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The Physics of MRI Safety

Lawrence P. Panych, PhD1,2* and Bruno Madore, PhD1,2

The main risks associated with magnetic resonance imaging (MRI) have been extensively reported and studied; for
example, everyday objects may turn into projectiles, energy deposition can cause burns, varying fields can induce nerve
stimulation, and loud noises can lead to auditory loss. The present review article is geared toward providing intuition
about the physical mechanisms that give rise to these risks. On the one hand, excellent literature already exists on the
practical aspect of risk management, with clinical workflow and recommendations. On the other hand, excellent techni-
cal articles also exist that explain these risks from basic principles of electromagnetism. We felt that an underserved
niche might be found between the two, ie, somewhere between basic science and practical advice, to help develop
intuition about electromagnetism that might prove of practical value when working around MR scanners. Following a
wide-ranging introduction, risks originating from the main magnetic field, the excitation RF electromagnetic field, and
switching of the imaging gradients will be presented in turn.
Level of Evidence: 5
Technical Efficacy: 1
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While it is from the nucleus of the hydrogen atom that

a solitary proton’s spin provides the source of the

magnetic resonance imaging (MRI) signal, the operation of

the MRI scanner itself can be thought of as orchestrating a

complex dance of electrons. A torrent of them rushes for-

ward, round and round, in the coils of the main magnet

while jets of them streak back and forth in the gradient and

RF coils. Each electron generates a field around itself, to

inform the Universe about how everything with electrical

charge should interact with it. As electrons dance, their

fields coax nuclear spins into an unsteady gyration of their

own and the MRI signal is created. The present article is

about this electromagnetic dance and how people can get

hurt when it goes wrong.

As the tag “magnetic” in the name announces, an

MRI scanner is very much about magnetism. Three differ-

ent types of coils and the magnetic fields they generate are

involved in creating images. First, there is the so-called

“main magnet,” which produces the large static magnetic

field. This is most often a superconducting electromagnet

but it could also be a permanent magnet. Added to this is a

coil to generate the radiofrequency electromagnetic field

(the “RF field”) and, lastly, there are the imaging gradient

coils, responsible for creating the spatial-encoding magnetic

fields and typically referred to as “the gradients.” While

essential in allowing the MRI device to produce images,

these coils and the manner in which the fields they generate

interact with matter can also, at times, be the cause of seri-

ous threats to human life and limb.1–10

This article explores the physics underlying the safety

risks associated with the three principal types of coils and

magnets. A number of other reviews and expos�es exist that

cover the basic physics behind the interactions of one or

more of these and are recommended as supplemental read-

ing.11–20 For those who wish to go even deeper into the

physics, excellent basic textbooks exist on electromagne-

tism21,22 and the magnetic properties of materials.23 Good

intuition on the interactions between electromagnetic fields

and materials can be obtained through numerical simulation

of Maxwell’s equations, the fundamental equations that gov-

ern these interactions. For this we recommend a nice book

by Elsherbeni and Demir24 that comes complete with well-

documented MatLab code (MathWorks, Natick, MA).

There are a dozen equations in this article. Of these,

two of Maxwell’s equations and the Lorentz force equation

provide the mathematical basis for the physical interactions

considered. The others, which we find useful for back-of-

the-envelope calculations, are meant to help the reader gain
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intuition about these interactions, in particular, with respect

to size and degree. How strong is the magnetic force? How

much will the RF field heat the tissue? How much current

will be induced in a conductor? We aim at giving some feel-

ing for the degree to which a particular interaction might

represent a hazard, and in this sense, we hope this article

may prove useful.

The static magnetic field

The “main magnet” of a commercial MRI system is the

most distinguishing feature of the device, and also the great-

est source of risk. The field it generates, typically about

1.5–3.0T, is much stronger than magnetic fields casually

encountered in everyday life; for example, it is roughly

30,000–60,000 times the average of the Earth’s magnetic

field at the surface and is roughly 300–600 times stronger

than the field of a common refrigerator magnet. Because

MRI involves field strengths much beyond typical everyday

experience, regular objects may behave in a nonintuitive

manner near scanners. How objects behave in such condi-

tions greatly depends on what they are made of, and for

this reason we will begin by looking at the magnetic proper-

ties of materials. For objects most affected by magnetic

fields, we will consider the translational and rotational forces

acting on them. We will also take a cursory look at the

effect of the scanner’s static field on biological processes,

and the effects of motion in such an environment.

Susceptibility and the Magnetic Properties
of Materials
The volume magnetic susceptibility of a material expresses

the degree to which a material becomes magnetized in

response to an external magnetic field. It is commonly rep-

resented by the dimensionless scalar, Xv or just X , which

will be used throughout this article. In many crystals, X

may have to be represented in a more complicated man-

ner—as a tensor—but here it is just a number, ie, a scalar.

