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Low-carbohydrate and very-low-carbohydrate diets are often used as weight-loss strategies by exercising 
individuals and athletes. Very-low-carbohydrate diets can lead to a state of ketosis, in which the concentration 
of blood ketones (acetoacetate, 3-β-hydroxybutyrate, and acetone) increases as a result of increased fatty acid 
breakdown and activity of ketogenic enzymes. A potential concern of these ketogenic diets, as with other 
weight-loss diets, is the potential loss of fat-free mass (e.g., skeletal muscle). On examination of the literature, 
the majority of studies report decreases in fat-free mass in individuals following a ketogenic diet. However, 
some confounding factors exist, such as the use of aggressive weight-loss diets and potential concerns with 
fat-free mass measurement. A limited number of studies have examined combining resistance training with 
ketogenic diets, and further research is needed to determine whether resistance training can effectively slow 
or stop the loss of fat-free mass typically seen in individuals following a ketogenic diet. Mechanisms under-
lying the effects of a ketogenic diet on fat-free mass and the results of implementing exercise interventions in 
combination with this diet should also be examined.
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Nutritional interventions designed to achieve reduc-
tions in body fat in exercising individuals and athletes 
continue to be a topic of interest. Low-carbohydrate and 
very-low-carbohydrate diets are strategies often used 
by individuals trying to lose weight. If the carbohydrate 
content of the diet is low enough, the body enters a state 
of ketosis, in which blood ketone concentrations rise as 
a result of increased fatty acid breakdown and activity 
of ketogenic enzymes. The exact level of carbohydrate 
restriction necessary to achieve ketosis varies individu-
ally, but a frequently used intake level associated with 
ketosis is 50 g/day or less (Mullins et al., 2011; Sum-
ithran & Proietto, 2008). The metabolic state of ketosis 
has been described as clinically benign and should not 
be confused with the pathological state of ketoacidosis. 
Ketosis in individuals typically leads to maximum ketone 
concentrations of 2–3 mM, whereas concentrations in 
ketoacidosis are often more than 10 times higher (Mullins 
et al., 2011).

Three ketone bodies are produced through ketogene-
sis in the mitochondria of hepatocytes from the oxidation 
of fatty acids. These three compounds are acetoacetate 
(AcAc), 3-β-hydroxybutyrate (3HB), and acetone (Figure 
1). 3HB is not technically a ketone but, along with AcAc, 

is one of the primary ketone bodies used for energy 
during fasting and low carbohydrate intake (Sumithran 
& Proietto, 2008). Ketones supply a minor amount of 
the body’s energy requirements after an overnight fast 
(~2%–6%), but a sizable amount after 3 days of fasting 
(30%–40%; Laffel, 1999).

Adipocyte lipolysis under fasting and low-carbo-
hydrate conditions leads to the liberation of fatty acids 
(Soeters et al., 2012). These fatty acids are transported 
by albumin through circulation and can enter hepatocytes 
where they are broken down through β-oxidation, pro-
ducing acetyl coenzyme A (CoA). Ketogenesis begins 
with two acetyl CoA molecules that are converted to ace-
toacetyl CoA in a reversible reaction. Acetoacetyl CoA 
is then converted to 3-hydroxy-3-methyl-glutaryl-CoA 
(HMG CoA) and then to the ketone body, AcAc (Boron 
& Boulpaep, 2009). AcAc can be converted to acetone 
or 3HB. Figure 2 depicts the enzymes and intermediates 
of the ketogenic pathway.

Rationale for Ketogenic Diets
Ketogenic diets can be effective at reducing body fat, 
as well as improving some blood lipid components 
(Sumithran & Proietto, 2008). Many weight-loss diets 
that reduce body fat are accompanied by a concomitant 
decrease in fat-free mass (Stiegler & Cunliffe, 2006). 
Nutritional interventions that could lead to superior 
retention of skeletal muscle (a major component of fat-
free mass) during weight loss would be beneficial for 
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Figure 2 — Ketogenesis. CoA = coenzyme A; HMG CoA = hydroxymethyl-glutaryl-Coenzyme A; NAD = nicotinamide adenine 
dinucleotide; CO2 = carbon dioxide.

