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Abstract: This study aimed to investigate the effect of human heart-rate synchronization with
variations in the geomagnetic field (GMF) (“biogeophysical synchronization effect”). We analyzed
403 electrocardiogram (ECG) recordings of 100 or 120 min that were obtained in 2012-2023 from
two middle-aged female volunteers in good health. The minute-value series of the GMF vector
from the INTERMAGNET network was used. Each ECG recording was individually examined
using cross-correlation and wavelet analysis. The findings from two separate experimental sets
(306 recordings from Volunteer A and 97 from Volunteer B) displayed notable similarity in all aspects
analyzed: (1) For both participants, the biogeophysical synchronization effect is observed in 40-53%
of the recordings as a statistically significant (p < 0.0045) correlation between minute heart-rate (HR)
time-series values and at least one of the horizontal components of the GMF, with a time shift between
values of [—5, +5] min. (2) Wavelet analysis indicates that the spectra of the HR series and at least one
GMF component exhibit similarity in 58-61% of cases. (3) The synchronization is most evident within
the period range between 8-13 min. The probability of the synchronization effect manifestation was
independent of the geomagnetic activity (GMA) level, which was recorded during the observations.

Keywords: heliobiology; cardiovascular system; geomagnetic field; heart rate; biogeophysical
synchronization; space-weather factors

1. Introduction

The phenomenon of the human cardiovascular system’s response to variations in
space-weather factors has long attracted the attention of researchers.

There are two reasons for this attention: on the one hand, there is the desire to
understand the fundamental mechanisms of solar-biospheric interactions.

On the other hand, sudden changes in space weather may prove to be dangerous
for individuals with cardiovascular diseases [1-17]. This necessitates a comprehensive
analysis of possible risks; which external impacts pose a danger, for whom exactly they
are dangerous, and what precautions can be taken. This is the main reason why many
heliobiological studies to date have focused on the special aspects of the cardiovascular
systems’ reactions.

The following logic can be seen in the development of heliobiological ideas.

The first studies of solar-biosphere relations date back to the 19th century [1]. These
were systematized and developed in the works of A.L. Chizhevsky [1-3] and mainly
concerned the links between changes in solar activity (SA) in a 11-year cycle and the
population responses of various large biosystems; for example, the timing of epidemics in
different countries.
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The following decades, especially those since the 1970s, brought a wealth of research
showing that not only the rhythm of the 11-year SA cycles but also short-term (1-3-day
long) space-weather phenomena can exert severe, even catastrophic, effects on human
health. Solar flares with coronal mass ejections, Forbush decreases, and planetary geomag-
netic storms (GMS) were studied in relation to their possible contribution to changes in
medical and population indices, such as the number of hypertensive crises, strokes, cases of
ischemia, and sudden death. The research studies usually examined large groups of people;
for example, the population of a city or region, patients at a particular hospital, etc. [4-17].

Other aspects of solar-biospheric connections were discovered step by step:

(1) Insome cases, the strong GMS or abrupt changes in cosmic-ray intensity can have
not only a catastrophic but also a reversible biological effect; for example, an increase
in blood pressure (without a hypertensive crisis) or other reversible changes in the
general condition in groups of individuals [18-22];

(2) Significant deterioration in patient health can be observed not only during major
space-weather events, but also during moderate geomagnetic disturbances [23-28]
and periods of extremely low GMA [29-32], suggesting that the system of solar—
biospheric connections is non-linear and non-monotonic;

(3) The observed biological effects from the GMS of different origins (caused by Coro-
tating Interaction Regions or by the body of Coronal Mass Ejection in interplanetary
space [33]) vary significantly [8,34,35]. Therefore, consideration of the origin of GMS
is essential for an accurate analysis of potential bioeffects.

(4) The impact of space weather on individuals can vary greatly in terms of time, mag-
nitude, and even direction [36,37]. As a result, a new approach to studying heliobi-
ological effects has emerged that is aimed at analyzing long-term observations of a
certain individual [36—42]. This approach identified the specific trait features of an
effect unobserved in group studies.

(5) GMS and other space-weather phenomena affect not only the patients with cardiac
disorders but also virtually healthy people [37-51].

It can be seen from the above that the development of heliobiological concepts was
moving from the examination of large effects of essential space-weather events to their
increasingly weaker manifestations. On the other hand, the list of biological responses
under examination was gradually expanding, and the catastrophic responses of the body
were supplemented with reversible ones at the beginning, and later on, with responses
close to the physiological norm. Currently, all of the above approaches remain relevant and
are attracting the attention of researchers [32,52-71].

Finally, about ten years ago, a new type of response was discovered, which became the
next stage in the study of the heliobiological effect manifestation. In this case, the average
value of the measured physiological parameter remains within normal limits. The response
is manifested as an adjustment of the body-rhythm frequency to the frequency of the GMF
vector variations [72-77].

