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Abstract  
Live High:Train Low (LHTL) altitude training is a popular 
ergogenic aid amongst athletes. An alternative hypoxia protocol, 
acute (60-90 min daily) Intermittent Hypoxic Exposure (IHE), 
has shown potential for improving athletic performance. The 
aim of this study was to compare directly the effects of LHTL 
and IHE on the running and blood characteristics of elite triath-
letes. Changes in total haemoglobin mass (Hbmass), maximal 
oxygen consumption (VO2max), velocity at VO2max (vVO2max), 
time to exhaustion (TTE), running economy, maximal blood 
lactate concentration ([La]) and 3 mM [La] running speed were 
compared following 17 days of LHTL (240 h of hypoxia), IHE 
(10.2 h of hypoxia) or Placebo treatment in 24 Australian Na-
tional Team triathletes (7 female, 17 male). There was a clear 
3.2 ± 4.8% (mean ± 90% confidence limits) increase in Hbmass 
following LHTL compared with Placebo, whereas the corre-
sponding change of -1.4 ± 4.5% in IHE was unclear. Following 
LHTL, running economy was 2.8 ± 4.4% improved compared to 
IHE and 3mM [La] running speed was 4.4 ± 4.5% improved 
compared to Placebo. After IHE, there were no beneficial 
changes in running economy or 3mM [La] running speed com-
pared to Placebo. There were no clear changes in VO2max, 
vVO2max and TTE following either method of hypoxia. The clear 
difference in Hbmass response between LHTL and IHE indicated 
that the dose of hypoxia in IHE was insufficient to induce accel-
erated erythropoiesis. Improved running economy and 3mM 
[La] running speed following LHTL suggested that this method 
of hypoxic exposure may enhance performance at submaximal 
running speeds. Overall, there was no evidence to support the 
use of IHE in elite triathletes.  
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Introduction 
 
Altitude training first became popular with athletes as part 
of their physical preparation for competition nearly fifty 
years ago, and over the intervening period many different 
altitude training protocols have evolved (Millet et al., 
2010; Wilber, 2007). In the past 15 years, numerous in-
vestigations have been conducted to examine the effects 
of Live High:Train Low (LHTL) altitude training, where 
athletes live at moderate altitude (2000-3000 m) but train 
near sea-level, on subsequent sports performance [(Levine 
and Stray-Gundersen, 1997) for instance]. Several re-
searchers have concluded that, provided athletes are ex-
posed to an adequate ‘dose’ of altitude (a combination of 
the duration and severity of hypoxic exposure), LHTL can 

lead to worthwhile performance improvements of 1-2% 
(Bonetti and Hopkins, 2009; Levine and Stray-Gundersen, 
1997; Robertson et al., 2010a). An hypoxic dose of ≥12 
hours per day for at least 3 weeks at an elevation of 2100 
m to 2500 m has been suggested as sufficient for athletes 
to benefit from the exposure (Rusko et al., 2004; Wilber, 
2007). Despite other researchers finding no performance 
benefit from LHTL, including one recent placebo-
controlled double-blind study (Siebenmann et al., 2012), 
this form of altitude training remains popular amongst 
elite athletes. The specific facilities required for LHTL 
altitude protocols can be logistically and financially inac-
cessible to many athletes. Either a location with rapid 
travel options between a low altitude training venue and a 
moderate altitude residential facility, or a special purpose 
‘altitude house’ is required where the hypoxic environ-
ment can be simulated by reducing the oxygen content of 
the ambient air.  

One alternative, acute (60-90 min daily) Intermit-
tent Hypoxic Exposure (IHE), was highlighted by a recent 
meta-analysis (Bonetti and Hopkins, 2009) as one of the 
most beneficial forms of altitude training in sub-elite 
athletes. However, the authors of two recent reviews of 
the literature (Lundby et al., 2012; Millet et al., 2010) 
held an opposing view: that more studies suggest un-
changed or impaired performance resulting from IHE 
(Hamlin et al., 2010; Julian et al., 2004) than improved 
performance (Katayama et al., 2003; Wood, 2006). Al-
though the effectiveness of IHE is highly debated, this 
method offers major practical advantages over LHTL in 
terms of cost-effectiveness, time-efficiency, accessibility 
and portability. The combination of these practical advan-
tages and the 1-5% performance improvements that have 
been reported by some researchers (Katayama et al., 
2003, Wood, 2006) ensure that IHE remains a method of 
interest to elite athletes and coaches. However, there have 
been no previous studies that have directly compared 
these two methods in the same population and very few 
studies have used elite athletes.   

