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Figure 4 Hematological responses to the camp. Individual and average (SD) relative changes in plasma volume (PV), haemoglobin mass (Hby,.ss) and
blood volume (BV) during the camp and the following 4 weeks in players belonging to the normoxic (NORM) or hypoxic exposure (HYP) groups. *,
Likely within-group difference versus Pre (ie, day 0). **, Very likely within-group difference versus Pre (ie, day 0). ##, Likely between-group difference in
the change. The dashed horizontal lines represent the typical error of measurement in our laboratory (ie, ~2% for Hbyass and 5% for PV and BV). Note
that the values were doubled checked for the outlier for PV-BV in the NORM group (30-25% increase), so that it was not removed. However, if this
individual was removed, the differences between the groups would be greater, which suggest that the already substantial between-group differences

are unlikely the consequence of this extreme value.

training intervention (a total of 16 sessions), which resulted
only in a 5% decrease in HRex.>” Finally, the present data are
consistent with recent studies that showed substantial improve-
ment in either high-intensity cycling (ES=+0.3 for work on a
60 min time trial'!), submaximal (ES=—0.9 for HRex in well-
trained soccer players”), swimming (ES ~ —0.8 for 400 m free-
style time®) and high-intensity intermittent running performance
(ES=+0.4 for YoYoIR Level 1 in well-trained soccer players’)
in temperate conditions following short-term heat training pro-
grammes (ie, 5,” 8” and 10'! days). The likely greater changes
in performance in the present study compared with the previous
soccer study’ (as inferred from ES values) might be due to the
present study being performed immediately following the off-
season period (ie, 4 weeks following the previous competitive
season, and not in-season as has previously been described”).

Moreover, in addition to the skills training sessions, the players
in the present study also performed strength and cycling interval
sessions (figure 1), which may have accelerated the performance
adaptations independently of heat exposure.>® The greater
increase in jumping performance in the HYP group (figure 3)
was unexpected given the similar strength training programmes
for both groups (figure 1). Importantly for the present study,
however, adjusting the changes in Yo-YoIR2 performance for
jumping performance did not modify the interpretations of the
findings. This suggests that the differences in neuromuscular
function between the two groups did not directly influence the
changes in high-intensity running performance. Present data
confirm therefore that within no more than a week of training
in hot temperatures (32+1°C (range 33-29°C), 39+5% RH
(range 37-50%)) for only 11.5 h, irrespective of the hypoxic
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Figure 5 Associations between variables. Relationships between
changes in Yo-Yo intermittent recovery level 2 (Yo-YolR2) performance
and changes in plasma volume (PV, upper panel), haemoglobin mass
(Hbyyass, middle panel) and blood volume (BV, lower panel) in players
belonging to the normoxic (NORM) or hypoxic exposure (HYP) groups.
There was also no clear correlation when considering within-group
data.

stimulus, there were substantial ergogenic benefits for team
sport players when tested in temperate conditions.”

The observation that there was no clear additional perform-
ance benefits for the HYP group is an important finding of the
present study, and is consistent with the concept that a minimal
‘hypoxic dose’ has to be prescribed to observe meaningful
changes in physical performance (ie, generally more than 3
—4 weeks® or a total of ~300h*%). We also suggest that in

comparison with the heat acclimatisation-induced effects, the 3%
increase in Hby,, in the HYP group was too small to substan-
tially alter more both maximal oxygen uptake and high-intensity
running performance.®® This conclusion is further reinforced by
the blinding of the players toward the intervention (ie, for sleep-
ing and cycle interval training), so that a placebo effect during
the post-tests was unlikely in the HYP group.*® *! The mechan-
isms by which high-intensity running capacity was improved fol-
lowing the camp however remains unclear with present
measures, since we did not observe any significant association
between the changes in either PV, BV or Hb,,,.s and Yo-YoIR2 per-
formance (figure 5). It is therefore possible that other mechan-
isms (not measured here) may also explain the performance
benefits of heat acclimatisation. While the present results are of
great relevance for many team sport athletes since such hot envir-
onmental conditions can be found in most countries during the
spring/summer periods, they also provide new information in
that additional hypoxic exposure had no acute benefit on either
submaximal HR response or high-intensity running performance
within such a short period (ie, <2 weeks). Despite the likely
beneficial physiological adaptations observed (ie, increased
Hb,as), present results directly question the efficacy of using
hypoxic exposure for obtaining short-term performance benefits
in team sport athletes (eg, preparation for competition at sea
level). The data detailed below however suggests that hypoxic
exposure might augment chronic training effects.

