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Abstract—Every year more than 100 million people travel through mountains. Many of these travelers are
middle aged and even elderly in whom there is minimal cardiovascular research. In this study we evaluated
sympathico-vagal tone before and after exposure to middle altitudes. 13 subjects, 7 women and 6 men, ages
45 to 72 were evaluated before and after exposure to middle altitudes. Evaluations consisted of cardiac loading
during echocardiography as well as calculating the vegetative tone by using the Kerdo index. Vegetative tone
was analyzed using the Fisher’s maximum-likelihood estimation, after which the integral under the line of
best fit was obtained with limits defined as the shortest loading test in seconds when compared to baseline.
Time to reach 85% maximally predicted cardiac rate increased for almost all subjects after exposure to middle
altitudes. For the comparison of the vegetative control the integral of the fitting exponentials over time has
been utilized. As demonstrated by an increase in the Kerdo index, 10 out of 13 of the subjects showed decrease
followed by increase of the sympathetic responce as they acclimatized. Two of the three who did not demon-
strate this shift has significant cardiovascular disorders which was discovered prior to exposure. We have
demonstrated decrease followed by increase of the sympathetic response during proper acclimatization. We
demonstrated this with the vegetative Kerdo index in 10 healthy subjects. Furthermore the majority of the

subjects with underlying cardiac pathology failed to demonstrate this shift.
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Endurance training at middle altitudes is a com-
mon athletic practice which has been researched in a
variety of studies [1—4]. Less researched however, is
the short-term impact of these same altitudes on
untrained middle-aged and elderly sojourners who are
actively exerting themselves through trekking or hiking
[5, 6]. The paucity of data is surprising as the need for
research in this area is clear given that year more than
100 million people travel through mountainous terrain
[7]. Much of the current literature either focuses on
the positive influence of hypoxic training on the car-
diovascular system [8—10] or conversely it describes
the cardiopulmonary risks and incidence of high alti-
tude disease associated with short term or prolonged
exposure to altitude [5—7, 11, 12].

One promising tool to fill the current knowledge
gap is research on the autonomic nervous system con-
trolled sympathico-vagal tone as determined by calcu-

! The article was translated by the authors.

lated heart rate variability [13, 14]. When loading tests
are combined with direct visualization under stress
echocardiography, real time assessment of autonomic
control of exercise can be determined.

Unfortunately, researches on heart rate variability
are mainly conducted at rest, due to the fact that the
minimum recording length must be between 200 to
1000 or more cardiac cycles obtained in relatively sta-
tionary conditions (from 2—5 minutes to 24 hours)
[15]. This does not allow for adequate estimations of a
subject’s autonomic response in response dynamic
conditions such as increasing physical exertion [16].
Even in case of ultrashort recording of the heart rate
variability (less than one minute duration) one minute
rest is usual [17, 18] which does not allow real time
registering of the vegetative response. Other methods
of quantitative evaluation of autonomic nervous sys-
tem also require a long-term recording of physiologi-
cal characteristics [19, 20] and they cannot be used for
an instant evaluation of autonomic control when exer-
cising [21].
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Table 1. Descriptive characteristics of the test group
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NN Name Sex Age, yr Weight, kg Height, cm BMI
1 M.P. m 50 82 182 24.8
2 M.E. f 51 73 164 27.1
3 S.G. m 45 60 168 21.3
4 E.G. m 59 79 173 26.4
5 K.O. f 49 70 160 27.3
6 V.D. m 54 81 178 25.6
7 E.A. f 48 54 162 20.6
8 K.I. f 54 49 159 19.4
9 Al f 52 85 165 31.2

10 B.G. f 61 63 155 26.2

11 AA m 52 91 185 26.6

12 G.IL f 51 68 172 23

13 B.Ju. m 72 50 162 19

Mean = SEM 53.6 = 1.87 69.6 + 3.81 168 +2.58 245+ 1

BMI—body mass index.

