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VEGETATIVE REGULATION OF BLOOD CIRCULATION AND BIOELECTRIC PROCESSES
IN THE HUMAN MYOCARDIUM UNDER SIMULATED HYPOMAGNETIC CONDITIONS

Popova OV &, Rusanov VB, Orlov Ol
State Scientific Center of the Russian Federation — Institute for Biomedical Problems of the Russian Academy of Sciences, Moscow, Russia

Today, the prospect of long-term interplanetary missions becomes relevant, that is why it is necessary to understand the changes in the cardiovascular system
(CVS) that would occur in hypomagnetic environment. The study was aimed to assess the changes in the CVS mechanisms underlying formation of heart rate
variability and bioelectric processes in the myocardium under conditions the 350-, 650-, and 1000-fold reduced Earth’s magnetic field. The experiment (2023)
involved 6 male volunteers aged 26-37 years, in whom electrocardiography was continuously performed throughout 32 h. The data obtained were assessed
by cluster analysis and analysis of variance. It was found than male volunteers, who belonged to the group showing predominance of parasympathetic effects,
had enough functional reserve for critical values (exposure to the up to 1000-fold reduced magnetic field). In volunteers showing predominance of sympathetic
modulatory effects, the adaptive response maintenance was ensured by the metabolic regulatory circuit. In this group, the response to the reduced magnetic field
exposure was quite pronounced at the threshold of its 350-fold reduction. Our pilot experiment reflecting the effect of the reduced Earth’s magnetic field on the
CVS is crucial for development of the concept of further experimental exposures related to magnetic field reduction benefiting space physiology and medicine.
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BEFETATUBHAA PErynALUnsa KPOBOOBPALLIEHNA N BUOINEKTPUHYECKUE NMPOLIECCHI
B MNOKAPAE HYEJIOBEKA B MOJEJIMPYEMbIX TMMOMAIHUTHBIX YCITOBUAX
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Ha cerogHsiLLHNIA AeHb CTaHOBUTCS akTyaslbHON NepCcrneKTNBa ANMTENbHBIX MEXMIAHETHBIX MONETOB, MOSTOMY HEOOXOAMMO NMOHUMaHNE N3MEHEHWI B CepaeqHO-
cocyaucTton cucteme (CCC), KoTopble ByayT MPOUCXOANTL B MMMOMarHUTHbIX yCnoBusx. Llensto nccnepoBaHms 66110 NPOBECTN aHan3 M3MEHEHWIA MeXaH3MOoB
CCC, koTopble NpeacTaBnaoT cobon OCHOBY ANA (POPMUPOBaHMS BapnabensHOCTU CepaeqHOro putMa 1 BUOaNEKTPUHECKMX MPOLIECCOB B MMOKapAe, B
YCNOBUSIX CHKEHHOro B 350, 650 1 1000 pa3d MarH1THOro nons 3emnn. B akcnepumenTe (2023 T.) y4acTBOBaNO 6 My»4MH-L0OPOBObLEB B Bo3pacTe 26-37
NET, y KOTOPbIX HEMPEPbLIBHO B TedeHne 32 4 PermcTpupoBanyl 3NeKTpoKapavorpammMy. AHanma nosyYeHHbIX AaHHbIX MPOBOAWIN MPK MOMOLLM KNacTepHOro
1N OVCMEPCUOHHOrO aHanmaa. Bbino 0BHapy»eHO, YTO Yy My>XXUMH-A0OPOBOSBLEB, OTHOCALLMXCS K rpynne ¢ npeobnagaHnem napacumnaTuHeckux BAUSHUIRA,
(hyHKLIMOHANBHOrO pe3epBa XBaTaeT Af1st KPUTUHECKIX 3HAYEHNI (BO3AENCTBUS CHPKEHHOMO MarHUTHoro nons 2o 1000 pas). Y 4obpoBosbLEB ¢ npeobnagaHnem
CUMMATUHECKVX MOLENMPYIOLLWX BINSHWIA NOLAEPXKAHME NMPUCTIOCOOUTENBHBIX PEeaKLMiA OCYLLECTBASETCH METAOONMHECKMM PEryNsaTOPHbIM KOHTYPOM. B aTon
rpynne peakuys Ha BO3AENCTBUE CHIKEHHOMO MarHUTHOMO NOJIA AOCTATOYHO BblpaykeHa Mpw MOpore ero CHvkeHus oT 350 paa. MNMpoBeagHHbIA HaMK MANOTHBIN
3KCMEPUMEHT, OTPAXKALOLLMIA BIMSIHNE CHYKEHHOTO MarHUTHOro nons 3emnv Ha CCC, MMeeT onpeaensioLLee 3Ha4eHVe AN pa3paboTKM KOHLEMNLMN MOCEYOLLMX
3KCMEepUMEHTaSTbHbIX BO3AENCTBYIN, CBSA3aHHbIX C PeayKLMe MarHUTHOIO MoAs, ANt UHTEPECOB KOCMUHYECKON (DU3VONOrn 1 MEAVLINHDI.
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The changes in geomagnetic conditions (GMCs) definitely
affect the living organisms [1]. Each cell of the biological system
incorporated in the magnetic fields MF of the Sun and Earth is
continuously exposed to their fluctuations in a broad frequency
range [2].

