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eart Rate Nonlinear Dynamics During Sudden Hypoxia
t 8230 m Simulated Altitude
aniel E. Vigo, MD, PhD; Santiago Pérez Lloret, MD, PhD; Alejandro J. Videla, MD; Daniel Pérez Chada, MD;
oracio M. Hünicken, MD; Jorge Mercuri, MD; Ramón Romero, BSc; Leonardo C. Nicola Siri, PhD;
aniel P. Cardinali, MD, PhD

rom the Departamento de Docencia e Investigación, Facultad de Ciencias Médicas, Pontificia Universidad Católica Argentina, Buenos
ires, Argentina (Drs Vigo, Cardinali); Servicio de Neumonología, Hospital Universitario Austral, Buenos Aires, Argentina (Drs Videla,
érez Chada); Instituto Nacional de Medicina Aeronáutica y Espacial, Fuerza Aérea Argentina, Buenos Aires, Argentina (Dr Hünicken, Dr
ercuri, Mr Romero); Departamento de Biología, Facultad de Bioingeniería, Universidad Nacional de Entre Ríos, Oro Verde - Paraná,
rgentina (Dr Nicola Siri); Consejo Nacional de Investigaciones Científicas y Técnicas (CONICET, Buenos Aires, Argentina) (Drs Vigo,
érez Lloret, Nicola Siri, Cardinali).

Objective.—Acute hypobaric hypoxia is associated with autonomic changes that bring a global
reduction of linear heart rate variability (HRV). Although changes in nonlinear HRV can be associated
with physiologic stress and are relevant predictors of fatal arrhythmias in ischemic heart disease, to
what extent these components vary in sudden hypobaric hypoxia is not known.

Methods.—Twelve military pilots were supplemented with increasing concentrations of oxygen
during decompression to 8230 m in a hypobaric chamber. Linear and nonlinear HRV was evaluated at
8230 m altitude before, during, and after oxygen flow deprivation. Linear HRV was assessed through
traditional time-domain and frequency-domain analysis. Nonlinear HRV was quantified through the
short-term fractal correlation exponent alpha (�s) and the Sample Entropy index (SampEn).

Results.—Hypoxia was related to a decrease in linear HRV indexes at all frequency levels. A non-
significant decrease in �s (basal, 1.39 � 0.07; hypoxia, 1.11 � 0.13; recovery, 1.41 � 0.05; P � .054) and
a significant increase in SampEn (basal, 1.07 � 0.11; hypoxia, 1.45 � 0.12; recovery, 1.43 � 0.09; P �
.018) were detected.

Conclusions.—The observed pattern of diminished linear HRV and increased nonlinear HRV is
similar to that seen in subjects undergoing heavy exercise or in patients with ischemic heart disease at
high risk for ventricular fibrillation.
Key words: autonomic nervous system, heart rate variability, nonlinear, hypoxia, high altitude
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utonomic responses are crucial for adaptation to hypoxia.
cute hypoxia triggers several autonomic mechanisms,
ainly in the respiratory system (eg, the hyperventilation

tarted by the peripheral chemoreceptor reflex) and in the
ardiovascular system (eg, sympathetic activation with
eart rate and cardiac output increase to improve pulmonary
nd tissue perfusion).1 Previous studies have evaluated
eart autonomic response using heart rate variability (HRV)
nalysis in subjects exposed to acute hypobaric hypoxia in

Corresponding author: Daniel P. Cardinali, MD, PhD, Departamento
e Docencia e Investigación, Facultad de Ciencias Médicas, UCA, Av.
licia Moreau de Justo 1500, 4° piso·C1107AFD Buenos Aires, Ar-
entina (e-mails: danielcardinali@uca.edu.ar; danielcardinali@fibertel.
dom.ar).
eal2 as well as simulated settings,3,4 usually introducing the
hanges in inspired O2 concentration gradually and at alti-
udes below 6400 m (21 000 ft).

