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Abstract
The ultrastructure of cardiomyocytes of rabbits was found to be drastically altered at a time coinciding with strong magnetic storms by
comparison with that usually observed during quiet geomagnetic conditions. The circadian characteristics of systolic and mean pressure in
the left and right ventricles of Chinchilla rabbits were assessed and compared between quiet and stormy magnetic conditions. Experiments
repeated during four consecutive seasons at the times of equinoxes and solstices in the absence of magnetic storms were also examined for
any circannual and/or transannual variation. The results have been interpreted in the broader context of non-photic influences on the
circulation, fully supporting the presence of non-photic effects. The recording of magnetic activity in the laboratory, and until this is possible,
the consultation of the physicists’ routine recording of geomagnetic indices should become a sine qua non, since, as shown herein, magnetic
storms can override the effect of the usually dominant synchronizer, the alternation of light and darkness. © 2004 Elsevier SAS. All rights
reserved.
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1. Introduction

2. Materials and methods

Magnetic storms have been shown in humans to affect the
incidence of myocardial infarctions and strokes [1–9]. A
putative underlying mechanism may involve an effect of
magnetic storms on heart rate variability [8–11]. In the laboratory, electron-microscopic studies of rabbits have shown
that magnetic storms are also associated with drastic alterations in the ultrastructure of cardiomyocytes [12,13]. Not
only was the structure of the myocardium drastically altered,
but the circadian rhythms in systolic and mean pressure in
rabbit hearts were also phase-shifted. Limitations of earlier
studies, the scarcity of data collected during quiet magnetic
conditions, were overcome by the use of reference data, collected as part of an independent, though related investigation, reanalyzed herein from the viewpoint of circadian and
circannual variations.

The experimental group consisted of 525 male Chinchilla
rabbits with weights ranging from 2600 to 3500 g. Systolic
and mean intracardiac pressure in the left and right ventricles were measured around the clock on groups of five rabbits sampled at 3-hour intervals for 24 hours in the fall of
1980 (September 23) during quiet conditions, and for 3 days
every 3 months between June 1984 and March 1985, at the
equinoxes and solstices. The groups starting on September
21, 1984 were studied at a time coinciding with the occurrence of two strong geomagnetic storms. Quiet geomagnetic
conditions prevailed during the other experimental sessions.
Data from each session were analyzed by single cosinor
[14,15] to assess the circadian variation. Rhythm detection
was determined by means of the zero-amplitude (no rhythm)
test. Point and interval estimates were obtained for the
MESOR (midline estimating statistic of rhythm), a chronome-adjusted mean value, the double amplitude, a measure
of the extent of predictable change within a day, and the
acrophase, a measure of the timing of overall high values
recurring each day. Circadian rhythm characteristics were
compared between experimental sessions carried out during
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strong magnetic storms or quiet conditions by means of
parameter tests [16]. Cosine curves with trial periods of 1.0
and 1.3 years were fitted by least squares to the circadian
MESORs determined in each season to assess any circannual or transannual variation.

3. Results

Fig. 1. The geomagnetic situation in September 1980 vs September 1984:
the former was a calm span with a low planetary geomagnetic index Kp,
whereas in 1984 a storm buildup is visible from increasing Kp values that
are relatively high toward the end of the study. © Halberg.

Fig. 1 displays the 3-hourly values of the planetary index
of geomagnetic disturbance, Kp, in experiments conducted
during the autumn equinox in 1980 and 1984. It can be seen
that geomagnetic conditions were quiet in September 1980,
whereas in September 1984, strong magnetic activity coincided with the data collection.
Fig. 2 shows the changes in systolic pressure in the left
ventricle of rabbits studied in the fall of 1980 and 1984. A
prominent circadian variation observed during the first day
of study is progressively dampened as the Kp index
increases. A circadian rhythm is also demonstrated in 1980
during quiet conditions. There is a large difference in circadian acrophase observed between the two experiments,
however. Similar results are observed for the systolic pressure in the right ventricle of rabbits (Fig. 3).
The statistical significance of the phase difference
between studies in 1980 and 1984 is apparent from the nonoverlapping 95% confidence intervals (Fig. 4). This nearantiphase of circadian rhythms in systolic and mean intracardiac pressure, in the left and right ventricles of rabbit
hearts during a magnetic storm (fall 1984) and quiet conditions (fall 1980) suggests a geomagnetic effect on the circulation.
Without further evidence that the circadian acrophase
remains stable during quiet geomagnetic conditions, these

Table 1
Circadian rhythm characteristics of intra-cardiac pressure of rabbits studied for 3 days at equinoxes and solstices (June 1984–March 1985)

Kp: Planetary index of geomagnetic disturbance averaged over study span in each season; PR: percentage rhythm, the proportion of variability accounted for
by fitted 24-hour cosine curve; MESOR (midline estimate statistic of rhythm), a chronome-adjusted mean value; amplitude: a measure of half the extent of
predictable change within a day; acrophase: a measure of the timing of overall high values recurring each day, expressed in (negative) degrees, with 360°=24
hours and 0°=00:00. SE: standard error.
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Table 2
Population-mean cosinor summary of circadian rhythm in intra-cardiac pressure of rabbits during magnetic storms and
geomagnetic quie

k: number of data series (four series available during magnetic storms; 12 series available during magnetic quiet, statistical
significance of circadian variation being reached in for of them); PR: percentage rhythm, average proportion of variance
accounted for by 24-hour cosine fit to each data series; P: P-value from test of zero-amplitude (no-rhythm) assumption;
MESOR (midline estimating statistic of rhythm), a chronome-adjusted mean value; Amplitude: half the extent of predictable change within a day; acrophase: measure of timing of overall high values recurring each day, expressed in (negative)
degrees, with 360°=24 hours and 0°=00:00. CI: confidence interval.