Though the hypotheses on the existence of this mechanism were proposed over half a
century ago [78], they were not experimentally validated until recently.

Currently, the effect of biogeophysical synchronization has not yet been
sufficiently studied.

The papers that have been published so far either describe measurements that were
intentionally performed at low geomagnetic activity (Kp(3h) < 3) [73,79,80] or that did not
analyze the possible influence of the GMA level on the effect [74,75].

Therefore, it is unclear to what extent the manifestation of this effect depends on
factors such as the level of geomagnetic activity. However, many studies have shown
that the phase of the solar-activity cycle or the average GMA level during observations
significantly affect the manifestation of the heliobiological effect [13,38,69,81,82].

At the same time, it is reasonable to believe that for a person with heart-rhythm
disturbances in a state of rest and relaxation (for example, during sleep), the effect of
biogeophysical synchronization can pose a serious danger, because under these conditions,
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a “capture” or “disruption” of the heart rhythm is potentially possible. It is no coincidence
that a sharp deterioration in the well-being of such cardiac patients very often occurs in the
early morning when the person is at rest.

For these reasons, examination of the heliobiological manifestation effects at any
level is important for both basic and applied purposes; that is, the comprehension of the
mechanisms of living systems’ interaction with the environment, and the protection of
individuals against the detrimental effects of this interaction.

The objective of this study was to examine the potential correlation between the
manifestation of the biogeophysical synchronization effect in healthy individuals and the
level of geomagnetic activity.

2. Materials and Methods
2.1. Collection of Experimental Data

Previously, researchers had discovered notable differences in the manifestation of the
biogeosynchronization phenomenon among participants [73-75,83,84]. To minimize poten-
tial errors resulting from individual variability, we implemented a long-term, multiyear
experimental design involving two female participants, aged 63 and 54, who lived in the
central latitudes of Russia. They were considered to be in good health and susceptible to
geomagnetic field variations, as demonstrated by preliminary observations.

The participants were screened for cardiovascular diseases (primarily heart-rhythm
disorders), diabetes, and bad health habits. Exclusion criteria included severe fatigue,
stress, infectious diseases, and coffee consumption within four hours before measurement.

Measurements were taken at rest in a supine position and in a state of quiet wakeful-
ness. No conversations, sudden movements, or changes in body position were permitted
during ECG recordings. Participants were, however, allowed to listen to or watch audio
and video files featuring popular science content such as videos exploring animal life or
guides to geographical wonders. Such an experimental design was aimed at excluding the
influence of sudden external stimuli that could cause abrupt changes to the heart rate or
autonomic balance.

Volunteer A conducted 306 ECG recordings, each lasting 100 min, between 2020 and
2022, at the same location in the north of the Moscow region.

Volunteer B conducted 97 recordings, each lasting 120 min, between 2012 and 2023 at
various locations, including the Arkhangelsk region, Leningrad region, Moscow region,
and Sofia (Bulgaria).

Table 1 shows that all statistical parameters of the participants’ HR were within the
physiologically normal range.

Table 1. Statistical characteristics of volunteers’ heart rates.

N HR Med HR, 1 Quart HR 3 Quart HR Min HR Max
Vol A 306 69.3 65.2 73.0 54.0 84.6
Vol B 97 61.6 60.3 63.4 55.7 65.8

A recording duration of 100-120 min provides adequate accuracy for determining the
values of present periods within the range of up to 30 min. Additionally, this duration is
not sufficiently long to cause significant changes to the body’s condition due to such factors
as hunger, thirst, immobility, fatigue, etc.

To record and process the ECG signal, we used technical and software tools developed by
Medical Computer Systems LLC. These included the “KARDI-2" unit for recording the ECG
signal and a package of application programs known as “CardioVisor-06sl” (Zelenograd).

After each recording, the researcher evaluated the ECG signal to verify the accuracy of
automatically detected R-peaks and corrected any potential recognition errors if needed.
The RR intervals from each recording were transformed into a time sequence of HR values
per minute, consisting of n = 100 or n = 120 points each.
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2.2. Geomagnetic Data

One-minute readings of the X and Y components of the GMF vector were chosen as
the geophysical indicators based on data collected from geomagnetic stations closest to
each measurement point. Thus, the study employed data from Nurmijarvi stations (NUR,
60.500 N, 24.600 E) for the Arkhangelsk region (64°34' N/40°32’ E), Borok stations (BOX,
58.070 N, 38.230 E) for the Moscow region (55°45' N/37°36 E), and St. Petersburg (60°542’
N/29°716’ E) stations for the Leningrad region (59°57' N/30°19" E). Additionally, the
Panagyurishte station (PAG, 42.50 N, 24.20 E) was used for Sofia (42°40’ N/23°20" E).
Data were obtained from the INTERMAGNET network (https://imag-data.bgs.ac.uk/
GIN_V1/GINForms2 accessed on 2 December 2023). Daily values of the Kp index (https:
/ /kp.gfz-potsdam.de/en/data, accessed on 2 December 2023) were used to evaluate the
planetary GMA level.