Heart rate variability analysis is based on the fact that the
utonomic control of the sinus rhythm adds variability to
he heart rate signal at different frequency levels. Among
hese, in short-term studies (less than 10 minutes), the
igh-frequency (HF) component (0.15–0.4 Hz) is related to
espiratory sinus arrhythmia mediated by parasympathetic
ctivity, and the low-frequency (LF) component (0.04–
.15 Hz) is related to the baroreflex control including sym-
athetic and parasympathetic influences. In this context, the
ery-low-frequency (VLF) component (�0.04 Hz) is a yet
ndefined measure that may reflect changes in the trend of

ata.5
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Heart Rate Dynamics During Hypoxia 5
In addition to the cyclic fluctuations previously de-
cribed, there are complex fluctuations of the sinus rhythm
hat can be analyzed with nonlinear dynamics methods. It is
elieved that nonlinear fluctuations are determined by in-
eractions of electrophysiologic, hemodynamic, and hu-
oral variables, as well as by autonomic and central ner-

ous regulation.5,6 Changes of nonlinear HRV are
ssociated with several cardiovascular stressors. The de-
reased nonlinear HRV has been related to physical stress,7

ging,8 and a variety of pathologic conditions such as stable
oronary artery disease.9 On the other hand, increased non-
inear HRV was also associated with physiologic situations
uch as high exercise intensity levels10 and complicated
schemic heart disease where it has been shown to be
redictive for ventricular fibrillation and sudden cardiac
eath.11

Most of the studies that assessed the relation between
RV and acute hypobaric hypoxia reported a reduced lin-

ar HRV pattern consistent with an increased sympathetic
one and decreased parasympathetic tone.2–4 Nonlinear in-
icators of HRV have been sparsely studied in these situa-
ions. The results indicate that nonlinear heart rate fluctua-
ions also decrease in acute hypobaric hypoxia.12,13

Altitude-induced changes in cardiac rhythm could ex-
lain the significant rate of sudden cardiac death at high
ltitudes.14 It has been reported that 30% of all deaths
uring mountain sports at altitude are attributable to
udden cardiac death, more likely in those who have had
rior myocardial infarction, coronary artery disease, or
oronary risk factors.15 In addition, it has been seen that
he occurrence of ventricular extrasystoles is propor-
ional to the altitude during acute hypoxia exposure in a
ealthy elderly man.16

However, contrary to what would be expected, the
RV pattern of diminished linear and nonlinear HRV
bserved when subjects are exposed to altitudes lower
han 6400 m (21 000 ft) does not resemble that of pa-
ients with increased risk of death due to cardiac arrhyth-
ias, who display reduced linear HRV but increased

onlinear HRV.11 It is possible that this discrepancy is
elated to an insufficient hypobaric-hypoxic stress; there-
ore, we hypothesized that exposure to an altitude higher
han 6400 m (21 000 ft) may result in an alteration of the
RV pattern more similar to that seen in patients with
igh risk of arrhythmia-related death.
In the current study, we examine the nonlinear HRV

attern associated with severe acute hypoxia aiming to
btain information that could help to understand the auto-
omic nervous system mechanisms underlying situations
elated to increased risk of cardiac arrhythmias. In this
egard, the use of training protocols followed by aircrews to
earn recognition of their symptoms of hypoxia at simulated

ltitudes of 8230 m (27 000 ft) in hypobaric chambers17 a
llows the possibility to compare the autonomic responses
ith those already studied at lower altitudes.12,13

aterials and methods

THICAL APPROVAL

he study conformed to the standards set by the Decla-
ation of Helsinki, and it was approved in advance by the
nstitutional committee for ethical review of the Argen-
ine National Aerospace Medicine Institute, Buenos
ires, Argentina. All participants provided voluntary
ritten informed consent before taking part. The data
ere collected noninvasively during routine training that

he subjects had to undertake.

UBJECTS

e studied 17 healthy male military pilots who under-
ent a sudden hypoxic exposure as part of their standard

raining procedure. All subjects had been previously sub-
ected to a full medical and psychological examination.