The magnetization of a material is simply XBo, where Bo is

the magnitude of the external magnetic field. Values of X

for elements of the periodic table have been tabulated and

are readily available from online sources.25

Materials can be classified according to their magnetic

properties, and there are three main types of materials,

depending on whether X is large and positive, small and

positive, or small and negative. The first category, large and

positive, represents ferromagnetic materials and is the only

category causing safety concerns in the presence of Bo, the

MR’s large static magnetic field. At room temperature, only

a few elements such as iron, nickel, and cobalt exhibit ferro-

magnetic properties. Of these, iron is the most widespread,

and for this reason iron-containing objects are typically the

culprits for projectile incidents at MRI sites. While all mate-

rials are to some extent magnetized when subjected to a

large magnetic field, ferromagnetic materials are distin-

guished in that, under the right circumstances, the magnetic

dipoles of every molecule in the material can come into

alignment, resulting in a very large local magnetic field. In

other words, ferromagnetic materials can become magneti-

cally saturated.

Most everyday objects that do not contain iron would

fit in the latter category, having small and negative magnetic

susceptibility. Such materials are called diamagnetic and

include common items such as water, wood, many types of

plastics, and almost all biological tissues. The negative sign

associated with their magnetic susceptibility means that such

materials are (ever so slightly) repelled by a magnet. This

fact has been demonstrated, most dramatically, by levitating

frogs.26

The third type of material, with small and positive

magnetic susceptibility, is referred to as paramagnetic.

Although not particularly common in everyday life, para-

magnetic materials such as solutions of chelated gadolinium

and manganese play an important role in the design of

chemical contrast agents in MRI, while the paramagnetism

of deoxyhemoglobin is central to the endogenous blood oxy-

genation level-dependent (BOLD) contrast exploited in

functional MRI. Chemical contrast agents and their safety is

a topic deserving an article on its own, beyond the scope of

the present one.

In the next two sections we will look at the transla-

tional and torsional forces exerted on ferromagnetic objects

due to Bo. Paramagnetic and diamagnetic materials also

experience these forces; however, they are generally too small

to be of practical importance. Because iron is such a preva-

lent metal it might be easy at times to develop the impres-

sion that all metallic objects must be ferromagnetic; in

contrast, metals such as copper and many types of stainless

steel are essentially nonmagnetic, for example. Assuming

they are pure enough, objects made of these nonmagnetic

metals do not cause any projectile risk in an MR environ-

ment. That said, and given the prevalence of iron in every-

day objects, suspicion of all metals and testing with a hand-

held magnet remains a healthy reflex.

Translational Forces Due to Interaction With
a Static Magnetic Field
Ferromagnetic objects are attracted to magnets, so logi-

cally, the closer one such object gets to an MRI scanner

the stronger the attraction should grow, should it not?

Actually, no; in fact, a ferromagnetic object at the center

of the bore would feel no attraction at all, and maximum

force would instead be felt somewhere outside the scanner.

This is one example of nonintuitive behavior, further

explained below.

As a rule of thumb, whenever magnetic forces are sig-

nificantly less than the gravitational pull on the same object,
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then the magnetic forces should cause no major safety con-

cern.27,28 In other words, the weight of an object will be

used below as a reference, to help provide an understanding

of how strong magnetic forces may be. The computation of

forces and torques can be very complicated because they

depend on the strength of the magnetic field and of its spa-

tial gradient, as well as the exact composition and geometry

of the object submitted to it. While a more thorough dis-

cussion of this topic can be found elsewhere,17 the text

below aims at providing intuition about the forces at play.

The spatial gradient of the Bo field is a key parameter

determining the force exerted on an object. The spatial gra-

dient is simply the change in the strength of the magnetic

field with respect to distance and is measured in Tesla

per meter (T/m) or, alternatively, in Gauss per centimeter

(G/cm) (1 T/m 5 100 G/cm). The “grad” operator “$,” as

in $Bo, takes the spatial derivative of Bo and thus captures

how quickly Bo varies spatially. More specifically, $Bo is a

vector field, which means that every point in space is associ-

ated with a vector. Note that, in this paper, bold face type is

used to indicate a vector. Consider one such point in space:

at this selected location, $Bo would provide a vector whose

length represents how steeply Bo is changing at that loca-

tion, and whose orientation would point in the direction of

steepest change.

