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RESUMO 

Objetivo: Identificar os verdadeiros efeitos da restrição calórica (RC) sobre o consumo 

máximo de oxigênio (VO2máx) relativo e absoluto e força muscular. Métodos: Uma 

revisão sistemática foi conduzida em 5 bancos de dados, até novembro de 2019. Vinte e 

oito ensaios controlados foram incluídos nas meta-análises comparando RC sozinho vs. 

Dieta padrão (RC vs. controle) ou comparando RC mais treinamento físico vs. 

treinamento de exercício sozinho (RC + EX vs. EX) sobre o VO2máx e a força muscular. 

Resultados: RC + EX teve um efeito positivo para o VO2máx relativo (1,13 [0,49; 

1,78]ml/kg/min, p <0,001), mas não teve nenhum efeito sobre a força muscular relativa 

(0,41 [-0,28; 1,09], p = 0,25) quando comparados ao EX. RC aumentou 

significativamente o VO2máx relativo (2,08 [0,90; 3,27]ml/kg/min, p <0,001) e a força 

relativa (0,47 [0,35; 0,59)], p <0,001), em comparação com dieta padrão. A análise 

complementar confirmou reduções significativas na massa corporal total, massa gorda e 

massa muscular entre todos os subgrupos, como esperado. O VO2máx absoluto e a força 

não foram melhorados por RC + EX ou RC quando comparados a EX e controle, 

respectivamente. Conclusão: A RC sozinha melhora significativamente o VO2máx 

relativo e a força muscular em indivíduos fisicamente não ativos. 

 

Palavras-Chave: Dieta de Baixa Caloria, Teste de Esforço, Saúde, Desempenho, 

Aptidão física. 

 

ABSTRACT 

Aim: To identify the true Caloric restriction (CR) effects on relative and absolute 

maximum oxygen uptake (VO2max) and muscular strength. Methods: A systematic 

review was conducted in 5 databases, up to November 2019. Twenty-eight controlled 

trials were included in the meta-analyses comparing CR alone vs. standard diet (CR vs. 

control) or comparing CR plus exercise training vs. exercise training alone (CR+EX vs. 

EX) on VO2max and muscle strength. Results: CR+EX had a positive effect on relative 

VO2max (1.13 [0.49; 1.78]ml/kg/min, p<0.001), but had no additional effect on relative 

muscle strength (0.41 [-0.28; 1.09], p=0.25) when compared to EX. CR significantly 

increased relative VO2max (2.08 [0.90; 3.27]ml/kg/min, p<0.001) and relative strength 

(0.47 [0.35; 0.59)], p<0.001), compared with standard diet. Complementary analysis 

confirmed significant reductions in total body mass, fat mass and muscle mass among all 

subgroups, as expected. Absolute VO2max and strength were not improved by CR+EX 

or CR when compared to EX and control, respectively. Conclusion: CR alone 

significantly improve relative VO2max and muscle strength in non-physically active 

individuals.  

 

Keywords: Low-Calorie Diet, Exercise Test, Health, Performance, Physical Fitness. 
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Abstract Figure. 

 
 

1 INTRODUCTION 

Caloric restriction (CR), defined as a reduction in energy intake without nutrient 

deficiency, has been shown to increase lifespans and attenuate the harmful effects of 

aging across the evolutionary spectrum 1,2. In humans, CR has improved numerous 

metabolic and hormonal factors that regulates the pathogenesis of type 2 diabetes, 

cardiovascular diseases, cancer, being associated with increased health span 3–5.  The 

exact mechanism underlying the benefits of CR remains unknown, but it involves changes 

in nutrient-sensing pathways, metabolic homeostasis, and body composition 1,6.  

Regarding physical fitness, CR effects has been shown to delay the aging changes 

such as muscle weakness, poor endurance, slowness, low physical activity, and frailty in 

primates7. However, in humans while a few studies show improvements of 

cardiorespiratory fitness (VO2max) 8,9 and muscle strength 10 with CR, other studies have 

shown negative or null effects11,12.   
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Many factors might influence those different results such as different 

characteristics of the individuals, interventions, and methods of physical fitness 

assessments. For example, considering that CR leads to important reduction in body mass, 

the increase in physical fitness absolute values may be considerably lower than the 

increase in relative to body mass values13. Thus, both unit measurements (absolute and 

relative) need to be analyzed separately. Another confounding factor is the common use 

of adjuvant interventions such as exercise training. Exercise training per se is the most 

powerful stimuli to increase VO2max and muscle strength and when combined with CR 

should be carefully interpreted 14.   

