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Abstract

The purpose of the study was to examine the effects of altering
from habitual mixed Western-based (HD) to a very low-
carbohydrate high-fat (VLCHF) diet over a 4-week timecourse on
performance and physiological responses during high-intensity
interval training (HIIT). Eighteen moderately trained males (age
23.8 £ 2.1 years) consuming their HD (48 + 13% carbohydrate,
17 £ 3% protein, 35 £ 9% fat) were assigned to 2 groups. One
group was asked to remain on their HD, while the other was asked
to switch to a non-standardized VLCHF diet (8 = 3% carbohy-
drate, 29 + 15% protein, 63 + 13% fat) for 4 weeks. Participants
performed graded exercise tests (GXT) before and after the ex-
periment, and an HIIT session (5x3min, work/rest 2:1, passive re-
covery, total time 34min) before, and after 2 and 4 weeks. Heart
rate (HR), oxygen uptake (V O), respiratory exchange ratio
(RER), maximal fat oxidation rates (Fatmax) and blood lactate
were measured. Total time to exhaustion (TTE) and maximal VO
(VO2max) in the GXT increased in both groups, but between-group
changes were trivial (ES £ 90% CI: -0.1 £ 0.3) and small (0.57 +
0.5), respectively. Between-group difference in Fatmax change
(VLCHF: 0.8+ 0.3t0 1.1 £0.2 g/min; HD: 0.7+ 0.2 t0 0.8 £ 0.2
g/min) was large (1.2+0.9), revealing greater increases in the
VLCHEF versus HD group. Between-group comparisons of mean
changes in VO2 and HR during the HIIT sessions were trivial to
small, whereas mean RER decreased more in the VLCHF group
(-1.5 £ 0.1). Lactate changes between groups were unclear.
Adoption of a VLCHF diet over 4 weeks increased Fatmax and did
not adversely affect TTE during the GXT or cardiorespiratory re-
sponses to HIIT compared with the HD.

Key words: High-intensity exercise, graded exercise test, ketosis,
low-carbohydrate diet, high-fat diet.

Introduction

Despite a hundred-plus year history, there has been
renewed interest in research describing the effects of
lowering dietary carbohydrate on health and exercise
performance (Volek, Noakes and Phinney, 2015).
Approaches have included training in the fasted state,
training with reduced glycogen stores after prior exercise,
and restricting carbohydrate (CHO) intake during recovery
(Bartlett et al., 2015). A very low-CHO high-fat (VLCHF)
diet, also known as the ketogenic diet, is a nutritional
approach that restricts daily carbohydrates to 20-50 g/d,
replacing the majority of those reduced calories with fat,
while maintaining low to moderate quantities of protein
(Feinman et al., 2015). In persons habituated to typical

Western diets, the VLCHF diet has been shown to lower
basal glucose and insulin levels, increase fat oxidation
rates, and upregulate an alternative energy source in the
form of hepatic ketone bodies (Paoli et al., 2015). These
ketogenic diet-induced metabolic changes drive the body
to preferentially use fat and ketones as their primary fuel
sources (Volek et al., 2015), and might be considered
advantageous, particularly for prolonged exercise, since
access to the extensive quantity of fat stores implies a
steady source of energy flow, unlike our limited
endogenous CHO stores from muscle and liver glycogen
(Yeo etal., 2011; Volek et al., 2015).

Initial exposure to low CHO diets can reduce resting
muscle (and presumably liver) glycogen stores within the
first several days. This reduction of muscle glycogen stores
without notable increase in the capacity for fat utilization
is associated with a lowered capacity for exercise
performance (Burke and Hawley, 2002). Indeed, a short-
term ketogenic diet (1-3 days) has been shown to reduce
both prolonged submaximal (~70% of maximal oxygen
uptake (V Oxmax)) (Starling et al., 1997; Pitsiladis and
Maughan, 1999) and high-intensity supramaximal exercise
(Langfort et al., 1997; Lima-Silva et al., 2013). Beyond 5-
7 days of exposure to the ketogenic diet, fat oxidation
during submaximal exercise is enhanced (Paoli et al.,
2015), with maximal performance benefits postulated to
take up to several weeks or months (Volek et al., 2015).

