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Introduction: The present study investigated the role of training intensity in the
dose-response relationship between endurance training and cardiorespiratory
fitness (CRF). The hypothesis was that beginners would benefit from an
increase in training intensity after an initial training phase, even if the energy
expenditure was not altered. For this purpose, 26 weeks of continuous
moderate training (control group, CON) was compared to training with
gradually increasing intensity (intervention group, INC) but constant energy
expenditure.

Methods: Thirty-one healthy, untrained subjects (13 men, 18 women; 46 + 8
years; body mass index 25.4 + 3.3 kg m~2; maximum oxygen uptake, VOj,max
34+ 4mimin~tkg™) trained for 10 weeks with moderate intensity [3 days/
week for 50 min/session at 55% heart rate reserve (HReserve)] before allocation
to one of two groups. A minimization technique was used to ensure
homogeneous groups. While group CON continued with moderate intensity
for 16 weeks, the INC group trained at 70% HRcserve for 8 weeks and
thereafter participated in a 4 X4 training program (high-intensity interval
training, HIIT) for 8 weeks. Constant energy expenditure was ensured by
indirect calorimetry and corresponding adjustment of the training volume.
Treadmill tests were performed at baseline and after 10, 18, and 26 weeks.
Results: The INC group showed improved VOomay (3.4 + 2.7 mlkg™t min™) to a
significantly greater degree than the CON group (0.4 + 2.9 ml kg™t min™%) (P =
0.020). In addition, the INC group exhibited improved V. (1.7 +0.7 kmh™
to a significantly greater degree than the CON group (1.0 +0.5kmh™) (P=
0.001). The reduction of resting HR was significantly larger in the INC group
(7 + 4 bpm) than in the CON group (2 +6 bpm) (P=0.001). The mean heart
rate in the submaximal exercise test was reduced significantly in the CON
group (5+6 bpm; P=0.007) and in the INC group (8+7bpm; P=0.001),
without a significant interaction between group and time point.

Abbreviations

CON, control group (moderate intensity); CRF, cardiorespiratory fitness; EE, total energy expenditure; GXT,
graded exercise test; HIIT, high-intensity interval training; HR .y, resting heart rate; HRyypmax, Submaximal
heart rate; INC, intervention group (increasing intensity); iV, intra-individual variability; Laax, maximum
lactate; RE, running economy; RER, respiratory exchange ratio; T-1, habituation to the maximal treadmill
test and medical examination; TOa, baseline measurement 1; TOb, baseline measurement 2; V..
maximum velocity; VO,max, maximum oxygen uptake; T1, measurement after 10 weeks of training; T2,
measurement after 18 weeks of training; T3, measurement after 26 weeks of training
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Conclusion: Increasing intensity leads to greater adaptations in CRF than
continuing with moderate intensity, even without increased energy expenditure.
After 26 weeks of training in the moderate- and higher-intensity domain,
energy-matched HIIT elicited further adaptations in cardiorespiratory fitness.
Thus, training intensity plays a crucial role in the dose-response relationship

between endurance training and fitness in untrained but healthy individuals.

Clinical Trial Registration: https://www.drks.de/DRKS00031445, identifier

DRKS00031445.
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Introduction

Regular physical activity leads to higher levels of fitness and lower
risk for cardiovascular diseases (CVDs) (1, 2). Physical fitness is an
important and independent prognostic factor that can be divided
into physiological (e.g, maximum oxygen uptake, VO,y,) and
functional (e.g., maximum velocity, V,,,,,) components (3). Beginners
to training without pre-existing conditions are often referred to the
World Health Organization (WHO) recommendations for physical
activity as guidelines for their training. For adults aged 18-64 years,
the WHO recommends at least 150 min of moderate-intensity or at
least 75 min of vigorous-intensity aerobic physical activity per week,
or an equivalent combination of moderate- and vigorous-intensity
activity throughout the week (4).

The extent to which variations in either volume or intensity
lead to different outcomes in terms of cardiorespiratory fitness
(CRF) has been the subject of numerous studies (5-7). Training
goals and individual levels of fitness guide decisions about
specific training methods to be used. Especially in beginners,
training with moderate intensity seems to be adequate to
improve fitness (3), which is frequently represented by VO, .x (8).

Training load can be quantified by calculating the energy
expenditure (EE), which is often expressed as the caloric
expenditure (kcal). However, without any alterations to the
training load, further adaptions become less likely over time (9).
These findings raise the question of which training load
modification is most effective. One common strategy is to keep the
intensity constant but increase the overall volume (10) through
longer sessions or a higher number of sessions (11). Another
approach is to increase training intensity. In this context, high-
intensity interval training (HIIT) is frequently seen as an effective
training method (7, 12-14). A common HIIT training protocol is
the “4x4” method. This involves four intervals, each lasting
4 min, at a heart rate of 95% HR,.. The recovery time between
each interval is 3 min at a heart rate of 70% HR,,, (15).

