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Accumulating evidence suggests a link between solar and geomagnetic disturbances and hu-
man physiological parameters. Several published studies have addressed the alterations in hu-
man physiological responses at different levels of geomagnetic activity. We sought to examine
the potential association between heart rate variations and specific cosmophysical activities.
In the present study, a total of 190 individuals treated at the Cardiology clinics of the Nikaia
General Hospital in Piraeus and the Heraklion University Hospital in Crete, Greece, were
assessed from July 2011 to June 2012. The heart rate of the subjects was recorded hourly by a
Holter monitor, while the hourly variations of the cosmic ray intensity and the geomagnet-
ic index Dst were measured by the Neutron Monitor Station of the Athens University and
the Kyoto Observatory, respectively. Statistical methods included the ANalysis Of VAriance
(ANOVA) and the Multiple Linear Regression analysis. A statistically significant effect of
both cosmic ray and geomagnetic activity on heart rate was observed (negative and positive
correlation, respectively). Our findings indicate that changes in space weather parameters
could be possibly related to heart rate variations.

INTRODUCTION

Cosmic rays are energetic subatomic particles with a large energetic range
(106...1021 eV) and their precise origin is still unknown. Cosmic rays are divided into
two categories, the primary cosmic rays and the secondary particles. When the pri-
mary cosmic rays enter the Earth’s atmosphere they collide with molecules, mainly
oxygen and nitrogen and a cascade of billions of lighter particles are produced (sec-
ondary particles). Cosmic rays are everywhere, and several dozen slam into our body
every moment. Our body receives an average dose of about 2.4 mSv of radiation due
to the cosmic rays every year. The intensity of the primary and secondary cosmic ray
particles is known as the cosmic ray intensity (CRI). High energetic cosmic particles
are primary detected from ground detectors. Grossly, CRI depends on the altitude
and latitude, as the Earth’s magnetic field deflects some of the cosmic radiation away
from the Earth and the shielding ability of the magnetic field is more effective over
the equator than over the poles. Moreover the Sun’s magnetic field can deflect cos-
mic ray particles away from the Earth, depending on the phase of solar cycle. When
solar activity is low (solar minimum), the magnetic field is less effective to deflect
particles. On the other hand, Sun ejects energetic particles (solar flares and coronal
mass ejections) that contribute to the cosmic ray intensity. This intensity is also af-
fected by atmospheric conditions, such as atmospheric temperature and pressure
[Olbert, 1953].

Geomagnetic activity (GMA) is caused by solar wind, which hits the Earth with
hot, magnetized, supersonic plasma that carries a large amount of energy (kinetic
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and electric). This energy is drained to the Earth’s magnetosphere causing geomag-
netic storms, substorms and auroras, which constitute the geomagnetic activity. The
level of this activity is measured by using different geomagnetic indices, such as Kp,
Ap and Disturbances Storm Time index (Dst), which is used in the present study. A
negative Dst index value means that Earth’s magnetic field is weakened. This is par-
ticularly the case during solar storms. A geomagnetic storm is caused by a solar wind
shock wave and cloud of magnetic field which interacts with the Earth’s magnetic
field. The frequency of geomagnetic storms depends on the sunspot cycle.

According to the United States National Space Weather Program, space weather
“refers to conditions on the Sun and in the solar wind, magnetosphere, ionosphere
and thermosphere that can influence the performance and reliability of space-borne
and ground-based technological systems and can endanger human life or health”
(http://www.nswp.gov/). Interestingly, space weather may affect many aspects
of human life and health [Stoupel, 2006]. In 1989, a geomagnetic storm energized
ground (Ground Level Enhancement- GLE) induced currents which disrupted elec-
tric power distribution throughout most of the province of Quebec [Bolduc, 2002].
Space weather effects on human health depend on the latitude and altitude; in this
regard, people living at higher altitude can obtain several times more cosmic radia-
tion than at sea level, and long-distance airline crews can significantly increase their
yearly ionizing radiation exposure due to this source [Beck et al., 2007]. The poten-
tial health outcomes such as the occurrence of cataract and the increased incidence
of cancer in aircraft crews have been discussed in many studies [Kagami et al., 2009;
Reynolds et al., 2002). Furthermore, since the intensity of cosmic rays is much high-
er outside the Earth’s atmosphere and its magnetic field, it is expected to have a ma-
jor impact on astronaut health, and therefore should be taken under consideration
in the design of spacecraft that can safely transport humans in interplanetary space.
Last, a study conducted by the University of Alabama at Birmingham conclud-
ed that cosmic radiation is related to the occurrence of atherosclerosis [Yu et al.,
2011].