In light of the debate surrounding the purported ef-
fects of LHTL and IHE on sports performance, insight 
might be gained by examining the underlying physiologi-
cal effects of these protocols. The erythropoietic effect of 
prolonged hypoxic exposure has been studied in detail 
due  to  the  positive   relationship  between   haemoglobin 
mass (Hbmass) and maximal oxygen consumption (VO2max) 
(Schmidt   and   Prommer,   2010).   Haemoglobin    mass 
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             Table 1. Physical characteristics of participants at baseline.  
 LHTL IHE  Placebo 
Sex ♂ ♀ ♂ ♀ ♂ ♀ 
N  5 2 5 2 6 3 
Age (yr) 21.2 (1.6) 20.9 (3.5) 20.0 (2.6) 23.4 (6.4) 21.2 (1.6) 20.4 (3.9) 
Height (m) 1.80 (.08) 1.65 (.04) 1.78 (.04) 1.70 (.01) 1.79 (.04) 1.62 (.04) 
Mass (kg) 70.5 (5.9) 53.7 (1.2) 68.9 (3.3) 53.6 (1.2) 66.2 (6.1) 51.7 (0.8) 
Haemoglobin mass (g·kg-1) 13.6 (.3) 11.7 (.3) 13.9 (.6) 11.5 (.0) 13.5 (.7) 10.9 (.8) 

                Data presented are the raw values, expressed as group means (± standard deviation).  
 

increases of 1-4% following an adequate dose of LHTL 
have been demonstrated by several researchers  (Robach 
et al., 2006; Robertson et al., 2010a; Wehrlin et al., 2006), 
although it has been suggested recently that athletes with 
already high Hbmass may benefit less (Robach and 
Lundby, 2012). The effect of IHE on Hbmass has not been 
examined, although, evidence of increased haemoglobin 
concentration ([Hb]) (Bonetti et al., 2006; Hellemans, 
1999) and increased serum erythropoietin concentration 
(Rodriguez et al., 2000) following IHE are suggestive of a 
positive haematological adaptation. However, due to the 
confounding influence of plasma volume fluctuations on 
[Hb], measurement of Hbmass is a more relevant method 
for the true effect of IHE on athletes’ blood to be deter-
mined.  

Considerations of non-haematological adaptations 
to hypoxia reveal a potentially common mechanism of 
physiological adaptation following IHE and LHTL; there 
is evidence of similar improvements in sub-maximal 
exercise efficiency in runners from two separate studies, 
following IHE (Katayama et al., 2003) and LHTL 
(Saunders et al., 2009). 

The aim of this study was to compare directly the 
effects of two different forms of hypoxic exposure, LHTL 
and IHE, on the running and blood characteristics of elite 
athletes. 
 
Methods 
 
Study design 
Twenty-four Australian National Team triathletes (7 fe-
male, 17 male) took part in this randomised placebo-
controlled study (Table 1). This study was approved by 
the ethics committees of the Australian Institute of Sport 
and the University of Canberra and all athletes provided 

their written informed consent to participate. The athletes 
attended a 21-day running-focused training camp during 
the domestic competition season in Canberra, Australia 
(600 m) in which they were randomly assigned to one of 
three groups: LHTL, IHE or Placebo. The groups were 
evenly matched for VO2max, as measured during the in-
cremental treadmill test at the start of the camp. All ath-
letes trained in the normal Canberra environment (mini-
mum temp 16.5 ± 3.5ºC, maximum temp 31.6 ± 5.1ºC; 
mean ± SD), completing ~30km swimming, ~400km 
cycling, ~85km running, and one strength session in the 
gym per week. During the camp, all athletes followed the 
same training plan, modified slightly to take into account 
differences in physical capability between athletes. As a 
result, the athletes trained together for most sessions dur-
ing the camp. The athletes recorded the duration (min), 
distance (km) and intensity (1-10 rating of perceived 
exertion scale) of all training completed one month prior 
to, and during the camp. The training impulse (TRIMP) 
for each session, which can be interpreted as the inte-
grated training load (Banister et al., 1975), was calculated 
by multiplying duration and intensity of the session. Total 
body Hbmass, venepuncture for serum ferritin ([Ferr]) and 
soluble transferrin receptor ([sTfR]) concentrations, and 
various physiological variables associated with running 
were measured before and after the intervention (Figure 
1).  

