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Abstract

Aim: To assess whether low-carbohydrate (LC) diets are associated with differences

in weight loss and well-being in people with obesity, and their cardiovascular and

renal safety.

Materials and Methods: A meta-analysis of randomized controlled trials longer than

3 months, retrieved through an extensive search on MedLine and Embase databases,

comparing weight loss with LC and control diets in people with body mass index

(BMI) greater than 30 kg/m2, was conducted.

Results: We retrieved 25 trials. Compared with controls, LC diets were associated

with significant reduction of body weight at 3-4 (MD �2.59 [�3.93, �1.25] kg) and

6-8 months (MD �2.64 [�4.32, �0.95]), but no difference at 10-14 and 18-

30 months, and significantly greater BMI reduction at 3-4 months (�1.66 [�2.70,

�0.61] kg/m2), but not at other time points. Because only four trials reported data on

renal function and psychological variables, renal safety and impact on well-being

could not be assessed. Differences in fasting plasma glucose at any time point were

not statistically significant. No significant differences in total or LDL cholesterol or

blood pressure were found in the long term, whereas a long-term reduction of tri-

glycerides (23.26 [�45.53, �0.98] mg/dl at 18-30 months), and increase of HDL cho-

lesterol (MD 4.94 [0.30, 9.57] mg/dl at 18-30 months), were observed.

Conclusion: LC diets are associated with greater short-term weight loss than non-

carbohydrate–restricted diets and a longer term favourable effect on cardiovascular

risk factors. Further evidence on long-term efficacy and renal safety is needed before

LC diets can be recommended as the preferred diets in obese people.
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1 | INTRODUCTION

Obesity is associated with an increased risk of type 2 diabetes, cardio-

vascular disease, malignancies, and mortality.1-4 The management of

obesity is aimed at improving overall health, rather than merely at

weight loss.5 Although intentional weight loss with some interven-

tions has been associated with reduced mortality,6 no specific treat-

ment for obesity has been proven to increase life expectancy in

clinical trials, and unintentional weight loss may even be associated

with increased mortality.7 Epidemiological studies reporting the

effects of weight loss (including both unintentional and intentional)

are inconclusive.8 Nevertheless, weight loss is expected to reduce the

burden of obesity-associated morbidity and mortality9; therefore, a

reasonable and slowly progressive weight reduction is advised, usually

accounting for 5%-10% of initial weight.10 However, more ambitious

targets may be advisable in those who are at higher risk of cardiovas-

cular and metabolic complications.11 Dietary modifications, together

with an increase in physical activity and reduction of inactivity, are

the first-line therapy for weight loss, encompassing modifications in

caloric intake, eating habits, and nutrient composition.12 The ideal diet

is defined as being safe, healthy, nutritionally adequate, culturally

acceptable, and economically affordable, and it should ensure long-

term compliance and effectiveness.13 Most guidelines suggest a

600 kcal daily energy deficit and a reduction in fat intake.14-16 In par-

ticular, the so-called ‘Mediterranean Diet’, which consists in reducing

the intake of fat, especially if saturated, and refined sugar, while

increasing the consumption of vegetables and raw carbohydrates, is

often considered the preferred approach, because long-term epidemi-

ological data show lower overall mortality and morbidity in those who

adhere to such a regimen.17,18

More recently, some scientific societies have stressed the feasibil-

ity and effectiveness of low-carbohydrate (LC) diets for the treatment

of obesity.5,19 The definition of LC diets is heterogeneous, with differ-

ent degrees of carbohydrate restriction.20-23 Modern LC diets usually

rely on proteins, rather than fats, to ensure energy intake, aiming at

preserving muscle mass and limiting the negative impact of lipid

metabolism, often implying the use of expensive protein supple-

ments.24 Because a greater protein dietary intake could be associated

with a faster decline of glomerular filtration in the long term,25

although this issue is controversial,26 a dietary protein overload in

obese individuals who are already at risk for renal diseases may raise

concerns for renal safety.