The aim of this study was to identify the effects of CR on relative/absolute values 

of VO2 max in a range of physically inactive individuals. This meta-analysis included 

published human-controlled trials with and without exercise.  

 

2 METHODS 

This review was reported according to PRISMA (Preferred Reporting Items for   

systematic Reviews and Meta-Analyses) Guidelines 15. 

 

2.1 LITERATURE SEARCH 

The search was conducted on studies published before November 16, 2019 on 

PubMed, Web of Science, Embase, Scopus and Cochrane databases, combining CR, 

physical fitness, and clinical trial terms. The PubMed search terms included were 

("intermittent fasting"[tiab] OR “fasting”[mh] OR "caloric restriction"[mh] OR “diet, 

reducing”[mh] OR "Low-Calorie Diet" [tiab] OR "time restricted feeding"[tiab]) AND 

(("athletic performance" [mh] OR “Sports Performance” [tiab] OR "muscle strength" 

[mh] OR "exercise test" [mh] OR “Fitness Testing” [tiab] OR “Cardiopulmonary Exercise 

Test” [tiab] OR “Treadmill Test” [tiab] OR “Bicycle Ergometry Test” [tiab]) AND 

((“Clinical Trial” [Publication Type]) OR (“Clinical Trials as Topic”[mh])). Equivalent 

search terms were properly applied in each of the other databases. 

 

2.2 ELIGIBILITY CRITERIA 

We selected controlled trials (CTs) testing CR interventions (at least 8 weeks) 

with or without exercise training on cardiorespiratory fitness and muscle strength. To 

assess the isolated effects of CR on physical fitness outcomes (VO2max and muscle 

strength), the comparison groups were: CR alone vs. control keeping usual dietary intake 
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(CR vs. control), or testing CR in exercise interventions, CR plus exercise training vs. 

Exercise training alone (CR+EX vs. EX). It is noteworthy that although we searched for 

any type of CR (e.g., intermittent fasting and time restricted feeding), interventions 

without confirm reduction on caloric restriction were not considered CR. No restriction 

was applied for date of publication, characteristics of the population (i.e., age, sex or body 

mass index), or language of the studies; and thus, the only study writing not English (in 

French) was translated by a specialized translator 16. Regarding the outcomes, we just 

included studies assessing absolute or relative to the body mass maximum oxygen 

consumption, or absolute or relative to the body mass strength assessed by lb, Kg, or Nm. 

We only searched for original controlled trials. Reviews, conference papers, letters, and 

commentaries were excluded.  Inadequate controlled studies such as 1) studies comparing 

CR versus exercise training interventions; 2) studies comparing different types of exercise 

training interventions combined to CR without an only exercise training intervention; 3) 

studies comparing exercise training with exercise training associated to increased calories 

(instead of CR) were also excluded. The acute CR effects were excluded and only 

interventions equal or longer than 8 weeks were included considering the aim was to 

investigate the CR chronic effects. In this way, we could not include the three studies 

carried out in highly trained individuals 18–20 (they tested only 7, 10- and 12-days 

intervention), and unfortunately our analysis ended-up restricted to non-physically active 

individuals. We did not exclude studies by age or body mass index (BMI), however, 

regarding BMI most studies included overweight (BMI between 25kg/m2 and 30 kg/m2) 

and obese individuals (BMI ≥ 31 kg/m2) due to the main purpose of CR (lose weight).  

Physical activity level was not used as an exclusion criterion since included 

studies may have not reported it or stated that participants were not physically active. 9,16. 

The physical inactivity was reported in different ways such as sedentary lifestyle, not 

engaged in a sport or fitness program, not engaged in vigorous physical activity for ≥30 

min five or more times per week, or more than 4h of activity per week, or more than twice 

per week of physical activity.  Previous engagement in physical activity was assessed as 

past 6 and 12 months or it was not reported. 

 

2.3 STUDY SELECTION 

Articles retrieved through the systematic search were exported into Mendeley, a 

reference management software program, where the duplicates were removed. Two 

reviewers independently screened all titles and abstracts for eligibility using a 
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Spreadsheet. Any disagreements about inclusion of studies were resolved by discussion 

and details of this process can be seen in Figure 1. Among the 20 studies, there was 28 

different groups of interventions, and each one was treated as a separate study for 

analysis. 

 
Figure 1. Flowchart of the studies selection. 

 

 

2.4 DATA EXTRACTION  

The necessary data for meta-analyzing the CR effects on body composition and 

physical fitness were extracted from the eligible papers by two independent researchers. 

