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ABSTRACT

BACKGROUND: Geomagnetic field variations are a significant environmental factor influencing human well-being and
physiological state, particularly the cardiovascular system. However, both the biophysical mechanisms underlying this influence
and its phenomenological patterns across various spatiotemporal scales remain poorly understood. This study continues the
investigation of the previously identified effect of synchronization between resting heart rate oscillations and geomagnetic field
variations within the millihertz frequency range (periods of 3—40 minutes), referred to as the “biogeosynchronization effect.”
AIM: To evaluate the possible role of the autonomic nervous system as a mediating pathway in the human body’s response to
geomagnetic field variations.

METHODS: From 2012 to 2024, a total of 673 experiments involving resting-state electrocardiographic interval recordings
were conducted in two groups: eight healthy volunteers (group 1), each undergoing multiple sessions lasting 100—120 minutes,
and a cohort of 39 individuals (group 2), each with a single 60-minute session. The frequency of biogeosynchronization effects
in minute-by-minute time series of heart rate and heart rate variability parameters was compared. Cross-correlation and
wavelet analysis methods were employed.

RESULTS: Across the entire dataset, synchronization between heart rate parameters and components of the geomagnetic field
vector occurred in 32% of cases, whereas heart rate variability parameters showed synchronization in only 9%—-17%, according
to correlation analysis, representing a two-fold or greater difference. Based on wavelet spectrum similarity, heart rate
synchronization was observed in 40% of cases and heart rate variability parameters synchronization in 24%-28%. Individual
distributions for each subject in group 1 and pooled results for group 2 revealed similar patterns.

CONCLUSION: The biogeosynchronization effect appears significantly more frequently in heart rate changes (p < 0.001) than in
heart rate variability parameters, both in repeated individual recordings and in group-level analysis.

Keywords: solar-biospheric interactions; biorhythmology; rhythm synchronization; geomagnetic field variations;
magnetosensitivity; heart rate; cardiovascular system.
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AHHOTALMA

O6ocHoBaHue. Bapuaumn reoMarHUTHOro Nosis SBMIAKOTCA BaMHbBIM 3KONOTMYECKUM (AKTOPOM, OKa3blBalOLLMM CepbE3HOe
B/IMSIHWE Ha CaMOYYBCTBME M (YHKLMOHANBHOE COCTOSIHUE YENOBEKA, B NEPBY0 04epefib Ha CEpLEYHO-COCYAUCTYH0 CUCTEMY.
B 70 Jxe BpeMs ocTaloTCA HEACHBIMM He TOJbKO 61M0dU3NYECKMIA MEXaHW3M TaKoro BAUAHWS, HO U ero eHOMEHONorMYecKas
KapTWHa Ha pa3HbiX NMpOCTPAHCTBEHHO-BPEMEHHBIX MacliTabax. B naHHol paboTe npopomxeHo uccnesoBaHue obHapyXeH-
HOro Hamm paHee 3@ deKTa CMHXpOHM3aLMK KonebaHWi cepeyHoro puTMa YenioBeKa B MOKOe C BapuaLmMsMu reoMarHUTHOMo
Mons B MUIUTEPLIOBOM Mana3soHe 4acToT (nepuofbl 3—40 MuH; 3 deKT b1MoreocMHXpoHn3aLmm).

Llenb. OueHKa BK1aga perynsTopHbIX BAMSHWA BEreTaTMBHOW HEPBHOM cUCTEMBI NPW HOPMUPOBaHWM peakLmMu YacToThbl cep-
LEYHbIX COKPALLIEHMIA OpraHW3Ma YesloBeKa Ha BapyaLy reOMarHUTHOrO Mons.

Marepuanbl u MeToapl. B TeueHne 2012-2024 rr. npoBefeHo 673 3KCNepUMEHTa Mo perncTpauuy KapAMoMHTepBanorpam-
Mbl B MOKOE Y BOCbMM NPaKTUYECKU 3[,0p0BLIX BONOHTEPOB (1-A rpynna, MHOTOKpaTHbIE PEerucTpaLmMm Kaxaoro UCTbITyeMoro
AnvtensHocTbio 100120 MuH) 1 B rpynne u3 39 yenoBeK (2-1 rpynna, OfHOKPaTHbIE PErUCTPaLMM ANUTENbHOCTLI0 60 MUH).
CpaBHUBaNM YaCTOTy BO3HUKHOBEHNSA 3 dEKTa B1Ore0CHXPOHM3ALIMM eXEMUHYTHBIX BPEMeHHBIX PALOB YacTOThl CEp/eYHbIX
COKPALLIEHWI 1 BPEMEHHLIX NapaMeTpoB BapubenbHOCTM CepaEeYHOro puTMa. cnonb3oBaHbl MeTo/bl KpOCCKOPPENALIMOHOMO
aHanu3a 1 BeMBJieT-aHanmsa.

PesynbTatbl. PacnpeseneHne npoueHTa ciyyaeB CMHXPOHWU3aLMM NapaMeTpoB YacToThbl CEPAEYHBIX COKPALLEHWI U Bapu-
benbHOCTM cepAeyHOro pUTMa C KOMMNOHEHTaMW BEKTOpa reOMarHUTHOro Mo, NoNyYeHHoe B LESIOM Mo BCed BbIbopKe 3KC-
MepUMEHTOB, MPU WUCMOb30BaHUM KOPPENALMOHHOr0 MEeTOAa aHanu3a AaeT [JIA YacToTbl CepAeyHbIX COKpaLLEeHMI 3Haue-
Hve 32%, a nnia NoKasatened Bapuaumn cepaedHoro putMa — 9-17%, To ecTb pasnnuns COCTaBNIAKOT ABa pasa u bonee.
Mo KpuTEpUIO CX0ACTBA BEWBNET-CNEKTPOB IM(EKT CMHXPOHU3aLMM N0 YacTOTe CepLeYHbIX COKpaLLeHui Habnopaetca B 40%
C/yyaeB, No napaMeTpaM BapubenbHOCTW cepaeydHoro putMa — B 24—28%. BribopouHble pacripeeneHus, NoydeHHble UH-
AVBWOYamNbHO 1A KaXKAOro BOMOHTEPA 1-M rpynmbl M COBOKYMHO [JIA BCEX BOSIOHTEPOB 2-W IpynMbl, MOKa3aiM CXOAHble
pe3yfbTarhl.

3akniouenue. IPPeKT BUOreoCUHXPOHU3ALMM NPOABNIAETCS B AVHAMMKE MOKA3aTeNs YacToTbl CEPAEYHbIX COKpALLEHNN CTa-
TUCTUYECKU 3HauMMo yatle (p <0,001), yem B AMHaMMKe napaMeTpoB BapubenbHOCTU CEPAEYHOT0 PUTMA, KaK MpW paccMo-
TPEHUW pe3yNbTaToB MHOTOKPATHBIX MHAMBUAYANbHBIX HAbMIOLEHWIA, TaK M NPU aHanM3e rpynnbl BONOHTEPOB.

KnioueBbie cnosa: COJ'IHE‘-IHO-ﬁVIOCCIJeprIe CBA3N; 6M0pVITMOJ'IOI'VIFI; CUHXPOHM3aUNA pUTMOB; Bapualmn reoMarHuTHoOro
nonA; MarHUTo4yBCTBUTEJIbHOCTb; CEp,U,E‘-leIVI PUTM; CepaevHOo-coCcyamcTan cucTema.
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BACKGROUND

One of the key interdisciplinary challenges in
contemporary fundamental science is to understand how
biological systems—from the molecular to the organismal
level—respond to low-intensity environmental influences,
including those related to space weather. Numerous
studies have shown that strong solar flares, arrivals of
plasma clouds to Earth, Forbush decreases, and planetary
geomagnetic storms are accompanied by a sharp increase
in the incidence of cardiovascular events such as myocardial
infarction, stroke, and sudden cardiac death [1-5].

It has also been established that not only extreme space
weather events but even moderate increases in geomagnetic
activity (GMA) exert significant physiological effects on the
human body. In such cases, external influences do not neces-
sarily manifest as acute events or mortality but are instead
reflected in significant changes in average values of physio-
logical parameters related to various systems of the body,
including the endocrine [6], nervous [7], and cardiovascular
systems [8, 9]. Notably, such physiological responses have
been observed not only in patients with functional impair-
ments of the said systems but also in healthy individuals,
including young adults [10].

These findings support the notion that space weather
phenomena represent a significant environmental factor that
warrants in-depth investigation, both for advancing funda-
mental understanding of living systems—environment inter-
actions and for developing practical measures to protect hu-
man health from their adverse effects.

