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Adaptacje fizjologiczne i funkcjonalne treningu interwatowego
o wysokiej intensywnosci na dwach wysokosciach u biegaczy
wytrzymatosciowych uprawiajacych sporty wytrzymatosciowe na
srednich wysokosciach: randomizowane badanie kontrolowane

Streszczenie

Wykazano, ze trening interwatowy o wysokiej intensywnosci (HIIT) w warunkach hipoksji
zwieksza wydolnos¢ sportowcdw na poziomie morza, ale istniejg ograniczone dowody dotyczace
biegaczy na srednich wysokosciach. Celem tego badania byta analiza 8-tygodniowego treningu
HIIT na niskich (~1220 m) i umiarkowanych (~2850 m) wysokosciach pod katem adaptacji fizjolo-
gicznych (maksymalna wydolnos¢ tlenowa (VO,max) i predkos¢ zwigzana z VO,max (vWO,max))
oraz funkcjonalnych (czas biegu na 5000 m (5kRT). Czterdziestu dwdch wytrenowanych biegaczy
dtugodystansowych zostato losowo przydzielonych do jednej z trzech grup: HIIT na wysokosci 1220 m
(HNT1220m, n=14), HIIT na wysokosci 2850 m (HIIT2850 m, n=14) lub grupy kontrolnej na wyso-
kosci 2850 m (CG2850 m, n=14). Podczas gdy wszyscy uczestnicy utrzymywali regularny trening
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na wysokosci 2850 m, grupy HIIT ukonczyty dwie cotygodniowe sesje (4x4-minutowy interwat
pracy przy 100% vVO,max, 3-minutowy odpoczynek przy 70% vVO,max). Obie interwencje poka-
zaty istotng poprawe w czasie (p < 0,05) w vWO,max, VO,max i 5kRT, z wiekszymi zyskami
w HIIT1220m (+1,2%, +1%, —1,8%) niz w HIIT2850m (+0,6%, +0,8%, —1,4%). Ponadto zaobserwo-
wano silng korelacje w HIIT2850m miedzy zmianami w 5kRT i vWO.max (r = -0,64, p = 0,013)
i VO2max (r = 0,74, p = 0,002). Podsumowujac, HIIT na matych wysokosciach wywotat wiekszg po-
prawe funkcjonalng niz na umiarkowanych wysokosciach. Dlatego sportowcy i trenerzy uprawia-
jacy sporty dtugodystansowe na srednich wysokosciach mogg odnies¢ wieksze korzysci ze strate-
gicznego zarzadzania treningiem HIIT na nizszych wysokosciach.

Stowa kluczowe: wydajnos¢ sportowa, wydolnos¢ treningowa wytrzymatosciowa, jakosc tre-
ningu, pobyt na duzych wysokosciach, sukces w bieganiu, niedotlenienie.

Abstract

High-intensity interval training (HIIT) under hypoxia has been demonstrated to increase sea-
level athletes’ performance, but limited evidence exists regarding moderate-altitude runners. This
study aimed to examine 8-week HIIT at low (~1,220 m) and moderate (~2,850 m) altitudes on
physiological (maximal aerobic capacity (VO.max) and velocity associated with VO,max
(vWOzmax)) and functional (5,000 m running time (5kRT)) adaptations. Forty-two trained long-dis-
tance runners were randomly assigned to one of three groups: HIIT at 1,220 m (HIIT1220m, n=14),
HIIT at 2,850 m (HIIT2850m, n=14) or control group at 2,850 m (CG2850m, n=14). While all partic-
ipants maintained regular training at ~2,850 m, the HIIT groups completed two weekly sessions
(4x4-minute work interval at 100% vVO,max, 3-minute recovery at 70% vVO,max). Both interven-
tions had significant improvements over time (p < 0.05) in vWO,max, VO,max, and 5kRT, with
greater gains in the HIIT1220m (+1.2%, +1%, —1.8%) than HIIT2850m (+0.6%, +0.8%, —1.4%), re-
spectively. In addition, a strong correlation was observed in the HIIT2850m between changes in
5kRT and vWO,max (r=-0.64, p=0.013) and VO,;max (r=0.74, p=0.002). In conclusion, HIIT at low
altitudes induced greater functional improvements than it did at moderate altitudes. Thus, mod-
erate-altitude long-distance athletes and coaches may benefit more when HIIT is strategically
managed at lower altitudes.

Key words: sport performance, endurance training capacity, quality training, altitude resi-
dence, running success, hypoxia.

Introduction

Training for long-distance running focuses primarily on enhancing endur-
ance, speed, and strength to achieve the shortest possible completion time.
While running performance is influenced by a variety of factors, physiological
variables, particularly maximum aerobic capacity (VO, max) and VO, max asso-
ciated speed (vWO; max), hold premium shares (Midgley et al., 2007). These fac-
tors play critical roles in sprinting ability and oxygen utilization (Enoksen et al.,
2011). Intrained athletes, high-altitude and high-intensity interval training (HIIT)
is widely employed to optimize physiological and functional adaptations by stim-
ulating neuromuscular and physiological functions (Enoksen et al., 2011).



Physiological and functional adaptations... 85

High-altitude training and exposure results in too low barometric pressure
and a reduced fraction of inspired oxygen, which results in a decreased partial
pressure of arterial oxygen and leads to a state of hypoxia (Conkin & Wessel,
2008). While altitude is commonly classified as low (500-2000 m), moderate
(2000-3000 m), and high (3000-5500 m), significant reductions in VO, max start
to occur at 500 m in elevation (Bartsch et al., 2008). As a consequence, training
and competitive performance are impaired because of compromised training
quality. For example, the lactate threshold and VO, max intensity are signifi-
cantly influenced during training, as demonstrated by a 6—10% reduction in run-
ning speed in excellent runners trained at an altitude of 2,100 m (Sharma et al.,
2017). In a wider context, running speed is reduced by ~5-15% at high altitudes
compared with sea level (Peltonen et al., 2001).

Taking these into account, athletes and coaches, aiming to maximize physi-
ological adaptations, have adopted various strategies to optimize training by
combining living and training at different natural and simulated altitudes. The
most commonly applied protocols include live high train high (LHTH), live high
train low (LHTL), and live low train high (LLTH) methods. Over the past half-cen-
tury, high-altitude training has played a significant role in competitive success,
contributing to approximately 90% of the medals won in middle distance to mar-
athon events (Wilber & Pitsiladis, 2012). However, the underlying rationale be-
hind the protocol was adopted for sea-level athletes on the basis of the success
of high-altitude athletes’ experience as an alternative means to ascend during
the preparation for a specified period to achieve altitude training (Haugen et al.,
2022; Khodaee et al., 2016; Wilber, 2007).

