ACU Research Bank

Six high-intensity interval training sessions over 5 days
increases maximal oxygen uptake, endurance capacity,
and sub-maximal exercise fat oxidation as much as 6
high-intensity interval training sessions over 2 weeks

ltem Type Journal article

Authors Atakan, Muhammed M.;Glzel, Yasemin;Bulut, Sileyman;Kosar,
Sukran N.;McConell, Glenn K.;Turnagodl, Hiseyin H.

DOl 10.1016/j.jshs.2020.06.008
Publisher Elsevier B.V.
Download date 2026-01-16 10:06:33

Link to ltem https://hdl.handle.net/20.500.14802/22758



http://dx.doi.org/10.1016/j.jshs.2020.06.008
https://hdl.handle.net/20.500.14802/22758

Available online at www.sciencedirect.com

R
ScienceDirect

updates

Journal of Sport and Health Science 10 (2021) 478—487

Original article

Six high-intensity interval training sessions over 5 days increases maximal
oxygen uptake, endurance capacity, and sub-maximal exercise fat oxidation
as much as 6 high-intensity interval training sessions over 2 weeks

Muhammed M. Atakan *°, Yasemin Giizel *, Siileyman Bulut*, Siikran N. Kosar ?,
Glenn K. McConell **, Hiiseyin H. Turnagél **

2 Division of Nutrition and Metabolism in Exercise, Faculty of Sport Sciences, Hacettepe University, Ankara 06690, Turkey
® Institute for Health and Sport, Victoria University, Melbourne, VIA 3011, Australia

Received 24 February 2020; revised 23 April 2020; accepted 16 May 2020
Auvailable online 18 June 2020

2095-2546/© 2021 Published by Elsevier B.V. on behalf of Shanghai University of Sport. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Abstract

Background: High-intensity interval training (HIIT) induces similar or even superior adaptations compared to continuous endurance training.
Indeed, just 6 HIIT sessions over 2 weeks significantly improves maximal oxygen uptake (VO,.y), submaximal exercise fat oxidation, and
endurance performance. Whether even faster adaptations can be achieved with HIIT is not known. Thus, we aimed to determine whether 2 ses-
sions of HIIT per day, separated by 3 h, every other day for 5 days (double HIIT (HIIT-D), n=15) could increase VO,,,x, Submaximal exercise
fat oxidation, and endurance capacity as effectively as 6 sessions of HIIT over 2 weeks (single HIIT (HIIT-S), n=13).

Methods: Each training session consisted of 10 x 60 s of cycling at 100% of VO, interspersed with 75 s of low-intensity cycling at 60 watt
(W). Pre- and post-training assessments included VO, .4, time to exhaustion at ~80% of VO, .x, and 60-min cycling trials at ~67% of VO, -
Results: Similar increases (p < 0.05) in VO, (HIIT-D: 7.7% vs. HIIT-S: 6.0%, p > 0.05) and endurance capacity (HIIT-D: 80.1% vs. HIIT-S:
79.2%, p > 0.05) were observed. Submaximal exercise carbohydrate oxidation was reduced in the 2 groups after exercise training (HIIT-D:
9.2%, p=0.014 vs. HIIT-S: 18.8%, p =0.012) while submaximal exercise fat oxidation was significantly increased in HIIT-D (15.5%, p = 0.048)
but not in HIIT-S (9.3%, p =0.290).

Conclusion: Six HIIT sessions over 5 days was as effective in increasing VO,,,x and endurance capacity and was more effective in improving
submaximal exercise fat oxidation than 6 HIIT sessions over 2 weeks.

Keywords: Double interval training; Exercise metabolism; Performance; Substrate oxidation

1. Introduction growing body of research suggesting that high-intensity inter-
val training (HIIT) is such a time-saving exercise model.
HIIT refers to an intermittent style of exercise training
involving short bursts of high-intensity exercise, for example,
intermittent exercise that achieves >90% of maximal heart
rate (HR) and maximal oxygen uptake (VOpax), Separated by
periods of recovery or rest. This exercise model has been
ranked number 1 in the health and fitness trends in 2018 due to
its time-saving nature.” Although HIIT has been used by ath-
letes in their training since the beginning of the 20th century,
its use has recently gained momentum® and the number of pub-
) o o lished studies relevant to HIIT has increased exponentially
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The World Health Organization recommends at least
150 min of moderate-intensity physical activity per week or at
least 75 min of vigorous-intensity physical activity per week
for healthy adults. Unfortunately, over a quarter of all adults,
approximately 1.4 billion people, do not reach these recom-
mended physical activity levels.” Given that a lack of time is
the most commonly cited barrier to exercise adherence, recent
studies have focused on exercise training models that can be
effectively undertaken in a short period of time. There is a
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Five days of HIIT as effective as 2 weeks of HIIT

strategy to confer wide-ranging health benefits, including
changes in body composition and decreases in visceral
adiposity.” '' HIIT also increases cardiorespiratory fitness,
exercise performance,” *'? and fat oxidation during sub-max-
imal exercise.'' The underlying mechanisms behind these
improvements may include, at least partly, increases in skeletal
muscle mitochondrial biogenesis and mitochondrial function,
which manifests itself as greater oxidative phosphorylation
capacity.'” The briefest time that HIIT has been used thus far,
as reported in published research studies, has been 2 weeks,
with 6 HIIT sessions over that time, and these studies found
increases in VO;ay, fat oxidation during sub-maximal exer-
cise and endurance capacity, as well as skeletal muscle meta-
bolic adaptations.” "' It is also worth noting that some studies
in the published literature have found that physiological adap-
tations took place when a non-HIIT program involved even
less than 2 weeks of exercise training. For example, Green
et al."” found increased levels of skeletal muscle glucose and
lactate transporters after 3 consecutive days of cycling at 60%
of VO, ax. Phillips et al.,14 who reported on the shortest regi-
men of training that produced exercise-induced improvements
in substrate oxidation, also documented an increased rate of
intramuscular lipolysis and a decreased rate of glycogen oxida-
tion after 2 h cycling at 60% of peak oxygen uptake (VOypear)
daily over 5 days. To our knowledge, no study has examined
whether these types of beneficial effects can be achieved when
HIIT is used over a time frame of less than 2 weeks. It has
been found that 2 sessions of HIIT per day increases cardiore-
spiratory fitness'” and cycling time trial performance,'” most
likely because HIIT increases skeletal muscle oxidative phos-
phorylation capacity and markers of exercise-induced mito-
chondrial biogenesis.'® This may be because when exercise
training is done while muscle glycogen is depleted (e.g., when
exercise has taken place earlier on the same day), greater adap-
tations occur than when the same type and level of exercise is
undertaken when muscle glycogen is at normal levels.'’
Indeed, HIIT conducted with reduced carbohydrate (CHO)
availability increases whole-body fat oxidation during a
steady-state ride and time trial performance compared to when
HIIT is conducted with normal CHO availability.'”'® Simi-
larly, Hansen and colleagues'’ found that knee extensor exer-
cise conducted twice per day every second day for 10 weeks
resulted in increased resting muscle glycogen levels and citrate
synthase activity compared with training only once per day for
10 weeks. Hansen et al.'” hypothesized that this was because
the lower muscle glycogen content available for the second
bout of exercise on the same day acted as a greater stimulus
for exercise adaptations. Furthermore, HIIT interventions com-
prising total 60 min of intense cycling over 5 days may result
in health benefits that are similar or superior to the benefits
derived from 2 weeks of HIIT, especially as it relates to the
effects on VO, 4, @ powerful independent predictor of cardio-
vascular morbidity and mortality.”” Confirming that 5 days of
HIIT intervention is as effective as 2 weeks of HIIT interven-
tion will enable a new HIIT model to be developed that takes
advantage of the time-saving nature of HIIT for those who
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want to experience both health and athletic benefits of train-
ing over a shorter period of time. Thus, we examined
whether twice-daily HIIT sessions conducted every other
day over 5 days improves VO, ., fat oxidation during sub-
maximal exercise, and time to exhaustion (TTE) in a way
that is similar to once-daily HIIT conducted every other day
(on weekdays) over 2 weeks. We hypothesized that the
6 HIIT sessions performed over 5 days would provide these
health benefits at a level that was similar or superior to
once-daily HIIT sessions conducted every other day on
weekdays over 2 weeks.

