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INTRODUCTION

In considering the role of electromagnetic fields (EMFs) as applied to cardiac func-
tion, there are several broad roles open for contemplation. One is the use of EMF
to provide cardiac monitoring and diagnostic information not easily obtainable
via other methods. This aspect relies on the magnetic field produced by the heart
being detectible and signals so detected to provide functional information regarding
cardiac status. One example is the measuring of fetal heart rate (HR) parameters
(Moraes, Murta et al. 2012, Van Hare 2013, Wacker-Gussmann, Paulsen et al. 2014,
Batie, Bitant et al. 2018), a procedure not easily done with standard methods. Another
example would be the measuring of physiological parameters such as cardiac volume
changes via magnetic susceptibility changes (Wikswo 1980, Wikswo, Opfer et al.
1980, Roth and Wikswo 1986).

A second category of potential and possible use of EMF is as a treatment modal-
ity for cardiac dysfunction. Such dysfunction may include HR or rhythm disorders
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106 Pulsed Electromagnetic Fields for Clinical Applications

or disorders related to cardiac blood flow inadequacy or cardiac muscle dysfunction
(Yuan, Wei et al. 2010, Li, Yuan et al. 2015).

A third category of potential applications of EMF is cardiac protection. This
relates to how exposure to suitable magnetic fields might reduce risk of future car-
diac dysfunction. Examples may include reduction of blood viscosity with pulsed
electromagnetic fields (PEMFs)(Tao and Huang 2011, Tao, Wu et al. 2017) as a way
to diminish vascular resistance, the use of PEMF to increase cardiac endothelial cell
proliferation (Li, Yuan et al. 2015), or the use of bioelectromagnetic actions to reduce
blood pressure (Tasic, Djordjevic et al. 2017).

A fourth general category of cardiac—biomagnetic interaction relates to unin-
tended or uncontrolled cardiac effects caused by external sources. Examples may
include potential cardiac effects associated with electromagnetic therapy applied
to other body parts (Yoshida, Yoshino et al. 2001, Wang, Hensley et al. 2016) or
even changes in the geomagnetic field (McCraty, Atkinson et al. 2017, Jarusevicius,
Rugelis et al. 2018, Ziubryté, Jarusevi¢ius et al. 2018a,b).

EMF approaches, devices, and methods that relate to its potential utility in
the mentioned categories have been proposed and evaluated and, in some cases,
have demonstrated functional utility for detection and treatment. Although, some
approaches and methods have theoretically sound foundations, some may not have
yet been applied or even evaluated. The main purpose of this chapter is to offer a
framework from which past, present, and possible future EMF applications related
to cardiac and vascular function may be appreciated in the context of the associated
physiological and pathophysiological underpinnings.

MONITORING CARDIAC FUNCTION UTILIZING
THE HEART’S MAGNETIC FIELD

PHysioLoGicAL PROCESSES

Cardiac transmembrane ionic currents associated with myocardial depolarization
and repolarization sweep through the heart causing it to contract and then relax
resulting in blood pumping and refilling, respectively. Electrical potential changes
(action potentials, APs) associated with these waves of depolarization and repolar-
ization are caused by Na*, K*, and Ca*™ ion movements across cardiac cell mem-
branes through specific ion channels. The current and AP changes are sensed by
surface electrodes to generate the well-known electrocardiogram (ECG). A typical
ECG pattern has a P-wave associated with atrial contraction, a QRS complex associ-
ated with ventricular depolarization, and a T-wave associated with ventricular repo-
larization (Figure 7.1). The initiation of this electrical activity normally starts at the
sinoatrial node (SAN) located in the right atrium. It spontaneously depolarizes and
acts as the heart’s pacemaker. The ventricles have electrical activity during the QT
interval (Figure 7.1) but are electrically quiet during the TQ interval. The AP associ-
ated with ventricular myocytes and conduction fibers is divided into phases (¢) with
¢, being the resting phase, ¢, a rapid depolarization phase that is mainly associated
with a rapid influx of Na*, a ¢, plateau phase involving Ca** influx and K* efflux, and
¢, a repolarization phase in which Ca* influx is diminished and counterbalanced by
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FIGURE 7.1 A cardiac ventricular action potential (AP) and a corresponding electro-
cardiogram (ECG) showing the waves and time correlation between the AP and the ECG.
Ventricular electrical activity occurs during the QT interval. The phases (¢) of the AP are
indicated.

K* efflux. Depolarization and repolarization currents are quite small but give rise to
magnetic fields that can be sensed by suitable devices. The ECG is used to estimate
the mean QRS electric vector to help diagnose ventricular hypertrophy and other
conduction abnormalities. The ECG vector (mean electrical axis) is reported similar
to the direction of the magnetic vector (Barry, Fairbank et al. 1977).

THe CARDIAC MAGNETIC FiELD

Magnetic fields due to cardiac currents are very small, in the neighborhood of 1 nT
if measured close to the heart surface(McBride, Roth et al. 2010) and about 0.1 nT at
the body surface (Geselowitz 1973). Despite such small magnitudes, Stratbucker and
coworkers were able to use a toroidal solenoid containing 17,640 turns to success-
fully detect cardiac generated fields that were in time synchrony with ECGs obtained
from isolated guinea pig hearts (Stratbucker, Hyde et al. 1963). Their estimated value
for the magnetic dipole moment of the QRS complex was in good agreement with
measured values.

The first measurements on nonisolated hearts appear to have been made by Baule
and McFee employing two multiturn coils (2 X 10° turns) over the chest (Baule and
McFee 1963). Using this method, it was determined that the voltage induced in the
coil (v) depends on the number of turns (n), the permeability of the core (1), the loop
cross-sectional area (A), and the angle (0) that the loop axis makes with respect to
magnetic field strength vector H.

