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From the breakthrough studies of dietary carbohydrate and exercise capacity in the 1960s through to the more recent studies of
cellular signaling and the adaptive response to exercise in muscle, it has become apparent that manipulations of dietary fat and
carbohydrate within training phases, or in the immediate preparation for competition, can profoundly alter the availability and
utilization of these major fuels and, subsequently, the performance of endurance sport (events >30 min up to ∼24 hr). A variety
of terms have emerged to describe new or nuanced versions of such exercise–diet strategies (e.g., train low, train high, low-
carbohydrate high-fat diet, periodized carbohydrate diet). However, the nonuniform meanings of these terms have caused
confusion and miscommunication, both in the popular press and among the scientific community. Sports scientists will continue
to hold different views on optimal protocols of fuel support for training and competition in different endurance events. However,
to promote collaboration and shared discussions, a commonly accepted and consistent terminology will help to strengthen
hypotheses and experimental/experiential data around various strategies. We propose a series of definitions and explanations
as a starting point for a more unified dialogue around acute and chronic manipulations of fat and carbohydrate in the athlete’s
diet, noting philosophies of approaches rather than a single/definitive macronutrient prescription. We also summarize some
of the key questions that need to be tackled to help produce greater insight into this exciting area of sports nutrition research
and practice.
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Fifty years ago, Scandinavian scientists used the needle biopsy
technique to sample skeletal muscle, including their own, allowing
them to identify mechanisms by which manipulation of the carbo-
hydrate (CHO) content of the preceding diet could alter exercise
endurance (Hultman, 1967). This work built on earlier studies
(Krogh & Lindhard, 1920; Christensen & Hansen, 1939) of the
effects of the macronutrient composition of the diet on fuel
utilization and exercise capacity; however, these earlier investiga-
tors were limited by the techniques available at the time and by
the contemporary understanding of the regulation of muscle metab-
olism. Research undertaken during the 1960s and 1970s on glyco-
gen “supercompensation” spanned mechanistic descriptions of the
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cellular events underpinning the improvements in exercise capacity
(Ahlborg et al., 1967; Bergstrom et al., 1967; Hermansen et al.,
1967) to real-world proof that dietary CHO interventions in lab-
oratory settings could translate into enhanced sports performance
(Karlsson & Saltin, 1971).

The outcomes of these activities included a publication in
Nature (Bergstrom & Hultman, 1966) and the rapid adoption of
new dietary practices by the athletic community. For example, as
early asMay 1968, Dr. Griffith Pugh and the International Athletes’
Club organized two 40-km races for 10 top-class race walkers; half
of the group prepared with a high-CHO diet for the first race,
whereas the other half did so for the second. Their findings—that
the walkers achieved significantly faster times over the final 10 km
of their high-CHO trial—were passed on to the British competitors
at the Mexico Olympic Games (Hyman, 1970). Furthermore,
British runner Ron Hill attributed at least part of his success at the
1969 European Marathon Championships to a version of the CHO
supercompensation diet described by Hermansen et al. (1967).
The final outcome of this work was the introduction of the term
“carbohydrate loading” into the general lexicon, with such popu-
larity that it would become almost synonymous with sports nutri-
tion. It is unlikely that any modern sports nutrition intervention will
ever achieve the trifecta of a publication in the highest impact
scientific journal, rapid adoption by its target audience to achieve
success in elite sport, and household fame. Since then, many
scientists have continued to refine aspects of this work to evolve
modern sports nutrition into a vibrant environment of applied
research leading to practice. There is no doubt that the interaction
of diet and exercise provides a powerful tool for the study of the
regulation of muscle metabolism and to enhance metabolic health
and sports performance.

One of the downsides of the proliferation of activities across
many stakeholders, including researchers, clinicians, coaches, and
athletes, is that a variety of terms have emerged to describe new or
nuanced versions of exercise–nutrition strategies that target similar
areas of interest. The nonuniform use of terms has subsequently
caused confusion and miscommunication in both the popular press
and the scientific community. Even within the toolbox of such
strategies, there is confusion over the names of the tools, how they
should be used, and what they might achieve in reengineering the
muscle. This arises because of the different nomenclature used in
the original studies and the tweaking of both names and protocols
in further research or real-world applications. In some cases, the
same term may mean different things in the same literature but also
have another meaning in an adjoining field for coaches/athletes.
For example, the term “train low” has been used to describe a single
acute training session in which the availability of muscle CHO and/
or exogenous CHO has been manipulated to “lower” levels before
and/or during the session by a variety of techniques that have
different metabolic and cellular consequences (for reviews, see
Bartlett et al., 2015; Hawley et al., 2018; Impey et al., 2018).
However, the term has also been used to describe a chronic training
period in which such strategies were undertaken in differing com-
binations over many days to weeks (Hansen et al., 2005; Yeo et al.,
2008); furthermore, to many sports scientists and coaches, “train
low” is more likely to be aligned with altitude/hypoxia exposure
protocols (Girard et al., 2013).

