbohydrate, ketogenic
diet or a low-fat, low-cholesterol, reduced-calorie diet for
24 weeks. Compared to the low-fat group, patients in the
low-carbohydrate group lost more weight, had a greater
decrease in triglyceride levels, and had higher high-density
lipoprotein cholesterol levels. Levels of low-density li-
poprotein cholesterol remained stable in both groups. Side
effects were more common in the low-cholesterol group
but were generally mild.

Cautions

While the study suggests the efficacy and relative safety
of the low-cholesterol diet, the high dropout rate, self-
directed adherence to the diet, and relatively short obser-
vation period challenge the generalizability of the findings.

—The Editors

ketonuria. All participants provided written informed con-
sent, and the institutional review board of Duke University
Health System approved the study. Participants received
no monetary incentive.

Interventions

By using a computer-generated simple randomization
list, participants were allocated to receive the low-carbohy-
drate diet or low-fat diet. The intervention for both groups
included group meetings, diet instruction, and an exercise
recommendation. Group meetings took place at an out-
patient research clinic twice monthly for 3 months, then
monthly for 3 months. These meetings typically lasted 1
hour and consisted of diet instruction, supportive counsel-
ing, questionnaires, and biomedical measurements. During
the study, participants selected their own menus and pre-
pared or bought their own meals according to the guide-
lines presented to them. Participants were encouraged to
exercise for 30 minutes at least 3 times weekly, but no
formal exercise program or incentives were provided.

Low-Carbohydrate Diet

Using a popular diet book published by a lay press and
additional handouts, trained research staff instructed par-
ticipants to restrict intake of carbohydrates to less than 20
g/d (4). Participants were permitted unlimited amounts of
animal foods (meat, fowl, fish, and shellfish), unlimited
eggs, 4 oz of hard cheese, 2 cups of salad vegetables (such as
lettuce, spinach, or celery), and 1 cup of low-carbohydrate
vegetables (such as broccoli, cauliflower, or squash) daily.
Participants were encouraged to drink 6 to 8 glasses of
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water daily. When participants were halfway to their goal
body weight (determined at the week 10 visit with assis-
tance from research personnel), they were advised to add
approximately 5 g of carbohydrates to their daily intake
each week until they reached a level at which body weight
was maintained. To simulate the practice of the study
sponsor, the low-carbohydrate diet group also received
daily nutritional supplements (multivitamin, essential oils,
diet formulation, and chromium picolinate; for a list of the
composition of these supplements, see the Appendix, avail-
able at www.annals.org) (6).

Low-Fat Diet

Using a commonly available booklet and additional
handouts, a registered dietitian instructed participants in a
diet consisting of less than 30% of daily energy intake from
fat, less than 10% of daily energy intake from saturated fat,
and less than 300 mg of cholesterol daily (11, 12). The
recommended energy intake was 2.1 to 4.2 MJ (500 to
1000 kcal) less than the participant’s calculated energy in-
take for weight maintenance (body weight in
pounds X 10) (13).

Primary Outcome Measure

Body weight and body mass index were the primary
outcome measures. At each visit, participants were weighed
on the same calibrated scale while wearing lightweight
clothing and no shoes. Body mass index was calculated as

body weight in kilograms divided by height in meters squared.

Secondary Outcome Measures
Adherence

Adherence to the diet was measured by self-report,
food records, and, for the low-carbohydrate diet group,
urinary ketone assessment.

Diet Composition

All participants completed a 24-hour recall of food
intake at baseline and take-home food records (5 consecu-
tive days, including a weekend) that were collected at each
meeting during the study. Participants were instructed on
how to document food intake and were given handouts
with examples of how to complete the records. A sample of
participants (13 in the low-carbohydrate diet group and 7
in the low-fat diet group) who completed the study was
selected for food record analysis by the research staff on the
basis of adequacy of detail in their records. A registered
dietitian analyzed the food records by using a nutrition
software program (Nutritionist Five, version 1.6 [First
DataBank, Inc., San Bruno, California]).

