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ABSTRACT

Many current popular weight-loss diets advocate restricting
carbohydrates, but risks and benefits of these diets for pa-
tients with diabetes is unclear. We searched for articles
published in English between 1980 and April 2006 regard-
ing carbohydrate-restricted diets that included and re-
ported separate results for adult, nonpregnant patients
with type 2 diabetes. Articles were limited to studies com-
pleted in the United States and Canada. Available data on
study design; carbohydrate composition of diet; duration of
diet; and the outcomes of weight, lipid levels (total, low-
density lipoprotein and high-density lipoprotein cholesterol,
and triglycerides), hemoglobin Alc percent and/or fasting
glucose were extracted. A total of 56 studies or reviews were
evaluated. Thirteen studies met our inclusion criteria.
Meta-regression analyses show that hemoglobin Alc, fast-
ing glucose, and some lipid fractions (triglycerides) im-
proved with lower carbohydrate—content diets. Overall ef-
fect on weight was equivocal among the studies evaluated in
this meta-analysis. Randomized, controlled studies of re-
stricted-carbohydrate diets in patients with diabetes need
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to be conducted in order to evaluate the overall sustainabil-
ity of outcomes and long-term safety.
J Am Diet Assoc. 2008;108:91-100.

for weight loss in the general population (1). Be-

cause many people with type 2 diabetes are over-
weight, advice is often sought on carbohydrate-restricted
diets. However, the long-term efficacy and safety of re-
stricted-carbohydrate diets has been questioned for peo-
ple with diabetes, who are already at increased risk for
cardiovascular disease (2). Multiple literature reviews on
carbohydrate restriction have been published citing iso-
caloric, non-isocaloric, or ad libitum diets and some evi-
dence suggests that low-carbohydrate diets may be supe-
rior to other diets for short-term weight loss (2-10).
Variable effects of differing amounts of dietary carbohy-
drate on metabolic parameters have also been reported
(5,7,9). How to best adjust carbohydrate intake to achieve
improved metabolic outcomes and lessen cardiovascular
risk is confounded by the absence of a standard definition
of low-carbohydrate diet.

The American Diabetes Association, in agreement with
the guidelines published by the Food and Nutrition Board
of the National Academy of Sciences, advocates a diet
containing 45% to 65% of total calories from carbohydrate
(11). Restricting carbohydrate intake to <130 g/day is not
recommended. As a point of reference, 130 g carbohydrate
equals 43% of calories in a 1,200-calorie diet, 30% of
calories in a 1,700-calorie diet, or 24% of calories in a
2,200-calorie diet. This minimum daily carbohydrate rec-
ommendation (130 g) represents a percentage of daily
calories that is less than the American Diabetes Associ-
ation recommendations at all calorie levels of 1,200 calo-
ries per day and above. Reasons for this level of carbohy-
drate intake include the requirement of glucose as a
source of energy for the brain and central nervous sys-
tem, and the need for the water-soluble vitamins, miner-
als, and dietary fiber that are provided by carbohydrate
foods (11,12). In contrast to these recommendations,
many diets promote restriction of carbohydrate intake to
<130 g/day.

Restricted-carbohydrate diets have become popular
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To evaluate the effects of dietary carbohydrate restric-
tion in people with type 2 diabetes to control blood glu-
cose, weight, and blood lipid levels, we performed a meta-
analysis of published literature on this strategy. We
included studies with a broad range of dietary carbohy-
drate content, from 4% to 45% of calories from carbohy-
drates, and assessed the effect of carbohydrate restriction
on the outcomes of weight loss, blood levels of triglycer-
ides, low-density lipoprotein (LDL) cholesterol, high-den-
sity lipoprotein (HDL) cholesterol, and total cholesterol,
and glycemic control using hemoglobin Alc (HbAlc)
and/or fasting glucose.

METHODS
Literature Search and Study Selection

We conducted a MEDLINE search in PubMed, Cumula-
tive Index to Nursing and Allied Health, Combined
Health Information Database, Cochrane Library, and
Web of Science using Medical Subject Heading from 1980
through April 2006. We utilized the medical subject head-
ing term diabetes mellitus, type 2 and combined it with
the medical subject heading term, dietary carbohydrates.
We retrieved abstracts of English-language studies in peo-
ple aged 19 years of age and older, comparing restricted-
carbohydrate diets in patients with type 2 diabetes. We
focused on studies completed in the United States or
Canada to be able to make inferences about diets for
individuals with types 2 diabetes in North America. Con-
cern about greater differences between the typical North
American diet, especially given the interest in low-carbo-
hydrate diets on this continent, and the diet in other
countries, such as Japan, Sweden, and Australia, led to
exclusion of those studies (13-16). We collected additional
references from bibliographies of reviews and original
research, along with searching electronic sources. Study
designs included inpatient and outpatient trials, with or
without concurrent controls; or those using partially or
totally regulated food sources (Figure 1).