The detected voltage is approximately v = npcos(0)dH/dt. Since H is a vector, its
full simultaneous specification would require the use of three mutually orthogonal
coils (Geselowitz 1979). Due to extraneous signals, even in magnetically shielded
areas, the signal to noise ratio can be a limitation in obtaining consistently reliable
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108 Pulsed Electromagnetic Fields for Clinical Applications

data. Such measurements now are most often done with a superconducting quantum
interference device (SQUID) used in adult (Fujino, Sumi et al. 1984) and in fetal
(Zhuravlev, Rassi et al. 2002) applications to obtain magnetic counterpart of the
ECG called the magnetocardiogram (MCG). An example of the ECG-MCG corre-
spondence is shown in Figure 7.2 that is drawn based on and representative of values
of Brockmeier and colleagues (Brockmeier, Schmitz et al. 1997).

Detection of the magnetic field associated with cardiac currents can be a useful
adjunct to other diagnostic monitoring methods. Assessment methods using simula-
tions indicate that the magnetic field associated with cardiac repolarization APs is
greater than that which would be predicted simply based on considerations of time
rates of change of transmembrane potentials (Barach and Wikswo 1994). This obser-
vation suggests involvement of other factors. Some such factors examined relate to
the extent to which changes in the conductivity of cardiac tissue and blood might
affect the measured external field. Further simulation results suggest that changes
in blood and myocardium conductivity are importantly involved (Czapski, Ramon
et al. 1996). But, given the long history of the ECG as an immensely useful diagnos-
tic tool, the use of MCG might at first glance be questionably redundant. However,
arguments have been made suggesting otherwise.

It has been suggested that there is information within the MCG signal that is not
available in the ECG signal. One aspect of this difference may relate to the fact that
the ECG detects cardiac electrical activity as a flux source but the MCG detects it
as a vortex source (Plonsey 1972). Furthermore, some theoretical work supports the
concept of basic informational differentials between electric and magnetic sensing
(Roth and Wikswo 1986). An example of this in the heart relates to the fact that in
certain myocardial regions, because of the anatomical arrangement of muscle fibers,
some cardiac currents contribute to the ECG, but some do not. The currents that do
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FIGURE 7.2 Illustrating the similarity between the pattern of a measured ECG and
magnetocardiogram (MCG).
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not contribute to the ECG would however be detectible via the MCG, thus yielding
additional information. Measurements using SQUID in rabbit hearts (McBride, Roth
et al. 2010) were felt to be consistent with this concept. The value of such added
information in a clinical setting remains to be established.

There are other aspects to be considered when comparing potential utilities of
MCG versus ECG. MCG signals do not require skin contact and are much less
affected by the electrical conductivity of tissues and fluids that lie between heart
and skin surfaces than ECG signals. MCG is also useful for a variety of fetal
cardiac evaluations as shown for fetal tachycardia (Abe, Hamada et al. 2005),
changes in the fetal QRS complex (Horigome, Takahashi et al. 2000), character-
izing accessary pathway features (Kandori, Hosono et al. 2003), fetal third degree
block (Hosono, Shinto et al. 2002), fetal atrial fibrillation (Kandori, Hosono et al.
2002), and, more recently, significant advancements in detecting a variety of fetal
arrhythmias (Stingl, Paulsen et al. 2013, Yu, Van Veen et al. 2013, Kiefer-Schmidt,
Lim et al. 2014, Wacker-Gussmann, Paulsen et al. 2014). In other applications,
the potential advantage of MCG versus ECG in detecting the dominant frequency
of atrial fibrillation in adults has also been reported (Yoshida, Ogata et al. 2015).
Other cardiac conditions for which MCG has demonstrated potential utility above
that offered by standard ECG include detecting certain abnormalities associated
with ischemic heart disease (Watanabe and Yamada 2008), improved prediction of
future major cardiac events in patients with dilated cardiomyopathy (Kawakami,
Takaki et al. 2016), and other cardiac conditions (Gapelyuk, Wessel et al. 2007,
Schirdewan, Gapelyuk et al. 2007, Van Leeuwen, Hailer et al. 2008, Gapelyuk,
Schirdewan et al. 2010).

In addition to potential direct clinical applications of MCG, there appears to
be room for its use to study and uncover physiological and pathologic features
not easily discoverable via ECG data. A beautiful example is to be found in the
pioneering work of Cohen and coworkers who studied the mechanism and underly-
ing aspects of the now well-known shift in the ECG S-T segment that occurs with
cases of STEMI myocardial infarction (Loomba and Arora 2009). At the time,
details of such shifts were unclear. It was reasoned that one possibility was that the
shift was caused by cardiac currents flowing only during the S-T segment interval
and that those currents arose due to regional differences in membrane APs. This
possibility was termed “primary shift” or “true shift”. The other possibility was
that the observed S-T segment shift was due to the presence of a continuous steady
injury current that was interrupted only during the S-T interval. This was termed
“secondary shift” or apparent shift”. Part of this process is shown in Figure 7.3 that
shows conditions during the ventricular electrical resting phase (during the ECG
T-Q interval).