We used the X and Y components of the GMF vector because prior research [79]
confirmed that their wavelet spectra in the 340 min range change quite weakly with
distance. The minute-by-minute fluctuations of the GMF Z-component are heavily affected
by the underlying surface at the measurement point. Due to this fact, in our testing
conditions, the use of data on the dynamics of the GMF Z-component (and, consequently,
of the full vector F) is inappropriate.

2.3. Analysis Procedure

Calculations were performed in the MATLAB R2010a software environment using
built-in functions and custom applications.

At the preliminary stage, trends and low-frequency fluctuations were excluded from
the geophysical and biological time series, which could be due to internal reasons for each
process, but, at the same time, these would contribute to the value of the indicators of their
statistical relationship.

For this purpose, each 100 min segment of the series was filtered using a bandpass filter
with a Blackman-Harris window and values for the lower and upper cut-off frequencies
of F} = 0.02-0.08 and F; = 0.9995 of the Nyquist frequency, respectively. The lower limit
of the filter was selected based on the requirement that the maximum amplitudes in the
frequency ranges of 5-20 min and 20-50 min are comparable in magnitude.

Figure 1 displays the effect of the filtering technique on time-series data. For exam-
ple, the time series of HR values of Volunteer A in two experiments in November 2021
are shown.

The study involved cross-correlation analysis, wavelet analysis, and a combination
of both.

Correlation analysis. First, we computed the Spearman rank-correlation coefficient,
which is insensitive to the shape of the sampling distribution. The computation involved
11 different intervals of time lags (—5...5 min) between the HR values and their correspond-
ing X and Y values of the GMF. Then, we screened the 11 resultant correlation coefficients
to find the one with the largest modulus coefficient. Its value was used as the correlation
value in the experiment. To compensate for the additional degrees of freedom introduced
by the inclusion of multiple time-lag values in the analysis, the statistical significance
cut-off of p = 0.05 was adjusted according to the Bonferroni correction for 11 degrees of
freedom. Correlation coefficients with a significance level of p < 0.0045 were considered
statistically significant.
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Figure 1. Examples of changes in the time series after application of a bandpass filter. Red line—
the minute HR values of Volunteer A; green line—the synchronous values of the GMF Y-component
observed at the Borok geophysical station (BOXY). (a) Experiment 19 November 2021: Time = 11:55 UT;
Kp(daily) = 9; Kp (12-15UT) = 1.7; Dst(d) = 1 nT; original data; (b) Time series from Figure 1a after filtration.
(c) Experiment 4 November 2021: Time = 10:17 UT; Kp(daily) = 39.7; Kp(09-12 UT) = 7.7; Dst(d) = —59 nT);
original data; (d) Time series from Figure 1c after filtration.

Wavelet analysis. We used the wavelet-transform method with the basic complex Morlet
function because it gives good frequency resolution [85].

2
p(t) = exp <j27TCt — tB) 1)

1
/7B

We used the built-in Matlab “cwt” function: WT = cwt(X) returns the continuous
wavelet transform (cwt) of X. If X is real-valued (as is in our case), then WT is a 2-D matrix
where each row corresponds to one scale.

In order to facilitate interpretation of the results obtained by the different methods,
the scale parameters obtained by wavelet analysis were converted into time characteristics
similar to the periods of the oscillations in spectral analyses.

The algorithm for calculating the scalar quantity characterizing the degree of similarity
of the wavelet transform spectra included the following steps:

1.  The wavelet transformation of a 100-point segment of the HR series, within the tested
periods of T = 3...50 min, produces a 2-D matrix of wavelet coefficients (W(HR)s)
of size i X n, where i ranges from 1 to 50, and n denotes the point number in the
data series that corresponds to the experiment’s minutes. It is worth noting that
the association between i and T is monotonous but non-linear. Matrices illustrating
the HR series (W(HR)) and the GMF vector Y (W(Y)) can be found in Figure 2a,c,
respectively. Along the abscissa axis, the experimental time is displayed in minutes,
while the T period values are displayed on the ordinate axis. The spectral density of
each period is represented by red gradations.

2. We calculate the arithmetic mean of the values in each row i (i = 1...50) of the wavelet
matrix W(HR) and obtain the average values of the amplitudes of each period for n
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minutes of the experiment (vector [h], size 1 x 50). Then we normalize the vector
[h] to its maximum value to facilitate comparison of their shapes. For the series
of geomagnetic components X and Y of the GMF vector, we similarly compute the
matrices and vectors [x] and [y]. Examples of vectors [h] and [y] are shown in
Figure 2b.