Ketonuria

Restriction of dietary intake of carbohydrates to less
than 40 g/d typically results in ketonuria that is detectable
by dipstick analysis, which can be used to monitor adher-
ence to the low-carbohydrate diet (14, 15). At each return
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visit, participants provided a fresh urine specimen for anal-
ysis. The following semi-quantitative scale was used to cat-
egorize ketone content: none, trace (up to 0.9 mmol/L [5
mg/dL]), small (0.9 to 6.9 mmol/L [5 to 40 mg/dL]),
moderate (6.9 to 13.8 mmol/L [40 to 80 mg/dL]), large80
(13.8 to 27.5 mmol/L [80 to 160 mg/dL]), and large160
(>27.5 mmol/L [>160 mg/dL]).

Body Composition

Body composition was estimated by using bioelectric
impedance (model TBF-300A [Tanita Corp., Arlington
Heights, Illinois]) at approximately the same time of day
(afternoon or evening) at each return visit. In a subset of
33 participants, the percentage of body fat as measured by
bioelectric impedance had excellent correlation with the
percentage as measured by dual-energy x-ray absorptiom-
etry (r = 0.93 [95% CI, 0.87 to 0.97]).

Vital Signs

Blood pressure and pulse rate were measured in the
nondominant arm by using an automated digital cuff
(model HEM-725C [Omron Corp., Vernon Hills, Illi-
nois]) after the participant had been sitting for 3 minutes.
Two measurements were taken at each visit and averaged
for the analysis.

Serum Lipids and Lipoproteins

Serum specimens for lipid measurement were obtained
in the morning after at least 8 hours of fasting at the
screening visit and at 8, 16, and 24 weeks.

Other Metabolic Effects

Serum tests for sodium, potassium, chloride, urea ni-
trogen, creatinine, calcium, phosphorus, total protein, al-
bumin, uric acid, total bilirubin, alanine aminotransferase,
aspartate aminotransferase, alkaline phosphatase, thyroid-
stimulating hormone, iron, hemoglobin, leukocyte count,
and platelet count were obtained at the screening visit and
at 8, 16, and 24 weeks. The glomerular filtration rate was
estimated by using an equation that included age; sex; race;
and serum levels of albumin, creatinine, and urea nitrogen

(Modification of Diet in Renal Disease Study equation) (16).

Adverse Effects

At all return visits, participants completed an open-
ended questionnaire on side effects. At the 20- and 24-
week visits, participants completed a checklist of the side
effects that were most often mentioned during the study.

Statistical Analysis

Analyses were performed by using S-PLUS software,
version 6.1 (Insightful Corp., Seattle, Washington), or SAS
software, version 8.02 (SAS Institute, Inc., Cary, North
Carolina). For categorical outcomes, groups were com-
pared by using the chi-square test or Fisher exact test, as
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appropriate. For all primary and secondary continuous
outcomes, linear mixed-effects models (PROC MIXED
procedure in SAS software) that included fixed and ran-
dom effects were used to determine expected mean values
at each time point and to test hypotheses of group differ-
ences. In most body weight and body composition models,
time and group assignment were included as fixed effects
with linear and quadratic time-by-group interaction terms.
In the fat-free mass, total body water, and vital sign mod-
els, the time-by-group interaction was treated as a categor-
ical variable. In all body weight and body composition
models, random effects included intercept and linear slope
terms. For the serum outcome measure models, the time-
by-group interaction was treated as a categorical variable,
and an unstructured covariance was used to account for
within-patient correlation over time.

All available data, including those from participants
who subsequently discontinued the study, were used for
the longitudinal analyses. Mixed-effects models assume
noninformative dropout, meaning that the probability of
dropout may depend on covariates or a participant’s previ-
ous responses but not on current or future responses (17).
A P value of 0.05 or less was considered statistically signif-
icant.

Role of the Funding Source

Investigators at Duke University conducted the study
and maintained exclusive control of all data and analyses.
The funding source had no involvement in the recruitment
of participants; study interventions; collection, analysis, or
interpretation of the data; or preparation or review of the
manuscript.

REesuLTs
Participants

From July 2000 to July 2001, 1051 volunteers were
screened for eligibility and 120 underwent randomization
(Figure 1). One participant who was assigned to the low-
carbohydrate diet group discontinued the study before re-
ceiving dietary instruction and was not included in analy-
ses. Table 1 shows baseline characteristics of the participants.