A major challenge in this area is the systemic nature of
the organism'’s response to external influences. For instance,
during geomagnetic storms, significant alterations occur
across a wide range of physiological indicators: blood pres-
sure (BP) [9] and heart rate (HR) [3] increase, and parameters
reflecting vascular tone—such as pulse wave velocity and
endothelial function [8]—as well as microcirculation [11]
also change.

The autonomic nervous system (ANS) has been repeat-
edly shown—at both the population and individual levels—
to respond to changes in GMA. The clinical presentation of
myocardial infarction associated with magnetic storms often
includes a marked decrease in heart rate variability (HRV)
[1, 6, 12].

Observational studies show that on geomagnetically dis-
turbed days, the standard deviation of normal RR intervals
(SDNN) index of HRV decreases by approximately 23% com-
pared to “quiet” days. Total heart rate spectral power also de-
clines, primarily due to a reduction in the power of the low-fre-
quency (LF) and very-low-frequency (VLF) components, which
reflect sympathetic modulation and baroreflex function [1, 12,
13]. At the same time, many researchers emphasize that HRV
responses to GMA are highly individual [14, 15].

Experimental data also support these observations.
In laboratory studies, a significant decrease in HRV was
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recorded in rabbits during simulated magnetic storms, which
the authors attribute to baroreflex involvement [16]. The ef-
fects of artificial magnetic fields on human HRV were shown to
depend on the characteristics of the field: under different con-
ditions, exposure led to either increased or decreased stress
levels [17]. However, due to the complexity of feedback and
regulatory mechanisms, it is difficult in both observational and
laboratory settings to determine which changes result directly
from magnetic field variations and which are secondary.

About two decades ago, several studies reported fre-
quency entrainment between various biological rhythms—
primarily HR and electroencephalographic (EEG) activity—
and GMF fluctuations with similar frequencies. This was
initially observed in the hertz range, including frequencies of
the fundamental Schumann resonances (8-14 Hz) and Pc1
geomagnetic pulsations (0.5-2.0 Hz) [18, 19], and later con-
firmed in laboratory experiments [15, 20-23].

Subsequently, our group reported a similar effect in the
millihertz range (3- to 40-minute oscillation periods). We
found that the dynamics of resting HR in healthy individuals
showed statistically significant associations with variations in
the GMF vector [24]. We later demonstrated that the domi-
nant oscillation periods present in wavelet spectra of both HR
and synchronous GMF variations largely overlapped during
each 1- to 2-hour observation period [25, 26]. This synchro-
nization effect was observed both in repeated intra-individual
measurements [24, 25] and in recordings from groups of
healthy volunteers and individuals with hypertension [24, 27].
An essential condition for detecting this effect was a state
of resting wakefulness (but not sleep), which minimized in-
terference from other HR-modulating factors. Given that the
detected oscillation periods varied from one experiment to
another, we ruled out the possibility of a random coincidence
between the intrinsic frequencies of two oscillatory process-
es—biological and geophysical. We proposed a working hy-
pothesis that the effect represents frequency entrainment of
a specific biological process to concurrent GMF variations
with matching frequencies [25]. This phenomenon appears to
be analogous in nature to the effects described in previous
works [1, 15, 18-23], but in the millihertz range, which had
not been previously studied. We termed it the biogeophysical
synchronization effect for the investigated frequency range
of 0.5-5.0 mHz. However, it may be applicable to a much
broader frequency range, extending from microwaves [28] to
cosmic rhythms with periods spanning decades [29].

Aim: Given the extensive evidence implicating ANS in-
volvement in the organism’s response to geomagnetic
storms, we hypothesized that the mechanisms regulating
autonomic balance may also contribute to the biogeophysi-
cal synchronization effect as one of the intermediate stages
in the body’s response to such perturbations [24]. To test this
hypothesis, we conducted a large-scale comparative analysis
of the frequency of the biogeophysical synchronization effect
in the dynamics of HR time series and in statistical param-
eters of HRV.
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METHODS

Experimental Data

This study was designed as an observational time
series investigation and included 673 long-term recordings
of cardiointervalograms (CIGs), each lasting from 60 to
120 minutes. Data were collected from two groups of
volunteers who met the following inclusion criteria: age
between 20 and 55 years; assignment to health groups |
(excellent to good) or Il (fair) based on preventive medical
examination results; and willingness to participate in long
and/or repeated cardiointervalographic recordings. Exclusion
criteria comprised signs of hypertension or its complications,
cardiac arrhythmias, and pulmonary diseases. Participants
were not taking drugs affecting the cardiorespiratory
system and refrained from intense physical activity (such
as gym workouts). Group 1 consisted of 8 volunteers who
underwent repeated recordings (at least 10 per person,
total: 622 sessions). Group 2 included 39 volunteers who
participated in 1 to 3 sessions each (total: 51 recordings).
Comparing these two study designs—Ilongitudinal (multiple
recordings per subject in group 1) and cross-sectional (single
measurements across individuals in group 2)—is essential,
as heliobiological responses may be influenced both by inter-
individual variability and by environmental conditions at the
time of measurement.

Recordings were conducted from 2012 to 2024 in the
Moscow, Leningrad, and Arkhangelsk regions of Russia.
Summary information on group 1 participants is presented
in Table 1. Group 2 included 39 individuals (14 men and
25 women) with a mean age of 38 + 15 years. In post-hoc
quality control, time segments associated with temporary
health deviations—such as marked fatigue, acute respiratory
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infections, or psychoemotional stress—were excluded based
on participants’ self-monitoring diaries. Sessions were also
excluded if the participant had consumed coffee within
4 hours prior to CIG recording.

ClGs were derived from ECG recordings using standard
lead |, with the subject in a supine position and a state of
resting wakefulness following a 10-minute adaptation period.

Ethical Approval

The study was conducted in compliance with all principles
of ethics and humanity (WMA Declaration of Helsinki, 2013)
and posed no risk to participants. It was approved by the
Bioethics Committee of the Institute of Theoretical and
Experimental Biophysics, Russian Academy of Sciences
(Protocol No. 06/2012, dated June 1, 2012). A written
informed consent was obtained from all participants.

Based on the CIG recordings, time series (each lasting
60-120 points, i.e., minutes) of minute-by-minute values for
the following HRV parameters were generated [30]:

1) Heart rate (HR) in beats per minute;

2) Root mean square of successive differences between
adjacent NN intervals (RMSSD) in ms; reflects vagal modula-
tion of heart rhythm;

3) Standard deviation of normal RR intervals (SDNN) in
ms; reflects total HRV and vagal tone in short-term record-
Ings;

4) Amplitude of mode (AMo) in %, which is the percentage
of RR intervals corresponding to the modal value and reflects
sympathetic heart rhythm modulation;

5) Stress index (Sl) calculated as: SI=AMo / (2 x Mo x Mx-
DMn), where AMo is expressed as percentage, Mo and Mx-
DMn in seconds; reflects sympathetic tone.

These parameters were compared with synchronous time
series of minute-by-minute values of the X and Y components

Table 1. List of group 1 volunteers, anamnestic data, and median values of measured parameters Values are presented as Me (1% quartile; 3rd quartile)

Volunteer number | Sex Age, years n HR RMSSD SDNN AMo S|
Vi F 59 333 69.3 21.9 26.7 59.8 3349
(65.2;73.0) (16.5;27.9) (20.9; 32.4) (53.88; 66.0) (239.6; 485.8)
V2 F 45 165 61.6 36.9 317 52.6 197.1
(59.6; 63.6) (29.4; 45.9) (27.7; 35.5) (47.3;57.2) (157.3; 234.8)
V3 F 30 b4 63.8 453 48.4 38.7 100.1
(60.2; 69.2) (35.8; 52.9) (413;52.3) (36.7; 44.0) (83.4; 141.8)
V4 M 37 19 78.7 18.8 39.0 46.6 215.0
(75.6; 79.7) (16.4; 21.6) (36.0; 41.6) (44.5; 48.3) (185.5; 232.6)
V5 F 53 10 80.1 195 28.0 55.1 308.8
(74.3; 80.3) (17.5; 23.4) (26.7; 30.4) (51.8; 57.6) (260.4; 358.7)
Vé M 59 10 62.5 182 25.0 60.9 309.6
(60.5; 63.1) (16.5;21.6) (23.0; 29.0) (57.9; 63.6) (249.0; 380.7)
% F 42 " 7.9 421 458 423 128.6
(66.5;73.5) (36.2; 46.4) (42.9; 49.9) (38.5;43.1) (103.2; 146.6)
V8 F 27 10 773 40.6 58.8 338 88.7
(73.5;79.0) (34.4; 47 .4) (53.8; 65.9) (32.1; 35.8) (73.9;106.9)

Note: F. female, HR, heart rate; M, male; RMSSD, root mean square of successive differences; SDNN, standard deviation of normal NN intervals; AMo, mode

amplitude; S|, stress index.
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of the geomagnetic field (GMF) vector (in nanotesla) recorded
at the geophysical station closest to the measurement site.