3. Asascalar quantity characterizing the degree of similarity/difference between the
spectra of the HR and Y series, we calculate the values of Qy between a pair of vectors,
[h] and [y], as the value of the scalar product of these vectors, normalized to the length
of each of them, i.e., Qy = (h)y)/ |hl-Iyl.

1.2

—e— [h]

1.0 A —o— [y]

0.8 -
0.6
0.4 -
0.2

Period, min
Spectral power, wavelet

0.0 T T T T
N 0 10 20 30 40 50
10 20 30 40 50 60 70 80 % 100
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(b)

Period, min

Time, min

(©

Figure 2. An example of the wavelet transformation of the HR time series of Volunteer A and the
GMEF vector Y in the 04.11.2021 experiment. (a) Wavelet image of the HR series; (b) Vectors [h] and
[y] as a result of averaging wavelet matrices of the HR and BOXY series for each period; (c) Wavelet
image of the GMF vector Y.

The calculation of the value Qy is performed not in a space of dimension of 50 (the full
dimension of the vectors [h] and [y]) but in a space of dimension m = 32 (for line numbers
i = 16...47), which corresponds to the range of periods T =7...40 min. This exclusion of the
smallest (T = 3...6.7 min) and longest periods (T = 40...50 min) when calculating the Q,
parameter was made because, in these ranges, there is a decrease in amplitude regardless
of the set filter boundaries. Therefore, the incorporation of these ranges in the computation
of the Q, value would augment it and also reduce the precision of this numerical indicator
with regards to the alignment or non-alignment of peak positions in the time range of
7-40 min. The similarity parameter Q, for wavelet spectra W(HR) and W(X) is calculated
in a similar way.

The Qy parameter’s mathematical meaning equates to the cosine of the angle between
[h] and [y] or their correlation coefficient, which has values ranging from —1 to 1. However,
neighboring values of these vectors are not autonomous; hence, conventional algorithms
for measuring statistical significance cannot apply to them. Therefore, we chose the limit
of Qy and Qy parameter values that would indicate co-directionality between two vectors
and similarity in the corresponding spectra empirically, i.e., at the Qf > 0.4 level. For the
situation depicted in Figure 2b, Q, was measured as 0.546.

Combined approach (wavelet analysis and correlation). The purpose of applying this
approach was to establish whether there are particular periods that contribute most to
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the synchronization effect or if this phenomenon affects all oscillation periods within the
3-50 min range equally.

Let j represent the experiment number of Volunteer A, with taking on values of j
ranging from 1 to 306. For each experiment j, we complete steps 1-3 outlined in the
preceding section: obtaining the wavelet coefficient matrices W( HR)]-, W( X)]-, and W( Y)]- and
calculating the average amplitude vectors [h];, [x];, and [y]; for each j = 1 through to j = 306.

Now, we establish a 50 x 306 matrix of the G(HR) results from the arrays of vec-
tor values [h]]- forj =1, 2,...,, 306, where each row j is a vector of values [h]]- from the
j-th experiment, and each column i is a sequence of amplitudes for period i across all
306 experiments. We also form G(X) and G(Y) matrices in a similar manner using the
vectors [x]]- and [y]]-, respectively.

For each i (i = 1, 2,..., 50), we compute the Spearman correlation coefficients Ry(i)
between the j-th (j =1, 2,..., 306) values in the columns numbered i in the matrices G(HR)
and G(X). This coefficient demonstrates the degree to which periods of the same number
occur synchronously in the time series of HR and X elements of the GMF vector.

Consecutive experiments of Volunteer A were separated by intervals of at least 20 h,
and Volunteer B’s by at least one hour. Within an hour, a person’s heart-rate parameters
can vary significantly due to potential movements such as standing up, walking, or talking,
so we can consider each ECG recording to be independent from previous and subsequent
measurements. Therefore, to assess the synchronicity of the appearance of a certain period
in a sequence of experiments, we can use the traditional criterion for assessing the level of
statistical significance of the correlation coefficient.

3. Results

Data obtained from each experiment (306 registrations for Volunteer A and 97 for Volunteer B)
were processed with the above-described algorithm to calculate the following values:

1.  The Spearman correlation coefficient of the HR series against the series of each X and
Y component of the GMF. Correlation cases were considered significant at p < 0.0045.

2. The cosine of angles Qy and Qy between the vectors of averaged amplitudes of wavelet
spectra HR [h] and the components of the GMF vectors [x] and [y] (the spectra were
deemed similar when values of Qx and Qy exceeded Qr = 0.4).

3. Correlation coefficients Ry and R, between the amplitude values of different peri-
ods ranging from 3 to 50 min (based on the full set of experiments for each of the
volunteers).