 
Hypoxic exposure 
The LHTL group spent 14.1 ± 0.1 h·day-1 for 17 days 
(240 h) in normobaric hypoxia equivalent to an altitude 
of3000m. The normobaric hypoxic environment was 
generated within a purpose-built ‘altitude house’ facility 
using oxygen filtration technology (Kinetic Performance 
Technology, Canberra, Australia). For the IHE group, 

 
 

 
 
 

Figure 1. Outline of the study design illustrating the sequence of carbon monoxide (CO) re-breathing tests, incremental 
treadmill tests and venepuncture blood sampling. 
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hypoxia was produced using a commercially available re-
breathing device (AltO2lab, Pharma Pacific, Phoenix, 
Arizona, USA), which uses spacers to increase respiratory 
deadspace and thereby reduce the partial pressure of oxy-
gen in inspired air at the lungs. Expired air was passed 
through a soda-lime absorbent to reduce carbon dioxide 
(CO2) in the AltO2lab. Over a 17 day period, the IHE 
group completed one IHE session per day, during which 
they alternated breathing through the device for 6 min and 
normal room air for 4 min; this cycle was repeated six 
times, totalling 60 min. Peripheral oxygen saturation 
(SpO2) was monitored continuously by experimenters via 
pulse oximetry (Avant 4000, Nonin Medical Inc., Ply-
mouth, Minnesota, USA) and was progressively reduced 
from 90% on day 1, to 76% on days 14 to 17 by the addi-
tion of more spacers. The hypoxic stimulus was equiva-
lent to that of 3500-6000 m altitude (http://www.high-
altitude-medicine.com/SaO2-table.html (Hackett and 
Roach, 1995)). Over the course of 17 days, the total dura-
tion of hypoxic exposure for the IHE group was 10.2 h. 
The Placebo group completed identical duration ‘IHE’ 
sessions daily for 17 days, but their re-breathing devices 
had been modified by removing the soda lime absorbent. 
This method of creating a Placebo IHE condition has been 
published (Wood, 2006). In the current study, the placebo 
configuration of the re-breathing device had the effect of 
generating only mild hypoxia (SpO2 96 ± 0.5%, mean ± 
SD) and mild hypercapnia during the 6 min intervals from 
days 1 to 17. The magnitude of hypercapnia during IHE 
and Placebo sessions was explored in a pilot study (n=4); 
end-expiratory CO2 concentrations of 4.7 ± 0.3% and 5.7 
± 0.4% were recorded for IHE and Placebo, respectively, 
and the corresponding end-inspiratory CO2 concentrations 
were 1.2 ± 0.3% and 2.9 ± 0.4%. By using telemetered 
pulse oximeters, athletes in both the IHE and Placebo 
groups were blinded to their SpO2 throughout the inter-
vention period.   
 
Blood parameters 
Changes in Hbmass from the start to the end of the training 
camp were assessed using the optimised carbon monoxide 
(CO) re-breathing technique as published by our group 
previously (Gough et al., 2011). Duplicate measures of 
Hbmass were made both pre- and post-intervention and 
averaged to a single value at each time point for analysis. 
The typical error of Hbmass (with 90% confidence limits) 
was 2.4 (2.1-2.9)% from the pooled duplicate data of all 
three groups. Using the mean of the duplicate pairs re-
duced error by a factor of √2, when compared with single-
ton measures (Alexander et al., 2011). 

A venous blood sample (4mL) was collected from 
the athletes at the start and the end of the camp and ana-
lysed for [Ferr] and [sTfR] using immunoturbidimetric 
assay on a Hitachii 911 automatic analyser (Boehringer 
Mannheim, Germany). Iron supplementation for all three 
groups (Ferrograd C, Ferrogradumet; Abbott Australia, 
Botany, Australia equivalent to 105 mg elemental iron per 
day) started two weeks prior to the first day of the camp 
and supplementation continued for the duration of the 
training camp. 
 