Geophysical Data

For each recording site, the X and Y components of
the GMF vector were obtained at 1-minute resolution from
geophysical stations located as close as possible to the
corresponding experimental location: Borok station (BOXX;
58.070°N, 38.230°E) for the Moscow region (55°45°N/
37°36 E); Nurmijarvi station (NUR; 60.500°N, 24.600°E) for
the Leningrad and Arkhangelsk regions (59°57 'N/ 30°19"E).
All geomagnetic data were obtained via the INTERMAGNET
network (https://imag-data.bgs.ac.uk/GIN_V1/GINForms2).

We focused on horizontal GMF components because their
spatial variability with distance is relatively low, a fact we veri-
fied separately [26]. In contrast, minute-by-minute variations
in the vertical (Z) component are highly dependent on local
ground conditions at the measurement site. Therefore, in cases
where the distance between the biological recording site and
the geophysical station was considerable, we considered the
use of Z-component data—and, consequently, the full GMF
vector—to be inappropriate. However, in earlier papers where
biological measurements were conducted in close proximity to
geophysical stations, variations in the vertical component and
full vector were included in the analysis [24, 27, 31].

While earlier investigations of the biogeophysical syn-
chronization effect used HRV data recorded exclusively
under geomagnetically undisturbed conditions [24, 26, 27,
31], this study did not differentiate by levels of geomagnetic
disturbance. This decision was based on prior findings [25]
indicating that the frequency of synchronization does not
depend on the GMF disturbance level, as assessed by daily
Kp-index values. Furthermore, the physiological parameters
compared in this study (HR and HRV indices) were measured
under identical space weather conditions.

Data Analysis Algorithm

All calculations were performed in MATLAB R2018 using
built-in functions and custom-developed applications.

The analysis combined cross-correlation and wavelet-
based approaches. The full algorithm is described in detail
in our previous work [25].

Before analysis, both physiological and geophysical time
series were preprocessed using a bandpass filter to remove
trends and ultra-low-frequency oscillations.

Correlation Analysis: Since both biological and geophysi-
cal time series often failed to meet the normality criterion,
we used Spearman's rank correlation coefficient to assess
the strength of correlation. This metric is robust in deviations
from normal distribution.

As previously noted, one manifestation of the biogeo-
physical synchronization effect is the simultaneous pres-
ence of quasi-periodic oscillations with similar frequencies
in both time series, with an a priori unknown phase shift.
This formed the alternative hypothesis (H1), while the null
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hypothesis (HO) stated that no association exists between
the series. To detect such relationships, we calculated cor-
relation coefficients between the biological and geophysical
series at time lags ranging from -5 to +5 minutes (11 total
lags). The highest absolute correlation coefficient was se-
lected and its p-value was calculated.

To address the increased probability of false positives due
to multiple testing of 11 time lags instead of one, we applied
the Bonferroni correction. The Bonferroni correction method
states that to reduce the likelihood of false-positive results,
hypotheses should be rejected if the p <a/m, where m is
the number of hypotheses tested (in this case, m=11). This
correction ensures that the family-wise error rate (FWER)
remains below a, as derived from Boole's inequality, which
holds that the probability of at least one event occurring in a
finite or countable set of events does not exceed the sum of
the individual event probabilities. Accordingly, if each individ-
ual test is evaluated at a significance level of a/m, the overall
significance level for the family of hypotheses is maintained
at a. Therefore, correlation coefficients are considered sta-
tistically significant if p <a/m=0.05/11=0.0045.

Because the length of time series varied between 60 and
120 values across experiments, direct comparison of correla-
tion coefficients would have been inappropriate. Instead, we
compared p-values. To facilitate analysis and graphical rep-
resentation, a logarithmic transformation of the p-value ac-
counting for the sign of the correlation coefficient was used:
Ks=-sign(r,)xlg(p). This format offers several advantages over
the traditional reporting of paired r, and p-values, particular-
ly when analyzing large datasets. First, using Ks allows for
a single composite metric instead of two. Second, it enables
comparisons across time series of different lengths. Third, Ks
increases (rather than decreases, as p does) with stronger cor-
relation, which is more intuitive. This transformation simplifies
result interpretation without loss of data, as there is a one-to-
one correlation between Ks and the original r, and p-values.
In this context, Ks values greater than 1.3 or less than -1.3
(where 1.3=—log(0.05)) indicate statistically significant posi-
tive or negative correlations, respectively, at the p <0.05 level.
Values of |Ks| >2 correspond to p <0.01, while |Ks| <1.3 indi-
cates no statistically significant correlation. In this study, ap-
plying the Bonferroni correction yielded a critical threshold of
|Ks|=—log(0.0045)=2.35, corresponding to a=0.0045.

Wavelet Spectrum Similarity Analysis: For each of the 673
analyzed experiments, the time series of HR and HRV para-
meters, as well as the X and Y components of the GMF, were
processed according to the following algorithm:

1) Wavelet coefficient matrices W(h), W(x), W(y); were
computed for each experiment /=1...673. These matrices rep-
resented spectral power density values and had dimensions
of 50xD,, where 50 is the number of tested periods ranging
from 1 to 50 minutes, and D; is the duration of the " experi-
ment in minutes. A standard complex Morlet wavelet function
was used for the transformation.

2) From the resulting matrices W(h), W(x), W(y), the
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mean spectral power across periods was computed by aver-
aging the values in each row (1 to 50). This yielded vectors
[hl, Ix], lyl, sized 1x50, reflecting the intensity of each period
inthe HR, X, and Y series, respectively, for the /" experiment.
3) To quantify the similarity or difference between the
sets of periods represented in the wavelet spectra for a given
pair of time series (e.g., HR-Y), the scalar product of the nor-
malized vectors [h]; and [y]; was calculated: Qy=(h,y)/|h|-ly].
Mathematically, the value of the @, parameter is equiv-
alent to the cosine of the angle between the vectors [h] and
[yl, or the correlation coefficient between them. However, be-
cause adjacent values in these vectors are not independent,
standard methods for assessing statistical significance are
not applicable. Therefore, the threshold for considering the Q,
and @, parameters as indicating directional similarity—and
thus spectral similarity—was empirically set at @ =0.4.

RESULTS

Fig. 1 and Fig. 2 illustrate the key steps of the two ap-
plied analysis algorithms—correlation analysis and wavelet
spectrum similarity evaluation—using a single experiment
as an example (volunteer V2, recording started on June 11,
2013, at 07:00 UT).
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Table 2 presents the numerical results of time series
comparison using both methods. Time series were considered
synchronous if the correlation analysis yielded |Ks| >2.35 or if
the wavelet similarity criterion produced Q, >0.4.

As shown in Fig. 2, all four time series demonstrate peak
spectral power at a period of 18-19 minutes, with an addi-
tional smaller peak at approximately 9-10 minutes. Table 2
shows a monotonic decrease in correlation strength with
GMF from HR to SI. In the case of SI, the correlation coef-
ficient is close to the statistical significance threshold. Con-
versely, based on wavelet spectrum similarity, the degree of
alignment appears roughly equal across the three analyzed
physiological parameters.

Fig. 3 presents the results of all 673 experiments ana-
lyzed using cross-correlation (Fig. 3a) and wavelet spectrum
comparison (Fig. 3b). The y-axis indicates the frequency of
synchronization detection, N (i.e., the relative number of
experiments in which a given physiological parameter was
synchronized with a specific GMF component: N=N,/n, where
N, is the number of experiments showing synchronization per
the respective criterion, and n = 673 is the total number of
analyzed experiments).

As shown in Fig. 3a, the frequency of synchronization
events (N) between HR and each selected component of the
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Fig. 1. Illustration of the correlation-based method for assessing synchronization of physiological parameters—heart rate (HR), RMSSD, and Sl—with
variations in the X component of the geomagnetic field (GMF): (a), superimposed raw time series of physiological parameters (red) and the horizontal
GMF component from the Borok geophysical station (BOXX, blue); (b), superimposed filtered time series; (c), cross-correlation functions between values
of each physiological parameter and the GMF component. Ks=—logio(p)xsign(r), where r is the Spearman rank correlation coefficient and p is its statistical
significance level. The red dashed line indicates the threshold of statistical significance at p=0.0045 (|Ks| >2.35).
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Fig. 2. Illustration of the wavelet spectrum comparison method. Left: wavelet spectra of BOXX geomagnetic field, heart rate (HR), RMSSD, and SI time

series. Right: mean spectra of corresponding series along the ordinate axis.