Invasive methods (such as microneurography) are
also ill suited for the quantitative of the total auto-
nomic control during the stress test. This is due to the
fact that autonomic response in this case will not only
reflect the whole body metabolism, but also local met-
abolic changes in the contracting muscle [22]. More-
over stable position of the needle during exercise can
not be guaranteed, affecting the accuracy of measure-
ments [23].

Despite these limitations, in this study we have
been able to compare autonomic control of exercise by
performing stress echocardiographic loading tests
both before and after exposure to the altitude of 2000
to 3700 m.

METHODS
Subjects

13 low land research subjects (7 of them women)
with ages ranging from 45 to 72 years old, all perma-
nently residing at sea level, were recruited. Subjects
included seven women (see detailed description of the
group in Table 1). Over a two week time frame from
April 26 to May 10 2016, all participants resided in the
Himalayan middle mountains (Kullu valley, Him-
achal Pradesh state, India) at the altitude of 2000 to
3700 m. 3 more participants were subject to same con-
ditions, including altitude from April 26 to May 10 of
2017. (Research expedition “Himalayas 2016” and
“Himalayas 2017”).

This study was approved by the Institutional
Review Board of Saint Petersburg State University
(IRB00003875 — no. 67, irb@spbu.ru). Written
informed consent was translated into all relevant lan-
guages and cross translated to assure accuracy. Con-
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sent was signed by all participants after all questions
had been answered by the scientific team.

Daily excursions (trekking occurred for 10 consec-
utive days which all subjects participated in. These
events lasted from 1—3 hours to 1—2 days and resulted
in an increase in elevation, from base camp elevation
of 2000 m to a maximum of 3700 m.

Protocol

Stress echocardiographic loading tests were con-
ducted before and after the exposure to altitude. All
subjects were examined at the same time points with
the baseline pre-exposure test being carried out five
days prior to ascent (at an altitude of sea level). All
subjects were then re-examined on day three following
return from altitude at the same location. Studies were
performed using a horizontal bicycle ergometer (e-
Bike EL and BP) with an expert class ultrasound sys-
tem (Vivid E9 General Electric, ISA) on location at
City Hospital no. 40 (Sestroretsk, Russia).

During each study participants performed a steady
increase in physical exertion on a horizontal bicycle
ergometer with a gradient of 25 W every 2 minutes,
starting from 50 W, and continuing until a submaximal
cardiac rate was reached. 85% of maximal cardiac rate
was then calculated for each subject by the commonly
accepted [24] formula (1):

Cardiac rate max = 220 — age (years).

ey

A continuous 12-lead ECG monitoring was
obtained during the loading tests. In addition, at every
incremental stage of increased work, systolic and dia-
stolic blood pressure was recorded using auscultatory
method by N. Korotkov.
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Preliminary stress-echocardiographic examina-
tions of the subjects revealed no signs of coronary isch-
emia as seen by regional wall motion abnormalities
(stress test is negative for all subjects). Two subjects
were found to have slight cardiac events during the
testing. Subject E.A. (48) was found to have ventricu-
lar parasistolia, subject A.I. (52) had hypertensive
reaction to the stressload as defined by preliminary
stress-echocardiographic examination.

Vegetative Kerdo Index

Both systolic and diastolic blood pressures was
recorded for each step of the loading tests, thus the
vegetative Kerdo index [25] was calculated to evaluate
changes in current autonomic tone by using the fol-
lowing formula (2):

V=1-D/R, )

where D is a diastolic pressure in mm Hg, R—heart
rate (beats per minute), V—Kerdo index value. As a
matter of convenience, we removed the uninformative
coefficient of 100 from the formula, which only com-
plicates the subsequent mathematical processing of
the measured data.