Retention

Forty-five (76%) of the 59 participants originally as-
signed to the low-carbohydrate diet group and 34 (57%) of
the 60 participants assigned to the low-fat diet group com-
pleted the study (P = 0.02). In the low-carbohydrate diet
group, 4 participants (7%) could not adhere to the group
meeting schedule, 5 (8%) could not adhere to the diet, 1
(2%) was unsatisfied with weight loss, 3 (5%) dropped out
because of adverse effects, and 1 (2%) was lost to follow-
up. Of the 3 participants who dropped out because of
adverse effects, 2 had increases in LDL cholesterol level,
and 1 experienced shakiness and uneasiness. In the low-fat
diet group, 15 participants (25%) could not adhere to the
group meeting schedule, 3 (5%) could not adhere to the
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Figure 1. Flow of participants into the study.

Assessed for eligibility (n = 1051)

Enrollment

Excluded (n = 931)
Did not meet study criteria: 717

Declined participation: 206
Other: 8

Randomization (n = 120)

Allocated to LFD (n = 60)
Received LFD: 60

Allocation

Discontinued intervention (n = 26)
Unable to attend group sessions: 15
Unable to tolerate diet: 3
Unsatisfied with weight loss: 6
Adverse effects: 0
Lost to follow-up: 2

Follow-up

Analyzed (n = 60)
Completed 6 months (n = 34)

Analysis

Allocated to LCKD (n = 60)
Received LCKD: 59
Dropped out after randomization: 1

!

Discontinued intervention (n = 14)
Schedule conflict: 4
Therapy declined: 5
Unsatisfied with weight loss: 1
Adverse effects: 3
Lost to follow-up: 1

Analyzed (n = 59)
Completed 6 months (n = 45)

LCKD = low-carbohydrate, ketogenic diet; LFD = low-fat, low-cholesterol, reduced-calorie diet.

diet, 6 (10%) were unsatisfied with weight loss, and 2 (3%)
were lost to follow-up (Appendix Figure, available at www
.annals.org).

Body Weight

Over 24 weeks, the expected mean change in body
weight was —12.0 kg (95% CI, —13.8 to —10.2 kg) in the
low-carbohydrate diet group compared with —6.5 kg (CI,
—8.4 to —4.6) in the low-fat diet group (mean difference,
—5.5 kg [CI, —8.1 to —2.9 kg]) (Figure 2). Figure 3
shows body weight trajectories for all participants, by diet
group. The expected mean percentage change in body
weight was —12.9% (CI, —14.8% to —10.9%) in the
low-carbohydrate diet group and —6.7% (CI, —8.7% to
—4.8%) in the low-fat diet group (mean difference, —6.2

Table 1. Baseline Characteristics

percentage points [CI, —8.9 to —3.4 percentage points).
In other terms, 61% (n = 36) of recipients of the low-
carbohydrate diet and 23% (n = 14) of recipients of the
low-fat diet completed the study and lost greater than 10%
of their initial body weight (2 < 0.001).

Diet Composition

Diet composition was measured on the basis of food
records collected at each visit from a subsample of partici-
pants (13 from the low-carbohydrate diet group and 7
from the low-fat diet group.) The low-carbohydrate diet
group consumed a mean (£SD) of 29.5 * 11.1 g of car-
bohydrates (8% of daily energy intake), 97.9 * 24.3 g of
protein (26% of daily energy intake), and 110.6 =273 ¢

Characteristic Low-Fat Diet Group Low-Carbohydrate, Ketogenic Diet Group
Enrollees Completers Noncompleters Enrollees Completers Noncompleters
(n = 60) (n = 34) (n = 26) (n =59) (n = 45) (n=14)

Mean age * SD, y 45.6 = 9.0 441 = 8.7 47.6 =9.2 44.2 = 10.1 453 =95 405 = 11.3

Women, % 78 76 81 75 71 80

White, % 78 79 77 75 80 60

African-American, % 18 18 19 22 18 33

College degree, % 63 65 62 56 60 47

Mean body weight = SD, kg 96.8 = 19.2 95.7 = 18.0 98.3 £ 20.9 97.8 = 15.0 98.1 £ 15.2 96.5 = 14.7

Mean body mass index = SD, kg/m? 34.0 5.2 33.9+53 345 +5.0 34.6 +4.9 346 5.2 347 £ 4.0
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Figure 2. Expected mean body weight over time, by diet group.