GMF, as determined using the correlation analysis method,
was approximately 32%, while for HRV parameters it ranged
from 9% to 17%, representing a difference of 2-fold or more.
According to the wavelet spectrum similarity criterion, HR
synchrony with GMF components was observed in 40% of
cases, whereas HRV parameters showed synchrony in 24%—
28% of experiments.

According to the ¥ test, the synchronization frequency N
for HR in both analytical methods differed significantly (***,
p <0.001) from that of each of the four HRV parameters, and
this result held for both GMF components.
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Fig. 4 displays partial sample distributions of synchroniza-
tion frequency values (N), derived from correlation analysis for
each of the eight volunteers in group 1, similar to the full-sam-
ple distribution in Fig. 3a. Fig. 5 presents the corresponding
distributions obtained via wavelet spectrum comparison (sim-
ilar to Fig. 3b). Fig. 6 presents the distributions of N values
obtained from both analytical methods for the 39 volunteers in
group 2. Collectively, the distributions in Fig. 4—6 constitute the
corresponding distributions presented in Fig. 3.

As shown in Table 1, there is considerable heterogene-
ity in the number of experiments per individual in group 1:
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Fig. 3. Cumulative distribution of the frequency of biogeophysical synchronization between heart rate (HR) and heart rate variability (HRV) parameters with
each horizontal component of the geomagnetic field (GMF) across all experiments: (a), cross-correlation analysis; (b), wavelet spectral similarity analysis.
*p <0.05; **p <0.01; ***p <0.001. Asterisks next to the HRV parameter bars indicate the level of statistical significance for differences in synchronization
frequency between HR and the respective HRV parameter with each GMF component.

volunteer V1 contributed n = 333 experiments, whereas vol-
unteers V5, V6, and V8 each contributed n=10. Our experience
suggests that this is the minimum sample size per individual
sufficient to reveal certain trends, if not consistent patterns—
especially when similar results are observed across multiple
individuals. This imbalance results in substantially greater
variability in the distributions shown in Fig. 4 for volunteers
V4-V8 compared to V1-V3. Nevertheless, individual-level
distributions allow us to assess the extent to which the con-
clusions derived from the full dataset (Fig. 3) are reproduced
when analyzing its independent, non-overlapping subsets.

In Fig. 4, the ¥? test indicates that, for six volunteers (V1,
V2, V3, V5, V6, V8), the frequency of synchronization events
(N) for HR with at least one GMF component is statistically
significantly higher (p < 0.05) than the corresponding N values
for any HRV parameter. For the remaining two volunteers,
the same trend is observed; however, the small sample size
prevents the results from reaching statistical significance.

A downward trend in N values from RMSSD to SI was
also observed in volunteers V1-Vé, consistent with the over-
all distribution shown in Fig. 3a.

Analysis of the distributions in Fig. 5 indicates that statis-
tically significant differences in N between HR and the HRV

Table 2. Example of results assessing the similarity between time series
of physiological parameters and the geomagnetic field vector in the
experiment shown in Figs. 1 and 2

Physiological parameters [Ks| Q,
HR 6.53 0.522
RMSSD 3.65 0.574
Sl 2.43 0.472

Note: HR, heart rate; RMSSD, root mean square of successive differences; Sl,
stress index.
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parameters were observed in volunteers V1-V4, all of whom
had large or relatively large experimental sample sizes. For
volunteer V7, the p-value did not reach the 0.05 threshold;
however, the N value for HR was still higher than for the
other physiological parameters. In contrast to the distribu-
tions in Fig. 4, no excess in HR synchronization frequency
(N) relative to other physiological parameters was observed
in volunteers V5, V6, and V8, most likely due to the limited
number of experimental observations.

A similar pattern is observed in Fig. 6, which presents the
analysis results of CIG recordings from volunteers in group 2.
According to the correlation analysis (Fig. 6a), the frequency
of HR synchronization events with both GMF vector compo-
nents was significantly higher than that of the HRV para-
meters (p <0.05). At the same time, the N value for HR was
higher than for the other parameters in the frequency distri-
butions of N based on wavelet spectrum similarity (Fig. éb);
however, this difference did not reach statistical significance.

When comparing the various N values in Fig. 3a and
3b, it can be seen that in the former, the synchronization
frequency for HR with each GMF component was 1.9-
3.5 times higher than for each of the four HRV parame-
ters, while in the latter, the ratio ranged from 1.5 to 1.8.
Thus, the correlation criterion revealed more pronounced
differences between HR and HRV parameters than did the
spectral similarity criterion.

Nevertheless, across the overall cumulative distribu-
tion and each of the analyzed individual and group-level
subsets, the same conclusion was consistently obtained:
the frequency of HR synchronization with GMF variations
was significantly higher than that observed for any of the
four analyzed HRV parameters. No statistically significant
differences were found among the HRV parameters (RMS-
SD, SDNN, AMo, SI).
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Fig. 4. Sample distributions of synchronization frequency between heart rate (HR) and heart rate variability (HRV) parameters with geomagnetic field
components for group 1 volunteers using the correlation method. Legend is identical to that in Fig. 3.

DISCUSSION

In this study, correlation analysis revealed that the fre-
quency of HR synchronization with each GMF component was
32% for the entire dataset (673 recordings), while for HRV
parameters it ranged from 9% to 17%, indicating a >2-fold
difference in corresponding frequencies. Based on the wave-
let spectrum similarity criterion, HR synchronization with
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GMF component variations was observed in 40% of cases,
and HRV parameter synchronization in 24%-28%. Statistical-
ly significant differences in synchronization frequency were
also identified in separate experimental subsamples, both
in the longitudinal study design (repeated measurements in
each of the eight volunteers) and in the cross-sectional de-
sign (single measurements in a group of 39 volunteers). In
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Fig. 5. Sample distributions of synchronization frequency between heart rate (HR) and heart rate variability (HRV) parameters with geomagnetic field
components for group 1 volunteers using the wavelet spectrum comparison method. Legend is identical to that in Fig. 3.

some cases, a gradual decline in synchronization frequency
was observed across the sequence of HRV parameters: RMS-
SD-SDNN-AMo-Sl.

The consistent detection of synchronization with each
GMF component in approximately 35%-40% of experiments
across various subsamples suggests that, on the one hand,
the observed association between HR time series and the
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GMF vector is not random and that the biogeophysical syn-
chronization effect is indeed real. On the other hand, the cur-
rently built phenomenological model of the effect may be
incomplete and may lack important factors or include ex-
traneous elements that obscure the signal, or both. The next
step is to progressively refine the current model to achieve
a more accurate characterization of the effect, with the goal
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Fig. 6. Sample distributions of the frequency of synchronization events between heart rate (HR) and heart rate variability (HRV) parameters with
components of the geomagnetic field for group 2 volunteers: (a), cross-correlation analysis; (b), wavelet spectrum comparison method. Legend is identical

to that in Fig. 3.

of reproducing it under laboratory conditions for controlled
investigation. Three main avenues for further investigation
can be identified: studying the dynamics of heart rate reg-
ulation processes, analyzing the spectral characteristics of
GMF variations, and refining the frequency—time parameters
of the analytical algorithm.

The present study addresses the first of these directions
and is based on the working hypothesis that a certain rhyth-
mic process exists in the human body—a mediator process
(possible examples are discussed below)—that is sensitive
to GMF variations and involved in heart rate regulation [25].
Naturally, multiple such processes may exist and may be
integrated into the regulatory system either sequentially or
in parallel. Within this working model of synchronization, the
instability in detecting the effect may be attributed to inter-
nal regulatory processes of the body: the greater the cur-
rent contribution of this magnetosensitive mediator process
to HR regulation, the stronger the observed synchronization
between HR and the GMF vector. The intervals of synchroni-
zation and desynchronization may alternate in a quasiperiodic
or nearly random fashion and may last from minutes to hours
or days. These intervals may include a circadian component
or depend on the presence of a third factor. Identifying these
specific features of the effect is the objective of future re-
search.

When comparing the present findings with earlier results
reported by other authors, it is crucial to note that in the
vast majority of studies on the ANS sensitivity to geomag-
netic variations [1, 8, 12, 13], researchers used conventional
5-minute HRV recordings, typically performed once per day.
From these recordings, a single value of HR and HRV indi-
ces was calculated for each experiment and then compared
with global geomagnetic disturbance levels (e.g., Kp and Ap
indices, integrated intensity of the first Schumann resonance,
etc.). Because measurements were conducted once daily, the
effective temporal resolution of HRV assessments in those
studies corresponded to the daily timescale, and the data

DOl https://doiorg/

were discrete. In that context, the parameter of interest was
the change (shift) in the mean value of HRV indices in re-
sponse to varying levels of GMA. In contrast, in our study,
HRV parameters and GMF component values were comput-
ed every minute, with 60—120 observations per experiment.
Moreover, the effect under investigation was not a shift in the
mean physiological parameter but rather a frequency adjust-
ment of oscillatory dynamics.