Increased sympathetic tone is responsible for ele-
vations in the ergotropic (energy-consuming) pro-
cesses and increases of this tone can be defined as the
energy debt required for increased autonomic control
during exercise. It can be expressed through sym-
pathico-vagal balance where the actual value of sym-
pathetic tone in response to exertion can be found by
calculating vegetative Kerdo index. At V<0, the actual
vegetative reactivity of the body is characterized as
parasympathicotonia, at J > 0—as sympathicotonia,
at V= (0—as vegetative balance [25].

In our previous work [26] we proved the applicabil-
ity of Kerdo index in this form to measure current
autonomic tone of sportsmen. In this study the vege-
tative Kerdo index was obtained at baseline prior to
exposure to altitude and at day three after return.

Mathematical Processing of the Measured Data

We compared the time required to achieve 85% of
maximal cardiac rate and other echocardiographic
parameters in response to loading tests before and
after exposure to altitude by using Wilcoxon nonpara-
metric paired test for linked samples meant for statis-
tical processing of samples of a relatively law capacity
(n=13).

Due to measurements of autonomic control of
exercise being carried out in real time, it was possible
to find mathematical model (analytical form) fitting
changes in time of vegetative tone in response to a
standardized loading test. Fitting by a suitable expo-
nential expression (3) with a subsequent quantitative
estimation of autonomic control of exercise performed
during standardized loading tests before and after

MINVALEEV et al.

Table 2. Duration of increasing exertion (in seconds)
before reaching submaximal (85% predicted) cardiac rate
during stress echocardiographic loading tests before and
after exposure to altitude

Time, s
NN Name pre altitude | post altitude
exposure exposure

1 M.P. 552 751

2 M.E. 177 330

3 S.G. 299 444

4 E.G. 259 454

5 K.O. 282 389

6 V.D. 412 700

7 E.A. 312 459

8 K.I. 183 330

9 Al 169 223

10 B.G. 224 325

11 AA 872 840

12 G.I 384 404

13 B.Ju. 331 387

Median 306 424
Type 1 error probability P=0.000610352 < 0.001*

* Significance of differences (accurate P-value) was calculated
by using Wilcoxon paired test for linked samples.

exposure to middle altitudes was made by using
Fisher’s maximum-likelihood estimation method.

W) = A, — A ™, 3)

where A4,, A, and k the numerical coefficients, which
are finding the method of maximum likelihood, —
time in seconds. To compare autonomic control of
exercise before and after exposure to altitude we calcu-
lated the area ratio (integrals) under the obtained fit-
ting exponents at an equal time span. Integration lim-
its were defined by the shortest loading test (in sec-
onds) of the baseline test performed prior to exposure
to altitude.

Computation, statistical processing and graphical
interpretations were made using mathematical pro-
grams Origin 8.6€ and Derive 5.05°.

RESULTS
The time to reach 85% of maximal cardiac rate
during stress echocardiographic loading tests

increased for all subjects with the reliability close to
when post exposure times were compared to baseline
rates (shown in Table 2).

The following are the results of the mathematical
processing of the autonomic control dynamics (vege-
tative Kerdo index) during a gradually increasing load-

HUMAN PHYSIOLOGY  Vol. 44
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Table 3. Integral estimation of autonomic control of exercise during a standardized loading test before and after exposure

to middle altitudes for subject M.P (50)

1 2 3 4 5 6 7 8
integral estimation
DBP HR coefficients of fitting | of autonomic control
date time, s oo B bom, | Kerdo index |exponent in the form |before (.S) and after (S5) | S/,
g p V(1) =A, — Aye™™ | exposure to middle
altitudes
0 60 66 0.09
311 90 124 0.27 A, 0.27172
352 90 123 0.27 A, 0.18062
21.04.2016 . 332
428 100 131 0.24 k 0.00831 s = I Vs ~ 1285
475 100 134 0.25 P 0.000047 0
505 100 141 0.29
552 100 139 0.28
1.35
1 80 62 —0.29
106 80 93 0.14 A, 0.24008
224 80 99 0.19 Ay 0.5362
13.05.2016 4 111 1 0144 2
349 90 0.19 k 0.01449 S2=jV(r)dtz95.5
473 90 118 0.24 P 0.0006 0
652 100 133 0.25
751 100 142 0.30

DBP—diastolic blood pressure, HR—heart rate (beats per minute, bpm), A, A, k—coefficients of fitting exponent in the form WV(z) =
Ay — Aye™ ! P—the significance of exponential model by Fisher-Snedecor criteria, S| and §, being integral (surface under the curve)
during the same time before and after the mountain altitude exposure.

ing test. The mathematical processing is carried out
with the use of exponential fitting.