The differences between moderate-intensity continuous
training (CON) and HIIT were examined in a meta-analysis by
Poon et al. (16). They found that interval training has a
significantly greater effect on improvements in VO, than
training with moderate continuous intensity in middle-aged adults.

There is evidence that higher training intensities lead to higher
VOymax than isocaloric moderate-intensity training in obese adults (17).
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One methodological challenge when comparing CON with HIIT is
that the total energy expenditure under each intervention is not always
controlled for (16, 18, 19). In such studies, it remains unclear whether
the effects can be attributed to higher training intensity or to a higher
total energy expenditure. Additionally, studies rarely last longer than 12
weeks (5, 20). Finally, they often neglect the effects on submaximal
parameters despite their relevance to CRF (21). To our knowledge,
no study has investigated the effects of a gradual increase in training
intensity with constant energy expenditure on maximal and
submaximal parameters in healthy inactive adults. We therefore
analyzed the differences between 6 months of continuous moderate
training (control group, CON) and training with a gradual training
intensity increase but constant training volume (intervention group,
INC) in terms of their effect on CRF. We hypothesized that INC
would lead to more pronounced effects on CRF over time than CON.

Other researchers have shown that training with higher
intensities does not lead to different degrees of adaption of
lactate threshold or running economy (RE) (7, 22). Therefore, we
hypothesized that the effects on submaximal parameters would
be identical for both groups.

Materials and methods
Study design

Our study was a two-arm randomized training intervention
trial (Figure 1). Participants in one arm continuously performed
moderate-intensity endurance training over 26 weeks (CON),
while those in the other arm increased their training intensity
from moderate to vigorous after 10 weeks and to high-intensity
interval training after 18 weeks (INC). EE was matched within
subjects throughout all stages.

Outcomes were assessed at baseline (T0) and after 10 (T1), 18
(T2), and 26 (T3) weeks of training. All participants gave written
informed consent prior to participation. The study procedures
were in accordance with the Declaration of Helsinki, and the
study was approved by the Ethics Committee of the Medical
Association of Saarland (identification number 219/19). This data
set was also used in a different research approach to analyze the
training effects at the individual level by comparing the response
rate between groups (23).
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FIGURE 1
Study design.

Participants

Participants were recruited through a newspaper advertisement
(Figure 2). The inclusion criteria were: age 30-60 years, untrained
(last 6 months: <1 h/week endurance-type physical activity), and

non-smokers. The exclusion criteria were: body mass index (BMI)
>30 kg m~2, resting blood pressure (BP,ey) > 160/100 mmHg),
total cholesterol > 300 mg dr, VOsmax > 50 ml kg_1 min~! for
men or >45mlkg ' min~' for women, iron deficiency
(ferritin < 34 ng ml™"), thyroid dysfunction (TSH <0.34 mU L™
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FIGURE 2
Flow diagram.
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>4.0 ng ml_l), medications with potential influence on target
parameters (e.g., beta-blockers), and pregnancy. Participants’
characteristics are given in Table 1. There were no between-group
differences at baseline for any of these variables (P> 0.05).

Testing procedures

Three baseline exercise tests were performed for habituation
(T1) and to assess the day-to-day variability of VO,pax (TOa,
TOb). At T1, all participants underwent a medical examination,
blood sampling, resting and exercise electrocardiogram (ECG),
and cardiorespiratory exercise testing on a treadmill (type ELG
70, Woodway GmbH, Weil am Rhein, Germany). T1 was not
included in the data, and values for TO represent the mean of
values for TOa and TOb. Before exercise testing, height and body
weight were measured. Body fat percentage was assessed by a 10-
site skinfold method with a Harpenden caliper. Resting heart rate
(HR,esr) and BP,. were assessed in a supine position after a 10-
min resting period at the left and right arms.

Randomization

At T1, subjects were allocated to either CON or INC using a
minimization technique (24). Factors for balancing were age, sex,
baseline level of and improvement in VO, (ml min~"), and
VOymax response (yes/no, double-weighted). A response was
defined as an increase in VO,mg, (ml min~") at T1 that exceeded

TABLE 1 Main participant characteristics and outcomes.

10.3389/fspor.2023.1298877

the within-subject variability (iV) (25). iV represents the relative
day-to-day variability of VO,,.x between TOa and TOb and was
calculated as follows:

iV = |T0a — TOb|/TO

Maximal exercise tests were performed on a treadmill with a
The test protocol
combination of a graded exercise test (GXT) and a ramp
protocol to allow for the measurement of submaximal
parameters (HR, lactate), RE, Vi and VO, (26). All tests
started at 4.0kmh™".
1.0kmh™ every 3 min, with approximately 30s of rest after

constant inclination of 0.5%. was a

Speed was increased incrementally by

each stage for lactate sampling. The speed at which participants
transitioned from walking to running and from the GXT to the
ramp protocol was standardized within each subject over all tests.
The last 3-min stage was completed when the respiratory
exchange ratio (RER) exceeded 0.95 for at least 30's, as it was
assumed that this approximates lactate values of baseline lactate
+1mmol. Subsequently, participants switched to a ramp
protocol with a speed increment of 0.8 km h™' per minute until
voluntary exhaustion. V. is the maximal running velocity at
the point of test termination.