Figure 1 — Structure of ketone bodies.

a number of reasons, including maintenance of resting 
metabolic rate (Stiegler & Cunliffe, 2006) and functional 
abilities, particularly in older adults. Some authors have 
reported that very-low-carbohydrate diets lead to sizable 

losses of lean body mass (Noakes et al., 2006), but others 
disagree (Manninen, 2006; Volek et al., 2002). Carbohy-
drate restriction leads to decreases in blood glucose, and 
it is possible that increased gluconeogenic activity could 
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promote the breakdown of muscle tissue to provide amino 
acid substrate. Although this is known to occur during 
complete fasting, ketogenic diets promote a pseudofasted 
state in which oxidation of fatty acids primarily meets 
energy needs because of the lack of dietary carbohydrate, 
but catabolism is not as pronounced as during a complete 
fast (Benoit et al., 1965; Freeman et al., 2006; Soeters et 
al., 2012). Benoit et al. (1965) reported that obese young 
men lost only 3% of weight as fat-free mass during a 
10-day hypocaloric ketogenic diet compared with 65% of 
weight as fat-free mass during a 10-day fast. It is possible 
that fatty acid oxidation and ketone body metabolism 
are able to provide enough energy to compensate for the 
decreased availability of glucose, thus sparing muscle 
protein and maintaining lean mass. Moreover, tissues 
that can derive energy from ketone bodies (e.g., the 
brain) allow glucose to be used by glycolytic tissues (e.g., 
erythrocytes) in a state of decreased glucose availability.

The purpose of this narrative review article is to 
examine the relationship between ketogenic diets and 
fat-free mass changes through a summary of research 
studies conducted in the past 15 years. This comparison 
includes a discussion of some difficulties in measuring 
the changes in fat-free mass and the potential to improve 
retention of fat-free mass via resistance training while 
following a ketogenic diet.

Literature Search
Although this is a narrative review, a literature search 
was conducted for studies using ketogenic diet programs 
that measured changes in fat-free mass (or lean body 
mass) to ensure a balanced view of the topic. Electronic 
databases (PubMed, ScienceDirect, and Wiley Online 
Library) were searched for studies published in the past 
15 years using combinations of the terms ketogenic diet, 
very low carbohydrate diet, fat-free mass, and lean body 
mass. Additional studies published in the past 15 years 
were located using the review of literature conducted by 
the Nutrition Science Initiative (2012). Inclusion criteria 
for all studies included (a) use of a ketogenic (very low 
carbohydrate) diet that contained 50 g or less carbohy-
drate per day (or ≤10% of energy from carbohydrates); 
(b) measurement of fat-free mass at beginning and end of 
intervention; (c) duration of 4 or more weeks; (d) eight 
or more participants per group; (e) adult subjects of any 
ethnicity, age, and body weight; and (f) publication in the 
past 15 years. A total of 13 studies meeting these criteria 
were located (Table 1).

Effects of Ketogenic Diets  
on Fat-Free Mass

Table 1 summarizes the objectives, methods, subjects, and 
major results of the studies included in this review article. 
The vast majority of the research reported a decrease in 
fat-free mass after following a ketogenic diet (Brehm 

et al., 2003, 2005; Brinkworth et al., 2009a, 2009b; 
Johnstone et al., 2008; Landers et al., 2002; Noakes et 
al., 2006; Ruth et al., 2013; Wood et al., 2007; Yancy et 
al., 2004), two studies reported no change (Johnston et 
al., 2006; Paoli et al., 2012), and one study reported an 
increase (Volek et al., 2002). The quantity of fat-free mass 
lost was approximately 1–3.5 kg, and the majority of the 
studies reported weight loss of approximately 5–13 kg 
and fat mass loss of approximately 3.5–11 kg.

The Volek et al. (2002) study is the only one that 
described an increase in fat-free mass. Several potential 
explanations could contribute to the different result. 
First, the research subjects were normal-weight men. 
All other located studies, except Paoli et al. (2012), 
used overweight and obese individuals. The subjects 
used were of a similar age to those in a number of other 
studies, but were on the younger end of the spectrum. 
Second, inducing weight loss was not the goal of Volek 
et al. Subjects were encouraged to maintain body weight 
and were even instructed to consume more food to do 
so. Almost all other located studies reported greater 
weight loss than Volek et al., and a number of studies 
intentionally imposed a caloric deficit. Energy restriction 
of approximately 25%–30% was implemented in several 
studies (Brinkworth et al., 2009a, 2009b; Johnston et al., 
2006; Ruth et al., 2013), but others did not specifically 
assign a level of energy intake (Brehm et al., 2005, 2003; 
Johnstone et al., 2008; Landers et al., 2002; Wood et al., 
2007; Yancy et al., 2004).