2. Methods
2.1. Participants

Twenty-eight healthy recreationally active males (age: 25
+ 4 years; height: 176.3 £ 6.0 cm; weight: 72.7 + 8.1 kg;
mean = SD) who participated in exercise (e.g., cycling, run-
ning, soccer) 2—3 times per week volunteered for the study.
Participants were randomly assigned to either the double
high-intensity interval group (HIIT-D) (n=15) or the single
high-intensity interval group (HIIT-S) (»=13). Inclusion
criteria were: recreationally active males, non-smokers, aged
20—-30 years, who did not engage in any systematic training
program, including endurance, sprint, and resistance. Partici-
pants were excluded if they had a known exercise-limiting car-
diovascular, respiratory or metabolic illness or were taking
any medication or supplements known to affect metabolism.
Participants were informed of the benefits and risks of the
investigation prior to signing an institutionally approved
informed written consent document for participation in the
study. Participants also completed the International Physical
Activity Questionnaire prior to their participation. The Hacet-
tepe University Clinical Researches Ethics Boards approved
the study, and the study conformed to the Declaration of
Helsinki.

2.2. Experimental approach to the problem

The experimental protocol included a familiarization proce-
dure, pre-tests, 6 HIIT sessions, and post-tests. The pre-tests
consisted of, in the following order, on separate days, with at
least 48 h between each test, (a) VO, .« test, (b) steady-state
sub-maximal exercise test, and (c) TTE test (Fig. 1). The
post-tests, which were identical to the pre-tests, were then
conducted beginning 72 h after the last HIIT training session
(Fig. 1). The study duration, inclusive of pre- and post-training
testing, was 3 weeks for the HIIT-D group and 4 weeks for the
HIIT-S group. During the HIIT phase, the HIIT-D group
performed 2 consecutive training sessions on the same day,
separated by a rest period of 3 h, during which participants
were provided with a meal containing 10 kcal/kg composed of
58% CHO, 27% fat, and 15% protein. The participants were
asked to consume the meal provided during the first hour of
the rest time; they were allowed water ad libitum. The HIIT-S
group participated in the HIIT sessions on weekdays once per
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Fig. 1. Study design. Fri=Friday; HIIT =high-intensity interval training; Mon=Monday; SS=steady-state submaximal test; T =training; Tue = Tuesday;

TTE =time to exhaustion; VO,,,x = maximal oxygen uptake; Wed = Wednesday.

day (3 times/week) for 2 weeks. The HIIT-D and the HIIT-S
groups were matched for total work. The participants were
required to refrain from any strenuous physical activity for the
48 h before the pre- and post-tests, and from alcohol and any
exercise for 24 h before each training day. To avoid perfor-
mance fluctuations because of circadian rhythms, the first daily
exercise sessions of individuals in the HIIT-D group and all
exercise sessions of the HIIT-S group were performed in the
morning (9:00 a.m.—noon), while individuals in the HIIT-D
group completed their second daily sessions in the afternoon
(noon—3:00 p.m.)

2.3. Procedures

2.3.1. Familiarization procedures

At least 2 weeks prior to baseline measurements, all par-
ticipants performed familiarization trials to become ori-
ented with all the testing procedures. The familiarization
tests consisted of VO, the TTE test, and an HIIT
session involving 10 x 60 s of exercise at VOj,x inter-
spersed by 75 s rest at 60 watt (W). These familiarization
tests were separated by 24 h.

2.3.2. Reproducibility of exercise performance tests

Twelve individuals (age: 27.1 &£ 3.2 years; height: 180.3 £
3.1 cm; weight: 70.1 & 4.4 kg) who weren’t participants in
our main study performed 2 VO, tests and 2 TTE tests on
separate days at least 1 week apart in order to gauge the
reproducibility of the exercise performance tests. The coeffi-
cient of variation for the VO, test and TTE test was 1.3%
and 9.2%, respectively, which is similar to that reported in
other studies.” The intraclass correlation coefficient (ICC),
calculated using the equation of Weir,”' was 0.91 and 0.95
for VO,max and TTE, respectively. The SE of the measure-
ment, calculated by SE of the measurement = SDv/1—ICC,
was 0.16 and 1.89 for VO,,,,x and TTE, respectively, where
the SD is the SD of the scores from all participants.