In recent years, the studies were conducted focused
on assessing the relationships between magnetic activity

EXTREME MEDICINE | 2, 26, 2024 | MES.FMBA.PRESS

and biological systems of various living organisms. These
demonstrate the effects of geomagnetic and solar activity
on various physiological rhythms, as well as on the possible
synchronization of such rhythms, for example the effects of
geomagnetic disturbances on the cardiac and vegetative
nervous system (VNS) function [3]. Such effects occur,
when human physiological systems are affected by various
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changes in geomagnetic dynamics. The geomagnetic field
line resonances and the Schumann resonances emerging in
the space between the Earth's surface and the ionosphere
produce the resonant frequency range overlapping frequencies
of the human brain, VNS, and cardiovascular system. Rhythms
generated by the brain and the heart are more susceptible to
the influence of changes in geomagnetic conditions, than other
physiological systems investigated so far [4].

Artificial simulation of geomagnetic storm has shown that
geomagnetic activity can evoke a pronounced cardiovascular
response [5]. Furthermore, there is evidence suggesting the
relationship between the short-term geomagnetic disturbances
and the number of deaths from cardiovascular disorders and
myocardial infarction [6].

At the same time, the geomagnetic field (GMF) changes
can modify the cardiovascular system (CVS) functional state
related to the physiological process of aging [7].

In the near future, there will be a prospect of flights into
deep space, however, the following question remains: how will
reduction of the GMF, which is 10°-10° times smaller in space
relative to the Earth’s magnetic field, affect human physiological
systems? Furthermore, hypomagnetic conditions (HMCs) will
become an essential part of the complex of factors influencing
the austronauts during the long lasting interplanetary missions,
outside the Earth’s magnetic field, and the human body
adaptation to HMCs will interfere with the regulatory processes
in various physiological systems.

Animal studies demonstrate the effects of reduced GMF
on the mammalian organism. Disorders of lymph and blood
flow were revealed in mice after spending 3 h under HMCs
(80-120-, 300-, and 1000-fold GMF attenuation).
Cardiomyocyte structural alterations were observed after
the 6 h-exposure to HMCs. Lysis of the sarcoplasmic
reticulum myofibrils, sarcoplasmic matrix, and mitochondrial
matrix was activated. Disruption of the mitochondrial cristae
and enlargement of vesicles in the smooth and rough
endoplasmic reticulum were also observed. The process
of protein biosynthesis in cardiomyocytes was impaired
or completely suppressed under HMCs. All the above are
indicative of the ultrastructural restructuring similar to apoptosis.

The effects of GMF on the blood vessel tone have been
repeatedly confirmed in human studies [8-11]. Changes in
blood vessel tone modulate the changes in blood pressure
(BP) independently of other geomagnetic climatic factors.
It has been noticed that geomagnetic storms resulting from
solar flares [9] that force the adaptive mechanisms to get out
of balance and cause severe adaptive stress responses affect
the CVS regulatory mechanisms. This is manifested in the
decreased heart rate variability (HRV) and blood flow, increased
platelet aggregation activity, blood coagulation and viscosity
even in healthy people [11, 12].

Physiological processes following the changes in magnetic
and solar activity occur with a lag. This phenomenon is referred
to as the “lag phase” lasting from several hours to 2-3 days after
the GMF alteration [10, 12, 13]. It is noted that cardiovascular
disorders significantly decrease the subjects’ sensitivity to GMF
changes, which can results in critical health issues [14].

It has been shown that HMCs affect capillary blood flow,
blood pressure, and heart rate (HR), increase the activity of the
heart rhythm regulation parasympathetic segment [15].