Therefore, our experiments addressed much higher-fre-
quency (ultradian) and lower-amplitude manifestations of the
ANS response to GMF variations than those explored in ear-
lier studies. Based on the characteristic timing of responses
in each case, it can be hypothesized that the minute-resolu-
tion effects observed in our data represent one of the early
phases in the development of this physiological response.
Meanwhile, the larger-scale and longer-term responses
observed during geomagnetic storms—such as significant
shifts in HRV indices at the daily level—are indicative of
systemic physiological adaptations associated with specific
and nonspecific stress responses. Hence, direct comparison
of findings should only be made with studies that used the
same or comparable temporal resolution of data acquisition.

Vasin et al. [15] conducted experiments on the effects
of millihertz-range magnetic fields (f, = 1.67 mHz and
f,=1.11 mHz) in healthy volunteers at rest. Participants were
exposed to the magnetic field for 1 hour, and HRV param-
eters were calculated over successive 5-minute intervals.
Changes in various HRV metrics were assessed using two
approaches: first, by evaluating shifts in the mean values re-
sulting from magnetic field exposure; second, by analyzing
changes in the spectral power density of each HRV parameter
within the 0.833-3.333 mHz frequency band (corresponding
to oscillation periods of 5-20 minutes), which is close to
Pc5—Pcé geomagnetic pulsations.

Analysis of changes in mean HRV values revealed that
exposure most notably affected pNN50, SDNN, LF/HF, and
VLF. Thus, the artificial magnetic field, with frequency and
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amplitude characteristics resembling natural GMF variations,
induced statistically significant shifts in mean values similar
to those observed during geomagnetic storms.

However, for our purposes, the more relevant findings
from this experiment pertain to changes in the spectral
power density of various HRV parameters, as these direct-
ly relate to our results. First, the spectral range assessed
(5-20 minutes) overlaps with the frequency band analyzed in
our study for spectral coincidence between HR and GMF vari-
ations (3—-40 minutes). Second, one of the applied frequen-
cies (f, = 1.67 mHz) corresponds to the 10-minute period we
previously identified [25, 32], around which the synchroniza-
tion effect between HR and minute-scale GMF variations was
most pronounced. Finally, the authors of paper [30] reported
an increase in spectral power for only two HRV parameters:
meanNN (equivalent to HR) and LF/HF, whereas RMSSD and
SDNN showed slight decreases, and AMo and SI were not
included in their analysis. Because spectral HRV parameters
were not examined in our study, the conclusions align fully
with the findings of Vasin et al. [15]: among time-domain
HRV parameters in the 5- to 20-minute oscillatory range,
increased spectral power was observed for meanNN (HR)
relative to RMSSD and SDNN.

In the present study, spectral HRV parameters and their
synchronization with GMF rhythmicity were not analyzed; this
remains a subject for future investigation. However, previous
experiments involved 30-minute HRV recordings in groups
of healthy volunteers and individuals with impaired vascular
tone (i.e., elevated or decreased blood pressure), followed by
assessment of synchronization frequency between GMF com-
ponents and various HRV metrics in each group. It was found
that the frequency of statistically significant correlations be-
tween GMF components and HRV parameters was higher in
the group with blood pressure dysregulation compared with
the healthy group. This difference was most pronounced for
HRV indices reflecting vagal activity (RMSSD and HF) [31].
A similar conclusion was drawn when analyzing only the
subgroup of individuals with arterial hypertension within
the blood pressure dysregulation group: synchronization be-
tween GMF component variations and HRV fluctuations was
more frequent in hypertensive participants than in healthy
individuals, particularly for HF (60% vs 8.7%, respectively;
p < 0.05) and RMSSD (50% vs 13%, respectively; p < 0.05)
[33]. Conversely, synchronization frequency with GMF varia-
tions for the LF parameter, which reflects baroreflex activity,
was significantly higher in participants with normal blood
pressure compared with those with hypertension [27]. Thus,
the synchronization frequency of HRV parameters with GMF
variations observed in healthy individuals in our earlier pa-
pers—up to 20%, with a slight predominance for RMSSD—is
consistent with the values obtained in the present research.
In this context, the observed synchronization of the LF pa-
rameter, which reflects baroreflex activity, with GMF compo-
nent variations was interpreted as adaptive. In this context,
other HRV parameters retained greater independence from
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GMF fluctuations in individuals with normal vascular tone
than in those with dysregulation (i.e., hypertension).

It is important to note that LF power reflects baroreflex
activity mediated by baroreceptors, which feature ion chan-
nels with piezoelectric properties (particularly Piezo2), as
well as vagal influences [34, 35]. Some researchers refer to
aortic baroreceptors as “low-pressure” baroreceptors. Me-
chanical stretch impulses are transmitted to the right atri-
um, where they initiate the mechanism of cardiac contraction
[36]. Theoretically, oscillations in baroreceptor activity may
be modulated by GMF variations through the modulation of
subthreshold membrane potential oscillations, which in turn
influence sinoatrial node function and thereby HR.

Subthreshold membrane potential oscillations exhibit in-
trinsic rhythmicity. Under certain conditions (e.g., inflamma-
tion, metabolic disturbances), the rhythmic bursting activity
of these oscillations changes, triggering action potentials.
Such intrinsic rhythmicity has been identified in brain cells,
including circadian neurons of the suprachiasmatic nucleus
and the retrotrapezoid nucleus of the brainstem [37]. This os-
cillatory activity is mediated by the transient receptor poten-
tial cation channel subfamily M member 4 (TRPM4). TRPM4 is
involved in subthreshold oscillations that support pacemak-
er activation of neurons in the retrotrapezoid nucleus of the
brainstem, which is essential for basal respiratory activity,
CO,-stimulated breathing, and state-dependent respiratory
control. This receptor is also present in cardiomyocytes and
plays a critical role in the regulation of bioelectrogenesis
in the myocardium [38]. It is therefore hypothesized that a
resonance effect may occur between GMF variations and
subthreshold membrane potential oscillations in excitable
structures, mediated through altered ion channel activity via
TRPM4 receptors directly in the myocardium. In this scenar-
io, autonomic nervous system activity as an intermediary in
sinoatrial node excitation during GMF variations may be mini-
mal. An alternative mechanism may involve the transmission
of excitation to heart rhythm through TRPM4 receptor activity
changes in the brain. Arterial and cardiopulmonary barore-
ceptor afferents also converge within the vagus and glosso-
pharyngeal nerves, transmitting signals to autonomic control
centers in the brainstem. This could result in longer-period
oscillations in both HR and HRV parameters.

Another promising mechanism for direct GMF influence
on myocardial bioelectrogenesis involves ephaptic (non-syn-
aptic) signal transmission between excitable structures in the
myocardium—a phenomenon demonstrated in the mamma-
lian neocortex. It has been hypothesized that biomagnetic
fields of astroglia, associated with transient changes in Ca*
concentrations, may participate in ephaptic neuronal commu-
nication through direct magnetic modulation of intercellular
local field potentials [39]. Ephaptic impulse transmission in
myocardial cells in vitro was demonstrated as early as the
1980s [40] and remains an area of active research. It is be-
lieved that electrical impulses can propagate to neighboring
cardiomyocytes not only via gap junctions (nexuses between
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sarcolemmas) but also through specialized adjacent spaces
known as perinexi [41]. These bioelectrical processes oc-
curring within perinexal spaces are considered the basis for
ephaptic impulse transmission between cardiomyocytes in
the myocardium. Given that perinexal structures in the myo-
cardium are relatively distant from sympathetic and vagal
regulatory inputs, HR responses to external electromagnetic
influences may be mediated by ephaptic mechanisms that
bypass autonomic nervous system modulation. This may oc-
cur within specific frequency ranges.

Thus, the present findings may be interpreted as follows.
The HRV parameters calculated over 1-minute intervals may
offer only limited insight into ANS function. Autonomic reg-
ulation of heart rhythm may be more sensitively detected
through alternative approaches, such as rhythmic assess-
ments of catecholamine and acetylcholine secretion into syn-
aptic clefts or systemic circulation. These secretory rhythms
may influence HR oscillations, which in turn synchronize with
GMF variations. However, such measurements are technical-
ly challenging to implement in human experimental settings.