2.3.3. VOjax tests

The participants in our study performed an incremental
exercise test to exhaustion on a cycle ergometer (Monark
Ergodemic 894 E a; Pike Bike, Varberg, Sweden) to determine
VO,max- The initial 3 stages of the test consisted of 2 min of
cycling at 60 W, 120 W, and 150 W, respectively, and then the
workload was increased by 30 W every minute until volitional
exhaustion. HR was recorded continuously during the test
using an HR monitor (Heart Rate Monitor; Garmin Interna-
tional Inc., Olathe, KS, USA). Breath-by-breath expired air
measurements were performed throughout the test using an
on-line gas analysis system (Quark CPET; COSMED Cardio-
Pulmonary Exercise Testing, Rome, Italy). Prior to each test,
0,, CO,, and volume calibrations were made according to pro-
cedures prescribed by the manufacturer. The value used
for VO, ax corresponded to the highest value achieved over a
30-s sampling period. Peak power output was calculated
according to the following formula: Peak power out-
put = Weom + (#/60) x 30, where W, is the last completed
power output W, ¢ is the time completed in the final unfinished
workload (in seconds), 60 is the increment duration(s) in each
workload and 30 is the workload increment.”” The test was
considered valid when at least two of the following criteria were
met: (a) plateauing of VO, while increasing work rate (increase
of no more than 2 mL/kg/min),”* (b) a respiratory exchange ratio
(RER) greater than 1.1, and (c) an HR within 10 beats/min of the
predicted maximum (220 — age (beat/min)).”*

2.3.4. Steady-state submaximal exercise test

The participants cycled for 60 min on an ergometer at a
workload calculated to elicit ~67% of pre-training VOj.x at
a cadence of 60 repetition per minute (rpm) before and after
the 6 sessions of HIIT. Three to 4 h before the pre-training
and post-training 60-min ride, the participants consumed a
10-kcal/kg standard meal composed of 58% CHO, 27% fat,
and 15% protein as recommended by the Institute of Medicine
of National Academies” (a normal eating pattern should
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derive from about 55%—65% CHO, 30% fat, and 10%—20%
protein). The volume of water consumed during the test was
recorded and then replicated during the post-training test. Ratings
of perceived exertion (RPE) were recorded every 15 min during
exercise. Respiratory gases were collected at 13—18 min, 28—33
min, 43—48 min, and 55—60 min during exercise in order to
measure VO, and CO, production and volume of RER."" RER
was calculated as the ratio between CO, production and VO,,
while fat oxidation (FOX) and CHO oxidation (CHOX) were cal-
culated using stoichiometric equations,”® with the assumption
that the urinary nitrogen excretion rate was negligible:

FOX(g/min) = 1.67 x VO,(L/min) —1.67 x VCO, (L/min)

CHOX(g/min) = 4.55 x VCO,(L/min)—3.21 x VO,(L/min)

2.3.5. TTE test

The effect of HIIT intervention on endurance capacity was
assessed as TTE. After a 3-min warm-up at 60 W, participants
cycled to volitional exhaustion on a cycle ergometer at a work-
load eliciting ~80% of VO,,x (at 80 rpm). No temporal, ver-
bal or physiological feedback was applied during the test.” The
test was terminated when the pedal cadence dropped below
75 rpm for more than 5 s or when the participants voluntarily
stopped cycling. Exercise duration and distance covered were
recorded. Expired breath samples for the determination of
ventilation volume, O, uptake, CO, production, and RER
were collected in the 6—10-min period after the TTE began.’
HR was monitored continuously throughout the test.

2.3.6. HIIT

Seventy-two hours following the TTE test, participants
started the exercise training protocol, which consisted of either
6 HIIT sessions over 5 days for the HIIT-D group or 6 sessions
over 2 weeks for the HIIT-S group (Fig. 1). To determine the
most feasible protocol for the study design (HIIT administered
twice daily), we conducted a pre-study involving different
HIIT and sprint interval training protocols, including the all-
out Wingate test, 10x4-min cycling at 85%—90% of VO, ax
and 10 x 60 s cycling at 100% of VO,,,,.«, interspersed by 75 s
of cycling at 60 W. Following the tests, the recruited partici-
pants (n=12; age: 25.6 & 3.4 years) were asked if they could
do the same exercise within 3 h. Based on the responses from
the participants, we decided that the 10x 60 s protocol was fea-
sible for our training model. The protocol consisted of repeated
60 s efforts of high-intensity cycling at a workload that corre-
sponded to the peak power output reached by the participants
at the end of the VO,,,,, test (264 + 48 W). These intervals
were interspersed by 75 s of cycling at low intensity (60 W)
for recovery.'’ Each session was started and finished with a
3-min warm-up/warm-down at 60 W. All participants com-
pleted 10 high-intensity intervals during each training session.

2.3.7. Nutritional monitoring
To minimize any diet-induced variability in post-tests, food
diaries were given to each participant to record food and fluid
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consumption for the 24 h prior to each pre-test, and the partici-
pants were asked to replicate this during post-training testing.
The diaries were photocopied and given back to the partici-
pants, and a dietician contacted them regularly to ensure fidel-
ity. Household units such as cups, pieces, or plates were used
to express portion size. Ingredients of mixed dishes were spec-
ified. Serving sizes were calculated by product name and stan-
dard weights of food items. All the results were calculated and
analyzed by the same experienced dietician using BeBIS 6.1
software (Nutrition Information System, Dr J. Erhardt, Stutt-
gart, Hohenheim, Germany).

2.3.8. Statistical analyses

The sample size was calculated using the statistical program
G*Power software (Version 3.1.9.5.; Institut der Universitat
Bonn, Bonn, Germany),27 which revealed that 13 participants
per group were needed, with an effect size of 0.25, an o of
0.05, and a power of 0.85 as reported by Schubert et al.”
Cohen’s effect sizes (d) were classified as small (0.20), moder-
ate (0.60), and large (0.80)*” and were calculated from data on
the means, the number of participants, and the pooled SDs for
each trial. A two-way repeated measures analysis of variance
(time x group) was used to determine whether main effects
existed between the groups and over time, followed by a Bon-
ferroni post hoc test. Independent sample ¢ tests were also used
to determine if differences between groups existed at baseline
across outcome variables. Statistical analyses were computed
using SPSS Statistics for Windows, Version 21.0 (IBM Corp.,
Armonk, NY, USA), and the level of significance was set at
p < 0.05. All data are presented as mean & SD.

3. Results

The characteristics of the participants are presented in
Table 1. There were no differences (p > 0.05) in age, anthro-
pometric measures, VOsax, peak power output, or maximal
HR between the 2 groups at baseline. The mean percentage of
maximal HR for overall HIIT sessions was 91.5% =+ 1.0% in
the HIIT-S group and 90.8% = 1.6% in the HIIT-D group
(p > 0.05). Dietary analyses revealed no differences in the

Table 1
Participant characteristics at baseline (mean £ SD).

. HIIT-S HIIT-D
Variable (n=13) (n=15) )4
Age (year) 26 + 4 24+ 4 0.32
Body weight (kg) 74.7+ 8.0 702 £5.8 0.10
Height (cm) 178+ 6 175 +3 0.12
VOymax (L/min) 3.09+041 3.174+0.51  0.66
VO, max (mL/kg/min) 41.8 £ 6.9 452 +6.1 0.19
Peak power output (W) 259 + 26 264 £ 50 0.74
Maximal HR (beat/min) 178 £ 10 181 £ 12 0.57
Workload during submaximal test (W) 137 + 26 134 + 18 0.36

Abbreviations: HIIT-D = double high-intensity interval training; HIIT-S = sin-
gle high-intensity interval training; HR = heart rate; VO,,,,x = maximal oxy-
gen uptake; W = watt.
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total energy or macronutrient content of diets before exercise
training compared to after exercise training (Table 2).