110

--ll- LFD group (n = 60)
—@— LCKD group (n = 59)
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Expected Weight, kg
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85—
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0 2 4 6 8 10 12 16 20 24

Time, wk

Expected mean body weight determined by linear mixed-effects model analysis. 2 < 0.001 for linear and quadratic time-by-diet group interaction terms.
LCKD = low-carbohydrate, ketogenic diet; LFD = low-fat, low-cholesterol, reduced-calorie diet.

of fat (68% of daily energy intake) daily. The low-fat diet energy intake) daily. The estimated daily energy intake was
group consumed 197.6 * 34.2 g of carbohydrates (52% of 6.14 = 1.37 MJ (1461.0 £ 325.7 kcal) in the low-carbo-
daily energy intake), 70.5 = 9.7 g of protein (19% of daily hydrate diet group and 6.31 = 0.68 MJ (1502.0 * 162.1
energy intake), and 48.9 = 12.0 g of fat (29% of daily keal) in the low-fat diet group.

Figure 3. Individual body weight trajectories, by diet group.

LFD Group LCKD Group
160 160

140 ‘\.\‘\' 140

120 120

Weight, kg
Weight, kg

100 — 100

80— 80
———%—  —
60| 60—
T T T T T T T T T T T T T T T T T T
0 2 4 6 8 10 12 16 20 24 0O 2 4 6 8 10 12 16 20 24
Time, wk Time, wk
Patients,n 60 56 51 50 47 43 42 35 32 33 59 55 54 49 49 49 49 48 41 45

The orange line represents the observed trajectory for mean body weight in the low-fat, low-cholesterol, reduced-calorie diet (LCD) group (lef?) or the
low-carbohydrate, ketogenic diet (LCKD) group (right). At week 24, the low-fat diet group included 33 rather than 34 participants because 1 participant
contributed a blood specimen, but not weight measurements, at that time point.
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Table 2. Effect of Diet Programs on Fasting Lipid Profiles*

Variable Low-Fat Diet Group (n = 60) Low-Carbohydrate, Ketogenic Diet Group (n = 59) P Value for
Between-
Group
Week 0 Week 24 Change PValue Week 0 Week 24 Change P Value .
Comparison
Total cholesterol level,
mmol/L (mg/dL) 6.20(239.9) 5.85(226.2) —0.35(-13.7) 0.008 6.32(2445) 6.11(236.4) —0.21(-8.1) 0.08 >0.2
Triglyceride level,
mmol/L (mg/dL) 2.15(190.7) 1.84(162.7) —0.31(—27.9) 1.78 (157.8)  0.94 (83.6) —0.84 (=74.2) <0.001 0.004
LDL cholesterol level,
mmol/L (mg/dL) 3.83(148.0) 3.64(140.6) —0.19(-7.4) 4.07 (157.2)  4.11 (158.8) 0.04 (1.6) >0.2 0.2
HDL cholesterol level,
mmol/L (mg/dL) 1.40 (54.1) 1.36 (52.5) —0.04 (-1.6) 1.43 (55.4) 1.57 (60.9) 0.14 (5.5) <0.001  <0.001
Ratio of total
cholesterol to HDL
cholesterol 4.7 4.4 -0.3 4.7 4.1 -0.6 <0.001 0.09
Ratio of triglyceride to
HDL cholesterol 4.1 3.4 -0.6 3.2 1.6 -1.6 <0.001 0.02

* Values are expected means by linear mixed-effects model analysis. HDL = high-density lipoprotein; LDL = low-density lipoprotein.

Ketonuria

The proportion of participants in the low-carbohy-
drate diet group whose level of urinary ketones was classi-
fied as trace or greater was 86% (47 of 55) at 2 weeks and
decreased to 42% (19 of 45) at 24 weeks. The proportion
of participants in this group who had urinary ketone levels
classified as moderate or greater was 64% (35 of 55) at 2
weeks and decreased to 18% (8 of 45) at 24 weeks.

