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Abstract: Ketogenic diets (KD) have gained popularity in recent years among strength-trained in- 16 
dividuals. The present review summarizes current evidence – with a particular focus on random- 17 
ized controlled trials – on the effects of KD on body composition and muscle performance (strength 18 
and power output) in strength-trained individuals. Although long-term studies (>12 weeks) are 19 
lacking, growing evidence supports the effectiveness of an ad libitum and energy-balanced KD for 20 
reducing total body and fat mass, at least in the short term. However, no – or negligible – benefits 21 
on body composition have been observed when comparing hypocaloric KD with conventional diets 22 
resulting in the same energy deficit. Moreover, some studies suggest that KD might impair re- 23 
sistance training-induced muscle hypertrophy, sometimes with concomitant decrements in muscle 24 
performance, at least when expressed in absolute units and not relative to total body mass (e.g., one- 25 
repetition maximum). KD might be therefore a beneficial strategy for promoting fat loss, although 26 
it might not be a recommendable option to gain muscle mass and strength/power. More research is 27 
needed on the adoption of strategies for avoiding the potentially detrimental effect of KD on muscle 28 
mass and strength/power (e.g., increasing protein intake, reintroduction of carbohydrates before 29 
competition). In summary, evidence is yet scarce to support a major beneficial effect of KD on body 30 
composition or performance in strength-trained individuals. Furthermore, the long-term effective- 31 
ness and safety of this type of diet remains to be determined. 32 
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 34 

1. Introduction 35 

Ketogenic diets (KD) aim at inducing physiological ketosis (i.e., an increase in the 36 
concentration of ketone bodies in blood, usually above >0.5 mmol/L) through a marked 37 
reduction in carbohydrate intake (commonly <50 g/d or <10% of total energy intake) [1]. 38 
KD have gained popularity in recent years among athletes [2]. By virtue of the restriction 39 
they induce in carbohydrate availability, KD promote the use of ketone bodies (i.e., aceto- 40 
acetate, acetone and β-hydroxybutyrate [BHB]) as an alternative energy substrate for dif- 41 
ferent body tissues. Ketone bodies are produced from free fatty acids mainly in the mito- 42 
chondria of liver cells. Once in the bloodstream, acetoacetate and BHB (the two ketone 43 
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bodies used for energy) can reach extrahepatic tissues (notably, skeletal muscles, heart, 44 
brain). BHB is converted to acetoacetate by a reaction catalyzed by BHB dehydrogenase, 45 
and acetoacetate is converted back to acetyl-CoA by the action of beta-ketoacyl-CoA trans- 46 
ferase. The resulting acetyl CoA enters the Krebs cycle to produce ATP through the elec- 47 
tron transport chain. Due to the initial, non-energy demanding activation of ketone bodies 48 
into an oxidable form (in a reaction catalyzed by succinyl-CoA:3-oxoacid CoA transferase) 49 
ketone bodies represent a more efficient fuel than glucose and fatty acids [3], thereby en- 50 
abling the muscle tissue to produce more work for a given energy cost [4]. Owing to the 51 
low carbohydrate availability induced by this type of diets, KD induce a metabolic switch 52 
towards a greater reliance on fatty acids, which are required for the production of ketone 53 
bodies. Indeed, strong evidence supports the effectiveness of KD for increasing fat oxida- 54 
tion rates during exercise [5–7]. 55 

Low-carbohydrate diets and particularly KD have been proposed as beneficial nutri- 56 
tional strategies – at least in the short term – for inducing weight loss and improving car- 57 
diometabolic health in both healthy and clinical populations [8–10]. The popularity of KD 58 
has also grown considerably among endurance athletes. The reduced reliance on glycogen 59 
stores along with increased fat oxidation rates when exercising at submaximal intensities 60 
could indeed benefit performance in long-duration events [11,12], although the evidence 61 
is mixed [13]. Due to their purported benefits on body composition [2], KD are also grow- 62 
ing in popularity among strength-trained individuals, and indeed these diets have been 63 
proposed as an option for some athletes. These include individuals participating in 64 
weight-category sports (e.g., combat athletes) or in events where a high ratio of muscle 65 
strength relative to body mass is required for success (e.g., jumpers), as well as bodybuild- 66 
ers aiming at minimizing body fat without losing muscle mass during the so-called ‘cut- 67 
ting phase’ [2]. However, controversy exists as to the actual effects of KD on body com- 68 
position and performance in strength-trained individuals [14,15].  69 

The present narrative review aimed to summarize current evidence on the effects of 70 
KD on resistance training-induced changes in body composition and performance, as well 71 
as to discuss potential research gaps on this topic. For this purpose, two authors (PLV and 72 
ACG) independently conducted a systematic search in PubMed and Web of Science until 73 
2nd August 2021 using the term ’ketogenic diet’ along with others including ’athlete’, 74 
’strength’, ’power’, ’force’, ’training’, ’trained’, or ’exercise’. Studies were first screened by 75 
title and abstract and the full text of those studies that seemed to meet the inclusion criteria 76 
were assessed. We focused mainly on randomized controlled trials conducted with 77 
healthy individuals performing strength training and assessing the effects of a KD (> 2 78 
weeks, with <10% of total energy intake coming from carbohydrate intake or daily total 79 
carbohydrate intake <50 g) compared with a non-KD. The primary outcome variables 80 
were muscle strength or power-related measures and body composition (total body, fat, 81 
and muscle mass, respectively). A flow chart of the systematic search is available as Sup- 82 
plementary Figure 1, and the randomized controlled trials that met the inclusion criteria 83 
are summarized in Table 1. 84 