Delayed effects of the live high-train high and low in the
heat model

Twenty-six days (~4 weeks) following the camp, we observed
moderate-to-large increases in Hb,,,s and BV in the HYP group,
while all blood variables were back to baseline values in NORM
(figure 4). The very likely 6% increase in Hby,. 4 weeks after
the camp (figure 4) was well above both the SWC and the
typical error of measurement in our laboratories (<2%), and
within the range of usual random variations in athletes (ie,
<3%>° 39). Additionally, this 6% increase was similar to the
~5% increase generally reported following either classic altitude
or live high-train low (LHTL) programmes.® ** ** The present
study is the first to show the time course of Hby,, responses
following a combined heat+hypoxic training camp in team
sport athletes. In addition, the observation of greater Hby s
values 4WPost (figure 4) is a unique observation, irrespective of
the hypoxic stimulus and/or athletes considered. It should be
acknowledged that the lack of a clear control of training load
during the postcamp period is a limitation of the present study.
However, the players from both groups, as professional team
sport athletes, reported good adherence to the unsupervised
training period and, as such, no between-group differences in
training loads were apparent. Additionally, the magnitude of the
observed increase in Hb,,,, in the HYP group (ie, 3% in
4 weeks) was likely greater than any possible between-group dif-
ference in the training effect on Hb,,,. (a 1% change in Hb,, s
for a 10% difference in training load*®), and there were no sub-
stantial changes in Hb,,,s in the NORM group. Taken together,
these data suggest that the observed Hby,, increase in the HYP
group might be related to a delayed erythropoiesis consecutive
to the first camp, which might have been potentiated with the
initial heat exposure. The prolonged Hb,,, increase following
the camp is particularly surprising given the reduced training
load during the postcamp period (figure 1), which may be
expected to be associated with a slightly decreased Hbyys.>°
Data on Hb,,,s changes following hypoxic exposure differ, with
authors reporting either a further increase that may last a
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week,>! ** or an immediate decrease®® leading to prealtitude
values within 4—6 weeks.*> ** Irrespective of the possible
reasons for these changes in Hby, ., the higher values 4WPost
in the HYP group likely explains the maintenance of blood
volume (with respect to haemoconcentration normalisation),
despite the absence of heat exposure during this period (figure
4). The present observations also confirm that physiological
responses to hypoxic exposure®’ are highly individual and likely
dependent on the individual psychophysiological characteristics
of each athlete (ie, the individual responses in both Hb,,,s and
BV were ~1/2 of the mean change in the HYP groups). The
present results also show that in an applied setting with elite
team sport players, the long-term physiological effects of a short
training block in the heat may be limited. Indeed, in comparison
with the end of the heat exposure period, PV decreased in the
NORM group 4WPost (figure 4). While PV increased further in
the HYP group 4WPost, this increase was relatively (ie, com-
pared with changes in the NORM group) lower than that for
BV. The increased PV was therefore more likely related to the
increase in Hby,, and compensatory fluid adjustments aimed at
regulating blood hemoconcentration rather than heat-induced
mechanisms. It is in fact possible that the performance benefits
dissipate as acclimatisation-induced mechanisms normalise.
Although such information is limited for heat exposure in elite
team sport players, the characteristic adaptations to heat have
been shown to return to normal values ~3 weeks following ces-
sation of acclimation exposure.*®

In parallel to these hematological changes 4WPost, there was a
possible trend for a better maintenance of Yo-YoIR2 performance
in the HYP compared with NORM group (figures 2 and 3).
Despite large interindividual variations in changes in Yo-YoIR2
performance (figure 2, the SD for 4WPost-Post changes were
32% and 11% for NORM and HYP group, respectively), and the
unsupervised training during the postcamps phase, these results
are in accordance with empirical observations showing that
enhanced physical performances generally occur 2—4 weeks fol-
lowing hypoxic exposure.® While it could be intuitive that the
observed changes in BV provided an ergogenic benefit'” and con-
tributed to the better maintenance of Yo-YoIR2 performance in
HYP compared with NORM group, there was no direct associ-
ation between these variables (figure 5), suggesting that other
mechanisms (not measured here) may also explain the delayed
performance benefits of the hypoxic exposure.®® *” For example,
the multifactorial cascade of responses induced by hypoxia
including angiogenesis, glucose transport, glycolysis and pH
regulation, may partially explain improved high-intensity endur-
ance performance independent of a greater Hbpa.*” Specific
beneficial non-hematological factors also include improved
muscle efficiency probably at a mitochondrial level, greater
muscle buffering and the ability to tolerate lactic acid produc-
tion.>® * Players in the HYP group also performed seven ‘inter-
val cycling sessions’ in hypoxia during the camp. Despite
inconsistencies, training ‘high’ has been suggested to trigger
muscle adaptation to compensate for decreased O, availability
during exercise, which can have direct implications for high-
intensity intermittent running performance.® '* Additionally,
despite the lack of a direct transfer of the hypoxic exposure into
improved performance immediately following the camp, the
training and environmental stimulus provided in HYP group may
have facilitated the training adaptations. This may also explain
the better maintenance of Yo-YoIR2 running performance
observed 4 weeks after the camp.