YPOXIC PROTOCOL

he study was performed in a hyperbaric chamber (The
iggs Boiler Works Co., Akron, OH) adapted for use as
hypobaric chamber (Pittsburgh-Des Moines Steel Co.,
es Moines, IA) at installations of the Argentine Na-

ional Aerospace Medicine Institute. Participating crews
ntered into the chamber in groups of six together with a
hysician. Pressure was lowered to simulate an ascent to
230 m (27 000 ft) at a rate of 640 m/min (2100 ft/min).
uring the ascent subjects received, through a pressure

ype mask, a mixture of oxygen and ambient air provided
n demand by an oxygen regulator (USAF Type CRU-
8/A; Aro Corporation, Bryan, OH).
The ratio of oxygen to air was automatically adjusted

o supply increasing oxygen as altitude increased. At
230 m (27 000 ft), all participants were receiving 100%
xygen. Then, oxygen flow was abruptly interrupted for
ne participant at a time. To detect psychomotor impair-
ent, each participant had to write on a paper sheet

umbers in a descending order starting from 999. As
oon as the first symptom of hypoxia appeared, the
xygen flow was restarted, and the pilot resumed the
riting. After the subject was fully recovered and

eached basal oxygen saturation levels, the next pilot was
valuated. Oxygen saturation was measured continu-
usly during the test by using a Healthdyne 930 pulse
ximeter (Healthdyne Technologies Inc., Marietta, GA).
fter the test was run for all participants, the normal
tmospheric pressure was gradually restored.
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6 Vigo et al
Heart rate variability was analyzed before (basal),
uring (hypoxia), and after (recovery) oxygen flow in-
erruption. The beats corresponding with the “basal”
tage were taken from the period immediately prior to
he interruption of oxygen. The transition beats corre-
ponding with the time between the interruption of the
xygen flow and the stabilization of the heart rate at an
ncreased level (as determined by visual inspection) were
ot considered for the analysis. The beats corresponding
ith the “hypoxia” stage were taken from the elapsed

ime after the ending of the transition period and the
estoration of oxygen flow. The transition beats corre-
ponding with the elapsed time between the restoration
f the oxygen flow and the stabilization of heart rate at
asal levels (as determined by visual inspection) were
ot considered. Finally, the beats corresponding with the
recovery” stage were taken from the period immedi-
tely subsequent to this last transition period (Figure 1).

Within each subject, the number of beats selected for
he “basal” and “recovery” epoch was the same as the
umber of beats selected for the “hypoxia” epoch. We
elected the same number of beats for all stages because
n short time series of less than 200 beats, the error
ssociated with nonlinear HRV analysis may vary as a
unction of data length.6,18 As the transition periods
etween stages were not evaluated, the records were free
f pronounced upward or downward trends.5

IGNAL RECORDING AND HRV ANALYSIS

ignal recording

lectrocardiogram signal was recorded using a digital
olter device (Holter HCAA 348; Holtech, Servicios

Figure 1. RR interval recording of one subject along the three epo
omputados S.A., Buenos Aires, Argentina) and stored 0
n a solid-state memory. Ventricular depolarization (R
aves) were detected through the device software. The

ime elapsed between R waves (RR intervals) was then
omputed. We visually identified and manually tagged
remature and lost beats in the original file of RR inter-
als. These abnormal beats were replaced by RR inter-
als resulting from linear interpolation.5 Only those seg-
ents with �85% qualified beats were included in the

nalyses.19,20

ime-domain HRV analysis

uantitative time series analysis was performed on heart
ate by evaluating measures of variation over time.
mong these, RRm (mean duration of RR intervals in
illiseconds) quantifies the mean heart rate, SDNN

standard deviation of RR intervals in milliseconds) rep-
esents a coarse quantification of overall variability, and
MSSD (square root of the mean squared differences of

uccessive normal RR) measures short-term heart rate
ariations.5,6

pectral HRV analysis

hese measurements provide an evaluation of the power
amplitude) of the contributing frequencies underlying
RV.6 For the analysis of cyclic HRV components, the
avelet transform was chosen rather than the traditional

ast Fourier transform (FFT) because it allowed a better
t of a signal to nonlinear fluctuations. The power of the
ignal along time was determined at previously defined
requency bands21: total area (TA; 0–1.2 Hz), very low
requency (VLF; 0–0.0375 Hz), low frequency (LF;

considered for analysis, with the transition periods between them.
.0375–0.15 Hz), and high frequency (HF; 0.15–1.2 Hz).
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Heart Rate Dynamics During Hypoxia 7
eported values are expressed as the natural logarithm of
A, HF, LF, and VLF; normalized for the total power;
nd as the ratio between LF and HF. Details of this
rocedure can be found elsewhere.21,22

