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1. A ketogenic diet induces a state of nutritional ketosis, which is
generally defined as serum ketone levels above 0.5 mM. While
many factors can impact what amount of daily carbohydrate intake
will result in these levels, a broad guideline is a daily dietary
carbohydrate intake of less than 50 grams per day.
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2. Nutritional ketosis achieved through carbohydrate restriction
and a high dietary fat intake is not intrinsically harmful and should
not be confused with ketoacidosis, a life-threatening condition
most commonly seen in clinical populations and metabolic
dysregulation.

3. A ketogenic diet has largely neutral or detrimental effects on
athletic performance compared to a diet higher in carbohydrates
and lower in fat, despite achieving significantly elevated levels of fat
oxidation during exercise (~1.5 g/min).

4. The endurance effects of a ketogenic diet may be influenced
by both training status and duration of the dietary intervention, but
further research is necessary to elucidate these possibilities. All
studies involving elite athletes showed a performance decrement
from a ketogenic diet, all lasting six weeks or less. Of the two studies
lasting more than six weeks, only one reported a statistically sig-
nificant benefit of a ketogenic diet.

5. A ketogenic diet tends to have similar effects on maximal
strength or strength gains from a resistance training program com-
pared to a diet higher in carbohydrates. However, a minority of
studies show superior effects of non-ketogenic comparators.

6. When compared to a diet higher in carbohydrates and lower in
fat, a ketogenic diet may cause greater losses in body weight, fat
mass, and fat-free mass, but may also heighten losses of lean tissue.
However, this is likely due to differences in calorie and protein
intake, as well as shifts in fluid balance.

7. There is insufficient evidence to determine if a ketogenic diet
affects males and females differently. However, there is a strong
mechanistic basis for sex differences to exist in response to
a ketogenic diet.

1. Background

The use of ketogenic diets for enhancing sports performance and body composition has
become increasingly popular due to a combination of layman books and articles, social
media platforms, and academic investigations. The International Society of Sports
Nutrition (ISSN) has published several position stands addressing nutrient requirements
for optimizing training adaptations and sports performance; toward this end the ISSN
recommends higher carbohydrate intakes of ~5-12 grams per kilogram body weight
per day (g/kg/d) for endurance athletes [1,2], and at least 3-5 g/kg for general fitness,
including strength athletes [2]. Additionally, the ISSN recommends that a wide range of
dietary approaches, from high-carbohydrate to ketogenic, can be effective for improving
body composition [3].

The current paper represents the first ISSN Position Stand on the use of ketogenic diets
in sports. The impact of ketogenic diets on athletic performance, muscular strength,
resistance training adaptations, and body composition will be discussed.

2. Ketogenesis

Ketogenesis is a process that occurs primarily in the liver, by which three types of ketone
bodies - acetoacetate, beta-hydroxybutyrate (BHB), and acetone (ketones) - are
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produced. Since these compounds are water-soluble, they can easily travel throughout
the body to provide an alternative energy source to glucose. All cells that contain
mitochondria are capable of using ketone bodies to produce energy; the exception is
liver cells, which lack the necessary enzyme 3-ketoacyl-CoA transferase. The brain is the
organ best known for ketone use, as it can generate two-thirds of its energy requirements
from ketones after several weeks of fasting [4]. Under normal conditions of sufficient
intake of energy and carbohydrates, most energy-producing molecules (glucose, fatty
acids, and some amino acids) are broken down into acetyl-CoA, which then binds to
oxaloacetate (OAA) within the tricarboxylic acid (TCA) cycle to form citrate [5]. Several
other reactions then occur as the TCA cycle continues, producing electron-carrying
molecules (NADH and FADH,) that enter the electron transport chain to produce adeno-
sine triphosphate (ATP) — the general energy currency of the cell.

Ketogenesis occurs when there is a relative abundance of acetyl-CoA that cannot enter
the TCA cycle due to a shortage of OAA (Figure 1). Although OAA is recycled with each
turn of the TCA cycle, and some OAA can be made from glucose and amino acids, it is also
diverted from the TCA cycle within the liver to be used as a substrate for gluconeogenesis
during times of glucose deprivation (e.g. fasting or a low-carbohydrate diet). This is why
ketogenesis occurs primarily in the liver — OAA is diverted toward gluconeogenesis,
leading to a “build-up” of acetyl-CoA within the mitochondria. This is also why other
tissues can use ketone bodies as a source of energy despite the requirement that they be
turned back to acetyl-CoA and enter the TCA cycle for energy production — a relative
deficit of OAA does not occur within these peripheral tissues since none is diverted
toward gluconeogenesis.

Liver Peripheral Tissues (e.g., muscle, brain)
Amino Acids | [Glycolysis | | Fatty Acids |
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Figure 1. Ketone synthesis and metabolism. When acetyl-CoA cannot enter the TCA cycle within the
liver, due to a lack of OAA, they condense into the ketone molecule acetoacetate, which can be further
transformed into B-hydroxybutyrate (BHB) or spontaneously decarboxylated into acetone.
Acetoacetate and BHB enter circulation and travel to peripheral tissues (e.g. muscle, brain), where
the process reverses and acetyl-CoA is made available to enter the TCA cycle of these tissues.
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The buildup of acetyl-CoA within the hepatic mitochondria leads to its condensation
into acetoacetate, which can be further converted to BHB. Both molecules are released
into circulation and taken up by peripheral tissues, where the process reverses (BHB to
acetoacetate to acetyl-CoA) to allow for ATP production. Acetone is a ketone produced
primarily through the spontaneous decarboxylation of acetoacetate but is mostly
excreted through urine or exhaled (some can be recycled into acetyl-CoA and OAA) [6,7].

From a macronutrient standpoint, carbohydrates are anti-ketogenic because they
replenish OAA and stimulate insulin, which blunts lipolysis and thereby limits fatty acid
availability for the liver (a primary source of acetyl-CoA). Dietary fat is ketogenic because it
provides mostly acetyl-CoA from the beta-oxidation of fatty acids, though the glycerol
backbone can be used in gluconeogenesis and thereby marginally alleviate the need for
OAA. Dietary protein is mostly anti-ketogenic because most amino acids, with the excep-
tions of leucine and lysine which are predominately ketogenic, can replenish OAA or
alleviate its use in gluconeogenesis.

Many amino acids enter the TCA cycle to replenish intermediates through a process
called anaplerosis, making more OAA available to bind with incoming acetyl-CoA. This
reduces ketogenesis, as more acetyl-CoA goes through the TCA cycle instead of “backing
up” and leading to ketone formation. Depending on the body’s needs, many amino acids
can be used to generate acetyl-CoA or ketone precursors. Importantly, while there are
glucogenic amino acids, anaplerosis is the mechanism through which higher protein diets
likely exert anti-ketogenic effects. Gluconeogenesis and ketogenesis have evolved to
operate simultaneously during prolonged fasting; therefore, it is illogical that increases
in gluconeogenesis impair ketogenesis.

Exercise may also reduce carbohydrate availability and stimulate ketogenesis depend-
ing on its duration and intensity, especially during the post-exercise period [8]. Prolonged
and sufficiently intense aerobic exercise creates a catabolic state within the body akin to
fasting, driven by elevations in cellular AMP/ADP to ATP ratios and an increase in
circulating glucagon concentrations relative to insulin. Intense and/or prolonged exercise
can also simultaneously deplete liver glycogen and liberate fatty acids from adipose tissue
with both of these actions being the result of supplying peripheral tissues with energy to
support the demands of exercise. The flood of fatty acids reaching the liver are oxidized
into acetyl-CoA which cannot enter the TCA cycle due to a shortage of OAA and are
instead converted to ketones as previously described to support the energy requirements
of peripheral tissues. Post-exercise ketosis describes the accumulation of ketones in the
blood following the cessation of exercise due to the sudden reduction in ketone utiliza-
tion by peripheral tissues.