Gas exchange measurements were performed continuously
breath-by-breath system (MetaLyzer 3B, Cortex

Biophysik GmbH, Leipzig, Germany). Only tests that met at

using a

least two of the following criteria were included: (a) HRpax >

(220-age), (b) maximal blood lactate concentration >8 mmol L,
and (c) maximal RER >1.1 (27).

ANOVA
\(@ Time x group | Time

Sex

Men 6 (37%) 7 (47%)

Women 10 (63%) 8 (53%)
Anthropometric data

Age (years) 469+7.8 45.9+9.0

Height (cm) 1706 £9.9 | 171.2+5.3

Weight (kg) 75+ 16 7512 74+ 15 74+11 74+ 15 73+£10 74+ 16 71+£10 NS P=0.001

BMI (kg m™2) 255+3.3 254+35 252+32 253+3.3 252+32 248+3.1 25.0+3.4 243+3.0 NS NS

Body fat (%) 23+4 22+4 23+4 22+4 23+5 21+4 22+5 20+4 NS P=0.001
Hemodynamic characteristics at rest

HR (bpm) 6919 68+6 65+8 676 67+8 645 67+8 61+5 P=0.001 P =0.000

Systolic BP (mmHg) 119+7 121+ 10 118 +8 119+8 118 +12 117+38 122+11 118+9 NS NS

Diastolic BP (mmHg) 79+7 81+8 78+5 79+6 79+9 80+6 81+7 797 NS NS
Peak exercise performance

VOsmax (ml min~") 2,596 +545 | 2,524 514 | 2,625+576 | 2,610 545 | 2,514 +530 | 2,544 £513 | 2,584+ 577 | 2,666 + 536 NS P=0.003

VO,max (ml min~! kgfl) 349+3.6 34052 356+45 352+55 341+39 350+5.1 353+4.0 37.3+49 P=0.02 P=0.001

Vinax (km h™h) 113+14 109+1.4 121+1.4 11.7+15 123+1.6 121+15 123+1.6 126+1.4 P=0.000 P=0.000

HRppax (bpm) 186 12 182+ 13 18412 184 +13 186+ 12 180+ 12 185+ 11 181 +12 NS NS

Lapax (mmol L™ 95+22 84+21 9.8+2.1 94+3.0 9.8+1.8 89+28 95+22 94+20 NS NS

RER jax 1.2+0.1 12+0.1 12+0.1 1.2+0.0 1.3+0.0 1.2+0.1 1.3+0.1 1.3+0.1 NS NS
Submaximal exercise performance

RE (ml kg_1 km™) 161 £ 50 15775 157 £52 148 +74 148 + 46 150 £ 67 150 +47 152+73 NS P=0.004

TO, TOa and TOb; HR, heart rate; BP, blood pressure; Lamax, Mmaximum lactate; RER,x, maximum respiratory exchange ratio; NS, not significant.

Values are mean + SD.
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Lactate samples were taken at rest, during each break between
GXT stages, and during the post-exercise period (first, third, and
fifth minute) from the hyperemic earlobe. An enzymatic-
amperometric method was used to analyze the samples (Super
GL, Rolf Greiner Biochemica, Flacht, Germany). To analyze
changes in submaximal heart rate and lactate during the GXT,
measurements for 4, 5, 6, and 7 kmh™ were compared, as all
participants completed these stages. VO, at the individual
penultimate stage was taken to calculate RE as participants’ RER
was <0.95 at this stage and the maximal lactate steady state was
very likely not surpassed. RE was calculated as the oxygen cost
per kilometer of running relative to bodyweight (ml kg™' km™") (28).

Exercise training intervention

The training program consisted of 26 weeks of walking or
jogging, 3 days/week. Training until T1 was identical for the
CON and INC groups: 3 days/week for 50 min/session at 55%
heart rate reserve (HRjeserves %HRR). The CON group continued
their training. The INC group increased intensity to 70% HRR
between T1 and T2. At T2, the INC group changed to a 4 x4
interval training program, consisting of a 10-min warm-up at
70% HR,.x 4 X4-min intervals at 95% HR,,, with 3 X 3-min
“breaks” in between at 70% HR,.., and a cool-down at 70%
HRyx (7). Within subjects, EE was standardized over all
intervention phases by adjusting the training time per session
after T1 (mean duration, 42 min/session) and the length of the
cool-down after T2 (mean duration, 35 min/session).

For the approximate calculation of EE, respective oxygen
uptake at the individual exercise heart rate (55% HRR, 70%
HRR, 70% HRpaw 95% HRp,.x) was measured during the
treadmill test. Total EE per training session (TS) was calculated
by use of an average caloric equivalent (4.85 kcal L™ 0,) (29)
and the training time per session.

Participants were given a heart rate monitor with a chest strap
(Sigma R1 Duo +ID.Free, Sigma-Elektro GmbH, Neustadt) to
monitor their training. Using data from these monitors, the
mean training heart rate and the mean heart rate for the high-
intensity intervals (for HIIT) were evaluated and compared to
the prescribed training heart rates to evaluate adherence.