These protocols are also used in combination with HIIT, which is a form of
speed-endurance training that effectively enhances performance when appro-
priately incorporated into the already high training volumes of endurance ath-
lete programs (laia & Bangsbo, 2010). It involves repeated intense activity per-
formed at or beyond the race pace, interspersed with low-intensity recovery
(Atakan et al., 2021; Gibala & Jones, 2013). Various HIIT modalities have been
characterized, ranging along a continuum from supermaximal repeated sprint
training (lasting <20 sec) and maximal all-out sprint interval training (>20-45
sec) to submaximal long interval HIIT (2—4 min) sessions with intervals of work
interspersed with interval recovery (Buchheit & Laursen, 2013; Helgerud et al.,
2023). Among these, long interval HIIT has been shown to be effective in im-
proving VO, max and running performance (Helgerud et al., 2023). This is due to
the training intensity being sustained for longer durations at or around the ath-
letes' VO, max (Laursen and Jenkins 2002), which lasts between 20 and 40
minutes of training sessions (Hottenrott et al., 2012).

The efficacy of HIIT in improving performance across different altitude con-
ditions has been well-documented (Camacho-Cardenosa et al., 2018; Stankovic
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et al., 2023). Several meta-analyses have consistently demonstrated that per-
forming HIIT under hypoxic conditions leads to greater improvements in VO,
max and running performance than performing HIIT under normoxic conditions
does (Atakan et al., 2021; Bonetti & Hopkins, 2009; Chang et al., 2023; Fentaw
et al., 2025; Gibala & Jones, 2013; Jacob et al., 2024). In the context of long-
distance runners, several findings revealed that, compared with similar training
conducted at sea level, HIIT performed under hypoxic conditions leads to
greater improvements in VO, max and 5 km time (Jung et al., 2020; Park et al.,
2022). In contrast, athletes following the LHTL protocol who reside at high alti-
tude while performing HIIT at sea level have demonstrated greater gains than
those following the LHTH approach (Levine & Stray-Gundersen, 1997; Stray-
Gundersen & Levine, 1999). Despite the generally positive findings from these
studies supporting HIIT as an effective strategy, most of the participants were
lower-altitude athletes, which may limit the generalizability of the results to
higher altitude populations.

This is because, the concept of altitude training for higher altitude native
athletes encompasses a broader and more complex reality than what is typically
explained in the literature. These athletes not only are temporarily exposed to
high altitudes but are also permanently immersed in high-altitude environ-
ments. For example, East African distance runners have lived and trained at el-
evations between 2,000 and 2,500 m in almost all training intensity zones for
lifetimes (Haugen et al., 2022). In this context, there is a notable lack of research
examining specific HIIT strategies aimed at performance development. In partic-
ular, limited research attention has been given to understanding how HIIT per-
formed at low and moderate altitudes responds in athletes who are already
adapting to living and training at higher altitudes. This question has practical im-
plications for optimizing training strategies in altitude-native populations. As
a result, the current body of evidence is difficult to interpret across all running
populations, given the variability in altitude conditions with real-life training and
competition. A recent review highlighted that the capacity of moderate-altitude
long-distance runners to perform HIIT at different altitudes has not yet been
systematically investigated (Fentaw et al., 2025).

In light of these considerations, athletes who reside and train at high alti-
tudes present a distinct population, methodological, and environmental gaps
that warrant investigation to optimize training outcomes. To address this gap,
the present study aimed to examine the physiological and functional adapta-
tions to HIIT performed at two different altitudes among endurance runners re-
siding at moderate-altitude. More specifically, this study sought to address the
following research questions: (1) Does HIIT conducted at low-altitude (~1,220
m) and moderate-altitude (~2,850 m) produce differential effects on VO, max
and vWO; max?, and (2) Does HIIT at a lower altitude would result in superior
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improvements in functional performance, as measured by Coopers’ 12 minute
run, and 5,000 m running time?

Based on previous literature, we hypothesized that managing HIIT at lower
altitudes would result in greater improvements in vWO; max and VO, max than
HIIT would at the athletes’ residence moderate-altitude. In addition, it was hy-
pothesized that considering higher-quality training at low altitudes would im-
prove functional performance.

Materials and methods

Study design

This study was a balanced randomized control trial designed to minimize
variations among groups in which athletes were matched to ensure equal distri-
butions of sex, event specialization, and 5,000 m running time (5kRT). The par-
ticipants were active competitors who lived and trained at moderate altitudes
(~2,850 m). They were included in the study if they: 1) were at least three years
of training age, 2) were 18 years of chronological age, 3) did not perform sys-
tematic training during a transition period, 4) had at least a history of regional
competition, 5) trained and competed from 3 km--to-marathon events, 6) were
not trained or exposed to low altitudes <1,500 m within the previous three
months for more than 48 hours and 7) provided a completed physical activity
prescreening questionnaire and informed consent documents. On the other
hand, the study excluded participants with recent illnesses or injuries that limit
training and racing, such as heat allergies, epistaxis, malaria, fever, gastrointes-
tinal distress, pregnancy, and anaemia. Moreover, those who could not provide
informed consent or who were missing more than 20% of the usual training or
intervention data were excluded.

Sample size determination

The required sample size was estimated on the basis of the recommended
and previously published VO, max effect size (0.34) (Cohen, 1992; Levine &
Stray-Gundersen, 1997), via a priori-repeated measures ANOVA with a prelimi-
nary power analysis (G*Power 3.1.9.7) for repeated measures design with three
groups and two measurement points. A total of thirty-nine participants (13 per
group) were required to detect the expected effect size with a statistical power
of 0.95 and an alpha (a) level of 0.05. To account for an anticipated dropout rate
of approximately 10% (4 participants) due to potential missing data (Suresh &
Chandrashekara, 2012), additional five participants were recruited to ensure
balanced group distributions. This approach results in a total sample size of 48.
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Consequently, among 119 moderate-altitude resident long-distance runners
from local athletics clubs, seventy-one were excluded for various reasons. Forty-
eight (24 females and 24 males) athletes agreed to participate and signed an
informed consent form after they were informed about the study's purpose,
possible risks, and benefits. Randomization was employed via stratified alloca-
tion, where sex, event specialization and 5kRT were considered randomly and
equally assigned to 16 participants (8 males and 8 females); either the HIIT group
at moderate altitude (HIIT2850m), the HIIT group at low altitude (HIIT1220m),
or the control group at moderate altitude (CG2850m). To ensure unbiased allo-
cation, the second author was determined in sequence and was situated outside
during recruitment, and stratification and coding were performed by the first
and third authors. Among the included participants, six (two in each group)
dropped out of the study for personal reasons. The final analysis included 14
athletes in each group, distributed as follows: HIIT2850m (n = 14), HIIT1220m
(n =14), and CG2850m (n = 14), as shown in Figure 1. The participants baseline
characteristics prior to the intervention are presented in Table 1.