2. Effects of combining ketogenic diets with resistance training on body composition 85 
in trained individuals 86 

Growing evidence supports the effectiveness of KD for promoting weight loss in the 87 
general population [8]. Although the biological mechanisms explaining this effect remain 88 
debatable [16], one potential factor is the higher satiating and thermic effect of proteins 89 
[17–19], which consumption is sometimes increased in KD. Other proposed mechanisms 90 
are the appetite suppressant effect of ketosis [20,21] or the greater rate of fat oxidation – 91 
coupled with an increased resting energy expenditure as reported in some studies [22,23]. 92 
Of note, because glycogen is stored in human cells along with three to four parts of water, 93 
the glycogen-depleting effect of KD could be associated with a further reduction in total 94 
body mass [24] (for a graphical summary of these mechanisms, see Figure 1). 95 

 96 
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 97 

Figure 1. Summary of some potential mechanisms underlying the beneficial effects of ketogenic diets on weight loss.  98 

Evidence on the effects of KD on total body and fat mass loss in strength-trained 99 
individuals is promising. A recent systematic review and meta-analysis including 13 trials 100 
concluded that KD (5-50 g/d of carbohydrate for 3 to 12 weeks) are effective for reducing 101 
total body (-3.7 kg on average) and fat mass (-2.2 kg) compared with non-KD [15]. None- 102 
theless, KD might also contribute to loss of muscle mass or at least impair resistance train- 103 
ing-induced hypertrophy. Indeed, the abovementioned meta-analysis concluded that KD 104 
reduce fat-free mass (-1.3 kg) compared with non-KD [15]. 105 

A summary of relevant randomized controlled trials assessing the effects of KD on 106 
body composition in strength-trained individuals is shown in Table 1. Different studies 107 
support the effect of KD vs. non-KD to reduce both total body and fat mass [25–30]. How- 108 
ever, some detrimental effects have been reported on muscle mass when KD are combined 109 
with resistance exercise interventions [25–28,31]. A randomized controlled trial conducted 110 
with Olympic-class weightlifters reported that a 3-month ad libitum KD resulted in a total 111 
loss of body mass above 3 kg compared with a group maintaining their usual diet (~45% 112 
carbohydrate) [26]. However, ~77% (2.3 kg) of the weight lost by the KD group was at- 113 
tributed to the muscle component [26]. Another randomized controlled trial conducted 114 
with bodybuilders who followed an 8-week energy-balanced KD found a significant re- 115 
duction in total body and fat mass, respectively, with these changes not reported for a 116 
group ingesting an isocaloric westernized diet (~55% carbohydrate) [25]. Of note, only 117 
bodybuilders in the westernized diet showed an increase in muscle mass [25]. Two recent 118 
studies by the same group of researchers analyzed the effects of an 8-week KD in strength- 119 
trained men and women [27,28]. The diets were designed to induce no energy deficit and 120 
even to produce a moderate energy surplus through a total energy intake of 39 kcal/kg 121 
body mass in men [27] and 40-45 kcal/kg fat-free mass in women [28]. Overall, the KD 122 
resulted not only in a lower energy intake (~1710 vs. 1979 kcal and 40.1 vs. 45.5 kcal/kg 123 
fat-free mass per day for the KD and the non-KD diet, respectively, in the study conducted 124 
in women) compared with the control non-KD group (>55% kcal from carbohydrate), but 125 
also in a reduced fat mass (by ~0.8 and 1.1 kg for men and women, respectively). However, 126 
whereas the control groups showed a trend to increase fat-free mass (~by 1.3 and 0.7 kg 127 
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for men and women, respectively), participants on the KD showed no changes [27,28]. 128 
Recently, Kysel et al. [31] found a comparable reduction in body mass in healthy young 129 
resistance-trained men who combined resistance and aerobic training with (i) a hy- 130 
pocaloric cyclical KD (i.e., 500-kcal energy deficit alternating a phase of KD for 5 days 131 
followed by 2 days of carbohydrate reintroduction) or (ii) a hypocaloric non-KD diet, for 132 
8 weeks. Although no significant between-group differences were found at post-interven- 133 
tion (KD -4.6 kg vs. non-KD, 4.5 kg) only participants assigned to the KD treatment 134 
showed a significant reduction of muscle mass (KD -1.8 kg vs. non-KD -0.4 kg). On the 135 
other hand, Rhyu et al. [32] reported similar losses in body mass (including both fat and 136 
muscle components) in high school taekwondo athletes following a 3-week period of hy- 137 
pocaloric KD or non-KD diet intervention. Additionally, Skemp et al. [30] observed larger 138 
reductions of body mass and fat mass in resistance trained women who followed a 4-week 139 
hypocaloric, KD or non-KD. Both treatments induced similar detrimental effects on mus- 140 
cle mass. More recently, Vidic et al. [33] reported that both a hypocaloric KD and a hy- 141 
pocaloric low-carbohydrate but non-KD (with carbohydrates accounting for 5 and 15% of 142 
total energy intake, respectively, both inducing a total energy deficit of ~600 kcal/d) in- 143 
duced similar losses in total body (-6.1 and -5.3 kg, respectively) and fat mass (-4.3 and - 144 
3.5 kg) in strength-trained individuals, although a decrease in muscle mass (-1.8 and -1.5 145 
kg) was also reported with both diets.  146 

