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Introduction

The electrodynamic intéraction of a stationary magnetic field with blood
flow leads to induced electrical potentials within the cirtu]atdry system, and
to a resultant magnetohydrodynamic effect on the velocity of blood flow. The "
magnetica]iy—induced flow potentials and the alteration in hemodynamic C
parameters.that océurs in an applied magnetic field are well understood
theoretically, and the characteristics of induced flow potentials have been
systematicé11y investigated in exberimental animal studies.  Both the
theoretical background and eXperimental observations of magnetic field
interactions with the circulatory system are presented in this chaptef.‘ The
influence of these interactions on cardiac performance is also considered from

the perspective of eva1uating_potentia1 cardiovascular stress effects.

Magnetically-induced flow potentials

A. Theoretical aspects. Beéause_the blood Eircu]atﬁon.invo1vés the flow
of an electrically conductive .fluid, thé application 6f a homogeneous,
stationary'magnetic field Wi]] induce an electrical potential, y, along an axis
that is orthogonal to both the flow velocity, v, and the magnetic induction, B.
The magnitude of ¢ can be predicted from the Lorentz force law governing the
electrodynamic interaction between the magnetic field and the flowing |
electrolytes in the blood. Under steady state conditions the net macroscopic
force on any volume element of the flowing conductive fluid must be equal to
zero, and the Lorentz force law predicts that the magnitude of the induced Y

electric field, f, is

€] = |v x B] = |v]B] sine (1)

where 8 is the angle between v and B. If the fluid flow occurs between two
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parallel walls separated by a disténce; d, that is smalT compared to the
dimensions of the wal]s, then i§1 = y/d and the magnetically-induced flow
potential predicted from eqn. (1) is |

v =|v||B|d sin® | . (2)
For the specific case of blood flow within a cylindrical vessel of diameter d,
it has been shown by Kolin (1945) that eqn. (2) is rigorously valid.

From egn. (2) it can be bredicted that the magnitude of the induced
potential is a function of the relative directions of the blood flow and the
applied field, and that ¢ = 0 when v and B are parallel.. It can be further
predicted that the sign of ¢ will reverse Qhen-the orientation of v and B is

reversed, i.e., when one vector is rotated by = radians relative to the other.

Both of these predictions are amenable to experimental tests, as described

‘below.

It is also of interest to calculate the magnitude of the blood flow
potentials that would be-predicted from eqn. (2) to occur in the ascending
aortit vessels of variousvspecies'of mammals with widely differing sizes. The
results of this calculation are shown in Table 1 for a rat, monkey and man
exposéd to avl.O Tesla field with an orientation that is pérpendicu]ar to the
direction of blood flow in the ascending aortic vessel. It is evident that the
predicted magnitude of the induced flow potential is significantly greater in
the primate species than in the rodent, and experimental data presented in a
later section of this chapter are consistent with this theoretical prediétion.

B. Experimental observations. The occurrence of magnetically-induced

potentials associated with pulsatile blood flow into the aortic vessel have
been demonstrated from electrocardiogram (ECG) measurements on rats (Gaffey and

Tenforde, 1981), rabbits (Togawa et al., 1967), dogs (Gaffey and Tenforde,
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1979), baboons (Gaffey et al., 1980), and monkeys (Beischer and Knepton, 1964j

Beischer, 1969; Tenforde et al., 1983) exposed to stationary magnetic fields.

The primary change in the ECG recorded in the field is an alteration of the

signal amplitude at the locus of the T-wave. It was first recognized by Togawa.

et al. (1967) that this apparent change in the T-wave reflects a superposition
of the magnetically-induced aortic blood flow potential onto the normal T-wave
signal. Because the repolarization of ventricular heart muscle, which gives
rise to the T-wave signal in the normal ECG, occurs at approximately the same
time 1nbthe cardiac cycle as the pulsatile ejection of blood into the aortic
vessel, it is reasonab1e>to expect that the magnetical]y—ihduced flow potential
and the T-wavelshoqu be superimposed. This superposition of potentials at the
T-wave locus in the ECG is illustrated in Fig. .

Four additional sets of experimental'observations lend support to the
concept-that the T-wave alteration is the result of an electrical potential
induced by the e1ectrodyhamic interactidn between an applied magnetic field and
aortic blood flow: | | |

(1) From the theoretical considerations discussed above; it is predicted
that the magnitude and the sign of the induced flow potential should be a
function of the angle between the aortic blood fidw and the»direction of the
appTied field. Consistent with this prediction; it was shown by Togawa et al.
(1967) for rabbits and by Gaffey and Tenforde (1981) for rats that the
amplitude of the T-wave signal can be increased, decreased, or unchanged by the
superimposed flow poteﬁtia] depending upon the orientation of the animal within
the applied magnetic field. It was also demonstrated by Gaffey and Tenforde
(1981) that the maximum change in the T-wave amplitude occurs when the long
axis of a rat, and hence its ascending aortic vessel, is oriented perpendicular

to the field. The observation is completely consistent with the theoretical

"
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prediction from eqn..(é)vthat the magnitude of the magnetica1iy-induced aortic
blood flow potential should achieve its maximum value when the flow velocity
vector and the.magnefic:field vector are orthogonal.