3.1. VO

VO, max (mL/kg/min) increased by 6.1% + 5.9% (41.8 £
6.9 mL/kg/min to 44.5 £ 6.0 mL/kg/min, p=0.001) in HIIT-S
and 7.7% + 4.1% (45.2 + 6.6 mL/kg/min to 48.7 &+ 6.1 mL/
kg/min; p < 0.001) in HIIT-D (d=0.68), with no significant
difference between the 2 exercise protocols (Fig. 2A). Peak
power output elicited by the participants at the end of the
VO, max test also increased (p < 0.001; d=0.09) to a similar
extent in both exercise protocols (by 13.4% + 4.7%, 259.8 £
26.8 W to 294.9 £ 24.6 W in the HIIT-S group and by 10.4%
+ 4.4%, 264.9 + 50.2 W to 292.5 £ 53.3 W in the HIIT-D
group; Fig. 2B). Both groups showed similar increases (p >
0.05) in maximal expired ventilation (VE) with the HIIT train-
ing (HIIT-S: 120.6 4+ 25.1 L/min vs. 145.4 + 22.1 L/min;
HIT-D: 131.7 £ 30.2 L/min vs. 156.6 £ 30.1 L/min, p <
0.001; d=0.43).

3.2. Steady-state submaximal exercise and substrate oxidation

Given that exercise training increased VOjn.x in both
groups and the absolute workload was the same before and
after the training, the percentage of pre-training VO,,.x Was
lower (p < 0.05; Table 3) after exercise training in both
groups, with no difference between groups (HIIT-S: decreased
by 10.7% from 72.4% to 61.7%; HIIT-D decreased by 6.4%
from 67.2% to 60.8% pre-training VOjyay; d=0.13). The
RER during the steady-state submaximal exercise test was sig-
nificantly lower at 15 min in the HIIT-S group (d=0.01) and
at 30 min (d=0.33) and 45 min (d = 0.28) in the HIIT-D group
(»p < 0.05). Lowering of VE was significant at 15 min
(d=0.26), 30 min (¢=0.04), and 60 min (d=0.01) in the
HIIT-S group and at 30 min (d=0.22) and 60 min (d=0.01) in
the HIIT-D group (p < 0.05), with no differences between
groups (p > 0.05). There was a significant decrease in absolute
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Fig. 2. Changes in VO,,,,,x and peak power output pre- and post-intervention
for the HIIT-S and HIIT-D groups. * p < 0.05, significant difference within
group. Values are means and individual changes. HIIT-D = double high-inten-
sity interval training; HIIT-S=single high-intensity interval training;
VO,max = maximal oxygen uptake; W = watt.

oxygen uptake during 60 min of cycling at 15 min (d=0.57)
and 60 min (d=0.35) after training in the HIIT-S group (p <
0.05), yet no significant change in the HIIT-D group was
observed (p > 0.05). The relative percentage of the VOjax

Table 2
Nutritional data preceding the pre- and post-tests for HIIT-S and HIIT-D groups (mean =+ SD).
VOjmax test Submaximal exercise test Time to exhaustion test

Pre-training Post-training Pre-training Post-training Pre-training Post-training
CHO (g/kg)
HIIT-S 2.93+0.6 291+1.0 242+09 2.96 +£0.9 332+1.6 321+14
HIIT-D 321 +0.9 3.15+0.7 324+1.3 3.534+0.9 322+1.1 3.13+ 1.1
Protein (g/kg)
HIIT-S 1.36 £ 0.6 1424+0.5 1.26 £ 0.6 1.34+0.6 1.23+0.5 1.254+0.5
HIIT-D 1.26 £ 0.4 1.23+0.4 1.36 £ 0.6 1.36 £ 0.5 141+0.5 145+ 0.6
Fat (g/kg)
HIIT-S 143+0.5 141+04 1.30+£0.5 1.37+0.5 1.28 +£0.5 1.31+£04
HIIT-D 1.39+0.3 1.36 £ 0.3 1.38+0.6 1.39+£0.6 1.39+0.4 1.38+04
TEI (kcal/day)
HIIT-S 2213 £ 671 2246 + 701 2114 £ 745 2178 + 742 2184 £+ 768 2214 + 761
HIIT-D 2144 + 441 2126 + 487 2320 £ 666 2284 + 600 2195 + 597 2173 £ 587

Abbreviations: CHO = carbohydrate; HIIT-D = double high-intensity interval training; HIIT-S = single high-intensity interval training; VO,,,, = maximal oxygen

uptake; TEI = total energy intake.
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Table 3
Effects of 2 HIIT regimes on VO,, RER, and VE during steady-state submaximal exercise test (mean £ SD).

15 min 30 min 45 min 60 min
VO, (L/min)
HIT-S
Pre-training 2.11£0.25 2.18 +0.35 2.22+£0.26 2.32+0.30
Post-training 1.90 £+ 0.36* 2.00 +0.30 2.06 £0.31 2.08 £ 0.34*
HIIT-D
Pre-training 2.06 £ 0.34 2.09 +£0.31 2.12+£0.30 2.19+£0.30
Post-training 2.04 £0.33 2.07 £0.39 2.09 +0.41 2.13+£0.38
%VOZmax
HIIT-S
Pre-training 69.3 £10.2 715+ 113 72.8 £10.2 759 £10.2
Post-training 58.4 +10.1* 61.4+7.1% 63.1 £8.1* 63.7 £9.1*
HIIT-D
Pre-training 653 +6.2 663 +5.3 67.5+5.1 69.9+£6.2
Post-training 59.6 £ 4.1*% 60.5 £ 6.3* 61.1£6.1* 622 £6.1*
RER
HIT-S
Pre-training 0.93 £+ 0.03 0.91 +£0.03 0.90 + 0.04 0.89 £ 0.03
Post-training 0.91 £ 0.03* 0.89 £ 0.03 0.89 £+ 0.04 0.87 £0.03
HIIT-D
Pre-training 0.92 £ 0.02 0.91 £ 0.02 0.89 £+ 0.02 0.89 £ 0.02
Post-training 0.91 £+ 0.02 0.89 +0.03* 0.88 + 0.02* 0.87 £+ 0.02
VE (L/min)
HIT-S
Pre-training 62.1 +14.2 654+ 158 67.1 £13.7 69.9 +£13.2
Post-training 54.4 £ 12.4* 56.2 £ 11.4* 60.1 £12.2 60.2 £ 14.1*
HIIT-D
Pre-training 58.8£9.9 61.3 £10.1 60.9 +10.4 64.6 £9.9
Post-training 574+10.2 58.8 £ 11.1* 59.6 £11.2 60.4 + 11.9*%

* p < 0.05, significantly different from pre-training.