onlinear HRV analysis

he short-term fractal correlation exponent �s8 and the
ample Entropy index (SampEn)23 were used as nonlinear
RV indexes. The scaling exponent �s, based on the “de-

rended fluctuation analysis,” quantifies the short-term
�11 beats) fractal correlation properties of the interbeat
ime data. Values of �s close to 0.5 are associated with
ncorrelated RR intervals, whereas values close to 1.5 are
ssociated with strong correlation between RR intervals.
alues near 1 are characteristic of fractal-like processes,

ssociated with the dynamic behavior of time series gener-
ted by complex systems, such as the autonomic regulation
f the sinus rhythm in healthy subjects.8 SampEn measures
he degree of irregularity of the RR interval time series.
egular sequences will result in lower SampEn values,
hereas random behavior is associated with larger SampEn
alues. These methods have been previously described.6,8,23

TATISTICAL ANALYSIS

alues are expressed as mean � standard error. Normal-
ty of distributions was verified by the Kolmogorov-
mirnov test.
Demographic characteristics, time spent in hypoxia,

aO2, and mean heart rate were compared between in-
luded and excluded subjects by means of a Mann-
hitney U test.
The HRV indexes obtained during baseline, hypoxia,

nd recovery periods were compared by means of a
epeated measures analysis of variance (ANOVA) fol-
owed by a post hoc Bonferroni test to establish inter-

able 1. Characteristics of subjects

Characteristic

Included
subjects
(n � 12)

Excluded
subjects
(n � 5) P value

ge (years) 28 � 1 27 � 3 .915
eight (kg) 78 � 4 76 � 3 .874
eight (m) 1.76 � 0.02 1.75 � 0.02 .596
MI (kg/m2) 25.2 � 1.2 24.8 � 0.7 .752

BMI, body mass index.
Values are presented as mean � standard error. Intergroup differ-

nces were assessed by means of Mann-Whitney U test.
roup differences. (
Additional associations of the time spent in hypoxia with
he time spent on 100% O2 before the test and with HRV
ata were analyzed through a Pearson correlation test.

esults

he final sample included 12 subjects, because five in-
ividuals had hypoxia periods with less than 100 RR
ntervals. The demographic characteristics of included
nd excluded subjects are shown in Table 1.

During the hypoxia period, the included group showed
mean of 138 � 13 RR intervals (minimum 100, max-

mum 253), and the excluded group showed a mean of
0 � 3 RR intervals (minimum 63, maximum 80). The
ercentage of premature or missed beats was similar in
oth groups (less than 2% of the data).
The time that the pilots spent with 100% O2 before the

est had no correlation with the time spent in hypoxia.
oth included and excluded pilots reported similar hy-
oxia-related symptoms, including transient visual de-
angements, flushing in the face or limbs, and psychomo-
or lack of coordination. Table 2 depicts time, SaO2, and

ean heart rate for each stage in included and excluded
ubjects. When comparing with the included group, the
xcluded subjects showed a reduced time of hypoxia
xposure with similar SaO2 values and a lower mean
eart rate. This justifies that this group has had less than
he minimum 100 beats required for HRV analyses.

Heart rate variability analysis is shown in Table 3.
inear analysis revealed a marked increase of heart rate

elated to hypoxia associated with a global decrease of
RV at all frequency ranges. Once oxygen was restored,
ean heart rate and global HRV tended to return to basal

evels. This trend was not observed in the power spectral
ndexes of HRV, where the hypoxia period was different
rom the basal stage but similar to the recovery stage. No
ignificant differences were observed in normalized units
f HRV. Nonlinear analysis revealed a marginally sig-
ificant effect of hypoxia in decreasing �s and a signif-
cant effect of hypoxia in increasing SampEn. Once
xygen was restored, SampEn value remained signifi-
antly different than the basal stage. Heart rate variability
easurements at basal, hypoxia, and recovery stages had

o correlation with the time spent in hypoxia.
Figure 1 shows a typical HRV recording along the

hree epochs considered for analysis (basal, hypoxia, and
ecovery) with the transition periods among them. Note
he increase of heart rate (lower RR interval duration)
nd the decrease in the amplitude of heart rate oscilla-
ions in the hypoxia period (RRm � 594 milliseconds,
DNN � 34 milliseconds) in comparison with basal