Continuous CVS hemodynamics (HR, blood pressure (BP),
Kerdo Vegetative Index) monitoring was performed in eight
healthy adult males at rest. The experiment conducted for 8 h
consisted of two acquisition series: under HMCs (1000-fold
reduction of the Earth’s magnetic field induction) and under

exposure to the Earth’s natural magnetic field. The decrease in
HR (on average by 4 bpm) and BP relative to the control group
was revealed. Furthermore, systolic BP decreased on average
by 16 mm Hg, while diastolic BP decreased by 16 mm Hg. The
Kerdo Vegetative Index, in contrast, increased by 20% during
the 8 h stay in hypomagnetic environment [16].

Clinical assessment revealed functional changes in the
major body systems of the individuals, who had been working
under exposure to the 3—-10-fold reduced GMF for a long
time, such as vegetovascular dystonia syndrome, abnormal
myocardial repolarization, essential hypertension, dystonia
of the brain with the regulatory interhemispheric asymmetry,
significant increase in biological age by 4.2 years relative to
chronological age [17].

In this regard, the study was aimed to assess systemic
changes in the CVS resulting from the mechanisms
underlying HRV and reflecting the regulatory component of
this physiological system, as well as bioelectric processes
in the myocardium under conditions of n-fold magnetic field
reduction.

METHODS

The experimental study was conducted in 2023 using the Arfa
stand (State Scientific Center of the Russian Federation — Institute
for Biomedical Problems RAS) for simulation of magnetic fields
being a part of the unique scientific installation “Medical
and technical complex for the development of innovative
technologies of space biomedicine in the interests of ensuring
orbital and interplanetary flights, as well as the development of
practical healthcare” (Fig. 1).

The design and technical characteristics of the Arfa magnetic
field simulation system have been reported earlier [18].

The study sequence diagram represented a randomized
blind four-series study. The baseline testing was conducted
before the beginning of each series. The first session included
the subject’s 8 h stay in the installation (morning—afternoon)
followed by the 3 h controlled break. Second session: the
subject stayed in the installation for 8 h (nighttime — sleep),
which was also followed by the 3 h controlled break. Third
session: the subject was placed in the installation for 8 h
(daytime), which was followed by the tests performed within
the 3 h period of aftereffect (Fig. 2).

The experimental exposure included four 37 h series that
included baseline tests, stay under HMCs, and the periods of
aftereffect. Under HMCs, GMF was reduced 350-, 650-, and
1000-fold; there was also a placebo series. The experimental
exposure and placebo were randomized. To ensure the
subject’s adaptation to the unfamiliar condition of stay in the
Arfa installation, hypokinesia, and the experimental program
methods, a 4 h training series was previously launched for each
subject. The volunteer stayed in the Arfa installation in a sitting
position with the limited motion (not leaning, not moving his
hands in various directions, not standing up).

The experiment with HMCs involved 6 male volunteers
aged 26-37 years (body length 178 + 7 cm, body weight
76.5 + 15.5 kg, body mass index 24.77 + 2.99), in whom
electrocardiography (ECG) was continuously performed
throughout 32 h. Inclusion criteria: all the volunteers underwent
medical examination and were allowed to take part in the
experimental studies by the expert medical committee of the
State Scientific Center of the Russian Federation — Institute
for Biomedical Problems RAS. In addition to the medical expert
committee examination, medical examination was performed
2 days before the exposure to antiorthostatic hypokinesia,
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based on which the subjects were allowed to take part in the
experiments by the responsible physician. The Cosmocard
ECG monitor (State Scientific Center of the Russian Federation —
Institute for Biomedical Problems RAS; Russia) designed for
testing at the International Space Station was used. ECG was
recorded using four chest leads. The lead Il recording was
analyzed. The previously recorded ECG was edited by visual
inspection and manual adjustment of certain RR intervals.
After that the recording was processed using the Iskim-6
software ("Ramena" Institute for Introduction of New Medical
Technologies; Russia).

To assess regulatory processes in the CVS, we determined
and calculated the HRV values associated with the VNS
parasympathetic and sympathetic modulatory effects on the
sinoatrial (SA) node. The state of the mechanisms underlying
blood circulation regulation was estimated in accordance
with the guidelines developed by the European Society of
Cardiology and the North American Society of Pacing and
Electrophysiology [19]. The ECG dispersion mapping (DM)
based on the analysis of microfluctuations characterizing
myocardial electrophysiological processes were used to
estimate bioelectric processes in the myocardium [20].