Incremental treadmill test 
Following a 5 min warm-up at 14 km·h-1 (12 km·h-1 for 
females), athletes ran at 14, 15, 16 and 17 km.h-1 (12, 13, 
14 and 15 km·h-1 for females) for four mins at each speed, 
separated by 1-min rest periods. Heart rate (HR) was 
continuously recorded using short-range telemetry (Polar 
Vantage NV, Kempele, Finland). After each 4-min stage, 
a capillary blood sample was taken from a finger and 
measured for blood lactate concentration ([La]) using a 
portable analyser (Lactate Pro, Arkray, KDK Corporation, 
Kyoto, Japan). During pre-camp testing, the [La] of most 
athletes was >4 mM by the end of the fourth submaximal 
stage, but athletes for whom this was not the case (n = 6) 
completed a fifth submaximal stage at 18 km·h-1 (16 
km·h-1 for females). During post-camp testing, regardless 
of [La], athletes completed the same number of submaxi-
mal stages as they had done pre-camp, which resulted in 
some athletes’ [La] being <4 mM post-camp. Conse-
quently, in order to assess changes in the submaximal 
[La] profile from pre- to post- intervention, the running 
speed corresponding to 3 mM [La], rather than the tradi-
tional 4 mM (Heck et al., 1985), was calculated using an 
integrative technique of plotting speed versus [La] using 
an exponential fit. Three mM [La] thus provided a consis-
tent value that could be compared between pre- and post- 
testing for all subjects. 

An in-house automated metabolic system, which 
has been described previously (Saunders et al., 2004), was 
used for measurement of oxygen consumption (VO2) 
throughout the protocol. The VO2 values for the final 
minute of the first two submaximal stages were pooled 
and averaged to give a measure of running economy. 
Upon completion of the final submaximal stage, partici-
pants rested for 5 min before completing an incremental 
run to maximal volitional fatigue, beginning at 16 km·h-1 
(14 km·h-1 for females). The speed was increased by 1 
km.h-1 each minute until 20 km·h-1 (18 km·h-1 for fe-
males), then the gradient was increased by 0.5% per min-
ute until volitional exhaustion. Every athlete was familiar 
with this test format from previous periodic testing. Time 
to exhaustion (TTE) during the maximal test and VO2max, 
taken as the highest two consecutive 30 sec VO2 values, 
were recorded and the velocity at VO2max (vVO2max) was 
calculated using an integrative technique of plotting speed 
versus VO2 for the 4 submaximal stages and forming a 
regression equation that was solved for VO2max (Billat and 
Koralsztein, 1996). For each athlete, the pre- and post-
camp treadmill tests were completed at the same time of 
day, and the nutritional intake for 24 hours prior to the 
first test was recorded and athletes were asked to replicate 
that same diet prior to their second test. 
 
Participation variations 
Three athletes did not participate in the post-camp incre-
mental treadmill tests due to injuries (ankle sprain, calf 
strain and shin soreness, respectively) sustained in the 
latter stages of the training camp. One athlete completed 
the submaximal but not the maximal steps of the post-
camp treadmill test due to a hip injury that limited top-
speed running only. In addition, the treadmill test results 
of a further two athletes were excluded because their data 
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indicated a leak in the gas analysis system during one of 
their tests; the likely source was air leakage around the 
mouthpiece. Due to time limitations it was not possible 
for these tests to be repeated. All 24 athletes completed 
tests for blood parameters including Hbmass. After exclu-
sions, there were 6, 8 and 6 athletes in the LHTL, IHE 
and Placebo groups, respectively, for submaximal running 
variables; and the corresponding numbers for the maximal 
running variables were 5, 8 and 6 athletes.  
 