Several studies used ad libitum diets in regard to 
fat and protein (Brehm et al., 2005, 2003; Landers et 
al., 2002; Yancy et al., 2004), and others prescribed 
specific intake guidelines for all macronutrients (John-
ston et al., 2006; Johnstone et al., 2008; Noakes et al., 
2006; Volek et al., 2002; Wood et al., 2007). The studies 
assigning macronutrient intake implemented diets with 
approximately 30%–35% of energy intake from protein, 
60%–65% from fat, and 5%–10% from carbohydrate. 
These low-carbohydrate diets were compared with 
low-fat diets in several instances. With the exception of 
Noakes et al. (2006), all the studies using a low-fat group 
assigned a fat intake of approximately 25%–30% of 
energy. Of these studies, two reported a greater decrease 
in fat-free mass in the low-carbohydrate groups (Brehm 
et al., 2003; Brinkworth et al., 2009b), and Yancy et al. 
(2004) reported a strong trend toward greater lean mass 
loss in the low carbohydrate group. Three studies reported 
no difference in fat-free mass lost (Brehm et al., 2005; 
Brinkworth et al., 2009a; Ruth et al., 2013). Noakes et al. 
(2006) used a very-low-fat group (10% of energy from 
fat) and a low-saturated-fat–high-unsaturated-fat group 
(30% of energy from fat) in addition to the ketogenic diet 
group. Superior lean mass retention was observed in the 
low-saturated-fat–high-unsaturated-fat group compared 
with the ketogenic diet and very-low-fat groups, and the 
percentage of energy from fat in this group was equal 
to that of most of the low-fat groups in other studies. 
Although the VLF group in Noakes et al. (2006) falls 
below the acceptable macronutrient distribution range for 
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fat (20%–35%), the ketogenic diet groups in all studies 
typically exceeded this range considerably (Panel on 
Macronutrients et al., 2005). On the basis of the exam-
inations of low-fat versus ketogenic diets, lean mass 
seems to be equally or superiorly retained in subjects 
following a low-fat diet compared with those following 
a ketogenic diet.

It is well established that energy restriction typically 
leads to loss of lean mass in the absence of resistance 
training (Chaston et al., 2007; Weinheimer et al., 2010). 
On the basis of the studies included in this review that 
reported a ketogenic diet group and nonketogenic diet 
group that both lost weight (i.e., all studies included in 
Table 1 except Volek et al., 2002, and Paoli et al., 2012), 
the average percentage of weight loss as fat-free mass 
was approximately 27% in ketogenic diet groups and 
23% in nonketogenic diet groups. Therefore, based on 
the available information, it appears that the percentage 
of weight loss that is lean mass is similar, if not higher, 
when individuals follow a ketogenic diet.

Resistance Training  
and Ketogenic Diets

Resistance training can increase muscle mass and help 
mitigate loss of fat-free mass during weight loss (Ballor 
et al., 1988; Delmonico & Lofgren, 2010; Stiegler & 
Cunliffe, 2006). Only two studies were located that 
investigated whether combining resistance training 
with a ketogenic diet provides superior changes in body 
composition relative to other diets in combination with 
resistance training (Jabekk et al., 2010; Wood et al., 
2012). These studies are summarized in Table 2.

Both interventions lasted 10–12 weeks and used two 
or three sessions of progressive resistance training each 
week. As detailed in Table 2, these studies were mark-
edly different on a number of factors, including subject 
age and gender, frequency of strength training, exercise 
selection, sets and repetitions performed, and method of 
body composition assessment.

Jabekk et al. (2010) reported no change in fat-free 
mass in subjects following a resistance training program 
in combination with a ketogenic diet, and Wood et al. 
(2012) reported a decrease. However, the results from 
Wood et al. (2012) indicated that, without exercise, a 
ketogenic diet led to less fat-free mass loss than a low-fat 
diet and similar losses as compared to a low-fat diet plus 
resistance training. The results of Jabekk et al. (2010) 
could also be viewed as positive in regard to the efficacy 
of a ketogenic diet and resistance training because fat-free 
mass was not lost, whereas a relatively large amount of 
fat mass was lost (M ± SD = −5.6 ± 2.6 kg).

Possible Limitations  
of Current Research

There are several important issues to discuss relative 
to the results of the studies presented in Table 1. The 

studies varied in regard to whether an energy restriction 
was imposed. The relatively large calorie restriction used 
in several of these studies (Brinkworth et al., 2009a, 
2009b; Johnston et al., 2006; Ruth et al., 2013) could 
have provided different effects on fat-free mass than a 
weight maintenance diet, a less aggressive weight loss 
diet, or a diet designed to increase weight (i.e., promote 
muscle accretion). Several studies did not specifically 
assign a level of energy intake (Brehm et al., 2003, 2005; 
Johnstone et al., 2008; Landers et al., 2002; Wood et al., 
2007; Yancy et al., 2004). Some diets were ad libitum 
diets in regard to fat and protein (Brehm et al., 2005, 2003; 
Landers et al., 2002; Yancy et al., 2004), and others pre-
scribed specific intake guidelines for all macronutrients 
(Johnston et al., 2006; Johnstone et al., 2008; Noakes 
et al., 2006; Volek et al., 2002; Wood et al., 2007). The 
studies also did not use exercise interventions, which 
can spare lean body mass during weight loss (Stiegler 
& Cunliffe, 2006).