RRm � 734 milliseconds, SDNN � 107 milliseconds)
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8 Vigo et al
nd recovery (RRm � 893 milliseconds, SDNN � 55
illiseconds) periods.
To account for differences in the mean and amplitude of

eart rate fluctuations, Figure 2 shows the recordings cor-
esponding with each epoch with RR intervals rescaled as
tandard deviation units centered at a mean of zero. When
ompared with basal period (SampEn � 0.89), a higher
rregularity of the oscillations during hypoxia period
SampEn � 1.61) and afterwards (SampEn � 1.58) could
e noted.

iscussion

he main finding of the current study is that acute severe
ypoxia is associated with greater nonlinear HRV, as

able 2. Stage characteristics in included and excluded subjec

Stage

Included subjects (n � 12)

Time (s) SaO2 (%) Heart rate

asal 89 � 9a 98.3 � 0.3 94 �
ransition 43 � 4 — —
ypoxia 70 � 6b I: 91.7 � 1.3 120 �

F: 64.8 � 2.7
ransition 37 � 2 — —
ecovery 100 � 12c 97.9 � 0.5 86 �

I, initial SaO2 of the hypoxia stage; F, final SaO2 of the hypoxia sta
Values are presented as mean � standard error.
Differences between included and excluded subjects were assessed

or the time covered by each stage (aP � .004; bP � .003; cP � .008) a
P � .004).

able 3. Heart rate variability analysis

Basal

eart rate (bpm) 94 � 4 1
Rm (ms) 638 � 30 5
DNN (ms) 71 � 11
MSSD (ms) 30 � 4

n TA (ms2) 11.9 � 0.3 1
n VLF (ms2) 11.6 � 0.3 1
n LF (ms2) 10.5 � 0.3
n HF (ms2) 8.3 � 0.2
LF (%) 72.8 � 2.7 6
F (%) 24.1 � 2.3 2
F (%) 3.1 � 0.5
F/HF 9.6 � 1.4
s 1.39 � 0.07 1
ampEn 1.07 � 0.11 1

RRm, mean of RR interval duration; SDNN, standard deviation of
uccessive normal RR; TA, total area power; VLF, very-low-freque
hort-term fractal correlation exponent; SampEn, sample entropy.

Values are expressed as mean � standard error.

a Different from each other; b different from basal. ANOVA repeated m
videnced by the observed higher values of SampEn, a
easurement of the irregularity of the RR interval time

eries. This change was accompanied by a decrease of
inear HRV of similar proportions in all frequency levels,
s previously described by others.2–4,24

The marked fall in oxygen saturation and the ap-
earance of subjective symptoms indicate that the
ilots were exposed to considerable hypoxic stress.
he current study differs from others in the sudden
esaturation and the severity of the hypobaric hypoxia
ondition.12,13 In addition, comparison of hypoxia ef-
ects in each of the subjects and at the same simulated
ltitude reinforces the evidence that the observed
hanges were caused by hypoxemia.

Excluded subjects (n � 5)

pm) Time (s) SaO2 (%) Heart rate (bpm)

51 � 2a 98.2 � 0.6 84 � 3
57 � 12 — —
43 � 1b I: 90.8 � 1.9 95 � 6d

F: 65.8 � 2.7
47 � 6 — —
65 � 3c 97.2 � 0.9 65 � 2e

means of a Mann-Whitney U test. Significant differences were found
for the mean heart rate in the hypoxia and recovery stages (dP � .027;

poxia Recovery P value

� 5a 86 � 4a �.001
� 21a 716 � 32a �.001
� 6a 44 � 5a .002
� 5 27 � 4 .140
� 0.3b 11.2 � 0.2b �.001
� 0.4b 10.8 � 0.2b .001
� 0.4b 9.9 � 0.3b .009
� 0.4b 8.0 � 0.3 .046
� 4.1 66.4 � 2.7 .160
� 3.7 29.1 � 2.3 .234
� 0.7 4.5 � 0.5 .068
� 0.6 7.6 � 1.0 .095
� 0.13 1.41 � 0.05 .054
� 0.12b 1.43 � 0.09b .018

intervals; RMSSD, square root of the mean squared differences of
power; LF, low-frequency power; HF, high-frequency power; �s,
ts