In part A of Figure 7.3, the membrane potentials between normal myocytes are
not different in magnitude (negative inside with respect to outside), so the potential
difference between them is zero. If some cells become ischemic, as shown in part
B, reduced O, available to their Na*—K* pumps results in diminished pump function
causing partial depolarization of these cells. This gives rise to a potential gradient
between normal and ischemic cells that becomes a source of an “injury current”.
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FIGURE 7.3 Tllustrating the change in cardiac cellular transmembrane potentials induced
by ischemia. In (A) is shown normal healthy cells and in (B) is shown what can happen when
one of the cells (or regions) becomes ischemic. The low oxygen alters the cell’s sodium-
potassium pump function causing a difference in electrical potential between healthy and
ischemic cells. Such potential differences can give rise to so-called injury currents.

The direction of the injury current depends on the phase of the cardiac AP under
consideration as illustrated in Figure 7.4.

In Figure 7.4, a region of the ventricular wall near the endocardium is assumed
to experience an inadequate blood flow (ischemia). The reduced availability of O,
causes partial depolarization of the ischemic cell’s resting AP that also has a reduced
amplitude as shown dotted in the figure. The S-T segment of the ECG occurs during
ventricular systole. During this time, current flow is from normal cells to ischemic
cells as indicated. However, during ventricular diastole (T-Q interval of Figure 7.1),
an injury current would flow from ischemic to healthy cells. The use of MCG to
study this process was first determined in dogs (Cohen, Norman et al. 1971, Cohen
and Kaufman 1975) followed by measurements in humans (Cohen, Savard et al.
1983, Savard, Cohen et al. 1983) using SQUID measures.

An illustrative example of the evolution of S-T segment shifts with exercise, as
investigated using MCG, is shown in Figure 7.5 drawn based on the data of Cohen,
Savard et al. (1983). Results from the dog experiments implicated an initial acute
ischemia-related induction of a steady “injury current” that was then interrupted via
depolarization during the S-T interval. This would correspond to part-labeled “sys-
tole” in Figure 7.4. This process gave rise to the visualized S-T segment shift that
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FIGURE 7.4 Illustrating the directional changes in injury currents associated with a region
of myocardial ischemia that depends on the time interval of the cardiac action potential. The
time interval labeled “systole” is associated with the electrically active QT interval. The
interval labeled “diastole” is associated with the quiescent TQ interval.
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FIGURE 7.5 Illustrating the progressive changes in an MCG associated with evolving
ischemia.

would be considered “secondary” according to the nomenclature of these authors.
After this initial change, there seemed to be a transition to a true S-T segment shift.

However, in using MCG to study S-T segment shifts in a person with a left
bundle branch block (LBBB) and in three persons with early repolarization (ER)
syndrome (Savard, Cohen et al. 1983), the magnetic data showed no evidence of
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a continuous current baseline shift. In these conditions, a “primary shift” mech-
anism was assumed to be the main cause. For the three persons with ER, the
explanation for the shift would be that abnormally early repolarization in some
myocardial regions causes a voltage gradient that drives current between those
regions. This current would start during the early part of phase 3 and would
closely correspond to the abnormal currents shown in Figures 7.3 and 7.4 but
would not require an ischemic basis. The S-T segment shift the authors observed
in the patient with LBBB may also be accounted for on the basis of regional
differences in repolarization, not due ischemia but instead due to delayed con-
duction causing a right-to-left voltage gradient during repolarization. Subsequent
evaluation of a person with coronary artery disease undergoing stress testing indi-
cated that an ischemia-dependent S-T segment depression (of which Figure 7.5 is
representative) is related to both true and apparent mechanisms (Cohen, Savard
et al. 1983).

The details herein provided concerning these prior studies helps visualize the
potential for MCG measurements. It is noteworthy that most of these and other
experimental observations and conclusions would not have been possible without the
unique ability of the MCG to measure direct current (DC) fields and their changes, a
feature not possible with an ECG. However, the fact that DC measurements are pos-
sible means that low-frequency filtering is not applicable, thereby increasing the risk
of external interference. In addition, signals arising due to DC fields originating in
other organs (e.g., the gastrointestinal system) need to be considered in any analysis
and interpretive process of any composite MCG signal.

Some progress has been made in utilizing modalities other than SQUID sys-
tems to detect MCG-related information. One example is the use of arrays of mag-
netoresistive sensors that respond to external cardiac magnetic fields by changing
their resistance. A pilot study indicated the possibility of detecting P, QRS, and T
waves if suitable averaging methods are used (Shirai, Hirao et al. 2018). Another
type of potential advance in the field relates to enhanced processing of acquired
MCG signals that offer the possibility for improved diagnosis and characteriza-
tion of adult ischemic heart disease based on MCG features (Tao, Zhang et al.
2018) and on processing of fetal MCG data (Escalona-Vargas, Wu et al. 2018).

Other advancements in the use of MCG parameters have focused on develop-
ing scoring systems with associated threshold values to better characterize and
detect coronary artery disease with adequate positive and negative predictive levels
(Shin, Park et al. 2018a,b). Partly because standard MCG utilization usually requires
enhanced room shielding for proper operation the widespread use of this technology
for research and clinically related applications has been limited. Other emerging
approaches have evaluated the possibility of MCG use in nonshielded environments
using repeatability measures of various MCG-related parameters (Sorbo, Lombardi
et al. 2018). However, the use of multichannel MCG remains an evolving methodol-
ogy as demonstrated by the recent report of its use in detecting patients at high risk
for lethal arrhythmias (Kimura, Takaki et al. 2017) and its reported increased dis-
criminating ability compared to ECG to characterize cardiac repolarization features
(Smith, Langley et al. 2006).
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CARDIAC IMPACTS AND APPLICATIONS OF
APPLIED BIOMAGNETIC FIELDS

When considering impacts of applied PEMF on cardiac parameters, there are two
general categories to consider. One relates to the heart’s exposure to fields that are
not specifically directed toward affecting heart parameters but cause changes as
“side effects”. This includes potential effects of transcranial magnetic stimulation
(TMS) and fields associated with magnetic resonance imaging (MRI) (Chakeres,
Kangarlu et al. 2003). The other general category relates to specific targeted applica-
tions that are designed to alter cardiac parameters to treat cardiac arrhythmias and
other aspects of dysfunction. In each category, an applicable concept is one of an
approximate magnetic dipole of current source I amps in a coil of area A. For such a
dipole at some distance (r) from the biological target, H(r,0) = [m/4xr’] (1 + 3cos? 6)*%.
In this equation, m is the coil’s dipole magnetic moment (IA), and 0 is the angle with
respect to its axis.

