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9.1 Introduction

9.1.1 General Remarks

Ion cyclotron resonance (ICR) is one among a number of possible mechanisms that have
been advanced to explain observed interactions between weak low-frequency electro-
magnetic fields and biological systems. Despite the failure to find a reasonable physical
explanation, there remains an impressive body of experimental evidence that can be taken
as an empirical basis for this hypothesis. The ICR suggestion has proven fruitful in
framing both experimental and theoretical work, despite the biophysical situation being
far from the literal cyclotron resonance model of an isolated classical charged particle
moving in a vacuum under the influence of a magnetic field.

The properties of the applied fields that are used in ICR experiments include linear or
circular polarization, the presence of a finite magnetostatic field, frequencies ranging from
a few to several hundred hertz, magnetic intensities ranging from about 1 mT to 1 mT, and,
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most important, a directional constraint on the relative orientation of the time-varying
electromagnetic field to the magnetostatic (DC) field. This orientation requires that time-
varying magnetic fields be parallel to the DC field or, equivalently, that time-varying
electric fields are perpendicular to the DC field.

The ICR hypothesis holds that the physiological activity of those ions implicated in cell
signaling processes, including, among others, Ca2þ, Mg2þ, and K þ, can be altered when
the ratio of applied signal frequency to the static magnetic field is equal to the ionic
charge-to-mass ratio. This is expressed as

v=B ¼ q =m (9 :1)

where the radial frequency v ¼ 2pf, as measured in radians per second, is used instead of
f, the frequency measured in hertz. In SI units, B is the DC field intensity measured in
tesla, and q/m is the ratio of the ionic charge to mass, in coulombs per kilogram. For any
given ionic species, the specific frequency that equals the product of B and q/m is called
the cyclotronic frequency, vc.

The resonance concept is attractive for a number of reasons. There is a potential
connection to interactions involving the Earth’s magnetic field (geomagnetic field
[GMF]). Further, the ICR mechanism may help provide the basis for at least some of
the reports of low-frequency electromagnetic interactions that otherwise lack explana-
tion. Finally, given the wide variety of biological systems in which ICR effects are
observed, it is reasonable to ask if there are fundamental scientific questions connected
to this phenomenon.

The ICR hypothesis has especial significance attached to magnetostatic fields whose
intensity is of the order of the GMF (20–60 mT). This becomes apparent when the charge-
to-mass ratios of key biological ions are substituted into Equation 9.1. These ratios range
from about 2 to 8 � 106 C/kg, implying that a static magnetic field of 50 mT corresponds to
resonance frequencies of the order of 10–100 Hz (Figure 9.1). Such frequencies could
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FIGURE 9.1
Ion cyclotron resonance frequencies for many biologically important ions in the Earth’s magnetic field are in the
ELF range.
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TABLE 9.1

ICR Cation Possibilities

Ion q/m (C/kg) � 10�6 f/B (Hz/mT)

Hþ 95.76 15.241
Liþ 13.90 2.212
Mg2þ 7.937 1.263
H3Oþ 5.066 0.807
Ca2þ 4.814 0.766
Zn2þ 2.951 0.470
Kþ 2.467 0.393
Arg2þ 1.235 0.197
Asnþ 0.838 0.133
Gluþ 0.747 0.119
Tyrþ 0.591 0.094
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conceivably have physiological significance since they correspond approximately to the
frequency range generated in the central nervous system [1]. This, coupled to the
focus on the potential hazards attached to 50/60-Hz electromagnetic power delivery
sources [2], has sparked study of the ICR hypothesis, in terms of both experiments
specifically designed to test this hypothesis as well as theoretical models seeking an
explanatory basis at the molecular level.

Some specific ions that have been implicated are listed in Table 9.1. Note that four polar
amino acids and the hydronium ion are included. The ratios of frequency to DC magnetic
field, as calculated from Equation 9.1, are shown in the right-hand column. This ratio can
be regarded as an invariant characteristic for any given ion.

Although experimental evidence provides support for the ICR hypothesis [3], there is
no widely accepted theoretical explanation. Indeed, because of constraints mainly arising
from unfavorable damping conditions, there are strong arguments [4] against the occur-
rence in living tissue of any classical ICR mechanism [5], as occurs, say, for energetic
charged particles moving in a vacuum under the influence of parallel static and AC
magnetic fields. The circular and helical paths associated with such undamped motion
are invariably the result of the Lorentz force, which imparts an acceleration a to a charged
particle of mass m moving at velocity v in a magnetic field B:

a ¼ (q=m)(v� B) (9:2)

Nevertheless, arguments have been raised [6–11] that although the biological response
may not correspond to the effects resulting from ICR-specific helical pathways of charged
particles [4], the coupling is nevertheless a function of the ICR frequency as predicted by
Equation 9.1. Although there has been no consistent experimental verification for any of
these models, there is little question concerning the observed dependence on the cyclo-
tron resonance frequency. Because the cyclotronic frequency is the common denominator
in all these models, it is preferable to subsume all of them under the umbrella term ICR
hypothesis.

The great variety of biosystems in which ICR effects have been observed implies a
ubiquitous response that may have fundamental physiological significance. One can
generalize this response R in terms of its functional dependence. From Equation 9.1, we
can write

R ¼ R(v, B, q=m) (9:3)
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Lednev [7] added a fourth variable, namely the intensity of the AC magnetic field, BAC.
Thus, the expanded expression for the response R ¼ R(v, B, BAC, q/m), or, in terms of the
two key variables,

R ¼ R(vc, BAC) (9:4)

There is no question as to the relevance of BAC in studying the interactions between ICR
field combinations and biological systems. However, it is not clear if the experimentally
observed dependences on BAC are a direct result of the underlying resonance mechanism,
as has been suggested [7,9], or if there are other separate physiological factors that limit
the levels of the AC field under which an ICR mechanism may be operative.
9.1. 2 Backgrou nd History

ICR was originally invoked [4] to explain an extraordinary set of observations by Black-
man’s group [12] indicating a strong dependence on the orientation of the magnetostatic
field when studying the Ca-efflux model system [13]. The original discovery of the Ca-
efflux effect [13] and subsequent studies [14–17] showed conclusively that the level of

45Ca2þ efflux from preloaded chick brain was a nonlinear function of low-frequency (ca.
15 Hz) modulation signals when these brains were exposed to high-frequency carrier
electric fields. Typically, this nonlinear signature (Figure 9.2), at first referred to as a
‘‘window,’’ has the appearance of a resonance curve. The Blackman experiment [12]
discovered that this resonance signature appeared only when certain specific values of
the vertical DC magnetic field were superposed on the system. In Table 9.2, ‘‘Yes’’
indicates the appearance of a resonance signature for a given combination of f and B.