CHO availability and muscle glycogen content are
primary components of metabolism and exercise
performance (Bergstrom et al., 1967), with skeletal muscle
increasingly reliant on CHO as a fuel source as exercise
rises in intensity (van Loon et al., 2001). Thus, it stands to
reason that restriction of endogenuous CHO availability,
forcing greater reliance on fat as the primary fuel source,
would adversely affect strenuous exercise performance,
such as that needed for high-intensity interval training
(HIIT) (Buchheit and Laursen, 2013a). However, no
studies to date have examined the effects of long-term
reductions in CHO intake on HIIT performance. Therefore,
the purpose of this study was to examine the effects of
altering from one’s HD to a VLCHF diet over 4 weeks on
cardiorespiratory and metabolic responses during HIIT.

Methods

Participants
Eighteen moderately trained males were recruited for this
study, before being assigned to 2 groups: a very low-CHO
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high-fat diet group (VLCHF; N = 9) and a habitual mixed
Western diet group (HD; N = 8). Inclusion criteria con-
sisted of being male and between the age of 18 and 30, and
actively engaged in regular (at least 3 sessions/week) non-
competitive exercise activities, mostly of a low-intensity
endurance nature. At baseline, both groups were similarly
matched for age (23.8 = 2.4 vs. 23.8 + 1.8 years), body
height (1.80 £ 0.07 vs. 1.83 £ 0.04 m), body mass (83.2
17.7 vs. 83.7 £ 9.4 kg), body fat (13.7 = 7.7 vs. 16.1 £
7.4%) and self-reported exercise activity per week (6.4 +
2.7 vs. 6.2+ 1.9 h, VLCHF vs. HD, respectively). All par-
ticipants were free from any known diseases, and currently
not taking medications or dietary supplements. None of the
participants had experience with the VLCHF diet before
the study. One participant in the HD group withdrew due
to his inability to comply with the performance test sched-
ule. Participants were informed of the nature of the study
and written informed consent was obtained prior to study
commencement. The experimental protocol was approved
by the local Ethics Committee and conformed to the prin-
ciples outlined in the Declaration of Helsinki.

Overview of study design
At baseline (PRE), after 2 weeks (MID) and 4 weeks
(POST) of the controlled experiment, participants attended
the exercise physiology laboratory for testing. A maximal
incremental treadmill test (GXT) was performed at PRE
and POST, while an HIIT session was performed at all time
points. Tests were separated by 48 h.

All sessions were conducted in the morning, at least
3 h after their last meal and in a thermally-controlled labor-
atory room (21°C, 40% relative humidity). Each partici-
pant performed their laboratory sessions during similar
morning hours (£ 30 min). Body mass and composition
were determined using a bioelectrical impedance analyser
(InBody770, Seoul, Korea) and a capillary blood sample
was drawn from a finger for the measurement of B-hy-
droxybutyrate (FreeStyleOptium Neo, Oxon, UK) before
all exercise interventions. Participants were advised not to
participate in vigorous activity 24 h before the laboratory
visits. Apart from the prescribed dietary intervention in the
case of the VLCHF group or maintaining HD, participants
were asked to perform 3-5 sessions per week of non-super-
vised training, primarily endurance-based running sessions
or exercise according to interest (e.g. team sports, hiking,
in-line skating), to record their training heart rate (HR) us-
ing a HR monitor (Polar410, Oy, Finland), and to keep an
exercise diary.

Dietary intervention and recording

Participants in the HD group were asked to maintain their
habitual dietary intake without restriction. The VLCHF
diet adhered to by the VLCHF group was defined as con-
sisting of up to 50 g/d of CHO (Feinman et al., 2015). Nei-
ther diet included a specific calorie or energy goal. Detailed
dietary advice, consisting of meal planning recipe sugges-
tions were provided by a dietician before the study, and as-
sistance was provided at any time during the intervention
as required. A handbook was given to participants that con-
tained recipe examples, food lists and guides for counting
macronutrients. All foods and quantities consumed were

recorded daily beginning 5 days before the intervention pe-
riod (www.kaloricketabulky.cz). Alcoholic beverages
were restricted for the intervention period. Dietary supple-
ments were not permitted for the 1 month before and during
the intervention period, while caffeine beverages were re-
stricted before the laboratory sessions.

