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Abstract
Objective: To determine whether twelve sessions of resistance training on lower limbs at sim-
ulated altitude (2500 m) were efficient to elicit an improvement in heart rate recovery index
in the first 3 min of recovery after a maximal jump test.
Materials and methods: Twelve young physically active subjects were divided in two balanced
groups for training in hypoxia (HYP) and normal oxygen (NOR). The subjects were assigned to
each group based on previous test results in the 60 s counter-movement jump test (CMJ60).
Results: Both groups performed identical strength training (volume, intensity, character and
effort conditions) on the lower limbs (squats, half-squats and jumps) for 4 weeks. Both groups
improved the measured parameters in all cases. We analyzed the time course of heart rate
during the CMJ60 test and the subsequent 3 min recovery period. HYP group (n = 5) improved
the heart rate recovery index as compared to NOR group (Student’s t-test) at minute 2 (P = 0.03)
and minute 3 (P = 0.05).
Conclusions: We conclude that a protocol of resistance training on lower limbs (12 sessions in 4
weeks) at a simulated altitude could improve heart rate recovery index compared to the same
training performed at sea level.
© 2011 Consell Català de l’Esport. Generalitat de Catalunya. Published by Elsevier España, S.L.
All rights reserved.
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Valoración de la Frecuencia Cardíaca de Recuperación después de un programa
de entrenamiento de fuerza resistencia en hipoxia

Resumen
Objetivo: Doce sujetos jóvenes físicamente activos se dividieron en dos grupos equilibrados
para entrenar en hipoxia (HYP) y normoxia (NOR).
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Material y métodos: Los sujetos fueron asignados a cada grupo en base a los resultados en
una prueba previa de salto en contramovimiento de sesenta segundos (CMJ60). Ambos gru-
pos realizaron durante 4 semanas un entrenamiento idéntico de fuerza (volumen, intensidad,
carácter y condiciones de esfuerzo) en las extremidades inferiores (squat, half-squat y saltos).
Resultados: Ambos grupos mejoraron en todos los casos. Se analizó la evolución temporal de
la frecuencia cardiaca durante la prueba CMJ60 y el posterior período de recuperación de tres
minutos. El grupo HYP (n = 5) refleja una mejoría del índice de recuperación de la frecuencia
cardiaca en comparación con el grupo NOR (prueba t de Student) después de 2 (p = 0,03) y 3
(p = 0,05) minutos de finalizar el test de saltos.
Conclusiones: Concluimos que un protocolo de entrenamiento de fuerza resistencia (12 sesiones
en 4 semanas) de las extremidades inferiores en altitud simulada podría mejorar el índice de
recuperación de la frecuencia cardiaca en comparación con el mismo entrenamiento realizado
a nivel del mar.
© 2011 Consell Català de l’Esport. Generalitat de Catalunya. Publicado por Elsevier España,
S.L. Todos los derechos reservados.

I

M
a
f
t
b
t
v
w
t
d
i
r
l
t
o

r
m
o
t
o
f
fi

a
t
l
t

a
e
e
r
m
a
1
d
e
p

f
d
h
a
(
w

t
t
a
a
t
e
m
t

t
l
u
d
t
j
s
r
m

M

The design of this study resembles that of a clinical trial. The
training programme was conducted at two centres. Subjects
were aged between 19 and 33 years of age (see Table 1).

Table 1 Antropometric data from subjects (n = 12).

Age (years) 24.1 ± 4.21
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ntroduction

onitoring the evolution of heart rate in the recovery phase
fter physical exertion is a simple and non-invasive method
or assessing the cardiovascular health and physical condi-
ion of subjects.1,2 A direct relationship has been reported
etween a more rapid decline from maximum heart rate
o values below 130 beats per minute and improved cardio-
ascular adaptation.3 This improvement has been associated
ith various internal physiological adjustments in such a way

hat a lower heart rate in the recovery phase would be due to
ecreased venous return and systemic needs.4 The increase
n heart rate in response to exercise is accompanied by a
eduction in vagal tone that is further increased over basal
evel after exercise has ended5 through the activation of
he autonomic nervous system immediately after cessation
f maximum activity.6