For the purposes of this meta-analysis, we included
studies that contained an amount of carbohydrate up to
and including the least that is recommended by the
American Diabetes Association (45% of total calories from
carbohydrate) in people with type 2 diabetes. We based
our definition of restricted carbohydrate on percentage of
total calories rather than grams of carbohydrate, in order
to provide a uniform standard of comparison. Available
data on study design, participant characteristics, carbo-
hydrate composition, duration of diet; and outcomes of
weight, and plasma levels of fasting glucose, HbAlc, total
cholesterol, HDL cholesterol, LDL cholesterol, and tri-
glycerides were evaluated, if reported.

We included studies that compared a restricted-carbohy-
drate diet to a nonrestricted-carbohydrate diet in partici-
pants with type 2 diabetes and reported one or more of the
outcome measures of interest. Studies that included nondi-
abetic subjects were required to report separate results in
the diabetic participants for at least one of the outcomes. We
excluded studies of children, type 1 diabetes mellitus, ges-
tational diabetes, or prediabetes. If more than one study
was published using data from the same participants, we
evaluated the publication that was most comparable to
other studies included in this meta-analysis.
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Abstracts Reviewed From Electronic Databases:
PubMed = 318
CINAHL" = 0
Web of Sciences = 1
Cochrane Library = 1
CHID®= 0
Reference Lists 9
TOTAL REVIEWED = 329

Abstracts
excluded
n=273

Reviews and meta-analyses of diabetes and
carbohydrate diets, n =22

Studies specific to diabetes and restricted
carbohydrate, n = 36

Studies excluded
on basis of
published follow-
up data
n=3

Studies excluded:
non US or Canada
or >45% of calories
from carbohydrate
n=20

Studies included containing data on < 45%
of calories from carbohydrate
n=13

Figure 1. Flow diagram of systematic review of literature. *CINAHL=
Cumulative Index to Nursing and Allied Health Literature. "CHID=Com-
bined Health Information Database.

Data Abstraction

Data were analyzed using SAS software (version 9.1,
2004, SAS Institute Inc, Cary, NC) (17). For each study,
information on change in the outcome (post- and prediet
phase difference) was collected when available. For cross-
over or paired designs, data for each phase were coded
separately when baseline values for each phase were
reported; otherwise, a single entry contrasting low vs
high carbohydrate phases was used. In addition to the
seven outcome variables (weight, fasting glucose, HbAlc,
total cholesterol, HDL cholesterol, LDL cholesterol, and
triglycerides) study-specific data were abstracted for
mean age, diet composition (percent of calories from car-
bohydrates, protein, and fat), duration of each diet phase,
and whether participants on insulin were included in the
study (Table 1).

Statistical Analysis

Outcome-related data abstracted for each study included
sample size, baseline mean, mean change, and standard
error of mean change. For studies where standard error of
mean was not reported, an upper bound was calculated
using the following formula:

St S
— 4=
n n

SEM=



Table 1. Study designs from systematic review including participant characteristics and diet compositions
o . .
First author, year Mean Weeks % Daily Calories From
(reference) n Design age Diet phase/group duration Carbohydrates Protein Fat
Gannon, 2003 (20) 12 RCT?, crossover, isocaloric 61 Higher carbohydrate 5 55 15 30
Lower carbohydrate 5 40 30 30
Gannon, 2004 (21) 8  RCT, crossover, isocaloric 63 Higher carbohydrate 5 55 15 30
Lower carbohydrate 5 20 30 50
Garg, 1988 (22) 10  RCT, crossover, isocaloric 56 Higher carbohydrate 4 60 15 25
Lower carbohydrate 4 35 15 50
Garg, 1992 (23) 8 RCT, crossover, isocaloric 63 Higher carbohydrate 3 60 15 25
Lower carbohydrate 3 35 15 50
Garg, 1994 (24) 42  RCT, crossover, isocaloric 58 Higher carbohydrate 6 55 15 30
Lower carbohydrate 6 40 15 45
Gerhard, 2004 (25) 11 RCT, crossover 50 Higher carbohydrate 6 65 15 20
Lower carbohydrate 6 45 15 40
McCargar, 1998 (26) 32  RCT, parallel, isocaloric 57 Higher carbohydrate 4 55 15 30
Lower carbohydrate 4 33 17 50
Sargrad, 2005 (27) 12 RCT, parallel, isocaloric 48 Higher carbohydrate 8 55 15 30
Lower carbohydrate 8 40 30 30
Samaha, 2003 (28) 52  RCT, parallel 53 Higher carbohydrate 26 51 16 33
Lower carbohydrate 26 37 22 4
Gumbiner, 1998 (29) 17  Nonrandomized two-arm trial 53 Higher carbohydrate 6 70 20 10
Lower carbohydrate 6 9 21 70
Boden, 2005 (30) 10  Single-arm, pre-post 51 Higher carbohydrate 1 40 17 44
Lower carbohydrate 2 4 28 68
Gutierrez, 1998 (31) 28  Single-arm, pre-post 66 Higher carbohydrate 12 55 20 25
Lower carbohydrate 8 25 45 30
Yancy, 2005 (32) 21  Single-arm, pre-post 56 Higher carbohydrate 16 40 19 42
Lower carbohydrate 16 10 28 59
@RCT=randomized controlled trial.
NOTE: Information from this table is available online at www.adajournal.org as part of a PowerPoint presentation.

where S; and S, are the standard deviations of the pre-
and postphase outcomes, respectively (3).

Regression analyses for this meta-analysis were per-
formed using hierarchical linear mixed models that esti-
mated the variance between studies as a random effect
and potential study-level predictors as fixed effects (18).
Inclusion of “study” as a random effect yielded models
that control for correlation between observations within
the same study. All regression models included a term for
duration of dietary phase to control for differences in that
parameter between studies. Regression analyses were
weighted using the inverse of the estimated variance of
the difference outcomes as weights. Analyses were per-
formed using SAS PROC MIXED (17). Model parameters
were estimated via the method of restricted maximum-
likelihood. Denominator degrees-of-freedom for statisti-
cal tests and confidence intervals were calculated using
the method of Berkey and colleagues (19).

RESULTS

Our search resulted in 329 articles; 56 contained infor-
mation regarding carbohydrate content and type 2 diabe-
tes (Figure 1). Thirteen published studies (Table 1) ful-
filled our inclusion criteria (20-32). Some investigators
published studies from the same data set, and the most

comparable data set to other studies included in this
meta-analysis was utilized (28,29,32-35). A summary de-
scription of the designs for all 13 studies included in
meta-analyses is presented in Table 1. Mean age of study
participants was 57+6 years (range in study-specific
mean age was 48 to 66 years). Five studies (39%) included
at least some participants on insulin (22,27,28,30,32).
Seven studies (54%) were isocaloric by design. Compli-
ance to diets was evaluated by food records (26,27,32),
diet recall and interview (20,28,31), laboratory data
(20,26) and unused portions of food monitored in the
study (22-25,29). Activity modification was not specifi-
cally addressed in most of the trials evaluated. However,
a large majority outlined that study subjects were in-
structed to continue their physical activities or exercise
level during the study program.

The choice to include all North American studies with
at least one dietary phase restricting carbohydrate con-
sumption at or below the recommended American Dia-
betic Association guidelines resulted in a wide range of
carbohydrate intakes. For lower carbohydrate intake
phases, the daily calories from carbohydrates averaged
29%+14% (range=4% to 45%). In higher carbohydrate
intake phases, the percent of daily calories from carbohy-
drates averaged 55%+8% (range=40% to 70%).