In addition to Blackman’s original set of results, a fourth column has been added in
Table 9.2 to show the putative charge-to-mass ratio as determined from Equation 9.1. One
sees that the sign of the magnetic field direction, either pointing up or down, does not
affect the outcome. The specific combination of 15 Hz and 38 mT is positive, as is the
combination of 30 Hz and 76 mT, suggesting that the ratio of frequency to field is involved
as a key factor.
FIGURE 9.2
Comparison of shape of ‘‘window’’ data
for Ca-efflux results [13] (seven points)
with predicted resonance curve [18]
(smooth curve). The best fit is for the
charge-to-mass ratio for Kþ, a magneto-
static field of 35.0 mT, and a collision
time of 0.026 sec.
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TABLE 9.2

Analysis of Blackman [12] Data

f (Hz) B (mT) Outcome q/m (C/kg)

15 38 Yes 2.48 � 106

15 19 No 4.96 � 106

30 38 No 4.96 � 106

30 76 Yes 2.48 � 106

30 �76 Yes 2.48 � 106

30 50 No 3.77 � 106

30 25 Yes 7.54 � 106

30 �25 Yes 7.54 � 106

30 �83 No 2.27 � 106
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Despite the fact that calcium was explicitly measured in this and the earlier Ca-efflux
experiments, the data in Table 9.2 give reason to believe that the potassium ion was the
primary target for the electromagnetic interactions. First, note that the charge-to-mass
ratio of 2.48 � 106 C/kg is associated with positive outcomes. This ratio is less than 0.5%
different from the q/m ratio for the potassium ion as shown in Table 9.1. The evidence
linking K þ to a positive outcome is further strengthened by examining the results
obtained for the combination of 30 Hz and 25 mT. The positive outcome in this case
suggests a q/m value of 7.54 � 106 C/kg, three times larger than the q/m ratio for Kþ.
In cyclotron resonance, one typically observes a set of resonance frequencies vn, where the
fundamental at n ¼ 1 is given in Equation 9.1, and the higher harmonic frequencies are
restricted to the odd [19–21] harmonics n ¼ 3, 5, 7,. . . . The f/ B ratio of 30/25 Hz/ mT is
nearly three times larger than the ratio 15/38 Hz/ mT, again implying that the Kþ ion is
interacting with the magnetic field, this time as a result of an excitation at the third
harmonic.

There is further evidence that the K þ ion is an important interactive factor in the
nonlinear effects observed in the Ca-efflux experiments. McLeod and Liboff [18,22]
derived the resonance signature for a charged particle as a function of frequency, showing
that the relative conductivity, with and without the presence of an ion resonance field
combination, is

sx

s0
¼ (1 þ (vc þ v)2 t2)

1 þ [( v2
c � v2) t2]2 þ 4v2 t2

� � (9:5)

This is a typical resonance expression that includes the effects of damping, expressed in
terms of the collision time t. By varying the choices of q/m ratios and collision times this
expression can be directly compared to the results of Bawin and Adey [13], as shown in
Figure 9.2. The smooth curve that best fits Equation 9.5 to the experimental points is also
shown in Figure 9.2. This fitting procedure reveals that the most likely explanation for the
data involves charged particles in cyclotron resonance with a q/ m ratio equal to that of the
potassium ion.

Thus, two independent sets of Ca-efflux data, one with DC magnetic fields applied as
part of the experiment [12] and the other with the ambient magnetic field in the laboratory
playing an unsuspected role [14], yield the same conclusion, that ICR stimulation of the
Kþ ion results in the nonlinear resonance response.
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9. 2 Ex per ime nta l Evide nce

There is a surprisingly wide variety of biological systems in which ICR effects are
observed. This suggests a heretofore unknown electromagnetic biological interaction.
The model systems that have been examined in the literature can be conveniently divi-
ded into the categories of bone, cell culture, rat behavior, neural cell culture, diatom
motility, complex biological systems, plants, and cell-free systems. These eight separate
broad categories are listed respectively in Table 9.3 through Table 9.10. There is some
TABLE 9.3

ICR Effects in Skeletal Tissues

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

100 130 Ca2þ 1.0 Enhanced cell (fibroblast) proliferation;
B varied between 50 and 500 mT

23

75 98 Ca2þ 1.0 Enhanced proliferation 23
16 42 Ca2þ 1.0 Enhanced proliferation 23
16 20.9 Ca2þ 1.0 Increases in rudiment length and

midshaft diameter in embryonic
chick femur

24

16 12.7 Mg2þ 1.0 Similar results to Ca2þ tuning 24
16 40.9 Kþ 1.0 Results opposite to Ca2þ and Mg2þ cases:

bone growth inhibited
24

80 20 Ca2þ/Mg2þ 1.0 Both fifth Ca2þ to third Mg2þ harmonics;
enhanced collar thickness and length

24

72.6–80.6 20 Ca2þ 1.0 Resonance in IGF-II concentration
at 76.6 Hz in osteosarcoma cell line

25

76.6 20 Ca2þ 1.0 Fifth harmonic: enhanced proliferation in
osteosarcoma and human bone cells

25

15.3 20 Ca2þ 1.0 Reduction in tissue growth factor (TGF) b-1
inhibition in chondrocyte culture

26

25.4 20 Mg2þ 1.0 Reduction of TGF b-1 inhibition in
chondrocyte culture

26

76.6 20 Ca2þ/Mg2þ 1.0 Reduction of TGF b-1 inhibition in
chondrocyte culture

26

15.3 20 Ca2þ 1.0 Enhanced protoglycans synthesis in
bovine cartilage

26

76.6 20 Ca2þ/Mg2þ 1.0 Mixed third and fifth harmonics reduce
bone loss related to castration in rats

27

14.3–18.3 20 1.0 Increase in 45Ca maximized at 16.3 Hz in
osteosarcoma cell line

28

14.3–18.3 20 1.0 Increase in 45Ca maximized at 15.3 Hz in a
different osteosarcoma cell line

28

15.3 20 Ca2þ 1.0 370% increase in stiffness in ostectomized
rabbit fibula after 24 h/28 d exposure

29

25.4 20 Mg2þ 1.0 137% increase in stiffness in ostectomized
rabbit fibula after 24 h/28 d exposure

29

15.3 20 Ca2þ 1.0 Enhanced DNA synthesis and IGF-II levels
in osteosarcoma cell line

30

13.3–17.3 20 1.0 Resonance maximum in IGF-II receptor
number and affinity at 15.3 Hz

31

16 20.9 Ca2þ 1.0 Enhanced chick femoral diameter and
glycosaminoglycans (GAGS) content

32

16 12.7 Mg2þ 1.0 Large (90%) GAGS enhancement 32
16 40.7 Kþ 1.0 Opposite effects for Ca2þ and Mg2þ tuning,

replicating Smith et al. [24]
32
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TABLE 9.4

ICR Effects in Cell Culture

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

14.3 21 45Ca2þ 1.0 Isotopic shift in q/m resonance
confirmed, 40Ca to 45Ca

33

14.3 21 45Ca2þ 1.0 Threefold incorporation of 45Ca
into human lymphocytes

33

14.3 21 45Ca2þ Effect on human lymphocytes
disappears at larger AC intensity

33

14.3 20.9 45Ca2þ 1.0 2.3-fold uptake in 45Ca disappears with
addition of calcium blocker nifedipine

34

38.15 50 Ca2þ 1.0 No effect on Ca2þ in four different cell
lines as observed using calcium
fluorochrome fura-2

35

16 20.9 Ca2þ 1.0 Enhanced proliferation (46%) for fibroblast
culture at Ca2þ ICR tuning

36

? 20.9 Kþ 1.0 Reduced proliferation (18%) for Raji cells
exposed to Kþ ICR; frequency not provided

36

13.6 16.5 45Ca2þ 1.2 ICR frequency off by 3.5 Hz; enhanced 45Ca2þ

levels (75–126%) in three cell lines
37

60 20 45Ca2þ 1.0 Fifth harmonic for 45Ca2þ uptake is
enhanced by 37%

37

16 23.4 45Ca2þ 1.8 Decreased Ca2þ influx in mitogen-activated
lymphocytes but no effect on resting cells

38

16 51.1 Kþ 1.0 Third harmonic: enhanced proliferation of
lymphoma cells; very narrow FWHMa

39

16 40.9 Kþ 1.0 Enhanced proliferation of human
lymphoma cells

39

16 23.4 Ca2þ 3.8, 5.3 No change in Ca2þ influx at AC/DC ratio
of 3.8 but enhanced influx at ratio of 5.3