A promising avenue for future research lies in extending
synchronization analysis to spectral HRV parameters (HF,
LF, VLF, LF/HF), including assessments using 2- to 3-min-
ute HRV segments. These would allow more appropriate es-
timation of moving averages for spectral HRV indices [27].
This analysis will require substantial refinement of both the
algorithm used to transform RR interval series into spectral
HRV time series and, potentially, revalidation of the similar-
ity assessment algorithm parameters to accommodate the
characteristics of these new time series.

A key limitation of this study was the exclusive analy-
sis of time-domain HRV parameters. Spectral analysis of
low-frequency (LF) and very low-frequency (VLF) HRV com-
ponents requires specialized mathematical preprocessing of
cardiointervalograms.

Therefore, future research directions may be outlined as
follows:

1. Analyze the potential manifestation of the biogeophys-
ical synchronization effect in spectral HRV parameters by

T.31, N2 10, 2024

DOl https://doiorg/10.17816/hurmecob43117

JKoNorna HenoBeka

comparing the likelihood of spectral overlap between HRV
indices and GMF components.

2. Investigate potential spectral power redistribution
across different HRV frequency bands under varying geo-
magnetic conditions.

3. Develop protocols and conduct experiments for
time-series recording of biochemical markers that reflect
autonomic balance.

4. Analyze how the occurrence of the biogeophysical syn-
chronization effect depends on specific geomagnetic condi-
tions.

Based on these investigations, further refinement is war-
ranted in methodologies for assessing individual cardiovas-
cular magnetic sensitivity, considering health status (pres-
ence or absence of hypertension). Moreover, it is necessary
to improve models of biotropic oscillatory periods in HR and
related physiological parameters to enhance the simulation
of cardiac regulatory mechanisms under external electro-
magnetic field variations.

CONCLUSION

The method we developed for studying the synchroniza-
tion of HR with GMF variations in the millihertz frequency
range represents an effective tool for testing various hypoth-
eses within the broader fundamental investigation of phys-
iological pathways involved in the organism’s response to
low-intensity external factors.

The analyzed time-domain HRV parameters, as indica-
tors of autonomic regulation of heart rhythm, demonstrated
lower sensitivity in detecting statistical associations with
GMF parameters compared with HR. Nevertheless, the
autonomic nervous system may function as a mediating
link in the influence of GMF on HR fluctuations, potentially
through the rhythmic activity of arterial and cardiopulmo-
nary baroreceptors, as well as the rhythmic secretion of
catecholamines and acetylcholine into synaptic clefts and
systemic circulation—an assumption that warrants further
experimental validation.




OPUIMHATTIBHOE VICCIEOOBAHME

ADDITIONAL INFORMATION

Authors’ contribution. TA. Zenchenko — development of the
research concept, data analysis, preparation and writing of the article;
L.V. Poskotinova — development of the research concept, data collection,
editing of the article; N.I. Khorseva — data collection, editing of the article;
T.K. Breus — literature review, collection and analysis of literary sources,
writing of the text and editing of the article. All authors confirm that their
authorship meets the international ICMJE criteria (all authors have made
a significant contribution to the development of the concept, research
and preparation of the article, read and approved the final version before
publication).

Ethical expertise. The study was approved by the Bioethics Committee of
the ITEB RAS (Protocol No. 06/2012 dated 06/01/2012).

Consent for publication. All study participants voluntarily signed an
informed consent form before being included in the study.

Funding sources. The work was carried out within the framework of the
State Assignment of ITEB RAS No. 075-00223-25-02, State Assignment of IKI
RAS, topic "Plasma’, State Assignment of IBCP RAS (44.1. state topic number
0084-2019-004) and State Assignment of FGBUN FITC RAS Ural Branch
No. FUUW-2025-0032.

Disclosure of interests. The authors have no relationships, activities or
interests for the last three years related with for-profit or not-for-profit third
parties whose interests may be affected by the content of the article.
Statement of originality. In creating this work, the authors did not use
previously published information (text, illustrations, data).

Data availability statement. The editorial policy regarding data sharing
does not apply to this work, and no new data was collected or created.
Generative Al. Generative Al technologies were not used for this article
creation.

Provenance and peer-review. This paper was submitted to the journal
on an unsolicited basis and reviewed according to the usual procedure. Two
external reviewers, a member of the editorial board, and the scientific editor
of the publication participated in the review.

Acknowledgments. The results presented in this paper were obtained
using geophysical data collected by Nurmijarvi and Borok observatories.
The authors thank the Finnish Meteorological Institute and Borok
Geophysical Observatory for providing the data and for their work within
the INTERMAGNET project to disseminate high standards of geophysical
observations. The authors also thank M.E. Diatroptov, A.A. Stankevich and
AE. Elfimova for their assistance in data collection.

Vol. 31 (10) 2024

DOl https://doiorg/10.17816/hurmecob43117

Ekologiya cheloveka (Human Ecology)

N0MOJIHUTE/IbHAA UHOOPMALIUA
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CKOTMHOBa — pa3paboTka KOHLeNnuMn uccnefoBaHus, chop AaHHbIX, pe-
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MpOBEAEHWUA UCCIIEA0BaHNS U NOArOTOBKY CTaTby, MPOUNM M 0f0bpuim du-
HanbHylo Bepcuio nepef Nybnvkaumen).

JITHyeckan 3KcnepTu3a. ViccnenoBaHue 0fobpeHO KOMUTETOM Mo buo-
atuke UT3b PAH (npotokon N2 06/2012 ot 01.06.2012).

Cornacue Ha ny6nmkaumio. Bce y4acTHUKM 1ccnefoBaHWs J06POBOSbHO
noanucany dbopmy MHGOPMMPOBAHHOMO COrnacus 0 BKIIOYEHUS B UCCne-
L0BaHve.

WcTounukmn duHaHcupoBanus. PaboTa BbINOMHEHa B paMKax TeMbl rocy-
AapcrBerHoro 3aganus VIT3b PAH N° 075-00223-25-02, rocynapcTeeHHOro
3apaHus MK PAH, TeMa «nasma», rocynapcreeHHoro 3apanus UBX® PAH
(44.1. roc. N? Tembl 0084-2019-004) v rocynapcteeHHoro 3agaHms OrbyH
OULKNA Yp0 PAH (N FUUW-2025-0032).

PackpbiTie MHTepecoB. ABTOPLI 3asBNAIOT 06 OTCYTCTBUW OTHOLLIEHWIA, fie-
ATEbHOCTM W MHTEPECOB 3a MOCNefiHWE TPW rofa, CBA3aHHbIX C TPETbUMM
JmLaMy (KOMMEPYECKUMM 1 HEKOMMEPYECKVMM), UHTEPECH! KOTOPbIX MOTYT
BbITb 3aTPOHYTHI COAEPIKAHMEM CTaTbU.

OpuruHanbHocTb. [lpy cO3aHWMW HacTosLLEl paboTkl aBTOPLI He UCMoMb-
30Ba/nu paHee onybiMKoBaHHbIE CBEAEHMUS (TEKCT, UAMIOCTPaLWMY, AaHHbIE).
HocTyn K AaHHBIM. PefaKLyOHHas NOUTMKA B OTHOLLEHUM COBMECTHOMO
MCMONb30BaHUs AaHHbIX K HacTosLLe paboTe He MPUMeHWMA, HoBble AaH-
Hble He cobupany 1 He co3aaBani.

leHepaTMBHbIW UCKYCCTBEHHbIW MHTENEKT. [1pW CO3[aHUM HacToALLEN
CTaTb¥ TEXHONMOTWM FEHEPATUBHOTO WCKYCCTBEHHOrO WHTENNEKTa He uc-
nosb30Banu.

PaccMoTpeHue u peueHsupoBaHue. HacTosilias pabota nofaHa B xyp-
Han B MHWLMATMBHOM NOPAJKE WM PacCMOTPeHa No 06bIYHOM MpoLesype.
B peLieH31poBaHMM y4acTBOBaNM [Ba BHELLHMX PeLieH3eHTa, YeH pefaK-
LIYIOHHOW KOMIernu 1 HayyHbIA pefaKTop U3faHws.

BbnaropapHocTu. Pe3ynbTathl, npeacTaBieHHbIe B 3TOW CTaTbe, NoMyyeHbl
C MCMOMb30BaHMEM reoMU3NYECKMX JaHHbIX, coBbpaHHbIX 0bcepBaTopusaMm
Nurmijarvi u Borok. Astopsl bnaropapsTt Finnish Meteorological Institute
1 reoduanyeckyto obcepsatopuio bopok 3a MpefocTaBienHble AaHHbIE W X
AesTenbHocTb B pamkax npoekTa INTERMAGNET no pacnpoctpaHeHmio Bbi-
COKWX CTaHAAPTOB reodu3nyeckux HabioaeHuUi. Takke aBTopbl Bblpaxa-
toT bnaropapHocts M.E. [inatpontoBy, A.A. CraHkeBuy 1 A.3. Endvmosoin
3a MomoLLb B cbope AaHHbIX.