January 2008 e Journal of the AMERICAN DIETETIC ASSOCIATION 93


http://www.adajournal.org

Table 2. Mean change from baseline for hemoglobin Alc, glucose, and weight for restricted-carbohydrate diets
Hemoglobin Alc (%) Glucose (mg/dL)? Weight (kg)
First author, year Diet Baseline Mean SE° Change Baseline Mean SE Change Baseline Mean SE Change
(reference) phase® mean change change (% baseline) mean change change (% baseline) mean change change (% baseline)
Gannon, 2003 (20) HC 8.0 -0.3 04 -38 ND¢ ND
LC 8.1 -0.8 0.2 -9.9 ND
Gannon, 2004 (21) HC 9.8 0.0 0.9 0.0 180.0 —-21.0 457 -11.7 ND
LC 9.8 -2.2 04 —22.4 167.0 —480 114 —28.7
Garg, 1988 (22) HC ND ND ND
LC 7.8 0.3 0.1 2.7 117 —16.0 7.2 -137
Garg, 1992 (23) HC ND ND ND
LC 7.8 -07 0.4 -9.0 139.0 -1.8 205 -1.3
Garg, 1994 (24) HC ND ND ND
LC 8.2 -0.3 04 -37 150.0 -5.0 74 -33
Gerhard, 2004 (25)  HC 6.9 -0.2 0.4 -29 143.0 -80 124 —5.6 102.6 -1.5 04 -15
LC 6.9 0.0 0.4 0.0 142.0 -20 152 -1.4 102.8 -0.5 0.3 -05
McCarger, 1998 (26) HC ND 157.0 -140 126 -89 ND
LC ND 165.0 —-29.0 127 —17.6
Sargrad, 2005 (27) HC 8.2 -1.3 0.6 —15.9 159.0 —28.0 243 -17.6 ND
LC 7.6 -1.0 1.0 -13.2 150.0 0.0 346 0.0
Samaha, 2003 (28)  HC 74 0.0 0.2 0.0 158.0 -5.0 5.0 -3.2 131.8 -1.9 0.5 —-1.4
LC 7.8 -0.6 0.2 -7.7 168.0 —26.0 48 —15.5 130.0 -5.8 1.1 —45
Gumbiner, 1998 (29) HC ND 202.0 —430 186 -21.3 1104 -8.3 09 -7.5
LC ND 227.0 -830 278 —36.6 101.8 -73 0.9 -7.2
Boden, 2005 (30) HC ND ND ND
LC 7.3 -05 ND —6.8 135.0 —22.0 ND -16.3 114.4 -20 ND -1.8
Gutierrez, 1998 (31)  HC 8.0 0.9 0.3 1.3 185.0 13.0 123 7.0 76.6 2.0 48 2.6
LC 9.7 -1.7 0.4 -175 259.0 —-740 137 —28.6 778 -1.2 4.6 -15
Yancy, 2005 (32) HC ND ND ND
LC 7.5 -1.2 0.3 —16.0 164.0 —272 124 —16.6 1314 -8.7 2.3 —6.6
aTo convert mg/dL glucose to mmol/L glucose, multiply mg/dL by 0.0555.
bPhases are categorized as lower carbohydrate (LC) or higher carbohydrate (HC) content within a specific study and not across studies.
°SE=standard error.
9ND=data not reported or no outcome measured.
NOTE: Information from this table is available online at www.adajournal.org as part of a PowerPoint presentation.

Meta-regression analyses were performed using the
percent reduction in the outcome (postphase mean minus
baseline mean, divided by baseline mean, times 100) as
the dependent variable. Examination of single-covariate
models for each outcome showed little or no significant
relationships across studies between mean age of study
participants, inclusion of participants on insulin, or diet
duration and percent reduction of any of the seven out-
comes of interest (weight, glucose, HbAlc, total choles-
terol, HDL cholesterol, LDL cholesterol, and triglycer-
ides); however, because of potential confounding effects of
differential durations, phase-specific (lower or higher car-
bohydrate) diet durations were included as a covariate in
all models examining relationships between outcomes
and carbohydrate intake.

Glycemia Values

Overall, a greater mean reduction in hyperglycemia was
noted in all studies evaluated between the low vs high
carbohydrate diets (Table 2). In 9 of 11 studies that eval-
uated HbAlc, the HbAlc decreased (or was reduced more)
on the lower-carbohydrate diet. Figure 2 shows scatter
plots of percent change in fasting glucose and HbAlc vs
percent of daily caloric intake from carbohydrates, and
includes regression lines that show the predicted average
reduction in each outcome across the range of carbohy-
drate intake after controlling for diet-phase duration.
Very similar slopes and intercepts were observed be-
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tween percent change in both glucose and HbAlc and
percent of carbohydrate calories. Diet phases where sub-
jects consumed lower levels of carbohydrate exhibited
greater reductions in both outcomes.