Statistical analysis 
Data were analysed using a contemporary analytical ap-
proach involving magnitude-based inferences (Hopkins et 
al., 2009), which enables small effects that are of practical 
importance in an elite athlete population to be detected. In 
order to reduce any effects of non-uniformity of error all 
measures were log-transformed before analysis. Prelimi-
nary analyses revealed large between-group differences in 
pre-camp training load (4922 ± 21.1%, 5246 ± 23.3% and 
3618 ± 19.7% arbitrary TRIMP units for LHTL, IHE and 
Placebo, respectively) but only a small between-group 
difference in training load during the camp (5627 ± 
36.8%, 6691 ± 28.4% and 6397 ± 6.4% arbitrary TRIMP 
units for LHTL, IHE and Placebo, respectively). To re-
duce the likelihood of training-induced changes impacting 
the findings of the study, the percent change in weekly 
training load from pre- to during-camp for each individual 
athlete (range 0.3% to 140%) was incorporated as a co-
variate in the analysis of the blood and running variables. 
The mean percent change in each of the blood and run-
ning variables from pre- to post-intervention was calcu-
lated and the differences in the response of each of the 
hypoxic groups were compared to changes in the Placebo 
group (± 90% confidence limits (CL)) using independent 
t-tests (Hopkins, 2006). The magnitude of differences 
were assessed in relation to the smallest worthwhile 
change (SWC) which, for each variable, was calculated as 
one fifth of the between-subject standard deviation of 
athletes’ baseline data. SWCs were calculated separately 
for male and female athletes, and the mean value taken as 
the final SWC because a mixed-sex cohort led to large 
between-subject standard deviations in body mass-related 
variables such as VO2max, Hbmass and running economy. 

Effects were termed positive, trivial or negative 
depending on the magnitude of the change relative to the 
SWC and the spreads of the 90% CL were used to ascer-
tain the certainty with which the effects could be classi-
fied: 50-74%, possibly; 75–95%, likely; 95–99%, very 
likely; and >99%, almost certainly. The effect was 
deemed “unclear” if its confidence interval overlapped the 
SWC thresholds for both positive and negative change. 
 
Results 

 
Blood parameters 
There were small and variable changes in [Ferr] in all 
groups, resulting in group mean (± standard deviation 
expressed as % coefficient of variation) post-camp values 
of 68 ng·mL-1 ± 43%, 51 ng·mL-1 ± 72% and 56 ng·mL-1 ± 
131% for LHTL, IHE and Placebo, respectively (Table 2). 

After 17 days of LHTL, the change in Hbmass was 
possibly higher than Placebo (3.2 ± 4.8%; mean percent 
difference ± 90% CL; Table 3) and likely higher than IHE 
(4.7 ± 3.5%). There was no clear difference in Hbmass 
response between IHE and Placebo conditions. Similarly, 
the change in [sTfR] over the period of training was likely 
higher in LHTL than in both IHE and Placebo (Table 2 
and 3).  

 
Running parameters 
Athletes in the LHTL group experienced a possible im-
provement in running economy compared to the IHE 
group (-2.8 ± 4.4%; Table 3), although the difference 
from Placebo was not clear (-1.1 ± 4.2%). The difference 
between the running economy changes of the IHE and 
Placebo groups was trivial. The only clear between-group 
difference in 3mM [La] running speed was an improve-
ment in LHTL by 4.4 ± 4.5% compared with Placebo. 
Both LHTL and IHE demonstrated substantial decreases 
in maximal [La] and HR, compared with Placebo.  There 
were no clear between-group differences in VO2max, 
vVO2max, or TTE.   
 
Discussion 
 
The clear increases in Hbmass and [sTfR] following LHTL 

 
Table 2. Blood and running parameters pre and post Live High:Train Low (LHTL) altitude training, Intermittent Hypoxic 
Exposure (IHE), or Placebo.   

