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Abstract

Rowing athlete performance is greatly influenced by aerobic capacity, explosive 
strength, and precise technical coordination. One strategy widely used to support 
performance improvement is altitude training, namely training in hypoxic condi-
tions through the Live High-Train Low (LHTL), Live High-Train High (LHTH), 
and Intermittent Hypoxic Training (IHT) methods. Hypoxic exposure is believed to 
stimulate an increase in erythropoietin (EPO), which in turn increases hemoglobin 
(Hb), hematocrit (Hct), and total hemoglobin mass (Hbmass), thereby optimizing 
the body's oxygen transport capacity. This study aims to systematically examine the 
effect of  altitude training on blood components and the performance of  elite rowing 
athletes. The study was conducted using a Systematic Literature Review (SLR) ap-
proach based on the PRISMA 2020 guidelines. Data sources were obtained through 
the Publish or Perish tool with a publication year range of  2015–2025, and inclusion 
criteria focused on Randomized Controlled Trial (RCT) studies examining the ef-
fects of  altitude training on elite rowing athletes. The results of  the analysis showed 
that the LHTL method with a duration of  3–4 weeks and hypoxic exposure of  ≥12 
hours per day provided a significant increase in Hb, Hct, Hbmass, as well as aerobic 
capacity such as VO₂max and peak power output. However, there are variations in 
individual responses between "responders" and "non-responders," as well as differ-
ences in study design that cause the results to be inconsistent. Factors such as train-
ing intensity, initial fitness status, and nutritional support also influence the effec-
tiveness of  the intervention. Therefore, it can be concluded that altitude training has 
the potential to be an effective strategy to improve the performance of  rowing ath-
letes through hematological and physiological adaptations, with LHTL as the most 
promising method. This research is expected to provide theoretical contributions to 
the development of  sports coaching science as well as practical recommendations 
for coaches and federations in developing evidence-based training programs.
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INTRODUCTION

Rowing athletes' performance is heavily in-
fluenced by aerobic capacity, explosive strength, 
and precise technical coordination. As a hybrid 
power-endurance sport, rowing demands simul-
taneous work of  large muscle groups (legs, back, 
and arms) over a medium competition duration 
of  5–8 minutes over a distance of  2000 meters. 
This distinguishes it from other endurance sports 
such as running or swimming, necessitating a 
more specific training strategy (Bonato et al., 
2023; Volianitis et al., 2020).

One popular strategy for increasing perfor-
mance capacity is altitude training, or training un-
der hypoxic conditions. This concept utilizes ex-
posure to low-oxygen environments to stimulate 
beneficial physiological adaptations, particularly 
in the hematological and cardiovascular systems 
(Mujika et al., 2024). These adaptations include 
increases in erythropoietin (EPO), hemoglobin 
(Hb), hematocrit (Hct), and total hemoglobin 
mass (Hbmass), all of  which play important roles 
in oxygen transport (Shi & Praphanbundit, 2024).

Altitude training methods have evolved 
into several models, including Live High–Train 
Low (LHTL), Live High–Train High (LHTH), 
and Intermittent Hypoxic Training (IHT). LHTL 
is considered the most effective because it allows 
athletes to achieve hematological adaptations 
from living at high altitudes while maintaining 
optimal training intensity at low altitudes (Bonet-
ti & Hopkins, 2009; Levine & Stray-Gundersen, 
1997). However, the effectiveness of  each method 
still varies depending on the duration, intensity, 
and characteristics of  the athlete (Deng et al., 
2025).

Previous studies have focused on athletes 
running, swimming and cycling, while studies 
on rowing are still limited (Astorino et al., 2018; 
Cerda-Kohler et al., 2022). However, rowing de-
mands a unique combination of  high aerobic ca-
pacity with explosive strength and technical effi-
ciency. This makes generalizing research findings 
from other disciplines to rowing less accurate, ne-
cessitating a systematic review specifically within 
this sporting context.

Several recent studies have shown that 
altitude training can have a positive impact on 
rowing athletes (Meng et al., 2019) found that 
intermittent hypoxic exposure increased hemog-
lobin and VO₂Max Chinese elite rowing athletes. 
Similar findings were reported (Cerda-Kohler 
et al., 2022) And (Bonato et al., 2023), which 
emphasized that the LHTL method for three to 
four weeks can improve metabolic efficiency and 

rowing performance. However, differences in in-
dividual responses between responders and non-
responders remain a challenge (Chapman, 2013).