The potential relationship between space weather and human physiological pa-
rameters has been studied extensively. Specifically, many studies have examined the
impact of geomagnetic factors and cosmic ray intensity on physiological human pa-
rameters. These cosmophysical factors may affect the function of human brain and
nervous system, and have been associated with cerebrovascular accidents, distur-
bances on circadian rthythm, as well as motor vehicle accidents. Specifically, cosmo-
geophysical parameters appear to be related to the occurrence of cerebrovascular in-
farctions [Mikulecky, Strestik, 2007]. In addition, it has been observed that geomag-
netic activity influences the melatonin secretion and is therefore related to changes in
normal sleep patterns [Conesa, 1997; Weydahl et al., 2001]. Geomagnetic variations
have been related to motor vehicle accidents, which in turn were associated with in-
creased driver anxiety and nervousness [Ascikaliev et al., 1995; Dorman et al., 2001].
Space weather also seems to affect human emotional state. Geomagnetic storms may
play a significant role in the seasonal increase of incidents with depression in sus-
ceptible individuals [Babayev, Allahverdiyeva, 2007]. Similarly, a raise in hospital ad-
missions with depression and manic-depressive illness during the week which follows
a geomagnetic storm has been observed [Kay, 1994]. Last, the number of monthly
newborns (of both genders) has been related to the level of monthly cosmic ray in-
tensity and solar activity indices 9 months before the month of delivery [Stoupel
et al., 2006a].
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Heart rate is a physiological parameter that may reflect the response of the hu-
man body in external or internal stimuli. Heart rate is regulated by the combination
of the neural and chemical components in the body and it is generally genetically
determined. It varies among individuals, and can also be affected by many variables
such as the age, the sex, substances and drugs, the lifestyle, the variations in tem-
perature, pressure, humidity and other meteorological parameters and disease states
[Corsetti et al., 2012; Hopstock et al., 2012; McNarry et al., 2012; Pal et al., 2012).
Also, situations as lack of sleep, irritability, rapid changes in blood chemistry can di-
versify the heart rate [Sorensen et al., 2012; Suzuki et al., 2012]. Moreover, emotions
play a significant role, especially the condition of stress [Stapelberg et al., 2012]. In
addition to these factors, disturbances in cosmophysical parameters may also play a
role in the observed variations in human heart rate.

During the last decades many researchers have dealt with the potential rela-
tionship between space weather and cardiovascular homeostasis. Many studies have
demonstrated that geomagnetic activity (GMA) and cosmic ray intensity (CRI),
are associated with variations in human physiological parameters such as heart
rate (HR) and arterial blood pressure [Dimitrova, 2008; Mavromichalaki et al.,
2008; Papailiou et al., 2011; 2012]. Also, there is a link between the above indica-
tors (GMA, CRI) with cardiovascular disease, including arrhythmias, ischemic
heart disease, and myocardial infarction [Baevsky et al., 1997; Cornelissen et al.,
2002; Dorman et al., 2001; Stoupel et al., 2002; 2007]. It has been indicated that
the daily and monthly temporal distribution of sudden cardiac death and therefore
the sudden cardiac death mortality is higher on the highest and lowest daily levels
of GMA, while the monthly number of sudden cardiac mortality is inversely re-
lated to solar and geomagnetic activity [Stoupel et al., 2006b]. Furthermore, de-
crease in parameters of heart rate variability has been determined in periods which
characterized by high geomagnetic activity [Baevsky et al., 1997; Dimitrova et al.,
2009]. In addition, a temporal relationship has been suggested between the perio-
dicities of geomagnetic phenomena of the solar cycle and cardiovascular incidents
[Cornelissen et al., 2005]. Furthermore, myocardial infarctions and heart arrhyth-
mias have been connected with the periodicity of the solar activity (11 year cycle)
and geomagnetic storms, while others have observed a relation between polarity re-
versal of solar magnetic field and various types of arrhythmias [Giannaropoulou
et al., 2012].