Lipid Values

Mean change for lipid values are outlined in Table 3.
Across studies evaluated, triglyceride reductions were
noted for both lower- and higher-carbohydrate phases.
Figure 3 shows scatter plots of percent change in lipid
levels vs percent of daily caloric intake from carbohy-
drates. Regression lines depicting predicted changes in
lipid outcomes across ranges of carbohydrate intake (af-
ter controlling for diet-phase duration) are also shown. A
very strong relationship was observed between reduc-
tions in triglyceride levels and lower-carbohydrate diet
phases (Figure 3), while no significant relationships were
observed for total cholesterol, HDL, or LDL cholesterol.
Two studies using a hypocaloric intervention had ob-
served increases of 5% to 10% in LDL cholesterol levels
(21,32). Smaller increases in LDL are also noted from
Figure 3 in two other studies (20,22).

Weight Change

A similar figure depicting weight change and its dura-
tion-adjusted regression line vs percent of daily caloric
intake from carbohydrates is shown in Figure 4 for six
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Figure 2. Scatter plots of percent change in blood glucose and hemoglobin Alc (HbA1c) vs percent daily caloric intake from carbohydrates. The
lowercase letters correspond to the following studies (first author, year [reference number]): a=Gannon, 2003 (20); b=Gannon, 2004 (21); c=Garg,
1988 (22); d=Garg, 1992 (23); e=Garg, 1994 (24); f=Gerhard, 2004 (25); g=McCargar, 1998 (26); h=Sargrad, 2005 (27); i=Samaha, 2003 (28);
j=Gumbiner, 1998 (29); k=Boden, 2005 (30); I=~Gutierrez, 1998 (31); m=Yancy, 2005 (32). (Information from this figure is available online at

www.adajournal.org as part of a PowerPoint presentation.)

studies that reported weight change. Seven studies were
isocaloric (Table 1) and there was no weight loss by de-
sign, thus these studies were omitted from Figure 4. No
significant relation was observed between carbohydrate
content of the diet and weight.

In order to examine weight change as a potential me-
diator of the effects of carbohydrate intake on glycemia
and lipids, a second set of regression analyses for each
change outcome (excluding weight) were performed that
included weight change, diet-phase duration, and percent
carbohydrate calories as independent variables. Studies
that were isocaloric by design were included in the anal-
ysis by assuming zero weight change for them. Inclusion
of weight change attenuated the regression coefficients
for percent carbohydrate calories vs both glucose and
HbAlc; however, the regression coefficient for carbohy-
drate intake to predict percent change in blood glucose
remained statistically significant. A 10% increase in car-
bohydrate caloric intake was associated with a
3.2%*1.2% increase in glucose change (P=0.047). Includ-
ing weight change did not substantially alter the previ-
ously observed strong relationship of percent carbohy-
drate calories with triglycerides. A 10% increase in
carbohydrate intake was associated with a 7.6%*+0.6%
increase in triglyceride change (P=0.001).

DISCUSSION

This meta-analysis indicates that lower-carbohydrate di-
ets can be beneficial in treating type 2 diabetes, not only
because of improved glycemic control, but also because of
potential salutary changes in the lipid profile. Improve-
ments in fasting glucose, HbAlc, and triglycerides appear
to result from even moderate decreases in carbohydrate

intake. For example, based on the meta-analysis regres-
sion model for triglycerides, a decrease in carbohydrate
intake from 65% to 35% shows an expected decrease of
approximately 23% in triglyceride level.

The scatter plot of percent change in body weight does
not show statistically significant differences in the lower-
carbohydrate diet phases (Figure 4). This is not surpris-
ing, given that the studies evaluated were not consistent
in design or distribution of nutrients (Table 1). Some
studies promoted weight stability throughout the trial
period (20-24), while others induced weight loss through
intentional calorie restriction in at least one arm of the
study (28,29). Some studies showed similar weight
change regardless of the diet or type of nutrient restric-
tion (26,27). Hypocaloric diets, regardless of nutrient
composition, resulted in weight loss. Regression models
for glycemia and lipid outcomes suggested that weight
loss does not mediate all of the change in glucose and
triglycerides. Regression models controlling for weight
during the diet phase showed substantial effects of per-
cent carbohydrate calories for both glucose and triglycer-
ide. Regression models also suggest that controlling for
weight during the diet phase substantially decreases the
impact of carbohydrate restriction on raising HDL and
lowering triglyceride.