Measurements of arterial pressures and heart rate
(beats per minute) were extracted at specific and con-
sistent between studies (need to be more detailed here)
time points every stress echocardiographic loading test
report. Real-time point estimations of vegetative
Kerdo index were then calculated (column 2-5,
Table 3). Exponential fitting of changes in time of veg-
etative Kerdo index’ numerical values was then per-
formed by using the maximum-likelihood method
(see column 6, Table 3, where P is the significance of
exponential model by Fisher-Snedecor criteria).
Figure 1 is the graphical interpretation of the obtained
fitting exponents of autonomic control of exercise
during the performance of stress echocardiographic
loading tests before and after exposure to altitude for
subject M.P.

The following computation consisted of finding
the ratio of areas determined by integrating the
obtained exponential expressions with integration
limits set from O to the duration of the loading test
(552 s) performed five days prior to altitude exposure.
The obtained area ratio—1.35—indicates that after
exposure to the altitude the subject M.P.’s autonomic
control of exercise shifted towards a decrease in sym-
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pathetic influence. This decrease corresponds to the
physiological penalty of a loading test (ergotropic
component). The decrease in sympathetic tone is
illustrated in Fig. 1 where the exponent fitting point
estimations of autonomic control during standardized
loading tests before exposure to altitude is placed
higher that the exponent fitting the results of auto-
nomic control of the same loading test after exposure
to altitude.

For the sake of completeness we had also included
the data on the autonomic control before after ascend
into the midrange altitude of the female participant
G.I. (51) who had acquired the same route in May of
2017 (see Table 4).

Figure 2 is the graphical interpretation of the
obtained fitting exponents of autonomic control of
exercise during the performance of stress echocardio-
graphic loading tests before and after exposure to alti-
tude for subject G.I.

Similar computations were carried out for the other
11 subjects. Two out of three subjects who did not have
a decrease of ergotropic component in autonomic
control of exercise had serious cardiovascular disor-
ders discovered during the preliminary all-around
examination (it was found that subject E.A. (48) has
ventricular parasistolia and subject A.l. (52) has
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Fig. 1. Graphical interpretation of the autonomic control
of exercise during the performance of loading tests before
and after exposure to middle altitudes for subject
M.P. (50). X-axis—time in seconds, Y-axis—vegetative
Kerdo index; /—fitting exponent in the form of before
exposure to middle altitudes, 2—fitting exponent in the
form of after exposure to middle altitudes, a—datum value
of vegetative Kerdo index obtained during a loading test
before exposure to middle altitudes, /—datum value of
Kerdo index obtained during a loading test after exposure
to middle altitudes.

hypertonia). To illustrate failed adaptation, we present
the results of integral estimation of autonomic control
of exercise during loading tests for subject A.L. (52):
Table 5 and corresponding Fig. 3.

The ratio of autonomic control’s integral estima-
tions for subject A.I. (52) equals 0.8. This denotes the
increase in sympathetic tone in response to a stan-
dardized loading test after exposure to altitude. Thus,
despite the fact that the time required to reach sub-
maximal cardiac rate in response to standardized
loading tests has increased for all participants exposed
to middle altitudes, the autonomic control has show-
cased opposite trends in healthy subjects and those
who have cardiovascular disorders. Results of the inte-
gral estimation of exponential fitting of autonomic
control during loading tests showcase that after expo-
sure to altitudes of 2000—3700 m, adaptation (as mea-
sured by adequate autonomic control of exercise) to
the stressor of altitude occurred for only for 10 out of
13 subjects. In these subjects the area under the corre-
sponding fitting exponent decreased after exposure to
the altitude of 2000—3700 m (see Table 6).