 147 
Some non-randomized interventional studies have also assessed the effects of KD on 148 

body composition. In previously untrained overweight women who started a 10-week 149 
resistance training program, Jabekk et al. reported higher total body (-5.6 kg) and fat mass 150 
(-5.6 kg) loss in participants following a KD compared to those maintaining their usual 151 
eating pattern [34]. However, only those participants who maintained their habitual diet 152 
showed significant increases in muscle mass (1.6 kg) [34]. A non-randomized controlled 153 
trial conducted in CrossFit athletes who followed a 3-month KD intervention found a ~3 154 
kg and -2.5 kg reduction in total body mass and fat mass, respectively, with no significant 155 
changes reported in those who chose to maintain their usual diet. Of note, the body mass 156 
loss of the KD groups was also accompanied by a non-significant reduction (-0.4 kg) in 157 
lower-limb muscle mass [35]. A non-randomized cross-over study in 8 elite artist gym- 158 
nasts found that, contrary to a usual western diet, 30 days of KD led to a reduction in total 159 
body (-1.6 kg) and fat mass (-1.9 kg), while muscle mass remained constant (non-signifi- 160 
cant reduction of 1.1 kg) [36]. A recent study tested the hypothesis that providing an ex- 161 
ogenous ketone supplement (ketone salts) combined with a hypocaloric (75% of estimated 162 
energy needs) KD might help to preserve muscle mass. Although a trend towards a lower 163 
nitrogen excretion was found – which could have potential implications for muscle mass 164 
preservation in the long term – no actual benefits on muscle mass or overall body compo- 165 
sition were observed [37].  166 

The bulk of the evidence that is currently available therefore suggests that combining 167 
8 to 12 weeks of KD with resistance training can a favor fat mass reduction in healthy and 168 
trained individuals, although muscle mass accretion might be also compromised, at least 169 
partly. 170 

171 
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Table 1. Summary of randomized controlled trials that have assessed the effects of ketogenic diets (KD) on body composition or performance in healthy strength-trained individuals. 172 

Study Participants Duration of interven-
tion 

KD  CD Main Findings  
Body composition                  Performance 

Kysel et al. 
[31]  

25 strength-trained 
men  

8 weeks 

Controlled energy intake  
(500 kcal of energy deficit) 

Fat: NS  
CHO: NS (<30 g)  
Protein: 1.6 g/kg 

Including 2 days of CHO re-introduc-
tion (CHO 70%) each 5 days. 

 

Controlled energy intake (500 kcal of en-
ergy deficit) 

Fat: 30%  
CHO: 55% 

Protein: 15% 

↓ Muscle mass and water content only 
with KD. 

Similar ↓ in body mass and fat mass 
with both diets.  

↑ maximal muscle strength (lateral pull 
down and leg press) only with CD. 

↑ cardiorespiratory fitness (peak oxygen 
uptake and peak workload) only with 

CD.  

Paoli et al. 
[25] 

19 competitive 
male bodybuilders 

8 weeks 

Controlled energy intake (isocaloric) 
Fat: 68%  

CHO: 5% (44 g) 
Protein: 25% (216 g, 2.5 g/kg) 

Controlled energy intake (isocaloric) 
Fat: 20% 

CHO: 55% 
Protein: 25% (223 g, 2.5 g/kg) 

 

↓ Body mass only with KD. 
↓ Fat mass only with KD. 

↑ Muscle mass only with CD.  
 

↑ strength (1RM in squat and bench 
press) similarly in both groups. 

 

Rhyu et al. 
[32]  

20 young (15-18 
years) Taekwondo 

athletes 
3 weeks 

Controlled energy intake (hypocaloric, 
75% of estimated energy intake) 

Fat: 55%  
CHO: 4.3% (22 g) 

Protein: 40.7%  

Controlled energy intake (hypocaloric, 
75% of estimated energy intake) 

Fat: 30%  
CHO: 40% 

Protein: 30% 

Similar ↓ in total body mass, fat mass 
and muscle mass for both groups 

↑ in 2,000-m running trial performance 
and Wingate test performance (fatigue 
index) with KD. 

Similar ↓ in peak and mean power on 
the Wingate test with both diets.  

Similar ↑ in back muscle strength and in 
the number of sit-ups with both diets. 
No changes in performance in the re-

maining outcomes. 