Data were extracted from each study for the main variables, absolute/relative VO2max, 

and muscle strength. Additional data were collected for secondary variables such as body 

mass, lean mass, and fat mass. We did not convert absolute to relative values or vice-
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versa; we only used these two options when studies originally presented it. Furthermore, 

the relative values were included only when they were relativized by body mass and not 

lean body mass. We searched for average, standard deviation (SD), and sample size of all 

these variables before and after CR and control interventions. Studies presenting mean 

and 95% CI values were converted to SD using the equation: (√(n) × (UL −

LL)/(2 × T. INV (0.05; n − 1)), where n is the sample size, UL is the upper limit, LL is 

the lower limit and T.INV is the function that calculates the left-tailed inverse of the 

Student`s T distribution.  Studies presenting their variance as standard error (SE) were 

converted according to the equation SD = SE ×  √n . 

Data about studies population (e.g., number of participants, age, sex and BMI), 

interventions (e.g., CR doses, duration, combination with exercise interventions, type of 

exercise added), and other outcomes such as changes in body mass, body fat and lean 

mass were also collected to further subgroup analysis.  

The authors of studies with missing data were contacted via e-mail and 

unfortunately due to the lack of response, these studies were not included in this meta-

analysis21–23.  

 

2.5 RISK-OF-BIAS ASSESSMENT  

The quality of studies was assessed using the PEDro scale 24 removing questions 

5 and 6, since it is not possible to the participant and the researcher offering the treatment 

to be blinded during CR, and the scores ranged from zero to nine.  

 

2.6 STATISTICAL ANALYSIS 

Considering the hypothesis that the divergence in the literature was firstly 

explained by relative and absolute measurements and secondly by the adjuvant exercise 

interventions added to CR, these factors were isolated within 8 meta-analyses: four 

outcomes (relative and absolute VO2max and relative and absolute muscle strength) with 

two comparisons each (CR vs. Control and CR + EX vs. EX). 

We calculated raw mean difference (RMD) for relative cardiorespiratory fitness 

(ml/kg/min) and absolute cardiorespiratory fitness (L/min), based on the difference in 

changes of CR and CR+EX against Control and EX, respectively. Nevertheless, muscle 

strength was assessed in different ways, by different unit measures and therefore 

standardized mean difference (SMD) was applied for its relative and absolute meta-
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analyses. Fixed effects models were used for almost all the 8 meta-analyses because they 

were significantly homogeneous (Q-test); and random effects models were applied for 

the two heterogeneous meta-analyses (CR vs. Control on relative VO2max and CR+EX 

vs. EX on relative muscle strength).  

The other confounding factors selected for subgroup analysis were sex, age, BMI, 

level of physical activity, CR protocols, type of exercise intervention, duration of 

intervention and characteristics of VO2max and strength tests.  Nevertheless, considering 

the meta-analyses were homogeneous and did not presented considerable inconsistency 

(I2 = 75% to 100%) these tests were not done. Only the meta-analysis of CR+EX vs. EX 

on relative muscle strength were considerably inconsistent (I2 = 84.19%), but since it had 

only 3 studies no subgroup analysis was performed. 

The inclusion of different muscle groups strength assessments in the same studies 

lead to sample overlapping and thus we run further exploratory sensitivity analyses to re-

isolate these effects even though the meta-analysis comparing CR and Control on absolute 

muscle strength had very low inconsistency (I2 = 17.63%).  

To confirm the CR effectiveness between the studies included in the review, we 

ran three complementary meta-analyses for total body mass (kilograms), fat mass (SMD) 

and lean mass (SMD), including all the CTs presenting this information.  

All analyses were performed using the comprehensive meta-analysis software 

version 3.3.070, assuming 95% confidence. At last, the risk of publication bias was 

assessed by Egger’s test for each of the 8 meta-analyses. 

 

3 RESULTS 

3.1 RISK OF BIAS  

The controlled trials ranged from 3 to 8 on the PEDro scale, suggesting a diversity 

of quality levels. The p-value for Egger’s test above 0.1 for the four main meta-analyses 

suggests no risk of publication bias (relative VO2max = 0.17, absolute VO2max = 0.76, 

relative strength = 0.70 and absolute strength = 0.47). 