Another key quantity that describes the magnetism of

the object brought into the Bo field is the magnetic dipole,

which is represented here by the vector lm. The dipole is

often represented as a current loop enclosing some small

region, thus explaining its units of measure—amperes times

meters-squared (Am2). While the dipole itself has no actual

spatial extent, it does have in the space around it an associ-

ated magnetic field equal to the field that would be gener-

ated by such a current loop. Figure 1 shows a schematic of

an idealized magnetic dipole and its magnetic field profile.

The main parameter of interest in the present section

is the translational magnetic force, Ftrans, exerted on an

object as its dipole interacts with the field.23,29,30 A relation

for Ftrans can be derived by calculating the Lorentz force

(discussed later) due to Bo acting on the current loop that is

assumed to generate the magnetic dipole30:

Ftrans5lm � $Bo (1)

where the dot product of two vectors as used in Eq. 1 is a

scalar with a magnitude equal to the product of the lengths

(magnitudes) of the two vectors times the cosine of the

angle between them. To make Eq. 1 a little more intuitive,

will be put in relation to the gravitational force on the same

object, Fg . Assuming that lm is aligned with $Bo, we then

obtain an equation for the ratio of Ftrans to Fg that will

prove useful in estimating the degree to which a magnetic

field can pull on objects:

Ftrans

Fg
5CX Boj$Boj; C5

1

ðlogÞq
: (2)

In Eq. 2, X is the magnetic susceptibility of the material,

and j$Boj at any given point is the length of the vector $Bo

at that point. In the definition of the constant, C (which is

approximately equal to 10 m/T2 for ferromagnetic metals),

lo is the permeability of free space, g is the gravitational

acceleration constant, and q is the material density. Note

that Ftrans=Fg depends on Boj$Boj, often referred to as the

spatial gradient product (SGP). Equation 2 is independent

of how much material there is; while a larger object would

lead to a stronger magnetic force Ftrans, it would also be

heavier, leaving Ftrans/Fg unchanged.

In practice, Eq. 2 is mostly applicable for materials

with very small susceptibilities, ie, for materials whose mag-

netism is always very small compared to the externally

applied field. It requires some adjustment when dealing

with ferromagnetic objects. While the term XBo in Eq. 2

represents the strength of the magnetic flux as created

within the object, such flux could not grow to arbitrarily

large levels even if Bo were to grow arbitrarily large. Instead,

it would plateau once a maximum value is reached. This

maximum is the saturation flux density, Bs. For a given fer-

romagnetic material, the internal magnetic flux cannot grow

FIGURE 1: The drawing shows a schematic representation of
the B field lines for a single magnetic dipole, l. In the blue
region, the Bz component of the dipole field is in the positive
z-direction so that magnetic material in this region will be
encouraged to align in the same direction as the dipole, ie,
become magnetized. In the red region, the Bz component of
the dipole field is opposite the dipole orientation and magnetic
material in this region will tend to align opposite the dipole, ie,
become demagnetized. A short, flat object with little to no
extent in the z-direction would tend to have a large demagnet-
izing field because it would mostly fall into red-labeled space.
In contrast, a tall, slender object oriented along z would have a
minimum demagnetizing field.
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beyond Bs regardless of how large Bo might become. For

this reason, Eq. 2 is only valid wherever XBo is less than Bs,

which tends to be true for all realistic values of Bo as far as

diamagnetic and paramagnetic materials are concerned, but

not so for ferromagnetic materials. For example, in nickel,

X is around 600 and Bs is 0.64 T; thus, Eq. 2 is only appro-

priate wherever Bo remains below 1.1 mT. Wherever the

material is saturated, Eq. 2 should therefore be modified as

follows:

Ftrans

Fg
5C Bsj$Boj; ðsaturated ferrmagnetic objectsÞ (3)

Bs in ferromagnetic objects may range from about 0.25–2.5 T,

with nickel at about 0.64 T and iron at about 2.5 T.

Based on Eq. 3, one can estimate how strongly a scan-

ner may pull on ferromagnetic objects in its vicinity. The

maximum spatial gradient on some modern MRI systems

can exceed 10 T/m and, accordingly, from Eq. 3, magnetic

forces on objects made of nickel or iron can readily reach

60 or 250 times their weight, respectively. Even for a mod-

est one-pound iron object, one can appreciate how magnetic

forces can readily become superhuman in nature, and that

no amount of “holding on tight” to an object might come

close to matching them. Such a force is enough, for exam-

ple, to accelerate an iron object to a speed of 200 km/h in

less than 25 milliseconds.