Despite the accumulating evidence regarding the impact of space weather on
human health, no definitive studies have been published yet. Taking into account
that heart disease is the leading cause of mortality [Murphy et al., 2012; Thom, 1989;
http://www.cdc.gov/nchs/data/nvsr/nvsr60/nvsr60 _04.pdf), the study of factors that
may adversely affect cardiac functionality is of great importance. In this context, we
sought to examine the possible association of the cosmic ray intensity and the geo-
magnetic activity with human heart rate. A sample of 190 individuals monitored
with a Holter monitor at the Cardiology clinics of the Nikaia General Hospital in
Piracus and the Heraklion University Hospital in Crete, Greece, were assessed from
July 2011 to June 2012. The hourly variations of the cosmic ray intensity and the geo-
magnetic index Dst measured by the Athens Neutron Monitor Station and the Kyoto
Observatory, respectively, were also used. The statistical methods of Analysis Of
VAriance (ANOVA) and Multiple Linear Regression analysis were applied to evalu-
ate the effect of both geomagnetic activity and cosmic ray intensity variations on the
heart rate variations.
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1. DATA AND METHOD OF ANALYSIS

For the purposes of this work medical data as well as cosmic ray intensity and geo-
magnetic activity data were used.

1.1. Medical Data

In this study, a total of 190 people were assessed in the time period from July 2011
to June 2012. Data on the hourly heart rate were collected during their treatment in
the Cardiology clinics of the Nikaia General Hospital in Piracus and the Heraklion
University Hospital in Crete, Greece. The patients’ heart rate was monitored using a
Holter (ambulatory electrocardiography) device. This device records the heart rate
on a 24-hour base, while the patient carries out everyday life activities. Each one of
the Holter devices was placed in each patient for 24 hours.
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Figure 1. Distribution of normalized daily CRI (%) during the examined period (a);
Daily average Dst index variations during the examined period ()
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1.2. Cosmic Ray Intensity Data

The hourly corrected for pressure values of the hadronic component of the cosmic
ray intensity, were adapted from the Athens Neutron MOnitor DAta Processing cen-
tre (ANMODAP) of the National and Kapodistrian University of Athens.

The Athens Neutron Monitor Station is a modern one providing high resolution
real-time cosmic ray data to the Internet (http://cosray.phys.uoa.gr), while those are
transfered every 1-min to the European High resolution Neutron Monitor Database
(http://www.nmdb.eu). This station is located at the University Campus at 260 m
above the sea level and detects particles with a cut-off rigidity of 8.53 GV. The cos-
mic ray intensity data were normalized according to the relation

CRI CRI

obs aver

CRI

aver
Where CRI , is the observed value and CRI_, is the average CRI pertaining to the
examined period. The normalized cosmic ray intensity values (%) during the time
period under examination are presented in Figure l1a. The total values were divided
into five levels (0, 1, 2, 3, 4) corresponding to the CRI intervals given in table. A sim-

ilar technique has been used in previous studies, such as by [Papailiou et al., 2011].