Body Composition

Over 24 weeks, participants in each group lost more
fat mass than fat-free mass. The expected mean change in
fat mass was —9.4 kg (CI, —10.9 to —7.9 kg) in the
low-carbohydrate diet group and —4.8 kg (CI, —6.3 to
—3.2 kg) for the low-fat diet group (mean difference, —4.6
kg [CI, —6.8 to —2.5 kg]). However, the percentage of
total weight loss that was fat mass was similar in the 2
groups (78% in the low-carbohydrate diet group and 74%
in the low-fat diet group). The expected mean percentage
of body fat decreased from 41.0% to 35.2% (change, —5.8
percentage points [CI, —6.7 to —4.8 percentage points])
in the low-carbohydrate diet group and 41.1% to 38.3%
(change, —2.8 percentage points [CI, —3.9 to —1.9 per-
centage points]) in the low-fat diet group (mean difference
between groups, —3.0 percentage points [CI, —4.2 to
—1.5 percentage points]). The expected mean change in
fat-free mass was —3.3 kg (CI, —3.9 to —2.7 kg) in the
low-carbohydrate diet group and —2.4 kg (CI, —3.1 to
—1.7 kg) in the low-fat diet group (mean difference, —0.9
kg [CI, —1.8 to 0 kg]; 2 = 0.054). Changes in total body
water explained most of the change in fat-free mass in both
groups. The expected mean change in total body water was
—2.4 kg (CI, —2.9 to —2.0 kg) in the low-carbohydrate
diet group and —1.8 kg (CI, —2.3 to —1.3 kg) in the
low-fat diet group (mean difference, —0.6 kg [CI, —1.3 to
0 kgl; 2= 0.052). However, the low-carbohydrate diet
group lost a greater amount of total body water in the first
2 weeks of the study than did the low-fat diet group (—1.1
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kg versus —0.5 kg; mean difference, —0.6 kg [CI, —1.0 to
—0.2 kg]).

Vital Signs

Over 24 weeks, systolic blood pressure in the low-
carbohydrate diet group decreased by 9.6 mm Hg (CI,
—13.3 to —6.0 mm Hg), diastolic blood pressure de-
creased by 6.0 mm Hg (CI, —8.0 to —3.9 mm Hg), and
pulse rate decreased by 8.9 beats/min (CI, —12.1 to —5.8
beats/min). In the low-fat diet group, systolic blood pres-
sure decreased by 7.5 mm Hg (CI, —11.6 to —3.5 mm
Hg), diastolic blood pressure decreased by 5.2 mm Hg (CI,
—7.5 to —2.9 mm Hg), and pulse rate decreased by 10.3
beats/min (CI, —13.7 to —6.8 beats/min). These changes
did not statistically differ in between-group comparisons.

Serum Lipids and Lipoproteins

In between-group comparisons, the low-carbohydrate
diet group had statistically greater changes in triglyceride
level, high-density lipoprotein (HDL) cholesterol level, and
ratio of triglycerides to HDL cholesterol (2 = 0.004, P <
0.001, and P = 0.02, respectively) (Table 2). However, 2
participants in the low-carbohydrate diet group dropped
out of the study because of concerns about elevated serum
lipid levels. In 1 participant, the LDL cholesterol level in-
creased from 4.75 mmol/L (184 mg/dL) at baseline to 7.31
mmol/L (283 mg/dL) at 3 months. One participant
dropped out after a local physician measured her serum
lipids 4 weeks into the study; her LDL cholesterol level was
4.70 mmol/L (182 mg/dL) at baseline and increased to
5.66 mmol/L (219 mg/dL). Among participants for whom
data on LDL cholesterol were available at both baseline
and week 24, the LDL cholesterol level increased by more
than 10% in 13 (30%) of 44 recipients of the low-carbo-
hydrate diet and 5 (16%) of 31 recipients of the low-fat
diet (P> 0.2).
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Other Metabolic Effects