DISCUSSION

It is known that acute exposure to altitude raises
sympathetic tone of the autonomic nervous system
[13, 14]. This is manifested by a corresponding
increase in arterial pressures [12, 27, 28] as well as
increased levels of catecholamine in blood [29—34].

MINVALEEV et al.
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Fig. 2. Graphical interpretation of autonomic control of
exercise during loading tests before and after exposure to
middle altitudes for subject G.I. (51). Symbols as in Fig. 1.

These in its turn raise the risk of ventricular arrhyth-
mia and oxymortia [6, 7, 11], especially for those with
previous myocardial infarctions [35]. Pathological
consequences of chemo- and baroreflex sympathico-
adrenal activation when climbing to altitude [36] allow
us to suggest that opposite mechanisms can be used to
adequately regulate autonomic control during acute
adaptation to altitude hypoxia [37].

Decreases in cardiac rate [38, 39] observed when
rising are directly linked to an increase in parasympa-
thetic effect on heart. This has been shown in studies
which have implemented blockade of muscarinic cho-
linoreceptors both at rest and during physical activity
before and after exposure to an altitude in which it was

,
0.4
2 0 9
02 , At 5-0°
]/ a
¢
o]
0F
—0.2}
Il Il Il Il J
0 200 400 600 800
1, s

Fig. 3. Graphical interpretation of autonomic control of
exercise during loading tests before and after exposure to
middle altitudes for subject A.I. (52). Symbols as in Fig. 1.
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Table 4. Integral estimation of autonomic control of exercise during loading tests before and after exposure to middle
altitudes for subject G.I. (51)

1 2 3 4 5 7 8
integral estimation
coefficients of fitting | of autonomic control
date time, 5 manlgl’g ;1; Kerdo index | exponent in the form | before (S,) and after (Sy) | 5,/5,
V(1) = A, — Ae™ exposure to middle
altitudes
0 60 57 —0.05
85 60 94 0.36
187 70 112 0.38 A, | 0.46306 384
2004207\ gy 70 125 0.44 4, |o0s1195 | 5= l Vindr = 146.4
302 70 129 0.46 k| 0.01624
384 70 146 0.52 P | 0.00155 iy
0 80 55 —0.45 =l
87 80 97 0.18
189 80 110 0.27 4, | 0.39181 384
11.05.2017 270 80 120 0.33 4, | 0.84068 | 52 = l Vindt = 128.5
332 80 134 0.40 k| 0.01388
404 80 142 0.44 P | 0.00219

Abbreviations as in Table 3.

Table 5. Integral estimation of autonomic control of exercise during loading tests before and after exposure to middle

altitudes for subject A.L. (52)

1 2 3 4 5 7 8
Integral estimation
Coefficients of fitting | of autonomic control
date time, s mDrr?lP)I,g ;L l:r; Kerdo index | €xponent in the form |before (S)) and after (S,) | S,/
V(1) = A, — Aye™ exposure to middle
altitudes
1 85 96 0.11
7 85 97 0.12 A 0.21586
68 90 116 0.22 A, 0.1126
128 100 125 0.20 k 0.04391 312
21.04.2016 174 100 131 0.24 P |0.000004s| 17 g Vit =648
223 110 137 0.20
301 110 139 0.21
312 110 142 0.23
1 80 86 0.07 08
67 80 107 0.25 A 0.27674
189 85 120 0.29 A, 0.21381
221 90 120 0.25 k 0.03248 312
13.05.2016 310 100 130 0.23 P 0.000065 | 52~ £ Vndr =79.8
352 100 133 0.25
457 100 146 0.32
459 100 148 0.32
Abbreviations as in Table 3.
HUMAN PHYSIOLOGY Vol.44 No.5 2018
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shown that the reduction in exercise HR after acclima-
tization to high altitude in healthy, active individuals is
due to enhanced parasympathetic neural tone [40]. In
a number of studies, spectral analysis of heart rate
variability found that prolonged adaptation to an alti-
tude in healthy subjects results in a compensatory
increase in vagal (parasympathetic) effect on the heart
following an initial increase in sympathetic tone. The
transition from a predominant parasympathetic to a
sympathetic state can be viewed as one of the signs of
a successful adaptation to the altitude [41—43]. How-
ever recently the leading role of the sympathetic ner-
vous system in adaptation to altitude has been subject
to reasonable doubt [44, 45].