(b

4

5d

4e

ge.

by
nd
Hy

20
09
25
21
1.0
0.6
9.6
7.7
6.7
8.6
4.6
6.6
.11
.45

RR
ncy
easures followed by Bonferroni test.
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Heart Rate Dynamics During Hypoxia 9
Changes observed in the linear components of HRV could
e related to the increase of heart rate due to the hypoxia effect,
s the amplitude of the oscillations of different frequencies as
ell as the length of the RR interval diminished.25 However,

hanges observed in nonlinear components of HRV may not
e directly related to the changes in heart rate, especially when
eart rate is high.25 In fact, physical exercise has been associ-
ted with either decreased7 or increased nonlinear HRV.10 It
as shown that during incremental exercise test, �s increased

rom rest up to an intensity level of approximately 40% of
aximum oxygen consumption, declining thereafter linearly

oward values that reflect no correlation between RR inter-
als.10,26 This pattern can be explained by the varying intensity
f sympathetic input to the sinus node during different intensity
evels of exercise.26 Reduced values of �s are usually associ-
ted with increased values of SampEn,25 as seen in the current
tudy. The extreme activation of the sympathetic nervous sys-
em underlying severe hypoxia and vigorous exercise may lead
o an increase in propensity to ventricular fibrillation.14,27,28

hus, the common HRV pattern of severe hypoxia described
erein and the one of vigorous exercise described by oth-
rs10,26 might reflect this increased risk.

An alternative explanation for the observed changes of
onlinear HRV dynamics after hypoxia is that they are related
o intrinsic cardiac effects resulting from compensatory phys-
ologic mechanisms induced by hypoxia. It is known that
athologic disruption of specific components of the intrinsic
ardiac plexus can compromise the autonomic control of the
eart, thus causing arrhythmogenesis.29 It has been proposed
hat this system would act as a “low-pass filter” to smooth the
ffect of spurious extracardiac stimuli and to maintain a bal-
nce between the electrical and mechanical functions of the
eart by means of local feedback circuits.30 A functional al-
eration of this “filter” in normal subjects under hypoxia could
roduce the observed pattern of greater nonlinear irregularity
hat remained elevated even after oxygen was restored. In any
ase, an alteration of the complexity of dynamics of heart rate
uctuations as described in the current work can render the

igure 2. RR interval recording corresponding with basal, hypoxia, and
n the mean and amplitude of heart rate fluctuations, RR intervals were re
eart less adaptable for the changing environmental require- f
ents or may start transient electric alterations favoring the
ppearance of arrhythmias.29,30 In this respect, it is important
o note that our results are similar to the nonlinear HRV pattern
escribed in ischemic heart disease patients with high risk for
atal arrhythmias.11

Some limitations of the current study must be taken into
ccount. The hypoxia period is a nonspontaneous and nonrest-
ng state. A maximal sympathetic activation and vagal with-
rawal allowed the cardiovascular system to achieve a maxi-
al constant cardiac output during a defined period of time,

fter which all variables rapidly decline toward prehypoxic
evels. Thus, even if the hypoxia state is unstable, we can
ssume that the data were stationary in the temporal window
onsidered.31 In this regard, transition periods between states
ere not considered for analysis, and data were detrended to

void possible trends. A further limitation is related to the
pplication of nonlinear HRV indexes to short sets of HRV
ata. However, it was reported that the application of nonlinear
ndexes such as SampEn or approximate entropy (ApEn) to
00 data points series yields statistically reliable and reproduc-
ble results.6,23 Regarding the use of the short-term scaling
xponent �s, it was found that, from a collective point of view,
here is statistical agreement in real data between the means of
he exponents derived from long and short segments involving
he use of 100 data points.18

In sum, this study shows that severe acute hypoxia is asso-
iated with a pattern of diminished linear HRV and increased
onlinear HRV, different from what has been seen in previous
tudies at lower altitudes. While this pattern is similar to that
bserved during vigorous exercise or in patients with ischemic
eart disease at risk for fatal arrhythmias, future studies are
eeded to assess whether it is related to an increased risk of
udden death in healthy people.
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