Statistical analyses

G*Power (version 3.1.9.4) was used to calculate the sample size
per group for an ANOVA [main and interaction effects on VO, pax
(ml min~" kg™")] with a=0.05, 80% power, two groups, and two
test time points. For this purpose, we used an effect size from a
comparison between groups from two out of four arms of a
previous INC training intervention study by Helgerud et al. (7):
dppc2=0.547. The required sample was n=29 in total, or 15
subjects per group. Taking into account an estimated dropout
rate of 28% (9), the aim was to include 20 participants per group.

The Statistical Package for the Social Sciences (SPSS v27, IBM,
USA) was used for statistical analysis. Test assumptions were met.
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Group differences at baseline were examined using t¢-tests for
independent samples. Mixed ANOVAs were used to analyze
between- and within-subject effects of the true value of the change
in performance. The Greenhouse-Geisser epsilon adjustment was
made when sphericity was violated. Partial eta-squared (7)) was
used as a measure of effect size. The limits for effect sizes were set
at 0.01 (small effect), 0.06 (medium effect), and 0.14 (large effect)
(30). Mixed ANOVAs with the three factors of group, time, and
velocity were used to analyze changes in heart rate and blood
lactate concentration during the GXT protocol. For all other
parameters, mixed ANOVAs with the factors of group and time
were conducted. A P-value of <0.05 was considered statistically
significant. Data are expressed as the mean * standard deviation (SD).

For RE, there were two outliers in the data, as assessed by
inspection of a boxplot for values greater than 1.5 box lengths
from the edge of the box. Both these outliers (n=1) were
removed from the analysis.

Results
Compliance

The CON group completed 79.6 + 6.95 training sessions and
the INC group 79.8 +8.09. There were no statistically significant
between-group differences in training frequency, adherence to
exercise HR, or adherence to EE (P>0.05). The average EE per
training session estimated by indirect calorimetry was 401 +
105 kcal (CON: 403 +105; INC: 398 +104; P=0.914). For the
CON group, adherence to training EE was 98 + 6% up to T2 and
99+ 5% up to T3. For the INC group, it was 101 5% up to T2
and 102 + 8% up to T3. Average exercise HR up to T1 was 100 +
2% (CON) and 101 £2% (INC) of prescribed HR. In T2, it was
101+£4% (CON) and 99+1% (INC). In T3, adherence to
exercise HR for CON was 99 + 1% and adherence to the exercise
HR of 95% HR,,., for INC was 97 +2%.

Training adaptions

VOZmax

Changes in VO, are presented in Figure 3. With regard to
relative VO, (ml min™! kg_l), there was a significant interaction
of time and intervention (F,;6,3=4.1, P=0.020, n}2,=0.12).
Specifically, there was a significant increase over time for INC
(Fr9, 271 =94, P=0.001, 77 = 0.40) but not for CON (F,,, 305 =19,
P=0.170, nf,z 0.11). The improvement between T2 and T3 (HIIT)
was significant for INC (P = 0.002).

For absolute VO,,,., (mlmin™"), the effect of the interaction
between time and intervention did not reach statistical
significance (F,3 ¢;=3.0, P=0.051, nf,=0.09), although this
value increased over time for INC (F; 4, = 6.5, P=0.001, 77]2, =0.32).

Vmax

There was a statistically significant interaction of time and
intervention (F,,65,=7.2, P=0.001, 7,=0.2). The changes in
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Vmax Were significant for CON (F; 45 = 52.8, P =0.000, an =0.78)
and INC (F; 4, = 54.0, P=0.000, npz =0.79). Table 1 provides an
overview of peak exercise performance parameters.

Submaximal exercise test

Changes in HR and lactate are presented in Figure 4. For
exercise HR, there was no statistically significant three-way
interaction between group, time, and running velocity (Fs 1, 1456
=0.45, P=0.908, 7112; =0.02). The mean GXT heart rate was
reduced significantly in CON by 5+ 6 bpm (P =0.007, 7, = 0.23)
and in INC by 8 +7 bpm (P=0.001, 77, = 0.37).

The lactate value for 7 km h™' was reduced in CON by 1+
0.5 mmol L™ and in INC by 0.8 +0.9 mmol L™".

There was a statistically significant interaction between
intervention and time in their effects on RE (F,3 ¢45=3.185,
P=0.041, n; =0.1).

Body composition and resting HR

Changes in body composition are shown in Figure 3. There
was no significant interaction of group and time in their effect
on bodyweight (F,; 494=2.3, P=0.116, n3=0.07) or body fat
(F22, 606=0.2, P=0.879, mp = 0.01).

Frontiers in Sports and Active Living

Changes in resting HR are shown in Figure 3. The reduction
in resting HR was higher in INC than in CON (F; §;=6.3,
P=0.001, 15 =0.18).

Discussion

The main aim of this study was to determine the effect on CRF
of increasing intensity while maintaining EE.