In the low-carbohydrate diet group, the expected
mean blood urea nitrogen level increased from 5.1 mmol/L
(14.2 mg/dL) at baseline to 6.0 mmol/L (16.8 mg/dL) at
24 weeks. This change was statistically greater than that in
the low-fat diet group (P < 0.001). The expected mean
serum alkaline phosphatase level decreased from 1.45
wkat/L (85.3 U/L) at baseline to 1.35 ukat/L (79.6 U/L)
at 24 weeks in the low-carbohydrate diet group, whereas it
increased from 1.38 wkat/L (81.1 U/L) to 1.56 ukat/L
(92.0 U/L) in the low-fat diet group (P < 0.001 for com-
parison). Changes in other serum measurements and esti-
mated glomerular filtration rate did not differ between groups.

Adverse Effects

Several symptomatic adverse effects occurred more fre-
quently in the low-carbohydrate diet group than in the
low-fat diet group, including constipation (68% vs. 35%;
P < 0.001), headache (60% vs. 40%; P = 0.03), halitosis
(38% vs. 8%; P < 0.001), muscle cramps (35% vs. 7%;
P < 0.001), diarrhea (23% vs. 7%; P = 0.02), general
weakness (25% vs. 8%; P = 0.01), and rash (13% vs. 0%;
P = 0.006). One participant sought medical attention for
constipation but had no complications. One 53-year-old
man in the low-carbohydrate diet group who had a family
history of early heart disease developed chest pain near the
end of the study, and coronary heart disease was subse-
quently diagnosed. During the study, this participant lost
16 kg, his serum LDL cholesterol level decreased by 0.75
mmol/L (29 mg/dL), and his serum HDL cholesterol level
increased by 0.21 mmol/L (8 mg/dL).

DiscussioN

Over 24 weeks, a low-carbohydrate diet program led
to greater weight loss, reduction in serum triglyceride level,
and increase in HDL cholesterol level compared with a
low-fat diet. These effects on weight loss and serum triglyc-
eride level are similar to those in 4 randomized, controlled
trials of the low-carbohydrate diet (7-10). The serum
HDL cholesterol level also increased in 1 of these studies
(9). The magnitude of weight loss that we observed com-
pares favorably with that achieved with use of weight loss
medications approved by the U.S. Food and Drug Admin-
istration, such as orlistat (decrease of about 9% at 6
months) (18, 19) and sibutramine (decrease of about 8%
at 6 months) (20).

Weight loss in both groups resulted predominantly
from reduced energy intake; however, the method of re-
ducing energy intake differed greatly. The low-fat diet
group received counseling to restrict intake of fat, choles-
terol, and energy, whereas the low-carbohydrate diet group
received counseling to restrict intake of carbohydrates but
not energy. The voluntary reduction in energy intake
among recipients of the low-carbohydrate diet merits fu-
ture research. These participants may have restricted intake
because of limited food choices, or the low-carbohydrate
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diet may have appetite suppressant properties (21, 22).
Other possible explanations for the discrepancy in weight
loss between groups include loss of energy through keto-
nuria and the increased thermic effect of a high-protein
diet (23). A study in which food intake is rigorously con-
trolled will better determine what factors contribute to
weight loss from the low-carbohydrate diet.

With regard to the composition of weight loss, both
groups lost predominantly fat mass over 24 weeks, and the
percentage of total weight loss that was fat was similar in
both groups. The low-carbohydrate group lost a greater
amount of water in the first 2 weeks than did the low-fat
diet group; this finding confirms anecdotal reports of di-
uresis with the low-carbohydrate diet. After the first 2
weeks, however, estimations of total body water were sim-
ilar in the low-carbohydrate diet group and the low-fat diet
group. Moreover, the changes in fat-free mass in both
groups were largely explained by changes in total body
water, not lean tissue mass.

Perhaps the biggest concern about the low-carbohy-
drate diet is that the increase in fat intake will have detri-
mental effects on serum lipid levels (24). We found that
the LDL cholesterol level did not change on average but
did increase by more than 10% from baseline to week 24
in 30% of recipients of the low-carbohydrate diet who
completed the study. In an uncontrolled trial of the low-
carbohydrate diet, the LDL cholesterol level increased by
0.62 mmol/L (24 mg/dL) in 24 participants at 2 months
(15). In another uncontrolled study, the LDL cholesterol
level decreased by 0.26 mmol/L (10 mg/dL) in 41 partic-
ipants at 6 months (6). Because the low-carbohydrate diet
may adversely affect the LDL cholesterol level, it is prudent
to monitor the serum lipid profiles of followers of this diet.