The evidence on the effects of LC diets in the treatment of obe-

sity has been summarized in some meta-analyses.27-33 However,

those meta-analyses often include both obese and non-obese

cases,27,29,31-33 and in some cases include observational studies

together with clinical trials.28 In addition, the results of available meta-

analyses are usually driven by short- and very short-term trials, with-

out separate analyses for longer term studies,30 and they provide no

specific information on renal safety in the longer term.27,28,30,31

The primary aim of our meta-analysis is to assess the specific

effect of carbohydrate restriction in the treatment of obesity; thus we

explored differences between carbohydrate-restricted diets and non-

carbohydrate–restricted diets concerning weight loss and renal safety

in obese individuals. The secondary aim is the exploration of possible

effects of specific carbohydrate restriction on blood pressure, lipid

profile, and blood glucose, together with its effects on the perceived

quality of life and adherence to the prescribed diet.

2 | METHODS

This meta-analysis is reported following the criteria of the PRISMA state-

ment.34 The review protocolwas submitted for registration to the PROS-

PEROwebsite (#268453; https://www.crd.york.ac.uk/PROSPERO/).

2.1 | Search strategy and selection criteria

A systematic search on PubMed, Cochrane, clinicaltrials.gov and

Embase databases was performed, collecting all randomized clinical

trials written in English and performed on humans up to 1 November

2021. The full search string is reported in Table S1. Further studies

were manually searched in references from retrieved papers.

Studies were included if they fulfilled the following criteria: ran-

domized controlled trials; comparison of a LC diet with a non-carbo-

hydrate–restricted diet (see below for definitions); apart from diet

composition, no difference in treatment protocol between the two

arms; duration of the trial of at least 12 weeks; end-of-study body

weight, or body mass index (BMI), reported for both treatment arms;

and studies enrolling only individuals with a BMI more than 30 kg/m2,

or separate analyses of subgroups of cases with a BMI more than

30 kg/m2 in trials with wider inclusion criteria.

Studies were eligible for inclusion if they combined a dietary

intervention with another non-pharmacological intervention type (e.g.

prescribed exercise/physical activity, cognitive-behaviour therapy,

psychological support), if this was equivalent across dietary interven-

tion arms.

The diets were defined as follows, according to available nutrition

guidelines35,36:

1. non-carbohydrate–restricted diets: 45%-60% of total calories from

carbohydrates;

2. mild LC diets: 26%-45% of total calories from carbohydrates; and

3. very LC diets: less than 26% of total calories from carbohydrates

and/or less than 130 g of carbohydrates daily.

2.2 | Endpoints

The principal endpoints were the differences in mean BMI expressed as

kg/m2 between all LC and balanced diets after 3-4, 6-8, 10-14 and 18-

30 months, and the difference in mean body weight between all LC and

balanced carbohydrate diets after 3-4, 6-8, 10-14 and 18-30 months.

The secondary endpoints were the difference in mean, total, HDL

and LDL cholesterol, and systolic blood pressure between all LC diets
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and balanced carbohydrate diets after 3-4, 6-8, 10-14 and 18-

30 months, and the difference in quality of life and adherence to pre-

scribed diet between all LC diets and balanced carbohydrate diets

after 3-4, 6-8, 10-14 and 18-30 months, and at the endpoint.

2.3 | Data collection

Titles and abstracts were screened independently by two authors, and

potentially relevant articles were retrieved in full text format. For all

published trials, results reported in published papers and supplements

were used as the primary source of information; when the required

information on protocol or outcomes was not available in the main

publication, secondary publications were used for retrieval of the

missing information; whenever necessary, an attempt at retrieval of

the missing information was performed consulting the clinicaltrials.gov

registry. The identification of relevant abstracts, the selection of stud-

ies, and data extraction were performed independently by two of the

authors (GAS and BC), and conflicts were resolved by a third investiga-

tor (EM). The risk of bias was assessed using the features proposed by

the Cochrane Collaboration37 by two of the authors (FB and CC), and

conflicts were resolved through discussion with a third investigator

(EM); reporting bias was assessed for each main outcome.