Historically, the scientific literature has provided confusing
information and nonmeaningful terminology, such as using the
ratio of energy contributed by CHO in the athlete’s diet as the
single metric of the adequacy of CHO intake (Burke et al., 2004).
However, even this literature presents erroneous information. For

example, proponents of low-CHO high-fat dietary philosophies
commonly state that contemporary sports nutrition guidelines
promote high CHO intakes at all times for all athletes (Brukner,
2013; Noakes et al., 2014; Volek et al., 2015). Yet, as far back as
2003, official recommendations from an International Olympic
Committee expert panel noted that fuel demands differed between
different types of events or training intensities and volumes,
leading to a sliding scale of daily CHO intake targets and the
promotion of specific scenarios, rather than a universal recommen-
dation for aggressive CHO fueling strategies (Burke et al., 2004).
Indeed, between and among even elite endurance athletes, training
loads can vary from 10 to 12 hr/week, with the duration of a key
session being 60–120min (e.g., track runner), up to 25–30 hr/week,
with single sessions lasting for 4–6 hr (e.g., triathletes, cyclists).
Accordingly, a further update in 2010 recommended that CHO
availability, rather than absolute intake, be used to evaluate the
athlete’s dietary CHO consumption (Burke et al., 2011). Here, the
amount and timing of daily CHO intake are defined in relation to
the fuel cost of the day’s exercise load—recently termed “fuel for
the work required” (Impey et al., 2018). Accordingly, “high CHO
availability” denotes that this intake is able to provide sufficient
endogenous and/or exogenous CHO supplies to meet the demands
of the muscle (and central nervous system), whereas “low CHO
availability” signifies a shortfall between supplies and exercise/
energy demand (Burke et al., 2011). Indeed, according to the
example of variability in workloads between and within even elite
athletes previously provided, any given amount of CHO and its
timing of intake might achieve “high CHO availability” for one
athlete or one day’s training, whereas in another context it would be
considered “low.”

The 2010 update refined the concept of the different and
changing CHO requirements between and within athletes by
explicitly stating that: (a) high CHO availability is required only
for sessions in which training or competition involves higher
intensity workloads and the need to perform optimally or train
with high-quality outputs and/or maximize recovery; (b) training
loads, which are light and/or based on low–moderate intensity
exercise, may not need to be supported by high CHO availability;
and (c) there is an emerging interest in the concept of deliberately
exercising with low CHO availability in some training sessions to
take advantage of upregulated cellular signaling and adaptive
responses to the increased metabolic training stress (Burke et al.,
2011). The most recent sports nutrition guidelines (Thomas et al.,
2016) have strengthened their recognition of this last point, noting
increased confidence in the molecular underpinning of training
with low CHO availability (Hawley et al., 2018; Hearris et al.,
2018; Impey et al., 2018), published case studies of its use by elite
athletes (Stellingwerff, 2012), and research evidence, at least in
subelite athletes, that its careful integration into a training program
can lead to superior performance (Marquet et al., 2016a, 2016b).
Indeed, the latest guidelines include acknowledgment of poten-
tial benefits from a personalized approach to manipulating
CHO availability within the training diet (Thomas et al., 2016;
Jeukendrup 2017a).