Debate regarding the dose of  hypoxia also 
continues. Some experts state that exposure to 
≥12 hours/day at an altitude of  2000–2500 me-
ters for at least three weeks is the optimal stimu-
lus for increasing Hb mass (Rusko et al., 2004). 
However, excessive exposure risks reducing sleep 
quality, triggering acute mountain sickness, and 
reducing exercise intensity (Saugy et al., 2016). 
Thus, the balance between benefits and risks 
needs to be carefully considered.

In addition to hematological factors, al-
titude training also affects an athlete's neuromus-
cular, psychological, and hormonal aspects. Hy-
poxic conditions can accelerate neuromuscular 
fatigue, which can compromise rowing technique, 
but can also improve an athlete's mental resilien-
ce (Ingham et al., 2002; Turner et al., 2019). This 
combination of  physiological and psychological 
adaptations makes altitude training a complex, 
multifaceted intervention.

The novelty of  this research lies in its fo-
cus, which specifically examines the effects of  
altitude training on elite rowing athletes through 
a systematic literature review approach based on 
PRISMA 2020. This differs from previous meta-
analyses which predominantly discussed other 
endurance athletes (Deng et al., 2025). This study 
integrates recent findings on training methods, 
duration, and protocols, as well as hematological 
and performance adaptations in the context of  
rowing. In doing so, this study seeks to bridge the 
existing literature gap.

This study aims to systematically examine 
the effects of  altitude training on blood compo-
nents and the performance of  elite rowing athle-
tes. Using a Systematic Literature Review (SLR) 
approach guided by the PRISMA 2020 frame-
work, this research seeks to identify the most ef-
fective altitude training methods, durations, and 
models for enhancing hematological parameters 
(Hb, Hct, Hbmass) and aerobic performance indi-
cators (VO₂max, PPO) among elite rowers.

The novelty of  this study lies in its speci-
fic focus on the effects of  altitude training in elite 
rowing athletes, which distinguishes it from most 
previous research that predominantly examined 
endurance disciplines such as running, swim-
ming, or cycling. Furthermore, this study integ-
rates recent findings from 2015–2025 to analyze 
the effectiveness of  various altitude training mo-
dels (LHTL, LHTH, IHT, LLTH) in the unique 
physiological and technical context of  rowing. 
By synthesizing the latest evidence, this review 
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bridges the existing research gap and provides 
evidence-based recommendations for coaches 
and sports federations to design more effective al-
titude training programs for rowing athletes.

METHODS

This study uses a Systematic Literature 
Review (SLR) design by following the guidelines 
PRISMA 2020 (Preferred Reporting Items for 
Systematic Reviews). SLR was chosen to syste-
matically identify, evaluate, and synthesize pre-
vious research results to provide a comprehensive 
picture of  the effects of  altitude training on blood 
components and the performance of  elite rowing 
athletes.

The research questions were formulated 
using the PICO framework. The population was 
elite rowing athletes; the intervention was al-
titude training (LHTL, LHTH, IHT, LLTH); the 
comparators were variations in intervention dura-
tion, protocol, and method; while the outcomes 
included changes in hematological parameters 
(Hb, Hbmass, EPO) and aerobic performance 
(VO₂max, PPO, time trial).

A literature search was conducted in Pub-
Med, ScienceDirect, and Google Scholar da-
tabases using Publish or Perish (PoP) software. 
Keywords were compiled using Boolean opera-
tors and MeSH terms: (“altitude training” OR 
“hypoxic training” OR “live high train low”) 
AND (“rowing” OR “rowers”) AND (“hemog-
lobin” OR “Hbmass” OR “blood parameters” 
OR “performance”) AND (“randomized cont-
rolled trial” OR “RCT”). The search was limited 
to peer-reviewed articles published between 2015 
and 2025, in English or Indonesian, and availab-
le in full-text. PoP was used to extract metadata 
and citations, and assess the relevance of  articles 
based on the title, abstract, and publication sour-
ce (Harzing, 2016).

Inclusion criteria included studies of  the 
RCT type or controlled experiments with elite 
rowing athletes aged ≥18 years, using altitude 
training interventions, reporting pre- and post-
intervention data, and measuring blood parame-
ters (Hb, Hbmass, EPO) and aerobic performance 
(VO₂max, trial test). Exclusion criteria included 
non-athlete or non-rowing studies, animal stu-
dies, non-experimental or opinion reviews, ar-
ticles without pre–post data, and publications not 
available in full text.

Article selection was conducted according 
to the PRISMA 2020 process: identification, sc-
reening, full-text review, and final inclusion. Of  
the 14,024 articles retrieved, 399 duplicates were 

removed, and 13,579 were eliminated due to ir-
relevance. Five studies met the inclusion criteria 
and were further analyzed.