Skemp et al. 
[30] 

20 strength-trained 
women 

4 weeks 

Ad libitum 
Fat: 70% 

CHO: 10%  
Protein: 20% 

Ad libitum (normal standard diet) 
Fat: NS 

CHO: NS 
Protein: NS 

↓ Body and fat mass with KD vs. CD. 
Similar ↓ of muscle mass with both di-

ets. 
N/A 

Greene et al. 
[26] 

14 elite competi-
tive lifting athletes 

(5 female) 
12 weeks 

Ad libitum 
Fat: 70% 

CHO: 8% (39 g) 
Protein: 23% (120 g, 1.6 g/kg) 

Ad libitum 
Fat: 33% 

CHO: 45% (223 g) 
Protein: 22% (120 g, 1.5 g/kg) 

↓ of both body mass and muscle mass 
after KD vs. CD 

 
No differences in performance 

Wilson et al. 
[29] 

25 strength-trained 
men 

11 weeks (10 weeks of 
KD + 1 week of CHO re-

introduction) 

Controlled energy intake (isocaloric) 
Fat: 75% 

CHO: 5% (31 g) 
Protein: 20% (134 g, 1.7 g/kg) 

Controlled energy intake (isocaloric) 
Fat: 25% 

CHO: 55% (318 g) 
Protein: 20% (132 g, 1.7 g/kg) 

 

↓ Fat mass with KD vs. CD  
Similar ↑ in muscle mass and thick-

ness, but greater ↑ with KD after CHO 
reintroduction. 

 

Similar performance in 1RM with CD 
and KD, although only the former in-

creased peak power in the Wingate test 
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Followed by a week of CHO reintro-
duction (increasing from 1 to 3 g/kg of 

CHO during the last week)  

Vargas et al. 
[27] 

24 strength-trained 
men 

8 weeks 

Controlled energy intake (moderate 
energy surplus, 39 kcal/kg) 

Fat: 70% 
CHO: <10% (42 g) 

Protein: 20% (2.0 g/kg) 

Controlled energy intake (moderate en-
ergy surplus, 39 kcal/kg) 

Fat: 25% 
CHO: 55%  

Protein: 20% (2.0 g/kg) 
 

↓ Fat mass with KD (no significant in-
teraction effect)  

 ↑ Muscle mass and body mass only 
with CD.  

 
 

N/A 

Vargas et al. 
[28] 

21 strength-trained 
women 

8 weeks 

Controlled energy intake (moderate 
energy surplus, 40-45 kcal/kg FFM) 

Fat: 64% 
CHO: 9% (30-40 g) 

Protein: 27% (115 g, >1.7 g/kg) 
 

Controlled energy intake (moderate en-
ergy surplus, 40-45 kcal/kg FFM). Signifi-

cantly higher energy intake than KD.  
Fat: 23%   

CHO: 57% (282 g) 
Protein: 20% (>1.7 g/kg) 

↓ Body mass and fat mass with KD vs. 
KD. 

↑ Muscle mass with CD vs. KD. 
 

↑ Bench press and squat performance 
(1RM) with CD vs. KD.  

Similar improvements in CMJ perfor-
mance. 

 

Vidic et al. 
[33] 

20 strength-trained 
men 

8 weeks 

Controlled energy intake (hy-
pocaloric) 
Fat: 75% 

CHO: 5% (27 g) 
Protein: 20% (108 g, 1.2 g/kg) 

 

Controlled energy intake (hypocaloric, 
non-ketogenic) 

Fat: 65% 
CHO: 15% (82 g) 

Protein: 20% (110 g, 1.2 g/kg) 
 

Similar ↓ in body mass, fat mass and 
muscle mass with KD and CD. 

No changes in performance (1RM) with 
any of the diets. 

 

Abbreviations: 1RM, one-repetition maximum; CD, control diet; CHO, carbohydrate; CMJ, countermovement jump; FFM, fat-free mass; KD, ketogenic diet; NS, not specified. 173 

 174 



Nutrients 2021, 13, x FOR PEER REVIEW 1 of 17 
 

 

 175 

2.1. Mechanisms underlying the detrimental effects of ketogenic diets on muscle mass 176 
Several mechanisms have been proposed to explain the potential detrimental effects 177 

of KD on muscle mass [38,39] (Figure 2). Due to the hydrophilic properties of the surface 178 
of glycogen granules [40], KD-induced glycogen reductions may explain the loss of mus- 179 
cle mass [24]. Indeed, to the best of our knowledge only one randomized controlled trial 180 
to date has reported superior hypertrophic effects in resistance-trained participants fol- 181 
lowing a KD compared with a non-KD [29]. Wilson et al. found similar gains in muscle 182 
mass with an energy-balanced KD or an isocaloric traditional (~55% kcal from carbohy- 183 
drates) western diet (increase in muscle mass of 2.4 vs 4.4%, respectively) after a 10-week 184 
intervention period in which participants in both groups consumed ~1.7 g/kg of protein 185 
[29]. However, when reintroducing carbohydrates for one week (in weeks 10-11 of the 186 
study), participants on the KD increased their muscle mass to a greater extent than those 187 
on the western diet [29]. These findings might support the importance of avoiding a pro- 188 
longed glycogen depletion status and the potential benefits of reintroducing carbohy- 189 
drates in order to preserve or even increase muscle mass in athletes following a KD. They 190 
might also support the occurrence of the so-called ‘sarcoplasmic hypertrophy’, that is, an 191 
increase in muscle volume caused by sarcoplasmic expansion, which in turn is due to a 192 
greater water content (‘retention’) because of the hydrophilic nature of the surface of gly- 193 
cogen granules, rather than by ‘sarcomeric hypertrophy’ (i.e., an actual increase in myofi- 194 
bril protein content) [41].    195 