Cardiorespiratory fitness

Our main finding was that 26 weeks of training with an average
EE of 400.5+104.5kcal per training session led to more
pronounced effects on CRF over time in the INC group than in
the CON group. Increasing the intensity has proven to be more
effective in increasing V,.x and VO,,,,. In accordance with our
hypothesis, there were no significant group differences in the
reduction of HR or lactate values during the GXT. Our findings
show that an increase in training intensity can lead to
larger effects even when the energy expenditure per session
remains constant.

The overall improvement in V., was 1.7 km h™! in the INC
group and 1.0km h™" in the CON group. Although both groups
significantly increased their maximal running velocity, training with
increased intensity was found to be more effective. Training with
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Means and SDs during GXT for (A) heart rate and (B) lactate for the CON and INC groups. *P < 0.05, **P < .01, ***P < 0.001.

moderate intensity elicited meaningful improvements only in the first
10 weeks of training (0.8 km h™"). For the INC group, each increase
in intensity led to further significant improvements in V.

In our study, VO,may (ml min™") increased between T0 and T1
(CON: 1.1%; INC: 3.4%), decreased between T1 and T2 (CON:
—4.2%; INC: —2.5%), and increased again between T2 and T3
(CON: 2.8%; INC: 4.8%). Parameters of maximal exhaustion
were constant over all tests and can therefore be ruled out as a
contributing factor to this observation. Comparable studies have
1 after 12
weeks of moderate training (9). In this study, the average

. . -1
increase after the same time was 57 ml min™".

found improvements of approximately 190 ml min

One explanation for this relatively small adaption, as well as the
reduction in VO,,.x between T1 and T2, is a potential reduction of
habitual physical activity that might have occurred in both groups.
This could have influenced the response in VO, negatively (31)
but was less pronounced in the INC group than in the CON group,
which can be explained by the overall greater training stimulus
induced by higher intensity.

Frontiers in Sports and Active Living

It is conceivable that the intervention, especially between T1
and T2, represented an insufficient increase in physical activity
compared to baseline. This might also explain why only HIIT
has been shown to be effective in improving VO, as it
represented a greater stimulus on the aerobic system, and
near-maximal efforts in particular have been shown to be able to
elicit adaption of aerobic capacity (32). With regard to VOjpax
(ml min~" kg™"), training at higher intensities led to an overall
larger improvement than continuous moderate-intensity training
(CON: 1.2%; INC: 10.0%). Our that
improvements in Vy,,, can be achieved without an increase of

study has shown
VOjmax- This observation has also been made in previous studies
(5) and can be explained by improvement in submaximal
running efficiency (33, 34).

We measured RE and found a larger improvement in the CON
group. This can be explained by the fact that the subjects in the
CON arm spend more time running with slower velocities in
training and could therefore develop more efficient movement
patterns for submaximal velocities.

07 frontiersin.org


https://doi.org/10.3389/fspor.2023.1298877
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Reuter et al.

Submaximal parameters

In terms of other submaximal parameters describing CRF, we
found no difference in adaption between groups. Lactate values
and submaximal heart rate during the GXT decreased for both
groups. Analysis of the individual velocities suggests a downward
shift in the heart rate curve and a rightward shift in the lactate
curve, which are indicators of cardiac as well as metabolic
adaptation (21, 35).

In our study, training intensities were derived from heart rate,
as this is the most commonly available measure in practical
settings. Despite its high practicality, this approach can lead to
considerable between-subject variation in metabolic strain even
for similar prescriptions of training heart rate (36). This is why
some authors suggest prescribing intensities as percentages of
physiologically metabolic thresholds as opposed to maximum
heart rate to elicit more homogeneous responses of CRF (37).

Body mass

Both moderate endurance training and training with a

progressive increase in intensity induced some weight
reduction. In this study, weight was significantly reduced over
time in both groups. This is congruent with the data presented
in a meta-analysis by Wewege et al. (19). However, there was
also a significant reduction in BMI with HIIT (from T2 to T3),
which can be explained by excessive post-exercise oxygen
consumption (38). This indicates that increasing exercise
intensity without higher EE does not provide additional
benefits for weight loss if the intensity does not reach the high-

intensity domain.

Heart rate

Training with increased intensity (INC) has proven to be
more effective in reducing HRs but not submaximal HR. This
observation leads to the conclusion that the training completed
by the INC group elicited an increase in vagal tone that
diminishes as soon as the heart rate is elevated (35). We
interpret this as an adaption primarily of the autonomic rather
than the cardiac system in the INC group. There was no further
decrease in HR for the CON group after T1, whereas there
was a progressive decrease with increasing intensity for the
INC group.

Limitations

Due to the long duration of this study, as well as the strict
exclusion criteria, the dropout rate was high (35%). Despite the
high dropout rate, we reached the intended sample size
calculated. The number of dropouts was similar in both groups
and primarily related to injuries or other health reasons
unrelated to the study interventions.
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The study was well controlled using adaptive randomization,
and the intervention duration of 26 weeks was longer than those
of comparable studies (19). However, biological factors and
technical errors may have led to considerable day-to-day
variability in VOjpyax. In the literature, this variability is
reported to be 5.6% (6, 39). In our study, the day-to-day
variability ~was determined individually by repeating
measurements between TOa and TOb. This variability averaged
42 +2.7%. The treadmill tests were conducted in accordance
with the ACSM guidelines (27).