Exercise testing sessions
In order to determine the maximum aerobic capacity
(VO2may) and the minimal running speed required to elicit
VOamax (VWOamay) participants performed a graded exercise
test (GXT) to volitional exhaustion. The treadmill
(LodeValiant, Groningen, The Netherlands) GXT protocol
started at 7.0 km/h and increased by 1.5 km/h every 4 min
with inclination remaining at 1%. Expired air was continu-
ously monitored for analysis of O, and CO, concentrations
during the GXT by the use of a breath-by-breath system
(ZAN600Ergo; Oberthulba, Germany). Determination of
VOumax Was made based on the highest average O, con-
sumption measured over a 30s period. VVOama, Was deter-
mined as the speed upon which a plateau in the VO, first
occurred or VO, did not increase more than 2.1 ml/kg/min
despite an increasing running speed (Kohn, Essén-
Gustavsson and Myburgh, 2011). Gas-exchange measure-
ments were also used to quantify the second ventilatory
threshold (VT,). VT, was defined as the second increase in
ventilation (VE) with increase in both VE/VO, and
VE/VCO,. HR was measured using a chest belt (PolarElec-
tro; Finland). Fat oxidation was calculated from indirect
calorimetry measurements using stoichiometric equations
from RER (Jeukendrup and Wallis, 2005). The average
RER of the last 2 min of each 4 min interval was used for
this calculation, and the highest value was considered as
the Fatpax.

The HIIT session involved a 10 min warm-up at
60% vVOamay, followed by 5 high-intensity repetitions con-
sisting of 3 min at 100% vVOamay, separated by 1.5 min
passive recovery (work to rest ratio, 2:1). For the HIIT ses-
sion, the treadmill was set at 1%, and lasted a total of 34
min. This long interval HIIT protocol (Buchheit and
Laursen, 2013a) was chosen because it requires a high level
of aerobic oxidative, as well as anaerobic glycolytic and
neuromuscular contributions (i.e., Type 4 response, Figure
1 in Buchheit and Laursen, 2013a), in alignment with the
objectives of the investigation. In addition to cardiorespir-
atory variables, blood lactate concentrations were meas-
ured from capillary blood samples taken from a finger (20
uL) (Accutrend Plus, Roche, Germany; intra-assay coeffi-
cient of variation 5.5%) before exercise, at the end of
warm-up (10" min), and after each interval (i.e. in 14,
18 23t 27% and 31" min). Self-reported perceived exer-
tion (RPE) (Borg, 1982) was recorded after each interval.

Statistical analysis

Standardised differences in the mean (Effect size, ES) and
90% confidence intervals (90% CI) were calculated for dif-
ferences between groups. Threshold values for ES statistics
were <0.2 (trivial), 0.20-0.59 (small), 0.60-1.19 (moder-
ate), 1.20-1.99 (large), 2.00-3.99 (very large), >4.00
(nearly perfect). The exact probabilities of an effect were
also evaluated qualitatively as follows: 25-75% possibly,
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75-95% likely, 95-99.5% very likely, >99.5% most likely.
The probability that the true difference was substantial was
estimated from the smallest worthwhile change/difference
(0.2xbetween-individual standard deviation). If the proba-
bility of higher or lower differences was >5% then the true
difference was deemed unclear (Batterham and Hopkins,
2006; Hopkins et al., 2009). Statistical analyses were per-
formed using statistical spreadsheets (Hopkins, 2006) and
IBM SPSS Statistics 23.

Results

Dietary records and physical activity analysis

The dietary analyses of macronutrients consumed before
and during the 4-wk experimental period are shown in Fig-
ure 1. The recorded dietary intakes indicated that less than
50 g/d of CHO was ingested per subject throughout the in-
tervention phase for the VLCHF group. The between-
group difference in the mean total energy intake before the
study (5-day recordings) was unclear (ES + 90% CI, -0.7
+ 1.0). However, the mean total energy intake was higher
in the HD group (-1.4 £ 1.0; very likely) during the 4-week
intervention period. Dietary intake of all macronutrients
was similar in both groups at baseline. Compared with the
initial 5-day baseline recordings, unlike the VLCHF group,
the dietary macronutrient structure in the HD group during
the 4-week intervention was not changed substantially
(Figure 1).