 
Table 1. Quality of the studies included (PEDro scale) 

first author, year 1 2 3 4 7 8 9 10 11 Sum 

Amati, 2008 36 1 1 0 1 0 1 1 1 1 6 

Armamento-Villareal, 2014 37 1 1 0 1 1 1 1 1 1 7 
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Bouchard, 2009 38 1 1 0 1 0 1 0 1 1 5 

Cox, 2003 39 1 1 0 1 0 1 0 1 1 5 

Davis, 2009 40 1 1 0 1 1 1 0 1 1 6 

Dengel, 1996 41 1 1 0 1 1 1 0 1 1 6 

Elloumi, 2011 42 1 1 0 1 0 1 0 1 1 5 

Figueroa, 2013 43 1 1 0 1 0 1 0 1 1 5 

García-Hermoso, 2018 44 1 0 0 1 0 1 0 1 1 4 

Ghroubi, 2008 16 1 1 0 1 0 0 0 0 1 3 

Larson-Meyer, 2010 9 1 1 1 1 1 1 1 1 1 8 

Melanson, 2004 45 1 1 1 1 1 1 0 1 1 7 

Nicklas, 2015 10 1 1 1 1 0 1 0 1 1 6 

Nicklas, 2019 8 1 1 1 1 0 1 0 1 1 6 

Nordby, 2012 46 1 1 1 1 0 1 0 1 1 6 

Racette, 2017 13 1 1 0 1 0 1 1 1 1 6 

Rosenkilde, 2018 47 1 1 1 1 0 1 0 1 1 6 

Ross, 200449 1 1 1 1 0 1 0 1 1 6 

Villareal, 2011 48 1 1 0 1 0 1 1 1 1 6 

Wierik, 1994 11 1 1 0 1 0 1 1 1 1 6 

Legend: 1: yes; 0: no; N/A: not applicable. Questions:1) Eligibility criteria specified; 

2) Random allocation; 3) Concealed allocation; 4) Groups similar at baseline; 5) 

Subject blinding; 6) Therapist blinding; 7) Assessor blinding; 8) Less than 15% 

dropouts; 9) Intention-to-treat analysis;10) Between-group statistical 

comparisons;11) Point measures and variability data. Sum excluding question 1 (0-

10). 

3.2 PARTICIPANTS 

From 531 studies found in the highly sensitive search, 20 met the inclusion criteria 

comprising a total of 1270 participants. Within these 20 studies, 28 controlled trials were 

treated as separate studies for analyses. Despite we expected the diverse of the 

individual’s characteristics in the studies included would influence the results, there was 

significant homogeneity in our findings including in the same analysis men, women, from 

10 to 70 years, normal weight, overweight and/or obese subjects, non-physically active 

(Table 2). 
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It is necessary to highlight those studies with four intervention groups (CR+EX, 

EX, CR and Control), for example, Ghroubi et al. 16, were analyzed in the CR+EX vs. EX 

and in the CR vs. Control meta-analysis. Detailed characteristics about the studies 

included are described in Table 2.  

 

Table 2. Characteristics of the studies included. 

First 

Author, 

Year 

Subgroups 

(n#) 

Age 

(Years 

Mean ± 

SD) 

Sex 
BMI 

(kg/m²) 

CR or BM 

Reduction 

Duration 

(Weeks) 

Type of 

training 

ΔBM kg 

(SMD: Δ 

FM/ Δ 

ΔLM) 