In addition to its use to evaluate physical condition, heart
ate recovery (HRR) from maximal exercise in the first few
inutes after ceasing the activity is also a valid indicator

f risk of sudden death during exercise.7 Given the rela-
ively large number of cases and the notoriety of this type
f death, HRR monitoring has gained importance as a use-
ul non-invasive tool to evaluate cardiovascular health and
tness.8

To the best of our knowledge, no previous studies have
nalyzed or evaluated the evolution of HRR following a pro-
ocol of simulated altitude strength endurance training on
ower limbs, neither has the impact of training stimulus on
he cardiovascular system been addressed.

Scientific research on the benefits of training and
cute, chronic or intermittent exposure to hypoxia is
xtensive in real and simulated altitude conditions.9,10 Inter-
st in this topic was aroused because of the excellent
esults in endurance events (with predominant aerobic
etabolism) achieved by African athletes residing at moder-

te altitudes.11 It was the incursion of these athletes at the

968 Mexico Olympics, and their subsequent overwhelming
ominance in these events that spurred studies into finding
xplanations for these quantitative differences in physical
erformance.12,13
Altitude training (real or simulated) is widely reported to
avour aerobic performance,9,10 but there is also some evi-
ence of improved anaerobic capacity.14---16 Hypoxic training
as become available to more people in recent years through
ltitude chambers (hypobaric hypoxia) and hypoxic tents
normobaric hypoxia). No health risks have been associated
ith these practices.17

Haematological changes and muscular adaptations are
he main benefits of time spent at moderate altitude,18,19

hus increasing performance. The increase in red cell mass,
nd subsequently in oxygen transport and aerobic capacity,20

nd the improved specific adaptations of skeletal muscle
o the hypoxic environment could also favour anaerobic
ndurance21 since enhanced anaerobic metabolism at rest
ay increase buffer capacity and clearance of lactate from

he muscle.22

Here we studied the response of the cardiovascular sys-
em after a maximal anaerobic test following a protocol of
ower limb resistance training under an intermittent sim-
lated altitude exposure programme. We evaluated the
ecrease in heart rate for 3 min after the end of the
est. Tests comprised a 60-s continuous countermovement
ump23,24 and was conducted at sea level. HRR was con-
idered an indicator of improved fitness. The heart rate
ecovery index (HRRI) was calculated by applying the for-
ula described by Lamiel---Luengo.1,3

aterials and methods
Height (cm) 174.3 ± 7.47
Body mass (kg) 68.9 ± 7.4
Body mass index 22.4 ± 1.81
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Changes in heart rate recovery index after a programme of

All were physical education students or teachers that did
not practice elite sport but were in an acceptable physi-
cal condition. All were non-smokers and were presumably
healthy. All subjects voluntarily consented to participate in
the study. Subjects attended two informative sessions prior
to the start of the study. During the first they were informed
about the objectives of the study, the nature and risks of the
training and the evaluation tests to be applied. The study
was designed in accordance with the ethical standards of the
University of Barcelona’s Ethical Committee and the princi-
ples of the Helsinki Declaration of 1975, revised in 1983.
In the second session subjects were familiarized with the
training procedures. On the basis of the results of the initial
test (PRE), they were assigned to the hypoxia (HYP, n = 5)
or normoxia (NOR, n = 7) group in order to homogenise gen-
der and fitness status.6 Both groups trained in equal terms
of timing and schedule, workload volume and the mate-
rials used, with the only difference being exposure to a
hypoxic and normoxic environment respectively. All the sub-
jects were subjected to 12 specific training sessions in which
the characteristics of the effort were maintained throughout
all the programme with a fast execution level but without
reaching muscle failure. Each session included additional
exercises with compensatory stretching (hamstrings, iliop-
soas, quadriceps, lower back, abdomen, etc.). The training
protocol for the HYP group was conducted in a hypobaric
chamber located on the campus of Bellvitge (Barcelona) at
a barometric pressure of 760 hPa (570 mmHg), equivalent
to 2500 m above sea level corresponding to the geographic
barometric pressure in most altitude training centres.17,27

The NOR group trained in the Montjuïc Centre (Barcelona)
of the Catalonia National Institute of Physical Education
(INEFC) (75 m above sea level).