Our results confirm the decrease in serum triglyceride
level seen in previous studies (5-10, 15, 25, 26). Our data
are limited, however, to persons with normal or moderately
elevated baseline triglyceride levels. Persons with fasting
chylomicronemia (serum triglyceride level > 5.64 mmol/L
[>500 mg/dL] and usually > 11.3 mmol/L [>1000 mg/
dL]) may have fat-induced lipemia, meaning that high fat
intake further increases serum triglyceride levels. In these
persons, a low-fat diet is the standard of care for decreasing
triglyceride levels and therefore preventing pancreatitis
(27).

The low-carbohydrate diet group experienced an in-
crease in HDL cholesterol level, which occurred concur-
rently with weight loss. Although this effect is uncommon
in the setting of weight loss, the HDL cholesterol level is
known to increase when dietary carbohydrate is replaced
by saturated, monounsaturated, or polyunsaturated fat
(28). With traditional low-fat diets, the HDL cholesterol
level generally decreases from baseline during active weight
loss and then increases during weight stabilization when
the diet is maintained (29). Similarly, levels of LDL cho-
lesterol and triglycerides decrease during active weight loss,
then increase during weight stabilization but remain lower
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than baseline levels if the low-fat diet is maintained. Be-
cause we did not follow participants beyond the period of
active weight loss, we cannot state with certainty how levels
of HDL cholesterol or other lipids might change during a
weight maintenance phase.

The changes in body weight, blood pressure, and se-
rum lipid levels that we observed suggest that research may
be warranted on the effects of the low-carbohydrate diet in
patients with the metabolic syndrome, which is character-
ized by increased blood pressure, hypertriglyceridemia, low
HDL cholesterol levels, abdominal adiposity, and insulin
resistance (30). We did not measure insulin sensitivity, but
previous studies of the low-carbohydrate diet have shown
that serum glucose and insulin levels decrease (8, 9, 31-33).

The rate of dropout and reasons for doing so differed
between the two groups. Most of the participants in the
low-fat diet group who dropped out because of schedule
conflicts had less weight loss than their peers. We theorize
that “unable to adhere to group meeting schedule” may
have actually meant “unable to adhere to diet” or “unsat-
isfied with weight loss” for many of these participants. In
that vein, participant dissatisfaction with weight loss may
have been the underlying reason for the greater dropout
rate in the low-fat diet group. To address the differential
dropout rates, we used the mixed-effects model as our pri-
mary analysis tool. This analysis includes all enrolled par-
ticipants and permits valid inferences when the probability
of dropout depends on group assignment or previously
observed weight values.

Recipients of the low-carbohydrate diet reported
symptomatic adverse effects more frequently than did re-
cipients of the low-fat diet, but only 1 participant dropped
out as a result of symptoms. The difference in dropout
rates may explain in part the difference in rates of adverse
effects because more recipients of the low-carbohydrate
diet had the opportunity to report adverse effects. Symp-
tomatic adverse effects that typically occur at initiation of a
low-carbohydrate diet (for example, weakness, orthostasis,
headaches, constipation, and muscle cramps) are short-
lived and may be reduced by copious fluid intake, con-
sumption of the allowed amounts of vegetables, bouillon,
and a daily multivitamin and mineral supplement.