40

16 20.9 Ca2þ 1.4 No effect on mouse lymphocytes as
observed using Ca fluorochrome Quin-2

41

50 65.3 Ca2þ 1.4 No effect on mouse lymphocytes with and
without mitogenic stimulation

41

5–100 50–60 ?Ca2þ 2.3–3.0 Enhanced calcium oscillations over broad
frequency range, maximized at 50 Hz

42

32 42 Ca2þ 2.5, 5.0 Increased micronuclei formation in human
lymphocytes at Ca2þ ICR tuning

43

32.50 0 No change in micronuclei formation when
DC field is zero

43

15.3 20 Ca2þ 1.0 ICR effect on fura-2 calcium activity only
found for added serum in cell medium

44

76.6 20 Ca2þ 1.0 Fifth harmonic is also successful 44
100 130 Ca2þ 1.9 Another ICR fundamental successful 44
100 130 Ca2þ 2.8 Repeating ICR application to primary bone

cell culture at higher AC intensity
44

aFWHM, full width at half maximum.
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unavoidable overlap among these, particularly in Table 9.3 (skeletal systems), where
references to bone research in cell cultures and animals are grouped together.

Although most of the reports summarized in Table 9.3 through Table 9.10 lend consid-
erable weight to the hypothesis that ICR magnetic stimulation can affect biological
systems, the effects on diatom motility (Table 9.7) are not as clear-cut, in that a number
of observers [62–65] failed to find any effects whatsoever. The explanation for the poor
reproducibility in this case may rest with difficulties in handling the diatom model
system, one that is especially sensitive to sample preparation.
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TABLE 9.5

ICR Effects on Rat Behavior

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

60 26 Ca2þ 1.9 Third harmonic: loss of short-term
(temporal) memory in rats

45

60 26 Ca2þ 1.9 Third harmonic: AC threshold observed
(27 mT) for above results

46

60 27 Ca2þ 1.9 Third harmonic: learning inhibited
relative to controls

47

60 48 Mg2þ 1.0 Learning enhanced relative to controls 47
60 26 Ca2þ 1.9 Third harmonic: no effect 48
50 65 Ca2þ Reduced short-term memory and

aggressiveness
49

630 500 Mg2þ 0.5 Enhanced exploratory activity 50
380 500 Ca2þ 0.5 Reduced exploratory activity 50
63 50 Mg2þ 0.7 Enhanced locomotor and

exploratory activity
51

38 50 Ca2þ 0.7 Reduced locomotor and
exploratory activity

51

630 500 Mg2þ 0.7 Enhanced locomotor and
exploratory activity

51

380 500 Ca2þ 0.7 Reduced locomotor and
exploratory activity

51

TABLE 9.6

ICR Effects on Neural Cell Culture

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

16 15–40.8 ? Co2þ or Fe2þ? 0.5–1.3 Enhanced proliferation over
controls (60%) in neuroblastoma
cell culture

52

16 15–40.8 0.5–1.3 Decreased neurite outgrowth
for ?Co2þ/Fe2þ ICR stimulation;
possible Naþ ICR effect?

52

15.3 20 Ca2þ 1.0 Ca2þ tuning increases rate of
neuronal differentiation
in PC-12 cells

53

45 36.6 Mg2þ 0.03–1.81 Changes in neurite outgrowth
for Mg2þ ICR at different
AC intensities in PC-12 cells

54

25 20.3 Mg2þ 0.54–1.26 Similar Mg2þ ICR effect on
PC-12 neurite outgrowth
at another frequency

54

45 2.96 Hþ 0.14–2.0 Hþ ICR alters PC-12 neurite
outgrowth

55

30 1.97 Hþ 0.57–1.4 Similar effects at different
ICR combinations

55

45 59 Ca2þ 0.26–1.49 PC-12 cells at Ca2þ ICR exhibit
changes in neurite outgrowth
at different AC intensities

56

42.5–47.5 2.97 Hþ 0.56–1.5 Bandwidth for PC-12 neurite
outgrowth due to Hþ ICR is +10%

57

40, 50 2.97 0.56–1.5 No effect 57
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TABLE 9.7

ICR Effects on Diatom Motility

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

5–32 20.9 1.0 Maximum motility occurs at 16 Hz when
Ca2þ concentration is 0.25 nM; no effect
when fields are at 908

58

16 20.9 Ca2 þ 0.0–3.0 Motility maximized when B/B0 ratio is 1 58
16 20.9 Ca2 þ 0.7 Enhanced motility 59
32 20.9 Ca2 þ 0.7 Even harmonic: no effect 59
48 20.9 Ca2 þ 0.7 Third harmonic: enhanced motility 59
64 20.9 Ca2 þ 0.7 Even harmonic: no effect 59
8 10.45 Ca2 þ 1.4 Enhanced motility 60
12–64 15.7–83.6 Ca2 þ Additional ICR frequencies at

12, 16, 23, 31, 32, 46, 64 Hz also
enhance motility

60

24, 40, 120 10.45 Ca2 þ 1.4 Three ICR harmonics for 10.45 mT
( n ¼ 3, 5, 15) enhance motility

60

16–136 10.45 Ca2 þ 1.40.73 Thirteen other frequencies
( n ¼ 2, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 17)
fail to show effect

60

8 20.45 Kþ 0.73 Motility inhibited 60
16 41 Kþ 0.37 Motility inhibited 60
24, 40, 120 20.45 Kþ 0.37 Three ICR harmonic frequencies for

B0 ¼ 20.45 mT (n ¼ 3, 5, 15)
also inhibit motility

60

16–136 20.45 Kþ 0.37 Thirteen other frequencies
(n ¼ 2, 4, 6, 7, 8, 9, 10, 11, 12, 13, 14, 16, 17)
fail to show effect

60

16 21 Ca2þ 1.0 Enhanced motility 61
16 20.9 Ca2þ 1.0 No effect on motility 62
30 39.2 Ca2þ 1.0 No effect on motility 62
60 78.4 Ca2þ 1.0 No effect on motility 62
16 20.9 Ca2þ 1.0 No effect on motility 63
16 21 Ca2þ 1.0 No effect on motility 64
16 20.9 Ca2þ 1.0 No effect on motility as viewed with

real-time video system
65

    SOFTba
9.2.1 Rat Be havior

On the other hand, some of the experimental evidence merits special emphasis because of the
way the results have been positively replicated and reinforced. This is particularly true of the
work on rat behavior (Table 9.5), in which four independent groups [45,47,49,51] observed
significant changes in behavior for ICR exposures that were tuned to either the calcium or the
magnesium ion. The end points of these experiments included changes in short-term memory
[45,51], learning capacity [47], and aggressiveness [49], behavioral factors that are conceivably
interconnected. Most important, these were undoubtedly resonance effects, since changes
were not observed when separate runs were made for exposures to either the AC magnetic
field alone or the DC magnetic field alone. Only when the AC and DC magnetic fields were
jointly applied and parallel and, moreover, when the combined field characteristics con-
formed to Equation 9.1 were the altered behavioral responses observed.