 LHTL IHE Placebo 
 Pre Post Pre Post Pre Post 
Blood measures       
Haemoglobin mass (g)  869 (182) 900 (193) 847 (189) 850 (184) 775 (191) 789 (195) 
Serum ferritin (ng·mL-1) 62.8 (33.4) 68.0  (27.3) 54.2  (27.5) 51.0  (23.4) 71.6  (46.4) 56.4  (36.2)
Soluble transferrin receptor (mg·L-1) 2.5 (.3) 2.9 (.6) 2.7 (.6) 3.2 (.7) 2.4 (.4) 2.8 (.6) 
Submaximal running        
Running economy (mL·kg-1·min-1) 3.72 (.58) 3.55 (.62) 3.39 (.63) 3.35 (.63) 3.29 (.66) 3.35 (.59) 
3mM [La] running speed (km·h-1) 16.8 (.4) 17.1 (.7) 17.0 (1.0) 17.4 (.8) 16.5 (.7) 16.8 (.8) 
Maximal running        
VO2max  (L·min-1) 4.82 (1.1) 4.84 (.89) 4.56 (.87) 4.63 (.79) 4.47 (.65) 4.60 (.72) 
vVO2max (km·h-1) 19.3 (.6) 19.6 (.4) 18.9 (1.4) 19.1 (1.3) 19.6 (.9) 19.6 (1.1) 
TTE (s) 528 (46) 540 (37) 518 (73) 521 (36) 540 (47) 570 (43) 
Maximal heart rate (beats·min-1) 192 (12) 185 (16) 200 (6) 196 (5) 195 (9) 195 (9) 
Maximal [La] (mM·L-1) 9.7 (2.0) 8.3 (1.7) 8.8 (1.6) 7.4 (.9) 10.0 (2.4) 10.4 (2.0) 

Data presented are the raw values, expressed as group means (± standard deviation). Blood lactate concentration: [La]. Maximal oxygen 
consumption: VO2max. Running velocity at VO2max: vVO2max. Running time to exhaustion: TTE  
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Table 3. Percent difference in the changes in blood and running parameters after either Live High:Train Low (LHTL) alti-
tude training or Intermittent Hypoxic Exposure (IHE) compared with Placebo. 
  LHTL IHE Placebo 
 SWC 

(%) 
Diff. from
Placebo    

(± 90% CL)

Qualitative  
Inference 

Diff. from
Placebo    

(± 90% CL)

Qualitative 
Inference 

Diff. from 
Placebo     

(± 90% CL) 

Qualitative  
Inference 

Blood measures        
Haemoglobin mass (g)  1.6 3.2 (4.8) Possibly higher -1.4 (4.5) Unclear 4.7 (3.5) Likely higher
Serum ferritin (ng·mL-1) 8.2 17.5 (46.6) Unclear 31.0 (40.9) Likely higher -10.3 (43.3) Unclear 
Soluble transferrin receptor (mg·L-1) 3.0 14.3 (16.9) Likely higher 3.4 (14.1) Unclear 10.5 (12.8) Likely higher
Submaximal running         
Running economy (mL·kg-1·min-1) 1.9 -1.1 (4.2) Unclear 1.7  (3.4) Possibly trivial -2.8 (4.4) Possibly lower
3mM [La] running speed (km·h-1) .8 4.4 (4.5) Likely higher 2.7 (3.7) Unclear 1.7 (4.6) Unclear 
Maximal running         
VO2max  (L·min-1) 1.5 1.7 (9.0) Unclear 3.9  (7.1) Unclear -2.1 (8.5) Unclear 
vVO2max (km·h-1) .9 1.7 (9.7) Unclear 1.3 (8.3) Unclear .4 (9.5) Unclear 
TTE (s) 3.0 -.1 (20.0) Unclear -4.7 (12.2) Unclear 4.8 (20.0) Unclear 
Maximal heart rate (beats·min-1) .8 -5.7 (3.4) Very likely lower -3.0 (2.8) Likely lower -2.8 (3.5) Likely lower 
Maximal [La] (mM·L-1) 3.5 -32.4 (27.2) Very likely lower -20.7 (26.8) Likely lower -14.7 (32.4) Unclear 
Values are the net difference between groups of the percent change in variables from pre-camp to post-camp with 90% confidence limits (± 90% CL). 
Smallest Worthwhile Change in the variable, expressed as a percentage: SWC. Differences: Diff. Blood lactate concentration: [La]. Maximal oxygen 
consumption: VO2max. Running velocity at VO2max: vVO2max. Running time to exhaustion: TTE. 