Table 1
Anthropometric, training, and performance characteristics of the participants before the HIIT in-
tervention at low and moderate altitudes

. . Intervention p value
Variable All subjects 5
HIT2850m HIIT1220m CG2850m (ne?)
Number of participants 42 14 14 14
Sex (male/female) 23/19 7/7 8/6 8/6
Chronological age (yrs.) 22.2+4.3 22.245 22.614.6 21.743.4 .86 (.008)

Training age in running (yrs.) 6.2+2.3 6.312.6 6.412.6 5.9+1.7 .87 (.007)
Competition experience (yrs.)  4.8+1.8 4.942.2 4.9+1.7 4.4+1.6 .72 (.02)

Training frequency (days-wk™)  6.8+1.3 6.6+1 6.8%1.2 7.1£1.6 .59 (.03)
Height (m) 1.64+0.07 1.63+0.08 1.65+0.07 1.63+0.06 .81 (.011)

Body mass (kg) 49.5+5.3 49.7+5.4 49,916 48.8+4.8 .84 (.009)

Body mass index (kg/m?) 18.4+1.2 18.7+1.2 18.4+1.1 18.3+1.3 .67 (.02)
5000 m race time (min) 18+1.7 18.2+2.1 17.9+1.2 18+1.7 .9 (.005)
VO, max (mL/kg/min) 63.217.3 62.817.6 63.417.6 63.317.2 .97 (.002)
100% intensity (m-s™1) — 5.12+0.34 5.22+0.42 — .4 (.022)

The values are the means + standard deviation (SDs). No significant differences were observed
among groups in any variable. p values and effect sizes (np?) refer to group comparisons prior to
the intervention.

Abbreviations: HIIT2850m, high-intensity interval training group at moderate altitude; HIIT1220m,
high-intensity interval training group at low altitude; CG2850m, control group at moderate alti-
tude; p value, probability value; ny? partial eta-squared; VO, max,: maximum aerobic capacity;
mL/kg/min, milliliters of oxygen used up in a minute per kilogram of body weight; m-s™1, meter
per second; yrs., years; wk'l, training sessions per week.
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A total of 119 moderate-altitude long-distance
athletes were assessed for eligibility.

Included (n = 48)

48 matched into four stratum

Excluded (n =71)
did not meet the criteria (n =21)

1) 5 km male 5kRT (n =1D), 2) 10 km did not sign informed consent (n =19)
male 5kRT(n =14) >

3) 5 km female SkRT (n =15), 4) 10
km female SkRT (n =9)

" declined to participate (n =7)
the lottery, not selected (n =24)

randomly allocated into

o three groups
1
r | m— X
HIIT2850m HIIT1220m €G2850m
n =16 (8 males and 8 n=16 (8 males and 8 " |h=16(8 malesand 8
females) females) females)
l | .
Lost to follow up (n =2) Lost to follow up (n =2) Lost to follow up (n =2)
icei 0,
e Absent from o Missing 30% of the o * Missing 25% of usual
posttest assessment intervention training
Analyzed (n = 14) Analyzed (n = 14) Analyzed (n = 14)
(7 males and 7 (8 males and 6 (8 males and 6
females) females ) females)

Figure 1

Flow of participant recruitment, eligibility assessment, randomization, and final analysis.
Abbreviations: 5kRT, 5, 000 m running time; HIIT2850m, high-intensity interval training group at
2,850 m; HIIT1220m, high-intensity interval training group at 1,220 m; CG2850m: a control group
living at 2,850 m.

The participants were engaged in regular long-distance running and were
classified as trained runners. The experimental procedures were submitted, and
the Sport Academy ethical committee at Bahir Dar University approved of the
study [Approval Number: IRERC 06/2024, Bahir Dar, Ethiopia]. The study proce-
dures were performed according to the ethical standards outlined by the Hel-
sinki Declaration of 1975.

High-intensity interval training protocol

The intervention was applied for eight weeks at 2,850 m (Debark) and 1,220
m (Zarima) to the HIIT2850m and HIIT1220m groups, respectively. Training was
provided on a 400 m track for two nonconsecutive sessions per week (Monday
and Thursday) to allow sufficient recovery. In contrast, CG2850m did not partic-
ipate in any additional training program but maintained their usual running with
the other groups at 2,850 m. The HIIT sessions consisted of four phases as pre-
viously described by Helgerud et al., (2007): a) warm-up of a ten-minute period
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at 70% vVO, max consisting of continuous jogging followed by dynamic stretch-
ing along with jogging; b) main interval running for 25 min, which consisted of
four 4-min running intervals, each separated by 3 min of active recovery at 70%
vVO; max; and c) five-minute cooling down at 50% vVO, max. Each session lasted
approximately 40 minutes. At each altitude training site, the number of inter-
vals, interval duration, and intensity during work and rest intervals remained
constant throughout the intervention for both HIIT groups to ensure reliable
training stimuli. However, the intensity was determined on the basis of each
participant's vWO, max value via a 5-minute maximal aerobic speed test taken
at intervention venues, in which participants were grouped based on the equiv-
alent vWO, max performance for the intervention. In each interval run, in addi-
tion to a verbal instruction, a whistle signal was also blown to alternatively utilize
the 100% and 70% vVO, max performance to complete efficiently. Accordingly,
immediately after each interval, training intensity was continuously monitored
by two experienced coaches and two sports training research experts focusing
on vWO, max, running pace, and the Borg scale (6—20), following the intensity
measures adopted by Ciolac et al. (2015).