Abbreviations: HIIT-D = double high-intensity interval training; HIIT-S = single high-intensity interval training; RER = respiratory exchange ratio; VE = expired

ventilation; VO, = oxygen consumption; VO,,,,, = maximal oxygen uptake.

at 15 min (d=0.15), 30 min (¢ =0.13), 45 min (d=0.26), and
60 min (d=0.20) during the steady-state submaximal exer-
cise test was significantly decreased after training in both
groups (p < 0.05), while no significant difference between
groups was present (main effect for condition, p > 0.05;
Table 3).

Total fat oxidation during submaximal exercise increased
by 15.5% in HIIT-D (19.6 &= 7.5 g to 22.6 &+ 7.1 g; 15.4%;
p=0.048), with a non-significant increase in HIIT-S (18.6 &
6.8 g to 20.4 £ 6.8 g; 9.2%; p=0.290; d=0.32). Total CHO
oxidation significantly decreased by 18.8% (132.6 & 33.5 g to
107.6 &+ 30.7 g; p=0.014) and 9.2% (118.4 £+ 18.6 g to 107.4
+ 23.2 g; p=0.012; d=0.01) in the HIIT-S group and in the
HIT-D group, respectively, with no difference between
groups (main effect for condition, p > 0.05).

There was also a reciprocal decrease in CHO oxidation at
15 min (d=0.12), 30 min (d=0.03), 45 min (d=0.11), and
60 min (d=0.02) after training in the HIIT-S group and
at 30 min (d=0.03) and 60 min (d=0.02) in the HIIT-D group
(p < 0.05; Figs. 3A and 3B). Fat oxidation increased at 15 min in
the HIIT-S group (p < 0.05; d=0.36; Fig. 3C) and at 30 min in
the HIIT-D group (p < 0.05; d=0.39; Fig. 3D). HR was signifi-
cantly lower after training at 15 min (¢ =0.48), 30 min (d=0.31),
45 min (d=0.27), and 60 min (d=0.35) of cycling at ~67% of

pre-training VO, in both groups (p < 0.05; Figs. 3E and 3F),
with no differences between groups.

3.3. TTE

TTE increased by 79.2% in the HIIT-S group (13.2 +
5.1 min vs. 23.8 £ 10.7 min, p < 0.003; d=1.2) and 80.1% in
the HIIT-D group (17.6 & 6.9 min vs. 31.7 &£ 17.9 min, p <
0.001; d=0.56; Fig. 4), with no difference between groups.

Oxygen uptake during exercise was not affected by exercise
training in either group (p > 0.05). There was also a similar
(p > 0.05) significant decrease (p < 0.005) for both groups in
HR recorded from the 6th to 10th min of the TTE tests
(d=0.39). Also, VE was lower in both groups after training
(HIOT-S: 114.1 £ 14.7 L/min vs. 102.5 + 14.1 L/min;
p=0.008; HIIT-D group: 105.4 + 20.9 L/min vs. 99.7 & 19.2
L/min; p=0.026; d=0.16), with no differences between the
groups. The average absolute VO, during the TTE test did
not differ (p > 0.05) between groups. During the 6th to 10th
min of the TTE tests, the HIIT-S group reached 97.0% of
pre-training VO,,.x and the HIIT-D group reached 92.2%
of pre-training VOj,.x. The same power outputs represented
94.3% and 88.4% of pre-training VO, in the HIIT-S
and HIIT-D groups, respectively, during the TTE exercise
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Fig. 3. Changes in carbohydrate oxidation (A) in the HIIT-S group and (B) in the HIIT-D group; fat oxidation (C) in the HIIT-S group and (D) in the HIIT-D
group; and heart rate (E) in the HIIT-S group and (F) in the HIIT-D group, during steady-state submaximal exercise test at pre- and post-intervention for the HIIT-S
group and HIIT-D group. Values are presented as mean £ SD. *p < 0.05, significant difference within group.

test at the same absolute workload post-training, which is
similar for both groups when compared with pre-training
(p > 0.05).

4. Discussion

The beneficial effects of HIIT on health, body composition,
skeletal muscle oxidative capacity, and exercise metabolism
have been well documented.**" Prior to our study, the shortest
HIIT study consisted of 6 sessions of HIIT over 2 weeks, with 1
session of HIIT conducted 3 days per week.® ''~' The main
findings of this study indicated that only 5 days of HIIT with 2
sessions conducted every other day resulted in improvements in

VO,max, Submaximal exercise fat and CHO oxidation and cycle
endurance capacity that were similar to those achieved with 6
HIIT sessions conducted over 2 weeks. Ours is the shortest HIIT
study that has shown such improvements.

4.1. HIIT and VO ,4x

We found that 6 sessions of HIIT completed in 5 days
resulted in increases in VO, similar in magnitude to those
that were observed for 6 sessions of HIIT administered over 2
weeks.* ' It should be noted that although HIIT was con-
ducted over 5 days in our study, the post-training VO, test
was conducted 72 h after the last HIIT session, or 7 days after
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Fig. 4. Changes in time to exhaustion at pre- and post-intervention for the
HIIT-S and HIIT-D groups. Values are means and individual changes. *p <
0.05, significant within group. HIIT-D =double high-intensity interval
training; HIIT-S = single high-intensity interval training.

the first HIIT session. Therefore, even though there were
5 days of HIIT training, there were 8 days during which adap-
tations to exercise could manifest themselves.

We are aware of very few studies using any type of exercise
that have examined whether a 5-day duration of exercise training
increases VO, ax. One group of researchers found that 2 h of
cycling at ~60% of VO,pea Over 3—4 consecutive days did not
increase VOZpeak’3 ’ but the same group found that 10 consecu-
tive days of such exercise increased VO, by 43% A study
by Hickson et al.”* is the only study that we are aware of that
reported an increase in VO,,,,, as quickly as our HIIT-D proto-
col did. Hickson et al.** found that 6 consecutive days of strenu-
ous endurance exercise consisting of six 5-min cycling intervals
corresponded to the increases seen in VO,,,,.x When participants
cycled for 3 days and ran as far as they could for 40 min over
3 days, which increased VO,,,,, by 5%.

It is quite remarkable that VO,,,,, increases under these cir-
cumstances after about a week of exercise training. One would
not expect that there would be time for increases given the
classic limiting factors for determining VO;pax, specifically,
maximum cardiac output.”*> Indeed, even 2 weeks of HIIT® or
6 weeks of sprint interval training’® does not increase maxi-
mum cardiac output despite increasing VO,,., as pointed out
in a recently published review.”’