CALciuMm CURRENTS AS A TARGET

The way in which such fields may produce their cardiac effects is unclear. However,
it is known that calcium dynamics play multiple roles in relation to cardiac electrical
and mechanical properties and function, and there is widespread data demonstrating
bioelectromagnetic-Ca** interactions (Smith, McLeod et al. 1987, Blackman, Benane
etal. 1988, Walleczek and Budinger 1992, Pilla, Muehsam et al. 1999, Coulton, Barker
et al. 2000, Zhao, Yang et al. 2008, Muehsam and Pilla 2009, Lu, Du et al. 2015).
Thus, it is likely EMF-Ca** linkages are also involved in cardiac cellular aspects.

Experimental work with the frog heart model has suggested a potential frequency
and intensity window that can alter Ca** dynamics (Schwartz, House et al. 1990).
The increase in Ca** efflux from hearts exposed to 240 MHz modulated at 16 Hz
showed these effects, but the effects were not observed when unmodulated or mod-
ulated at 0.5Hz. Other effects, reported when electrical and mechanical features
were recorded during SMF exposure (0.34—1.56 T), included rate irregularities and
reductions in contraction force and diastolic relaxation (Reno and Beischer 1966).
Whether these changes are related to Ca** dynamics is not verified, but it is clear that
all observed physiological changes could be linked to Ca** dynamics.

Although frog hearts do not depend on Ca** release from sarcoplasmic reticu-
lum for contraction as human heart does, reduction in free Ca** during systole and
reduced reuptake of cytosol Ca** during diastole could explain the reduced contrac-
tion force and reduced diastolic relaxation observed. Further, the electrical rhythm
changes might be explained by altered sinus node diastolic depolarization features
associated with field-induced Ca** changes. In part, motivated by these and other
observations, several innovative ideas have been put forward broadly describing
noninvasive ways to impact cardiac function and arrhythmias (Laniado, Kamil et al.
2005, Kassab, Navia et al. 2013, Scheinowitz, Nhaissi et al. 2018).

It was noted earlier that there is some evidence that geomagnetic field variations
might be associated with various cardiac-related dysfunctions including myocardial
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infarction (Jarusevicius, Rugelis et al. 2018), atrial fibrillation (Ziubryté, JaruSevicius
et al. 2018), and angina pectoris (Ziubryté, Jarugevicius et al. 2018). It is possible to
speculate that such correlations are related to the fact that the excitation frequency
for cardiac cell Ca** transient currents depends on small variations in a copresent DC
magnetic field ranging from about 44 to 49 uT (Fixler, Yitzhaki et al. 2012).

TRANSCUTANEOUS MAGNETIC STIMULATION (TMS)

Transcutaneous magnetic stimulation (TMS) is a rapidly growing electromagnetic
application and, as the name implies, is the use of PEMF to stimulate brain tissue
with applicator coils placed on the scalp surface. This allows the magnetic field to
pass through the skull to the brain tissue region of interest. Because in some cases
there are a series of pulses associated with the treatment, it is further character-
ized as repetitive TMS or simply rTMS as compared to a single pulse treatment
modality (STMS). One early treatment target for this modality was depression that
received FDA clearance in 2008. For this condition, a series of 20-25 treatments
over 4—6 weeks has been used by some practitioners. Although reported to be effec-
tive for a variety of conditions, there has been concern as to its possible impacts on
cardiac function. Some workers have reported associated cardiac changes. These
include increased HR and a possible shift in the balance between parasympathetic
and sympathetic activity (Cabrerizo, Cabrera et al. 2014) and other heart-rate related
effects when using rTMS to treat autistic children (Wang, Hensley et al. 2016). Since
it appears that the clinical use of TMS is expanding, it is likely that further cardiac
impacts will be discovered.

MAGNETIC RESONANCE IMAGING (MRI)

A second source of cardiac exposure to bioelectromagnetic fields is associated with
the use of MRI for diagnostic purposes. Static magnetic fields (SMFs) associated with
such MRI systems now include 1.5 T, 3.0 T, and the increasing use of 7 T devices that
permit better resolution than lower-intensity devices(Park, Kang et al. 2018). These
higher intensities may be especially useful for the assessment of brain small vessel
disease (Geurts, Bhogal et al. 2018, Geurts, Zwanenburg et al. 2018). Future applica-
tions of the 7 T field are likely to provide improved resolution in spinal cord (Barry,
Vannesjo et al. 2018), breast (Li and Rispoli 2019), peripheral nerves(Yoon, Biswal
et al. 2018), quantifying cerebral spinal fluid movement (Markenroth Bloch, Toger
et al. 2018), and a variety of other applications (Barisano, Sepehrband et al. 2018).
Given this situation, it is natural to consider the possible effect of these high field
intensities on cardiac-related parameters. One report has indicated that exposure to
an SMF of 2 T reduces resting HR during the first 10min of exposure (Jehenson,
Duboc et al. 1988), but that HR is subsequently normalized. Assessment of HR
changes in squirrel monkeys in response to exposure to 7 T fields for about an hour
has also shown HR reductions (Beischer and Knepton 1964). Contrastingly, other
studies (Chakeres, Kangarlu et al. 2003) have indicated no effect of MRI-generated
static fields measured with intensities ranging from 0.8 to 8.0 T. The question of
impacts of high-intensity fields on cardiac parameters remains unclear.
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FIGURE 7.6 Illustrating the timing of a magnetically induced flow potential associated
with blood flow interacting with an intense static magnetic field.