Procedures

The participants were informed about the study's aim, methodology, and
procedures. Prior to testing, the procedures were thoroughly explained to the
participants to ensure familiarization. The VO, max, vWO, max, and 5kRT meas-
urements were preceded by a standardized warm-up, which consisted of 12
minutes of jogging, and 8 minutes of dynamic movements for the upper and
lower extremities combined with 40 meters of back-and-forth jogging. The par-
ticipants with similar performances were grouped to run together for motiva-
tion and were encouraged to perform maximally. Finally, the athletes performed
the tests accordingly, as the assessors told them to perform measurements be-
fore and after eight weeks of intervention.

The participants performed the usual training preparation for cross-country
competition at approximately 2,850 m (Debark, Ethiopia). While the HIIT2850m
group was trained at their usual residence in Debark for eight weeks, the
HIIT1220m group participants was transported 38 km downhill by car to a low-
altitude location (approximately 1,220 m) for their HIIT sessions. These low alti-
tude HIIT sessions were conducted at the foothills of Lima-Limo and Semein
Mountains National Park at Zarima, Ethiopia during the specific preparation train-
ing phase. All testing and training sessions took place in the morning, between
8:00 and 10:00 a.m., on a 400-m track, from September 26 to November 20, 2024.

All tests were conducted at 2,850 m training venue separated by at least 48
hours after each visit to allow sufficient recovery at a properly measured 400 m
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round outdoor field track. The participants were also encouraged to maintain
their usual nutrition and hydration habits, perform the same warm-ups, rest
throughout the study, and be vigorously encouraged during testing. In addition,
the participants were instructed to abstain from stimulants or alcoholic bever-
ages one day before the test. Before each measurement, all the participants
confirmed that they obtained adequate rest and recovery and abstained from
exhausting training for at least two days. The participants performed testing at
the same time of day under similar environmental conditions.

MEASUREMENTS
PRE-AND POST-TEST PRIMARY OUTCOMES

MAXIMAL AEROBIC CAPACITY

Despite the laboratory treadmill test being the gold standard for measuring
VO, max, Cooper's 12-minute running test is simple and cost-effective to admin-
ister. It is the best predictor of an athlete’s VO, max (r= 0.9) as described else-
where (Bandyopadhyay, 2015). The relative VO, max (mL/kg/min, milliliters of
oxygen used up in a minute per kilogram of body weight) was estimated with
the help of Cooper’s 12-minute run test. In particular, this test has excellent ac-
curacy and reliability in predicting the VO, max of endurance runners (Alvero-
Cruz et al., 2017).

Following the warming-up, the test was conducted at a properly measured
400 m outdoor round track marked every 10 m. Hence, athletes ran in 5kRT
matched groups as a source of motivation for twelve minutes as long as possible
to record a greater possible distance to cover along with other athletes. The es-
timated VO, max (mL/kg/min) value was obtained from Cooper’s twelve-minute
test (D12 km) in kilometers. Accordingly, it was calculated via Bandyopadhyay’s
regression equation for predicting the VO, max of males (equation (eq.) (1),
r=0.9) and females (equation (2), r=0.9), respectively:

Eg. 1. VO, max (mL/kg/min) = (22.351 x D12 km)-11.288)

Eq. 2. VO max (mL/kg/min) = (19.55 x D12 km)-2.39)

Minimum running velocity at VO, max

The VO, max velocity (vWO,; max) is the maximal aerobic speed (MAS) (Re-
noux et al., 2000), which is the point at which VO, max starts to occur and helps
to determine athletes' performance. While the vWO, max laboratory measure is
the gold standard for determining the vWO, maky, its cost, complexity, and im-
practicality have led to the development of several field measures, such as the
multistage Montreal Beep, set time trial, and set distance trial (Baker & Heaney,
2015). However, the time set (5-minute) trial is easy, quick, and highly correlated
with the laboratory measure of vWO; max (r= 0.94) (Berthon et al., 1997;
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Chamoux et al., 1996), in which athletes perform maximal efforts in the allotted
time to cover more distance as fast as possible.

Meanwhile, following the warm-up, the athletes were instructed to run
5-minute time trials as fast as possible to cover more distance around a marked
400 m running track. In each group, athletes of similar 5kRT and sex ran together
and were encouraged to cover more distance and maintain higher paces in the
allotted time. Subsequently, while counting down the last 10 seconds in the
given time (10--1), the athletes immediately got stationary at the last count.
Hence, the distance covered in meters over five minutes was recorded. Accord-
ingly, the vWO, max is determined by dividing the distance covered in meters by
the given time in seconds.

5000 M RUNNING TIME (5KRT)

The 5kRT test was initiated after adequate warm-up exercises. Athletes were
instructed to achieve the best time possible in the trial in which they ran along-
side others. The start was given as usual in the competition at the start line.
Wearing watches during the run was not allowed, while the laps and times were
recorded and put down for each 400 m split by the runners’ coach. The total
time to complete the 5kRT was recorded at the closest of 0.01 s as the athletes
crossed the finish line. Three experienced timers, two of whom were the ath-
letes' coaches and one assessor, provided the mean values for analysis.

SECONDARY OUTCOME MEASURES

ANTHROPOMETRIC CHARACTERISTICS

The participants’ height and body mass were measured simultaneously via
a height-rod—-equipped stadiometer with an integrated digital scale (model: SKU,
KC-3001), accurate to the nearest 0.1 cm and 0.1 kg. The measurements were
taken with the participants wearing light clothing standing barefoot in an upright
position, with heels together and the head aligned in the Frankfort plane. Each
measurement was repeated under consistent conditions, and the mean value
was recorded to ensure reliability. The participants body mass index (BMI) value
was subsequently calculated as body mass (kg) divided by height squared (m?),
using the formula BMI = body mass/height?.

TRAINING AND PERFORMANCE CHARACTERISTICS

The participants completed a questionnaire survey about their general train-
ing and performance history.
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COVERED DISTANCE AND TRANSFORMED SPEED

The measured covered distance during the five-minute MAS and Cooper
twelve-minute run tests and its transformed speed in meters per second were
used in the analysis. This helps reveal the influence of the training intervention
on speed and endurance performance via a holistic approach.