764



765

ORIGINAL STUDY ARTICLE

REFERENCES | CNTUCOK JIUTEPATYPbI

1.

10.

1.

12.

13.

14.

15.

16.

17.

18.

Cornélissen G, Halberg F, Breus T, et al. Non-photic solar associations
of heart rate variability and myocardial infarction. J Atmos Sol Terr Phys.
2002;64(s 5-6):707-720. doi: 10.1016/S1364-6826(02)00032-9
Ozheredov VA, Breus TK, Gurfinkel YI, et al. Influence of some
weather factors and geomagnetic activity on the development of
severe cardiological pathologies. Biophysics. 2010;55(1):110-119.
EDN: MVILUR

Mavromichalaki H, Papailiou M, Dimitrova S, et al. Space weather
hazards and their impact on human cardio-health state parameters on
Earth. Nat Hazards. 2012;64:1447-1459.

doi: 10.1007/511069-012-0306-2

Vaiciulis V, Vencloviené J, Tamositinas A, et al. Associations between
space weather events and the incidence of acute myocardial infarction
and deaths from ischemic heart disease. Atmosphere. 2021;12(3):306.
doi: 10.3390/atmos 12030306

Podolska K. Changes of circulatory and nervous diseases mortality
patterns during periods of exceptional solar events. Atmosphere.
2021;12(2):203. doi: 10.3390/atmos 12020203

Rapoport SI, Bolshakova TD, Malinovskaya NK, et al. The magnetic
storm as a stress factor. Biofizika. 1998;43(4):638-639. EDN: MPAGOR
Khorseva NI. Possibility of using the psychophysiogical indices for
the evaluation of the influence of cosmophysical factors (review).
Geophysical Processes and Biosphere. 2013;12(2):34-56. EDN: RAGHTZ
Gurfinkel Y1, Ozheredov VA, Breus TK, Sasonko ML. The effects of space
and terrestrial weather factors on arterial stiffness and endothelial
function in humans. Biophysics. 2018;63(2):299-306. EDN: YRYXAH
Dimitrova S, Stoilova |, Cholakov I. Influence of local geomagnetic storms
on arterial blood pressure. Bioelectromagnetics. 2004;25(6):408—414.
doi: 10.1002/bem.20009

Ozheredov VA, Chibisov SM, Blagonravov ML, et al. Influence of
geomagnetic activity and earth weather changes on heart rate and
blood pressure in young and healthy population. Int J Biometeorol.
2017;61(5):921-929. doi: 10.1007/s00484-016-1272-2

Zenchenko TA, Poskotinova LV, Rekhtina AG, Zaslavskaya RM. Relation
between microcirculation parameters and Pc3 geomagnetic pulsations.
Biophysics. 2010;55(4):646—651. doi: 10.1134/S000635091004024X
EDN: NYMXXT

Otsuka K, Yamanaka T, Cornelissen G, et al. Altered chronome of heart
rate variability during span of high magnetic activity. Scripta medica
(Brno). 2000;73(2):111-116.

Otsuka K, Cornélissen G, Weydahl A, et al. Geomagnetic disturbance
associated with decrease in heart rate variability in a subarctic area.
Biomed Pharmacother. 2001;55(Suppl 1):51s—56s.

doi: 10.1016/s0753-3322(01)90005-8

Alabdulgade A, Maccraty R, Atkinson M, et al. Human heart rhythm
sensitivity to earth local magnetic field fluctuations. J. Vibroeng.
2015;17(6):3271-3278.

Vasin AL, Shafirkin AV, Gurfinkel Yul. Effect of artificial alternating
geomagnetic field in the millihertz range on the heart rate variability
indices. Aerospace and Environmental Medicine. 2019;53(6):62—69.
doi: 10.21687/0233-528X-2019-53-6-62-69 EDN: RVCQVD

Gmitrov J, Ohkubo C. Geomagnetic field decreases cardiovascular
variability. Electro Magnetobiol. 1999;18:291-303.

doi: 10.3109/15368379909022585

Lednev VWV, Belova NA, Ermakov AM, et al. Modulation of cardiac rhythm
in the humans exposed to extremely weak alternating magnetic fields.
Biophysics. 2008;53(6):648—654. doi: 10.1134/S0006350908060328
EDN: LLKJWB

Pabachenko SV, Kolesnik AG, Borodin AS, Kalyuzhin VV. The contingency
of parameters of human encephalograms and Schumann resonance
electromagnetic fields revealed in monitoring studies. Biophysics.
2006;51(3):480-483. doi: 10.1134/50006350906030225 EDN: LIPAJZ

T.31, N2 10, 2024

19.

20.

21.

22.

23.

24

25.

26.

2].

28.

29.

30.

31.

32.

33.

DOl https://doiorg/10.17816/hurmecob43117

JKoNorna HenoBeka

Timofejeva |, McCraty R, Atkinson M, et al. Identification of a group’s
physiological synchronization with earth’s magnetic field. Int J Environ
Res Public Health. 2017;14(9):998. doi: 10.3390/ijerph14090998
Maksimov AL, Volkov Al, Savintseva AA, et al. About resonance
interaction of Schumann’s biospherical frequencies and human brain
rhythms. In: Abstracts of the VI International Congress "Weak and
ultra-weak fields and radiations in biology and medicine". St. Petersburg;
2012.P. 168. (In Russ.)

URL: www.biophys.ru/archive/congress2012/proc-p168.pdf

Caswell JM, Singh M, Persinger MA. Simulated sudden increase in
geomagnetic activity and its effect on heart rate variability: experimental
verification of correlation studies. Life Sci Space Res. 2016;10:47-52.
doi: 10.1016/j.lssr.2016.08.001

Elhalel G, Price C, Fixler D, Shainberg A. Cardioprotection from stress
conditions by weak magnetic fields in the Schumann resonance band.
Sci Rep. 2019;9(1):1645. doi: 10.1038/541598-018-36341-z

Gurfinkel Yul, Vasin AL, Pishchalnikov RYu, et al. Geomagnetic storm
under laboratory conditions: randomized experiment. Int J Biometeorol.
2018;62(4):501-512. doi: 10.1007/s00484-017-1460-8

. Zenchenko TA, Medvedeva AA, Khorseva NI, Breus TK. Synchronization

of human heart-rate indicators and geomagnetic field variations in the
frequency range of 0.5-3.0 mHz. [zv. Atmos. Ocean. Phys. 2014;50:736—
744. doi: 10.1134/S0001433814040094

Zenchenko TA, Khorseva NI, Breus TK. Long-term study of the
synchronization effect between geomagnetic field variations and
minute-scale heart-rate oscillations in healthy people. Atmosphere,
2024;15(1):134. doi: 10.3390/atmos 15010134

Zenchenko TA, Jordanova M, Poskotinova LV, et al. Synchronization
between human heart rate dynamics and Pc5 geomagnetic pulsations
at different latitudes. Biophysics, 2014;,59:965-972.

doi: 10.1134/50006350914060256

Poskotinova L, Krivonogova E, Demin D, Zenchenko T. Differences
in the sensitivity of the baroreflex of heart rate regulation to local
geomagnetic field variations in normotensive and hypertensive humans.
Life, 2022;12(7):1102. doi: 10.3390/1ife12071102

Lukyanava SN. Neuroeffects of microwave EMF of non-thermal intensity
and short exposure. Radiation biology. Radioecology. 2024;64(3):244—
256. doi: 10.31857/S0869803124030026 EDN: MBQOJM

Davis GE Jr, Lowell WE. Chaotic solar cycles modulate the incidence
and severity of mental illness. Med. Hypotheses, 2004;62(2):207-214.
doi: 10.1016/j.mehy.2003.11.006

Baevsky RM, Ivanov GG, Chireikin LV, et al. Analysis of heart rate
variability using various electrographic systems (methodological
recommendations). Journal of Arrhythmology. 2002;(24):65-87.
(In Russ.) EDN: HSPLXF

Poskatinova LV, Krivonogova EV, Zenchenko TA, Demin DB. Features
of synchronization of heart rate variability and local variations of the
geomagnetic field component's in individuals with different blood
pressure levels. In: Collection of scientific papers of the VI Congress
of Biophysicists of Russia. Sochi; 2019. P. 364. (In Russ.) EDN: FOKRDR
Zenchenko TA, Khorseva NI, Stankevich AA. The effect of synchronizing
the human heart rhythm with geomagnetic field variations: are there
distinguished frequencies? Biofizika. 2024;69(4):915-926.