Statistical analysis of the acquired dataset was performed
using the STATISTICA 13.0 software package (IBM; USA) using
cluster analysis and analysis of variance [21].

RESULTS

The Ward’s method was used for classification based on the
predominant type of the SA node activity autonomic regulation
(Fig. 3). The integrated analysis of all the HRV parameters
recorded during the experiment was performed. As a result,
two groups were allocated:

1) group 1 — volunteers, who took part in the experiment,
showing predominance of parasympathetic modulatory effects
(n = 4, volunteers 1, 2, 4, and 5);

2) group 2 — volunteers, who took part in the experiment,
showing predominance of sympathetic modulatory effects (n = 2,
volunteers 3, 6).

The cluster and discriminant analysis were used to determine
the classification functions including the indicators that were
most informative under experimental conditions and reflected
the balance of autonomic effects, primarily parasympathetic
activity and the extent, to which it predominated over
sympathetic modulatory autonomic effects: HR (physiologically
reflecting the systemic circulation homeostasis), RMSSD (ms,
square root of the mean squared difference of successive ECG
intervals, indicator of parasympathetic effects on the heart
rhythm), pNN50 (%, the number of pairs of successive intervals
that differ by more than 50 ms as a percentage of the total
number of ECG intervals, reflects the relative extent, to which
parasympathetic modulatory autonomic effects in the CVS
predominate over sympathetic ones), SDNN (ms, standard
deviation of the entire set of ECG intervals, indicator of the
overall effect of autonomic blood circulation regulation), HF

Start of the 24-h
ECG recording

Fig. 1. Arfa magnetic field simulation system and the experimental procedure

(ms2, spectrum power of the HRV high-frequency component
from the total oscillation power, characterizes parasympathetic
activity and the extent of its predominance over sympathetic
activity).

The dynamic changes of these parameters in various
phases of the experiment are provided in Fig. 4.

In volunteers showing parasympathetic modulatory effects,
the RMSSD and HF parameters significantly decreased
compared to the placebo series during the session conducted
under exposure to the up to 1000-fold reduced magnetic
field; a similar decrease was observed under conditions of
up to 650- and 350-fold magnetic field reduction (Fig. 4). In
volunteers showing sympathetic modulatory effects, the values

End of the 24-h
ECG recording

l trec=32h l

Session 2

11:00 Session 1 23:00

07:00 Session 3 19:00

Before 1 h 8 h in the installation 3 h break

Fig. 2. Sequence diagram of a single experimental session
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Fig. 3. Dividing volunteers into groups

of these parameters increased after the 24 h stay (session 3)
under exposure to the up to 650-fold reduced magnetic field.
However, it should be noted that a significant decrease in this
indicator relative to placebo was observed during the first 8 h of
stay in the installation under exposure to the 1000-fold reduced
magnetic field.

The pNN50 and SDNN values decreased in the volunteers
showing parasympathetic effects on the heart rhythm compared
to placebo during sessions 2 and 3 under conditions of 1000-
and 650-fold reduced magnetic field, while in patients showing
sympathetic effects a significant decrease in these indicators
was observed throughout their stay under exposure to HMCs
with the 1000-, 650-, and 350-fold reduced magnetic field.
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The dynamics of HR (indicator reflecting the CVS function
stability at the systemic level) in the group of volunteers with
parasympathetic modulation of the SA node increased
throughout the period of experimental exposure without going
outside the normal physiological range. In the group with
sympathetic modulation, there was a significant increase in this
indicator under exposure to the 1000- and 350-fold reduced
geomagnetic field during the 8 h (session 1) and 24 h (session
3) stay, respectively (Fig. 5).

The ECG DM analysis showed that the indicator reflecting
the right ventricle depolarization (G3) significantly increased
throughout the series with the 650-fold reduced magnetic field
in the volunteers with parasympathetic effects (Fig. 6). In the
group of patients with sympathetic modulation of the heart
rhythm, the increase in the indicator under exposure to the
1000- and 350-fold reduced magnetic field was observed.

The G7 (ventricular depolarization symmetry) indicator
of the volunteers with parasympathetic effects significantly
increased in the series with the 1000- and 659-fold reduced
magnetic field; the increase in the indicator was also observed
in the series with the 1000-fold reduced magnetic field in
the individuals with sympathetic modulation of heart rhythm,
however, the indicator also increased under exposure to the
350-fold reduced magnetic field.