Although subjects were advised not to change dietary habits
or other physical activity over the course of the intervention,
a potential influence of lifestyle changes cannot be entirely

ruled out.

Conclusion

Our study has shown that the choice of training intensity
seems to play a crucial role in the dose-response relationship
between training and fitness. We were able to show that 26
weeks of endurance training led to several improvements in
performance and fitness indicators (V.. relative VO,
HR/es» and BMI). By progressively increasing the intensity after
a further 8 weeks with 70% HRR and 8 weeks of HIIT with
95% HRax positive adaptations continued. In this context, we
found evidence that HIIT is likely to be an effective way for
untrained healthy runners to improve CRF after an initial phase
with
continuously achieve further adequate training adaptions, the

of training moderate-to-vigorous  intensity. To
training intensity should be increased over time. Our data also
show that improvements in V., without increases in VO,

must be considered normal.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors without undue reservation.

Ethics statement

The studies involving humans were approved by the Ethics
Committee of the Medical Association of Saarland (identification
number 219/19). The studies were conducted in accordance with
the local The
participants consent to

legislation and institutional

their

requirements.

provided written informed

participate in this study.

Author contributions

MR: Writing - original draft, Conceptualization, Data curation,
Formal Analysis. FR: Conceptualization, Methodology, Supervision,
Writing - review & editing. AB: Writing — review & editing. AV:

frontiersin.org


https://doi.org/10.3389/fspor.2023.1298877
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Reuter et al.

Supervision, Writing — review & editing. LB: Writing — review &
editing. KR: Supervision, Writing — review & editing. TM: Project
administration, Resources, Supervision, Writing - review & editing.

Funding

The authors declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors thank the participants who took part in the study.

References

1. Cornelissen VA, Fagard RH. Effects of endurance training on blood pressure,
blood  pressure-regulating mechanisms, and cardiovascular risk factors.
Hypertension. (2005) 46:667-75. doi: 10.1161/01.HYP.0000184225.05629.51

2. Segaard D, Lund MT, Scheuer CM, Dehlbaek MS, Dideriksen SG, Abildskov CV,
et al. High-intensity interval training improves insulin sensitivity in older individuals.
Acta Physiol. (2018) 222:e13009. doi: 10.1111/apha.13009

3. American College of Sports Medicine. ACSM’s Guidelines for Exercise Testing and
Prescription. Philadelphia, PA: Wolters Kluwer Health (2017).

4. World Health Organization. Global Recommendations on Physical Activity for
Health. Genf: WHO (2010).

5. Bonet JB, Magalhdes J, Viscor G, Pages T, Ventura JL, Torrella JR, et al. Inter-
individual different responses to continuous and interval training in recreational
middle-aged women runners. Front Physiol. (2020) 11:579835. doi: 10.3389/fphys.
2020.579835

6. Bouchard C, Rankinen T. Individual differences in response to regular physical
activity. Med Sci Sports Exerc. (2001) 33:446-51; discussion 452-53. doi: 10.1097/
00005768-200106001-00013

7. Helgerud ], Hoydal K, Wang E, Karlsen T, Berg P, Bjerkaas M, et al. Aerobic high-
intensity intervals improve VO, more than moderate training. Med Sci Sports
Exerc. (2007) 39:665-71. doi: 10.1249/mss.0b013e3180304570

8. Bosquet L, Léger L, Legros P. Methods to determine aerobic endurance. Sports
Med. (2002) 32:675-700. doi: 10.2165/00007256-200232110-00002

9. Scharhag-Rosenberger F, Meyer T, Walitzek S, Kindermann W. Time course of
changes in endurance capacity: a 1-yr training study. Med Sci Sports Exerc. (2009)
41:1130-7. doi: 10.1249/MSS.0b013e3181935al1

10. Church TS, Earnest CP, Skinner JS, Blair SN. Effects of different doses of
physical activity on cardiorespiratory fitness among sedentary, overweight or obese
postmenopausal women with elevated blood pressure: a randomized controlled trial.
JAMA. (2007) 297:2081-91. doi: 10.1001/jama.297.19.2081

11. Montero D, Lundby C. Refuting the myth of non-response to exercise training:
“non-responders” do respond to higher dose of training. ] Physiol. (2017)
595:3377-87. doi: 10.1113/JP273480

12. Gillen JB, Gibala M]J. Is high-intensity interval training a time-efficient exercise
strategy to improve health and fitness? Appl Physiol Nutr Metab. (2014) 39:409-12.
doi: 10.1139/apnm-2013-0187