Physical activity was analysed according to the ex-
ercise diary and records downloaded from HR monitors to
the software Polar ProTrainer 5. There was no substantial
difference between the groups in total number of training
sessions (15.9 = 5.5 vs. 14.1 + 3.1), total training time
(1,046 £ 354 vs. 846 £ 515 min) or mean HR expressed as
% HRmax (76.1 £4.9 vs. 74.8 + 5.7%, VLCHF vs. HD, re-
spectively) during the 4-week intervention period.

B-hydroxybutyrate (BHB)

The capillary blood BHB concentrations before the study
started and in the HD group throughout the study were <0.1
mmol/L. However, PHB increased in the VLCHF group to

0.7 £ 0.3 mmol/L after 2 weeks, before decreasing to 0.4 +
0.2 mmol/L after 4 weeks (ES =+ 90% CI: 17.8 = 5.6 and
9.6 £ 3.8 for MID vs. PRE and POST vs. PRE comparison,
respectively; most likely).

Graded Exercise Test (GXT)

The GXT time to exhaustion (TTE) and VOamax increased
after the experimental period in both study groups, but the
group differences between these changes were possibly
trivial (-0.1 £ 0.3) and likely small (0.6 + 0.5), respectively.
Additionally, the between-group difference in Fatmax
change was large (1.2 £ 0.9, very likely), revealing greater
increases in the VLCHF over the HD group (Table 1).

High-Intensity Interval Training (HIIT)

There were trivial to small between-group differences in
the mean VO, and HR changes across PRE, MID and
POST comparisons (Table 2 and Table 3, Figure 2). Mean
RER decreased in both groups but was substantially more
pronounced in the VLCHF group (most likely large differ-
ence between RER changes in VLCHF and HD groups; -
1.5+0.1) (Table 2 and 3, Figure 2 and 3). The lactate con-
centration changes at 2 weeks and 4 weeks of the experi-
ment responded differently (Figure 2), with change differ-
ences most/very likely moderate for the MID vs. PRE (1.0
+ 0.5) and POST vs. MID (-0.9 + 0.6) comparisons,
whereas unclear (0.1 £ 0.6) in the POST vs. PRE compar-
ison (Table 2, Figure 3). Comparisons of the RPE changes
over time between VLCHF and HD groups were unclear
(PRE vs. MID 0.3+0.8; PRE vs. POST -0.4 + 0.9) or likely
small (MID vs. POST -0.58 + 0.8) (Table 2 and 3). Maxi-
mal RER values progressively decreased throughout all
five high-intensity repetitions in both groups irrespective
of PRE, MID or POST measurement timepoints. A sub-
stantial decrease of the peak RER values from PRE vs.
MID and POST measurement comparison was apparent in
the VLCHF group (Figure 3). Blood lactate values after the
last two high-intensity repetitions during the MID and
POST measurement increased compared with the PRE
measurement in the VLCHF group (Figure 3).
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Figure 1. Dietary characteristics across the 5-day recordings before the intervention started (black bars)
and during the 4-week experimental period (white bars) in the very low-carbohydrate high-fat diet
(VLCHF) and high carbohydrate (HD) groups. Values are expressed as mean + standard deviation.
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Table 1. Basic body composition characteristics and GXT results. Values are expressed as mean (+ standard deviation).

VLCHF (N =9) HD (N =8) Effect Size £ 90% CI
PRE POST PRE POST

Body mass (kg) 832 (17.7) 78.5 (15.5) 83.7 (9.4) 82.9 (9.6) 3 (1) *
Body fat (%) 13.7(1.7) 10.5 (7.6) 16.1 (7.4) 15.0 (7.6) -5(3)**
VO3umax (ml/kg/min) 52.3 (4.7) 55.4 (4.2) 51.9 (6.4) 53.4 (6.9) 6(.5) **
VO2max (/min) 4.3 (.6) 43(7) 43(5) 44 (5) -1(.5)
HRuax (bpm) 192 (6) 189 (6) 195 (8) 195 (5.7) -3(.7)
Vmax (km/h) 15.1 (1.1) 15.7 (1.1) 14.5 (1.4) 15.2 (1.4) -1(3)
VT2 (% VOzmax) 82.3 (3.6) 85.9 (3.7) 82.4 (3.9) 83.9 (1.6) 6(.8)
TTE (min) 25.7(2.8) 27.2 (3.0) 24.0 (3.9) 25.8 (3.8) S1(3)*
Fatmax (g/min) 8(3) 1.1(.2) 7(.2) 8(2) 1.2 (.9) ***