Even when ferromagnetic objects are not saturated, it

turns out that Eq. 2 is still not of much practical use. This

is because the magnetization of ferromagnetic objects very

much depends on their shape, a fact that Eq. 2 does not

take into account. As the microscopic domains of ferromag-

netic materials become aligned with Bo, their strong mag-

netic dipole fields overlap so as to partly cancel each other,

effectively reducing the magnitude of X . Alternatively, one

may think of the induced magnetic field of the material as

having a component that opposes the applied field, referred

to as the demagnetizing field.23 The demagnetizing field

undermines the work of Bo as it tries to magnetize the mate-

rial, effectively reducing the susceptibility.

Figure 1 may help to demonstrate the idea of the

demagnetizing field. The magnetic field of a single dipole

oriented in the z-direction is shown schematically by the

white streamlines in the figure. Locations where the z-com-

ponent of the dipole field is positive are marked in blue,

and magnetic material in this region will be encouraged to

align in the same direction as the dipole, ie, to become

magnetized. In contrast, wherever the z-component of the

dipole field is negative, as highlighted with red in Fig.1,

magnetic materials tend to align opposite the dipole, ie, to

become demagnetized. A flat object with almost no extent

in the z-direction would have a large demagnetizing field

(see red region in Fig. 1), while a slender object aligned

along z might be associated with a negligible demagnetizing

field (see blue region in Fig. 1). In general, for arbitrarily-

shaped ferromagnetic objects, determining the details of this

demagnetizing field can be very complex and requires the

use of numerical methods.

For some simple object geometries, a shape-dependent

demagnetization factor can be introduced to account for the

effects of the demagnetizing field. In this case, Eq. 2 is

modified by replacing X with X =ð11DX Þ to give the

following:

Ftrans

Fg
5C

X

ð11DX Þ Boj$Boj; ðnon saturated ferromagnetic objectsÞ

(4)

where D is the demagnetization factor, which takes on values

between 0 and 1. Strictly speaking, Eq. 4 assumes the object

to be an ellipsoid of revolution (ie, created by rotating an

ellipse about one of its two axes), with the axis of revolution

aligned along Bo (see expression for Fz in Ref. 17 with

h 5 0). For very long and slender needle-like objects, D

approaches 0 and X =ð11DX Þ � X , meaning that Eq. 4

becomes equivalent to Eq. 2. For less needle-like ferromag-

netic objects, because X�1, X =ð11DX Þ � 1=D, a number

much smaller than X . Consider a few examples involving

simply-shaped objects oriented in particular ways with respect

to Bo. For a sphere, D equals 1/3 and therefore the effective

susceptibility is just 3, irrespective of the actual magnitude of

X . With a long needle-like object oriented perpendicular to

Bo, D equals 1/2 and the effective susceptibility is 2. Like-

wise, for a thin plate or film parallel to Bo, D is equal to 0,

but if the plate is perpendicular to Bo, then D is equal to 1.

Overall, for ferromagnetic objects, one should use Eq. 4

up to Bo5DBs, whereupon Eq. 4 will give the same force

ratio as Eq. 3. From this point onward, as one gets closer to

the scanner, the object is fully saturated and Eq. 3 should be

employed. Note that Eq. 3 does not involve D, meaning that

once close enough to a scanner for the object to become satu-

rated, shape would have little effect on translational pull.

Consider the example of a sphere made of nickel; with

D51/3 and Bs50:64 T. As it approaches the scanner, Eq. 4

would remain valid up to DBs� 0.2 T. However, if the

same piece of nickel were long and slender instead and

pointed in the same direction as Bo, for example with

D 5 1/30, then Eq. 4 would be valid only up to 0.02 T. In

other words, the long and slender object would saturate

more easily so that the full force described in Eq. 3 would

become applicable even further away from the scanner. In

contrast, although hardly advisable, one could walk up a lit-

tle closer to the scanner with the spherically-shaped object

in hand while still remaining under the more lenient rule of

Eq. 4, until saturation is reached and Eq. 3 would be

brought to bear upon the object.
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Maximal translational forces occur at a location just

outside the bore where spatial gradients, j$Boj, tend to be

the greatest. Inside the bore, as one nears isocenter, the field

becomes very uniform and j$Boj5 0, meaning that Ftrans

also becomes zero there. Active shielding in modern scanners

allows the field to be better contained and scanners to be

sited in smaller rooms, but they also tend to make j$Boj
much larger, as the field must transition from nearly zero to

full strength in a shorter distance. As a result, from the per-

spective of Eqs. 1–4, dynamic shielding actually makes scan-

ners more dangerous by increasing the magnetic translational

forces involved.