2.4 | Statistical analyses

Mantel–Haenszel odds ratio (MH-OR) with 95% confidence interval (95%

CI) and between-group difference in means (weighted mean difference

[MD]) with 95% CI were calculated, on an intention-to-treat basis, for

dichotomic and continuous outcomes, respectively, using the Wald-type

confidence interval methods calculator. Heterogeneity was assessed by

using I2 statistics, using DerSimonian and Laird variance estimator. A ran-

dom-effects model was applied as the primary analysis. Funnel plots for

HbA1c levels were examined to estimate possible publication/disclosure

bias. All analyses were performed using Review Manager 5.3.5 (The

Cochrane Collaboration, 2014). The GRADE methodology37 was used to

assess the quality of the body of retrieved evidence, using the GRADE

pro-GDT software (GRADEpro Guideline Development Tool; McMaster

University, 2015). A sensitivity post hoc analysis was performed compar-

ing weight loss in different treatment arms at 3-4 and 10-14 months,

selecting only trials for which both the 3-4 and the 10-14 month follow-

up results were available. A post hoc subgroup analysis was performed,

dividing trials in which the protein content in the intervention group was

belowor above 30%of total daily calories.

3 | RESULTS

3.1 | Trial characteristics

Figure S1 reports the trial flow summary. Of the 7850 items,

after removing duplicates, 886 were selected for retrieval of

the full text. Of those, 25 trials, overall enrolling 1233 cases on

LC diets and 1209 cases on balanced diets, fulfilled the inclu-

sion criteria.

The main characteristics of included trials are reported in Table 1.

Out of 26 studies, 19 excluded individuals with kidney disease, and

13 excluded those with previous cardiovascular disease. Nine studies

excluded individuals with diabetes, whereas only five included those

affected by diabetes, while four included cases with or without diabe-

tes; seven studies did not provide information on this issue. The risk

of bias is reported in Figures S2 and S3.

3.2 | Weight loss

All the included trials, except for two,39,40 reported body weight or

BMI data only at some time points; the analysis for body weight was

therefore performed on 20, 12, 10 and three trials at 3-4, 6-8, 10-14

and 18-30 months, respectively (Figure 1). LC diets were associated

with a significantly higher reduction of body weight at 3-4 (MD �2.59

[�3.93, �1.25] kg, P = .0001) and 6-8 months (MD �2.64 [�4.32,

�0.95] kg, P = .002) with respect to balanced diets, with no heteroge-

neity (I2 = 0). The difference in reduction of body weight between the

two arms was no longer significant at 10-14 months (�2.30 [�5.00,

+0.41]) kg, I2 = 19) and it totally disappeared at 18-30 months (MD

+0.89 [�2.32, +4.10] kg, I2 = 0). No publication bias was found

(Figure S4).

We performed an additional analysis including only those stud-

ies providing data on body weight both at 3-4 and 10-14 months.

Seven studies were available. LC diets were associated with a sig-

nificantly greater reduction of body weight at 3-4 months (MD

�2.72 [�4.64, �0.80], P = .005, I2 = 0), which was no longer sig-

nificant at 10-14 months (MD �2.50 [�5.28, 0.27], I2 = 8)

(Figure S6).

We also performed a post hoc subgroup analysis to explore the

effect of protein dietary content on weight loss at any time point. No

difference in weight loss was observed between trials in which the

protein content of the intervention group was below or above 30% of

total calorie intake (Figure S7).

Data on BMI were available for five, eight, six and one trial at 3-4,

6-8, 10-14 and 18-30 months, respectively. LC diets were associated

with a significant reduction of BMI at 3-4 months (�1.66 [�2.70,

�0.61] kg/m2, P = .002), but not at other time points (Figure 2). No

publication bias was found (Figure S5).

No significant difference was observed in BMI between trials in

which the protein content of the intervention group was below or

above 30% of total calorie intake (Figure S8).