The research instrument was a data ex-
traction sheet that recorded: author and year of  
publication, sample characteristics (number, age, 
gender), altitude training method (model, dura-
tion, height), training protocol (frequency, inten-
sity, duration of  exposure), and the main results 
in the form of  changes in blood components 
(Hb, Hbmass, EPO) and physical performance 
(VO₂max, PPO, time trial test). This instrument is 
used to maintain consistency and accuracy of  re-
cording between studies (Haddaway et al., 2022). 
Data analysis was performed narratively and ta-
bulated, as protocol heterogeneity across studies 
precluded quantitative meta-analysis. The metho-
dological quality of  the studies was assessed by 
considering randomization, data completeness, 
and risk of  bias based on quality assessment gui-
delines for randomized controlled trials (Higgins 
et al., 2020). 

RESULTS AND DISCUSSION		

Figure 1. Literature Screening
 
A literature search using PubMed, Scien-

ceDirect, Google Scholar, and Publish or Perish 
(PoP) yielded 14,024 articles. After removing 399 
duplicate articles and 13,579 irrelevant articles, 
46 articles remained for review. Title and abstract 
screening eliminated 32 articles, leaving 14 ar-
ticles for full-text review. At this stage, 9 articles 
were excluded because they were not RCTs, were 
not rowing athletes, were narrative reviews, did 
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not assess blood components or performance, or 
did not use altitude training interventions. Ulti-
mately, five articles met the inclusion criteria and 
were analyzed further.

The five studies involved 16–33 elite row-
ing athletes with an average age of  17–26 years. 
The interventions used included Live High–Train 
High (LHTH), Live High–Train Low (LHTL), 
Live Low–Train High (LLTH), and natural alti-
tude training, with a duration of  3–8 weeks. Hy-
poxic exposure varied from simulated altitudes of  
1600–3000 m to natural altitudes of  2280 m.

Table 1. Summary of  altitude training studies in 
elite rowing athletes

Author 
(Year)

Sample Intervention
Dura-
tion

Key Find-
ings

Bachev 
(2019)

16
LHTH 2100 

m
3 weeks

UpHb, Hct, 
VO₂max

Neykov 
et al. 

(2019)
16

LHTL 
1600–2800 

m
4 weeks

UpHb, 
VO₂max

Meng 
et al. 

(2019)
16

LHTL 
2000–3000 

m
4 weeks

UpHb, 
VO₂max, 
time trial

Meng 
et al. 

(2021)
33

Natural 
2280 m

8 weeks
UpHb-
mass, 

VO₂peak

Cerda-
Kohler 
(2022)

16
Height 2500 

m
4 weeks

UpHb-
mass, 

VO₂max, 
PPO

Hematological Adaptation
The synthesis results showed that all stud-

ies reported increases in hemoglobin (Hb) and he-
matocrit (Hct) after intervention. This confirms 
that hypoxic exposure stimulates erythropoiesis, 
thereby increasing oxygen transport capacity 
(Gore et al., 2013; Siebenmann et al., 2012). Two 
studies also assessed hemoglobin mass (Hbmass), 
which is considered more stable because it is 
not affected by plasma fluctuations (Schmidt & 
Prommer, 2005). Increasing Hbmass in rowing 
athletes is very important because it is directly 
related to endurance in the 2000 m race. Inter-
estingly, (Meng et al., 2021) found increased mi-
crocirculatory perfusion, suggesting that hypoxic 
adaptation is not only systemic but also improves 
oxygen distribution in peripheral tissues (Bassett 
& Howley, 2000). However, variations in the in-
dicators used between studies can affect the con-
sistency of  the results. Studies that only measure 
Hb/Hct may report faster changes than those that 
assess Hbmass. This may partly explain the differ-
ences in findings between studies.

Performance Adaptation
The majority of  studies reported increas-

es in VO₂max or VO₂peak, indicating improved 
aerobic capacity. Two studies found significant 
improvements in rowing ergometer time trials, 
which is relevant because it mimics real-world 
competition conditions. Furthermore, altitude 
training has also been shown to increase Peak 
Power Output (PPO) (Cerda-Kohler et al., 2022), 
showing that adaptations support not only aero-
bic endurance but also anaerobic capacity and 
muscle strength. However, the results are not 
entirely consistent. Some studies report aerobic 
improvements but find no explicit impact on 
time trial performance. This discrepancy could 
be due to decreased rowing technique quality due 
to neuromuscular fatigue in hypoxia, or varia-
tions in training intensity between studies. This 
underscores the need for training programs that 
focus not only on hematological aspects but also 
on maintaining technique quality and explosive 
power.