Although VO,,,x is usually considered to be limited by
maximum cardiac output,” it is possible that skeletal muscle
mitochondrial adaptations may have occurred quickly enough to
have contributed to the increase in VOy,,, after 5 days (HIIT-D)
or 2 weeks (HIIT-S) by increasing maximum arteriovenous
oxygen difference.”> Moreover, the training-induced improve-
ments in VO,,,., in such a short time are also associated with the
augmented red blood cell volume, resulting in higher O,-carrying
capacity and stroke volume and, hence, O, transport capacity.*
Increases in skeletal muscle peroxisome-proliferator activated
receptor y coactivator-la. (PGC-1a), which is a major regulator
of exercise-induced mitochondrial biogenesis and substrate
utilization in the muscle, have been observed after 2 weeks of
HIT.'>! Indeed, increases in skeletal muscle mitochondrial
biogenesis and mitochondrial enzyme activity (e.g., citrate
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synthase activity) have been observed after 2 weeks of HIIT in
normal healthy individuals,” '**” unhealthy populations,”’ and
even highly trained athletes.”” Considering that a single session
of HIIT activates adenosine monophosphate-activated protein
kinase and p38 mitogen-activated protein kinase,”' which
phosphorylate and activate PGC-1a and turns on mitochondrial
biogenesis,' "' it will be important to determine if there are
increases in mitochondrial biogenesis and mitochondrial enzyme
activities even after the second day of 5 days of HIIT-D.

In summary, 5 days of HIIT training increases VO, .y, and
previous literature on studies involving 2 weeks of HIIT sug-
gests that these increases occur without increases in maximum
cardiac output. Further studies are required to determine the
ways in which 5 days of HIIT increases VOjax.

4.2. HIIT and substrate oxidation during submaximal exercise

Previous studies have found that 2 or more weeks of HIIT
results in more efficient energy utilization during submaximal
exercise. More efficient energy use is indicated by less skeletal
muscle glycogen use,'"!” less muscle lactate production,''
lower blood lactate levels,** lower RER,'" and attenuated hor-
monal responses such as insulin, epinephrine, norepinephrine,
and glucose.''”! The mechanism for this improved aerobic
profile during submaximal exercise is likely to be the observed
increase, after HIIT, in skeletal muscle oxidative
enzymes,”'*'>*! increases in enzymes related to fat oxidation
such as cluster of differentiation 36, carnitine palmitoyltransfer-
ase I, and beta-hydroxyacyl-CoA-dehydrogenase' "~ and reduced
lactate dehydrogenase activity,”” which is likely due to the
observed increase in PGC-la and other regulatory factors.*>’
Remarkably, we found that just 5 days of HIIT-D was as effec-
tive as 2 weeks of HIIT-S in increasing fat oxidation and decreas-
ing CHO oxidation during submaximal exercise. No other study
has shown such rapid beneficial effects on submaximal exercise
metabolism of HIIT, and it will be important for follow-up stud-
ies to determine if skeletal muscle adaptations and/or hormonal
changes are involved. It is possible that the lower skeletal muscle
glycogen levels during the second bout of HIIT (only 3 h after
the first HIIT bout) may be a stimulus that results in more rapid
skeletal muscle adaptations. It is very unlikely that the meal pro-
vided to the HIIT-D group following the first HIIT session would
have replaced a substantial amount of the glycogen.'”

Although no sprint interval training or HIIT studies have
examined whether skeletal muscle metabolic or hormonal
changes occur after only 5—7 days of training, we are able to
gain some insight from studies that involved endurance train-
ing. Indeed, it has been reported that 3 consecutive days of
exercise eliciting ~60% of VO,,.x increases skeletal muscle
glucose and lactate transporters.’® Phillips et al.'* found that
5 days of cycling 2 h/day at 60% of VOypcak increased total fat
oxidation by 10% and decreased glycogen oxidation by 16%
during 90 min of submaximal exercise.'*

4.3. HIIT and endurance capacity

We found that TTE was increased to a similar extent by
either 6 sessions of HIIT over 2 weeks (HIIT-S) or by 6
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sessions of HIIT over 5 days (HIIT-D). These results are in line
with what others have found for improvements in TTE’ and
time trial performance”™ *'"'* after 2 weeks of 4—6 repeated
30 s “all-out” Wingate cycling exercise bouts. Also, studies
using the same HIIT protocol as used in our study (10 x 60 s at
VOs,max, interspersed by 75 s rest) have reported improvements
in endurance capacity measured by TTE or time trial perfor-
mance after 6 sessions of HIIT conducted over 2 weeks.*'"
Remarkably, we found such improvements in exercise capacity
after 6 sessions of HIIT over only 5 days (HIIT-D).

Studies with different HIIT protocols applied over 2 weeks
have shown that such short-term, training-induced changes in
endurance capacity are highly associated with peripheral adap-
tations.**” This notion has been supported by evidence that no
change in maximum cardiac output occurred despite increases
in VO, .« and endurance capacity after 6 sessions of HIIT car-
ried out over 2 weeks.” It has also been recently reported that a
single day of HIIT administered twice in 1 day along with aer-
obic exercise is a potent stimulus for skeletal muscle signaling
responses associated with mitochondrial biogenesis.'® We are
not aware of any study that reported that previously demon-
strated improvements in endurance capacity induced by 6 ses-
sions of HIIT over 2 weeks can be observed when the 6
sessions are administered over 5 days. As mentioned earlier, it
is possible that the higher cellular stress of the twice-a-day
approach (HIIT-D) used in our study may induce faster mito-
chondrial biogenesis adaptations than those induced by the
standard HIIT approach of 6 sessions over 2 weeks
(HIIT-S).'*'® Indeed, Andrade-Souza et al.'® recently showed
that acute twice-a-day training can amplify the increase in
genes associated with mitochondrial biogenesis. Additional
studies are needed to reveal the molecular mechanisms driving
the improvements in skeletal muscle oxidative capacity in the
HIIT-D protocol. Given that CHO oxidation was reduced dur-
ing prolonged submaximal exercise in both the HIIT-D and
HIIT-S groups, it is likely that, compared to pre-training, exer-
cise TTE was increased at least in part due to less glycogen
use and lower lactate production during exercise.

Our study had some limitations. For example, given that the
data were collected from 28 recreational healthy males, it is
not clear if similar results would occur if trained athletes were
recruited. Moreover, our study involved males only, and
recruiting both male and female participants would enable a
comparison of whether there are gender differences in
responses to the HIIT-D model. Our study was a proof of con-
cept and did not involve mechanistic examinations that could
be carried out with muscle biopsies. Therefore, it will be
important for follow-up studies to examine skeletal muscle
molecular adaptations to determine if similar mechanisms are
at play in HIIT-D and HIIT-S.