(2) Bécause an induced.flow potential is the manifestation of a physical
interaction between an applied magnetic field and the charged-electrolyte
species in a flowing fluid, it would be expected that the induced aortic blood
flow potential, and hence the alteration in the T-wave signal strength, should
be immediately and completely reversible upon termination of the field
exposure. - Consistent with this expectation, ECG meaéurements on rats (Gaffey
and Tenforde, 1981), dogs (Gaffey and Tenforde, 1979), baboons (Gaffeyvgg_gl;,
1980), and monkeys (Beischer, 1969; Tenforde et al., 1983) have demonstrated
the complete reversibility of the nagnetically—inducéd'change in the T-wave
'amplitude.

(3) From eqn. (2) it is predicted that an induced. flow potential should
have a linear dependence on magnetiﬁ field strength. Experimental tests of
this prediction have been cabried out by.recording the ECG of rats (Gaffey andl_
Tenforde, 198l1), dogs (Gaffey and Tenforde, 1979), baboons (Gaffey gg_gl,,’
1980), and monkeys (Tenforde et al., 1983) during.exbosure to graded field
intensities. In these studies, the'orientation of the exbehimenfal subject was
chosen to produce an augmentation of the T;wave amblitude in an applied
magnetic fieid. From the ECG records of rats exposed to stationary fields
ranging from 0.1 to 2.0 Tesla (Gaffey and Tenforde, 1981), a field-strength-
dependent increase in T-wave amplitude was observed at field levels greater
than 0.3 Tesla (see Fig. 2). The T-wave signal increase was a linear function
of the applied field strength up to 1.4 Tesla. For dogs (Gaffey and Tenforde,
1979), baboons (Gaffey et al., 1980), and monkeys (Tenforde et al., 1983), the

threshold for detection of the T-wave amplitude change was 0.1 Tesla, and the
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increase in signal strength was a linear function 6f the magnetic field
strength up to 1.0 Tesla. These data support the concept that the T-wave
alteration is a consequence of the superposition of an induced aortic blood
flow potential, which from eqn. (2) should have a strictly linear dependence on
the magnetic field strength.

As shown in Fig. 2, the increase in T-wave amplitude observed in the rat
ECG exhibits a steepervslope at field levels above 1.4 Tesla. A similar change
in slope has been observed with dogs (Gaffey-and Tenforde, 1979) and monkeys
(Tenforde et al., 1983) at field Tevels exceeding 1.0 Tesla. Gaffey and
Tenforde (1981) have proposed that this effect may result from the 
superposition of one or more additional blood flow poténtia]s that have
thresholds for detection at high field levels. They have sUggested tﬁaf
magnetically-induced potentials associated with pulsatile blood flows into the
pulmonary, carotid and’subclavian arteries could appeahvat the T-wave locus in
the ECG record. Because of the smaller diameters of thesé vessels, the
associated blood flow potentiafs would be expected to be significant]y’sma11er
than the aoftic flow potential. These magnetically-induced flow potentials may
therefore be detectable in the external ECG only at field strengths.exceeding
1.0 Tesla in the rodents and small primates that'have been studied to date.

(4) The theoretical calculations presented in.Table 1 suggest that the -
magnitude of induced aortic blood flow potentials should be significantly
greater for large animaf species in comparison with the rodent. From ECG
measurements on animals exposed to a 1.0 Tesla field with an orientation
perpendicular to the body axis, the maximum aortic flow potentials recorded at
the body surface were 75 uV for rats (Gaffey and Tenforde, 1981) and 200 w for
monkeys (Tenforde et al., 1981). The greater magnetically-induced blood flow

potential observed with the larger species of animal thus conforms to
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theoretical expectations. It should be noted that the aortic blood flow
potentials measured in the,extérna] ECG records of rats and monkeys were,
respectively, 5 and 20 times 1esslthan the values predicted to occur within the
asﬁending aortic vessels of these animals (see Table 1). However, a
significant reduction in the magnitude of the induced blood flow potential
between its locus in the ascending aorta and the body surface would be expected
to occur because of the high electrical resistance 6f the conductive bathway

joining these locations.