Our study had limitations. First, we could not defini-
tively distinguish effects of the low-carbohydrate diet and
those of the nutritional supplements provided only to that
group. Not only could the supplements have been an in-
centive for participants in the low-carbohydrate diet group
to remain in the study, but they also may have increased
weight loss in these participants. However, in a systematic
review, the ingredients of the nutritional supplements were
not shown to effectively induce weight loss (34). The es-
sential oils supplement contained fish oils, which have been
shown to decrease triglyceride levels and slightly increase
HDL cholesterol and LDL cholesterol levels (35). The
dose of fish oils was very low compared with the doses used
to treat hypertriglyceridemia (36), but they may have con-

776|18 May 2004 | Annals of Internal Medicine | Volume 140 * Number 10

tributed to the changes that occurred. It is also possible
that the nutritional supplements helped to prevent poten-
tial adverse effects of the low-carbohydrate diet. For exam-
ple, a recent study suggests that this type of diet at a daily
energy intake of 8.40 M] (2000 kcal ) may increase the risk
for kidney stones (37). Citric acid contained in the supple-
ments may have helped to prevent the formation of kidney
stones.

In addition, participants were healthy and were fol-
lowed for only 24 weeks, factors that limit generalization of
our results. The low-carbohydrate diet has not been stud-
ied extensively in patients with chronic illness, and certain
patients may require close medical supervision when fol-
lowing this diet (8). Furthermore, weight loss resulting
from the low-carbohydrate diet may be difficult to main-
tain after 24 weeks (9).

In summary, over 24 weeks, healthy hyperlipidemic
persons who followed a low-carbohydrate diet lost more
body weight and body fat than did those who followed a
low-fat diet. Serum lipid profiles improved in both groups,
but monitoring remains important because a small per-
centage of persons may experience adverse changes. Fur-
ther research is needed in other groups and for longer pe-
riods to determine the safety of this dietary approach.
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APPENDIX: NUTRITIONAL SUPPLEMENT INGREDIENTS

Supplements were provided by Atkins Nutritionals, Inc.,
New York, New York.

Multivitamin formula (administered daily as 6 capsules): vi-
tamin A as acetate (3000 IU); vitamin A as B-carotene with
mixed carotenoids (1200 IU); vitamin C (360 mg); vitamin D
(400 IU); vitamin E (300 IU); vitamin B, (50 mg); vitamin B,
(50 mg); niacin (40 mg); vitamin By (50 mg); folate (1600 mg);
vitamin By, (800 mcg); vitamin K (10 ug); biotin (600 ug);
pantothenic acid (120 mg); calcium (500 mg); magnesium (250
mg); zinc (50 mg); selenium (200 wg); manganese (10 mg);
chromium (600 pg); molybdenum (60 wg); potassium (20 mg);
inositol hexanicotinate (100 mg); choline bitartrate (100 mg);
para-amino benzoic acid (100 mg); vanadyl (80 ug); N-acetyl-L-
cysteine (120 mg); pantethine (150 mg); quercetin (100 mg);
boron (2 mg); grapeseed extract (40 mg); green tea (80 mg); and
lecithin extracts, garlic, arginine, licorice, bromelain, pantethine,
spirulina, inulin, lactoferrin, bioperine, and acidophilus, in un-
specified amounts.

Essential oil formula (administered daily as 3 capsules): flax-
seed oil (1200 mg), borage seed oil (1200 mg), fish oil (1200
mg), vitamin E (15 IU).

Diet formula (administered daily as 6 capsules): citrin (2700
mg), chromium (1200 ug), soy extract (9000 mg), methionine
(1500 mg), L-carnitine (3000 mg), vitamin B¢ (120 mg), pan-
tethine (120 mg), asparagus (300 mg), parsley (300 mg), kelp
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(120 mg), spirulina (300 mg), potassium citrate (594 mg), mag-
nesium (360 mg), L-glutamine (450 mg), dl-phenylalanine (900
mg), L-tyrosine (450 mg), piperine (30 mg).
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Appendix Figure. Reasons for discontinuation and individual weight trajectories for participants who dropped out, by diet group.
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Top. Low-fat, low-cholesterol, reduced-calorie diet (LFD) group. Bottom. Low-carbohydrate, ketogenic diet (LCKD group). At week 24, the low-fat diet
group included 33 rather than 34 participants because 1 participant contributed a blood specimen, but not weight measurements, at that time point. The
dropout mean is the mean weight loss for each diet group’s dropouts who were still in the study at that time point. The observed mean is the mean weight
loss for each diet group’s participants who were still in the study at that time point. The expected mean is the mean weight loss for each diet group’s
participants at that time point, by linear mixed-effects model analysis.
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