As for the emergence of arrhythmias during the experiment,
their number increased, which was indicated by the NArr
(quantitative parameter characterizing the overall number
of arteries) values (%). The indicator values increased in the
series with the 1000- and 350-fold reduced magnetic field in
the volunteers with parasympathetic regulatory effects. In the
group of patients with sympathetic regulatory effects, the NArr

Session 1 Session 2 Session 3
60
50 - HH
ZL - i
133 i%ﬁ
30 4
20 1 *
]
* 3
10 x =
§§§§ ¢ °® I ]
0+ ® ®
I TTT 11T T T T T
\Qo,g; KR @?,_g: SR Qe(gag? 5 @(ga%“ @%%“ o%e%%"
\'box\\ 0\\ 0‘\\ o\\\o\o@\fb
A R N M A MO
Series
5 Session 1 Session 2 Session 3
N I
& 3 {
(2]
£
L 5 *
T 4
* § *
. ; .
_—
0 8 gz @ T8 B
T T rT T T 1T 17T T 17T 1T 17T T T T 71T TT1TTT
o°<o° @20 \@ @%@o S @zc QQ««;%@O & @%;«Po s @%«9 ©
o\\Q\'b ox'@\‘b o\\\'b R SR N
SRR T QR T LR T gy ¢ Qq‘oQoQ TRy ¢
Series

—e— group showing predominance of parasympathetic modulatory effects

—e— group showing predominance of sympathetic modulatory effects

Fig. 4. The most informative parameters characterizing the predominant type of autonomic regulation and their dynamics during the experiment. * — significant

difference compared to placebo
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Fig. 5. HR dynamics. * — significant difference compared to placebo

values increased only by the experimental session, in which the
magnetic field was reduced 1000-fold (Fig. 7).

DISCUSSION

HRV characterizes the changes of the time windows between
the successive heart contractions and serves as an important

indicator reflecting the dynamics of the VNS activity and its
effects on the circulatory system [22]. The HRV patterns
observed show the functional state of the co-dependent
regulatory systems that operate at different time scales in order
to adapt to the environmental and psychological problems. The
lower degrees of the age-adjusted HRV that suggest chronic
stress, disorder or functional insufficiency of the regulatory
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Fig. 6. ECG DM dynamics. * — significant difference compared to placebo
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Fig. 7. NArr dynamics. * — significant difference compared to placebo

systems in the nervous system, are associated with all-
cause mortality, while higher degrees of variability suggest
stability and capacity for self-regulation and adaptation to the
changing demands [23].

Since the adaptation processes in volunteers showing
predominance of parasympathetic effects are maintained by
means of the neural regulatory circuit, the functional reserve is
enough for critical values (exposure to the 1000-fold reduced
magnetic field). In volunteers showing predominance of
sympathetic modulatory effects, the adaptive responses are
maintained by the metabolic regulatory circuit. In this group,
the response to the reduced magnetic field exposure is rather
pronounced at the reduction threshold of 350 times.

The significantly changing ECG DM parameters G3 and
G7 constitute parts of the aggregate indicator G3+G4+G7,
where G4 represents an indicator reflecting the left ventricular
depolarization, which can be indicative of ischemic disorders:
probable disturbances of blood flow and myocardial perfusion [20].

The indicator characterizing the number of arrhythmias
increased in the group showing predominance of
parasympathetic regulation during the nighttime session under
the exposure to the 1000-fold decreased magnetic field,
however, it was within normal range (1-2%). When reviewing
individual recordings, we found ventricular extrasystoles (VEs) in
one volunteer; no VEs were reported under placebo conditions.

VE is the most common form of ventricular arrhythmia [24].
It has been reported that VE in patients having no structural
heart disease can represent the so-called “arrhythmic” form of
the essential hypertension onset, various clinical variants of the
onset of coronary heart disease, myocarditis, various forms of
cardiomyopathy, stroke and other cerebrovascular disorders.
VE can be also an independent predictor of the development
of life-threatening ventricular arrhythmias, atrial fibrillation, and
sudden death [25].
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exposures related to magnetic field reduction benefiting space
physiology and medicine. The complexity of developing such
concept is to the great extent determined by the bioethical issues
related to investigation of the effects of poorly understood factors
(such as HMCs) on the human body.
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