These processes were exemplified in a study on ultra-endurance runners [9]. Despite
consuming a non-ketogenic diet containing 486 grams of carbohydrate per day, serum
ketone concentrations rose from nearly undetectable concentrations prior to exercise to
0.5 mM throughout a 3-hour submaximal run at 65% of VO,,,... Moreover, ketone con-
centrations continued to rise to 0.7 mM in the 30 minutes following exercise cessation,
dropping to 0.3 mM by 2 hours post-exercise. Serum fatty acids also rose sharply during
exercise, reaching a 4-fold elevation above baseline by the end of the exercise session and
dropping back to baseline during the 2-hour recovery window.
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3. Ketosis and ketogenic diets

Ketosis is a metabolic state in which ketone bodies, particularly BHB, reach appreciable
concentrations in the blood (medically referred to as hyperketonemia). Under normal
mixed-diet conditions, blood ketone concentrations are usually 0.2 mM or less. A state of
ketosis is generally defined as serum ketone levels greater than 0.5 mM [10,11], although
serum ketone levels greater than 0.2 mM have also been suggested [12]. The extent of
ketosis achieved with similar dietary protocols varies between individuals, given that blood
ketone concentrations are a dynamic reflection of both ketogenesis and ketone uptake by
peripheral tissues. In other words, an increase in blood ketone levels could be due to an
increase in ketone production or a reduction in ketone utilization, and vice versa.

Ketone production tends to increase concurrently with its utilization. This matching of
production and utilization occurs until ketone levels reach 2-3 mM [12]. Blood ketone
concentrations can reach 8 mM after 3-4 weeks of fasting, but the rates of ketogenesis do
not increase from the rates seen in the first several weeks when levels are only 2-3 mM
[13,14]. This excessive hyperketonemia found with prolonged fasting is largely the result
of the conservation of ketone bodies by the kidney (i.e. less excretion) [15] and decreased
uptake of ketone bodies by skeletal muscle (in favor of fatty acids) [16].

Importantly, ketosis should not be confused with ketoacidosis, a life-threatening con-
dition in which blood ketone levels exceed 12-15 mM. Under normal circumstances,
ketogenesis operates under a negative feedback loop - a “fail-safe” system to ensure
decreased synthesis of ketone bodies when concentrations increase excessively. As
ketone concentrations increase, they inhibit the release of fat from fat cells, stimulate
insulin secretion, and sensitize fat cells to the effects of insulin, all of which act to reduce
the amount of fatty acids that reach the liver to be oxidized into acetyl-CoA to be
converted into ketones [17,18]. Ketoacidosis is a potential risk only when these feedback
mechanisms do not function, such as with a lack of insulin signaling in type | diabetes.

Generally, ketogenic diets contain less than 50 grams of carbohydrates per day and
promote a relatively constant state of ketosis [19]. However, there is a natural variation in
the magnitude of ketosis achieved due to factors such as protein intake and activity level
[20]. For sustaining ketosis, it has traditionally been recommended to avoid high protein
intakes, due to purported glucogenic/anti-ketogenic effects (colloquially, getting “kicked
out” of ketosis). However, in athletic populations, physical activity levels may permit
higher protein intakes by (1) enhancing lipolysis and the accumulation of acetyl-CoA
within the liver and (2) diverting amino acids toward biosynthetic purposes rather than
anaplerosis. For example, Burke et al. reported a blood ketone concentration of 1.8 mM in
the ketogenic diet group despite a daily protein intake of 2.2 g/kg [21], and Wilson et al.
reported a blood ketone level of 1.0 mM despite a daily protein intake of 1.7 g/kg [22]. The
marked difference in ketone levels between these two studies could be explained by the
substantially higher activity levels of the elite race walkers of Burke et al. compared to the
more modest levels of resistance-trained men in Wilson et al.

4, Exercise bioenergetics

To understand the effects of a ketogenic diet on athletic performance, it is critical to
understand the fundamentals of energy metabolism during exercise. Skeletal muscles
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require ATP for contraction. While some ATP is stored within skeletal muscle fibers, it is
a finite amount that can sustain no more than a few seconds of contractions. Skeletal
muscle relies on three complementary energy systems to generate ATP: mitochondrial
respiration (a.k.a., the aerobic energy system, oxidative phosphorylation, etc.), anaerobic
glycolysis (a.k.a., fast glycolysis, the lactic acid energy system, etc.), and the phosphagen
system (a.k.a., the ATP-PCr energy system).

Mitochondrial respiration utilizes oxygen to produce ATP from glucose, fatty acids,
amino acids, and ketones. The requirement for oxygen is why mitochondrial respiration is
also known as aerobic or oxidative metabolism. This is the primary method of energy
production within the body and produces most of the energy used by working muscles
during prolonged exercise [23,24]. However, the rate of energy production is inherently
limited by inefficiencies in transporting intermediates such as pyruvate and lactate into
mitochondria and metabolizing them, making aerobic metabolism incapable of meeting
energy demands during high-intensity efforts or at the beginning of exercise regardless of
the exercise intensity (Figure 2).

When energy demands exceed the ability of aerobic metabolism to supply energy,
whether at the beginning of exercise or during a high-intensity bout, the production of
ATP via anaerobic metabolism compensates for the deficit. This is called the ventilatory
anaerobic threshold (VAT) [25]. As the name implies, no oxygen is required for anaerobic
metabolism. Although heart and respiration rates increase in an attempt to supply the
working muscles with more oxygen as exercise intensity progresses, aerobic metabolism
can contribute only a portion of energy requirements during exercise that rapidly exceeds
VAT, such as sprinting [23,24].

Glycolysis involves the generation of lactate via glucose catabolism. When glucose
is catabolized to generate ATP, it is broken down into pyruvate via glycolysis. During
aerobic metabolism, pyruvate enters the mitochondria, is converted to acetyl-CoA, and
then enters the TCA cycle. During anaerobic metabolism, pyruvate is converted to
lactate. While the conversion of pyruvate to lactate does not generate ATP, the
conversion enables the muscle to sustain a high rate of ATP regeneration from
glycolysis by preventing product inhibition (i.e. pyruvate inhibiting glycolysis).
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Figure 2. The relative contribution of the three energy systems to the total energy supply during 90
seconds of all-out cycle exercise. Adapted from gastin 2001 [23].
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Lactate may also be used as an energy substrate itself or converted into glucose in the
liver via the Cori cycle [26-28].

The phosphagen system, also known as the ATP-PCr energy system, is the shortest-
lived and most rapid method of energy production and simply involves the transfer of
a phosphate group from creatine phosphate (CP; also called phosphocreatine or PCr) to
adenosine diphosphate (ADP) via the creatine kinase reaction. The phosphagen system
acts to buffer cellular ATP concentrations during the first several seconds of exercise. For
instance, several studies have demonstrated that intramuscular ATP concentrations
remain relatively constant during various exercises as CP concentrations quickly drop by
75% to 85% within 10 seconds [23,24]. This is why creatine supplementation, which
increases the amount of CP within muscle tissue, helps to maintain ATP concentrations
during all-out exercise and thereby increases performance in events requiring all-out
exertion (e.g. sprinting, weight lifting) [29].

5. Methods

This position stand is a review of the literature on the effects of ketogenic diets on
endurance exercise performance, muscular strength, and body composition in recrea-
tionally active adults and competitive athletes. A comprehensive literature search was
performed using the Medline database of the US National Library of Medicine of the
National Institutes of Health (“PubMed"). The search strategy involved entering “ketogenic
diet” and “endurance,” “strength,” “power,” and “body composition,” as well as searching
the reference list of relevant papers.