5. Conclusion

We demonstrated for the first time that 6 sessions of HIIT
over only 5 days (HIIT-D) increased VO,.., endurance
capacity, and submaximal exercise fat oxidation similar to
those achieved by 6 sessions of HIIT over 2 weeks (HIIT-S).

M.M. Atakan et al.

Our findings make this study the shortest HIIT study (5 days)
that we are aware of. This demonstrates the remarkable adapt-
ability of the human body to exercise stress. Therefore,
coaches and athletes may wish to apply the HIIT-D model to
improve endurance and substrate oxidation during exercise.

Acknowledgments

This study was funded by a grant from Hacettepe Univer-
sity Scientific Research Projects Coordination Unit (Project
ID: TSA-2019-16811). MMA was supported with a PhD
scholarship by the Scientific and Technological Research
Council of Turkey (TUBITAK). The authors are grateful to all
participants involved in the study and would like to thank
Derya Canan Korur, Selin Aktitiz, Dilara Kuru, Neslisah
Tortop, and Irem Giingdr for their assistance with data collection.

Authors’ contributions

MMA designed the study, collected the data, and wrote the
manuscript; HHT was involved in developing the study idea,
constructing the methods, reviewing the data analyses, and
writing the manuscript; YG was involved in the data collection
and constructing the methods; SB contributed to the study
design and data collection; SNK contributed to the develop-
ment of the study idea, data collection, and manuscript prepa-
ration; GKM critically reviewed the data and contributed to
manuscript preparation. All authors have read and approved
the final version of the manuscript, and agree with the order of
presentation of the authors.

Competing interests

The authors declare that they have no competing interests.

References

1. Hallal PC, Andersen LB, Bull FC, et al. Global physical activity levels:
Surveillance progress, pitfalls, and prospects. The Lancet 2012;380:247—
57.

2. Guthold R, Stevens GA, Riley LM, Bull FC. Worldwide trends in insuffi-
cient physical activity from 2001 to 2016: A pooled analysis of 358 popu-
lation-based surveys with 1.9 million participants. Lancet Global Health
2018;6:¢1077-86.

3. Gray SR, Ferguson C, Birch K, Forrest LJ, Gill JIMR. High-intensity inter-
val training: Key data needed to bridge the gap from laboratory to public
health policy. Br J Sports Med 2016;50:1231-2.

4. Gibala MJ, Little JP, Macdonald MJ, Hawley JA. Physiological adapta-
tions to low-volume, high-intensity interval training in health and disease.
J Physiol 2012;590:1077-84.

5. Thompson WR. Worldwide survey of fitness trends for 2018: The CREP
edition. ACSM Health Fitness J 2017;21:10-9.

6. Feito Y, Heinrich KM, Butcher SJ, Poston WSC. High-intensity func-
tional training (HIFT): Definition and research implications for improved
fitness. Sports (Basel) 2018;6:76. doi:10.3390/sports6030076.

7. Astorino TA, Edmunds RM, Clark A, et al. High-intensity interval train-
ing increases cardiac output and VO,,... Med Sci Sports Exerc
2017;49:265-73.

8. Jacobs RA, Fliick D, Bonne TC, et al. Improvements in exercise perfor-
mance with high-intensity interval training coincide with an increase in
skeletal muscle mitochondrial content and function. J Appl Physiol (1985)
2013;115:785-93.


http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0001
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0001
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0001
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0002
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0002
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0002
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0002
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0003
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0003
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0003
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0004
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0004
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0004
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0005
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0005
https://doi.org/10.3390/sports6030076
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0007
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0007
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0007
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0007
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0008
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0008
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0008
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0008
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0008

Five days of HIIT as effective as 2 weeks of HIIT

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Burgomaster KA, Hughes SC, Heigenhauser GJ, Bradwell SN, Gibala MJ.
Six sessions of sprint interval training increases muscle oxidative potential
and cycle endurance capacity in humans. J Appl Physiol (1985)
2005;98:1985-90.

Little JP, Safdar A, Wilkin GP, Tarnopolsky GP, Gibala MJ. A practical
model of low-volume high-intensity interval training induces mitochon-
drial biogenesis in human skeletal muscle: Potential mechanisms. J Phys-
i012010;588:1011-22.

Talanian JL, Galloway SD, Heigenhauser GJF, Bonen A, Spriet LL. Two
weeks of high-intensity aerobic interval training increases the capacity for
fat oxidation during exercise in women. J Appl Physiol (1985)
2007;102:1439-47.

Granata C, Oliveira RSF, Little JP, Renner K, Bishop DJ. Mitochondrial
adaptations to high-volume exercise training are rapidly reversed after a
reduction in training volume in human skeletal muscle. FASEB J
2016;30:3413-23.

Green HJ, Bombardier E, Duhamel TA, Stewart RD, Tupling AR, Ouyang
J. Metabolic, enzymatic, and transporter responses in human muscle dur-
ing three consecutive days of exercise and recovery. Am J Physiol Regul
Integr Comp Physiol 2008;295:R1238-50.

Phillips SM, Green HJ, Tarnopolsky MA, Heigenhauser GF, Hill RE,
Grant SM. Effects of training duration on substrate turnover and oxidation
during exercise. J Appl Physiol (1985) 1996;81:2182-91.

Ijichi T, Hasegawa Y, Morishima T, Kurihara T, Hamaoka T, Goto K.
Effect of sprint training: Training once daily versus twice every second
day. Eur J Sport Sci 2015;15:143-50.

Andrade-Souza VA, Ghiarone T, Sansonio A, et al. Exercise twice-a-day
potentiates markers of mitochondrial biogenesis in men. FASEB J
2019;34:1602-19.

Yeo WK, Paton CD, Garnham AP, Burke LM, Carey AL, Hawley JA.
Skeletal muscle adaptation and performance responses to once a day ver-
sus twice every second day endurance training regimens. J Appl Physiol
(1985) 2008;105:1462-70.

Hulston CJ, Venables MC, Mann CH, et al. Training with low muscle gly-
cogen enhances fat metabolism in well-trained cyclists. Med Sci Sports
Exerc 2010;42:2046-55.

Hansen AK, Fischer CP, Plomgaard P, Andersen JL, Saltin B, Pedersen
BK. Skeletal muscle adaptation: Training twice every second day vs.
training once daily. J Appl Physiol (1985) 2005;98:93-9.

Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE. Exer-
cise capacity and mortality among men referred for exercise testing. N
Engl J Med 2002;346:793-801.

Weir JP. Quantifying test-retest reliability using the intraclass correlation
coefficient and the SEM. J Strength Cond Res 2005;19:231-40.
Jeukendrup A, Saris WH, Brouns F, Kester AD. A new validated endur-
ance performance test. Med Sci Sports Exerc 1996;28:266—70.