Magnetohydrodynamic interactions with blood flow

A. Theoretical aspects. The electrodynamic interaction of stationary

magnetic fields with flowing, electrically conductivevfluids has a direct

effect on the fluid velocity and phessure.' For the case of laminar blood flow
in a stationary field, the Magnetohydrodynamic interaction leads to a
“f]attening“ of thé parabolic veiocity profile within the b1ood vessel, and a
resultant reductibn in the mean axial flow Ve]ocity. The phyéica] mechanism
underlying this effect can be explained in the fo]1owing qua]ﬁtathe.terms. As
discussed above, the interaction of a stationary magnetic field and a moving,

electrically-conductive fluid produces induced electrical potentials and

currents within the solution. By Lenz's law, an electrical volume force is

established within the fluid that opposes the induced currents. The
hydrodynamic consequences of this electrical volume force is a reduction}in the
rate of movement of the fluid. | | |

The mathematical foundation for quantitatively describing this
magnetohydrodynamic phenomenon was originally deveioped by Hartmann (1937).
These theoretical concepts were first applied by Bé]ousova (1965) and by

Korchevskii and Marochnik (1965) to predict the extent to which blood flow



would be retarded by stationary magnetic fields with intensities in the range
to which humans are exposed. Belouéova (1965) calculated that a 2 Tesla field
would reduce the flow velocity of blood in a major vessel of 1 cmvradius by 9%,
and a qualitatively similar conclusion was drawn by Korchevskii and Marochnik
(1965). It should be noted, however, that both sets of authors used values of
electrical conductivity and kinematic viscosity for serum rather than for whole
blood. As shown by Tenforde et al. (1983), the use of appropriate physical
parameters for whole blood leads to the prediction of a 5% decrease in blood
flow velocity within a 2 Tesla field, as contrasted to the 9% decrease
calculated by Belousova (1965). |

The decrease in flow velocity resulting from a magnetohydrodynamic
interaction must be compensated by an elevation in preésure if the volume of
circulating blood per unit time is to remain constant, j.e. if a homebstatic'
condition is to bé maintained. A ca]cu]étioﬁ of the predicted increase in
blood pressure resulting from exposure to a homogeneous, stationary magnetic
field was first made by Vardanyan (1973), and gubsequent]y modi fied by Abashin
and Yuvtushenko (1974).' Vardanyan'svtheory considers the magnetohydrodynamic
perturbation of laminar blood flow within a rigid cylindrical vessel. The
assumption of laminar flow is reasonable on the basis of calulations by
Tenfofde et al. (1983). However, the pulsatile nature of blood flow is
neg]ectéd in Vardanyan's theory, and the assumption that the walls of blood
vessels are rigid is also incorrect. The effects of the unsteady nature of
blood flow and the elasticity of blood vessel walls have been taken into
account in the theoretical treatments of magnetohydrodynamic interactions given
by Sud et al. (1974, 1978) and Kumar (1978). Although these theoretical
calculations are more refined than the earlier theory of Vardanyan (1973), they

lead to qualitatively similar conclusions when the magnetohydrodynamic
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interaction with blood flow is weak. As will be shown below, this situation
pertains at the magnetic field levels to which humans are generally subjected.
For the case of blood flow in a cylindrical vessel oriented with its

1ongitudina1 axis perpendicular to a homogeneou§,‘stationany magnetic field,
Vardanyan's theory predicts that the instantaneous blood pressure, P, at any
point in the vessel must be modified in accord‘with the following equation if
the volume flow rate of blood is to remain constant:

Ha2 Io(Ha)‘

81 _(H,)

P(B) = P(B=0) (3)

- where Io and I2 are modified Bessel functions of the zero and second order,

respectively, and Ha is the Hartmann number [9]:

H, = (Bd/Z)(o/n)% o - | (4)

In eqn. (4), d = vessel diameter, o = electrical conductivity and n = kinematic

viscosity. For values of Ha significantly less than unity, egqn. (3) can be
expanded as a power series. Including terms up to second order in Ha,’eqn. (3)

becomes:

P(8) = P(B=0)[1+(H_2/4)] - (5)

Two aspects of the blood pfessure modification prédicted by eqn. (5) are
particularly noteworthy. First, the magnetohydfodynamfc effect varies
approximately as Haz, énd hence as d2. Accordingly, the greatest effect will
occur ﬁn the large vessels of the central circulatory system. Secondly, the
pressure change predicted from eqn. (5) varies approximately as B2, and hence
will rapidly increase as the field intensity is elevated.

It is of interest to calculate from eqn. (5) the pressure change occurring

in a vessel of 1 cm radius, similar to the human aorta, within a 2 Tesla



stationary field. Using values for the electrical conductivity and the
kinematic viscosity of human whole blood (Tenforde et al., 1983) of 0.52 S/m
and 4.6 x 1073 kg/m-s; respectively, then Ha = 0,212 and P(B = 2 Tesla) =

1.011 P(B = 0). The pressure a1ter§tion is therefore about 1%. It can aTso be
shown from eqn. (5) that a magnetic field intensity of 6 Tesla would be
required in order for a 10% change in pressure to occur.