Specific strength training of lower limbs was scheduled
with the aim to improve their lactic anaerobic capacity
and thus jumping ability and retention time.24,25 The train-
ing programme included 12 sessions (3 days per week;
4 weeks) oriented to specifically train lower extremity
strength endurance through half-squats, jump-squats and
jumps. All subjects did a standardised warm-up in which
they performed 4---5 min of aerobic exercise (mostly static
cycling) followed by static stretching and dynamic activity.
This was followed by a series of warm-up exercises with
a lower work load than those individually prescribed for
each training session. The main training was of high inten-
sity (full individually prescribed workload) and designed to
be suitable for the nature of the performance assessment
test proposed (a series of countermovement jumps for 60 s).
Workload volume was slightly increased in the first 2 weeks
but did not reach the maximal level. The execution speed
was controlled and subjects did not lift their heels off the
ground. The recovery time between the sets of exercises
was incomplete, in order to induce fatigue and muscle accu-
mulation of metabolites (lactate, H+, etc.). The purpose
was to improve lactic anaerobic capacity, muscular buffer
capacity and blood clearance. This training can be described
as a succession of short intense intervals.During the last
2 weeks of the programme, main training was performed

at supramaximal intensity but with a marked reduction of
the volume in comparison to the first two weeks. The max-
imum speed of execution was for loaded (week 3) and
unloaded (week 4) jumps. Recoveries between series were
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lso longer. The approximate volume was 350---380 repeti-
ion/week ((week 1), 500---530 rep/week (week 2), 300---320
ep/week (week 3) and 200---220 rep/week (week 4). An
xample of sessions for a representative individual was:
eek 1, A series of 15 repetitions of 3 sets with 1 min of

ecovery between sets. The whole session consisted of 3 of
his series with an intermediate recovery of 6 min. Week 2,
wo series, with 8 min of intermediate recovery, compris-
ng 4 sets (25 repetitions) with 90 s of recovery between
ets. Week 3, 3 series, with 5 min recovery between them,
omposed of 5 repetitions of 10 sets with 45 s of recovery
etween sets. Week 4, 3 series, with 6 min recovery between
hem, consisting of 2 sets of 10 jumps with 2 min of recovery
etween sets.

The material used for training sessions consisted of
lympic bars and free weights. Metronomes were used to
ontrol the rhythm of execution and intensity.26 The exe-
ution speed varied from fast controlled explosive, to fast,
ollowing the paradigm of cross training as the most appro-
riate method for improving jumping ability.25

To study changes in lactic anaerobic capacity, a continu-
us jump test for 60 s (CMJ60 s) was performed. A contact
latform (Chronojump) was used following Bosco’s23,24 pro-
ocol to assess the average height and time in the air of
ach jump. Heart rate was monitored with standard car-
iotachometers (Polar S810i and RS800) during the test and
he recovery period and data were transferred via infrared
ort to a PC. Data were processed with Polar software (Polar
rotrainer 5.0). Data were collected from the highest inten-
ity of implementation, and the HRR from maximum heart
ate reached at the end of the CMJ60 s test was examined.
fter ending the tests, the subjects lay immediately on an
xamination couch and rested for 15 min until recovery.

To assess the HHR, the following formula was applied3:

RRI = HRmax − HRi

HRmax theor/HRmax

here HRmax is the maximum heart rate achieved in the
est, HRi is the heart beat frequency at min 1, 2 and 3
f the recovery period respectively, and HRmax theor is the
heoretical maximum heart rate for each subject using the
ollowing calculations: Men: 220 --- age in years; and Women:
226 --- age in years.