To be eligible for inclusion and discussion, studies had to be controlled trials compar-
ing a ketogenic diet - defined as containing <50 grams of carbohydrate per day or
resulting in blood ketone values =0.5 mM or resulting in the presence of urinary ketones —
to a non-ketogenic control diet in adults undergoing an exercise regimen. Studies invol-
ving cyclic ketogenic diets were excluded.

ISSN position stands are invited reviews of topics the Journal of the ISSN (JISSN) editors
and Research Committee identify as being of interest to the sports nutrition community.
JISSN Editors and/or the Research Committee identify a lead author or team of authors to
perform a comprehensive literature review. The draft is then sent to leading scholars for
review and comment. The paper is then revised as a consensus statement and reviewed
and approved by the Research Committee and JISSN Editors as the official position of the
ISSN.

6. Exercise performance

Interest in the use of ketogenic diets to benefit athletic performance began in the 1980s
[30] and has been reignited several times among the scientific community [31,32], more
recently with a 2015 paper titled “Rethinking fat as a fuel for endurance exercise” [10]. At
the time of that paper’s publication, there had been a growing number of endurance
athletes experimenting with ketogenic diets as a means of performance enhancement,
but clinical research testing this hypothesis was lacking.

Relying instead on inferences drawn from mechanistic reasoning, the authors pro-
posed the idea of “keto-adaptation,” in which there is a pronounced shift in fuel utilization
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toward fat oxidation during submaximal exercise that can preserve muscle glycogen and
enhance endurance exercise performance [10]. It was noted that fat oxidation rates of
male elite keto-adapted cyclists were extraordinarily high (average of 1.5 g/min after 4
weeks on a ketogenic diet) [30] compared to the fat oxidation rates of 300 male and
female adults with diverse levels of cardiorespiratory fitness (average of 0.46 g/min) [33],
and the lowest fat oxidation rate of the keto-adapted cyclists (1.4 g/min) was still notably
higher than the highest value of the 300 adults (1.0 g/min) [10].

Although keto-adaptation may allow for higher rates of fat oxidation, other metabolic
effects must also be considered, such as changes in enzyme activity and movement
economy. Such changes collectively impact exercise bioenergetics and are, therefore,
essential for understanding how a ketogenic diet impacts exercise performance.

As of this writing, 16 controlled trials have investigated the effects of a ketogenic diet on
athletic performance (Table 1) [21,30,34-47]. Of these studies, none exclusively involved
females and most involved only males (11 trials); participants included either recreationally
active adults (11 trials) or elite athletes (5 trials). The exercise intervention was to maintain
usual exercise habits (9 trials) or follow a prescribed routine (7 trials), and the diet was either
monitored via food logs (11 trials) or provided by the research staff (5 trials).

Seven controlled trials were excluded from our analysis because they were performed in
adolescents [48], failed to achieve a state of ketosis in the ketogenic diet group [49,50],
reported similar blood ketone concentrations between the ketogenic diet and control diet
groups [51,52], exceeded the carbohydrate threshold for ketogenic diets without an objec-
tive measurement of ketosis [53], and used exclusively descriptive statistics [54]. Another
five trials were excluded due to being case studies without a control group [55-59].

A variety of testing modalities have been used to assess exercise performance, either
via cycling, running, or race walking, including submaximal or graded time to exhaustion,
time trials, Wingate sprints, and an intermittent yo-yo test. The results of these studies are
summarized in Figure 3.

Only one of the 16 controlled trials reported a significant improvement in performance
for the ketogenic diet group compared to the control group [46] (Table 1). This study
involved 20 recreationally-trained male endurance athletes who consumed a ketogenic
diet (i.e. 41 g carbohydrate, 259 g fat, 131 g protein per day) or a control diet (400 g
carbohydrate, 55 g fat, 91 g protein per day) for 12 weeks alongside a standardized
exercise routine. It is important to note calories and protein were not matched between
groups. Before and after the intervention, participants completed three exercise tests
back-to-back on a cycle ergometer: a 6-second sprint test, a 100-km time trial, and
a 3-minute critical power test. Both groups similarly improved their performance on the
100-km time trial (1-3%), while the ketogenic diet group also improved their peak power
output on the sprint (6%) and critical power (17%) tests. However, the power output
metrics were normalized to body weight. On average, the ketogenic diet group was 10 kg
heavier at baseline and lost 7-fold more body weight, entirely from fat mass, than the
control group. In absolute terms, peak and average power output declined in the
ketogenic diet group for the 6-second sprint (—3%), and average (but not peak) power
output also declined (—4%) during the 3-minute critical power test. Relative power is
a better predictor of cycling performance than absolute power [60], and relative power
development appears to be driven by lean body mass rather than body weight [61].
Therefore, it is notable that the ketogenic diet group experienced a decline in power
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Figure 3. An overview of differences in performance outcomes between the ketogenic diet and
control diet groups, in relation to the study duration from the controlled trials, is shown in Table 1.
Higher values favor the ketogenic diet group, and lower values favor the control diet group, with the
signs adjusted based on whether a higher or lower value is desirable (i.e. time-trial vs. time-to-
exhaustion). Differences were calculated in two ways depending on the available data being reported
and are depicted by different shapes; squares were calculated as the percentage change between
a single value for each group (keto vs. control), circles were calculated as the difference in percent
change scores (pre vs. post intervention) for each group. Points in red indicate statistically significant
differences between groups (p < 0.05). It should be noted that despite 11 performance outcomes, only
two studies longer than 10 weeks have been conducted.

output relative to the control group when power output was expressed relative to lean
body mass.

Compared to one study reporting an ergogenic benefit with a ketogenic diet, eight
studies reported that a ketogenic diet impairs athletic performance. Four of these studies
involved elite race walkers under strict researcher-controlled diets and exercise routines
[21,37-39], while the others involved recreationally active adults maintaining their habi-
tual exercise and tracking their food intake with food logs [40,41,44,47]. The ketogenic
diet groups in these studies had significantly worse performance on a 10-km time trial
[21,37-39] and an incremental test to fatigue [40,41]; less work output on a 45-minute
time trial [44]; lower Wingate peak and average power [47]; and less distance covered in
a yo-yo intermittent recovery test to exhaustion [47].

The remaining seven studies reported no statistically significant differences between
the effects of a ketogenic diet and a control diet on exercise performance. The outcomes
included submaximal time to exhaustion [34,62, graded time to exhaustion [35,36,43],
and 1.6-km and 5-km time trials [36,42,45]. One of these studies involved competitive
cyclists [30], while all remaining studies involved recreationally active adults.
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Importantly, time to exhaustion tests generally have low reliability for estimating
athletic performance [63,64]. Moreover, the submaximal efforts often utilized (e.g. ~60-
80% of VO,max) are not realistic for real-world training and competition intensities
observed in elite and recreational athletes. For example, professional cyclists train and
compete for long periods (>30 mins) at or above 90% of VO, max [65,66]; elite marathon
competitors run at speeds (19-21 km/hr) at or above 90% of VO,max for extended periods
[67,68]; recreational marathon runners race at intensities of ~ 85% of VO,max [69]; and the
average 20-km pace for elite race walkers is 85-90% of VO,max [21].

Study duration is another important consideration when evaluating studies using
a ketogenic diet (Figure 3). Among the eight studies that showed performance detriments
for the ketogenic diet group, four lasted one week or less [38-40,47]. All other studies
lasted 3 to 12 weeks, including those that showed no performance difference between
diet groups. Although restoration of peak aerobic power and sub-maximal endurance
exercise performance (60-75% of VO,max) has been observed 2-3 weeks after initiating
a ketogenic diet [10,70,71], it is possible that longer periods of adaptation beyond what is
needed to show changes in substrate oxidation may be important for athletes following
a ketogenic diet to enhance exercise performance [38]. Further research is necessary to
investigate how dietary duration of following a ketogenic diet affects exercise
performance.