The CRI and the Dst levels and the respective mean HR in the ANOVA analysis

CRI

Levels | Normalised CRI intervals, % | Number of measurements | Mean HR, bpm 95 % CI
0 CRI<-3% 220 76.33 74.11...78.55
1 —3%<CRI<-1% 602 76.00 74.67...77.35
2 —1%<CRIK1% 2227 70.61 70.00...71.21
3 1%<CRI<3% 1150 68.51 67.75...69.27
4 CRI>3% 17 67.12 60.34...73.89

Dst index

Levels Dst intervals, nT Number of measurements | Mean HR, bpm 95 % CI
0 Dst >0 1444 71.24 70.50...71.98
1 —20<Dst<0 1850 70.63 69.92...71.35
2 =50 < Dst < =20 824 71.97 71.03...72.91
3 —100 < Dst < =50 106 71.00 68.08...73.92
4 Dst < —100 9 61.11 54.99...67.23

1.3. Geomagnetic Activity Data

The geomagnetic activity during the time period that the above mentioned medi-
cal data were recorded, was analyzed. For this reason, hourly values of the geomag-
netic index Dst was used. These data were obtained from the World Data Centre for
Geomagnetism, Kyoto, which provides online real-time data (http://wdc.kugi.kyo-
to-u.ac.jp/dst_realtime/index.html). Dst index variations during the examined pe-
riod are shown in Figure 1b. The GMA data were divided into five levels (0, 1, 2, 3,
4), as in the CRI data, according to Dst index values given in table. This stratification
technique has been used in the past [Papailiou et al., 2011].
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1.4. Statistical Methods

The statistical methods of Analysis Of VAriance (ANOVA) and Multiple Linear
Regression analysis were applied to evaluate the effect of both geomagnetic activity
and cosmic ray intensity variations on the heart rate variations. The respective lev-
els of significance (p-values) were calculated and discussed. In the applied regression
models, the HR was taken as dependent variable, while the independent variables
included the CRI, the Dst index, the time of data recording, and a unique patient
identifier (to control for inter-patient variability). The statistical package SPSS ver-
sion 17.0 software (SPSS Inc., Chicago, IL, USA) and STATISTICA (ver. 6, Stat-
Soft Inc., 2001), were used for the statistical analyses.

2. RESULTS AND DISCUSSION

As it was mentioned above, a sample of a total of 190 individuals was examined,
among which 106 (56 %) were men, 74 (39 %) were women and 10 (5 %) unknown,
while their average age was 64 years. In total, 4560 measurements of heart rate, Dst
index and cosmic ray intensity were recorded and analyzed (Figure 2).

At first, the heart rate variations of the individuals were analyzed with regard
to CRI and Dst index variations using the method of ANOVA analysis. This anal-
ysis indicated a statistically significant negative correlation between HR and CRI
(»<0.01). The mean heart rate values in the different cosmic ray intensity levels are
presented in Figure 3. It is noticed that the highest heart rate was documented at the
lowest CRI level, and as the mean cosmic ray intensity increased, the heart rate de-
creased. In contrast, no significant association between heart rate and Dst index vari-
ations was observed (p=0.064; see table), as depicted in Figure 4, where the mean
heart rate values in the different Dst index levels are presented. In the lowest levels of
Dst index that correspond to low geomagnetic activity, the variations of the heart rate
were small.
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Figure 2. Number of Holter measurements during the period under examination
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According to the multiple linear regression model, after adjusting for day time
and individual patient, both CRI and Dst index were found to be independently as-
sociated with HR. The cosmic ray activity was negatively correlated to the heart rate
with a regression coefficient: —0.203 (95 % CI: —0.011, —0.008) and p-value <0.01,
while Dst index values were positively correlated with a regression coefficient: 0.064
(95 % CI: 0.028, 0.081) and p-value <0.01.

Moreover, the average HR, CRI, and Dst values, stratified by day time, based on
our data, were calculated. A graphic presentation of the mean hourly HR and CRI
values, as well as of the mean hourly HR and Dst ones, is given in Figures 5 and 6,
respectively.