Amati, 2008 
36 

CR+EX 

(17) 
66.2±0.9 

both 
32.2±0.8 -500 to 1000 

kcal/day 
16 AT 

-7.3kg 

(-2.066/ -

0,696) EX (36) 67±0.6 29.7±0.6 

Armamento-

Villareal, 

2014 37 

CR+EX 

(28) 
70±4 

both 
37.2±5.4 -500 to 750 

kcal/day 
52 CT 

-6.8kg 

(NR/ -

1.174) EX (26) 70±4 36.9±5.4 

Armamento-

Villareal, 

2014 37 

CR (26) 70±4 

both 

37.2±4.5 
-500 to 750 

kcal/day 
52 - 

-8.8kg 

(NR/ -

1.274) 
Control 

(27) 
69±4 37.3±4.7 

Bouchard, 

2009 38 

CR+EX 

(12) 
64.4±4.5 

F 
31.7±2.6 0.5 to 1 

kg/week 
12 RT 

-1.9kg 

(-0.607/ -

0.138) EX (12) 62.8±3.7 30.8±2.2 

Bouchard, 

2009 38 

CR (12) 60.7±4.6 

F 

31.9±2.7 
0.5 to 1 

kg/week 
12 - 

-4kg 

(-0.488/ -

0.092) 
Control 

(12) 
62.5±3.1 32.3±2.4 

Cox, 2003 

(light 

exercise) 39 

CR+EX 

(14) 
42.4±5 M 

30.9±4.3 
-4,186 to 

6,279 kJ/day 
16 AT 

-

10.296kg 

(-2.088/ -

1.798) EX (17) 29.7±3.4 

Cox, 2003 

(vigorous 

exercise) 39 

CR+EX 

(15) 
42.4±5 M 

33.3±3.6 
-4,186 to 

6,279 kJ/day 
16 AT 

-

10.068kg 

(-1.754/ -

0.586) EX (13) 30.5±3.9 

Davis, 2009 
40 

CR (10) 15.3±1.1 

F 

33.8±5.7 -10% of 

total daily 

calorie 

intake 

16 - 

0.6kg 

(-0.274/ -

0.07) Control (7) 15.1±1.1 34.6±7.4 

Dengel, 

1996 41 

CR+EX 

(14) 
57.6±1.6 

M NR 
-300 to 500 

kcal/day 
40 AT 

-8.4kg 

(-1.152/ -

0.094) EX (10) 60.3±2.4 

Dengel, 

1996 41 

CR (14) 59.6±2.4 
M NR 

-300 to 500 

kcal/day 
40 - 

-8.3kg 

(-0.899/ -

0.3) Control (9) 62.8±2.5 

Elloumi, 

2011 42 

CR+EX 

(7) 
13.1±1 

M 
30.3±4.5 -500 

kcal/day 
8 AT 

-4.3kg 

(-0.695/ 

0.095) EX (7) 13.1±1 30.3±4.6 

CR (6) 13.3±0.6 M 30.3±2.9 8 - -6.1kg 
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Elloumi, 

2011 42 
Control (8) 13.2±0.2 30.2±2.2 

-500 

kcal/day 

(-0.879/ 

0.016) 

Figueroa, 

2013 43 

CR+EX 

(14) 54±6 F 33.8±0.5 
1250 

kcal/day 
12 RT 

-3.3kg 

(-0.295/ -

0.149) EX (14) 

García-

Hermoso, 

2018 44 

CR+EX 

(10) 10.7±0.9 M 
27.9±3.9 1500 

kcal/day 
144 AT 

0.44kg 

(-0.709/ 

NR) EX (8) 27.7±2.95 

Ghroubi, 

2008 16 

CR+EX 

(15) 
41.41±3.9 

NR 

37.45±3.68 
-25 to 30% 

of total daily 

calorie 

intake 

8 CT 

-3.83kg 

(-0.621/ 

0.562) EX (13) 39.77±13.1 37.14±5.7 

Ghroubi, 

2008 16 

CR (14) 41.5±11.7 

NR 

38.74±6.15 -25 to 30% 

of total daily 

calorie 

intake 

8 - 

-2.42kg 

(-0.361/ 

0.022) 
Control 

(14) 
42.36±9.8 39.2±3.7 

Larson-

Meyer, 2010 
9 

CR (12) 39±5 

both 27.8±0.3 

-25% CR 

from 

baseline 

energy 

requirements 

24 - 

-7.594kg 

(0.373/ 

NR) 
Control 

(12) 
38±8 

Melanson, 

2004 45 

CR+EX 

(22)  42.6±6 both 31.5±2.8 
-500 

kcal/day 
24 AT 

-7.1kg 

(-0.025/ 

0.023) EX (19) 

Nicklas, 

2015 10 

CR+EX 

(55) 69.5±3.7 both 30.6±2.3 
-600 

kcal/day 
20 RT 

-4.8kg 

(-1.339/ -

0.961) EX (56) 

Nicklas, 

2019 

(moderate 

CR) 8 

CR+EX 

(58) 
69.2±3.5 both 

34.7±3.7 
−250 

kcal/day 
20 AT 

-6.5kg 

(-0.667/ -

0.199) EX (44) 34.6±3.1 

Nicklas, 

2019 

(intense CR) 
8 

CR+EX 

(53) 
69.2±3.5 both 

34.4±3.7 
−600 

kcal/day 
20 AT 

-7.5kg 

(-0.803/ -

0.233) EX (44) 34.6±3.1 

Nordby, 

2012 46 

CR (12) 32±2 

M 

28±0.4 
-600 

kcal/day 
12 - 

-5.2kg 

(-1.996/ 

0.311) 
Control 

(12) 
31±2 28±0.4 

Racette, 

2017 13 

CR (120) 

37.9±0.5 F NR 

-25% CR 

relative to 

daily energy 

expenditure 

96 - 

-7.9kg 

(NR/ -

1.09) 
Control 

(71) 

Rosenkilde, 

2018 47 

CR (12) 