Collectively, controlled trials demonstrate that ketogenic diets tend to impair athletic
performance in elite athletes and have either no effect or a negative effect on the
performance of recreational athletes. However, the most relevant metric to real-world
performance (time trials) was limited mostly to short durations that involved intense
effort. It is possible that endurance athletes could benefit from a ketogenic diet if they
compete in events featuring prolonged, submaximal efforts where it may be difficult to
consume adequate carbohydrates due to logistical constraints and/or gastrointestinal
distress resulting from high carbohydrate intakes, such as open water swimming (>10
km), ultramarathons (>80 km), and multi-day endurance races (e.g. Race Across America
or Atlantic Rowing Race). However, there is currently insufficient evidence to support the
use of a ketogenic diet in this population [72], and there is a need for field research
investigating how a ketogenic diet may impact race performance in these situations.

7. Movement economy

Movement economy refers to the rate of energy expenditure relative to the speed of
movement during exercise and is considered a key factor influencing endurance sports
performance [73]. Effectively, having a higher movement economy means that the work-
ing muscles require less oxygen and energy to generate a given movement speed (i.e.
they are more efficient at producing work under energy constraints).

A decrease in movement economy has been consistently observed following keto-
genic dietary interventions in both elite [21,37-39] and recreational athletes [34,45],
which has been accompanied by decrements in performance [21]. It has long been
established that the oxygen cost of energy production is greater for fat than for glucose
[74], and the lower movement economy may, therefore, be a product of increased fat
oxidation on a ketogenic diet. Shaw et al. [34] reported impaired exercise efficiency only at
higher (>70% VO,max) but not lower (<60% VO,max) exercise intensities, suggesting that
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the impact of a ketogenic diet may be intensity-dependent. In support, other studies
showing an impairment in movement economy have used exercise intensities of 64-90%
VO,max [21,37-39,45].

While there may be a theoretical advantage to the metabolic cost of energy production
from ketones [75], it appears unlikely that ketone bodies are a major source of energy
production in skeletal muscle when other substrates like fatty acids are available [76].
More research is needed in cyclists, where the mechanical cost of exercise can be more
clearly determined by measuring watts produced on a cycle ergometer to better under-
stand how much of the observed changes in oxygen cost are due to true changes in
efficiency as opposed to reflecting changes in substrate use.

8. Enzyme activity and substrate oxidation

The ketogenic diet is well-established as a method for increasing fat oxidation capacity
during steady-state exercise (Table 1). Compared to a control diet, a ketogenic diet has
been found to increase fat oxidation rates from 37% to 500%, with greater differences
observed in elite athletes than in recreationally active adults. In a 12-week crossover
study, male athletes on a ketogenic diet demonstrated greater fat oxidation rates than
those on a high-carbohydrate diet (1.6 vs. 0.7 g/min, respectively) and could work at
a higher exercise intensity before reaching maximal rates of fat oxidation (86% vs. 80% of
VO,max) [42].

The process of keto-adaptation occurs relatively rapidly. Daily fat oxidation measured
via indirect calorimetry with 24-hour measurements of fuel selection demonstrates that
adipose lipolysis and hepatic ketogenesis reach their maximal diet-induced values within
a week in sedentary adults [77]. Recent studies have reported high rates of fat oxidation in
elite race-walkers following ketogenic diet interventions lasting 3-4 weeks [21,37], as well
as 5-6 days [38,39]. Following the re-introduction of carbohydrates for 24 hours to keto-
adapted athletes, fat oxidation was lower but continued to be elevated above baseline
values, while carbohydrate oxidation remained lower than baseline values [38]. However,
substrate utilization returned to baseline values after 5-6 days of a high-carbohydrate
diet.

Along with an increase in fat oxidation on a ketogenic diet, there is a concomitant
decrease in carbohydrate oxidation [38], likely related to changes in mitochondrial
enzyme activity. The conversion of pyruvate to acetyl-CoA requires the enzyme complex
pyruvate dehydrogenase (PDH). The activity of PDH increases with exercise intensity [78],
but low-carbohydrate, high-fat diets inhibit this increase [79], even with carbohydrate
loading and glycogen restoration before exercise [80]

The inhibition of glucose oxidation is of real-world relevance considering that most
competitive athletes’ training and competition events are performed at intensities above
the ventilatory anaerobic threshold [21,65,66,81]. Indeed, running at a competitive half-
marathon pace is not inhibited by chemically suppressing mobilization and utilization of
fatty acids as an energy source [82], indicating carbohydrate dependence at real-world
race intensities. Further, it has been suggested that a world-class marathon pace is
predominantly fueled by carbohydrate oxidation, which provides ~80% of the energy
needed during competitive marathon and half-marathon paces [83]. The reliance on
glucose as an energy source at competitive exercise intensities occurs due to both the
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ability of carbohydrate oxidation to generate ATP more rapidly than fat oxidation and the
inhibition of fat metabolism during higher exercise intensities. To this point, when free
fatty acids (FFA) are oxidized, the maximum rate of ATP resynthesis is ~0.40 moL/min; in
contrast, aerobic or anaerobic breakdown of glycogen yields 1.0 to 2.0 moL of ATP/
min [49].

It has also been reported that elite male endurance athletes following a long-term
ketogenic diet (>9 months; 82 g carbohydrate, 226 g fat, 2.1 g/kg protein per day) had
similar pre-exercise muscle glycogen concentrations (140 mmol/kg w.w.) to athletes
following a high-carbohydrate diet (486 g carbohydrate, 91 g fat, 1.7 g/kg protein), as
well as similar rates of glycogen use during exercise (66% and 62% depletion, respec-
tively) and glycogen resynthesis (38% and 34% depletion, respectively) following exercise
[9]. However, the accuracy of these findings has been questioned [84], and a separate
study showed a 14% decrease in muscle glycogen occurs in both males and females
following a 12-week ketogenic diet and training intervention [85]. It could also be that the
higher protein intake of the first study (2.1 g/kg) helped maintain glycogen concentra-
tions, given that the opposing study stated a goal of moderating protein intake (actual
intake was not reported). Future research is needed to determine if longer-term adher-
ence to a ketogenic diet can influence the breakdown and storage of muscle glycogen.

9. Exercise performance summary

A series of well-controlled studies, and some of the strongest evidence demonstrating the
effects ketogenic diets have on endurance performance under real-world conditions,
have been conducted in elite race walkers, who were strictly monitored by the research
staff for 1-4 weeks within a professional training camp where both diet and physical
activity could be controlled [21,37-39]. Athletes eating a ketogenic diet consistently
demonstrated impaired performance on a standardized 10-km race walk compared to
those eating a higher carbohydrate diet. Moreover, an abundance of rigorously collected
measures of whole-body metabolism at rest and during exercise suggests that this
impairment was primarily due to reduced movement economy and an increased oxygen
requirement for exercise.

In contrast to these consistent findings in elite athletes, the performance effect of
a ketogenic diet on recreational athletes is equivocal. Although one study reported
benefits of a ketogenic diet for sprint and critical peak power output [46], other
studies reported detriments for Wingate power output [47], yo-yo intermittent recov-
ery test performance [47], an incremental test to fatigue [40,41], and total work output
in a 45-minute time trial [44]. Most studies reported no effect of a ketogenic diet on
performance outcomes, including Wingate power output [44], shuttle run performance
[35], time to exhaustion protocols [34-36,43], or timed cycling trials for 5 km [36,45]
and 100 km [46]. It is plausible that recreational athletes have more leeway in their
dietary choices than elite athletes do, given that they are still far from their peak
potential for endurance-related changes in physiology and metabolism. It is also
possible that longer study periods, which can be more easily achieved with non-elite
athletes, are needed to better examine the implications of a ketogenic diet on athletic
performance. At this time, the effect of a ketogenic diet on exercise performance in
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recreational athletes cannot be conclusively stated, although the current evidence
points toward either no effect or a small detriment.