Duration and Intervention Model
Intervention duration has been shown to 

influence adaptation. Studies lasting 3–4 weeks 
consistently produce initial hematologic improve-
ments, while longer interventions (≥6 weeks) 
provide additional cardiovascular and metabolic 
benefits (Gore et al., 2001; Meng et al., 2021). 
From a model perspective, LHTL appears to be 
the most effective method because it allows ath-
letes to continue training at high intensity at low 
altitudes while receiving hypoxic stimuli while 
resting (Levine & Stray-Gundersen, 1997). In 
contrast, LLTH is relatively more practical and 
can be applied with limited facilities, but its ef-
fects tend to be limited to short-term VO₂max. 
Natural altitude training is effective in the long 
term, but requires significant costs and logistics. 
The implication for Indonesian rowing is the 
need to select a model based on the competition 
calendar and available resources.

Individual Response Variability
Although the general trend is positive, not 

all athletes respond to altitude training the same 
way (Chapman, 2013) highlighting the existence 
of  “responder” and “non-responder” groups. 
Factors such as age, initial fitness status, nutri-
tion, sleep quality, and acclimatization ability 
contribute to this variation (Saugy et al., 2016). 
The limited research on genetic factors or other 
biomarkers such as erythropoietin (EPO) also 
makes adaptation mechanisms unclear. Conse-
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quently, altitude training programs need to be 
personalized. In the Indonesian context, person-
alization is crucial given the limited availability 
of  hypoxic facilities. Monitoring hematological 
parameters, sleep quality, and athlete recovery 
can help optimize results while minimizing the 
risk of  overtraining or sleep disturbances.

Practical Implications for Rowing in Indonesia
Implementing altitude training in the Indo-

nesian context faces a number of  practical chal-
lenges that differ from those in countries with 
easy access to mountainous areas or modern hy-
poxic facilities. Most national training centers are 
not yet equipped with hypoxic chambers or spe-
cialized dormitories at high altitudes, so the Live 
High–Train Low (LHTL) model recommended 
in the literature is often used (including Deng et 
al., 2025). It is difficult to fully adopt. A more 
realistic alternative is to utilize Live Low–Train 
High (LLTH) based on intermittent hypoxia sim-
ulation with portable equipment, or to integrate 
training camps in natural highland areas available 
in Indonesia, such as Ciwidey (±1800–2000m).

In resource-constrained conditions, per-
sonalized program strategies are crucial. Moni-
toring simple indicators such as hemoglobin 
(Hb), hematocrit (Hct), sleep quality, and recov-
ery status can help coaches adjust training loads 
to ensure athletes continue to benefit from he-
matological adaptations without compromising 
rowing technique. Furthermore, altitude training 
scheduling should be aligned with the main com-
petition calendar (PON, SEA Games, or Asian 
Games), ensuring optimal adaptation and taper-
ing periods. With this adaptive approach, altitude 
training can still be implemented effectively in 
Indonesia, although limited facilities and costs 
remain major challenges.

Thus, the results of  this study not only 
strengthen the scientific evidence on the effective-
ness of  altitude training but also provide practical 
guidance for its application in the context of  Indo-
nesian rowing, which faces limited facilities and 
resources. This also provides an important basis 
for the conclusion that altitude training strategies 
need to be specifically adapted to be truly appli-
cable and support improved athlete performance 
at the international level.

CONCLUSION

This systematic review demonstrates that 
altitude training, particularly the Live High–Train 
Low (LHTL) method, effectively enhances he-
matological components (Hb, Hct, Hbmass) and 

aerobic performance (VO₂max, PPO) in elite ro-
wing athletes. Optimal adaptations are achieved 
with 3–4 weeks of  exposure at 2,000–2,500 m for 
≥12 hours per day. Nevertheless, individual varia-
bility remains a key factor influencing outcomes. 
Personalized training design and monitoring of  
physiological responses are therefore essential. In 
contexts with limited hypoxic facilities, modified 
models such as LLTH or intermittent hypoxic ex-
posure can provide practical alternatives. Overall, 
altitude training is a promising evidence-based 
strategy to improve rowing performance through 
hematological and physiological adaptations.

Practically, the findings of  this study are 
expected to provide evidence-based recommen-
dations for coaches, sports federations, and co-
aching practitioners in designing more effective 
altitude training programs for rowing athletes. 
Optimizing this strategy will increase the oppor-
tunities for Indonesian athletes to improve their 
competitiveness at international levels, such as 
the Asian Games and the Olympics.

By mapping the latest scientific eviden-
ce, this study not only contributes to theoretical 
development in sports coaching science but also 
provides an applicable empirical basis. The re-
sults of  this review are expected to help coaches 
determine the most appropriate altitude training 
methods, durations, and protocols for elite ro-
wing athletes, while also providing a foundation 
for further experimental research in the future.
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