Statistical analysis

The data are presented as the means and standard deviations (SDs) in the text
and tables. To ensure that, the participants' anthropometric, training, and perfor-
mance levels among groups were compared via one-way analysis of variance
(ANOVA). In addition, we used independent t tests to compare 100% MAS training
interventions, and paired t tests to assess changes over time for practical signifi-
cance. These effect sizes, expressed as Cohen’s d, are classified as small (0.2-0.4),
moderate (0.5-0.7), or large (>0.8) (Cohen, 1988). All the statistical analyses were
performed via IBM SPSS statistics version 27.0.1, with a significance level set at p <
0.05. The Shapiro—Wilk and Levene tests confirmed the data normality and homo-
geneity of variances (p > 0.05), respectively. Consequently, two-way repeated
measures ANOVA was used to identify the effects of the group (HIIT2850m,
HIIT1220m, CG2850m) and time (pretest and posttest) conditions. Where appropri-
ate, Bonferroni post hoc analysis was performed to determine the source of the
difference when significant differences in group or interaction were observed. The
partial eta-square (n,?) was calculated as an effect size measure for all analyses and
interpreted as small (0.01-0.06), moderate (0.06—0.14), or large (>0.14) effects (Co-
hen, 2013). The potential relationship between changes in VO, max and vWO,; max
scores with a 5,000 m running time was determined via Pearson correlation.

Results

Baseline characteristics of the subjects

The anthropometric, training, and performance characteristics of the three
groups examined at baseline are depicted in Table 1. There were no significant
differences (p>0.05) in any of the baseline anthropometric, training, or perfor-
mance characteristics among the groups. Forty-two athletes completed the
study, whereas six athletes (two in each group) dropped out for non-interven-
tion reasons (2-absent from assessment, 2-missing more than 25% of the usual
training and 2-missing 30% of the intervention), and their data were excluded
from the analysis. Hence, a similar profile at baseline and training intensity en-
sures that the observed changes resulted from the intervention rather than
prior differences. On the other hand, no significant differences were found
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among the exercise intensities, explained as % vWO; max over the intervention.
Hence, the total training load (volume and intensity) of the two experimental
groups was similar over the intervention period.

Minimum running velocity at VO, max

A summary of the physiological variables measured before and after the HIIT
intervention is presented in Table 2 and Figure 2. Significant differences were
found for the main effect of time (p<0.001; n,?=0.3) and the group x time inter-
action (p=0.02; ny*=0.19) effects for vWO, max after training. However, the post
hoc analyses revealed no significant differences in the vWO; max mean differ-
ence between the groups. The mean changes in vWO, max were 0.04+0.05, 0.6%
vs 0.06+0.07, and 1.2% in the HIIT2850m and HIIT1220m intervention groups,
respectively, with 0.004+0.02 and no changes in the control group. However,
there was no significant main effect of group (p=0.98; n,?=0.001). In addition,
the distance covered within five minutes of the MAS test increased in both in-
tervention groups, with higher values observed in the HIIT1220m group.

Maximum aerobic capacity

Repeated-measures ANOVA demonstrated that the VO, max (mL/kg/min) sig-
nificantly increased to the mean + SD: 0.52+0.5 and 0.6+0.5 in the HIIT2850m and
HIIT1220m groups, respectively, after HIIT at the two altitudes. This finding revealed
that the VO, max significantly improved, and these increases were greater in the
HIIT2850m (0.8%) and HIIT1220m (1%) groups than in the CG2850m (0.2%) group
after the intervention, with no significant main effect of group (p=0.97, n,>=0.002)
as shown in Table 2. Post hoc analyses revealed that the VO, max was not signifi-
cantly different between the groups. However, HIIT at 1,220 m resulted in a signifi-
cantly greater increase in the mean change in the VO, max (0.6+0.5; p<0.001) than
HIIT at 2,850 m (0.5£0.5; p<0.001) and CG2850m (0.1310.3, p=0.16) did.

In addition, the distance covered within the twelve-minute Cooper test in-
creased in both intervention groups. However, the speed improved more in the
HIIT1220m group than in the HIIT2850m group. The improved VO, max assisted
in covering more distances in the Cooper run test at individual intensity, but it
was different in the control groups. The VO, max mean difference within the
group was significantly greater in the lower-altitude training group than in the
moderate-altitude training group after HIIT, with no baseline difference. The
Cooper 12-minute run covered a distance that increased in both intervention
groups, whereas in the HIIT1220m group, there was a greater extent of improve-
ment. The covered distance in twelve minutes of running and its speed in m-s™!
occurred at the same percentage change, which was quite similar to the VO,
max values between the intervention groups.



Table 2
Changes in physiological and functional performance measured before and after eight weeks of HIIT at low (HIIT1220m) and moderate (HIIT2850m) altitudes

Intervention Effect p value (ny?)
Variable HIIT2850m (n=14) HIIT1220m (n=14) CG2850m (n=14)
Group Time Interaction
pre post A, p value, ES pre post A, p value, ES pre post A, p value, ES
+ * + * +
5-min. Distance (m) 1525.5%#99.7 1535.9495.4 10'4_13";’ 0.01%, 1527.6491.7 1545.3+92.3 17'7_20(')25 0.006%, 1535'54_94' 1536.6496.6 1.1#5.7,0.47,0.2  0.98 (0.001) <(%030)1 0.02 (0.19)

+ * +
v VO, max (m-s™) 5.09£0.33  5.12+0.32 0.04£0.05, 0.01%, 5.09£0.31 5.15+.31 0.06£0.07, 0.006, 5.12+.32  5.12+0.32 0.004+0.02, 0.47,0.2 0.98 (0.001) <0.001(0.3) 0.02 (0.19)

0.8 0.9
-min dis- + + + * + + + * + +
Cooper 12-min dis- 3302.6+348. 3327.4+355. 24.8+22.3,0.001*, 3332.1#351. 3360.4+346. 28.4+25.1, <0.001*, 3326.7+33 3332.4%+332. 5.74145,0.16,04 0.57 (0.001) <0.001(0.5) 0.02 (0.19)
tance (m) 7 2 11 8 5 11 2.9 6