VLCHF/HD - very low-carbohydrate high-fat diet/habitual diet group, CI — confidence interval, PRE — before the experiment,
POST - after the experiment, VO2max — maximal oxygen consumption, HRmax — maximal heart rate, vmax — maximal running speed,
VT2 — second ventilatory threshold, TTE - total time to exhaustion, Fat,,, — maximal fat oxidation. The differences over time between the
changes in the VLCHF and HD groups expressed as Effect Size values and their likelihood are shown (*possible, **likely, ***very likely, ****most
likely) (see also Methods).

Table 2. HIIT results. Warm-up and cool-down excluded. Values are expressed as mean (+ standard deviation).

PRE MID POST
Peak VO: (% VO2max) VLCHF 97.8 (3.9) 96.3 (5.2) 98.2 (5.0)
HD 94.6 (4.4) 90.2 (5.3) 96.0 (7.3)
Mean VO2 (% VO:2max) VLCHF 77.0 (17.6) 75.7 (16.8) 76.9 (17.7)
HD 72.4 (17.5) 68.9 (17.0) 73.0 (18.7)
Mean HR (% HRmax) VLCHF 86.8 (7.3) 86.1 (7.3) 84.1 (7.6)
HD 87.4 (7.0) 84.3 (7.2) 84.3 (7.8)
Mean RER VLCHF 0.96 (0.06) 0.84 (0.04) 0.86 (0.04)
HD 0.93 (0.06) 0.89 (0.05) 0.92 (0.05)
Mean Lactate (mmol/L) VLCHF 5.9 (1.4) 6.6 (1.6) 5.9(1.1)
HD 53 (1.2) 4.5 (.6) 5.2(.9)
Mean RPE VLCHF 13.8 (1.7) 13.4 (1.8) 12.2 (1.4)
HD 14.5 (1.3) 13.8 (1.4) 13.7 (1.8)

PRE — before the experiment, MID — after 2 weeks of the experiment, POST — after the experiment, VLCHF/HD —
very low-carbohydrate high-fat diet/habitual diet group, VO, — oxygen consumption, HR — heart rate, RER — respir-
atory exchange ratio, RPE — rate of perceived exertion.

Table 3. The differences between changes in the HIIT results in the VLCHF and HD groups. Warm-up and cool-down excluded.

MID vs. PRE POST vs. PRE POST vs. MID
Peak VO; 0.7 £ 01.3, unclear -0.2 £ 1.1, unclear -0.9 £ 1.3, unclear
Mean VO:2 0.1 £ 0.0%*** trivial -0.0 £ 0.0%*** trivial -0.2 £ 0.0*** trivial
Mean HR 0.3 £0.0%*** small 0.1 £ 0.1*%** trivial -0.3 £0.1** small
Mean RER -1.4 £ 0.1%*** large -1.5 £ 0.1**** large -0.1 +£ 0.1%** trivial
Mean Lactate 1.0 £ 0.5%*** ‘moderate 0.1 £ 0.6, unclear -0.9 £ 0.6*** moderate
RPE 0.3 £ 0.8, unclear -0.4 £ 0.9, unclear -0.6 £ 0.8**, small

PRE — before the experiment, MID — after 2 weeks of the experiment, POST — after the experiment, VO, — oxygen consump-
tion, HR — heart rate, RER — respiratory exchange ratio, RPE — rate of perceived exertion. The differences over time between
the changes in the VLCHF and HD groups expressed as Effect Size = 90% CI values, magnitude based inference and their
likelihood are shown (*possible, **likely, ***very likely, ****most likely) (see also Methods).

Body composition characteristics

Body mass (by 5.7% in VLCHF, 1.0% in HD) and body fat
(by 23.4% in VLCHF, 6.8% in HD) decreased in both
groups (Table 1) probably due in part to the lowered energy
intake (Figure 1). However, the group difference between
these changes was likely small for body mass (ES £+ 90%
CI; -0.3 £ 0.1) as well as body fat (-0.5 + 0.3).