It must be noted that besides the potentially ‘confounding’ effects of low glycogen 196 
stores on ‘real’ (i.e., protein content) muscle mass, low carbohydrate availability might 197 
also attenuate resistance training-induced adaptations through a suppression of anabolic 198 
pathways. By virtue of the reduced carbohydrate intake, KD can indeed lead to reduction 199 
in insulin levels [25,33], with this hormone having been in turn reported to stimulate mus- 200 
cle protein synthesis – at least when combined with concomitant increases in amino acid 201 
availability – and to reduce muscle protein breakdown [42–44]. Preclinical evidence sug- 202 
gests that compared to isocaloric control diets, KD might promote AMP-activated protein 203 
kinase (AMPK) phosphorylation [45] – which can inhibit anabolic pathways such as ki- 204 
nase B protein (Akt)/ mechanistic target of rapamycin (mTOR) [46]. Additionally, preclin- 205 
ical evidence in isolated mouse muscle suggests that ketosis (e.g., presence of BHB) can 206 
diminish Akt phosphorylation [47], thereby impairing anabolic responses. Conversely, 207 
other studies in non-athletic populations have reported that ketosis might induce anticat- 208 
abolic effects [48] by increasing circulating levels of ketone bodies (induced through oral 209 
or intravenous administration of ketone bodies) that in turn help to preserve muscle mass 210 
and maintain nitrogen balance during conditions of energy deficit [49,50]. In the same line, 211 
ketone bodies have shown to exert anti-inflammatory [51] and antioxidant effects [52], 212 
which could have potentially beneficial effects against muscle wasting [53]. In fact, lower 213 
levels of inflammatory and oxidative stress markers have been reported in athletes under- 214 
going a KD compared with those following a conventional western diet [32,54]. Further 215 
research is therefore needed to confirm the role of ketosis on muscle anabolism, particu- 216 
larly on healthy and trained individuals.  217 

The appetite suppressant effects of ketosis [20,21] might also play a role on the muscle 218 
mass loss observed with KD. Thus, ad libitum KD might result in a reduced caloric intake 219 
compared with conventional western diets, which can have in turn detrimental conse- 220 
quences on muscle protein synthesis and muscle mass accretion [55,56]. Moreover, 221 
chronic low energy availability [57] and acute severe energy restriction – which is com- 222 
monly experienced by athletes who seek to rapidly lose body mass before competition – 223 
have been reported to exert detrimental effects on the hormonal environment, notably  224 
reduced levels not only of circulating total testosterone but also of thyroid-stimulating 225 
hormones [58], with the thyroid hormone signaling playing an important role in muscle 226 
homeostasis and repair [59]. In addition, although caloric restriction might have no effects 227 
on anabolic hormones such as growth hormone (GH) or insulin-like growth factor 1 (IGF- 228 
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1) [60,61], it can lead to a reduction in sex hormones such as testosterone [62]. However, 229 
controversy exists as to whether energy-balanced KD can also affect testosterone levels 230 
[63]. Indeed, because lipids and derivatives (particularly cholesterol) are the substrate for 231 
the biosynthesis of androgens, high-fat diets (e.g., KD) might be potentially beneficial for 232 
promoting testosterone synthesis – at least when sufficient energy is provided [63]. None- 233 
theless, the evidence is mixed. In healthy moderately-active individuals, Volek et al. re- 234 
ported no changes in testosterone concentration after 8 weeks of a high-fat diet, although 235 
this study did not include a control group and participants performed no strength training 236 
[64]. Regarding strength-trained individuals, four recent studies [25,29,33,65] have re- 237 
ported mixing results. Paoli et al. found a decrease in the concentration of anabolic hor- 238 
mones (testosterone and IGF-1) after 2 months of an energy-balanced KD (45 kcal/kg mus- 239 
cle mass) in bodybuilders [25]. Wilson et al. reported no differences in free testosterone 240 
along with a significantly higher total testosterone concentration in resistance-trained col- 241 
lege athletes after a 10-week KD compared with a western isocaloric diet. However, these 242 
differences between diets were found after one week of carbohydrate reintroduction [29]. 243 
Vidic et al. observed similar increases in testosterone in strength-trained individuals ex- 244 
posed to a hypocaloric KD and a hypocaloric non-KD [33]. Moreover, Michalczyk et al. 245 
[65] reported an increase in the levels of GH and testosterone in male basketball players 246 
after 4 weeks of a low-carbohydrate diet (10% of total energy intake) compared with a 247 
previous period in which they consumed the same energy intake through their conven- 248 
tional diet. Of note, after a week of carbohydrate reintroduction, testosterone levels re- 249 
mained above baseline levels, but those of GH declined to those observed with the con- 250 
ventional diet [65]. Thus, current evidence shows no consistent effects on KD on the hor- 251 
monal anabolic environment, although there are mixed and scarce results as well as some 252 
confounding factors (e.g., differences between studies in total caloric or protein intake, or 253 
in carbohydrate reintroduction), all of which might hinder drawing conclusions. 254 
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Figure 2. Summary of some potential mechanisms underlying the positive and negative effects of ketogenic diets on mus- 256 
cle mass. 257 