 
demonstrate an erythropoietic response to this form of 
hypoxic exposure, which was absent following IHE. The 
trivial change in [Ferr] in the IHE group during the train-
ing camp confirms that iron availability was not a limiting 
factor for Hbmass increases. A more likely reason for the 
null haematological response is the difference in hypoxic 
dose between LHTL and IHE. It has been suggested pre-
viously that the minimum hypoxic dose needed to stimu-
late haematological adaptation is >12 h·d-1 for at least 3 
wk at an altitude or simulated altitude of 2100-2500 m 
(Rusko et al., 2004). The mean 3.2% increase in Hbmass 
measured here after 17d of LHTL, at 14 h·d-1 and a simu-
lated altitude of 3000 m, demonstrates that haematologi-
cal adaptation can be achieved within fewer days if the 
severity of altitude and duration of exposure per day are 
increased sufficiently. The magnitude of the Hbmass 
change observed following LHTL in the present study 
(3.2%) fits well with the prediction of a 4% change in this 
population, originating from a recently published model 
relating initial Hbmass of athletes to Hbmass response fol-
lowing LHTL (Robach and Lundby, 2012). Although the 
hypoxia to which the athletes in the IHE group were ex-
posed was more severe again (equivalent to 3500-6000 
m), the findings of the present study confirm that this 
dose is insufficient to stimulate erythropoeisis since there 
was no increase in Hbmass. This is the first time that 
changes in Hbmass in response to IHE sessions lasting 
<3h·d-1 have been examined. The lack of haematological 
response to IHE is unsurprising. It has previously been 
demonstrated that Hbmass was unchanged after 4 weeks of 
3h·d-1 at 4000-5500 m (Gore et al., 2006), which is likely 
to be a larger cumulative dose of hypoxia compared to 
IHE. These findings refute the suggestions of other re-
searchers who, based on measured increases in Hb con-
centration and haematocrit coupled with decreased [Ferr] 
following 60-90 min IHE, concluded that Hbmass may 
have increased (Bonetti et al., 2006; Hellemans, 1999).  

At maximal running speeds, there was no evidence 
of improvements in either the LHTL or IHE groups. It 
was somewhat surprising that there was no clear change 
in VO2max after LHTL given the substantial increase in 

Hbmass that should theoretically transfer to a worthwhile 
improvement in VO2max of ~2% (Schmidt and Prommer, 
2010). Whilst there was an unclear 1.7% improvement in 
VO2max following LHTL compared with Placebo, the 
majority of this difference was due to a 1.6% decrease in 
VO2max in the Placebo group, not an increase in the LHTL 
group. One possible explanation for the incongruence 
between Hbmass and VO2max in the LHTL group is that the 
decrease in maximal HR recorded after LHTL could have 
counteracted the positive effect of improved oxygen car-
rying capacity and resulted in no change to VO2max. A 
decreased maximal HR has previously been reported after 
LHTL at moderate altitude (Saunders et al., 2009; 
Wehrlin et al., 2006) and similar changes after acclimati-
sation to severe and chronic altitude exposure have been 
attributed to changes in myocardial B-adrenergic and 
myocardial receptor density (Favret et al., 2001). Interest-
ingly, the IHE group also experienced a similar decrease 
in maximal HR.  

Running economy is one factor that, together with 
changes in VO2max and lactate threshold, can account for 
70% of the variance in endurance running performance 
(di Prampero et al., 1986).Various non-haematological 
changes in athletes’ physiology have been measured in 
response to hypoxia (Gore et al., 2007) and may contrib-
ute to improved performance in the absence of increased 
Hbmass. Improvements to the efficiency of oxygen usage 
during submaximal exercise (running economy) is one 
such non-haematological change that has previously been 
demonstrated after LHTL (Gore et al., 2001; Saunders et 
al., 2009) and IHE (Katayama et al., 2003). On the other 
hand, a recent double-blind placebo study of LHTL con-
cluded that there was no statistically significant change in 
running economy after 4 weeks of LHTL (Siebenmann et 
al., 2012). In the present study, there was a 2.8% im-
provement in running economy in the LHTL group when 
compared to IHE. Together with the likely higher 3mM 
[La] running speed following LHTL, the small improve-
ment in running economy suggests that LHTL altitude 
training was advantageous for submaximal running. In 
contrast, there was no evidence of IHE leading to benefit- 
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cial changes to running at submaximal speeds.  
A rightward shift in the lactate-power profile indi-