Discussion

In the present study, we compared the effects of shifting
from a habitual mixed Western diet (HD) to that of a very
low-carbohydrate high-fat diet (VLCHF) on the physiolog-
ical responses to a graded exercise test (GXT) and a high-
intensity interval training (HIIT) session. We presumed
that reduced dietary carbohydrate availability apparent in
the VLCHF group would adversely affect their high-inten-

sity exercise performance during either the latter stages of
the GXT or in their ability to complete the HIIT bouts. In
contrast to our hypothesis, however, we could not find ev-
idence of high-intensity performance compromise during
the final stages of the GXT or during the HIIT bouts. We
did however observe increased fat oxidation rates in the
VLCHF group after 4 weeks.

It has long been accepted that both aerobic and an-
aerobic exercise performance is highly reliant on CHO
availability (Cermak and van Loon, 2013; Hawley et al.,
1997). Dietary guidelines have recommended daily CHO
intake of 6-10 g/kg for athletes performing 1-3 h of daily
moderate- to high-intensity exercise (Burke et al., 2011).
While athletes in the present study would not be considered
highly trained, our findings and others (Cox et al., 2016;
Volek et al., 2015; Zajac et al., 2014) challenge the pre-
sumed necessity of a high-CHO diet for high-intensity
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Figure 2. Mean (and standard deviation) VO2, HR, RER and lactate during the high-intensity interval training
(HIIT) session before the experimental period (PRE), after 2 weeks (MID) and at 4 weeks (POST). The differences
over time between the very low-carbohydrate high-fat diet (VLCHF) and habitual mixed Western diet (HD) groups expressed as
magnitude-based inferences and their likelihood are shown (*possible, **likely, ***very likely, ****most likely. No asterisk means
that 90% CL overlapped the thresholds for substantiveness - unclear difference) (see also Methods).

exercise performance. In the context of habitual diet and
how it may relate to exercise performance, an important
variable that has been less examined is the duration of die-
tary adaptation. For example, a 7-day low-CHO diet (13%
of total energy) in highly-trained female athletes signifi-
cantly reduced TTE (by 47%) during cycling at 80%
VOumax When compared to moderate or high CHO diets
(54% and 72% of total energy, respectively) (O’Keeffe et
al., 1989). However, a 14-day VLCHF diet (7% of total en-
ergy) in well-trained athletes induced significant increases
in TTE (by 87%) during moderate intensity cycling at 60%
VOamax, While high-intensity exercise (Wingate test and
TTE at 90% VOamay) Was unaffected (Lambert et al., 1994).
In the most recent study to examine the topic in athletes,
Burke et al. (Burke et al., 2017) used a 3-week low-CHO
high-fat diet (LCHF) and showed a performance impair-
ment (-1.6%) over a 10-km race walk in elite race walkers;
high-CHO and periodized-CHO groups showed a perfor-
mance improvement (6.6% and 5.3%, respectively). While
the absolute change in VO, (L/min) at race speed (12-15
km/h) following the 3-week diet intervention during a
standardized graded economy test were not statistically dif-
ferent between groups, exercise economy reduction (in-
creased VO, for a given speed) was used to explain the per-
formance decrease in the LCHF group (Burke et al., 2017).
As body mass decreased the most in the LCHF group (by

1.8 kg versus 0.6 and 1.6 kg in the high-CHO and period-
ized-CHO groups, respectively) an increase in VO, ex-
pressed per body mass would be expected. As well, confi-
dence intervals shown for performance decrease in the
LCHEF group (90% CL: -8.5, 5.3%) suggest large inter-in-
dividual responses to the LCHF diet, and could potentially
be reflective of diet adaptation level. Our additional week
of VLCHF diet adaptation may be important in the context
of understanding the time needed to become accustomed
and fully adapted to distinctly different habitual diets. In-
deed, some have suggested that adaptation to the VLCHF
diet may require several weeks to months before benefits
may be realized (Volek et al., 2015). Most recently, high
intensity exercise performance including peak and average
relative power during a 6-s sprint and critical power test
were recently shown to improve after 12-weeks adaptation
to a VLCHF diet, with 100-km time trial performance
maintained (McSwiney et al., 2018).