Cooper 12-min 0.03+0.03, 0.001*, 0.04+0.04, <0.001%,

- 4.6%0.48 4.6%0.49 4.610.49 4.7+0.48 4.6%0.46 4.6£0.46  0.01+0.02, 0.096, 0.4 0.97 (0.001) <0.001(0.5) 0.02 (0.19)
speed (m-s™1) 1.1 1.1
+i * +| *
V0, maxA 62.8+7.6 63.3+7.7 0.52£047, 0.001%, 63.4+7.6 64+7.5 0.6£0.52, <0.001%, 63.3£7.2 63.4+7.2  0.13+0.31,0.16,0.4 0.97 (0.002) <0.001(0.5) 0.02 (0.19)
(mL/km/min) 1.1 1.1
-0.3+ * o - +i *
SkRT (min.) 18.2+2.2 17.9+2 0'3_0'3’70'03’ 17.9+1.2 17.6x1.2 0'34_0'3’90'007’ 17.99+1.7 17.89+1.8 -0.130.4,0.33,-0.3 0.98(0.001) <0.001(0.3) 0.3(0.07)

i * + *
0.06+0.1, 0.04*, £.7+0.3 4.8+03 0.09+0.1, 0.008*,

571 .64+0. .7%0.
SkRT speed (m-s™!)  4.64+0.56 4.7+0.53 0.6 0.8

47+0.44  4.7+0.47  0.03+0.1,0.29,0.3 0.97 (0.002) <0.001(0.3) 0.34 (0.05)

The values are means + standard deviations. A represents the mean difference between pretest and post-intervention values, with corresponding p values and effect sizes (ES).
p < 0.05 indicates a significant change over time. Group, time, and interaction effects are reported with p values and partial eta-squared (n,?).* The across-time mean difference is
significant at 0.05.

Abbreviations: HIIT2850m, high-intensity interval training group at moderate altitude; HIIT1220m, high-intensity interval training group at low altitude; CG2850m, control group at
moderate altitude; p value, probability value; ny? partial eta-squared; A, the mean difference; ES, effect size; VO2 max, maximal aerobic capacity; vWO2 max, velocity at maximum

aerobic capacity; m-s™%, meters per second; mL/km/min, milliliters of oxygen used up in a minute per kilogram of body weight; 5kRT, 5000 m running time; pre, before an 8-week
intervention; post, after an 8-week intervention.
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Figure 2

Physiological and functional variables before and after high-intensity interval training (HIIT) at two
different altitudes. The panels illustrate (a) running velocity at VO,max (vwWO, max, km-h™), (b)
maximal oxygen uptake (VO, max, mL-kg™min™), (c) 5 km running time (5kRT, min), and (d) dis-
tance covered during the 12-minute Cooper run test. The data are presented as mean * standard
deviation (SDs). Significance levels are denoted by asterisks: * p < 0.05, ** p < 0.01, and *** p <
0.001.

5,000 m running performance

The 5kRT performance after intervention training significantly improved
over time, as indicated by a significant main effect of time (p<0.001, n,?=0.34).
In contrast, the change scores of the HIIT2850m and HIIT1220m groups im-
proved compared with those of the CG2850m group (shown in Table 2). How-
ever, there was a significant increase in the mean change in the HIIT2850m
(A=-0.3+0.4, p=0.03) and HIIT1220m (A=-0.34+0.4, p=0.007) groups after the in-
tervention compared with the CG2850m group (A=-0.1+0.4, p=0.33). However,
the magnitude of improvement was greater in the HIIT1220m group (1.8%) than
in the HIIT2850m group (1.4%). The post hoc analyses indicated no significant
differences in running time between the groups. Nevertheless, it was signifi-
cantly greater in the lower-altitude training group than in the moderate-altitude
HIIT group. The running speed was the same as the percentage change in the
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5kRT between the groups. Despite significant improvements in 5kRT in both
groups following HIIT, the HIIT1220m group performed better. The speed to
cover the running race increased in both groups, similar to the 5kRT.

Physiological and functional performance correlations

A strong negative association was found between 5kRT and vWO, max
(r=-0.64, p=0.013) and positive association between 5kRT and VO, max (r=0.74,
p=0.002) in the HIIT2850m group following training. However, weak associa-
tions were observed between 5kRT and vVO; max (r=0.31, p=0.286) and VO,
max (r=-0.07, p=0.809) in the HIIT1220m group after training. These findings
suggest that quality training at moderate altitudes has a positive effect on in-
ducing changes in physiological parameters compared with training at low alti-
tudes. However, weak associations were found in the control group (VO2 max:
r=-0.16, p=0.58; vWO, max: r=0.08, p=0.776).

Discussion

In this study, we examined the effects of manipulating HIIT at two different
natural altitudes on selected physiological (vWO, max and VO, max) and func-
tional (5,000 m race performance, maximal aerobic speed, and Coopers’ 12-mi-
nute run) adaptations in moderate-altitude resident long-distance athletes. The
main observation of this study is that high-intensity training performed at low
altitude leads to greater improvements in 5,000 m running time compared to
training at moderate altitude, resulting in enhanced physiological adaptations
among moderate-altitude endurance runners.

Interestingly, compared with HIIT2850m (-0.3 + 0.4, -1.4%) and CG2850m
(-0.1 £ 0.4, -0.6%), HIT at 1,220 m elicited a significantly greater performance
improvement of 5,000 m time by (-0.34 £ 0.4, -1.8%). Moreover, vWO; max and
VO, max substantial changed within the HIIT1220m and HIIT2850m groups com-
pared with the CG2850m group. However, vWO; max and VO, max substantially
differed between the HIIT1220m and HIIT2850m groups. These observed results
indicate that lower-altitude environments most likely enable athletes to main-
tain high-intensity training at the VO, max training velocity and improved pacing
adaptations that help improve the economy of running, which enables improve-
ments in the vWO; max, VO; max and 5,000 m running performance. HIIT at high
altitudes requires special caution in monitoring intensity, even for high-altitude
residential athletes, to elicit induced adaptations.

Although our findings do not necessarily challenge the existing knowledge
on high-intensity training at high altitudes, our study sought to test the hypoth-
esis: What are the physiological and functional benefits of performing high-in-
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tensity training at high versus low altitudes for moderate-altitude athletes? As
altitude increases, the difficulty of performing high-intensity training prevails for
moderate-altitude athletes, similar to sea level athletes. Hence, the possible im-
provement mechanisms following HIIT at two different altitudes are related to
the efficiency of HIIT loads performed at the individual maximal potential. At
baseline, there were no differences among the groups, suggesting that potential
differences at baseline did not influence the results. The variables were meas-
ured at moderate altitudes to create similar conditions and decrease substantial
variance.