Our results suggest a statistically significant association between space weather
and human heart rate, as assessed by ambulatory Holter monitoring in individu-
als treated in two cardiology clinics in Greece, from July 2011 through June 2012.
This time period is very close to the maximum period of the solar cycle 24 starting
in January 2009 and is predicted to peak in 2013; it is considered to be an active pe-
riod in the last active cycle in the past 100 years, according to NASA’s predictions
[Hathaway, 2012; Paouris et al., 2012]. In this regard, there were limited observa-
tions corresponding to days with strong geomagnetic disturbances (low GMA) in our
study, and the extrapolation of our findings regarding the relationship between HR
and Dst to such a setting may be limited.

Our findings are in concordance with previous studies. Two recent studies exam-
ined the potential influence of cosmic ray activity and geomagnetic disturbances on
human cardio-health state [Mavromichalaki et al., 2008, 2012]. Both studies refer to
the time period from July 2006 to March 2008 and included a total of 1673 measure-
ments of HR from seven healthy volunteers. The HR was studied in relation to daily
variations in cosmic ray intensity (CRI) and the respective daily variations of Dst and
Ap geomagnetic indices, with a focus on days of geomagnetic storms. The investi-
gators observed that the effects on HR were stronger in the low levels of Dst (when
geomagnetic storms exist) and in high CRI decreases (Forbush dicrease). It was as
well determined that HR increased on the days before, during and after geomagnetic
storms and on the days preceding, and following CRI decreases. Both studies con-
cluded that HR variations might be connected to geomagnetic disturbances and CRI
variations. In another study, the variations of heart rate, geomagnetic activity and
cosmic ray intensity were examined in a group of 4018 aviators (healthy volunteers)
[Papailiou et al., 2011]. The investigators concluded that the cardiovascular function
of the subjects was affected by both geomagnetic activity and cosmic ray intensity
variations.

However, not all studies have detected a statistically significant relationship be-
tween GMA and HR. A study examining the effect of geomagnetic activity on some
cardiovascular parameters found that low GMA was associated with disturbances in
heart functionality such as higher levels of growth hormone and 11-ketosteroids in
the peripheral blood, more sudden deaths and higher rate of ventricular tachycardia.
In contrast, other studied parameters, including hemoglobin level, electrolyte level,
heart beat and pulse rate, were found not to be related to the GMA [Stoupel, 2002].
Similarly, another study conducted for about 5 consecutive years found no such as-
sociation, although the investigators acknowledged several limitations in the study
design [Ghione et al., 1998]. An additional study examined the potential influence of
GMA on heart rate variability during exercise recovery. And found out that there is
no linear effect of GMA on heart rate variability after the exercises [Weydahl, 2002].
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It should be noted that, in order to reach definitive conclusions about the as-
sociation (or not) of GMA with HR, larger studies with long follow up, which might
include more data about GMA events, are warranted. Multicausality and multicom-
plexity should be taken under consideration in the design of such studies, since ap-
proaches focusing only on individual parameters (not adjusting for possible cofound-
ers) may mislead research needed to clarify the impact of space weather parameters
on health. Therefore, even though CRI and GMA variations, in some cases, seem
not to be the main contributors in causing specific illnesses, further research is war-
ranted to examine their precise role in the development of disease.

CONCLUSION

This study examined the potential association between Space Weather variations, in-
dicating by the cosmic ray intensity and the geomagnetic activity parameters, with
the human heart rate. It is interesting that a statistically significant inverse relation-
ship between cosmic ray intensity and heart rate on a daily basis was found. While
the Dst index values were positively associated with the heart rate, indicating a signif-
icant effect of geomagnetic parameters on human heart rate. In this regard, the thor-
ough comprehension of the profound mechanisms underlying this association may
be helpful in identifying the pathophysiology, prevention, and treatment of cardio-
vascular disease, which is complex and multifactorial. Further studies with a greater
sample of measurements are warranted to precisely determine the role of geomag-
netic factors on human health.
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BAUAHUE WHTEHCUBHOCTI KOCMUYECKIX NYYEA M TEOMATHUTHON
AKTUBHOCTW HA YACTOTY CEPAEYHBIX COKPALLEHWW YENOBEKA

(. NoaxHudoy 1, M. llanaunuy 1, X. Maepomuyanaku 1, T. Anocmony 2, K. Mapasonudakuc 2,
M. Koypememu 3. Penmucbuc 3 E Cumanmupakuc 3T Xucmopuc !