cates that an athlete is able to run at a higher speed for the 
same or reduced lactate accumulation, and typically leads 
to improved performance (Amann et al., 2006). The 4.4% 
increase in 3mM [La] running speed and decreased 
maximal [La] following LHTL indicates a positive shift in 
the lactate profile, and although there were no clear 
changes in 3 mM [La] running speed following IHE, there 
was decreased maximal [La] of a similar magnitude in 
both hypoxic exposure methods. However, these changes 
do not appear to be consistent, with other researchers 
having reported no changes in the lactate profile follow-
ing both LHTL (Gore et al., 2001; Robertson et al., 
2010b) and IHE (Bonetti et al., 2006; Tadibi et al., 2007). 
In fact, the inconsistent nature of this adaptation has been 
demonstrated for both methods of hypoxia; the running 
speed corresponding to 4mM [La] was improved in one 
bout but not in a subsequent identical bout of LHTL com-
pleted five weeks later (Robertson et al., 2010a). Fur-
thermore, despite using almost-identical IHE protocols, 
one research group recorded substantial changes in lactate 
profile (Wood, 2006) whilst another found no such 
changes (Tadibi et al., 2007).  

It is possible that the decreases in maximal HR and 
[La] following LHTL and IHE were transient changes 
indicative of increased fatigue resulting from over-
reaching (Meeusen et al., 2006) that have been observed a 
number of times following periods of intense training and 
could be reversed with a few days of sufficient recovery 
(Faude et al., 2009). Hypoxia induces an additional 
physiological stress and can increase the occurrence of 
overtraining (Rusko et al., 2004). A high training load, 
and specifically an associated plasma volume expansion 
(Fellmann, 1992), could be responsible for the clear de-
creases in maximal HR in both LHTL and IHE. However, 
in this instance, if any groups were to suffer from undue 
fatigue or training effects, it is more likely that it would 
have been the Placebo group rather than the LHTL or IHE 
groups since the training load during the camp repre-
sented a much greater relative increase from their normal 
training. Unfortunately, due to the athletes’ competition 
schedule it was not possible to delay the post-intervention 
treadmill tests until a few days after the end of the camp, 
although this would have allowed a short period of recov-
ery and thereby minimised the possible influences of 
fatigue or plasma volume expansion on the results.  

It has been demonstrated previously that one addi-
tional parameter, vVO2max, can alone predict up to 94% of 
the total variance in 16-km running performance 
(McLaughlin et al., 2010) and, as such, is a good indicator 
because it integrates both the maximal aerobic power and 
running economy (Billat and Koralsztein, 1996). Again, 
there were no clear changes to this parameter relating to 
either method of hypoxic exposure in the current study. 
Of the four factors discussed here that have been shown to 
account for variance in running performance, positive 
changes in 3mM [La] running speed and running econ-
omy in LHTL alone suggest any likely benefit.  

 
Limitations 

The  groups  differed  in  the  amount of training they had 
completed in the lead-up to the study, and consequently 
the training load of the camp would have served as a 
greater stimulus for some athletes than others. In order to 
neutralise the potential inequality of the training effect, 
the change in training load from pre-camp to during-camp 
was incorporated into the analyses as a covariate; how-
ever, the possibility of the results being affected by these 
training differences cannot be discounted.  

The number of participants for whom there are 
running data is less than those for blood parameters due to 
athlete injury drop-outs. Therefore, interpretations of 
these data are more difficult due to the effects being rela-
tively small in magnitude with moderate variability be-
tween subjects. 
 
Conclusion 
 
The clear difference in Hbmass response between LHTL 
and IHE indicated that the dose of hypoxia in daily 60-90 
min IHE is insufficient to induce accelerated erythropoi-
esis. Improved running economy and 3mM [La] running 
speed following LHTL suggested that this method of 
hypoxic exposure may enhance performance at submaxi-
mal running speeds. Overall, there was no evidence to 
support the use of IHE in elite triathletes.  
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Key points 
 
• Despite a clear 3.2% increase in haemoglobin mass 

following 17 days of Live High: Train Low altitude 
training, no change in maximal aerobic capacity was 
observed.  

• There were positive changes in running economy 
and the lactate-speed relationship at submaximal 
running speeds following Live High: Train Low alti-
tude training.  

• There was no evidence to support the use of daily 
60-90 minute Intermittent Hypoxic Exposure in elite 
triathletes. 
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