3.3 | Renal function

Only two studies41,42 reported serum creatinine at endpoint, showing

lower values in the LC values (MD �0.12 [�0.17, �0.07] mg/dl,

I2 = 0%), which was already present at baseline (MD �0.10 [�0.15,
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F IGURE 1 Difference in body weight (expressed as kg) at A, 3-4, B, 6-8, C, 10-14, and D, 18-30 months between low-carbohydrate (carb)
and balanced carb diets. Risk of bias legend: A = random sequence generation (selection bias); B = allocation concealment (selection bias);
C = blinding of participants and personnel (performance bias); D = blinding of outcome assessment (detection bias); E = incomplete outcome
data (attrition bias); F = selective reporting for weight (reporting bias); G = selective reporting for renal function (reporting bias); H = other bias.
“+” = low risk; “?” = unknown risk; “-” = high risk. CI, confidence interval; MD, mean difference; N, number
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�0.05] mg/dl). One study22 reported the Chronic Kidney Disease Epi-

demiology Collaboration-calculated estimated glomerular filtration

rate (eGFR) (MD +4.00 [�2.39, 10.39] ml/min), whereas another

study43 reported no significant difference from baseline in both

F IGURE 2 Difference in body mass index (BMI, expressed as kg/m2) at A, 3-4, B, 6-8, C, 10-14, and D, 18-30 months between low-
carbohydrate (carb) and balanced carb diets. Risk of bias legend: A = random sequence generation (selection bias); B = allocation concealment
(selection bias); C = blinding of participants and personnel (performance bias); D = blinding of outcome assessment (detection bias);

E = incomplete outcome data (attrition bias); F = selective reporting for weight (reporting bias); G = selective reporting for renal function
(reporting bias); H = other bias. “+” = low risk; “?” = unknown risk; “-” = high risk. CI, confidence interval; MD, mean difference; N, number
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groups by Modification of Diet in Renal Disease-calculated eGFR,

without showing any data.

3.4 | Glycaemic control

Differences in fasting plasma glucose between LC diets and control

arms were not statistically significant at any time point (Table S2).

3.5 | Cardiovascular risk factors

LC diets were associated with a significant increase of HDL choles-

terol at 10-14 (MD 2.38 [0.29, 4.47] mg/dl) and 18-30 months (MD

4.94 [0.30, 9.57] mg/dl), but not at 3-4 and 6-8 months (Table S2),

whereas no difference in total or LDL cholesterol was found at any

time point (Table S2). A reduction in triglycerides was observed at 3-4,

10-14 and 18-30 months (MD �1.78-20.63 [�35.37, �5.89], �27.09

[�38.29, �15.90] and �23.26 [�45.53, �0.98] mg/dl, respectively),

but not at 6 months. No difference was found in blood pressure at

any time point, with the only exception of lower diastolic blood pres-

sure at 3-4 and 6-8 months in LC diets (MD �3.22 [�5.90, �0.53] and

�1.78 [�3.10, �0.45] mmHg, respectively; Table S2).

3.6 | Adherence to diet

Retention to studies was 72.3% for LC diets and 70.8% for control

diets, with no significant difference between the two groups (P = .39).

However, only 40 individuals on LC and 31 on control diets reported

diet dissatisfaction as a reason for dropout (P = .20). Eight cases on

the LC diet (vs. none in the control arms) dropped out for safety con-

cerns, such as an increase in LDL or creatinine, or ketosis (MH-OR

3.44 [0.84, 14.02]).