B. Experimental observations. The only direct experimental test of

potential alterations in blood pressure resulting from magnetohydrodynamic
interactions was made by Tenforde gg_gl; (1983), who exposed three Macaca
monkeys fo homogeneous, stationacy fields ranging in strength from 0.1 to 1.5
Tesla. Direct intraarterial measurements of blood pressure were made during
the field exposure using a cannula that was inserted 15 cm ihto the femora1.
artery and inteffaced with a linear pressure-voltage transducer exterior to the
body. Within the * 2 mm Hg accuracy with which the systolic and diastolic
blood pressures could be determined by this technique, no measurable alteration
in blood pressure was recorded in fields up to 1.5 Tesla. This obserYation was
fully consistent with a theoretical’ calculation that the maximum pressure
elevation within the monkey's ascending aortic vessel should be 0.6 mm Hg in a

1.5 Tesla stationary field.

Cardiac performance in stationary magnetic fields

Available data on the response of the circulatory system to stationary
magnetic fields are sufficient to permit an assessment of potential stress
effects resulting from electrodynamic and magnetohydrodynamic'interactions with
blood flow. The indices of cardiac performance that have been étudied include
blood pressure, heart rate and the bioelectric activity of heart muscle. As

described above, there is no measurable alteration in the blood pressure of
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monkeys exposed to a 1.5 Tesla stationary field. The heaft rate and electrical
properties of heart muéc]e have been determined from ECG measurements on rats
exposed to étationany fields up to 2.0 Tesla (Gaffey and Tenforde, 1981),

rabbits in a 1.0 Tesla field (Togawé et al., 1967), dogs (Gaffey and Tenforde,
1979) and baboons (Gaffey et al., 1980) in fields ub to 1.5 TeSla, and monkeys
exposed to fields up to 1.5 Tesla by Tenforde et al. (1983) and to a 10.0 Tesla
fie]d by Beischer (1969). In none of these studies were significant changes in
heart rate observed during acute magnetic field exposures. Similarly, the

amplitudes of the P, Q, R and S waves of the ECG were not altered, indicatihg

that the applied vmagnetic fiéld had .no effect on the depolarization

cHaracteristics of auricular and ventricular heaft'muscle. The data from these

studies with various species of animals also indicate that no cardiac

’arrhythmiaé-qccur durihg acute exposures to the field levels indicated above.

" The set of experimental observations summarized here therefore'provide

evidence that little or no cardiovascular stress should result from exposure to

“the highest stationary magnetic field levels (g 2 Tesla) routinely encountered

by man. This conclusion must be tempered, however, by the recognition that

there are no data available in the literature relating to cardiovascular
performance during_protracted exposure to large stationary magnetic fields.
Also, from the theoretical considerations discussed in this chapter, it would
be anticipated that significant hemodynamic perturbations could occur during
exposure to stationary fields exceeding abproximate]y 5 Tesla. This factor
should be considered in any app]ic;tion of superconducting magnets that might

involve exposing human subjects to exceedingly high fields.
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TABLE 1. Calculated aortic blood flow potentials in

a 1.0 Tesla stationary magnetic field

Species(a) Cardiac Output(b) Aortic Diameter(c) Blood Flow  Induced Flow

(cm3/min) (cm) v Ve]ocity(d) Potentia1(e)
(cm/s) (mV')
Rat 47 1 0.26 15 0.4
Monkey 1060 o 0.57 69 3.9
Man 5100 g 1.6 42 6.7

(a) Parameters used in the flow pqtential calculations are appropriate for
adult mammals of the three‘species. o a | |

.(b) Taken from Spector (1956).

(c) Values for the rat, monkey and'man were taken from Gaffey and Tenforde
(1981), Tenforde et al. (1983) and Togawa et al. (1967), respectively.

- (d) fhe aortic blood flow veIocity was calculated from the ratio of the

cardiac output to the cross-sectional afea of the ascending aorta.

(e) Magnetically-induced flow potentials were calculated from egn. (2) of the

text for a 1.0 Tesla stationary magnetic field.
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Figure Legends

Fig. 1.

Fig. 2.

Schematic diagram of a magnetically-induced aortic blood flow
potential superimposed on the normal ECG record. Ao and AC denote the
approximate times at which the aortic valve opens and closes.

The percent increase in T-wave amplitude observed in the ECG of an
adult rat is plotted as a function of magnetic field strength. The
percentage increése is defined as 100(Tm - Tc)/Tc’ where Tc and Tm are
the T-wave ahp]itudes in the control state and during magnéfic field -

exposure, respectively. [From Gaffey and Tenforde (1981)]
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