An interesting possible explanation for the neural interaction site in these experiments
has been proposed by Lovely et al. [47,92]. Using a Y-maze setup this group observed
precisely opposite learning abilities for Ca2þ tuning and for Mg2þ tuning. Since the ICR
combined field affects learning capacity oppositely for Ca2þ tuning and Mg2þ tuning, it may
be reasonable to assume that the glutamate receptor N-methyl D-aspartate (NMDA) is
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TABLE 9.8

ICR Effects on Complex Biological Systems

Frequency

(Hz) 

B0

( mT) Tuning 

Ratio

B/B0 Comments Reference

3–770 10–220 0064–2.8 No effect on turtle colon transepithelial
current as measured in Ussing chamber

66

33.7 44 Ca2þ 1.41 Synthesis and release of rat pineal
melatonin is reduced by Ca2þ ICR tuning

67

15 21 Ca2þ 6.7 Fluctuations in heart rate in Daphnia are
maximized at Ca2þ ICR frequency

68

60 78.4 Ca2þ 0.13 Cephalic regeneration in planaria is
delayed by 48 h

69

60 51.1 Kþ 1.0 Regeneration rate unchanged when Kþ

tuning is used instead of Ca2þ tuning
69

60 78.4 Ca2þ 0.51 Regeneration anomalies occur at Ca2þ

tuning when larger AC intensity is used
70

16 20.9 Ca2þ 1.8 Enhanced rate of blastema growth during
cephalic regeneration in planaria

71

16 20.9 Ca2þ 0.24–9.6 Evidence that ICR effect on planaria
regeneration has an intensity window

71

30 39.1 Ca2þ 1.8 Evidence corroborating Lednev [7]
prediction: ICR effects are maximized
at AC/DC ratio of 1.8

72

60 78.1 Ca2þ 1.8 Effect of light on ICR modulation of
snail opioid analgesia is independent
of frequency

72

120 156.2 Ca2þ 3.6 Effect due to light appears to scale with
DC intensity

72

60 78 Ca2þ 0–5.3 Ca2þ ICR variations with AC intensity
support Lednev [7] model

73

30 76 Kþ 0–2.8 Kþ ICR effects on snail opioid analgesia
are reversed with Kþ channel blocker

73

35 45 Ca2þ 1.8 Maximum influence on bioluminescence
of dinoflagellate, agreement with
PRM model

74

35 45 Ca2þ 5.3 Influence reversed, again in agreement
with PRM model

74

35 45 Ca2þ 3.8 No effect at ratio of 3.8, again in
agreement with PRM model

74
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involved. NMDA receptors act as a graded switch for memory formation, to enhance
learning and memory [93], and it is well established that NMDA activity is differently
sensitive to calcium and magnesium concentrations [94,95]. Similar reversals of behavioral
outcome depending on which ions are tuned have been observed by Zhadin et al. [51].

This explanation also serves to reinforce the original suggestion [4] concerning the
molecular explanation for ICR stimulation, namely, in terms of enhanced ionic permea-
bility within ion channels. Further support for locating the ion channel as the site of
magnetic interaction is the fact that the changes in Ca2þ concentration within the cell that
result from ICR stimulation tuned to the Ca2þ ion are not observed with the addition of
nifedipine [34], a well-known calcium ion channel blocker (Figure 9.3).

9.2. 2 Plant s

Highly consistent results have also been independently obtained in studying the effects of
ICR stimulation on plant growth [75–77,96] and seed germination [20,78] (Table 9.9,
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TABLE 9.9

ICR Effects on Plants

Frequency

(Hz) B0(mT) Tuning

Ratio

B/B0 Comments Reference

60 78.3 Ca2þ 0.26 Ca2þ ICR field combination stimulates
radish growth after delaying germination

75

60 153.3 Kþ 0.13 Kþ ICR field enhances germination while
reducing growth

75

60 0 No effect 75
60 78.4 Ca2þ 0.26 Ca2þ fundamental stimulates growth

but slows down germination
20

60 39.2 Ca2þ 0.51 Ca2þ second harmonic: no effect 20
60 26.1 Ca2þ 0.77 Ca2þ third harmonic: same result

as Ca2þ fundamental
20

60 153.3 Kþ 0.13 Kþ fundamental results opposite to those
of Ca2þ: growth inhibited, germination
enhanced

20

60 76.6 Kþ 0.26 Kþ second harmonic results weakly opposite
to fundamental and third harmonics

20

60 51.1 Kþ 0.39 Kþ third harmonic: effect same
as Kþ fundamental

20

60 47.5 Mg2þ 0.42 Mg2þ fundamental stimulates growth 20
60 9.5 Mg2þ 2.11 Mg2þ fifth harmonic stimulates growth 20
60 0 AC only: no effect 20
60 78.3 Ca2þ 0.26 Replication of Smith et al.’s [75] work 76
60 78.3 Ca2þ 0.26 No effect on mustard plant; possible

effect on barley plant
76

50 65.3 Ca2þ 0.61 Replication of Smith et al.’s [75] work on radish,
for the 50-Hz Ca2þ ICR condition

77

50 39.6 Mg2þ 0.60 Replication of Smith et al. [75] for
50-Hz Mg2þ condition

77

60 76.3 Ca2þ 0.26 Germination weakly enhanced
following Ca2þ ICR exposure of dry
radish seeds

78

60 153.5 Mg2þ 0.13 No effect on germination 78
60 47.6 Kþ 0.42 Significantly greater (earlier) germination

of dry seeds following Kþ ICR exposure
78

35.8 46.5 Ca2þ 1.84 Gravitropic response in millet, flax,
and clover seedlings enhanced by Ca2þ ICR

79

58.7 46.5 Mg2þ 1.84 Gravitropic response unaffected by Mg2þ tuning 79
54.7 46.5 Kþ 1.84 Gravitropic response inhibited by Kþ ICR 79
33.8–37.8 46.5 Ca2þ 1.84 Frequency-dependent gravitropic response

exhibits Ca2þ peak: FWHMa ¼ 1.6 Hz
80

60 48 Mg2þ 1.48 CO2 uptake significantly below control in radish,
replication of Smith et al. [75]

81

aFWHM, full width at half maximum.
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Figure 9.4). The approach in the earlier reports [75] involved direct observations of
aspects of plants that are readily measurable: plant height, aboveground height, root
mass, stem diameter, leaf length, and width. Remarkably, all aspects related to growth
are significantly affected, suggesting that magnetic fields play some unknown role in
plant physiology. As observed in other systems (see Table 9.3), Ca2þ and Mg2þ tuning
tends to enhance growth while tuning to the potassium ion acts as an inhibitor. Radish
( Raphanus sativu s) was used because of its rapid growth cycle (21 d), ease of handling, and
seed availability. Davies [76] observed positive results when stimulating radish with ICR
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TABLE 9.10

ICR Effects in Cell-Free Systems

Frequency

(Hz) B0 (mT) Tuning

Ratio

B/B0 Comments Reference

8–20 20.9 1.0 Three frequencies (13.0, 14.0, and 16.0)
affect calmodulin-dependent
phosphorylation

82

100 0–260 >0.45 No Ca2þ ICR effect on
conductance in pure bilipid layer

83

50–120 0–299 >0.31 Binding of Ca2þ to calmodulin is
not enhanced using
Ca2þ ICR fields

84

20 50 Kþ 1.4 No changes from ICR tuning in
gram A channel conductance
in lipid bilayer

85

760 50 Hþ 15.2 No changes from ICR tuning
in gram A channel conductance
in lipid bilayer

85

0.1–40 25 Asnþ 0.002 Enhanced aqueous conductivity
in asparagine solution at 2.9 Hz;
ICR prediction 2.9 Hz

86

0.1–40 25 Arg2þ 0.002 Enhanced aqueous conductivity
in arginine solution at 4.4 Hz;
ICR prediction 4.4 Hz

86

0.1–40 25 Gluþ 0.002 Enhanced aqueous conductivity
in glutamic acid solution
at 2.5 Hz; ICR prediction 2.6 Hz

86

0.1–40 25 Tyrþ 0.002 Enhanced aqueous conductivity
in glutamic acid solution
at 1.9 Hz; ICR prediction 2.1 Hz