Taylor HL, Buskirk E, Henschel A. Maximal oxygen intake as an objective
measure of cardio-respiratory performance. J Appl Physiol 1955;8:73-80.
Howley ET, Bassett Jr DR, Welch HG. Criteria for maximal oxygen uptake:
Review and commentary. Med Sci Sports Exerc 1995;27:1292-301.

Trumbo P, Schlicker S, Yates AA, Poos M, Food and Nutrition Board of
the Institute of Medicine. Dietary reference intakes for energy, carbohy-
drate, fiber, fat, fatty acids, cholesterol, protein, and amino acids. J 4m
Diet Assoc 2002;102:1621-30.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

487

Frayn KN. Calculation of substrate oxidation rates in vivo from gas-
eous exchange. J Appl Physiol Respir Environ Exerc Physiol 1983;
55:628-34.

Faul F, Erdfelder E, Lang AG, Buchner A. G*Power 3: A flexible statisti-
cal power analysis program for the social, behavioral, and biomedical sci-
ences. Behav Res Methods 2007;39:175-91.

Schubert MM, Clarke HE, Seay RF, Spain KK. Impact of 4 weeks of
interval training on resting metabolic rate, fitness, and health-related out-
comes. Appl Physiol Nutr Metab 2017;42:1073-81.

Cohen J. Statistical power analysis for the behavioral sciences. New
York, NY: Routledge; 1988.

Astorino TA, Schubert MM. Changes in fat oxidation in response to vari-
ous regimes of high intensity interval training (HIIT). Eur J Appl Physiol
2018;118:51-63.

Little JP, Gillen JB, Percival ME, et al. Low-volume high-intensity inter-
val training reduces hyperglycemia and increases muscle mitochondrial
capacity in patients with type 2 diabetes. J Appl Physiol (1985)
2011;111:1554-60.

Green HJ, Cadefau J, Cusso R, Ball-Burnett M, Jamieson G. Metabolic
adaptations to short-term training are expressed early in submaximal exer-
cise. Can J Physiol Pharmacol 1995;73:474-82.

Green HJ, Coates G, Sutton JR, Jones S. Early adaptations in gas
exchange, cardiac function and haematology to prolonged exercise train-
ing in man. Eur J Appl Physiol Occup Physiol 1991;63:17-23.

Hickson RC, Bomze HA, Holloszy JO. Linear increase in aerobic power
induced by a strenuous program of endurance exercise. J Appl Physiol
Respir Environ Exerc Physiol 1977;42:372-6.

Hawley JA, Hargreaves M, Joyner MJ, Zierath JR. Integrative biology of
exercise. Cell 2014;159:738-49.

Macpherson REK, Hazell TJ, Olver TD, Paterson DH, Lemon PWR. Run
sprint interval training improves aerobic performance but not maximal
cardiac output. Med Sci Sports Exerc 2011;43:115-22.

Gibala MJ, Little JP. Physiological basis of brief vigorous exercise to
improve health. J Physiol 2020;598:61-9.

Lundby C, Montero D, Joyner M. Biology of VO,,,.x: Looking under the
physiology lamp. Acta Physiol (Oxf) 2017;220:218-28.

Burgomaster KA, Heigenhauser GJ, Gibala MJ. Effect of short-term sprint
interval training on human skeletal muscle carbohydrate metabolism dur-
ing exercise and time-trial performance. J Appl Physiol (1985)
2006;100:2041-7.

Christensen PM, Krustrup P, Gunnarsson TP, Kiilerich K, Nybo L,
Bangsbo J. VO, kinetics and performance in soccer players after intense
training and inactivity. Med Sci Sports Exerc 2011;43:1716-24.

Little JP, Safdar A, Bishop D, Tarnopolsky MA, Gibala MJ. An acute
bout of high-intensity interval training increases the nuclear abun-
dance of PGC-lalpha and activates mitochondrial biogenesis in
human skeletal muscle. 4m J Physiol Regul Integr Comp Physiol
2011;300:R1303-10.

Alkahtani SA, King NA, Hills AP, Byrne NM. Effect of interval training
intensity on fat oxidation, blood lactate and the rate of perceived exertion
in obese men. SpringerPlus 2013;2:532. doi:10.1186/2193-1801-2-532.
Holloszy JO, Coyle EF. Adaptations of skeletal muscle to endurance exer-
cise and their metabolic consequences. J Appl Physiol Respir Environ
Exerc Physiol 1984;56:831-8.


http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0009
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0009
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0009
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0009
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0010
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0010
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0010
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0010
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0011
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0011
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0011
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0011
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0012
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0012
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0012
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0012
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0013
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0013
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0013
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0013
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0014
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0014
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0014
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0015
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0015
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0015
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0016
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0016
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0016
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0017
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0017
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0017
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0017
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0018
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0018
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0018
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0019
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0019
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0019
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0020
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0020
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0020
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0021
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0021
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0022
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0022
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0023
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0023
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0024
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0024
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0025
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0025
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0025
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0025
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0026
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0026
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0026
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0027
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0027
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0027
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0028
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0028
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0028
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0029
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0029
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0030
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0030
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0030
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0031
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0031
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0031
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0031
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0032
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0032
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0032
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0033
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0033
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0033
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0034
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0034
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0034
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0035
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0035
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0036
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0036
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0036
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0037
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0037
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0038
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0038
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0038
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0039
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0039
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0039
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0039
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0040
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0040
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0040
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0040
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0041
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0041
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0041
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0041
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0041
https://doi.org/10.1186/2193-1801-2-532
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0043
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0043
http://refhub.elsevier.com/S2095-2546(20)30074-0/sbref0043

	Six high-intensity interval training sessions over 5 days increases maximal oxygen uptake, endurance capacity, and sub-maximal exercise fat oxidation as much as 6 high-intensity interval training sessions over 2 weeks
	1. Introduction
	2. Methods
	2.1. Participants
	2.2. Experimental approach to the problem
	2.3. Procedures
	2.3.1. Familiarization procedures
	2.3.2. Reproducibility of exercise performance tests
	2.3.3. VO2max tests
	2.3.4. Steady-state submaximal exercise test
	2.3.5. TTE test
	2.3.6. HIIT
	2.3.7. Nutritional monitoring
	2.3.8. Statistical analyses


	3. Results
	3.1. VO2max
	3.2. Steady-state submaximal exercise and substrate oxidation
	3.3. TTE

	4. Discussion
	4.1. HIIT and VO2max
	4.2. HIIT and substrate oxidation during submaximal exercise
	4.3. HIIT and endurance capacity

	5. Conclusion
	Acknowledgments
	Authors´ contributions
	Competing interests
	References