NR M NR 
-600 

kcal/day 
12 - 

-5.1kg 

(NR/ -

0.782) 
Control 

(12) 

Ross, 200449 

CR (15) 43.9±4.9 

F 31.3±2 
-500 

kcal/day 
14 - 

-7kg 

(-0.73/ -

0.189) 
Control 

(10) 
43.7±6.4 

Villareal, 

2011 48 

CR+EX 

(28) 
70±4 both 37.2±5.4 

-500 to 750 

kcal/day 
52 CT -8.1kg 
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3.3 INTERVENTIONS 

The lack of inconsistency also suggested no influence of the different intervention 

protocols in the results. In general, the CR varied from ~250 kcal/day to more than 1000 

kcal/day, however some studies just reported the caloric consumption without show the 

previous habits and thus, limiting the comparison between protocols. CR interventions 

last from 8 weeks to 3 years, combining or not exercise protocols (e.g., aerobic, combined 

or resistance training). The aerobic training (AT) incorporated walking, cycling, jogging, 

multi-sports games, stair climbing and rowing that varied between intensity (moderate to 

high) and duration. The resistance training (RT) was based in large muscles groups like 

leg and chest. The intensity in RT was predominantly moderate. The combined training 

(CT) was a combination of AT and RT with flexibility and balance exercises, in this type 

of training, the intensity was of moderate to high. The CR interventions were based in the 

reduction of total daily calorie intake or body mass weekly reduction in a safe design.   

 

3.4 STUDY OUTCOMES  

Significant reduction of body mass, fat mass and lean mass were confirmed 

following CR compared to non-CR groups (i.e., Control and EX) among the studies 

included (Table 4), and the body composition effects of each study were reported in table 

2. 

The addition of CR+EX increased significantly relative VO2max compared to EX; 

However, CR+EX did not increase relative strength significantly, compared to EX. 

EX (26) 70±4 36.9±5.4 
(-1.868/ -

1.876) 

Villareal, 

2011 48 

CR (26) 70±4 

both 

37.2±4.5 
-500 to 750 

kcal/day 
52 - 

-9.6kg 

(-1.824/ -

1.058) 
Control 

(27) 
69±4 37.3±4.7 

Wierik, 

1994 11 

CR (16) 43±4 

M NR 

-20% of 

total daily 

calorie 

intake 

10 - 

-4.7kg 

(-2.329/ -

0.322) Control (8) 
43±5 

Legend: #:  n = participants that completed the entire study; AT: aerobic training; BM: body mass; 

CR+EX: CR plus exercise training group; CR: caloric restriction group without exercise training; CT: 

combined training (AT plus RT, and in some cases balance and flexibility exercises too); CR+EX vs. 

EX: CR controlled trial comparisons with exercise in both groups;  EX: only exercise training group; 

F: female; FM: fat mass; LM: lean mass; M: male; CR vs. Control: CR controlled trial comparisons 

without exercise in any group; CONTROL: no diet group; NR: not reported; RT: resistance training; 

Δ: (change); SMD: standardized mean difference; *SMD of body composition changes were described 

for each study (and subgroup), taking to account differences between CR and C, and the significant 

reductions (p<0.05) were highlighted in bold. 
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Without EX, CR alone significantly increased both relative VO2 max and strength (Figure 

2). On the other hand, no significant effects were found for any absolute values (Figure 

3). 

Exploratory sensitivity analyses (data not shown) comparing CR vs. Control on 

absolute strength for each muscle group showed non-significant improvements for neither 

knee extension (p=0.16), knee flexion (p=0.08), leg press (p=0.10), other quadriceps 

exercises (p=0.99), handgrip (p=0.05), bench press (p= 0.05), and total strength (p=0.88). 

Relative muscle strength was not tested, due to the low number of studies.  

 
Table 3. CR effects on physical fitness. 

Outcomes k Studies ES (LL; UL) p-value p-diff 

Absolute VO2max (L/min) 

CR+EX vs. EX (R) 8 8,39,41,42,45 0.05 (-0.04; 0.14) 0.25 0.21 

CR vs. Control (F) 7 9,11,13,41,42,47,49 -0.02 (-0.08; -0.05) 0.60 

Overall (F) 15 8,9,11,13,39,41,42,45,47,49 

 

0.01 (-0.05; 0.06) 0.82  

Relative VO2max (ml/kg/min) 

CR+EX vs. EX (F) 7 8,36,42,45,48  1.13 (0.49; 1.78) p<0.001 0.17 

CR vs. Control (R) 6 9,11,13,42,47,48 

 