While it is clear that ketogenic diets and keto-adaptation increase rates of fat oxidation
[9,21,30], this appears to be of little relevance at real-world training and competition
intensities. Indeed, the collective evidence demonstrates that ketogenic diets either
impair (in mostly elite athletes) or do not affect (in mostly recreational athletes) exercise
performance. However, there is an absence of research investigating how a ketogenic diet
affects endurance exercise performance for long-duration events performed at intensities
less than 70% of VO,max, such as ultramarathons or ultra-distance triathlons, which could
hypothetically benefit from keto-adaptation.

10. Muscular strength

Although the use of a ketogenic diet for enhancing muscular strength and weightlifting
performance has not reached a level of interest similar to its use for enhancing endurance
exercise performance, there are strength athletes and bodybuilders who train while
consuming ketogenic diets. It is, therefore, important to assess how ketogenic diets affect
strength training performance.

To date, 10 controlled trials have investigated the effects of a ketogenic diet on
strength training performance (Table 2) [22,71,86-93]. Of these, only one exclusively
involved women, while four included both men and women; participants were either
untrained before the intervention (1 trial), recreationally active (6 trials), or involved in
a competitive sport (3 trials); the exercise intervention was to maintain usual exercise
habits (4 trials) or follow a prescribed routine (6 trials); and dietary monitoring was either
via food logs (9 trials) or not described (1 trial).

Three controlled trials were excluded from our analysis due to not assessing baseline
strength [94], exceeding the carbohydrate threshold for ketogenic diets without an
objective measurement of ketosis [95], and not reporting on dietary intake or objective
measures of ketosis [96]. Another trial was excluded due to being a case study without
a control group [97].

11. Strength training adaptations

A variety of exercise tests were used to assess strength training adaptations, including
maximal and submaximal bench press, back squat, and leg press exercises, Olympic lifts,
vertical and countermovement jumps, and calisthenics.

All but one study reported no significant differences in strength training performance
between the ketogenic diet and control diet groups. Only one study with female partici-
pants reported significantly different performance outcomes between ketogenic and
control diet groups [91]. In this 8-week intervention, participants followed the same
strength training routine while eating either a ketogenic diet (40 grams of carbohydrate
per day) or a control diet (280 grams of carbohydrate per day). Despite no differences in
strength measures at baseline, only the control diet group experienced significant gains in
maximal bench press (4.8 vs 1.5 kg) and back squat (15.6 vs 5.6 kg) strength, and compar-
isons with the ketogenic diet group yielded statistically significant differences.



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 17

(panunuo)d)
WY-L
1enbs ‘rp Boy 6l S9T  OWST 1 (€102
WY-1 ssaud youag - ‘dubpuey - - poo4 /9T /L€ /SS1T |enligeH L leuoneansy  §L/9L 174 ‘e 12 J9kmes
s|eu} pajjoJ3uod papn|px3
(£100)
yibuans Boy S8l 98T 0Tt §EES
aAIle[3) pue 1N|0sqy - - - - pood /6L /SL  /S9TC lenugey 8 syl lemod goidwAlo L/ LT uopaneyd
salpn)s ase)
(Im/Xt)
WY-L Bo 8 06lC 1y ids (Lz0Y)
jenbs pue ssaid yousg - - - TOML poo4 €L/l /LT /SSLT  Jemojseddn g 1Y [euoneanay  0/0C {37 [e 19 JIpIA
NY-L 4N Bo 88y  0£S¢ s1ap|ingfpog (1200)
jenbs pue ssaud yduag - - - /S0<  pood §T/ST vy /OWbE [enugey 8 anadwod  0/6L LT ‘|e 39 1joed
(0200)
(Im/xt) e
WYL 1enbs 6o G&'L 78T 086l 14 wids eullol
(WD % ssaid youag - - - pooy /6L /6€  /OLLL lamojuaddn 8 1Y [euoneansy  1z/0 [:14 -sebiep
17p) (6102
u_>_m_-— ssaud youaq pue 13M e 19
1enbs aAije|al ;g Injosqy - - - 4N/0'L 4N N 4N N /XLaYMXT Tl [puuosiad AN /ST 9 urejunoge]
Boj €T 950C (8107
WY-L sy!| uoniadwo) - - - UN/F'0 pood §L/9L /65 /LL0T lenugeq 7L sy emod goidwhlo /6 G€  ’|e 19 3udaIn
sdnysnd ‘Wy-1 Bo) 8yl v9L  00ST 14501 (8102
ueap-1amod pue jenbg - - - T0/S'L  pood /80l /SL /0S6L lenugey ¢l |euoneandy  ¢€/6 L€ e 12 Meyday
boj 80°L /8L  0S/L AM/X H4$501D (£107)
1S pue (A - - S9A - poojy /rL /St /08SL Hgsson 9 |euoneanay  7z/S s ‘|e fiobain
WY-1 sio  bol 8le  0SST (1m/xeg) 14 (£102)
1enbs pue ssaud yduag - - - /0°L pood [L//L /L€  /0L9T 14 Apogelol 8 [euoneanday  0/97 7T Cle 3B uos|im
sdip ‘sdnysnd Bo) L 99¢ ST S1SeUWAD (107
‘sdnuiyd ‘rND ‘s - - - - pooq /y6T  /TT  /0L6L lenyged ¢ annedwo)  0/8 4 ‘[e 33 I|oed
WY S—€ Bo vL0  SET 065l (1m/xg) (z100)
ssaud B3] pue ssaid 3s3Y) - - S - poos /LL'L /¢S /SLSL LM Apogq el L pautennun - 0/91 6S ‘|e 19 poo
9dUIYIP ON |o13u0) 0)9)] SIOAR{ SBUOIdY Sdu0dY wIQ  (By/B)  (B) sauoe)  UORUBAIR|  (SHHIIM) snyeys bujures) (/W) (s1e9K) Jed\
SIone4 Keuun  poolg ulold sqied) 951249X3 uoneing Jpquiny  aby pue soyiny
dURWIOHR Yibuang doueljdwo) (j013u03/019Y) 191d s|ieyaq Juedpiyed

*9duewlopad Bujurely yibualis uo 1a1p d1uabolsy e Jo s1aYd Y| T dqel



‘xew day Y ‘Buluiesy adueIsISaY 1Y ‘pariodal JoN YN ‘buluiesy jeasdlur Ausualul-ybiH :1j|H ‘buluiel adueinpuz:]]

WYL
ylipesq
‘tenbg 0O1m (¥200)
‘ssaid /XS) 14 uids CEE)
- yousg - - - N HN N dN buip|ingApog Sl 14 |euonesdsy  0/8% 9 MSMazsniy
umopj|nd
sdad1q 10 ‘umopysnd (9102)
sdaduy ‘ssaud bo| (WAl 09t L IM/XE sawon
637 - - - - pooy 9'L/S'L /€8  /0LSL L Apog |eloL 8 aAIpe Ajleuoneandy  €1/8 6€ B S9||DIBW
dUAIIYIP ON |o1ju0) 0)9)] SIOAB{ SBUOIdY Sau0dYy I8IQ  (By/B) () sauoe)  uORUBAIR|  (SHHIIM) snyels bujures| (4/W)  (s1e3K) JLEY
sione4 Areuun  poojg uRlold sqle) 951249X3 uoneing l_quny  aby pue Joyiny
9dUBWLIONI YIbuang 9dueldwo) (1013u03/039Y) 121 s|ield edpiued

A. LEAF ET AL.

[
—

‘(PanunNuo)) Z 3|qeL



JOURNAL OF THE INTERNATIONAL SOCIETY OF SPORTS NUTRITION 19

12. Muscle glycogen and anaerobic metabolism

Similar to high-intensity endurance exercise, strength training relies heavily on anaerobic
metabolism to produce the energy required to lift weights. Therefore, any dietary
approach that influences anaerobic energy production could affect strength training
performance. Analysis of the contribution of each energy system during 10 repetitions
with a 10-repetition maximum (RM) weight on the leg press suggests that anaerobic
glycolysis contributes 64-71% of the necessary energy and the phosphagen system
contributes 29-36% [98]. The contribution from anaerobic glycolysis increased from 46-
54% during the first five reps to 81-85% during the last five reps, indicating that energy
system requirements may vary depending on the training schemes.