MAGNETOHEMODYNAMIC CONSIDERATIONS

An additional consideration with respect to high-intensity applications is the poten-
tial impact that occurs due to interactions between applied magnetic fields and blood
hemodynamics. Movement of blood within a static field gives rise to a generated
electrical potential, a process that forms the basis of electromagnetic blood flow
measurement in large blood vessels (Kolin, Assali et al. 1957). Impacts of such exter-
nally applied fields have been considered as they affect blood flow in larger arteries
(Chen and Saha 1984, Okazaki, Maeda et al. 1987, Sud and Sekhon 1989, Kinouchi,
Yamaguchi et al. 1996) and blood and blood flow in small blood vessels (Takeuchi,
Mizuno et al. 1995, Higashi, Asjoda et al. 1997, Haik, Pai et al. 2001, Bali and
Awasthi 2011). However, the possible role of a magnetically induced voltage affect-
ing cardiac function has not been clarified. Such a generated voltage, termed “flow
potential”, was initially observed on ECG recordings made when squirrel mon-
keys were exposed to static magnetic fields ranging from 4 T to 10 T (Beischer and
Knepton 1964). This flow potential measured at the skin surface was about 0.5 mv
and was estimated to be about 100mV when extrapolated back to the heart.

An interesting feature of this flow potential was that it appeared to occur maxi-
mally during ventricular ejection and thereby might be useable as an index of ascend-
ing aortic blood flow as schematically illustrated in Figure 7.6. Whether or not this
induced potential would serve as an ectopic impulse to produce cardiac arrhythmias
likely depends on its magnitude and timing. As illustrated in Figure 7.6, the flow
potential occurs during a time interval when most of the ventricular myocardium is
refractory. However, it could have an impact on atrial cells.

HeArRT RATE VARIABILITY (HRV)

Several studies have examined the potential impact of magnetic fields associated
with MRI on HRV parameters. The significance of HRV is in part related to its char-
acterization of cardiac status as determined by the sympathetic—parasympathetic
balance controlled by the autonomic nervous system (ANS). This relationship is
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based on the fact that sympathetic and parasympathetic (vagus) nerve traffic to the
sinoatrial node largely determines HR changes measured as variations in ECG R-R
intervals. Thus, HRV may be broadly viewed as a neurocardiac process (Shaffer and
Ginsberg 2017), and its complexity should be kept in mind (Pagani, Lombardi et al.
1986) when interpreting changes.

Since vagus control can effectuate more rapid changes in HR than sympathetic
control, the higher-frequency spectral components of the interbeat time series
(R-R intervals) are considered to represent parasympathetic activity and the lower-
frequency components viewed as being indices of sympathetic activity. For spectral
analysis purposes, the ratio of high-frequency power to low-frequency power is taken
as an index of the balance between parasympathetic and sympathetic activity. A
higher ratio would be considered good from a cardiovascular perspective. Similarly,
for time-domain analyses, a greater HRV as determined by the variance of con-
secutive R-R intervals is considered good from a cardiovascular perspective. In fact,
most studies indicate a reduction in HRV as predictive of negative cardiovascular
morbidity and mortality outcomes. However, in some conditions, it appears that an
increase in certain HRV temporal parameters are predictive of vascular decline as in
the progression of small blood vessel disease in elderly persons (Yamaguchi, Wada
et al. 2015). Intracardiac conduction abnormalities can also lead to increased HRV,
so increases should not always be interpreted as “good”.

Effects of diagnostic MRI (1.5 T) on HRV of 42 patients indicated an increase in
HRYV as determined by increased R-R interval standard deviations (SDs) (Derkacz,
Gawrys et al. 2018). In another study, a 30min MRI exposure with a 1.5 T field was
also associated with increases in time-domain HRV parameters as well as increases in
all spectral components (Sert, Akti et al. 2010). However, the potential impacts of MRI
procedural anxiety on HRV changes (Pfurtscheller, Schwerdtfeger et al. 2018) should
be considered in all such comparisons. A report (Ghadimi-Moghadam, Mortazavi
et al. 2018) concerning effects of a relatively low-intensity MRI (1.5 T) on staff work-
ers and test subjects suggests that further research is needed especially in light of the
pending increasing use of higher-power units. It is noteworthy that short intervals of
head exposure to low-intensity static fields (200 pT) (Koppel, Vilcane et al. 2015) and
short- and long-time (12h) whole body exposure to extremely low-frequency (ELF
50-1,000Hz) at 100 pT (Kurokawa, Nitta et al. 2003) did not significantly alter any
HRYV parameter. However, there is now some evidence that environmental magnetic
fields associated with Schumann resonance power changes can increase HRV with
associated increases in parasympathetic activity (Alabdulgader, McCraty et al. 2018).