Evidence of the adaptation and compliance to
VLCHF diet is usually evaluated by the BHB concentration
in plasma. The BHB concentration increased substantially
after two weeks (0.7 = 0.3 mmol/L) and then decreased af-
ter four weeks but remained elevated (0.4 + 0.2 mmol/L)
in the VLCHF group. Accepting the threshold of fHB for
nutritional ketosis as >0.5-3.0 mmol/L (Volek and
Phinney, 2012), suggests that nutritional ketosis was
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achieved despite lower concentrations of BHB shown com-
pared with previously published studies (Burke et al., 2017,
Zajac et al., 2014). The macronutrient profile of the
VLCHF diet (higher protein content) differed from previ-
ous research also (29% versus 17%) (McSwiney et al.,
2018) and might be considered as a possible explanation of
the lower BHB concentration.

Consistent with other studies (Burke et al., 2017,
Cox et al., 2016; Peters and Leblanc, 2004), the VLCHF
diet applied over 4 weeks in the present study resulted in a
metabolic substrate shift toward a greater reliance on fat
versus carbohydrate oxidation, as indirectly assessed by
the RER measurement (Figure 4). It is also worthy to notice
that the maximal aerobic capacity (VOamax expressed in ab-
solute values, Table 1) did not change in both study groups,
so that RER changes are most likely related to the diet in-
tervention. The progressive decrease in RER over the re-
peated high-intensity work intervals during the HIIT sup-
ports the importance of aerobic metabolism (and fat oxida-
tion) for completing an HIIT session ( Cipryan et al., 2017,
Hetlelid et al., 2015).

A major trepidation of athletes, coaches and scien-
tists concerning the VLCHF diet is that it severely impairs
the ability to perform high-intensity training optimally
(Burke, 2015; Close et al., 2016; Hawley and Leckey,
2015). Indeed, such HIIT workouts are considered vital
components of training for most sports (Buchheit and
Laursen, 2013b). Thus, our findings are important in this
regard, as HIIT performance was not compromised in these
participants after 4 weeks of adaptation to their VLCHF
diet. While performance in the HIIT bout was fixed or
closed and not ‘open ended’, there was no evidence of per-
formance compromise. For example, all HIIT bouts were
fully completed in both diet groups, there was no difference
in RPE during the HIIT between groups, and no difference
in TTE (and VOumax) during the GXT between the groups
(Table 1).

With respect to strenuous intermittent exercise, a
close correlation (r = 0.79, p < 0.01) has been shown be-
tween muscle glycogen levels and exercise performance
after 6 weeks adoption to a VLCHF diet (1% of CHO of
total energy) (Bogardus et al., 1981). While we did not
measure muscle glycogen content in our study, HIIT was
not adversely affected after 2 and 4 weeks of restricted di-
etary CHO availability in the VLCHF group (Figure 1).
Specifically, we found no between-group differences in
mean VO, and mean HR changes over the three identical
HIIT sessions (Table 2 and 3, Figure 2). Additionally, all
participants were able to finish their HIIT session without
any observable increase in perceived exercise effort, as
evaluated by RPE (Borg, 1982) (Table 2 and 3). Partici-
pants in both study groups achieved at least 90 % VOamax
during the HIIT sessions as expected, with no substantial
between-group differences shown. This is an exercise in-
tensity that is clearly above VT, for all participants in both
groups (Tables 1 and 2). It has been suggested that low-
CHO diets (17% of CHO of total energy) may compromise
the ability to oxidize available glycogen at a sufficient rate
to fuel high-intensity exercise (Havemann et al., 2006) and