In addition, it is important to consider whether 
the nature of ketogenic diets and the method of body 
composition assessment could affect the changes in fat-
free mass observed. All studies used dual-energy X-ray 
absorptiometry (DXA) to measure body composition, 
except for two (Johnston et al., 2006; Yancy et al., 2004) 
that used bioelectrical impedance analysis. DXA provides 
a measure of lean soft tissue, which can be affected by 
water distribution within the body between intracellular 
and extracellular compartments (St-Onge et al., 2004). 
Glycogen is stored with three to four parts water, and 
very-low-carbohydrate diets can lead to the loss of gly-
cogen stores and the associated water (Kreitzman et al., 
1992). Because glycogen and water are both components 
of DXA’s lean soft tissue measurement, it is worth con-
sidering whether estimations of body composition in indi-
viduals who may have altered glycogen concentrations 
can be accurately compared with those in nondepleted 
individuals (e.g., comparisons of body composition 
changes in low-carbohydrate vs. low-fat groups).

Ferrari et al. (2014) published a report demonstrating 
how changes in hydration can affect DXA measurements. 
Twenty-two patients underwent a DXA immediately 
before and 2 hr after undergoing hemodialysis. The 
amount of fluid removed during hemodialysis was 2.1 L 
(2.8% of body mass). A significant decrease in the amount 
of nonbone lean mass was observed at the second DXA 
scan (−4.9%), and the change was not uniform through-
out the body. No significant difference in total fat mass 
was observed, meaning that the body fat percentage did 
change as a result of fluid removal.

Several of the studies included in this review indi-
cated a greater amount of weight loss with ketogenic diets 
than other diets, which is potentially a confounding factor 
when comparing changes in lean mass. It is plausible that 
a greater loss of carbohydrate stores and associated water 
could account for some amount of the difference in weight 
loss, but it is not clear to what extent this may occur.

Manninen (2006) contended that the metabolic 
adaptations to a ketogenic diet lead to the sparing of 
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muscle protein for several reasons. 3HB has been shown 
to decrease the oxidation of leucine and promote protein 
synthesis in humans (Nair et al., 1988). Ketogenic diets 
are often high in protein, which increases amino acid 
availability for muscle protein synthesis. High protein 
intake during weight loss can reduce the loss of muscle 
mass (Bopp et al., 2008; Wycherley et al., 2012), and 
this may be one way ketogenic diets could theoretically 
help preserve muscle. Ketone body metabolism may able 
to provide enough energy to spare muscle mass (Man-
ninen, 2004). Specifically, 3HB and AcAc may make 
large enough contributions to energy needs to spare the 
breakdown of muscle to provide amino acid substrate 
for gluconeogenesis. The recycling of glucose through 
the Cori cycle also helps meet the glucose needs of the 
glycolytic tissues (e.g., erythrocytes).

Conclusions
The majority of located publications reported a decrease in 
fat-free mass after adherence to a very-low-carbohydrate 
diet. These changes appear to be as great, if not greater, 
than decreases seen in individuals following a low-fat diet. 
However, many of these studies used aggressive caloric 
deficits and did not implement an exercise intervention 
(which could potentially have helped retain muscle mass 
during weight loss). In addition, there are some important 
questions regarding the measurement of fat-free mass 
changes given that individuals following ketogenic diets 
could have altered glycogen and body water stores.

The addition of a structured resistance training pro-
gram to a ketogenic diet may enhance changes in body 
composition. Further research is needed to determine 
whether resistance training can effectively slow or stop 
the loss of fat-free mass typically seen in individuals 
following a ketogenic diet.

Further research should investigate the potential 
interactions between hormone and ketone body concen-
trations, caloric intake, macronutrient composition of the 
diet, and fat-free mass changes during ketogenic diets. A 
nutrition and exercise strategy that can lead to maximal 
fat-free mass retention during weight loss may provide 
metabolic and functional benefits. The current need for 
effective and feasible weight-loss strategies and the prev-
alence of low- and very-low-carbohydrate diets should 
compel researchers to continue to investigate these issues. 
Last, because of the mixed results and extremely limited 
number of studies, future research should be conducted 
in male and female subjects of different ages, training 
statuses, and body characteristics.
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