While HIIT provides a powerful spur for cardiovascular and central adapta-
tions (Gibala & Jones, 2013), in our study, some differences in HIIT load between
the intervention groups were considered to occur due to the influence of alti-
tude variation. Nevertheless, no significant difference was found in exercise in-
tensity, explained as % vVO, max, across the intervention groups. The interval
running speed differed between low and moderate altitudes, with a 3.33% in-
crease in speed observed in the low-altitude training groups. Consequently, the
HIIT1220m group trained slightly faster than did the moderate-altitude training
group. Notably, the physiological stress experienced during high-altitude run-
ning is considered a training load. The total training load, duration, and fre-
guency were comparable between the two experimental groups over the inter-
vention period. These findings support the conclusion that the training interven-
tions were similar across the study period.

Hence, the training intervention was performed individually to tailor the
maximal aerobic speed in an environmentally determined program in which sim-
ilar protocols were implemented. This finding indicates that vWO, max values were
relatively similar for all participants across the HIIT sessions. In addition, the total
HIIT duration was similar for both intervention groups. As such, significant VO,
max and aerobic performance adaptations are observed following HIIT at 100%
vVO; max in endurance athletes (Gibala & McGee, 2008). In particular, competi-
tive runners benefit from this type of training (Garcia-Pinillos et al., 2017).

More specifically, studies have been conducted in the case of lower-altitude
athletes using HIIT at simulated and natural altitudes for middle and long-dis-
tance runners. However, athletes residing at high altitudes and sea levels have
similar VO, max values; the only difference was the low cost of running found in
high-altitude athletes (Saltin et al., 1995). In addition, sea-level athletes show
a decline in performance at high altitudes, whereas altitude athletes have better
physiological and recovery adaptations (Aughey et al., 2013). Acute and chronic
altitude exposure influences the actual performance of low- and high-altitude
natives differently, which might give high-elevation natives a competitive ad-
vantage at altitudes above 1,500 m (Mateo-March et al., 2022). Hypoxic training
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has been shown to enhance endurance performance by improving metabolic
function and capillary characteristics (Suzuki, 2022).

The findings of this study are congruent with the previous results of Levine
and Stray-Gunderson (1997), who demonstrated a 5% VO, max improvement in
the LHTL and LHTH groups, who received high-intensity training at sea level and
high altitude, respectively. However, the LLTL group yielded no improvements.
Nakamoto et al., (2016) also reported a significant improvement in VO, max fol-
lowing HIIT under hypoxia, whereas the normoxic group failed to show differ-
ences. In addition, other studies also demonstrated that VO, max improvements
following HIIT under hypoxia and normoxia were apparent (Jung et al., 2020;
Park et al., 2022) and that there were no improvements in VO, max under either
condition (Neya et al., 2007).

Moreover, while most previous studies employed simulated altitudes condi-
tions, Levine and Stray-Gundersen (1997) uniquely examined sea-level endur-
ance athletes at natural altitudes. In contrast, the present study involved mod-
erate-altitude long-distance athletes who trained in their native environment.
This training protocol is therefore considered essential for promoting both phys-
iological and functional adaptations.

Although running performance is influenced by several factors, such as age,
fitness level, and the intensity and duration of the intervention, the VO, max
improved from 4-46% (Burgomaster et al., 2008; Helgerud et al., 2007). In pre-
vious studies, the VO, max changes following HIIT under hypoxia and normoxia
in lower altitude distance running athletes were 4-13% and 1-5%, respectively
(Jung et al., 2020; Levine & Stray-Gundersen, 1997; Nakamoto et al., 2016; Park
et al., 2022). Furthermore, a 3% improvement in VO, max was observed (Stray-
Gundersen et al., 2001). In our study, however, 0.8% and 1% VO, max improve-
ments were observed in the moderate- and low-altitude HIT groups, respec-
tively. The underlying mechanisms of these changes were not assessed, these
findings indicate that such mechanistic gains may be mediated by improved mi-
tochondrial biogenesis, increased capillary density, increased enzymatic activity,
neuromuscular adaptations, or hormonal responses to greater hormones and
improvements following HIIT (Mglmen et al.,, 2025). Similarly, Geiser et al.
(2001) reported that the VO, max increases from 8.5--11.1% and 2.9--7.2% in
response to normoxia and hypoxia, respectively, in response to hypoxic training.
Aerobic capacity adaptations decline after altitude training but peak within 1-3
weeks (Chapman et al., 2014).

Another finding of this study is that the vWO; max improved in both inter-
vention groups. The improvement in vWO; max may have been attributed to the
training load being prescribed according to the maximal aerobic speed, which
performs similar relatively high-intensity training independently to help main-
tain and improve pace adaptations. The maximal aerobic capacity improved sim-
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ilarly in both training groups. This may improve body oxygen utilization and de-
livery during high-intensity training. This occurred because low-altitude groups
tend to have greater potential for oxygen access than moderate-altitude groups
do. The training protocol of this study, such as the intensity, frequency, and du-
ration, is almost comparable with those of the studies conducted by Park et al.,
(2022) and Jung et al., (2020). Most importantly, Helgerud et al. (2007) designed
a similar HIIT protocol, except for the altitude conditions added in our study. The
individual responses and the HIIT protocol applied during the study significantly
influenced vW0O2 max adaptations.

Physiological parameters play crucial roles in running performance improve-
ment. Hence, the 5,000 m running performance improved after HIIT at low and
moderate altitudes. We found that the time to complete the running time de-
creased, which is an improvement in performance following HIIT at both low and
moderate altitude. Similarly, Levine and Stray-Gundersen, (1997) reported a sig-
nificant improvement in the 5,000 m running performance of the LHTL group
with a 13.4410 second decrease in running time. In contrast, the LHTH and LLTL
groups presented longer (increased) running times. In addition, Stray-Gunder-
sen et al., (2001) reported a 1.1% improvement in a 3 km trial following the LHTL
approach. In contrast, Jung et al. (2020) and Park et al. (2022) reported that
3 km running time has no significant interaction effect but is significant across
time in both groups.

Hence, the 5,000 m performance improvement is inversely associated with
vVO; max and VO, max, which are good predictors of running performance, as
expected. In some cases, without the VO, max change, there is an increase in
the running performance of athletes (Jones, 1998). These findings indicate that
moderate-altitude long-distance runners may benefit more from low-altitude
high-intensity training. This may be the case for athletes with speed problems
who pursue time improvement. In particular, high-altitude athletes struggle to
manage high-intensity training at high altitudes. This limitation may lead to
a corresponding performance plateau and thus may require a more advanced
training approach for possible performance adaptations.