3. Effects of combining ketogenic diets with resistance training on strength and power 258 
performance in trained individuals 259 

Given the promising results of KD on body composition, further performance bene- 260 
fits of KD could be hypothesized at least in those sports in which body mass is a key de- 261 
terminant (e.g., weight-category sports or those involving actions performed with the own 262 
body mass such as jumps) [2]. In turn, the detrimental effects of KD on muscle mass could 263 
result in an impaired muscular function, especially when muscle performance is ex- 264 
pressed in absolute values (e.g., total kg lifted, or total wattage produced) instead of rela- 265 
tive to body mass (e.g., total kg lifted/kg or watts/kg). For this reason, it is important to 266 
explore whether muscle strength is improved or at least maintained during KD. 267 

Conflicting results exist regarding the effects of KD on muscle strength or other re- 268 
lated performance measures (e.g., power output). Reflecting this controversy, a recent sys- 269 
tematic review assessed seven studies that had analyzed the effects of KD on strength or 270 
power measures on 16 performance outcomes studied (mainly muscle strength [one-rep- 271 
etition maximum, 1RM] in different exercises, jump performance and sprint power out- 272 
put) [14]. Only two reported a significantly beneficial effect of KD, whereas 11 found no 273 
effects and three observed an impaired performance after a KD [14]. Nonetheless, it must 274 
be noted that the two performance measures in which benefits were observed corre- 275 
sponded to two cycling tests (6-second sprint and 3-minute critical power test) that were 276 
implemented in the same study after a 100-km trial [66]. As such, the performance meas- 277 
ure in question might have been more indicative of muscle endurance than of muscle 278 
power capacity.  279 
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Table 1 summarizes randomized controlled trials that have assessed the effects of KD 280 
on muscle strength- or power-related outcomes in strength-trained individuals. Overall, 281 
no effects of KD on strength or power-related performance have been reported. Indeed, 282 
except for the study by Rhyu et al., which reported greater benefits with a KD compared 283 
with a non-KD on a 2,000-m running trial and on the ‘anaerobic’ fatigue index assessed 284 
by the Wingate test [32], the remainder of randomized controlled trials reported no bene- 285 
ficial effects of KD on performance or even detrimental effects. It must be noted, however, 286 
that some studies have found no changes in performance outcomes despite reporting 287 
losses in total body (and even muscle) mass, which could be considered beneficial in some 288 
specific situations [26,35]. For instance, Vidic et al. reported no changes in squat and bench 289 
press 1RM after an 8-week hypocaloric KD that induced an average body mass loss of 6.1 290 
kg [33]. Greene et al. found no variations in 1RM strength on different exercises despite a 291 
total body mass loss of 3.2 kg compared with a control (participants’ usual) diet [26]. 292 
Kephart et al. observed that participants who self-selected to follow a KD during three 293 
months maintained their 1RM on the squat and power clean exercises despite a total body 294 
mass loss of 3 kg [35]. Similarly, Paoli et al. reported that 30 days of KD did not have a 295 
significant impact on performance (jump height, grip chins and push-ups) despite a body 296 
mass loss of 1.6 kg [36]. Nonetheless, other studies have found a detrimental effect of KD 297 
on performance – or at least lower benefits – compared to a traditional western diet. Var- 298 
gas et al. reported greater improvements in performance (jump height and 1RM bench 299 
press) after a non-KD compared with an 8-week KD [28]. In the study by Wilson et al., 300 
those participants who followed a non-KD during 10 weeks increased their peak power 301 
output on a Wingate test, whereas those who followed a KD did not – albeit with no sig- 302 
nificant differences in the pre-post change between conditions [29]. Kysel et al. reported 303 
larger benefits on maximal strength (1RM on the bench press and lateral pull-down exer- 304 
cises) and on some markers of cardiorespiratory fitness (peak oxygen uptake and peak 305 
workload during an incremental test) in individuals who followed a hypocaloric non-KD 306 
compared with those who followed a hypocaloric cyclical KD [31]. In a non-controlled 307 
study by Urbain et al., participants who followed a KD for 6 weeks showed an impairment 308 
of peak power during an incremental cycling test (-4.1%), although handgrip strength in- 309 
creased slightly (+2.5%) [67]. Similarly, Fleming et al. observed that a 6-week high-fat diet 310 
(61% fat, 8% carbohydrate) resulted in a reduced peak and mean power during a Wingate 311 
test compared with a control diet [68]. More recently, a study conducted in CrossFit ath- 312 
letes revealed that a 4-week KD induced no beneficial effects on CrossFit-specific perfor- 313 
mance (assessed through a workout including jumps, push presses and rowing, among 314 
other exercises) and even resulted in an impaired cardiorespiratory fitness (lower peak 315 
oxygen uptake) in women [69].  316 