A monitoring form was completed for each subject daily
uring the training programme. Subjects were asked to con-
uct a daily check on their waking basal heart rate (waking,
esting) for 60 s. Also, in an attempt to associate individ-
al stress perception with the possible effect of training
n quantifiable physiological variables, subjects were also
sked to provide a subjective analysis of the perception of
ccumulative fatigue and the feeling of recovery from the
revious training session.

tatistical analysis

he HRRI was compared between the two experimental
roups using Student’s t-test for paired samples (pre-post
esults into each group) and t-test between groups. P < 0.05

as considered to denote significance. Sample means and

tandard errors are presented by the acronym ± SE.
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Table 2 Individual values for body mass and basal (BHR) and peak (PHR) heart rates in normoxia and hypoxia.

Subject code Age Body mass BHR PHR

Normoxia group
NOR 1 20 70.6 (−0.8) 81 (−6) 182 (+1)
NOR 2 24 71 (−0.4) 77 (−6) 179 (+11)
NOR 3 24 64.6 (+0.6) 91 (−22) 186 (−1)
NOR 4 19 61 (−1.9) 73 (−7) 180 (+4)
NOR 5 33 74.3 (−0.9) 54 (−1) 176 (−1)
NOR 6 26 85.2 (−0.8) 71 (−13) 175 (+7)
NOR 7 25 79.0 (−0.5) 59 (+2) 188 (+7)
NOR mean 24.4 ± 4.6 72.2 ± 8.2 72.3 ± 12.7 179.8 ± 4.8

Hypoxia group
HYP 1 29 70.8 (0) 46 (−4) 149 (+13)
HYP 2 24 70.2 (−0.2) 56 (+8) 160 (+5)
HYP 3 22 59.2 (−1.8) 81 (−9) 184 (−1)
HYP 4 18 66 (+0.6) 74 (−11) 186 (−19)
HYP 5 27 59.0 (+1) 59 (−5) 161 (+1)
HYP mean 24.0 ± 4.3 65.0 ± 5.7 63.2 ± 14.1 168 ± 16.2
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Values are pre-training, parentheses show the difference at the p

esults

he anthropometric data of the subjects participating in the
tudy are shown in Table 1.

Table 2 shows the individual changes in body mass and in
he basal and peak heart rates when comparing the two tests
erformed before and at the end (difference in parenthesis
elative to the previous test) of the training programme.
able 3 presents the HRRI values for the first 3 min after
ompletion of the jump test. Table 4 shows the statistical
nalysis of HRRI data and the corresponding P values and
tatistical significance (Fig. 1).

ody mass changes

he NOR group registered a decrease in body weight after

he training programme (1.08 ± 0.74%). A reverse trend was
ound in the HYP group, which showed a slight increase in
ody weight (0.5 ± 1.07%). However, these differences were
ot statistically significant.

f
H
i
t

Table 3 Heart rate recovery index (HRRI) for the first 3 min after
hypoxia groups. Pre- and post-training protocols.

NOR

Pre Post

BHR 72.2 ± 12.7 64 ± 6.7
PHR 179.8 ± 4.8 183.5 ± 10.
HRRI 1 min 19.7 ± 0.5 32.55 ± 6.2
HRRI 2 min 35.7 ± 2.0 45.6 ± 0.2
HRRI 3 min 43.5 ± 2.5 56 ± 2.2

BHR (basal heart rate); PHR (peak heart rate); HHRI 1 min, HHRI 2 mi
after completion of the test). NOR: normoxia group; HYP: hypoxia grou

* Statistical significance between NOR and HYP for post-training data
raining test.

asal and peak heart rate values

ith some individual variability, the basal heart rate showed
decrease after the training programme in both groups. In

he NOR group a statistically significant (P = 0.045) decrease
f −11.5% from PRE to POST was found, whereas for HYP a
on- statistically significant change (P = 0.273) of −5.2% was
etected. Peak heart rate (PHR) in these two groups did
ot show relevant or statistically significant changes when
omparing PRE vs. POST data.