POTENTIAL CARDIAC AND VASCULAR TARGETS
OF BIOELECTROMAGNETIC THERAPY

CARDIAC ARRHYTHMIAS

Normally, HR is controlled by actions within the sinoatrial node (SAN) located
in the right atrium. Its function depends strongly on actions of a so-called ionic
“funny” current, I, (DiFrancesco, 2010) which if increased causes HR to increase
and if decreased causes HR to decrease. Although normal SAN pacemaker activity
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can operate independently of the ANS, the SAN is richly innervated, and its activity
is modulated by nerve traffic from both sympathetic and parasympathetic nervous
systems. Increased sympathetic activity acts on p-adrenergic receptors causing I; to
increase thereby increasing HR. Contrastingly, increased parasympathetic activity via
the vagus nerve acts on muscarinic receptors and causes I; and also HR to decrease.
Acetylcholine (Ach) is the neurotransmitter involved in the slowing of the HR by the
vagus and is rapidly degraded via the action of acetylcholinesterase (AChE), thereby
rendering vagus control responsible for handling higher rates of change in HR.

Recognizing the importance of Ach and AChE, Wei Young developed a frog
(Rana pipiens) vagal heart model that, among other uses, could be exposed to a
magnetic field with subsequent effects being observed and described (Young 1969).
Exposure to a static field of 0.27 T resulted in an increase in the hydrolysis of ACh
and increased AChE activity. These changes caused the duration of vagal inhibition
of the SAN to be lessened. However, when the field was increased to 1.0 T, arrhyth-
mias were often detected. Based on multiple observations, it was speculated that
the magnetic field was producing a conformational change in enzyme molecules at
low intensity but damage at higher intensity. The precise explanation for these HR
effects remains absent, but observations points out the complexity involved in these
processes. Figure 7.7 illustrates a reported effect of a 10 pT excitation field at 16 Hz
obtained from a pig model and herein drawn based on prior data (Laniado, Kamil
et al. 2005). As illustrated, the effect was to increase HR and reduce the PR interval
measured on the ECG. Although the mechanisms causing these changes are not
defined, the fact that such changes can occur rapidly (within 2min of application)
provides experimental data from which to pursue and investigate such issues.

Under some circumstances, the normal pacing actions are lost when the electrical
activity of the atrium becomes chaotic with different parts of the atrium depolarizing
rapidly and randomly. One form of this chaotic activity is atrial fibrillation (AF) that is
the most widely experienced sustained cardiac arrhythmia (Ellervik, Roselli et al. 2019,

A: Prior to field activation

e———-0.725¢C —

B: 10 pT field at 16 Hz

PR

HR = 103 bpm
«—— 0.58 se¢c ——>

FIGURE 7.7 Illustrating an effect of a 16Hz field on heart rate and atrial-to-ventricle
conduction.
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Roberts 2019, Salem, Shoemaker et al. 2019). AF is thought to occur as a consequence
of interactions between initiating electrical triggers that impact cardiac tissue that is
susceptible to allowing such triggers to cause AF. The resultant AF can be transient and
rapidly self-terminating or persistent in need of treatment (medicine or cardioversion
or ablation) or a permanent type that is unresponsive to treatment. Ablation treatment,
which is invasive, is reported to be 60%—-70% effective (Woods and Olgin 2014).

In contrast to invasive interventional procedures, some workers have suggested
the use of noninvasive approaches that target the ANS as a way to treat AF and other
cardiac arrhythmias (Li, Zhou et al. 2015). The ANS is theorized to be a target for
such intervention because of its potential role as a trigger for AF. This being partly
related to a f-adrenergic effect that can cause an increase in myocardial automaticity
or promote ectopic focal impulses of either the early afterdepolarization (EAD) or
delayed afterdepolarization (DAD) types (Chen, Chen et al. 2014). Parasympathetic
factors may also be involved (Liu and Nattel 1997).

The neural influences of both sympathetic and parasympathetic nerves on car-
diac electrical activity is largely dependent on their interaction with ganglionated
plexi that are mostly imbedded in fat pads lying on atrial and ventricular epicardial
surfaces (Pauza, Skripka et al. 2000). These plexi contain sympathetic and parasym-
pathetic components with afferent, efferent, and interconnecting neurons (Stavrakis
and Po 2017) and are likely involved in initiation and maintenance of AF (Nishida,
Datino et al. 2014). Various approaches are there in the medical arsenal to treat this
condition, but stoppage of the atrial fibrillation in theory might occur if the atrium,
in which these chaotic circulating depolarizations are present, could be rendered
transiently refractory, thereby snuffing out the arrhythmia via the application of bio-
electromagnetic energy of the proper configuration. An example of an externally
applied magnetic field signal, derived from adding together single cycles of two dif-
ferent sinusoidal signals, has been proposed to serve as a leadless magnetic cardiac
pacemaker. One form of a signal, shown in Figure 7.8, has been claimed to stabilize

one cycle of irequency (28 one cycle of Fiequer\cy f,
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T

——
Excitation Sequence Pattern

FIGURE 7.8 Tllustrating the synthesis of a complex excitation pattern based on the addition
of single cycles of differing frequency.
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an erratic heartbeat as assessed in an isolated canine heart (Ramon and Bardy 1992).
As drawn herein, the parameters T and T are subject to variation to best match target
tissues. This needs to be done empirically. This pattern is of course but one of many
possible signal patterns that may impact biological activity.

CARDIOPROTECTION

The possibility that exposure to low-intensity PEMF could reduce the negative
effects of experimental myocardial infarction (MI) was carefully investigated using
a rat model (Barzelai, Dayan et al. 2009). Following ligation of the left anterior
descending artery, rats were housed either in cages in which the floor was composed
of 69 current loops that generated a 16Hz field of 80—100 nT at their heart level
or in nonfield exposed enclosures. Assessment of cardiac function 4 weeks post MI
induction showed a greater shortening fraction in rats exposed to the magnetic field
and more blood vessels in surviving tissues of the 4-week remodeled myocardium
(Barzelai, Dayan et al. 2009). It is unclear if the reported protective effect was related
to the increased small blood vessel density.