86

0.1–40 25 0.2 ICR effect disappears at higher
ratio of AC to DC intensities

86

0.1–40 0 0.002 ICR effect disappears for very
small DC fields

86

0.1–40 25 0.002 ICR effects disappear when
AC magnetic field is at 908
to DC field

86

12–60 20.9 1.0 No change in Ca2þ transport
through patch-clamped
cell membrane

87

10–22 20.9 1.0 No change in Ca2þ transport
through patch-clamped system,
measured over loner times

87

1–10 20–40 Gluþ 625–1.25 (�.001) Changes in glutamic acid
conductivity in solution; good
agreement with Gluþ ICR q/m

prediction

88

1–10 40 0.25–2.0 (�.001) Confirmation of earlier work;
amino acid response at AC
levels of 0.02–0.04 mT

88

0–10 40 Arg2þ 0.001 Sharp change in conductivity
observed at 7.1 Hz, the ICR
tuning point for Arg2þ

11

20.6 48 H3Oþ(H2O) 0.02 ICR fields trigger long-term
increases in electrical
conductivity in pure water

89

40.1 48 H3Oþ 0.02 Data in agreement with ICR
effect in hydronium ion

89

530 35 Hþ 0.03 Data in agreement with ICR
effect in proton

89
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TABLE 9.10 (continued)

ICR Effects in Cell-Free Systems

Frequency

(Hz)

B0

(mT) Tuning

Ratio

B/B0 Comments Reference

16 20.9 Ca2þ 1.0 Binding of Ca2þ to calmodulin
is not enhanced using
Ca2þ ICR fields

90

25.4 37 45Ca2þ 0.70 45Ca2þ efflux in plasma
membrane vesicles:
ICR peak observed

91

24 37 0–3.2 Agreement with Blanchard
and Blackman’s [9] IPR model

91
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magnetic fields but reported observing no similar effect in mustard plants, implying that
the influence on growth may be species specific. ICR effects on radish metabolism were
also reported by Yano et al. [81] using a distinctly different assay, the rate of uptake of
CO2 as a surrogate for photosynthesis activity. Still another assay [97] that responds to
ICR magnetic stimulation in radish is the optical transmittivity in leaf.

The work in radish was extended [96] to four species of orchid ( Brass avola, Encyc lium,
Phalaen opsis, and Bulb ophuyllum) (Figure 9.4 and Figure 9.5), with the magnetic exposures
tuned to Ca2þ ICR lasting months instead of days. In all treated cases, plant heights were
significantly higher compared to controls.
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FIGURE 9.3
Incorporation of 45Ca in human lymphocytes for unexposed cells (dashed line) and for ICR exposure tuned to the
isotopic mass of 45Ca (solid line) after 1 h. In the absence of calcium blocker nifedipine, there is a greater than
twofold increase in calcium concentration over controls. The addition of nifedipine completely blocks the calcium
uptake resulting from ICR stimulation, providing evidence that the ICR mechanism is related to ion channel
transport. (From Rozek, R.J., Sherman, M.L., Liboff, A.R., McLeod, B.R., and Smith, S.D., Nifedipene is an
antagonist to cyclotron resonance enhancement of 45Ca incorporation in human lymphocytes, Cell Calcium, 8,
413, 1987.)
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FIGURE 9.4
Comparisons of mean plant heights for four or-
chid varieties between unexposed controls and
plants subjected to Ca2þ ICR stimulation. SD,
standard deviation. (From Smith, S.D., Liboff,
A.R., and McLeod, B.R., Calcium ICR and seed-
ling growth in orchids (abstract), 20th Annual
Meeting, Bioelectromagnetics Society, St. Peters-
burg Beach, FL, 1998.)
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A distinctly different type of plant experiment has examined the rate of seed germination
[21,78] instead of growth. In this case the assay simply involves a comparison of the time it
takes for the seedling to be observed after the exposed seed is planted to the time it takes for a
nonexposed seed to emerge. Unlike what is observed when examining growth rates, germin-
ation rates are significantly enhanced under Kþ stimulation and inhibited for Ca2þ tuning.
9.2.3 Bone

Elaborating on earlier work that used high-intensity pulsed magnetic fields [98] to treat
bone disorders, ICR stimulation, operating at a much lower intensity, has proven very
useful in repairing bone nonunions [29,99] and as an adjunct in enhancing spinal fusion
following surgery [99]. Both these medical applications are approved by the U.S. Food
and Drug Administration (FDA) and have been used to treat more than 100,000 patients
in the United States [99]. There are two great advantages in these applications compared
FIGURE 9.5
Typical example of difference between treated (right) and unexposed (left) orchid (Phalaenopsis) plants. (From
Smith, S.D., Liboff, A.R., and McLeod, B.R., Calcium ICR and seedling growth in orchids (abstract), 20th Annual
Meeting, Bioelectromagnetics Society, St. Petersburg Beach, FL, 1998.)

� 2006 by Taylor & Francis Group, LLC.nk E-Book Center Tehran, Phone: 66403879,66493070  For Educational Use.    



    SOFTba
to pulsed magnetic fields therapy. Much weaker AC magnetic field intensities, less than
0.1 mT in amplitude, are employed, requiring very small power and providing the patient
with greater portability. The treatment is also more efficient, requiring only 30 min/d
during the therapeutic regimen.

This FDA-approved ICR device (Figure 9.6) also makes use of harmonic frequencies.
The orientation of the local GMF relative to the plane of the AC coil is sensed, and the
frequency of the applied sinusoidal magnetic signal generated by the coil is automatically
adjusted to be in cyclotron resonance with the GMF following the relation vn ¼ nqB/m,
where n is an integer representing either the third or the fifth ICR harmonic. Table 9.11
lists the ICR harmonics for a number of ions. In the case of bone, tuning to either Ca2þ or
Mg2þ tends to stimulate bone growth [24] (Figure 9.7 and Figure 9.8). The FDA-approved
device makes use of this fact by employing one resonance condition (3.80 Hz/ mT) that fits
both types of stimulation, namely the third harmonic for Mg2þ and the fifth for Ca2þ.

It is likely that the level of efficacy of ICR magnetic treatment in repairing bony nonunions
is far from optimal. There is good evidence [9,73,82] that the ICR response may depend on the
ratio of the AC to DC magnetic fields that are used in combination. As such, one can
expect the search for improvements in therapeutic signals for bone repair to continue.
FIGURE 9.6
Device used to assist repair of bony nonunions. The two rectangular parallel coils are clamped over the defect,
and the GMF component normal to the plane of these coils is automatically determined regardless of limb
orientation. An AC magnetic field is applied parallel to the GMF field that is in ion resonance tuned to harmonics
of calcium and magnesium. (Courtesy of OrthoLogic Corp., Tempe, AZ.)
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TABLE 9.11

ICR Harmonics for Selected Ions

Ion 

Fundamental

(Hz/mT) f/B 

Higher Harmonics

(Hz/mT)

Subharmonics

(Hz/mT)

3f/B 5f/B f/3B f/5B

Mg2 þ 1.26 3.79 6.31 0.421 0.253
Ca2þ 0.77 2.30 3.83 0.255 0.153
Zn2 þ 0.47 1.41 2.35 0.157 0.094
Kþ 0.39 1.18 1.97 0.131 0.026
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In attempting to further probe the response of skeletal tissues to resonant magnetic
fields, Ryaby and colleagues [25–28,30,31] reported a number of associated metabolic
changes in bone cells, most notably an increase in insulin-like growth factor-II (IGF-II)
expression (Figure 9.9 and Figure 9.10) under ICR tuning for Ca2þ. This body of work was
rather complete in that separate experiments were carried out to justify Equation 9.1. With
the magnetostatic field held at one value the frequency was varied as shown in Figure
9.10. In addition, separate runs were made with a fixed frequency and different values of
the DC magnetic field. Resonance peaks were observed for both arrangements in accord-
ance with Equation 9.1.
9.2. 4 Harmoni cs