! OTpeneHvie agepHoit drsnki, Dusnuyeckuin pakynsteT, AGUHCKNIN yHMBepcuTeT, MpeLns
2 OTpenenme KapaMonorun 6oibHULLI 06Lero npodunsa Hrkeu, Moeumsa
3 OTpeneHne KapAMONOrM rOCNUTaNA yHUBepCcUTeTa flepaknnoHa, Mpeuus

HaxkormieHHble TaHHBIE CBUAETENBCTBYIOT O CBSI3M MEXIY COJTHEYHON UM FeOMarHUTHOM aK-
TUBHOCTBHIO U (DU3MOJOTUUECKMMU TTapaMeTpaMu 4esioBeKa. Psim ormyOGIMKOBaHHBIX UCCIe-
JIOBaHUI OTHOCUJICS K U3MEHEHUSIM B (DU3UOJIOTMYECKMX PEaKIMsIX YeJOBeKa MpU pa3ind-
HBIX YPOBHSIX TEOMAarHUTHON aKTUBHOCTU. MBI CTPEMWINCH U3YYUTDh MTOTEHIIMAIBHYIO CBSI3b
MeXIy U3MEHEHUSIMU YacTOThl CEPIASUHBIX COKPALIEHUI U KOHKPETHOI KOCMO(h13IeCcKOit
aKTUBHOCTbIO. B HacTosiilieM uccieaoBaHuu, B o0l1ei cioxHoctd 190 aun, HaXoaUBLIKX-
cs Ha JIeYeHUU B Kapauojiornyeckoi kimHuke Huken, 6onbHuIel B [Tupee u Mpakion —
YHUBEpPCUTETCKOI OoibHuUIIe Ha ocTpoBe Kpurt, I'pemusi, ObLIM MccaeqoBaHbI 3a IIEPUOT
c utoig 2011 r. mo uroHp 2012 r. YacToTa cepieyHbIX COKpaIleHUIi MallMEHTOB 3aluChiBa-
JIach €XeYacHO € MOMOIUIbIO XOJITEPOBCKOTO MOHUTOPA, B TO BPeMsI KaK MOYacoBble Bapua-
MY MHTEHCUBHOCTH KOCMUYECKUX JIydeli ¥ TeOMarHUTHBIX MHAEKCOB Dst ObLIN M3MepeHbI
Ha CcTaHIUM A(PUHCKOrO YHUBEPCUTETA C IIOMOIIBI0O HEUTPOHHBIX MOHUTOPOB U Ha obcep-
Batopun Kuorto, cooTBeTcTBeHHO. CTaTMCTUUYECKUE METOMIbl BKIIOYAIU AMCIIEPCUOHHBII
aHam3 (ANOVA) 1 MHOXECTBEHHYIO JIMHEIHY10 perpeccuto. HabmonaeTcst craTuCTUYeCKu
3HAYMMOE BO3JEHCTBHE KaK KOCMMYECKUX JIydeid, TAK U TeOMarHUTHOW aKTUBHOCTU Ha 4Ya-
CTOTY CEepACYHBIX COKpalleHWI (OTpULIaTeIbHAsI U TIOJIOXKUTEIbHAST KOPPEJSIIMU, COOTBET-
CTBeHHO). Hamu pe3ynbraThl MOKa3bIBaIOT, YTO U3MEHEHMST YACTOThI CEPAEYHBIX COKpallle-
HUI y JTIOJei MOTYT OBITh CBSI3aHbI C UBMEHEHUEM TTapaMeTPOB KOCMUUECKOM TTOTO/IbI.
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