2.08 (0.90; 3.27) p<0.001 

Overall (R) 13 8,9,11,13,36,42,45,47,48  1.58 (0.83; 2.35) p<0.001  

Absolute Strength (SMD) 

CR+EX vs. EX (F) 10 10,16,37,38,43,44,48  

 

-0.05 (-0.23; 0.12) 0.56 0.79 

CR vs. Control (F) 16 9,13,16,37,38,40,48  -0.08 (-0.19; 0.03) 0.14 

Overall (F) 26 9,10,13,16,37,38,40,43,44,48 -0.07 (-0.16; 0.02) 0.12  

Relative Strength (SMD) 

CR+EX vs. EX (R) 3 10,43  0.41 (-0.28; 1.09) 0.25 0.86 

CR vs. Control (F) 6 13 0.47 (0.35; 0.59) p<0.001 

Overall (F) 9 10,13,43  0.47 (0.36; 0.58) p<0.001  

Legend: ES: effect size; CR+EX vs. EX: CR controlled trial comparisons with exercise in both groups; k: number 

of controlled groups; LL: Lower limit; CR vs. control: CR controlled trial comparisons without exercise in any 

group; p: p-value of hypothesis test for differences between CR and control groups; F: fixed effects; R: random 

effects; SMD: standardized mean difference; UL: Upper limit. *Significant p-values were highlighted in bold 

(p<0.05). 
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Table 4. CR effects on body composition. 

Outcomes k ref ES (LL; UL) p-value p-

diff 

Body mass (kg) 

CR+EX vs. EX 

(R) 

16 

 

8,10,16,36–39,41–45,48 -6.59 (-8.03; -5.15) p<0.001 0.63 

CR vs. Control 

(R) 

13 9,11,13,16,37,38,40–42,46–49 -5.95 (-8.15; -3.74) p<0.001 

Overall (R) 29 8–11,13,16,36–49  -6.23 (-7.51; -4.94) p<0.001  

Fat mass (SMD) 

CR+EX vs. EX 

(R) 

15 8,10,16,36,38,39,41,42,44,45,48  

 

-1 (-1.32; -0.69) p<0.001 0.79 

CR vs. Control 

(R) 

10 9,11,16,38,40–42,46,48,49  -0.92 (-1.45; -0.39) p<0.001 

Overall (R) 25 8–11,16,36,38–46,48,49  -0.97 (-1.24; -0.70) p<0.001  

Lean mass (SMD) 

CR+EX vs. EX 

(R) 

15 8,10,16,36–39,41–43,45,48 -0.50 (-0.82; -0.18) p<0.001 0.92 

CR vs. Control 

(R) 

12 11,13,16,37,38,40–42,46–49 -0.48 (-0.81; -0.14) p<0.001 

Overall (R) 27 8,10,11,13,16,36–43,45–49  

 

-0.49 (-0.72; -0.26) p<0.001  

Legend: ES: effect size; CR+EX vs. EX: CR controlled trial comparisons with exercise in both groups; k: number 

of controlled groups; LL: Lower limit; CR vs. Control: CR controlled trial comparisons without exercise in any 

group; ref: reference; p: p-value of hypothesis test for differences between CR and control groups; R: random 

effects; SMD: standardized mean difference; UL: Upper limit. *Significant p-values were highlighted in bold 

(p<0.05). 
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Figure 2. Forest plots of CR effects on Relative Physical fitness. Positive values favor CR+EX or CR, while 

negative values favor EX or Control.   
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Figure 3. Forest plots of CR effects on Absolute Physical fitness. Positive values favor CR+EX or CR, 

while negative values favor EX or Control. 
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4 DISCUSSION 

The main results of these meta-analyses demonstrated that CR alone improved 

relative VO2max and relative strength compared to control. These findings suggest that 

CR may reduce all-cause mortality risks and contributes to the maintenance of daily life 

activities in older individuals.  Previous studies demonstrated that improvements in 

VO2max are associated with reduced risk of mortality 26. An increase in VO2max of ~2.5-

2.8 mL/kg/min may benefit high-risk populations (VO2max < 18.4 mL/kg/min) by 

reductions in fatigue and disability 8.  

In the same way, a decrease in strength affects the daily life activities function and 

mortality in old adults 12. During aging there is a progressive muscle atrophy and a decline 

in muscle contractile function, negatively influencing quality of life and predisposing 

elderly individuals to increased risk of falls, morbidity, and mortality 27,28. CR by itself 

has proved to delay the sarcopenia onset in Rhesus monkeys besides the attenuation of 

other age-declines29. CR might improve muscle cell function by reduction in oxidative 

stress and inflammation, which occurs during aging or with increased body fat. 