Even when lifting very light weights, anaerobic glycolysis is operative. Studies examin-
ing blood lactate concentrations as an indication of anaerobic metabolism report that
blood lactate levels rise from 1 mM to 3 mM after performing 30 repetitions (25% of 1-RM)
on the half squat [99-101]. Other evidence shows that blood lactate levels exhibit a similar
increase after 6 sets of 20 leg press repetitions (30% of 1-RM) and a further increase to 4
mM after 15 sets, each set separated by 1 minute of passive recovery [102]. The reliance on
anaerobic glycolysis increases further as lifting intensity increases. Performing 5 repeti-
tions with a 10-RM load on the leg press has been shown to increase blood lactate levels
to 7mM [103]. When taken to failure (i.e. all 10 repetitions performed with the 10-RM
weight), blood lactate levels reached 17 mM. After 5 sets of 10 repetitions and 2 minutes
of passive rest between sets, blood lactate levels were further elevated to 25 mM [103].

Despite its common association with endurance exercise, muscle glycogen provides an
important fuel source for strength training. A reliance on anaerobic glycolysis during
resistance training has been echoed in studies that measured glycogen concentrations in
muscle tissue after a weightlifting session. In bodybuilders, an exercise session consisting
of four sets of 6-10 repetitions of front squat, back squat, leg press, and leg extension
taken to momentary muscular failure (16 sets in all) reduces quadriceps muscle glycogen
by 26% [104]. Glycogen depletion in other muscles contributing to the effort (such as the
hamstrings and glutes) was not measured. Similarly, in untrained adults, eight sets of 10
repetitions of leg press and leg extension exercises (16 sets in all) depleted quadriceps
muscle glycogen by 33%, particularly in type Il fibers that are less dependent on aerobic
metabolism [105]. The relative rate of muscle glycogen reduction per set can be more
rapid in smaller muscles or muscle groups. For example, even just a single to-failure set of
12 repetitions of one-arm biceps curls can reduce muscle glycogen by 12%, while 3 sets
reduce glycogen by 24% [106]. The collective evidence indicates that a typical resistance
training session can reduce muscle glycogen stores by approximately 25-40% [107].

In highly trained endurance athletes, 4 weeks on a eucaloric ketogenic diet (85% fat)
resulted in a resting/pre-exercise muscle glycogen storage level that was 46.8% less than
that of the eucaloric high-carbohydrate control condition (33% fat) [30]. Although dietary
carbohydrates are the major source of muscle glycogen, it is possible that a long-term
ketogenic diet can still allow normal levels of muscle glycogen. The FASTER study
reported that long-term ketogenic diet athletes (20 months, on average) had similar
resting levels of glycogen as their high-carbohydrate diet counterparts [9].
Unfortunately, exercise performance, which is ultimately what matters, was not reported
in this trial. Other studies have suggested that under conditions of restricted or even
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absent exogenous carbohydrate provision, the body is capable of producing glucose to
replenish glycogen from amino acids, lactate, and glycerol [108,109]. There is currently
a lack of data on the duration of ketogenic diets required to allow similar muscle glycogen
storage levels to traditional high-carbohydrate diets in athletic populations. To date, the
FASTER study remains anomalous and unreplicated in this regard.

13. Muscular strength summary

Ketogenic diets do not appear to affect strength training performance differently from
control diets, which are higher in carbohydrates. Notably, this includes both acute
performance and strength gains that occur over 4-12 weeks of resistance training.
Caution is warranted since a minority of studies indeed show superior effects of the
higher-carbohydrate comparator for improving or retaining strength performance.
Furthermore, there is a lack of trials exceeding 12 weeks involving highly trained strength
athletes. Cautious monitoring of individual response is recommended for strength ath-
letes choosing a ketogenic diet, due to its potential to suboptimize training adaptations in
the long-term.

There is limited evidence of sex differences in the strength response to eating
a ketogenic diet, given that the only study to report a difference between groups
exclusively involved females. As will be discussed in the “Sex Differences” section of this
paper, it is possible that females are more sensitive to glycogen availability to fuel high-
intensity exercise, such as weight training. Further research is required to verify potential
sex differences in metabolic pathways implicated in strength training and how they may
be affected by ketogenic diets.

14. Body composition

One of the most popular uses of the ketogenic diet is to promote fat loss. Both within the
scientific and popular communities, it has been proposed that excessive carbohydrate
intakes, coupled with the insulin responses evoked, promote fat storage, and a ketogenic
diet is superior to higher carbohydrate diets for reducing fat mass [110]. This idea is not
without controversy [111], and these concepts are primarily discussed within the context
of obesity and type 2 diabetes which is beyond the scope of this position stand. However,
there are body composition studies of healthy active adults utilizing a ketogenic diet.
To date, 19 controlled trials have investigated the effects of a ketogenic diet on body
composition (Table 3) [22,35,36,41-43,46,71,86-93,112-114]. Of these, only two involved
exclusively females, while 11 involved exclusively males; participants were either
untrained before the intervention (2 trials), recreationally active (14 trials), or involved in
a competitive sport (3 trials); the exercise intervention was to maintain usual exercise
habits (9 trials) or follow a prescribed routine (10 trials); and dietary monitoring was either
via food logs (17 trials) or not described (2 trials). Body composition was assessed using
dual x-ray absorptiometry (DXA; 10 trials), bioelectrical impedance analysis (BIA; 8 trials),
and skinfold measurements (1 trial). Studies lasted for 3-12 weeks (median of 8 weeks).
Seven trials were excluded from our analysis due to being performed in adolescents
[48], failing to achieve a state of ketosis in the ketogenic diet group [49], exceeding the
carbohydrate threshold for ketogenic diets without an objective measurement of ketosis
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[95,115], not reporting on dietary intake or objective measures of ketosis [96], or not
assessing baseline body composition [45,94]. Another five trials were excluded due to
being case studies without a control group [55-58,97].

15. Body composition changes

An overview of body composition changes in the ketogenic and control groups is shown
in Figure 4. All but two studies reported that a ketogenic diet reduced body weight by
0.3-7.8 kg (3.2kg average) relative to the control diet, with statistical significance
achieved in eight studies. The outlier studies reported that the ketogenic diet intervention
led to a non-significant 0.1 and 0.4 kg greater weight gain than control diets [36,41].

All studies reported that a ketogenic diet reduced fat mass by 0.3-5.3 kg (2.3 kg
average) relative to the control diet, although statistical significance was achieved in
only five studies. Of the 11 studies reporting body fat percentage, all reported reductions
of 0.3-4.5% (2.6% average) with a ketogenic diet relative to the control diet, with
statistical significance observed in five studies. All but four studies reported that
a ketogenic diet reduced fat-free mass by 0.2-2.3 kg (0.9 kg average) relative to the
control diet, with statistical significance achieved in five studies. The four other studies
reported increases in fat-free mass of 0.2 [46], 0.4 [41], 0.7 [112], and 0.8 kg [36] with
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Figure 4. Overview of changes in body composition during controlled trials for ketogenic diet and
control diet groups. Lines represent the mean values from each unique study. It can be seen that
changes in fat-free mass are inconsistent across studies (B), whereas changes in body fat percent show
a more similar pattern (D). Lines in red indicate statistically significant differences between groups (p <
0.05).
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a ketogenic diet relative to a control diet, despite these studies’ also reporting reductions
in body weight and fat mass in the ketogenic diet group relative to the control group.
Overall, the ketogenic diet seems superior to the control diet for reducing body fat in
exercising individuals. Although fat-free mass tends to be reduced on a ketogenic diet,
the reductions in fat mass are larger and more consistent in both male and female
populations, leading to a reduction in body fat percentage. However, disparate study
designs make it difficult to draw specific conclusions from the available data.