3.7 | Psychological variables

Only four studies reported data on psychological variables; of those,

one did not report outcome data for each arm.44 Assessment

TABLE 2 Psychological variables

Study Domain Scale Subscale
Baseline 3-4 mo 6-8 mo 10-14 mo 18-30 mo

I C I C I C I C I C

Dalle Grave

201342
Anxiety BAI 7.5 6.4 9.2 7.6 10 5.9

Depression BDI 9 11 8 9 10 9

Body uneasiness BUT 56 53 35 38 39 35

Binge eating BES 7.5 8.1 5.6 5.5 6.9 5.8

Foster

201039
Craving FCI Sweets 2.6 2.5 2.3 2.2 2.3 2.2 2.4 2.5 2.5 2.2

High-fats 1.9 1.9 2.0 1.8 2.1 2.0 2.1 1.8 2.0 1.6

Carb/starch 2.1 2.2 1.9 2.1 1.8 2.1 1.9 2.3 1.9 2.1

Fast-food fats 2.6 2.6 2.3 2.4 2.4 2.5 2.4 2.6 2.5 2.3

Food preference FPQ Complex carbs 5.5 5.5 5.0 5.2 4.9 4.5 4.7 5.1 4.5 5.1

Sugar 6.0 5.9 5.8 5.7 5.6 5.7 5.6 5.6 5.4 5.6

Proteins 5.9 5.8 5.8 5.6 5.8 5.3 5.6 5.4 5.6 5.1

Appetite Appetite rating

change

Hunger -7 0 -3 0 -1 0 -5 -2

Bothered by

hunger

-3 0 0 3 0 3 0 3

Eat in reaction to

food cues

-12 -4 -6 0 -3 0 -3 -4

Thoughts about

food

-9 -3 -4 -2 -3 0 -3 -3

Morris

202063
Diabetes-related

distress

PAID 14.4 20.7 No significant difference between groups

Belief BS 4.3 4.5 4.7 4.6

Motivation MS 3.7 4.1 4.6 4.1

Yancy

201544
Quality of life IWQOL-lite Total 72 No significant difference between groups

Abbreviations: BAI, Beck anxiety inventory; BDI, Beck depression inventory; BES, binge-eating scale; BS, belief score; BUT, body uneasiness test; C,

control; carb, carbohydrate; FCI, food craving index; I, intervention; IWQOL-lite, impact of weight on quality of life-lite questionnaire; MS, motivation

score; PAID, problem areas in diabetes.
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measures included scales for binge eating, food cravings and appetite,

food preferences, anxiety, depression, obesity- and diabetes-related

quality of life, beliefs, and motivation (Table 2). Because no single

instrument was used in more than one study, no meta-analysis was

performed. In all those studies, weight loss was associated with a sig-

nificant score reduction, all within the normal range, of measures of

anxiety, depression, binge eating and body uneasiness, with no differ-

ences between LC and control diets. Reported outcomes are summa-

rized in Table 2.

3.8 | GRADE scoring of available evidence

GRADE scoring for principal endpoints is reported in Table S3. The

overall quality of evidence was assessed as high for body weight at 3-

4, 6-8 and 10-14 months and for BMI at 3-4 months; as moderate for

weight at 18-30 months and for BMI at 6-8 and 10-14 months; and

as low for BMI at 18-30 months and for renal function at the

endpoint.

4 | DISCUSSION

LC diets are associated with a moderately greater weight loss than

non-carbohydrate–restricted diets in the short term. This difference

seems to disappear in the longer term, although the number of avail-

able studies is insufficient to draw a definitive conclusion after longer

than 12 months. Consistent results are obtained when restricting the

analysis to trials for which both short- and medium-term results are

available. This is in line with previous findings in meta-analyses includ-

ing obese and overweight individuals.32 A previous meta-analysis,

which reported a significant weight loss at 12-14 months, also

included non-obese overweight cases and only explored very LC

diets.29 A more recent pairwise meta-analysis with different trial inclu-

sion criteria, which did not report any comparison in weight loss

between LC and low-fat diets, highlighted a negative correlation

between actual carbohydrate intake and weight loss at 6 and at

12 months,27 without providing any longer term data. However, such

an analytical approach could overestimate the therapeutic effect of

prescribed carbohydrate consumption, because cases with a greater

adherence to prescriptions of LC diets could be more prone to weight

loss per se.

Adherence to prescribed regimens is a major limiting factor of the

efficacy of dietary interventions in obesity.45 In some trials, actual car-

bohydrate intake in the LC diet arm could have been different from

that prescribed.21,40 On the other hand, long-term adherence may be

lower when the prescribed regimen is very different from usual (spon-

taneous) dietary intake46; in fact, traditional eating habits in many

countries include the consumption of a relevant amount of carbohy-

drates. This could reduce the effectiveness of LC diets in comparison

with balanced diets.

Reduction of carbohydrate intake can be obtained either by

increasing the fat or protein content of the diet, or both. The

observed effects on weight loss could therefore depend on carbo-

hydrate restriction or the increase in intake of another nutrient. In

a post hoc subgroup analysis, protein intake did not appear to

moderate weight loss at any time point; however, the limited num-

ber and size of available trials does not allow drawing definitive

conclusions on this point, which deserves further specific

investigation.