RRI

able 4 shows the statistical significance when comparing
RRI values for PRE and POST training conditions between
he NOR and HYP groups (upper panel). No statistical dif-

erences in PRE condition was detected between NOR and
YP groups. However, there was a significant improvement

n minutes 2 (P = 0.03) and 3 (P = 0.05) in the HYP group in
he POST training test in comparison to NOR.

finishing the test. Values are presented for the normoxia and

HYP

Pre Post

6 63.2 ± 14.1 59 ± 10.2
21 168.0 ± 16.2 167.8 ± 8.8

23.8 ± 7.0 37.4 ± 7.5
33.7 ± 12.6 63.2 ± 10.5*

46.88 ± 14.9 75.6 ± 14.6*

n, HHRI 3 min (Heart Rate Recovery index at minutes 1, 2 and 3
p.
.
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Table 4 Statistical analysis (student’s t-test) between groups on the basis of pre- and post-training data. Statistical
(significance (SS) level was taken at P < 0.05.

t-test Pre-training NOR vs HYP t-test Post-training NOR vs HYP

Time (min) P value SS Time (min) P value SS

1 0.22 NO 1 0.38 NO
2 0.46 NO 2 0.03 YES
3 0.41 NO 3 0.02 YES

Paired t-test PRE vs POST into normoxia group Paired t-test PRE vs POST into hypoxia group

Time (min) P value SS Time (min) P value SS

1 0.07 NO 1 0.04 YES
2 0.01 YES 2 0.005 YES
3 0.02 YES
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Figure 1 Statistical significances between groups post-
training.

Both (normoxic and hypoxic) training protocols improved
the HRRI (lower panel). In the HYP group this enhancement
was statistically significant during the first 3 min, but only
for minutes 2 and 3 in the NOR group.

Discussion

The individuals were suitably assigned to the two groups in
order to homogenise the sample, as can be seen when exam-
ining initial fitness values (comparison of PRE data between
the two groups). Furthermore, our strength/endurance
training protocol (12 sessions, 4 weeks, 3 days per week)
improved the HRRI in NOR and HYP subjects. On the basis
of our findings, we conclude that the endurance strength
of lower limbs improved in hypoxia and normoxia, thus
enhancing the jump capacity for all subjects. However,
this improvement was greater for those who trained under
hypoxia. Our results indicate that the HRRI of the HYP

group was better than that for the control group (NOR).
Statistically significant differences were detected between
groups at minutes 2 (P = 0.03) and 3 (P = 0.05) post-training.
The HYP group showed higher recovery values, reaching

s

t
o

3 0.005 YES

lmost basal values in minute 3. This finding indicates
mproved cardiovascular adaptation to exercise and thus
etter fitness.2,7,14

Altitude training induces greater intensity of the training
aseline, particularly during changes of specific mus-
le enzymes, and thus results in increased run-intensity
raining.24,26 We propose that the improvement in HRRI
bserved is due to a higher training stimulus at simulated
ltitude despite applying the same relative intensity work-
oad as at sea level. Thus, with the same degree of effort
s at sea level, training in a hypoxic environment increases
he intensity of the exercise, both from subjective and from
bjective points of view. The additional stimulus of hypoxia
ay elicit more intense adaptive responses at muscular

evel by increasing the relative intensity of the effort. Thus,
ccording to our findings, a strength/endurance training pro-
ramme performed in moderate hypoxia could be useful to
mprove the fitness and HRR of athletes than equal train-
ng in normoxia. Therefore, we must consider that sample
ize was too low to establish definitive conclusions and more
tudies are needed.