In summary, although some studies support the effectiveness of KD for reducing to- 317 
tal body – and particularly fat – mass in strength-trained individuals without harming 318 
sports performance, there is also evidence for some performance decrements compared 319 
to non-KD western diets. 320 

4. Perspectives 321 
Evidence on the effects of KD on strength-trained individuals is rapidly growing. 322 

Many studies have methodological limitations (e.g., not following a randomized con- 323 
trolled trial design, not monitoring dietary intakes, small sample sizes, short duration of 324 
the intervention, or variation in the amount and type of carbohydrates [high or low gly- 325 
cemic index] during the intervention) impeding to draw evidence-based inferences. In 326 
addition, as shown in Table 1, the number of randomized controlled trials conducted in 327 
healthy strength-trained individuals is still scarce, and no study has assessed the long- 328 
term effects (>12 weeks) of KD in this population. 329 

There is only one study to date reporting muscle mass gains after a KD, with this 330 
effect found after reintroducing carbohydrates for one week [29]. Similarly, Michalczyk et 331 
al. recently reported that although following a low-carbohydrate diet (10% of total energy 332 
intake) for 4 weeks resulted in an impaired performance during the Wingate test (-11% 333 
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total work capacity) compared to a conventional diet, after reintroducing carbohydrates 334 
for one week (75% of total energy intake) performance recovered to levels similar to those 335 
observed with the conventional diet [65]. These findings suggest that carbohydrate rein- 336 
troduction might be an optimal pre-competition strategy to avoid the potential detri- 337 
mental consequences of KD on muscle mass and performance in those athletes not con- 338 
cerned about potential increases in body mass. However, another trial that applied a hy- 339 
pocaloric cyclical KD (i.e., by alternating 5 days of KD with 2 days of high carbohydrate 340 
intake [70% of total energy intake]) reported lower performance gains and a greater loss 341 
of muscle mass compared with a regular non-KD designed to induce the same energy 342 
deficit (-500 kcal in both cases) [31]. Further research is therefore warranted to confirm 343 
whether including a carbohydrate reintroduction phase might mitigate some of the detri- 344 
mental consequences of KD.  345 

The neutral effects of KD on absolute strength/power (e.g., 1RM, maximal power out- 346 
put) might support their potential benefits on muscle strength/power relative to total body 347 
mass (e.g., watts/kg), on performance in weight-bearing exercises such as jumps, push- 348 
ups, pull-ups, and also for athletes competing in weight-category sports (e.g., combat 349 
sports) although the evidence is still controversial and overall not promising [28,36,69]. 350 
Further research including randomized controlled trials is needed to confirm the actual 351 
effects of KD on performance outcomes in which body mass plays an important role.   352 

Although more research is also needed to confirm the exact mechanisms underlying 353 
the impairment effect of KD vs. non-KD on resistance training-induced hypertrophy, it 354 
might be recommendable to closely monitor the protein intake of KD. As summarized in 355 
Table 1, several studies – including those that found a reduced muscle mass with the KD 356 
– have provided daily protein intakes ranging between 1.2 and 2.5 g/kg/day, with similar 357 
protein intakes in those individuals who followed a KD or a non-KD. In this regard, pro- 358 
tein intakes of 1.6-2.0 g/kg/day have been recommended to maximize resistance training- 359 
induced gains in muscle mass and strength [70–72]. However, under conditions of energy 360 
restriction, higher protein intakes (1.7 to 3.1 g/kg) might be needed to maintain muscle 361 
mass [71,73]. Moreover, it has been reported that, compared with an energy-matched 362 
high-carbohydrate diet, higher protein intakes might be needed for those people on a low- 363 
carbohydrate diet in order to meet protein requirements during post-exercise recovery 364 
[74]. Bodybuilders who followed an 8-week KD with a protein intake of 2.5 g/kg/day were 365 
able to maintain their muscle mass, although those who followed a non-KD westernized 366 
diet increased their muscle mass to a greater extent [25]. Further evidence is therefore 367 
needed to confirm whether increasing protein intake through diet or protein (>1.6 g/kg)/ 368 
amino acid (e.g., leucine) supplementation can negate the potentially detrimental effects 369 
of KD on muscle anabolism. Conversely, given the rapid adaptation of the human body 370 
to maximize liver gluconeogenesis under situations of increasing aminoacidemia and low 371 
carbohydrate availability, following a KD with high protein intake could stimulate hepatic 372 
gluconeogenesis from proteins [75,76], with subsequent reduction in ketosis. However, 373 
the role of dietary protein on gluconeogenesis remains controversial [77]. Indeed, high 374 
circulating ketone levels (>1 mmol/L) have been reported even with very low carbohy- 375 
drate diets coupled with high protein intakes (0 and 30% of the total energy intake, re- 376 
spectively) despite the occurrence of gluconeogenesis [78]. The role of protein intake on 377 
the effects of KD should therefore be further addressed.  378 