There is other evidence that exposure to PEMF is more generally associated
with angiogenic processes in experimental animals rendered ischemic(Pan, Dong
et al. 2013), but it can be stimulatory or inhibitory (Strelczyk, Eichhorn et al.
2009, Wang, Yang et al. 2009, Markov 2010, Delle Monache, Angelucci et al.
2013) possibly dependent on applied field frequency and intensity. For example, a
60Hz, 2 mT field is reported to diminish new vessel formation potentially through
downregulation of the vascular endothelial growth factor (VEGF) pathway (Delle
Monache, Angelucci et al. 2013). However, cardioprotective results were also
shown for rats in which the left coronary artery had been ligated. Cardiac capil-
lary density 4 weeks post ligation measured in rats treated with 15 Hz fields (6 mT)
for 3 h/day was significantly greater than in both rats not treated and those treated
at 10Hz (Yuan, Wei et al. 2010). An accompanying differential elevation in VEGF
may have been involved in this process. Furthermore, rats treated with 15Hz
fields had less infarct size and had better cardiac function assessed via maximal
rate of change of ventricular pressure. In part based on such findings in experi-
mental animals, various devices have been proposed as ways to promote cardiac
angiogenesis, with one approach illustrated in Figure 7.9 based on one of several
embodiments in a 2001 patent (March 2001).

In searching for mechanisms, it was hypothesized that myocyte protection may be
due to a PEMF-related opening of adenosine-triphosphate-activated potassium chan-
nels (K ,p) (Barzelai, Dayan et al. 2009, Fixler, Yitzhaki et al. 2012, Aharonovich,
Scheinowitz et al. 2016). These channels are present in myocyte sarcolemma, but
most are normally not open (Nichols, Singh et al. 2013). However, reduced blood
flow can open these channels causing increased outward K* flux. This produces a
cellular hyperpolarization and a more rapid AP repolarization. This in turn reduces
the action potential duration (APD) and also reduces Ca** entry into the myocyte
thereby reducing myocardial contractility. This would conceptually provide a tem-
porary energy conserving process and, if augmented by the application of the PEMF,
could help explain the findings.
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Coil to generate
magnetic field

A proposed way to induce cardiac angiogenesis

FIGURE 7.9 Illustrating a proposed method for portable cardiac electromagnetic therapy.

Further insight into a potential linkage between magnetic fields, cardiac K ,p
channels, and Ca** currents emerges from studies of rat cardiomyocytes in which
cultured cells were exposed for 30 min (16 Hz, 40 nT) and Ca** transients measured
every Smin during exposure (Fixler, Yitzhaki et al. 2012). Exposure was associ-
ated with a decrease in peak Ca*™ transients that, based on K, channel blocking
agent effects, was concluded to be most likely dependent on field-induced changes
in these channels. This mechanistic concept, regarding field-induced alterations in
Ca** dynamics, follows elements of general theoretical and applied thoughts and
findings of several of the pioneers in the field including Arthur Pilla (Pilla 1974,
Pilla and Markov 1994, Pilla 2013), Abraham Liboff and Bruce Mcleod (McLeod
and Liboff 1986, Smith, McLeod et al. 1987, Liboff and Parkinson 1991, McLeod,
Liboff et al. 1992, Liboff 1997, Vincze, Szasz et al. 2008, Liboff, Poggi et al. 2017),
Carl Blackman (Blackman, Benane et al. 1975, 1982, 1988), and others including the
esteemed editor of this volume, Marko Markov.

VASCULAR TARGETS

Although there has been little specific work related to coronary vessels, it is likely
that information gained from biomagnetic work on peripheral blood vessels will
impact future aspects of cardiac applications. There have been many investigations
of static magnetic field impacts on biological systems to assess potential impacts
of magnets of various designs and magnetic fields of various patterns and inten-
sities on blood cells, vessels, and blood flow. A view held by some is that static
magnet field effects are most evident when applied to physiological states that are
deviated from normal. Work done by our group using static magnets on healthy
persons has for the most part been consistent with that concept. In one example, skin
blood flow was measured on the index finger when one hand was exposed to local
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magnetic fields of about 50 mT at the thenar eminence and about 40 mT along the
finger for 36 min with corresponding shams simultaneously applied to the other hand
(Mayrovitz, Groseclose et al. 2001). The difference between the sham and magnet
flows was not significant at any time point whether measured with laser Doppler
flowmetry or laser Doppler imaging. Other experiments did not detect a flow effect
(Mayrovitz, Groseclose et al. 2005), whereas experiments using a different magnet
intensity showed a clear decrease in skin blood flow (Mayrovitz and Groseclose
2005a). Figures 7.10 and 7.11 illustrate the type of arrangements and data obtained in
such experiments. In Figure 7.10 is shown laser Doppler blood flow measurement in
the middle finger at two sites with the finger gently resting on a neodymium magnet
with a surface field of 0.4 T. The blood flow recordings are shown when the finger
is first resting on a sham magnet for 16 min followed by its resting on the magnet
for 32 min. Figure 7.11 illustrates simultaneous skin blood flow measurements while
one finger (F2) rests on a magnet and another (F4) rests on a sham-like surface.
Such protocols have both fingers first resting on the sham, and then one of the shams
is replaced with the magnet. The recorded blood flow data shows how similar the
skin blood flow in the fingers is and the absence of a clearly observable effect of the
magnet in this case.