Seven studies that examined HbA1lc found a difference
in outcomes that was statistically significant in the low-
carbohydrate group (20,21,27,28,30-32). Some studies of
short duration also showed changes in HbAlc. Because
HbAlc represents average blood glucose over a period of
approximately 3 months, it takes a substantial and im-
mediate drop in blood glucose level to change HbAlc over
2 weeks.
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Table 3. Effects of restricted carbohydrate diets on lipid components in patients with type 2 diabetes

Report Detailed and/or

Low-Density Lipoprotein Cholesterol

High-Density Lipoprotein Cholesterol

Summarized Report Total Cholesterol (mg/dL)? (mg/dL)? (mg/dL)? Triglycerides (mg/dL)?
First author, year Diet Baseline Mean SE¢ Change Baseline Mean SE Change Baseline Mean SE Change Baseline Mean SE Change
(reference) phase® n  mean change change (% baseline) mean change change (% baseline) mean change change (% baseline) mean change change (% baseline)
Gannon, 2003 (20) HC ND® ND ND ND

LC 12 181.0 -10.0 193 -55 100.0 1.0 171 1.0 38.0 1.0 41 2.6 199.0 —-35.0 142 -17.6
Gannon, 2004 (21) HC 8 195.0 -11.0 239 -5.6 105.0 -30 1141 -29 38.0 -1.0 3.0 —2.6 264.0 —380 679 —14.4

LC 8 188.0 -11.0 180 -59 105.0 50 132 438 37.0 -1.0 4.0 -2.7 246.0 —-97.0 420 -394
Garg, 1988 (22) HC ND ND ND ND

LC 10 205.0 -9.0 4.0 —4.4 131.0 30 112 2.3 30.0 4.0 1.1 13.3 218.0 -55.0 174 —25.2
Garg,1992 (23) HC ND ND ND ND

LC 8 198.0 -9.0 5.2 —45 116.0 0.0 1838 0.0 26.3 31 1.0 11.8 288.0 —-620 13.8 —215
Garg, 1994 (24) HC ND ND ND ND

LC 40 196.0 —4.0 7.8 -2.0 130.0 0.0 6.3 0.0 35.4 1.6 2.2 45 194.0 -39.0 152 -20.1
Gerhard, 2004 (25)  HC 11 188.0 —-18.0 171 -9.6 108.0 -11.0 115 -10.2 42.0 -3.0 3.4 =71 208.0 —-27.0 5741 -13.0

LC 11 187.0 —-19.0 15.6 -10.2 106.0 -80 104 -75 44.0 -2.0 3.6 —45 194.0 —450 479 —23.2
McCarger, 1998 (26) HC 16 196.0 -19.0 132 -9.7 ND 53.0 -11.0 7.8 -20.8 ND

LC 16 203.0 -8.0 130 -39 58.0 -11.6 6.3 —20.0
Sargrad, 2005 (27)  HC 6 196.0 —31.0 246 —15.8 109.0 -139 204 -12.8 383 -1.9 55 -5.0 562.0 —-174  150.6 -31.0

LC 6 181.0 —-31.0 246 -17.1 87.0 -124 102 -14.3 52.2 -31 107 -5.9 478.0 —-176  258.0 —36.8
Gumbiner, 1998 (29) HC 8 1740 -15.0 120 —8.6 97.0 -10.0 120 -10.3 38.7 -58 17 -15.0 195.0 —-220 31.0 -11.3

LC 9 205.0 —48.0 15.0 —234 120.0 -17.0 120 —14.2 387 15 120 39 248.0 —146 31. —58.9
Boden, 2005 (30) HC ND ND ND ND

LC 10 180.0 —17.0 ND -94 101.0 —-20 157 -20 45.0 -1.0 6.1 —2.2 163.0 —58.0 ND —35.6
Yancy, 2005 (32) HC ND ND ND ND

LC 20 178.0 —-2.7 6.9 -15 97.0 10.0 5.7 10.3 35.6 27 15 7.6 238.0 -99.2 258 —-41.7

aTo convert mg/dL cholesterol to mmol/L, multiply mg/dL by 0.0259. To convert mmol/L cholesterol to mg/dL, multiply mmol/L by 38.7. Cholesterol of 193 mg/dL=5.00 mmol/L.
5To convert mg/dL triglycerides to mmol/L, multiply mg/dL by 0.0113. To convert mmol/L triglycerides to mg/dL, multiply mmol/L by 88.6. Triglycerides of 159 mg/dL=1.80 mmol/L.

Phases are categorized as low-carbohydrate (LC) or high-carbohydrate (HC) content within a specific study and not across studies (Samaha, 2003 and Gutierrez, 1998 did not report lipid data).

9SE=standard error.

®ND=data not reported or no outcome measured.