results are insufficient, however, to associate the difference
in acrophase with the occurrence of a magnetic storm. In
1984–85, additional profiles were collected, one in each
season, each for 3 days, allowing the examination of the
extent of stability of the circadian acrophase of intracardiac
pressure in rabbits during quiet geomagnetic conditions.
Table 1 summarizes the circadian characteristics of systolic and mean pressure in the left and right ventricles of rabbits during each season between June 1984 and March 1985.
A summary by population-mean cosinor of results in winter,
spring and summer, in the absence of magnetic storms,
Table 2 is in keeping with the data obtained in the fall of
1980, with an average acrophase of –49° (P=0.062).
A comparison of acrophases (considered irrespective of
the amplitude, set equal to 1) for series showing a statistically significant circadian rhythm during quiet conditions
(N=4; P=0.019) vs those in the fall of 1984 (P=0.023) confirms the near-antiphase, namely –267° (95% CI: –206 to –
311) during storms vs –58° (95% CI: –3 to –101) during
quiet conditions.
The MESORs of circadian studies conducted in each
season in 1984–1985 were further used as imputations to
assess any circannual or other variation. As seem from Table

3, results are highly statistically significant (P<0.001), at
both trial periods of 1.0 and 1.3 years. An about 1.3-year
component may be anticipated as a counterpart to a similar
feature in solar wind speed [17,18]. Although the data cover
too short a span to distinguish between the two sources of
variation, corresponding to photic and/or non-photic environmental influences, it is interesting to note that three of the
four amplitudes are numerically larger and acrophases are
more tightly clustered at the 1.3-year than at the 1.0-year
trial period, covering 36° vs 46°, 360° representing 1.0 and
1.3 years, respectively.

4. Discussion
The repeated mapping of the circadian variation of intracardiac pressure of rabbits on added occasions in the laboratory under quiet geomagnetic conditions yields consistent
results, with an acrophase between 03:00 and 04:00. This
timing is more or less opposite that observed in the fall of
1984, a time coinciding with two strong magnetic storms.
Unfortunately, the lighting and magnetic as well as other
conditions, such as environmental temperature, were not

Table 3
Circannual and transannual variation in intra-cardiac pressure of rabbits

PR: percentage rhythm, proportion of variability accounted for by fitted cosine curve with period of 1.0 or 1.3 years; MESOR
(midline estimate statistic of rhythm), a chronome-adjusted mean value; amplitude: a measure of half the extent of predictable
change within one cycle; acrophase: a measure of the timing of overall high values recurring during each cycle, expressed in (negative) degrees, with 360°=period length (1.0 or 1.3 years) and 0°=00:00 on 21 June 1984. SE: standard error; CI: confidence interval.
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Fig. 2. A 1-day profile of systolic pressure in the left ventricle of rabbits
during a calm span in 1980 is compared with the 3-day profile during a
stormy span. During the buildup of a storm in 1984, shown by Kp values in
Fig. 1, a relatively large amplitude is seen first with a very great difference
in phase, if one compares the timing of the peak with that on a calm day in
1980. © Halberg.

Fig. 4. Acrophase chart of systolic and mean pressure in the left and right
ventricles of rabbits studied in the fall of 1980 during quiet conditions and
in the fall of 1984 when stormy conditions prevailed. Results are in almost
antiphase, the statistical significance of the difference in circadian acrophase being documented by the non-overlap of 95% confidence intervals.
The likely association of the difference in circadian acrophase and the
occurrence of strong magnetic storms is supported by the relative stability
of the circadian acrophases during quiet conditions, as determined in additional experiments conducted in the winter, spring and summer of 1984–
1985 (see Tables 1 and 2). © Halberg.
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Fig. 3. A large difference in acrophase and a progressive reduction in the
circadian amplitude are features also observed for the systolic pressure in
the right ventricle of rabbits studied during quiet and stormy geomagnetic
conditions, similar to those found in the left ventricle, as shown in Fig. 2. A
large phase-shift with a peak originally during the build-up of the storm
during the light span is seen, with a gradual damping of rhythm as the storm
gains in intensity. © Halberg.

recorded, and this should be done in the future. With this
qualification, the added results strengthen the proposition
that magnetic storms were associated with a changed circadian variation of circulatory variables in rabbits. Altered circadian rhythms were also reported in a 7-day
electrocardiographic record on a clinically healthy man,
obtained in part during a magnetic storm, consisting mainly
of a decreased prominence of the circadian component, the
spectral peak being shifted away from 24 hours [10,12].
The statistically significant 1.3-year component, found to
be numerically more prominent than a component with a
precise 1.0-year period deserves further investigation. This
result is noted only to point to the need for longer time
series. Continued studies in laboratory animal chambers
controlled for lighting and temperature and preferably controlled for and compensated for changes in magnetic fields
could help determine the relative prominence of photic and
non-photic influences on circulatory variables.
The results presented herein on rabbits complement the
invariably statistically significant transyear detected in longitudinal series of human blood pressure and heart rate
covering up to 38 years [19,20], as well as in transverse
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series from hundreds of human babies, in which case the
transyear predominates over the calendar year [21]. Neonatal blood pressure and heart rate had earlier been shown to
be characterized by an about 11-year cycle similar to the
solar activity cycle and by prominent about 7-day (circaseptan) variations correlating with circaseptans in the local geomagnetic index K [22].
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