13. Schaun GZ, Pinto SS, Silva MR, Dolinski DB, Alberton CL. Whole-body high-
intensity interval training induce similar cardiorespiratory adaptations compared with
traditional high-intensity interval training and moderate-intensity continuous training
in healthy men. J Strength Cond Res. (2018) 32:2730-42. doi: 10.1519/JSC.
0000000000002594

14. Larsen S, Danielsen JH, Sendergérd SD, Segaard D, Vigelsoe A, Dybboe R, et al.
The effect of high-intensity training on mitochondrial fat oxidation in skeletal muscle
and subcutaneous adipose tissue. Scand ] Med Sci Sports. (2015) 25:¢59-69. doi: 10.
1111/sms.12252

15. Ito S. High-intensity interval training for health benefits and care of cardiac
diseases—the key to an efficient exercise protocol. World ] Cardiol. (2019)
11:171-88. doi: 10.4330/wjc.v11.i7.171

Frontiers in Sports and Active Living

10.3389/fspor.2023.1298877

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

16. Poon ET-C, Wongpipit W, Ho RS-T, Wong SH-S. Interval training versus
moderate-intensity continuous training for cardiorespiratory fitness improvements
in middle-aged and older adults: a systematic review and meta-analysis. J Sports Sci.
(2021) 39:1996-2005. doi: 10.1080/02640414.2021.1912453

17. Ross R, Lannoy Ld, Stotz PJ. Separate effects of intensity and amount of exercise
on interindividual cardiorespiratory fitness response. Mayo Clin Proc. (2015)
90:1506-14. doi: 10.1016/j.mayocp.2015.07.024

18. Costa EC, Hay JL, Kehler DS, Boreskie KF, Arora RC, Umpierre D, et al. Effects
of high-intensity interval training versus moderate-intensity continuous training on
blood pressure in adults with pre- to established hypertension: a systematic review
and meta-analysis of randomized trials. Sports Med. (2018) 48:2127-42. doi: 10.
1007/s40279-018-0944-y

19. Wewege M, van den Berg R, Ward RE, Keech A. The effects of high-intensity
interval training vs. moderate-intensity continuous training on body composition in
overweight and obese adults: a systematic review and meta-analysis. Obes Rev.
(2017) 18:635-46. doi: 10.1111/0br.12532

20. Gillen JB, Martin BJ, MacInnis MJ, Skelly LE, Tarnopolsky MA, Gibala MJ. Twelve
weeks of sprint interval training improves indices of cardiometabolic health similar to
traditional endurance training despite a five-fold lower exercise volume and time
commitment. PLoS One. (2016) 11:0154075. doi: 10.1371/journal.pone.0154075

21. Faude O, Meyer T. Lactate threshold concepts: how valid are they? Sports Med.
(2009) 39:469-90. doi: 10.2165/00007256-200939060-00003

22. Granata C, Oliveira RS, Little JP, Renner K, Bishop DJ. Training intensity
modulates changes in PGC-la and p53 protein content and mitochondrial
respiration, but not markers of mitochondrial content in human skeletal muscle.
FASEB J. (2016) 30:959-70. doi: 10.1096/1j.15-276907

23. Reuter M, Rosenberger F, Barz A, Venhorst A, Blanz L, Hecksteden A, et al.
Does higher intensity increase the rate of responders to endurance training when
total energy expenditure remains constant? A randomized controlled trial. Sports
Med Open. (2023) 9:35. doi: 10.1186/s40798-023-00579-3

24. Madurasinghe VW. Sequence balance minimisation: minimising with unequal
treatment allocations. Trials. (2017) 18:207. doi: 10.1186/s13063-017-1942-3

25. Scharhag-Rosenberger F, Walitzek S, Kindermann W, Meyer T. Differences in
adaptations to 1 year of aerobic endurance training: individual patterns of nonresponse.
Scand ] Med Sci Sports. (2012) 22:113-8. doi: 10.1111/j.1600-0838.2010.01139.x

26. Meyer T, Auracher M, Heeg K, Urhausen A, Kindermann W. Does cumulating
endurance training at the weekends impair training effectiveness? Eur J Cardiovasc
Prev Rehabil. (2006) 13:578-84. doi: 10.1097/01.hjr.0000198921.34814.4d

27. Riebe D, Ehrman JK, Liguori G, Magal M, editors. ACSM’s Guidelines for
Exercise Testing and Prescription. Philadelphia, PA: Wolters Kluwer (2018). p. 472.

28. Barnes KR, Kilding AE. Running economy: measurement, norms, and
determining factors. Sports Med Open. (2015) 1:8. doi: 10.1186/s40798-015-0007-y

29. Jeukendrup AE, Wallis GA. Measurement of substrate oxidation during exercise
by means of gas exchange measurements. Int | Sports Med. (2005) 26( Suppl 1):
$28-37. doi: 10.1055/s-2004-830512