NOTE: Information from this table is available online at www.adajournal.org as part of a PowerPoint presentation.
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Figure 3. Scatter plots of percent change in lipid levels vs percent daily caloric intake from carbohydrates. LDL=Ilow-density lipoprotein;
HDL=high-density lipoprotein. The lowercase letters correspond to the following studies (first author, year [reference number]): a=Gannon, 2003
(20); b=Gannon, 2004 (21); c=Garg, 1988 (22); d=Garg, 1992 (23); e=Garg, 1994 (24); f=Gerhard, 2004 (25); g=McCargar, 1998 (26);
h=Sargrad, 2005 (27); i=Samaha, 2003 (28); j=Gumbiner, 1998 (29); k=Boden, 2005 (30); I=Gutierrez, 1998 (31); m=Yancy, 2005 (32).
(Information from this figure is available online at www.adajournal.org as part of a PowerPoint presentation.)

Restricted-carbohydrate diets consistently appear to
have overall beneficial effects on triglyceride and HDL-
cholesterol levels in nondiabetic populations (1,28,36,37).
Results of this meta-analysis show that the effect on
triglycerides is found in individuals with type 2 diabetes
as well. Active weight loss can cause a decrease in plasma
triglyceride and cholesterol levels and may not reflect
steady-state values, thus confounding interpretation of

the results. The effects of acutely raising HDL with low-
carbohydrate diets may reflect a change in HDL subfrac-
tions that occurs with intake of saturated fats, which is
thought to be more atherogenic (38). Although LDL cho-
lesterol levels did not increase in this meta-analysis, it is
unknown whether the most atherogenic of lipoprotein
particles (eg, small, dense LDL) and progression of ath-
erosclerosis are affected by low-carbohydrate diets.
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Figure 4. Scatter plots of percent change body weight vs percent daily
caloric intake from carbohydrates. The lowercase letters correspond to
the following studies (first author, year [reference number]):
a=Gannon, 2003 (20); b=Gannon, 2004 (21); c=Garg, 1988 (22);
d=Garg, 1992 (23); e=Garg, 1994 (24); f=Gerhard, 2004 (25);
g=McCargar, 1998 (26); h=Sargrad, 2005 (27); i=Samaha, 2003
(28); j=Gumbiner, 1998 (29); k=Boden, 2005 (30); |=Gutierrez, 1998
(31); m=Yancy, 2005 (32). (Information from this figure is available
online at www.adajournal.org as part of a PowerPoint presentation.)

There are several limitations to this meta-analysis.
Foremost is the limited duration of included studies, most
relatively short-term (<120 days). The small number of
studies (n=13) available for inclusion in the analysis
limited the number of covariates that could be introduced
simultaneously in regression analyses. Study designs
were heterogeneous and varied in participant setting,
from inpatient feeding studies to outpatient self-selected
diets. Specifically, there was a mixture of crossover, par-
allel, single-arm, and two-arm designs that were evalu-
ated. Also, criteria for patient inclusion with regard to
diabetes medications were mixed, ranging from drug
naive to stable doses of insulin or oral hypoglycemic
agents throughout the study period. Several studies al-
lowed modification of doses of diabetes medication based
on blood glucose results. Only a few studies included in
this meta-analysis enrolled elderly participants. The
dropout rate in many of the studies was high, and lack of
long-term adherence to the diets being studied was also
noted. Most of the studies did not examine the impact of
these diets on other important potential mediators of
cardiovascular risk, such as inflammation and endothe-
lial dysfunction. Studies have also taken different ap-
proaches to restriction of the carbohydrate intake, includ-
ing raising the protein component of the diet or
increasing fat content with and without maintaining eu-
caloric substitutions of macronutrients.

With regard to studies excluded from our analysis, it
should be pointed out that one trial conducted in Japan
showed similar reductions in fasting blood glucose and
weight in both the low- and high-carbohydrate arms in
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patients with diabetes (13). Other excluded studies from
Australia indicate that a high-protein diet with moderate
carbohydrate intake (40% to 42% of calories) in compar-
ison to a low-protein diet with similar carbohydrate con-
tent resulted in comparable reductions in HbAlc and
fasting glucose among patients with diabetes (15,16).