Additionally, CR may benefit cell function by repairing other mechanisms such as 

autophagy 30–32.  

Oxidative stress is thought to play an important role in skeletal muscle dysfunction 

and atrophy seen in aging, disuse, and many skeletal muscle pathologies 33. Considering 

that exercise training is associated with reduced oxidative stress and higher muscle 

strength, it makes sense that CR had no additional benefits on muscle strength compared 

to exercise intervention (CR+EX vs. EX), but was effective in non-exercise interventions 

(CR vs. Control). Furthermore, we expected exercise training intervention to prevent 

muscle loss at some extent, that could also blunt the CR effects in the exercise trials. 

Contradictorily, in the present study, CR led to the same lean mass reduction in the 

exercise (CR+EX vs. EX: -0.48 [-0.81; -0.14], p<0.001) and non-exercise trials (CR vs. 

Control: -0.50 [-0.82; -0.18], p<0.001). Likely it could be explained by the diverse type 

of exercise training in these trials. Only three studies prescribed RT alone, which could 

be the safest option to prevent muscle loss. The other three studies prescribed CT and one 

of them AT, and these types of training could further exacerbate caloric expenditure 

without prevent muscle loss. 

Regarding the endurance capacity, CR also led to additional benefits in exercise 

trials (CR+EX vs. EX), suggesting CR effects on VO2max could be complementary to 

exercise effects concomitantly with muscle loss. The improvement in mitochondrial 
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function, efficient mitophagy, and other metabolic pathways could also favor VO2max to 

a higher extent than just exercise training would do 1,34.  

This study revealed substantial weight loss after CR intervention (-6.23[-7.51; -

4.94]kg, p<0.001), large fat reduction (SMD: -0.97 [-1.24; -0.70], p<0.001), and moderate 

muscle mass reduction (SMD: -0.49 [-0.72; -0.26], p<0.001) within the studies included. 

Although CR improved relative VO2max, there was no statistically significant changes in 

absolute values. This result suggests that changes in VO2max were dependent on weight 

loss, which may reduce the workload caused on the cardiorespiratory system and causes 

improvements in oxygen delivery to the muscles. The effects of CR on relative VO2max 

raises a new question: How long the physical fitness benefits can be maintained in the 

new “lighter” body weight? Future studies following up individuals after the end of 

interventions would clarify this issue.   

Although muscle mass loss could be considered a negative side effect of CR, 

previous studies in animals support an increase in muscle quality with CR 7. In fact, the 

increase in relative VO2max and strength with CR vs. Control also indicates that the 

moderate muscle mass reduction did not impair the physical fitness. Since we know the 

muscle mass maintenance has its own benefits on health, it is noteworthy that adding RT 

intervention to CR completely prevent CR-induced muscle loss 35.  

It is necessary to highlight that although we did not exclude studies by age, BMI 

or baseline level of physical activity most studies included overweight, obese and non-

physically active individuals. Therefore, this meta-analysis included only non-physically 

active individuals and the outcomes cannot be extended to athletes and healthy physically 

active individuals.  The few previous studies analyzing the effects of CR on athletes or 

highly physically active individuals are controversial, presenting null, beneficial and 

malefic effects on performance 18–20. Moreover, there are some confounding factors 

influencing the performance of these highly physically active individuals such as the type 

of nutrition intake 50 or the intervention duration. Thus, based on the benefits we found, 

we strongly recommend other researchers to investigate the potential benefits of CR in 

highly training individuals, especially the benefits on endurance. 

Some limitations should be considered. Firstly, such findings refer to a non-

physically active, overweight or obese population, as it was the population included in 

most studies. Thus, it is not possible to extrapolate our findings to athletes and healthy 

physically active individuals for example. Secondly, muscle strength results should be 

interpreted carefully since the meta-analysis of relative muscle strength included only 3 
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studies, while absolute strength included 10 studies with considerable overlapping of the 

same samples.  

 

5 CONCLUSION 

In addition to improvements in many health aspects, this meta-analysis confirms 

that CR also improves cardiorespiratory fitness (VO2max) and muscle strength in non-

physically active individuals, even when compared to exercise training alone. 

Additionally, increases in VO2max are dependent on weight loss magnitude.  

The practical application of this study suggests that non-active or obese 

individuals may benefit their overall health and relative physical fitness by reducing 

energy intake without nutrient deficiency.   
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