In general, both the physiological and running performance improved in
both intervention groups, with the lower-altitude HIT group advancing more
than the other groups. These findings indicate that speed training at lower alti-
tudes could provide substantial access to oxygen to help individuals perform at
the highest potential. This highlights the importance of training intensity moni-
toring at different altitudes, which contributes to running velocity and oxygen
utilization for improved running performance. The significant improvement in
5,000 m running performance under both experimental conditions indicates
that physiological variables contribute to potential running efficiency. This train-
ing is widely recognized for its ability to yield benefits in a short time individually
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and in combination with hypoxia. In particular, HIIT is relevant for endurance
sports in already fit individuals (Larson and Jenkins, 2002).

These findings highlight the significant physiological and functional enhance-
ment following HIIT at lower altitudes for endurance runners. This was also
demonstrated in a crossover study on horses, where HIIT under hypoxic condi-
tions improved training performance and VO; max (Mukai et al., 2020). In fact,
running performance influencing factors such as physiological (Denadai &
Greco, 2022), morphological (Knechtle et al., 2015), environmental and psycho-
logical (Ogueta-Alday & Garcia-Lopez, 2016) ones are prevalent, our findings
support the premise that HIIT at low and moderate altitudes effectively im-
proves running performance.

Previous findings suggest that incorporating HIIT under hypoxia is an effi-
cient strategy that can significantly improve key physiological variables com-
pared with HIIT under normoxia (Fentaw et al., 2025). In addition, living at high
altitudes and HIIT at lower altitudes significantly improve athletic performance
compared with sea-level living and training (Levine & Stray-Gundersen, 1997).
These results agree with our findings despite methodological and population is-
sues. The nature of HIIT is well known to utilize speed intervals that maintain
training at the given intensity and duration. This shows that training at lower
altitudes allows for greater training intensity due to reduced physiological stress
in comparison with higher altitudes, which may have contributed to increased
functional adaptations. However, the degree of improvement did not differed
between the training groups, indicating comparable progress.

Consequently, the lower altitude HIIT group rendered greater vWO; max, VO,
max and running performance than the moderate altitude HIIT group did. These
improvements following lower altitude HIIT may suggest that these HIIT pro-
grams elicited greater impacts and stress on physiological factors. Nevertheless,
our study participants were moderate-altitude resident distance runners, given
that HIIT interventions were provided at their residences and brought to lower
altitudes for high-intensity training for the other group. Such training taxes the
physiological factors to a greater degree, suggesting the importance of providing
HIIT at lower altitudes for moderate-altitude athletes.

This study also revealed that 5,000 m running time associations with VO,
max and vWO; max are similar to the findings of Levine and Stray-Gundersen,
(1997), and Neya et al. (2016), who reported a negative correlation between
5 km running performance and VO; max in the LHTL group (r=0.65, p<0.00001).
However, the participants were sea-level athletes who were exposed to hy-
poxia, which led to acute physiological stress. In contrast to these studies, we
included moderate-altitude endurance runners. Levine and Stray-Gundersen
(1997) reported that a 5% increase in VO, max leads to a 13.4+10 s improvement
at 5 km. In this study, 5,000 m time was significantly correlated with the VO
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max (r =-0.7, p = 0.002) in the HIIT2850m group, accounting for 1.4% of the var-
iance in 5 km performance. The effect of HIIT on athletic performance quality
has been confirmed to be positive and significantly correlated with changes in per-
formance. These changes may exist because, compared with HIIT at moderate al-
titudes, HIIT is best performed by moderate-altitude distance runners at lower al-
titudes. These findings suggest that maintaining HIIT at lower altitudes for moder-
ate-altitude athletes is an effective approach for optimizing performance.

Limitations and Future Considerations

This study highlights the necessity of HIIT at low altitudes for high-altitude
long-distance running athletes to achieve the best possible time goals. However,
experimenting with two different altitudes is demanding because of the diffi-
culty in terms of logistics and managing and controlling other psychological and
physiological confounders during the intervention. Consequently, some meth-
odological, population and logistical issues must be underscored. The time spent
during transportation from/to lower altitudes may have influenced the results.
In particular, the effects of nutritional and recovery time complications during
transportation to/from residences and training sites were not evaluated. How-
ever, the participants were encouraged to maintain their usual habits as much
as possible, and we tried to provide food and water immediately after the inter-
vention sessions to minimize the influences associated with them. Hence, con-
venient lower-altitude residences minimize the influence, which helps to effi-
ciently perform HIT after full recovery, which we recommend for future studies.
In addition, simulated sea levels may be utilized at high altitudes, which may
have benefits and should be considered. Blinding was not performed on either
the participants or the researchers in the experimental conditions. However, we
encouraged participants during training and testing and informed them about
the purpose and procedures of the study to mitigate these limitations.

The optimal training at low altitudes and the immediate effect and durability
of the obtained benefits warrant future study. We sought results as a group;
however, training, competition experience and performance levels may create
intersubject variability in improvements. Therefore, determining the dose-re-
sponse relationships of individuals is an area for further research.

Although the study examined some selected physiological changes through
an indirect means of value estimation which are reliable and valid, we
acknowledge that they may not have been sensitive enough to detect changes.
Therefore, more rigorous research is needed that utilizes direct laboratory tools.
In summary, these limitations do not mean that our results are in trouble; in-
stead, we refer to the existing possibilities that may affect the findings. Hence,
future studies should aim to create more favourable conditions that could yield
more reliable and optimal results.
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Conclusion

This study demonstrated that eight weeks of high-intensity interval training led
to significant improvements in the physiological and functional parameters of
endurance athletes, regardless of the training site, compared with the control
group. Consistent with our hypothesis, HIIT performed at lower altitudes pro-
duced greater 5,000 m time improvements than HIT conducted at moderate
altitudes, indicating superior functional adaptation. These findings confirm that
proper caution should be taken during HIIT at high altitudes, which influences
the magnitude of induced gains. In particular, understanding the influence of
high altitudes on individual athlete physiological responses is necessary for de-
signhing and monitoring training intensity plans. Planning HIIT at lower altitudes
for moderate-altitude resident athletes may serve as an effective strategy to op-
timize aerobic capacity and endurance performance, which could lead to poten-
tial recommendations for long-distance athletes and coaches.
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