Importantly, no study discussed in this section implemented strict dietary controls (e.g.
live-in studies and/or providing food for participants), and all but two studies [90,114]
relied on food logs to assess dietary intake (those two studies did not report dietary
information). Ketosis was confirmed in all but two studies [71,91] with blood (0.2-1.5 mM)
or urinary ketone assessments. Differences between groups for self-reported calorie
intake varied widely among studies, with five studies reporting the ketogenic diet
group consumed over 100 kcal/d more than the control group [35,36,41,46,112] and six
reporting eating over 100 kcal/d less [43,71,87,88,91,113]. On average, the ketogenic diet
group consumed 75 fewer kcal per day. Collectively, protein intake was about 0.5 g/kg
higher in the ketogenic diet groups (1.8 vs. 1.3 g/kg), which is not a trivial amount. Only
one study reported greater protein intake in the control group (by 0.4 g/kg) [88].

Although average calorie intake was similar between groups when considering all
studies that reported dietary information, the energy intake of athletes tended to be
underestimated in food logs by an average of 19% (range: 0.4-36%) [116]. A ketogenic
diet, especially one high in protein [117], is particularly satiating [118]. Higher-protein
diets generally reduce appetite and food intake [119]. Given the lack of dietary control
among all included studies, it is plausible that the differences in body composition
between the ketogenic and control diets were due to differences in energy and protein
intakes between groups. Although differences in energy intake were modest between the
ketogenic and control diets, a meta-regression has suggested that an energy deficit of at
least 500 kcal per day prevents gains in lean mass from resistance training [120].

Higher protein intakes in the ketogenic diet group and effects on lean mass changes
warrant additional discussion. Two large meta-analyses investigating the effects of pro-
tein supplementation on muscle mass and strength suggested that gains in fat-free mass
are maximally realized when protein intake is at least 1.6 g/kg/d [121,122]. The ISSN
recommends that athletes and recreationally active adults consume 1.4-2.2 g/kg of
protein to optimize performance and recovery [123].To this point, only six studies in
this paper reported a protein intake in the control group within the ISSN’s recommended
range, and only two reported an intake above 1.6 g/kg. Comparatively, 12 studies
reported a protein intake in the ketogenic diet group within the ISSN’s recommended
range, with 10 studies reporting a daily protein intake above 1.6 g/kg. It is, therefore,
notable that all but three studies reported a loss of lean mass in the ketogenic diet group
compared to the control group, despite the ketogenic diet groups’ consuming more
protein. The higher self-reported protein intakes in ketogenic diet groups in these studies
may have been responsible for preserving more lean mass than would have occurred
otherwise.

Another limitation of the available data is the use of DXA to assess body composi-
tion while participants were on their respective diets. Each gram of liver glycogen is
paired with about 2.4 grams of water [124], and each gram of skeletal muscle glycogen
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is paired with at least 3 grams of water [125]. When glycogen stores are depleted
during a low-carbohydrate diet and resistance training, fluid loss from lean tissue may
occur. Ten studies assessed body composition with DXA, but glycogen depletion has
been shown to reduce DXA-determined fat-free mass, while repletion increases total
body water content and fat-free mass [126]. Moreover, a 5% variation in fat-free mass
hydration can change DXA-determined body fat percentage by nearly 3% (absolute
value) [127]. It is possible that glycogen levels on a ketogenic diet return to normal
after a period of time (20 months in the FASTER study) [9], but this has not been
confirmed. Thus, the measurement of fat-free mass with DXA following a ketogenic
diet is a potential limitation, and values may be artificially lowered due to changes in
muscle glycogen.

These concepts are illustrated by one of the studies by Wilson et al. [22] included in this
review, who assessed body composition at baseline, after a 10-week intervention on
a ketogenic or control diet, and again after one additional week of increased carbohydrate
intake (3 g/kg) in the ketogenic diet group. After 10 weeks, both groups showed a similar
increased fat-free mass, while the ketogenic diet group experienced a significantly greater
reduction in fat mass. After 11 weeks, reductions in fat mass were reported to be similar
between groups, while the ketogenic diet group experienced a significantly greater
increase in fat-free mass. Within the ketogenic diet group, comparing changes between
weeks 10 and 11 demonstrated that consuming a higher-carbohydrate diet for one week
increased both fat mass and fat-free mass as measured by DXA.

The eight studies employing BIA assessment for body composition analysis also
demonstrate similar limitations regarding the influence of hydration status on body
composition. A study of recreational endurance athletes reported that a 3% change
in hydration status altered body fat percentage by 2% [128]. Being more dehy-
drated, which could be due to fluid shifts during a ketogenic diet, can be expected
to result in a lower body fat percentage. Therefore, BIA assessment in people who
are following a ketogenic diet when hydration status is not known or well-
controlled may not be an appropriate means of determining body fat

16. Body composition summary

A ketogenic diet reduces body weight, body fat, and fat-free mass more than control diets
higher in carbohydrate among active adults and athletes. Changes in fat-free mass are
more disparate with a similar number of studies indicating greater losses of fat-free mass
when following a ketogenic diet as the number of studies that show negligible changes in
fat-free mass. However, as discussed in this section, these results may be influenced by
alterations in body fluid, increases in protein intake, and reductions in calorie intake with
ketogenic diets. Further research in which there is strict control over the diet is needed to
disentangle how a ketogenic diet impacts the body composition of active adults and
athletes.

17. Sex differences

The overarching theory behind using a ketogenic diet to improve athletic performance is
that it enhances fat oxidation and spares glycogen use during exercise. It is well
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documented that sex differences exist in metabolism at rest and during exercise.
Specifically, females metabolize a higher percentage of total energy from fat than
males, independent of intensity or mode of exercise [129], and utilize different propor-
tions of carbohydrate and fat sources for fuel [130].

Ovarian hormones play a role in sparing hepatic and skeletal muscle glycogen with
greater fat oxidation. Progesterone antagonizes the estrogen-mediated effect on con-
traction-stimulated glucose uptake and increases the activity of f-oxidation in the skeletal
muscle during exercise [131]. Estrogen, specifically 17-f estradiol (E2), increases expres-
sion of the respiratory complexes, antioxidant molecules, and antiapoptotic factors that
directly impact mitochondrial structure and function [132-134], and circulating E2 exerts
a significant metabolic effect by increasing the maximal activity of key enzymes in the fat
oxidative pathway of skeletal muscle [135]. Moreover, females have significantly higher
protein content for trifunctional protein alpha (TFPa), very long-chain acyl-CoA dehydro-
genase (VLCAD), and medium-chain acyl-CoA dehydrogenase, the primary enzymes
involved in long- and medium-chain fatty acid utilization [136,137].

Recently, it has been documented that the skeletal muscle of females has: 1) higher
inhibition of mitochondrial fatty acid metabolism by malonyl-CoA, 2) greater abundance
of the fatty acid transporter CD36, and 3) lower ADP sensitivity of mitochondrial respira-
tion (thus lesser ATP production). All of these effects mechanistically contribute to sex
differences in lipid metabolism during exercise and enhanced mitochondrial resilience to
exercise-induced damage [137-139]. When examining the ketogenic diet-induced altera-
tions in mitochondrial function, the mechanisms include increased mitochondrial respira-
tory control and expression of fatty acid transporters, as well as greater ATP
production [85].