Restricted-carbohydrate diets may be high in protein,
which has the potential to result in glomerular hyperfil-
tration and acceleration of the compromised renal func-
tion observed in patients with diabetes (12,39). Hypercal-
ciuria and nephrolithiasis may be problematic for some
individuals consuming higher-protein diets to achieve
low-carbohydrate intake (8). However, definitive proof of
adverse effects on kidney function remains to be estab-
lished (8,39,40). Potential decreased nutrient content of a
low-carbohydrate diet is of concern. Carbohydrate-re-
stricted diets may be deficient in a number of nutrients,
including water-soluble vitamins folate, thiamin, and
pyridoxine fat—soluble vitamins A and E, minerals in-
cluding calcium, potassium, and magnesium, as well as
fiber. Nutritional inadequacy may be an impediment to
the widespread acceptance of this management tool
among food and nutrition professionals (12).

Various safety concerns have been raised about low-
carbohydrate diets in raising uric acid levels for gout
patients and being related to various side effects, includ-
ing constipation, diarrhea, dizziness, halitosis, head-
aches, and insomnia (36). Vulnerable populations, such
as the young, reproductive-aged women, hypertensive in-
dividuals, and those with already compromised nutrient
intake, may not be suitable for this dietary intervention.
On the other hand, there is no objective data document-
ing a deleterious clinical outcome from these diets (12).

SUMMARY

Diabetes mellitus is, in part, a disorder of carbohydrate
metabolism that results in hyperglycemia. Carbohy-
drates are the component of the diet that exerts the
greatest influence on postprandial blood glucose (41).
Thus, it is logical that diets lower in carbohydrates would
result in less hyperglycemia. Use of a balanced diet, ex-
ercise, and blood glucose—lowering medication should be
combined to achieve glycemic control and a healthy
weight. Results of our meta-analysis suggest short-term
use of restricted-carbohydrate diets in patients with dia-
betes may result in improvements in glycemic control and
triglycerides. The analysis also indicates that moderate
carbohydrate restriction may provide some benefit. How-
ever, concerns have been raised about the sustainability
of outcomes once patients resume more moderate carbo-
hydrate intake (42).

Until further research has demonstrated long-term
safety and sustained adherence, use of carbohydrate re-
striction as a tool for diabetes management will remain
highly controversial (1). The latest position statement of
the American Diabetes Association advocates a diet pat-
tern incorporating carbohydrates from fruits, vegetables,
whole grains, legumes, and low-fat milk (43). The Amer-
ican Diabetes Association also states that, “low carbohy-
drate diets, restricting total carbohydrate to less than 130
grams per day are not recommended” (44). Type 2 diabe-
tes remains a life-long debilitating disease, which, to
modify its natural history, requires a commitment to
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permanent lifestyle modification of both diet and physical
activity, and oftentimes substantial medication use.
There is currently ongoing a large, randomized National
Institute of Health—sponsored prospective trial of dietary
intervention in conjunction with activity enhancement
that is designed to examine the impact of modest sus-
tained weight loss on the time to incidence of cardiovas-
cular events in people with type 2 diabetes (45). The
mainstay of the dietary component of this trial is a mod-
estly fat-restricted diet replete in vegetables and fruit.
The Look AHEAD (Action for Health in Diabetes) trial
has recently shown that weight loss was 8.6% of initial
body weight in the intensive lifestyle intervention group
vs 0.7% in the control group. HbAlc, glucose, HDL, and
triglycerides were more favorable for the intensive group
(46).

We included studies with a wide range of dietary carbo-
hydrate content in this meta-analysis, from 4% to 45% of
calories, to try to determine if there is a moderately re-
stricted carbohydrate amount that would impact diabetes-
related outcomes. Long-term, randomized, controlled stud-
ies of restricted-carbohydrate diets in patients with diabetes
should be conducted in order to evaluate the overall sus-
tainability of outcomes and safety of these diets. Details of
diet interventions, furthermore, may be more important
than carbohydrate restriction, per se. For example, elimina-
tion of simple sugars and high fructose—containing bever-
ages from the diet, because they are devoid of nutrients,
differs in impact on nutrient intakes from elimination of
nutrient-rich items, such as baked potatoes and unrefined
rice. Studies thus also need to be directed to examining the
effects of either increased fat or increased protein intake on
outcomes, as well as the effect of specific fats and carbohy-
drate foods excluded. While restricted-carbohydrate diets
may have beneficial effects on glucose, HbAlc, and triglyc-
erides, the impact of these diets on cardiovascular outcomes
remains to be determined. Currently, there is insufficient
evidence to recommend restricted-carbohydrate diets <130
g in patients with diabetes. The sustainability effect on
cardiovascular outcomes and overall safety in patients with
diabetes warrants further study in long-term, randomized,
controlled studies of restricted-carbohydrate diets.
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