3.1. Results of Cross-Correlation Analysis

Table 2 presents the total number and percentage of experiments conducted with each
volunteer, where the correlation coefficients between the HR time series and the X and Y
vector time series were statistically significant at p < 0.0045.

Table 2. The total number and percentage of experiments with a statistically significant correlation.

N CorrX,n CorrX, % CorrY,n Corr Y, % Corr X or Corr X&Y,

Y, n %
VolA 306 114 37 92 30 163 53
Vol B 97 23 24 20 21 39 40

The sample set of Volunteer A’s results contains 114 cases (37%) of significant cor-
relations for vector X, and 92 cases (30%) for vector Y. Volunteer’s B sample contains 23
(24%) and 20 (21%) such cases, respectively. At the same time, evaluation by the criterion
“similarity to at least one of the components of the GMF vector” shows that Volunteer A’s
sample set contains 163 such cases (58%), while Volunteer B’s contains 39 (i.e., 40%).

To evaluate whether the level of GMA has an impact on the probability of a syn-
chronization effect occurrence, we have distributed the results of each volunteer into four
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samples according to the Kp-index values on the day of measurements (Kp-daily), with the
limits for the GMA levels detailed in Table 3.

Table 3. Limits of Kp-index values and the number of trials for different GMA levels.

GMA Lev. 1 GMA Levw. 2 GMA Lev. 3 GMA Lev. 4

Kp limits 0-8 8.3-16 16.3-23.7 24-48.7
Vol. A, number of cases 39 119 98 50
Vol. B, number of cases 18 24 23 32

Setting boundaries for each GMA level enabled the acquisition of four comparable
sample sizes of experiments for each volunteer, corresponding to different levels. Table 3
displays the observed range of Kp values from completely calm days to middle magnetic
storms for both volunteers.

Figure 3 shows the percentage distribution of cases that display a significant correlation
(p < 0.0045) according to the GMA level for Volunteers A and B.

N, % HR(vol A)-X N, % HR(vol A)-Y
50 40
40 30

30 1
20
20 1
10 10
0 - 0
1 2 3 4 1 2 3 4
GMA level GMA level
(@)

N, % HR(vol B)-X N, % HR(vol B)-Y
40 40
30 30
20 1 20
10 10
0 0

1 2 3 4 1 2 3 4
GMA level GMA level
(b)

Figure 3. Relative frequency of cases with a statistically significant correlation between the HR series
and the GMF vector component based on the GMA level (a) for Volunteer A and (b) for Volunteer B.

According to the x2-test, there were no statistically significant (p < 0.05) differences
between any two bars within each of the four distributions presented in Figure 3.

3.2. The Findings of the Wavelet Spectra Similarity Analysis

Table 4 displays the absolute and relative number of experiments for each volunteer
where the wavelet spectra of the HR series were found to be similar to the spectra of the X
and Y vector series at the Qy = 0.4 similarity-threshold value.
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Table 4. Absolute and relative numbers of cases with similarities between the wavelet spectra of HR
and GMFE.

N Qy>04,n Q. >04, % Qy>04,n Qy>04,% QxorQy,>04,n QrorQy>04,%
Vol A 306 126 41 132 43 178 58
Vol B 97 41 42 41 42 59 61

Table 4 shows that the proportion of spectra found to be similar in both volunteers
and for both GMF components appears to be very close, both when assessed by a single
GMF component (41-43%) and by their combination (58-61%).

Figure 4 presents the relative values of Qx and Qy for three threshold levels: Qr=0.3,
0.4, and 0.5. The value of Qr = 0.4 was chosen as the threshold value for cases of close bio-
and geo-wavelet spectra. The stability of the relative magnitudes of the bars belonging
to different GMA levels was additionally assessed by testing the threshold values of 0.3
and 0.5.

N, % HR(vol A)-X N, % HR(vol A)-Y
60 60
50 50 - H. Q03
O Q0.4
40 40 * B Q=05
30 30 *
20 20 I Q0.3
10 10 . Q04
B Q0.5
0 0 |
1 2 3 4 1 2 3 4
GMA level GMA level
(a) (b)
N, % HR(Vol B)-X N, % HR(Vol B)-Y
70 80
60 Il Q=03
50 60 :l Qf:0.4
B Q=0.5
40
40
30
20 * B Q=03
20 2 . H Q=04
10 B Q=0.5
0 0
1 2 3 4 1 2 3 4
GMA level GMA level
(c) (d)

Figure 4. Relative number of Qy and Qy values exceeding the Qf threshold at the three levels of
Q= 0.3, 0.4, 0.5 for Volunteer A (a,b) and for Volunteer B (c,d). *—statistically significant cases
(p < 0.05). See text below for detailed explanation.