Finally, while the hypoxic treatment was blinded to the
players during the initial part of the camp, they were informed

about the treatment they received after the last testing session of
the first camp (based on the coaches’ decision for motivational
purposes). Before this occurred however, when questioned 11
of the 17 participants correctly predicted the experimental treat-
ment allocated. Therefore, we are unable to completely rule out
the possibility of a placebo effect in explaining the better main-
tenance of performance in the HYP group 4WPost. Moreover, it
is possible that differences in player’s individual training load
during the 4WPost period could also have affected present
results.*®

Limitations

One of the primary limitations of the present study was our
inability to both examine the independent heat effects, and
document training loads during the unsupervised training
period. However, all the physiological and performance changes
after heat exposure were well above the smallest worthwhile
change and the players in each group, as professional athletes,
reported that they adhered to their individual programme. We
also acknowledge the lack of a clear control of the effectiveness
of the blinding.*® Another limitation is related to only having
single Hb,,,,ss measures at each time point. While duplicate mea-
sures would have decreased the possible error of measurement,
increasing the number of blood samples was unrealistic with the
present population of elite professional players. In contrast, we
consider that the elite standard of the players’ and the realistic
training setting enhanced the ecological validity of the present
investigation of elite players’ training practices.

Practical applications

While the specific effects of sleeping versus cycling in hypoxia,
as well as that of a possible placebo effect on changes in per-
formance could not be deciphered, the actual efficiency of such
a training camp for the majority of the players still lends
support to its implementation during the preseason in team
sports. The rapid but likely transient effects of heat training on
plasma volume and physical performance show that this training
approach could be applied in-season’ or just before a competi-
tion in hot ambient conditions.® Conversely, the delayed effects
from hypoxic exposure on haematological variables (and likely
physical performance) may be beneficial to either build a
physiological base during preseason training or to rebuild it
towards the end of the competitive season (at least 2—4 weeks
before the competition season®). It is however worth noting that
the difference in the maintenance of Yo-YoIR2 performance
4 weeks after the camp was rather small between the two
experimental groups (ES=+0.3); the decision to add a hypoxic
stimuli during sleeping and some training sessions has therefore
to be taken with a cost/benefit approach. Finally, the large
between-athlete variability of response and lack of association
between change in Hb,,.s and/or PV, BV and change in
Yo-YoIR2 performance imply that factors other than accelerated
erythropoiesis and BV expansion contribute to observed per-
formance improvements. Therefore, future work should be con-
ducted to examine the factors that determine the responders
from non-responders to heat+hypoxic exposure. This informa-
tion could then be used to make informed decisions about indi-
vidualising training/living conditions so that performance and
physiological adaptations could be optimised. The proposed
actions to individualise training camps include frequent moni-
toring of the changes in HR-derived measures” and the utilisa-
tion of a heat-response test.®
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CONCLUSION

In summary, a very large increase in high-intensity running per-
formance was observed after only 1 week of training in the heat in
elite football players. An additional hypoxic exposure had no
immediate performance benefits, despite an increased Hby,ag
Moreover, 4 weeks later, hematological variables remained ele-
vated and high-intensity running performance tended to be main-
tained only in the hypoxic group. Pending confirmatory research,
present results suggest that a combination of heat and hypoxic
training/exposure might offer a promising ‘conditioning cocktail’
in team sports exercising at sea level in temperate environments.
More research is still needed to identify the factors affecting the
individual responses and therefore optimise such interventions at
the individual player level. Further investigations are also war-
ranted in team sport players to demonstrate the optimal dosing
and timing of such heat+hypoxic camps, and to examine how this
may translate into competitive match outcomes.

What is known on this subject

» Hypoxic exposure (live-high, train-low model) can increase
haemoglobin mass, especially in athletes with low baseline
levels such as team sport players.

» Short-term heat acclimatisation can increase plasma volume
in team sport players.

» Combined, increased haemoglobin mass and plasma volume
improve total blood volume and convective O, delivery,
which can, under some circumstances, improve
high-intensity exercise performance.

What is this study adds

» Preseason outdoor football training in hot ambient
conditions induces (at least) partial heat acclimatisation in
professional Australian Rules Football players, and is
associated with very large improvements in high-intensity
running performance.

» The substantial increases in haemoglobin mass and blood
volume observed immediately after a ‘live high-train low in
the heat' camp can last at least 1 month.

» Compared with training in the heat only, an additional
hypoxic stimulus during sleep and some training sessions has
no high-intensity running performance benefits immediately
after the camp. The possible greater delayed effects of the
hypoxic exposure, if any, are only small in magnitude.
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