Future studies should also determine a range of effective nutritional ketosis. Wilson 379 
et al. [29] reported circulating ketone levels consistently surpassing >0.5 mmol/L and 380 
reaching ≥1 mmol/L after 3 weeks of isocaloric KD. Similarly, Vidic et al. [33] observed 381 
that those individuals following a hypocaloric KD presented steady blood ketone levels 382 
of 1-2 mmol/L, whereas those following a hypocaloric LCD but non-KD had ketone con- 383 
centrations of 0.1-0.2 mmol/L. Other studies have confirmed the presence of urinary ke- 384 
tones using reagent strips, with some of them removing from the study those individuals 385 
who did not show positive ketosis [27,28] and others just confirming participants were 386 
under nutritional ketosis most of the days (range 69-100%) [67]. In turn, Greene et al. [26] 387 
and Fleming et al. [68] observed an average ketone concentration <0.5 mmol/L (0.4 and 0.3 388 
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mmol/L, respectively) after a KD despite keeping carbohydrate intake <10% of total en- 389 
ergy intake (or <50 g/d), which might reflect that some individuals did not adhere to the 390 
dietary recommendations or did not attain ketosis. Future studies should confirm whether 391 
higher levels of circulating ketones (e.g., >1.0 instead of 0.5 mmol/L) can maximize KD 392 
benefits. Preliminary evidence combining a KD intervention with an exogenous ketone 393 
supplement vs. a KD alone failed to find any additional benefit in spite of reaching higher 394 
levels of ketosis, particularly during the first weeks [37].   395 

Another potentially confounding factor might be the energy intake associated with 396 
KD. Evidence overall suggests that KD are more effective than western diets for promot- 397 
ing loss of total body and fat mass. Thus, studies have reported that ad libitum KD result 398 
in a greater loss of total body or fat mass than an ad libitum western diet [26,30]. In the 399 
same line, studies comparing energy-balanced KD with isocaloric western diets also show 400 
superior benefits of the former on total body and fat mass reduction [25,27,29]. However, 401 
studies comparing hypocaloric KD with western diets or non-KD low-carbohydrate diets 402 
resulting in the same energy deficit have found a similar effect on total body/fat mass [31– 403 
33]. More controversy exists, however, on how energy intake might affect the effects of 404 
KD on muscle mass. Thus, a study analyzing the effect of an energy-balanced KD reported 405 
that it was as effective as a non-KD western diet for increasing muscle mass [29]. In turn, 406 
other authors have found that an energy-balanced KD is less effective than an isocaloric 407 
Western diet for improving muscle mass [25], and others have reported losses in muscle 408 
mass with ad libitum and hypocaloric KD – being this loss of muscle mass greater than that 409 
observed with an ad libitum Western diet – [26,33]. Further research analyzing the effects 410 
of KD with different energetic conditions (energy-balanced vs. hypocaloric vs. hyperca- 411 
loric) is needed to draw definite conclusions on the influence of energy balance on the 412 
effects of KD, as well as to compare the actual effectiveness for promoting fat loss of hy- 413 
pocaloric KD and conventional diets resulting in the same energy intake. 414 

Finally, a major concern with KD is their eventual long-term safety [79]. KD have 415 
been overall reported to be safe and to improve different cardiovascular disease risk fac- 416 
tors such as obesity and glucose metabolism, although the long-term sustainability of KD- 417 
induced benefits remains unclear [80,81]. Moreover, a great proportion of individuals 418 
starting KD reports several symptoms (known as ‘keto flu’) during the first weeks includ- 419 
ing headache, fatigue, nausea, dizziness and gastrointestinal discomfort [82]. There is also 420 
evidence of increased levels of low-density lipoprotein cholesterol and apo-B–containing 421 
lipoprotein with this type of diet [83]. It should be taken in mind that, as with any diet 422 
(including low-fat diets) the quality of the nutrients ingested (e.g., ultra-processed vs un- 423 
processed or minimally processed foods, refined vs unrefined carbohydrates, saturated vs 424 
unsaturated fats) should be a primary focus [80]. In this regard, given that KD are typically 425 
characterized by a high intake of saturated fats or animal-based foods and also by a low 426 
fiber intake, which could be detrimental for cardiovascular health, inclusion of polyun- 427 
saturated fats (as found in avocado, nuts, coconut or olive oil) and plant-based foods that 428 
are also rich in proteins (e.g., tofu, pea, tempeh, seitan) might be recommendable [84,85].  429 

 430 

5. Conclusions 431 
Evidence overall supports the effectiveness – at least in the short term, as no study 432 

has yet assessed the long-term effects of these diets – of KD for reducing total body and 433 
fat mass in strength-trained individuals compared with non-KD. Nonetheless, further re- 434 
search is needed to confirm the superiority of hypocaloric KD over non-KD with the same 435 
energy intake. Conversely, KD might impair resistance training-induced gains on muscle 436 
mass and performance – particularly when expressed in absolute values (e.g., total kg 437 
lifted, watts). Further evidence is needed regarding the long-term safety of these diets. 438 
Caution should be therefore taken when maintaining a KD in the long term or when in- 439 
creases in muscle mass and performance are sought. 440 
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