In general, the question of which harmonics are observed in the experimental data
remains unresolved. McLeod et al. [59], studying diatom motility, showed that when
the DC field is kept constant, odd multiples of the ICR fundamental frequency also result
in enhanced motility. The same type of frequency harmonic dependence was found for
ICR stimulation of plant growth [21]. Similar experimental results were obtained by
Blackman et al. [100] in determining the degree of radioactive calcium flux from chick
FIGURE 9.7
Ca2 þ and Mg2 þ ICR exposures aid bone
growth. Changes in diaphysis of embry-
onic chick femur due to ICR stimulation
are shown as percentage of controls. C
and M correspond to Ca2þ and Mg2þ tun-
ing, and K represents the effects of tuning
to the q/m ratio for Kþ. Note the reversal of
effect following exposure to potassium-
tuned magnetic fields. (From Smith, S.D.,
Liboff, A.R., and McLeod, B.R., Effects of
resonant magnetic fields on chick femoral
development in vitro, J. Bioelectr., 10, 81,
1991.)
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FIGURE 9.8
Typical examples of changes in embryonic chick femora with different ICR exposures. The longest femur
corresponds to calcium ion stimulation, the shortest femur to potassium tuning, and the in-between size is the
control. (From Smith, S.D., Liboff, A.R., and McLeod, B.R., Effects of resonant magnetic fields on chick femoral
development in vitro, J. Bioelectr., 10, 81, 1991.)
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brain as a function of electric-field modulation frequency. These various findings
are in reasonable agreement with the predicted higher harmonic ICR signatures listed
in Table 9.11.

Because subharmonics are predicted [7,101] in several theoretical models, the first two
predicted odd subharmonic characteristics are also listed for convenience in Table 9.11. It
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FIGURE 9.9
A sharp increase in mitogen expression in osteosarcoma cells exposed to a 20-mT DC magnetic field occurs when
the AC magnetic field frequency is 15.3 Hz, corresponding to Ca2þ resonance. (Courtesy of Veterans Adminis-
tration Hospital, Phoenix, AZ.)
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FIGURE 9.10
Peak in IGF-II expression at the fifth
harmonic for Ca2þ. (Courtesy of
J. Ryaby.) Fitzsimmons, R.J., Ryaby,
J.T., Magee, F.P., and Baylink, D.J.,
Combined magnetic fields increase
insulin-like growth factor-II in TE-85
human octeosarcoma bone cell cultures,
Endocrinology, 136, 3100, 1995.)
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is clear that a better fit between the theoretical predictions of harmonics and the nature of
their experimental observations could be an important factor in further understanding of
ICR phenomena in living things.
9.2. 5 Physiolo gical Re versals

There is substantial evidence [102] that changing the ICR tuning from one ionic species to
another has the capacity to completely reverse physiological outcomes (Figure 9.8 and
Figure 9.11). This has been reported in a number of separate fascinating observations in
widely different ICR experiments. The effect is manifested by applying, at the same
frequency, relatively small shifts in the local magnetic field or, equivalently, applying a
changed frequency with the local magnetic field kept the same, both variations made
according to Equation 9.1. Eight such sets of results are given in Table 9.12.

This type of opposite response in the data may provide an important clue in trying to
understand the ICR effect at the molecular level. Such a response might be expected when
looking at the effects of competitive ion concentrations on cell metabolism and signaling.
One such example, mentioned above [47], is the difference in the effects of binding Ca2þ

and Mg2þ to NMDA. The concentration of Ca2þ in the cytoplasm, itself an implicit
function of other ionic concentrations, is carefully regulated through the use of calcium
pumps. The production of key enzymes such as cyclic AMP is enhanced or inhibited
depending on the cytoplasmic calcium ion concentration. Because of this it is reasonable
to think that the action of ICR fields has its origin in membrane-bound ion channels or in
those proteins involved in the cell-signaling process.
9.2. 6 Water

There have been numerous puzzling reports [103–105] claiming that the physical prop-
erties of water (e.g., conductivity) can be sufficiently altered by exposure to magnetic
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Independent confirmation of the results shown in Figure 9.8 for embryonic chick femur [32]. The additional
assay for glycosaminoglycans (GAGS) reveals a greatly increased production of cartilage with Ca2þ or Mg2 þ ICR
stimulation and reduced cartilage production with Kþ tuning.
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fields to alter biological properties. Zhadin [86,88] explored this question using combined
AC and DC magnetic fields, to see if there might be an ICR response. The conductivity of
polar amino acids in solution (Table 9.1 and Table 9.10) was chosen as an assay. The
frequency of the magnetic field was swept slowly, and a single sharp current peak was
observed at the cyclotronic frequency, determined from Equation 9.1 using the naked
(unhydrated) molecular mass. Originally made in glutamic acid solutions [86], these
observations were subsequently extended to additional amino acids, even to the case
TABLE 9.12

Opposite Responses Resulting from Shifts in Frequency or Field

Model System Frequency (Hz) B0 (mT) Ion Response Reference

Diatom motility 16 20.9 Ca2þ Motility " 58
16 41.0 Kþ Motility #

Embryonic bone 16 20.9 Ca2þ Growth " 24
16 40.7 Kþ Growth # 32

Plant growth 60 78.3 Ca2þ Growth " 75
60 153.3 Kþ Growth #

Rat behavior 60 48 Mg2þ Learning " 47
60 27 Ca2þ Learning #

Rat behavior 63 50 Mg2þ Activity " 51
38 50 Ca2þ Activity #

Gravitropic response 35.8 46.5 Ca2þ Response " 79
54.7 46.5 Kþ Response #

Glycosaminoglycans (GAGs) concentration 16 20.9 Ca2þ GAGs " 32
16 40.7 Kþ GAGs #
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where it was possible to shift the ICR peak by changing the pH of the solution, and
therefore the valence of the ion. This work has been independently confirmed in two-
other laboratories [11,105]. One interesting aspect of these observations is the remarkably
small AC magnetic field intensity required to see this effect, on the order of 0.05 mT.

It has also been shown [89] that very short (minutes) applications of ICR-tuned mag-
netic fields act to trigger large (days) continuing increases in conductivity in highly
purified water. The required AC intensities (1 mT) are greater than that was found
necessary in the Zhadin experiments, but they are still far less than reported elsewhere
as interactive. The ions that are presumably affected are hydronium (H3Oþ) and its water
clusters. One intriguing aspect of this work are the long-term changes in conductivity that
are observed, even after removal of the magnetic field, a phenomenon somewhat akin to
that of water ‘‘memory’’ [106,107].
9. 3 Theoretic al Approac hes

9.3. 1 Physic al Cons traints

The conditions in living things are such that charged particles are not free but subject to
damping forces. If a particle such as an ion carries charge q and mass m and is moving
with velocity v, damping is manifested in the form of a retarding force, above and beyond
the Lorentz force q( v � B) and the Coulomb force q E:

F ¼ q( v � B þ E) � mv=t (9 :6)

The last term in Equation 9.6 is the mean damping force acting on the particle expressed
in terms of the collision rate t�1.