Laser
Dop ler ——e
Prove Q2

Q2: Proximal skin blood flow 48 min average

3 ' ] [—skin blood flow
P

|

Q2: Distal skin blood fl

Sham Magnet
16 min 32 min

30 sec/div

FIGURE 7.10 Tllustrating skin blood flow at two points on the same finger exposed to a
SMF.

9780367179717_C007.indd 121 30/01/20 12:40 PM ‘ ‘



122 Pulsed Electromagnetic Fields for Clinical Applications
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FIGURE 7.11 Illustrating finger pulses measured with photoplethysmography (PPG) with
fingers exposed to a vertical SMF or SHAM magnets. The decrease in the PPG signal is due
to vasoconstriction attributed to deep inspiration not the magnetic field.

Figure 7.12 illustrates a fully instrumented method using simultaneous skin blood
flow, skin temperature, and photoplethysmography (PPG) using the same finger on
opposite hands in which one finger is exposed to a magnet and the other exposed to a
sham. From the point of view of set-up and subject convenience, this is a recommended
approach. The data shown is the PPG signal demonstrating the similarity of these two
hand sides in this parameter. The dramatic decrease in both PPG signals is due to a
rapid inhalation taken by the subject. This type of response is due to vasoconstriction
caused by the so-called inspiratory gasp (Mayrovitz and Groseclose 2002a,b, 2005b).
An example of another configuration is illustrated in Figure 7.13 that depicts skin
blood flow recorded in the middle finger before and during exposure to a magnet with
a surface field of 0.4 T arranged with the field parallel to the long axis of the finger. The
change in the flow pattern over the first 3 min of exposure is noted but not yet explained.
Additional descriptions and further details of these types of vascular—magnetic dynam-
ics may be found in several book chapters (Mayrovitz 2004, 2015, 2017).
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FIGURE 7.12 Illustrating simultaneous finger skin blood flow on two different fingers of the
same hand while exposed to a magnet or a sham.
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FIGURE 7.13 Illustrating finger dorsum skin blood flow when the finger is exposed to high
field intensity acting mainly longitudinally along the finger.
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The impact of time-varying magnetic fields as it relates to possible induced
changes in vascular-related processes has also been investigated in our laboratory.
One example of this is illustrated in Figure 7.14 that illustrates a method to produce
pulsating magnetic fields with varying frequency and intensities at skin target sites.
At a fixed rotation speed of the turn table, the number of impulses experienced at the
target depends on the number of magnets placed on the surface. The example shows
an excitation of 20 magnetic pulses per minute with skin blood flow shown prior to
and during the exposure. A slight decrease in skin blood flow of both fingers was
noted in this experiment with initiation of pulse exposure.

Another work in our laboratory has focused on the potential utility of bioelec-
tromagnetics for lymphatic vessels especially as it relates to the clinical condition
known as lymphedema. One such important application is the use of electromag-
netic tissue properties to evaluate the tissue dielectric constant (TDC) to assess the

\
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FIGURE 7.14 Illustrating finger skin blood flow while exposed to a time varying magnetic
field associated with rotating magnets.
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early presence of lymphedema and to track its natural or treatment-related lymph-
edema (Mayrovitz, Weingrad et al. 2014, 2015, Mayrovitz, Mikulka et al. 2018,
Mayrovitz and Weingrad 2018). Other clinical applications have shown utility in
the assessment of tissue edema in persons with diabetes (Mayrovitz, McClymont
et al. 2013, Mayrovitz, Volosko et al. 2017) and as a possible index of the onset of
lower-extremity edema in congestive heart failure. Figure 7.15 illustrates the utiliza-
tion of this method in which a 300 MHz signal is used to interrogate the tissue in
contact with the probe and the reflected electromagnetic energy is used to calculate
the TDC as a direct index of tissue water and its change. The measurement principle
is based on that of the open-ended coaxial line (Stuchly, Athey et al. 1982, Aimoto
and Matsumoto 1996, Gabriel, Lau et al. 1996). Panels A through D illustrate typical
measurement sites using two different size probes with the larger probe measuring to
a greater depth. The bar graph in Figure 7.15 shows TDC values for different depth
measurements on the thigh made 1 month apart in a group of volunteer subjects. It
demonstrates that TDC values at certain sites decrease with increasing depth due to
decreasing water content but may remain stable over time.

An additional application relevant to lymphedema is the possibility of using PEMF
to assist with therapy. Work in this area relates to the potential effects of PEMF
on both vascular and lymphatic networks. One study, using PEMF to modulate a
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FIGURE 7.15 Tllustrating the use of a 300 Hz probe to measure the skin-to-fat tissue dielec-
tric constant (TDC) at various tissue depths. This is a unique application of bioelectromag-
netic fields to measure tissue properties mainly related to changes in water content especially
in cases of edema and lymphedema.
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FIGURE 7.16 Illustrating the effect of PEMF at 27.12MHz in patients with arm lymph-
edema as a result of treatment for breast cancer. The top and bottom parts of the figure show
a magnified expanded time scale corresponding to the time points shown by the arrows. The
elevated blood flow during treatment is significant.

27.12MHz carrier, showed significant improvement in women with breast-cancer-
related lymphedema (Mayrovitz, Sims et al. 2002). Figure 7.16 shows a typical blood
flow response. Though not measured, it is believed that lymphatic flow may proceed
in a similar way. One theory herein offered is that the increased blood pulsations,
shown occurring with progressive treatment time, serve as stimuli to promote aug-
mentation of lymphatic emptying thereby accounting for the observed reduction in
lymphedema. Further research in this area is needed to verify and further extend
this approach.
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