30. Cohen J. Statistical Power Analysis for the Behavioral Sciences. Hoboken, NJ:
Taylor & Francis (2013).

frontiersin.org


https://doi.org/10.1161/01.HYP.0000184225.05629.51
https://doi.org/10.1111/apha.13009
https://doi.org/10.3389/fphys.2020.579835
https://doi.org/10.3389/fphys.2020.579835
https://doi.org/10.1097/00005768-200106001-00013
https://doi.org/10.1097/00005768-200106001-00013
https://doi.org/10.1249/mss.0b013e3180304570
https://doi.org/10.2165/00007256-200232110-00002
https://doi.org/10.1249/MSS.0b013e3181935a11
https://doi.org/10.1001/jama.297.19.2081
https://doi.org/10.1113/JP273480
https://doi.org/10.1139/apnm-2013-0187
https://doi.org/10.1519/JSC.0000000000002594
https://doi.org/10.1519/JSC.0000000000002594
https://doi.org/10.1111/sms.12252
https://doi.org/10.1111/sms.12252
https://doi.org/10.4330/wjc.v11.i7.171
https://doi.org/10.1080/02640414.2021.1912453
https://doi.org/10.1016/j.mayocp.2015.07.024
https://doi.org/10.1007/s40279-018-0944-y
https://doi.org/10.1007/s40279-018-0944-y
https://doi.org/10.1111/obr.12532
https://doi.org/10.1371/journal.pone.0154075
https://doi.org/10.2165/00007256-200939060-00003
https://doi.org/10.1096/fj.15-276907
https://doi.org/10.1186/s40798-023-00579-3
https://doi.org/10.1186/s13063-017-1942-3
https://doi.org/10.1111/j.1600-0838.2010.01139.x
https://doi.org/10.1097/01.hjr.0000198921.34814.4d
https://doi.org/10.1186/s40798-015-0007-y
https://doi.org/10.1055/s-2004-830512
https://doi.org/10.3389/fspor.2023.1298877
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

Reuter et al.

31. Hautala A, Martinmaki K, Kiviniemi A, Kinnunen H, Virtanen P, Jaatinen J,
et al. Effects of habitual physical activity on response to endurance training. J Sports
Sci. (2012) 30:563-9. doi: 10.1080/02640414.2012.658080

32. MacInnis MJ, Gibala MJ. Physiological adaptations to interval training and the
role of exercise intensity. J Physiol. (2017) 595:2915-30. doi: 10.1113/JP273196

33. Coyle EF. Integration of the physiological factors determining endurance
performance ability. Exerc Sport Sci Rev. (1995) 23:25-64. doi: 10.1249/00003677-
199500230-00004

34. Jones AM. The physiology of the world record holder for the women’s
marathon. Int J Sports Sci Coach. (2006) 1:101-16. doi: 10.1260/174795406777641258

35. Hellsten Y, Nyberg M. Cardiovascular adaptations to exercise training. Compr
Physiol. (2015) 6:1-32. doi: 10.1002/cphy.c140080

Frontiers in Sports and Active Living

10

10.3389/fspor.2023.1298877

36. Scharhag-Rosenberger F, Meyer T, Géssler N, Faude O, Kindermann W. Exercise
at given percentages of VO, heterogeneous metabolic responses between
individuals. J Sci Med Sport. (2010) 13:74-9. doi: 10.1016/j.jsams.2008.12.626

37. Meyler S, Bottoms L, Muniz-Pumares D. Biological and methodological factors
affecting VO,may response variability to endurance training and the influence of
exercise intensity prescription. Exp Physiol. (2021) 106:1410-24. doi: 10.1113/
EP089565

38. Moniz SC, Islam H, Hazell T]. Mechanistic and methodological perspectives on
the impact of intense interval training on post-exercise metabolism. Scand ] Med Sci
Sports. (2020) 30:638-51. doi: 10.1111/sms.13610

39. Hecksteden A, Pitsch W, Rosenberger F, Meyer T. Repeated testing for the
assessment of individual response to exercise training. J Appl Physiol. (2018)
124:1567-79. doi: 10.1152/japplphysiol.00896.2017

frontiersin.org


https://doi.org/10.1080/02640414.2012.658080
https://doi.org/10.1113/JP273196
https://doi.org/10.1249/00003677-199500230-00004
https://doi.org/10.1249/00003677-199500230-00004
https://doi.org/10.1260/174795406777641258
https://doi.org/10.1002/cphy.c140080
https://doi.org/10.1016/j.jsams.2008.12.626
https://doi.org/10.1113/EP089565
https://doi.org/10.1113/EP089565
https://doi.org/10.1111/sms.13610
https://doi.org/10.1152/japplphysiol.00896.2017
https://doi.org/10.3389/fspor.2023.1298877
https://www.frontiersin.org/journals/sports-and-active-living
https://www.frontiersin.org/

	Effects on cardiorespiratory fitness of moderate-intensity training vs. energy-matched training with increasing intensity
	Introduction
	Materials and methods
	Study design
	Participants
	Testing procedures
	Randomization
	Exercise training intervention
	Statistical analyses

	Results
	Compliance
	Training adaptions
	VO2max
	Vmax

	Submaximal exercise test
	Body composition and resting HR

	Discussion
	Cardiorespiratory fitness
	Submaximal parameters
	Body mass
	Heart rate
	Limitations

	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher's note
	References