The possibility of ICR occurring in living systems is counterintuitive, mainly because of
damping. Cyclotron resonance, whether involving ions [108] or electrons [109], is usually
associated with motion in a vacuum, or at least a low-pressure gas. In sharp contrast, the
biological milieu is generally approximated as a liquid. Electron cyclotron resonance is
observed in metals [109], but only at extremely high frequencies ranging from megahertz
to gigahertz, many orders of magnitude greater than the typically observed frequencies
listed in Table 9.3 through Table 9.10. At very high frequencies, the periodic motion of
charged particles in cyclotron resonance can take place because the periods are shorter
than the collision times. At 15 Hz, however, one loop is executed in 70 ms, a time over
which one might expect as many as 1012 collisions because of thermal scattering [110]. The
problem of explaining ICR effects in living systems is indeed challenging.

A second argument against the ICR hypothesis is that ions in solution are never totally
free but are surrounded by layers of water. Therefore, one would think that the values of
the q/m ratio indicated in Equation 9.1 would have to be lowered to reflect the extra mass
that is part of the overall ionic package.

One further criticism lies in estimates of the path radius for (free) charged particles in
cyclotron resonance. This is based on equating the kinetic energy mv2/2 of the charged
particle to the thermal energy kT, and then arguing that the radius of the particle
path must necessarily reflect the resulting velocity, because this radius is given
as r ¼ v(m/qB). At a temperature of 378C this results in radii that are of the order of
meters, much larger than the extent of the system itself. However, it is hardly clear that
one can use classical kinetics to discuss low energy charged particle interactions with
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molecular structures. Further, it must be noted that the cyclotronic frequency vc, as given
in Equation 9.1 under the condition of vanishing damping, is entirely independent of
particle radius and energy.

ICR tends to somewhat mute one of the strongest arguments against the likelihood of
weak extremely low-frequency (ELF) magnetic interactions with biosystems. For an
electric signal to initiate a biological effect, this signal must be greater than the electric
potential generated by thermal noise [111]. The mean square thermal noise voltage ( dV)2

generated is proportional to Boltzmann’s constant k, the temperature T, the tissue resist-
ance R, and the bandwidth Dn as follows:

( dV)2 ¼ 4RKT Dn (9:7)

The original interaction site suggested by Weaver and Astumian [111] was the plasma
membrane of the cell. The lipid membrane, however, is a highly electrically insulating
material, with physical properties that are not conducive to any low-frequency interaction
mechanism [112] except at high voltages. When more conductive substances such as
proteins are considered as weak-field interaction sites, the effective resistance R can be
many orders of magnitude lower than that found in lipids. Further, experimental evi-
dence indicates that much narrower bandwidths, Dn, are encountered in ICR applications
[39,106] than was previously [111,113] assumed. If the product R Dn is reduced in Equa-
tion 9.7 by a factor of 10 �4, this lowers dV by a factor of 10 �2 below the original estimates.
The ‘‘ kT’’ question becomes even less of a problem if one considers electric-field ICR [114],
where the frequency of oscillation in Equation 9.1 is derived from endogenous sources
within the living system.
9.3.2 Ion Chann els

Placing the site of the ICR interaction within the lumen of membrane-bound ion channels
deals with the problems of damping and hydration layers but leaves other questions
unresolved. It is clear that damping within channels is quite different from that in liquids.
The very function of ion channels helps define their intrinsically small effective resistivity,
often less than 0.1 Vm [115], and therefore their vanishing damping. Channels function as
shunts across the insulating cell membrane, allowing ions to percolate through, often in
single file [116]. The passage of ions is determined less by collision rate, as in the solution-
like regions external to channels, but is more dependent on the molecular architecture
[117] of the channel proteins: the gating mechanisms that permit entry into the channel
lumen and the electrical potential of the atoms lining the lumen walls.

Further, this passage of ions is unencumbered by the layers of hydration that surround all
ions in solution. These waters are replaced upon entry into the channel by an equivalent
fixed cage lining the lumen (Figure 9.12). Although the energetics of this water replacement
is still puzzling [118], there is little question that ions can pass through ion channels in a
naked fashion, with no attached waters [119]. The path of ions in a channel is clearly
determined in a manner that does not permit one to apply kT arguments in trivial ways.

Although one can readily deal with the two problems associated with first, damping
and second, ionic hydration layers, it is not as easy to dismiss the disparity in relaxation
times when one compares the very rapid passage of ions through channels to the far
slower movements associated with resonance frequencies. The ratio of these times can be
well in excess of 1010. To illustrate the problems raised by this disparity, consider the
argument that the helicity of ionic paths occurring under ICR might be such as to match
the helicity of the electric potential in the lumen [120].
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FIGURE 9.12
Hydrated ions near the mouth of an ion channel exchange their layers of water
for an equivalent potential distribution within the lumen of the channel.
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The electric field in Equation 9.6 can have a number of distinctly different origins. In
living tissue, the electric field can be the result of endogenous sources independent of B. If
B is time varying, and of sufficiently large intensity or frequency, an electric field will in
addition be induced by Faraday’s law. There are also experimental situations in which an
electric field may be applied independently of the first two sources. When an electric field
E is present, whatever the source, and it is at right angles to both v and B, then the circular
motion becomes helical (Figure 9.13). It is then convenient to treat the velocity of the
particle as composed of two components: vk, directed parallel to the direction of E, and
FIGURE 9.13
The Lorentz force acting on a charged particle
often results in helical motion.
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v?, directed within the plane perpendicular to E. Then the radius of the helix is a ¼ mv ?/
qB, and its pitch is p ¼ 2p mvk/ qB. It is not difficult to show that the total velocity v is

v ¼ fc(4p2 a2 þ p2)1 =2 (9:8)

The ICR frequency fc is often only 15 Hz, and for ion channels the dimensions a and p are
of the order of ångstroms (10 �10 m). This implies a velocity of about 10 �9 m/sec, a value
that is totally inconsistent with the much greater experimentally observed speeds with
which ions are transported across membranes.

Even though transit times directly through the channel lumen are very rapid, much
longer relaxation times are found in other compartments of the larger channel structure.
Times as long as, if not longer than, 10 ms are associated with voltage gating [121], making
it conceivable that ICR could play an interactive role in channel-gating mechanisms.
9.3.3 Depende nce on AC Magnetic Field

Borrowing from the theory of atomic spectroscopy [122], Lednev [7] hypothesized a
functional relationship between the strength of the ICR signature and BAC. When the
calcium ion is bound to a calcium-binding protein such as calmodulin, the energy levels
for the ion protein complex will be split, Zeeman-like, by the application of a magneto-
static field B, such that the difference in frequency between the two new levels is equal to
the cyclotron resonance frequency vc.

Application of an AC magnetic field at this frequency then leads to a resonant condition
that can alter the transition to the ground state. The ICR response itself then becomes a
function of the peak value of BAC expressed in terms of the probability p( BAC) for Ca2þ

transitions to the ground state. The field-dependent part of this probability is

p( BAC) ¼ ( � 1) n KJ n n
BAC

B0

� �
(9:9)

where K is a constant, B0 is the DC magnetic intensity parallel to BAC, and J n is the nth-
order Bessel function having the argument nBAC/B0.

One great advantage of this expression for the probability is that one can readily design
experiments that can test the predicted dependence on the AC magnetic field. Thus, the
first extremum of J1( BAC /B0) occurs when the ratio BAC/B0 is equal to 1.84 (Figure 9.14).
By varying this ratio while maintaining the same ICR condition, Prato et al. [72] obtained
data tending to confirm this prediction. The effectiveness of this numerical ratio was also
reported [74] in connection with studies on changes in calcium concentrations under ICR
stimulation.