The press and social media amplify the confusion by mis-
presenting/misreporting sports nutrition research or practice and
by generally oversimplifying the sophistication of contemporary
sports nutrition knowledge (Burke, 2017). In July 2016, a Twitter
war erupted after Tour De France winner Chris Froome uploaded
a photo of his breakfast on a rest day during the middle of this
grueling stage race. This single picture of eggs, smoked salmon,
and avocado caused an avalanche of claims and counterclaims
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about Froome’s advocacy of the low-CHO high-fat diet, despite
wider evidence presented by the athlete himself that he follows a
plan in which CHO availability is periodized according to his
specific goals (Palfreeman, 2016). Further support and background
are available from an author of this commentary who works with
this athlete and has written extensively on the general philosophy
of “fueling for the work required” (Hearris et al., 2018; Impey et al.,
2018), as well as nutrition support for the Tour de France in

particular (Morton & Fell, 2016). Nevertheless, a Google search
can quickly locate a range of lay pieces that claim that Froome’s
success is due to low-CHO high-fat. Ironically, Team Sky recently
released data to illustrate the sophisticated periodization of body
mass and energy/CHO intakes according to the demands of each
stage in a cycling tour, including estimates of Froome’s intake on
the critical 19th day of his 2018 Giro D’Italia title: an astonishing
6,663 kcal (27.98 MJ) and 18.9 g/kg CHO (Fordyce, 2018).

It is likely, and indeed healthy, that scientists will continue
to hold different views on a variety of sports nutrition themes,
including different ways in which fuel support for training and
competition preparation can be organized to promote performance
according to the specific demands of the event. However, we
propose that both research scientists and practitioners require
collaboration and shared discussions, underpinned by a commonly
accepted and consistent terminology, which serve to strengthen
hypotheses and experimental/experiential data around various
strategies. We also propose that athletes and coaches would be
better served by less confusion and misinformation in all levels of
literature. Therefore, we propose the following table of definitions
and explanations as a starting point for a more unified dialogue
(Tables 1–3), and we encourage our colleagues in this area of
research and practice to provide as much objective detail as
possible about the dietary strategies with which they experiment
and apply in the field with athletes. Indeed, this issue contains a
methods paper with a lengthy explanation of the principles,
practices, and outcomes of organizing a tightly controlled diet-
training intervention of this type (Mirtschin et al., 2018). We note
that our efforts typically describe the philosophy of different
approaches rather than a single/definitive macronutrient prescrip-
tion. This is necessitated by the need for great clarity around
optimal protocols for various strategies, but more so because the
variability of the training loads/modes undertaken by athletes is
too great to allow a single “one size fits all” approach to nutrition
support. Accordingly, we hope our efforts will be appreciated,
adopted, and further evolved toward greater definition consistency
and precision and detail around optimal fueling strategies. Table 4
summarizes some of the key questions that still need to be tackled
to help produce this insight.
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• What is the optimal type, ratio, and integration of “train high”
CHO fueling practice to optimize CHO oxidation and gastrointestinal
function prior to racing in endurance athletes?

• What are the immediate and functional consequences of acute or
chronic exposure to low CHO availability during exercise on
cytokines (e.g., interleukin-6) and downstream responses of other
body systems such as hepcidin/iron status (Badenhorst et al., 2015),
osteocalcin/CTX-1/bone status (Sale et al., 2015), and immune
status (Hennigar et al., 2017)?

• What is the optimal protocol for periodic acute exposure to high
exogenous CHO availability during a training session to overcome
some of the negative systemic effects of low glycogen availability
(e.g., to promote better quality training, reverse effects on the brain,
immune system, gut absorption and other organs/body systems),
while retaining the (claimed) benefits of chronic K-LCHF diet?

• What is the time course of the reversal of impairment of muscle
CHO oxidation associated with adaptation to NK-LCHF or K-LCHF
interventions and can this be achieved, while retaining some of
the adaptations to increase capacity for fat oxidation?

• What is the relative exercise intensity beyond which there is an
impairment of performance if CHO oxidation rates are impaired?

• What are the long-term effects of the differences of lower
micronutrient density and fiber content of a K-LCHF diet on health?

• Do long-term adaptations to a K-LCHF diet enhance metabolism
and performance, and what is the time course of these adaptations?

• Are there any long-term metabolic, health, or performance effects
of exposure to high circulating levels of ketone bodies and can these
be replicated by the use of ketone supplements?

• Is there an optimal range of blood ketone body concentrations that
should be targeted by acute or chronic strategies to achieve ketosis?

Note. CTX-1 = COOH-terminal telopeptide region of collagen Type 1;
CHO = carbohydrate; K-LCHF = ketogenic low-carbohydrate high-fat diet;
NK-LCHF = nonketogenic low-carbohydrate high-fat diet.
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