impair rather than spare glycogen utilization during exer-
cise by reducing glycogenolysis (Stellingwerff et al.,
2006). Since the catabolism of muscle glycogen is consid-
ered the primary source of plasma lactate, reduced blood
lactate concentrations during exercise performed under the
condition of prolonged CHO restriction should also be ex-
pected (Cox et al., 2016; Havemann et al., 2006). In our
study, mean lactate concentration substantially (most likely
moderately) increased in the VLCHF group after 2 weeks
(Figure 3). Between-group differences in lactate dynamics
were also evident during HIIT (Figure 3) with plasma lac-
tate concentrations increasing further toward the end of the
HIIT after 2 and 4 weeks in the VLCHF group. These find-
ings compare with Volek et al. (2016) who showed a two-
fold higher lactate concentration at the end of a 3-h tread-
mill run at 65% VOamax in chronically adapted VLCHF diet
ultra-runners (9-36 months; 10% of CHO of total energy).
Similarly, Webster et al. (2016) demonstrated higher (but
not significantly, p = 0.21) lactate concentrations (3.2 £ 1.0
vs. 2.8 £ 1.2 mmol/L in VLCHF vs. HD groups, respec-
tively) during a 2-h cycling task, with greater increases in
lactate concentrations towards the end of exercise in the
VLCHEF group (8 months; 7% of CHO of total energy). The
authors proposed that this could have been due to more
newly synthesized hepatic glucose from glycerol compared
with the HD group, who derived more glucose from lactate,
despite similar rates of gluconeogenesis during exercise.
Additionally, higher lactate concentrations during exercise
in our VLCHF group might also be explained by an inhib-
ited pyruvate dehydrogenase (PDH) activity and subse-
quent decrease of the conversion of pyruvate to acetyl-CoA
(Peters et al., 1998), leading to increases in lactate produc-
tion from pyruvate via lactate dehydrogenase, coupled with
impairment of blood lactate utilisation via gluconeogene-
sis. Both explanations presume that the glycogen stores
were not depleted and were still available for high-intensity
exercise even if our VLCHF group shifted largely to using
fat as a fuel for muscle contraction. A non-significant de-
crease in muscle lactate concentration has been shown de-
spite an increased plasma lactate concentration following a
short-term ketogenic diet intervention (Stellingwerff et al.,
2006). Therefore, changes in lactate clearance or use of lac-
tate as a fuel may explain the disparate findings shown
across varying adaptation periods. Wood suggests that if
PDH activity is reduced, pyruvate may instead be diverted
through pyruvate carboxylase to make oxaloacetate to fa-
cilitate the continuation of the Krebs cycle; the required ac-
etyl-CoA then provided by other fuels as required (fatty ac-
ids or ketone bodies) (Wood, 2017).

Limitations within the current study should also be
considered. First, we did not measure intramuscular glyco-
gen levels, which would have significantly extended our
understanding. Second, a lack of standardization of diets
occurred in this study and we are reliant on the study par-
ticipants to monitor themselves appropriately. Finally, all
foods consumed during the intervention period, including
the last meal ingested before the exercise testing, were not
isocaloric, and this might also have influenced the study
outcomes.
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Practical applications

HIIT plays a pivotal role in the training programs of most
endurance athletes. Accordingly, any external effects on
HIIT execution considered detrimental to the desired train-
ing outcome should be naturally avoided. Dietary CHO
availability is believed to be essential for performing high-
intensity exercise (Havemann et al., 2006; Kerksick et al.,
2017). Our study challenges this premise, as when CHO
intake was restricted for 2 and 4 weeks in the VLCHF
group, with the exception of heighted levels of fat oxide-
tion rates and blood lactate concentrations relative to the
HD group, we observed no difference in the psycho-phys-
iological responses to HIIT (i.e., same VO,, HR and RPE).
As such, HIIT can be applied in athletes adherring to a low
carbohydrate diet.

Conclusion

We asked participants to alter their habitual mixed Western
diet to that of a very low-CHO high-fat diet for 4 weeks
and examined its effect on physiological variables during a
graded exercise test and a HIIT bout. While substantial
changes in substrate oxidation were found, with heightened
levels of fat oxidation and blood lactate concentration in
the VLCHF group, we found no adverse effects of a
4- week VLCHF diet on any aspect of performance during
either the GXT or the HIIT bout in these recreationally-
trained participants.
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Key points

e A group of participants that changed from habitual
mixed western-based to VLCHF diet over 4 weeks
substantially increased rates of fat oxidation shown
during a graded exercise test and high-intensity
interval training (HIIT) session.

e Performance and cardiorespiratory responses during a
graded exercise test and HIIT were not impaired after
consuming a VLCHF diet relative to a group
consuming their mixed western-based diet.

o A four-week adaptation period to a VLCHF diet
preserved high-intensity exercise performance.
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