The authors of most available trials appear to agree on a possible

issue of the renal safety of LC diets, because impaired renal function

is usually among the exclusion criteria. Inexplicably, most of those

studies did not report any results on renal function at the end of the

study, except for only four trials; although no significant differences

between treatment arms were detectable in those trials, these results

could have been altered by publication bias or disclosure bias. Cur-

rently, the renal safety of LC diets remains unknown.

Another potential concern regarding LC diets is cardiovascular

safety because the increase in fat intake could have adverse effects

on lipid profile and other risk factors.47 Increased ketogenesis deter-

mined by extreme carbohydrate restriction could theoretically reduce

the risk of cardiovascular disease.48 Conversely, observational studies

suggest that carbohydrate-rich Mediterranean-style diets are associ-

ated with reduced cardiovascular morbidity and mortality,17,18

whereas a LC intake has been associated with a higher cardiovascular

risk.46 The duration and the size of samples enrolled in randomized tri-

als comparing LC and balanced diets in the treatment of obesity is too

small for assessing their effects on cardiovascular events. In addition,

many of the available trials excluded individuals with established car-

diovascular disease, who are at higher risk for cardiovascular events.

However, data on cardiovascular risk factors were reassuring, with a

reduction in triglycerides and an increase in HDL cholesterol, in line

with previous reports.49

LC diets did not appear to have an advantage over control diets

in the reduction of fasting plasma glucose. This result is in line with

that of a previous meta-analysis reporting a transient reduction of

HbA1c, followed by a modest deterioration of HbA1c in the longer

term when LC diets are applied to individuals with type 2 diabetes.50

On the other hand, the large majority of subjects included in the pre-

sent meta-analysis was not affected by diabetes; the dietary interven-

tion is less probable to produce a relevant effect on fasting plasma

glucose when baseline levels are within the normal range.

The improvement of quality of life and psychological well-being is

one of the aims of the treatment of obesity.51 Despite this fact, most

available trials did not explore these domains. Reported data show

that, not surprisingly, weight loss per se improves psychological sta-

tus,52-54 but they fail to highlight any relevant difference between LC

and balanced diets. Further studies, enrolling larger samples, are

needed to clarify this point.

Several limitations should be considered in the interpretation of

the results of this meta-analysis. The definition of LC diets is hetero-

geneous across studies, with different degrees of carbohydrate

restriction; despite this fact, the observed heterogeneity for the prin-

cipal outcomes was very low. Most trials are comparatively small, lim-

iting the precision of estimates of treatment effect. In addition, most
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studies have a short follow-up, limiting the possibility of extending

results to longer term treatment. Notably, most long-term trials were

performed in the United States; their results could be only partly

applicable to different cultural contexts, such as those of Mediterra-

nean countries, where adherence to a LC diet could theoretically be

more problematic. Furthermore, many trials show relevant methodo-

logical limitations, thus reducing the quality of evidence. For example,

allocation and detection bias could have led to an overestimation or

underestimation of the efficacy of LC diets in some trials. In addition,

the use of medication for obesity or other conditions (such as diabe-

tes, hypertension and hyperlipidaemia) was not considered among the

outcomes; differences in medication use could therefore have inter-

fered with the results. On the other hand, this meta-analysis has some

strengths: the clear definition of the target population for the dietary

intervention (i.e. obese subjects only) increases the reliability of

results, which is strengthened by their low heterogeneity.

This systematic review and meta-analysis shows that, in compari-

son with non-carbohydrate–restricted diets, LC diets are associated

with a greater short-term weight loss, with no clear differences in effi-

cacy over the longer term. Data on cardiovascular risk factors are

reassuring, while the renal safety of LC diets is undetermined. Further

trials are needed to clarify the balance between the benefits and

harms of this dietary approach, including more thorough reporting of

potential detrimental effects (such as those on renal function) and a

wider assessment of psychological well-being and quality of life. The

exploration of further outcomes, such as cognitive decline and the

design of larger scale trials on hard endpoints, such as major cardio-

vascular events, the incidence of diabetes and renal failure, would pro-

vide a more robust assessment of the clinical effects of specific

carbohydrate restriction in the treatment of obesity.
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