In the case of Volunteer A, the only statistically significant (p < 0.05) case of pairwise
differences relates to the distribution of component Y (Figure 4b): the value for GMA level
1 differs from the values for levels 2 and 3 at the threshold values of Qf = 0.3 and 0.4.
Similarly, for Volunteer B (Figure 4d), the value for level 3 is significantly different from
those for levels 2 and 4 at all three Qf threshold values.

These two statistically significant (p < 0.05) cases have different trends: in the first case
(Figure 4b), the percentage of similar spectra at the lowest GMA level is lower than at the
three higher ones. In the second case (Figure 4d), the minimum percentage is observed at
level 3 of the GMA. In addition, in all tested cases, no significant differences between levels
1 and 4 were found. Thus, it can be inferred that significant deviations in these cases may
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occur randomly, and the likelihood of similarity between the spectra of the HR series and
the GMF vector is not influenced by the overall level of geomagnetic perturbation.

3.3. Analysis of the Synchronous Occurrence of Matching Cycles in Biological and
Geomagnetic Series

Figure 5 shows the results of analyzing the synchrony of the occurrence of oscillations
of equal frequencies in the HR series and X and Y components of the GMA vector for
the whole set of individual experiments for Volunteers A (Figure 5a) and B (Figure 5b).
The horizontal red line indicates the p = 0.05 statistical significance level of the correlation
coefficient, given the experimental sample size for each volunteer.

Correlation coefficient

15 20 25 30 35 40 45 5 10 15 20 25 30 35 40 45
Period, min Period, min
(a) (b)

Figure 5. Correlation coefficients of coincident period amplitude values in successive experiments
(a) for Volunteer A and (b) for Volunteer B. Arrows 1-4 indicate periods where the correlation
coefficient is p < 0.05. See text below for detailed explanation.

Comparison of Figure 5a and 5b shows two ranges of oscillations with approximately
the same boundaries and with a significance level of p > 0.05 that are present in both graphs:

(1) 8.3-13.0 min (maximum 10.3 min) for Volunteer A and 9.2-11.6 min (maximum
10.3 min) for Volunteer B;

(2) A group of periods ranging from 25 to 40 min for Volunteer A and from 30 to 40 min
for Volunteer B. There are also two groups of statistically significant periods whose
boundaries are different in Figure 5a,b:

(3) 15.3-18.2 min for Volunteer B; however, in Figure 5a, there is only a small peak
corresponding to 20 min.

(4) Inaddition, there are small peaks around short periods; in Figure 5a, the maximum is
at T = 3.6 min, while in Figure 5b, T = 4.6 min. However, the statistical significance for
both is only slightly above the threshold of p = 0.05.

To clarify the degree of stability of the observed periods, we divided the whole set of
experiments for each volunteer into 4 subsets according to the value of Kp-daily, like in
Sections 3.1 and 3.2 (Table 3).

The results of the analysis are presented in Figure 6. The red dashed line shows the
significance level of p = 0.05, considering the number of experiments falling into this subset.

The vertical rectangle in both figures highlights the 8-13 min periods ranges. It can be
seen that for Volunteer A at Kp-index levels 1, 2 and 3 and for Volunteer B at levels 1, 3,
and 4, a statistically significant period falls within this range. Thus, in both cases, in three
of the four distributions, a synchronous occurrence of this range period can be observed in
the biological rhythm and variations of the GMF vector.



Atmosphere 2024, 15, 134

11 0f 18
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Figure 6. Correlation coefficients Rs between the values of the amplitudes of the same periods in
successive experiments for Volunteer A (a) and Volunteer B (b) at different levels of GMA (1-4; top to
bottom). Blue line—Rx; green line—Ry; red dashed—p = 0.05.

Periods of 3040 min show statistical significance in two samples for Volunteer A (at
levels 2 and 3) and in three samples for Volunteer B (at levels 2, 3, and 4). The other ranges
display high variability, especially for Volunteer B, due to the decreased statistical values of
each sample during the process of subset selection.

Conclusions that can be drawn from the analysis of Figures 5 and 6:

1. The oscillation period in the range of 8-13 min occurs in the HR spectra of volunteers
simultaneously, with its occurrence in the spectrum of at least one of the GMF vector
components. With somewhat less certainty, we can say the same about periods of
30—40 min.

2. Like the case of Sections 3.1 and 3.2, we cannot observe any difference in the extent of
this effect at different GMA levels.

3. The other cases of correlation, even significant ones, in some samples of the experiment
should, for now, be considered noise effects that require further verification due to
their unstable manifestation.