Physical exercise in hypoxia involves a number of car-
iovascular changes. There is an increase in resting heart
ate and greater hyperventilation in order to compensate
or the reduced availability of oxygen.28 Thus, at least in
art, high intensity exercise does not achieve such high
eart rates as at sea level.29 Hypoxia directly affects the
ascular tone of the pulmonary and systemic resistance ves-
els and increases ventilation and sympathetic activity via
timulation of peripheral chemoreceptors.30 As a result of
cute hypoxia, the heart increases its beat rate (both at rest
nd during exercise), myocardial contractility, and output.
he increase in heart rate is directly related to enhanced
ympathetic activity and vagal withdrawal. Thus, heart rate
s higher at altitude, although the maximum heart rate is
educed compared to normoxia. Enhanced parasympathetic
eural activity accounts for the diminished heart rate dur-
ng exercise. Moreover, during acute hypoxia, epicardial
oronary arteries dilate and cardiac contractility increases

31
uddenly.
The improved cardio-respiratory response observed in

he HYP group could be due to the greater relative intensity
f the same workload than in NOR group.
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The decrease in the post-exercise heart rate is typically
xponential.32

The decrease during the first minute is marked by vari-
bles such as parasympathetic blockade. In contrast, in the
econd phase (after the first minute), it is believed to be
ediated by the gradual withdrawal of sympathetic activity

nd steady plasma clearance of metabolites (epinephrine,
actate, H+, etc.) caused by the high intensity exercise.33

n the basis of this rationale, the training protocol sig-
ificantly changed the decline HRR HYP group versus the
OR group during post-training. This observation could be
ttributable to distinct sympathetic activity and increased
emoval of plasma metabolites, as reflected in the HYP
roup by an improved HRRI over time. Thus, plasma metabo-
ite clearance and sympathetic activity was altered after
welve sessions of intermittent hypoxia.

Assessment of HRR from maximal exercise in the first few
inutes after exercise is a valid estimate of the risk of sud-
en death. Given the increasing numbers of sudden death
ases, this approach provides a useful non-invasive tool to
ssess the health and fitness of subjects.8

Several protocols have been reported in order to mea-
ure perceived exertion closely related to the physiological
ffects of training. In fact, it has been shown that physio-
ogical factors have a greater influence than psychological
nes on the perception of fatigue, because training changes
he way stress is perceived.34

In our case, the subjective perception of exertion was
igher in the HYP group (unpublished data), thereby sup-
orting the hypothesis described above. Since it is not
ossible to assess the effect of self-suggestion or placebo
nd a double-blind experimental design is also impossible
subjects know if they are training into the chamber or not),
e can only compare two different groups.27

An important negative effect of training in altitude on
ertain sport modalities is the limitation on workload inten-
ity (relative to sea level) and the difficulty of maintaining
igh intensities of motor execution. Both factors can pre-
ent the achievement of valid specific workouts in hypoxia.
t has been argued that the difficulty involved in motor exe-
ution, at real or simulated altitude, impairs the efficiency
f the motor coordination needed for the implementation of
pecific technical measures (stride, stroke, cadence, etc.)
ecause of the difficulty of maintaining the same intensities
s at sea level.35 In our case, the execution of squat jumps
ere technically maintained and performed equally by both
roups.

We conclude that a high intensity (strength/endurance)
hysical training programme (4 weeks, 3 days per week)
erformed in hypoxia improves the HRRI in first 3 min after
xercise has ended compared to the same training at sea
evel. Our training protocols in hypoxia have allowed a
etter recovery from maximal stimulation and also have
mproved fitness and performance opportunities. In addi-
ion, individual subjective perception of effort (higher in
YP than in NOR) supports the hypothesis of an increased
elative intensity of effort in the group training at simulated
ltitude.
The physiological and psychological effects of training in
hypobaric chamber could explain the enhanced improve-
ent in the performance of the HYP group compared with

ame training in NOR group. Also, the possible increase in
J. Álvarez-Herms et al.

he relative intensity of the effort performed under hypoxia
hould be taken into account to objectively evaluate the
mprovement in performance. We consider that our find-
ngs may contribute to new applications in the field of high
erformance training for athletes.

resentation

he heart rate data in the recovery phase were presented
t the VI International Congress of the Spanish Association
f Sports Science in Elche, on October 6, 2010. There was
poster presentation of 10 min, with open questions, from

1 to 11.15 am.
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