An alternative formulation to Equation 9.9 has been proposed by Blanchard and Black-
man [9]. Termed ion parametric resonance (IPR) this approach considers a wider range of
potential ELF interactions with metallic ions, beyond merely those processes associated
with the activation of calcium-binding proteins. In the IPR formulation the probability
p(BAC) has the dependence Jn(2nBAC/B0). The factor of 2 in the argument of the Bessel
function has the effect of altering where the first extremum occurs, in this case at the BAC/
B0 ratio of 0.92 (Figure 9.14). This ratio is close to the value of 1.0 successfully used by
Smith [21,24,58,75] in all his experiments. However it is not clear in Smith’s body of work
whether further manipulation of the AC magnetic intensity away from this ratio of unity
might have enhanced the responses that were observed. Koch et al. [91] were also able to
obtain good agreement with the IPR predictions. One set of experimental results in sharp
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contrast with the predictions of parametric resonance are the consistent reports by
Zhadin’s group [86,88] and others [11], in which ICR exposures of polar amino acids in
solution lead to narrow resonances, but only for BAC/B0 ratios of approximately 0.002.

The question of the dependence of the ICR interactive response on AC magnetic
intensity is clouded by two additional possibilities. First, there is the problem of
experimentally sorting out effects due to Faraday induction with larger AC fields [70].
Second, it is conceivable that biological responses to different AC fields may have little to
do with the ICR response but rather with poorly understood physiological and energetic
constraints. In any event, there is a clear record in the literature (e.g., Figure 9.15) of
ICR threshold effects that do not appear to be related to functional variations such as
Equation 9.9.

Adair [123,124] has criticized the parametric resonance approaches. Similar to earlier
arguments [111,113] related to energetic constraints imposed by thermal noise, it was
pointed out that the transition energy is only 10 �11 of the thermal energy, kT, which
would greatly suppress any meaningful effects due to Zeeman splitting. For this and
other reasons [123], he concludes that application of the cyclotronic frequency vc cannot
affect the transition rate of Ca2þ.

A very different approach to the problem of whether resonant magnetic fields can
influence the binding of calcium has been suggested by Binhi [101]. Using Schrodinger’s
equation, it has been shown that ICR magnetic field combinations may redistribute the
ionic probability density when one takes into account interference effects between quan-
tum states. However, there is some question as to how much the wave function must
shrink to allow ions as large as Ca2þ to escape.
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9.3.4 Precessional Effects

It has been shown [8,10] that Larmor precessional effects can result from the application of
weak ICR magnetic field combinations. In principle, these effects might carry physio-
logical consequences, although no evidence along these lines has been reported. One
interesting aspect of this approach [10] suggests the possibility of magnetically induced
changes in the thermal energy distribution. The altered biological response in this model
would not be the result of dissociative processes between ion and protein but would
rather follow transfers of energy to the protein by the ion, resulting in appropriate
conformational changes.
9.3.5 Coherence Domains

Del Giudice [11] has employed the principles of quantum electrodynamics (QED) in
attempting to explain biological ICR, especially those results obtained in connection
with the ‘‘Zhadin Experiment’’ [11,86,88]. The great advantage in this approach is that
it finesses the limitations caused by Maxwell–Boltzmann statistics predictions [111,113],
which require kT as a minimal threshold informational energy for electromagnetic inter-
actions. In the QED model it is argued that in the case of electromagnetic interactions with
water, coherent, highly ordered spherical domains are formed, with diameters close to
100 nm and embedded in a surrounding noncoherent water phase. An applied ICR
frequency in this case couples to ions on the perimeter of the coherent spheres stimulating
circulatory motion, allowing ions to escape into the noncoherent phase, where they act to
enhance the measured conductivity.

One interesting aspect of this model is that because phase transitions are involved,
temperature is expected to play a prominent role in the experimental outcome. The
changes in amino acid conductivity under ICR conditions first reported by Novikoff
and Zhadin [86] were temperature sensitive. Similar observations regarding the experi-
mental relevance of temperature were reported in earlier [125,126] Ca-efflux studies.
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9. 4 D iscussion

Accepting the abundant evidence that biological systems are sensitive to ICR-tuned field
combinations, the question remains as to the molecular explanation. There is also the
more subtle question dealing with the implications of this effect. From the physical
standpoint, the seeming inability of theorists to come to grips with this phenomenon
may not mean that a new physics is called for. But there is certainly good reason to believe
that something is missing in the way we categorize biological function.

The fact that a low-frequency ion resonance interaction is found in an extraordinarily
wide variety of organisms argues against the commonly held notion that this phenom-
enon merely represents one fortuitous example of the Lorentz force acting on materials
that happen to occur within a biological context.

Indeed, the reports listed in Table 9.10 lend strength to another notion, that the weak-
field ICR phenomenon is not limited to biological systems, but is actually a subtle physical
effect that has not heretofore been recognized. For example, one can argue that this effect
is particularly evident in water, which in turn results in the biological effects that are
observed. In other words, because of the ubiquity of water in biological systems, any ELF-
induced change in the properties of water might help explain the variety of biological
effects that have been reported.

Whatever its molecular origin, it is likely that the ICR-related biophenomenon is an
evolutionarily well-conserved property of the physiological armory, one that is enabled
by the interaction of the ubiquitous Earth’s magnetic field with the equally ubiquitous
electric fields that are found throughout living things. This concept is embodied in the
reasonable likelihood [114] that electric-field ICR processes were incorporated into living
things over evolutionary times. Unlike the laboratory experiments involving the applica-
tions of parallel combined AC and DC magnetic fields, E-field resonance occurs max-
imally for time-varying electric and magnetostatic fields at right angles. This naturally
occurring interaction therefore relates the GMF and the AC electric fields found within
the biosystem. It has been hypothesized [127], for example, that this putative interaction
mechanism can be used to explain the problem of bird navigation.

One can speculate that this ICR phenomenon conserved very early in living things has
evolved into a number of separate biological expressions, where the physics is always the
same but the physiological pathway leads to different end points. For example, two
sharply different possible end points, both apparently relying on ICR, are the magnetic
compasses in animals [124] and growth and repair mechanisms [24,37,75]. A third
intriguing possibility is found in the ICR interactive changes in the central nervous system
[45,47,49,51], an area where there are obvious effects but where the end points are still
unresolved.

It is also tempting to speculate on the larger implications of the work that is detailed in
Table 9.3 and Table 9.9, on bone and plants, respectively. In both cases there is evidence
that ICR signals affect growth and repair responses more than they affect stasis. Drawing
on possible endogenous mechanisms related to E-field ICR, it is conceivable that the
interactive relation of the GMF to living systems is especially important as regards growth
and repair during development.

Whatever be the explanation for the ICR effect, it is clear that while nothing new may be
required in our understanding of physical law, new approaches are necessary in com-
prehending how physics has been incorporated in biology, particularly with regard to cell
signaling and regulation. This is strongly implied by the remarkable data indicating
reversed physiological outcomes with minor changes in electromagnetic field conditions.
There are protein systems in physiology that are switch-like in their function. Two such
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examples are the calcium-binding proteins and NMDA. Another example is found in
synaptic transmission. The electromagnetic reversal effects observed in ICR experiments
are evocative of the way such switch-like proteins function.

This begs the fascinating question as to whether the ICR stimulus merely serves as an
adjunct to an existing biochemical process, perhaps acting to sharpen enhancement or
inhibition, or whether it acts in a totally different manner, as a separate and distinct class
of interactions, one that is completely electromagnetic in its operation. In this regard, note
that the GMF preceded by far the first appearance of living things on Earth and would
therefore have been part of the original physical template that determined the course of
early evolution.
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