4. Discussion
4.1. Independence of the Synchronization Effect from the GMA Level

The results of all three applied methods of analysis indicate that the probability of
occurrence of the biogeophysical synchronization effect remains approximately the same,
regardless of the average GMA level during the observation period. The fact that this result
was obtained independently for two large non-overlapping experimental samples further
increases the level of its validity.
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An analysis of a very large array of heliobiological results over the past 25 years has
shown [82] that at different levels of functioning of a complex system of solar-biosphere
connections, the influence of space-weather factors on biological objects can manifest itself
in various forms. This is a property of the system itself and not a consequence of errors
in experiments.

For an accurate comparison of various heliobiological results, it is important to select
only those that most closely match our experimental design based on at least three criteria:
First, the level of the biological system under examination; for example, a population, a
group of individuals, a whole body, a body system, a separate organ, a cell, an organelle,
or perhaps a separate biomolecule. Second, the data sampling frequency (years, months,
days, minutes, seconds). And finally, third, the amplitude (or nature) of the observed
biological response: (1) irreversible response (death or disease); (2) adaptive response (i.e.,
reversible but with a significant change in the average value of the physiological indicator);
(3) response without a change in the average value, which is expressed in a change in
frequency rather than amplitude.

We studied the behavior of HR indices, which are very popular in heliobiological
studies. However, almost all studies of HR relate either to daily and monthly time scales
or to the assessment of group average or medical population indices (such as disease
complications or mortality) [13,37,39,43,44,48,50,51]. The overall conclusion from this large
body of results is that GMS and other significant space-weather events lead to changes in
the values of many physiological indicators that reflect the cardiovascular system condition
(we call this the “first type of effect”).

According to the three criteria described above, the biogeosynchronization effect (the
“second type of effect”) differs from the first type in two aspects. The first of them is the
form of the effect manifestation. In all the studies mentioned above, the observed effect is
a change in the average HR value (“irreversible response” or “adaptive response with a
reversible shift in the mean value”); in the second case, only its spectral indicators change
(“response without a shift in the mean value”). When studying the first type of effect, it is
possible to evaluate such reaction parameters as the moment of its beginning, its duration,
and its amplitude. In the second case, such estimates are not applicable.

The second difference is the disparate time scales. The first effect was traditionally
observed on a daily data-sampling scale (in some cases, even the next day). The effect of
biogeophysical synchronization was observed at a minute-data collection rate, and the
processes under study were characterized by much shorter development times. When
averaging them by the 24 h time interval, we may observe only a very slow envelope of
these processes.

Therefore, it can be assumed that the change in mean HR caused by the GMF and
the synchronization effect are separate but complementary aspects of the solar-biosphere
relationship. The synchronization effect may or may not be observed at the minute scale,
while a change in the mean HR value caused by the GMF may or may not be detected on a
daily basis, even in the same individual. Further research is necessary to establish a com-
prehensive phenomenological and biophysical framework linking these two phenomena.

At the same time, there are few works that examine HR and GMF vector variations
using a minute-data sampling rate and applying an individual approach to data analysis.
The studies conducted by Timofeeva et al. [74,75] and Poskotinova et al. [77] are the most
relevant to our experimental design. Timofeeva et al. demonstrated the synchronization
of human HR with GMF vector variations using different computational methods than
ours. Poskotinova et al. investigated the frequency of synchronization effects in groups
of healthy individuals and in those with arterial hypertension. However, similar to our
previous studies [79,80], none of these works considered the impact of the GMA level on
the synchronization effect.

Furthermore, the division of GMAs based on the Kp-index value, which has already
been implemented, can be assumed to be suitable for the first stage of the analysis. However,
it is necessary to clarify in the future the possible dependence of the synchronization effect
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on the surrounding geomagnetic environment. To accomplish this, it is necessary to
analyze the existing measurement results by categorizing them according to the origin of
the observed magnetic storms and the different phases of the storm (sudden onset, main
phase, and recovery phase).

4.2. Possible Scheme of the “Rhythm Capture” Process

Our findings reveal that not all periods from the studied frequency range contribute
equally to the “rhythm capture” process. Synchronization is most evident in the fre-
quency range of 8-13 min, with a peak at 10 min. Fluctuations at this frequency ap-
pear in the HR precisely in these recordings where this period is discernible in the GMF
component spectrum.

These conclusions fit well into the following possible scheme of the development of
the synchronization process:

1. Stable oscillations occur in the GMF spectrum, with a period close to 10 min (ranging
from 8 to 13 min);

2. These oscillations cause a “rhythm capture” of a physiological process in the human
organism, which has its own oscillation period within this range and which, in turn,
can influence the cardiac rhythmicity;

3. Hence, the mentioned physiological process’s contribution to the establishment of
cardiac rhythmicity is amplified, resulting in the manifestation of the 10 min oscillation
period in the heart-rhythm spectrum.