doi: 10.31857/50006302924040221 EDN: NEXGFJ

Poskotinova LV, Demin DB, Krivonogova EV, et al. Neurophysiological
mechanisms of adaptation of Arctic residents with socially significant
neurological and cardiovascular disorders and methods for correcting
maladaptive disorders. FGBUN FITSKIA Ural Branch of the Russian
Academy of Sciences. No 122011900077-8. Research report. 2021.
EDN: ZCSLCD

. Sonkodi B. LF power of HRV could be the Piezo2 activity level in

baroreceptors with some Pieza1 residual activity contribution. Int J Mol
Sci. 2023;24(8):7038. doi: 10.3390/ijms24087038



https://doi.org/10.1016/S1364-6826(02)00032-9
https://www.elibrary.ru/mvilur
https://doi.org/10.1007/s11069-012-0306-2
https://doi.org/10.1007/s11069-012-0306-2
https://doi.org/10.1007/s11069-012-0306-2
https://doi.org/10.1007/s11069-012-0306-2
https://doi.org/10.3390/atmos12030306
https://doi.org/10.3390/atmos12020203
https://elibrary.ru/mpagor
https://elibrary.ru/raghtz
https://elibrary.ru/yryxah
https://doi.org/10.1002/bem.20009
https://doi.org/10.1007/s00484-016-1272-2
https://doi.org/10.1134/S000635091004024X
https://elibrary.ru/nymxxt
https://doi.org/10.1016/s0753-3322(01)90005-8
https://doi.org/10.21687/0233-528X-2019-53-6-62-69
https://elibrary.ru/rvcqvd
https://doi.org/10.3109/15368379909022585
https://doi.org/10.1134/S0006350908060328
https://elibrary.ru/llkjwb
https://doi.org/10.1134/S0006350906030225
https://elibrary.ru/ljpajz
https://doi.org/10.3390/ijerph14090998
https://doi.org/10.1016/j.lssr.2016.08.001
https://doi.org/10.1038/s41598-018-36341-z
https://doi.org/10.1007/s00484-017-1460-8
https://doi.org/10.1134/S0001433814040094
https://doi.org/10.3390/atmos15010134
https://doi.org/10.1134/S0006350914060256
https://doi.org/10.3390/life12071102
https://doi.org/10.31857/S0869803124030026
https://elibrary.ru/mbqojm
https://doi.org/10.1016/j.mehy.2003.11.006
https://elibrary.ru/hsplxf
https://elibrary.ru/fokrdr
https://doi.org/10.31857/S0006302924040221
https://elibrary.ru/nexgfj
https://elibrary.ru/zcslcd
https://doi.org/10.3390/ijms24087038

ORIGINAL STUDY ARTICLE

35.

36.

37.

Zhou Z, Martinac B. Mechanisms of PIEZO channel inactivation. Int J Mol
Sci. 2023;24(18):14113. doi: 10.3390/ijms241814113

Mamberger KK, Makedonsky DF, Rudenko MYu, Rudenko SM.
Functional interconnection between sinoatrial node of right atrium
and low-pressure baroreceptors in aorta. lzvestiya sfedu. Engineering
sciences. 2009;(7):23-29 EDN: KVBCKP

Li K, Shi Y, Gonye EC, Bayliss DA. TRPM4 contributes to subthreshold
membrane potential oscillations in multiple mouse pacemaker neurons.
eNeuro. 2021;8(6):ENEUR0.0212-21.2021.

doi: 10.1523/ENEUR0.0212-21.2021

Vol. 31 (10) 2024

38.

39.

40.

41

DOl https://doiorg/10.17816/hurmecob43117

Ekologiya cheloveka (Human Ecology)

Hu Y, Cang J, Hiraishi K, et al. The Role of TRPM4 in cardiac
electrophysiology and arrhythmogenesis. Int J Mol Sci. 2023;24(14):11798.
doi: 10.3390/ijms241411798

Martinez-Banaclocha M. Ephaptic coupling of cortical neurons: possible
contribution of astroglial magnetic fields? Neuroscience. 2018;370:37—
45. doi: 10.1016/j.neuroscience.2017.07.072

Suenson M. Ephaptic impulse transmission between ventricular
myocardial cells in vitro. Acta Physiol Scand. 1984;120(3):445-455.
doi: 10.1111/j.1748-1716.1984.tb07405.x

Adams WP, Raisch TB, Zhao Y, et al. Extracellular perinexal separation is
a principal determinant of cardiac conduction. Circ Res. 2023;133(8):658—
673. doi: 10.1161/CIRCRESAHA.123.322567

766


https://doi.org/10.3390/ijms241814113
https://elibrary.ru/kvbckp
https://doi.org/10.1523/ENEURO.0212-21.2021
https://doi.org/10.3390/ijms241411798
https://doi.org/10.1016/j.neuroscience.2017.07.072
https://doi.org/10.1111/j.1748-1716.1984.tb07405.x
https://doi.org/10.1161/CIRCRESAHA.123.322567

161

OPUIMHATTIBHOE VICCIEOOBAHME

AUTHORS' INFO

*Tatiana A. Zenchenko, Dr. Sci. (Biology), Cand. Sci. (Physics
and Mathematics);

address: 3 Institutskaya st, Pushchino, Moscow region, Russia,
142290;

ORCID: 0000-0002-0520-2029;

eLibrary SPIN: 8974-6685;

e-mail: zench@mail.ru

Liliya V. Poskotinova, Dr. Sci. (Biology), MD, Cand. Sci. (Medicine),

Assistant Professor;

ORCID: 0000-0002-7537-0837;
eLibrary SPIN: 3148-6180;
e-mail: liliya200572@mail.ru

Nataliya I. Khorseva, Cand. Sci. (Biology);
ORCID: 0000-0002-3444-0050;
e-mail: sheridan1957@ mail.ru

Tamara K. Breus, Dr. Sci. (Physics and Mathematics);
ORCID: 0000-0003-4057-0844;

eLibrary SPIN: 1267-8561;

e-mail: breus36@mail.ru

* Corresponding author / ABTOp, OTBETCTBEHHBI 3a NEPENMCKY

T.31, N2 10, 2024

DOl https://doiorg/10.17816/hurmecob43117

JKoNorna HenoBeka

0b ABTOPAX

*3eHueHKo TaTbsHa AnekcaHApoBHa, [1-p b1on. Hayk,
KaHL. GU3-MaT. Hayk;

aapec: Poceus, 142290, Mockosekas 061, MyiuHo,

yn. UHctuTyTekas, a. 3;

ORCID: 0000-0002-0520-2029;

eLibrary SPIN: 8974-6685;

e-mail: zench@mail.ru

MockoTuHoBa Jlunua BnagummpoBHa, A-p 610, HayK,
KaH[. Me[. HayK, [IOLeHT;

ORCID: 0000-0002-7537-0837;

eLibrary SPIN: 3148-6180;

e-mail: liliya200572@mail.ru

XopceBa Hatanus UropeBsHa, kaHa. 61on. Hayk;
ORCID: 0000-0002-3444-0050;
e-mail: sheridan1957@ mail.ru

bpeyc Tamapa KoHcTaHTUHOBHa, A-p dr3.-MaT. Hayk;
ORCID: 0000-0003-4057-0844;

eLibrary SPIN: 1267-8561;

e-mail: breus36@mail.ru



https://orcid.org/0000-0002-0520-2029
https://www.elibrary.ru/author_profile.asp?spin=8974-6685
mailto:zench%40mail.ru?subject=
https://orcid.org/0000-0002-0520-2029
https://www.elibrary.ru/author_profile.asp?spin=8974-6685
mailto:zench%40mail.ru?subject=
https://orcid.org/0000-0002-7537-0837
https://www.elibrary.ru/author_profile.asp?spin=3148-6180
mailto:liliya200572@mail.ru
https://orcid.org/0000-0002-7537-0837
https://www.elibrary.ru/author_profile.asp?spin=3148-6180
mailto:liliya200572@mail.ru
https://orcid.org/0000-0002-3444-0050
mailto:sheridan1957@
https://orcid.org/0000-0002-3444-0050
mailto:sheridan1957@
https://orcid.org/0000-0003-4057-0844
https://www.elibrary.ru/author_profile.asp?spin=1267-8561
mailto:breus36@mail.ru
https://orcid.org/0000-0003-4057-0844
https://www.elibrary.ru/author_profile.asp?spin=1267-8561
mailto:breus36@mail.ru