In both sexes, energy homeostasis is controlled by various hormones secreted from the
gut, pancreas, adipose tissue, and gonads. Sex hormones contribute to sex-related
differences in ingestive behavior [140]. Estrogen, a primarily female hormone, reduces
food intake and body weight and exerts a profound effect on meal size [141]. Estrogen
therefore decreases energy intake, acting in conjunction with other circulating factors
such as leptin and ghrelin to exert tonic inhibition [142]. Moreover, nutrient-sensing
pathways are also sensitive to circulating estrogen, including the regulation of hypotha-
lamic kisspeptin neurons and the metabolic regulation of kisspeptin 1 (Kiss1) gene
expression and secretion. Kisspeptin is a neuropeptide involved in the tight regulation
of reproductive function and plays a significant role in the regulation of glucose home-
ostasis, feeding behavior, and body composition. The threshold for downregulation of
kisspeptin signaling in GnRH neurons is lower in females than in males. This is primarily
due to sex differences in the density of kisspeptin®* and kisspeptin®"¥/**N neurons
whereby kisspeptin®VPV/PeN

neurons are almost exclusive to the female brain [143].
Estrogen increases the expression of Kiss1 in kisspeptin'*V/PeN and downregulates the
expression in kisspeptin®*“ promoting a decrease in energy intake. Importantly, when
energy deficits occur through insufficient energy intake or excessive energy expenditure,
the Kiss1 gene is downregulated, with a subsequent repression of the GnRH neurons and
downregulation of the reproductive axis [144,145]. Thus, substantial reductions in energy
availability and associated low energy availability (LEA), which may or may not be
accompanied by reductions in body weight, may negatively impact mental, hormonal,

and bone health, as well as recovery time and general exercise performance [146].
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Understanding sex differences and ovarian hormone effects on lipid metabolism and
energy balance should be considered before following a ketogenic diet that may other-
wise cause enhanced satiety among females who are not attempting to lose weight [147].

These biological differences in metabolism may lead to sex differences in the perfor-
mance effects of ketogenic diets since females present a higher capacity for fatty acid
oxidation. Notably, Venables et al. [33] reported that females had a significantly higher
rate of absolute fat oxidation than males and the exercise intensity eliciting maximal fat
oxidation was significantly higher for females (52% of VO,max vs 45% in males).
Additionally, Durkalec-Michalski et al. investigated a between-sex comparison of meta-
bolic shifts in submaximal, intermittent exercise and reported there were more evident
changes in fat and CHO utilization after KD in males at exercise intensities up to 80% of
VO,max [148]. Moreover, an increase in the area under the curve (AUC) for fat utilization
was seen in males but not in females at up to < 65% VO,max. Further research investigat-
ing how ketogenic diets impact submaximal exercise activity and metabolism in females
specifically is needed.

As discussed in this review, the ketogenic diet appears to be superior to a control diet
at reducing body mass and fat mass in both males and females. However, males seem to
experience larger benefits than females in terms of weight loss and body composition
changes [149], although these differences may be attenuated after menopause due to
changes in sex hormonal profile and hormonal control of appetite [147]. Major limitations
in the existing literature include measurements of appetite and energy balance, both of
which have broad implications for body composition and subsequent health and perfor-
mance outcomes.

18. Sex differences summary

In recent years, there has been an increased interest in using ketogenic diets to improve
endurance exercise capacity through a shift toward the primary use of fatty acids and
ketones as a fuel source; however, the viability of this diet in female athletes for long-term
performance and health has yet to be established. From the few studies that have been
conducted, it appears the ketogenic diet has a relatively greater benefit in males with
regard to metabolic shifts and body composition changes. Further research in females is
needed to determine the full effect of a ketogenic diet on performance, body composi-
tion, appetite regulation, and overall health outcomes.

19. Summary and conclusions

The research to date indicates that a ketogenic diet has largely neutral or detrimental
effects on athletic performance. For endurance events, a ketogenic diet interferes with the
body’s ability to generate energy from glucose, a necessity when performing at high
intensities observed in real-world competitions. Even when one is “keto-adapted,” per-
formance under real-world race conditions is impaired in endurance athletes. Special
consideration is needed for female athletes, as sex differences in metabolic pathways,
mitochondrial function, and the effects of ovarian hormones may nullify many desirable
adaptations from ketogenic diets that are observed in male participants. Additionally,
potential negative effects on certain endocrine feedback mechanisms are possible and
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should be further researched in female endurance athletes. Ketogenic diets seem to lead
to similar strength and associated performance outcomes as diets higher in carbohy-
drates. Despite a substantial contribution from muscle glycogen during resistance train-
ing, low-carbohydrate diets do not appear to meaningfully impair performance. However,
this conclusion is less certain since some studies suggest that higher-carbohydrate diets
are superior for strength gains or maintenance. Studies beyond 12 weeks in highly trained
strength athletes are also lacking.

For body composition, ketogenic diets appear to be superior to higher carbohydrate
diets for reducing body weight and fat mass, but they are suboptimal for increasing fat-
free mass. However, no study has used a diet-controlled design, meaning that differences
in body composition are likely due to differences in energy and protein intake.
Additionally, the true effects of a ketogenic diet on body composition may be skewed
by fluid alterations that affect the analysis of fat-free mass and fat mass using commonly
used methodologies (i.e. DXA and BIA).

20. Position of the International Society of Sports Nutrition (ISSN)

(1) A ketogenic diet induces a state of nutritional ketosis, which is generally defined as
serum ketone levels above 0.5 mM. While many factors can impact what amount of
daily carbohydrate intake will result in these levels, a broad guideline is a daily
dietary carbohydrate intake of less than 50 grams per day.

(2) Nutritional ketosis achieved through carbohydrate restriction and a high dietary fat
intake is not intrinsically harmful and should not be confused with ketoacidosis,
a life-threatening condition most commonly seen in clinical populations and
metabolic dysregulation.

(3) A ketogenic diet has largely neutral or detrimental effects on athletic performance
compared to a diet higher in carbohydrates and lower in fat, despite achieving
significantly elevated levels of fat oxidation during exercise (~1.5 g/min).

(4) The endurance effects of a ketogenic diet may be influenced by both training status
and duration of the dietary intervention, but further research is necessary to
elucidate these possibilities. All studies involving elite athletes showed
a performance decrement from a ketogenic diet, all lasting six weeks or less. Of
the two studies lasting more than six weeks, only one reported a statistically
significant benefit of a ketogenic diet.

(5) A ketogenic diet tends to have similar effects on maximal strength or strength
gains from a resistance training program compared to a diet higher in carbohy-
drates. However, a minority of studies show superior effects of non-ketogenic
comparators.

(6) When compared to a diet higher in carbohydrates and lower in fat, a ketogenic diet
may cause greater losses in body weight, fat mass, and fat-free mass, but may also
heighten losses of lean tissue. However, this is likely due to differences in calorie
and protein intake, as well as shifts in fluid balance.

(7) There is insufficient evidence to determine if a ketogenic diet affects males and
females differently. However, there is a strong mechanistic basis for sex differences
to exist in response to a ketogenic diet.
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21. List of abbreviations

Bhb Beta-hydroxybutyrate

OAA Oxaloacetate

TCA Tricarboxylic acid

ATP Adenosine triphosphate

ISSN International Society of Sports Nutrition

cP creatine phosphate

ADP Adenosine diphosphate

PDH pyruvate dehydrogenase

FFA free fatty acids

RM repetition-maximum

DXA dual x-ray absorptiometry

BIA bioelectrical impedance analysis

E2 17-B estradiol

TFPa trifunctional protein alpha

VLCAD very long chain acyl-CoA dehydrogenase
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