In a 2001 Japanese study, Kanai et al. [46], con-
ducted a similar investigation to ours, using the same
altitudes (at 2700 and 3700 m above sea level) and on
tourists in the same age range.

They showed an already known dominance of sym-
pathetic over parasympathetic activity when rising
from a supine to standing position by using a spectral
analysis of heart rate variability. However, the
researchers themselves admitted that their data (or
conclusions) was limited due to the need to account
for the influence of operating stress since additional
physical exertion can cause further change in the auto-
nomic nervous system activity. We attempted to
account for this need by using stress echocardiography
loading tests before and after exposure to altitudes.

In the current study we have shown a shift of auto-
nomic control of exercise towards decreased sympa-
thetic tone in response to a gradually increasing phys-
ical exertion. This occurred in the majority of subjects
after 10-days of exposure to altitudes of 2000—3700 m,
signifying a reduction in the risk of cardiovascular dis-
orders and an increasing involvement of parasympa-
thetic system as an autonomous antagonist to the sym-
pathico-adrenal system. Revealing the consistent pat-
tern of autonomic control in response to physical
exertion was made possible because of the new
method of integral evaluation of autonomic control of
exercise using vegetative Kerdo index [25]. Linking
point measurements to point times during loading
tests allowed us to perform an adequate exponential
fitting and then comparing obtained analytical expres-
sions of autonomic control both before and after expo-
sure to the altitude.

In a 2010 study similar to ours, Danish researchers
studied heart reactions to physical exertion after a
short-term exposure to the altitude of 4200 m above
sea level. Their investigation revealed no differences in
heart reactions of people who had suffered from myo-
cardial infarction in comparison with healthy controls
[47]. In contrast with the current study we found sig-
nificant differences in sympathetic nervous system
reaction in response to physical exertion between rela-
tively healthy subjects and those who had current car-
diovascular disorders in their case history. More spe-

MINVALEEV et al.

Table 6. The ratio of integral estimation of autonomic con-
trol before (5)) and after (5,) exposure to middle altitudes
for all 13 subjects (in the last three subjects the ratio of areas
less than or equal to 1)

NN Name AVAY)
1 M.P. 1.35
2 M.E. 1.5
3 S.G. 1.08
4 E.G. 1.4
5 K.O. 1.23
6 V.D. 1.47
7 E.A. 1.3
8 K.L 1.22
9 Al 1.6

10 B.G. 1.15
11 AA 1

12 G.L 0.8

13 B.Ju. 0.94

cifically, two subjects (with arrhythmia and hyperto-
nia correspondingly) did not demonstrate the
decrease in the tone of the sympathetic nervous system
in response to physical exertion after exposure to the
altitude, although it requires additional studies on a
larger number of subjects.

CONCLUSIONS

(1) Quantitative estimation of autonomic control
of exercise during physical activity can be carried out
by using vegetative Kerdo index.

(2) Adaptation to a week-long exposure to the alti-
tude of 2000 to 3700 m lowers the level of sympathetic
nervous system activity in autonomic control of exer-
cise in response to standardized exertion for healthy
people and do not lower it for people with cardiovas-
cular disorders.
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