The frequency range at 8-13 min stands out from the other parts of the examined
range due to the specific characteristics of the effect. It is worth noting that the synchro-
nization effect displaying stability at varying levels of GMA was also observed within
the range at 25-40 min. In addition, we observed the manifestation of the effect at other
periods (Figure 2), where the main power of the spectrum is concentrated in the periods at
15-18 min and about 35 min. At the same time, the power at the 10 min period is much
lower, although the period can be found in both spectra. Thus, the 8-13 min range can be
recognized as very interesting and promising for further study, but it is clearly not unique.

Additionally, Poskotinova et al. [77] indirectly confirmed this finding. In their study, as
the left limit of the filter was shifted toward high frequencies, more subjects showed a cor-
relation between heart-rate variability (HRV) parameters and variations in the GMF vector.

Periods of 7 min, 13 min, and 25-30 min were observed in the spectra of minute values
of the stable nitric oxide metabolite NOx, which were close to both the period of the HR and
the period of the spectra of synchronous changes in the GMF vector [80]. It is also known
that the change in vascular sensitivity to nitric oxide is a link mediating the baroreflex
response to magnetic storms in rabbits [86].

Other studies [83,84] have found that, among the tested HRV parameters, the spec-
tral measures of low-frequency HRV show the strongest correlation with magnetic vector
variations.

These data indicate a need to increase the frequency of data sampling in further studies
and to expand the list of physiological parameters to include HRV indices.

The authors of [74,75,77] come to conclusion that the ability of a person’s HR to
synchronize with the GMF rhythm in the millihertz range can be considered a positive
property of the body, indicating its good health [74,75] and good adaptive reserves [77].
In [74,75], the most pronounced synchronization effect was observed in a large number of
healthy individuals when they were in a calm and positive state. In [77], the synchronization
effect was observed more often in healthy people than in patients with high blood pressure,
and its decrease was associated with a decrease in baroreflex sensitivity.

Our experimental design aimed to minimize any sudden external stimuli that could
affect the HR and autonomic balance, but we did not consider the general psycho-emotional
state of the volunteers during the measurements. Therefore, this should be taken into
account in further studies.
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Of the significant space-weather effects that have already been studied, predominantly
negative consequences have been shown for organisms (death, disease, and deterioration
of well-being). Based on current knowledge, the biogeosynchronization effect appears to be
neutral. It is more commonly observed in individuals who are in a good psycho-emotional
and physical state. However, it is important to note that this effect has not been studied in
individuals with arrhythmias, ischemic heart disease, or other cardiological disorders.

The authors of [87] found that the lowest rate of acute admissions to the Psychiatric
Inpatient Unit of the University of Crete corresponds to the period when the highest
number of large (M > 6.4) and moderate (M > 4.5) earthquakes (EQs) in the geographic
region was observed. On the contrary, the maximum number of value admissions was
recorded in the month of August 2010 in the absence of large EQs but a greater number of
(small) EQs.

According to their hypothesis, the increases/decreases in the admission of patients to
a psychiatric unit are related to two different kinds of seismic activity and, associated with
these, different amplitude-frequency portraits of the surrounding electromagnetic environ-
ment. They suggest that certain combinations of very low-frequency electromagnetic field
characteristics, characteristic of periods of large earthquakes, may have a “positive”, i.e.,
“therapeutic” effect on the mental state of people.

It may be appropriate to consider this hypothesis when examining the impact of
space weather on the human cardiovascular system, including the effect of biogeosynchro-
nization. This could lead to new developments in our understanding of solar—biospheric
relationships.

5. Conclusions

This paper presents an analysis of the association between the heart-rate dynamics of
healthy individuals and synchronous variations in the horizontal components of the geo-
magnetic field. The study analyzed multiyear monitoring data from two female volunteers
in good health (306 and 97 records, respectively).

The experimental design minimized potential interference from individual variations
in the effect as well as from any subjects” actions that could affect their heart rate, such as
talking, moving, or external emotional stimuli.

The conclusions for each participant were obtained individually, and they demon-
strated almost identical results in all aspects evaluated.

The biogeophysical synchronization effect has two manifestations: the correlation
between minute HR values and variations in the GMF, and the coincidence of the main
periods of oscillations within the 3-50 min range.

The synchronization process is not evenly distributed throughout the entire range of
oscillations, but is predominantly present at period ranges of around 10 min (8-13 min)
and 25-40 min. All the above instances of the synchronization effect are not influenced by
the GMA level during the observations.

The absence of a correlation between the level of GMA and the probability of effect
manifestation does not contradict prior findings on the alteration of HRV indices values dur-
ing magnetic storms. Instead, it highlights yet another dimension of the solar-biospheric
relationship. It is feasible this phenomenon serves as a rhythm sensor for a healthy or-
ganism under normal circumstances. There is reason to believe that the likelihood of an
effect appearing is contingent on a person’s physiological and/or psycho-emotional state;
however, this requires additional investigation.
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