Figure 2 demonstrates the application of Eqs. 3 and 4

for a typical shielded 3T MRI system, for an elongated

(D 5 0.01) iron object (Bs 5 2.5 T) pointed toward the

scanner, showing the force ratio, Ftrans=Fg , for locations

around the scanner. It should be noted how, in less than a

meter, the ratio may grow from less than 1, which may not

be dangerous, to above 10, where the situation can rapidly

become unmanageable and all bets are off. In specific loca-

tions, translational forces reach well over a hundred times

the object’s weight (not shown). For the scanner in Fig. 2,

the region roughly between the 5 and 20 mT lines (50 and

200 Gauss) demarcates a zone where anyone bearing a ferro-

magnetic object might want to do some deep thinking

about the wisdom of advancing further.

Torque Due to Interaction With a Static Magnetic
Field
In addition to the translational force that moves ferromag-

netic objects along the spatial gradient of the magnetic field,

there can also be significant torque applied to objects with

highly asymmetric shapes, such as long cylinders or ellip-

soids. Mathematically, the torque on a dipole lm in a mag-

netic field B is equal to the vector product of lm and B

(see Ref. 23, page 51):

T 5lm3B (5)

where T is the torque. The vector (or cross) product of two

vectors is also a vector. Its orientation is orthogonal to the

original two vectors and its magnitude is equal to the prod-

uct of their lengths times the sine of the angle between

them.

Note how the expression for T in Eq. 5 differs from

the expression for Ftrans in Eq. 1 in the sense that maximum

torque occurs where the strength of the Bo field itself is

maximum rather than where its spatial gradients are maxi-

mum. For this reason, maximum torque typically occurs

inside the MRI’s bore. For small asymmetrically shaped fer-

romagnetic objects implanted in the body, the torqueing

force may be the dominant safety issue (rather than the

translational force), as discussed below.

Let us define a force, Ftorque , as the restraining force

one would have to apply to the two ends of a ferromag-

netic, elongated object (eg, an ellipsoid of revolution with

the length several times the width) to prevent it from rotat-

ing and lining up with the field. To make this more intui-

tive, the force might be put in relation with the

translational force, Ftrans, on the same object.17 More specifi-

cally, the ratio between the maximal values of both of these

forces is given below. Of course, the maximal values of these

FIGURE 2: Regions of different force ratios, Ftrans=Fg, were computed for an actively shielded, 3T clinical MRI system. Magnetic
field and spatial gradient data were derived from line plots in manufacturer data sheets and interpolated to compute force ratios
using Eqs. 3 and 4, assuming C 5 10 m/T2, D 5 0.01, and Bs 5 2.5 T. The field lines for .5 mT, 5 mT, and 20 mT (5, 50, and 200
Gauss) are shown for reference.
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forces do not occur at the same location in/around the scan-

ner as F max
torque occurs near isocenter, while F max

trans occurs near

the entry to the bore. Even so, the ratio between the two

forces can help one understand the importance of torqueing

as a safety issue, particularly for small implants. We find

that,

F max
torque

F max
trans

5
ðBoÞmax

Lj$Bojmax

; ðsaturated elongated objectÞ (6)

where L is the length of the object. As an example, taking

typical values for a 3T shielded MRI system with a maxi-

mum spatial gradient of 10 T/m, and assuming L51 cm, we

find from Eq. 6 that the force one needs to apply to the

ends of the object to prevent torqueing in the magnetic field

can reach 30 times the maximum translational force. Thus,

especially in the case of an elongated object implanted into

the body, potential damage from torqueing can readily

become a greater source of concern than translational forces.

It may seem at first somewhat counterintuitive that for

an object of greater length (larger L in Eq. 6) the F max
tarque is

reduced compared to F max
trans. Consider, however, that for a

constant torque the force required to prevent turning

decreases the further one is from the axis of rotation: for

example, it is much easier to loosen a bolt with a long-

handled wrench than it is with a short one. Similarly, for a

given torque, it would be more difficult for surrounding tis-

sues to prevent a small clip from twisting compared to a

longer one.

Direct Interactions Between the Static Magnetic
Field and Living Tissue
For currently available clinical MRI systems, magnetic trans-

lational forces and torques on diamagnetic and paramagnetic

tissues have been estimated and shown to be much too

small to be of any safety concern. For example, the tendency

of iron-containing red blood cells to separate from plasma

due to the differential translational force (DFtrans) based on

the susceptibility difference of the tissues (DX ) can be calcu-

lated. If one assumes a relatively high but realistic SGP of

25 T2/m and in Eq. 2 replaces X with DX and q with Dq,

the difference in density between red blood cells and

plasma, then DFtrans is found to be less than 8% of the dif-

ference in gravitational pull (DFg ) on the tissues.17

Although, one finds for the SPG of 1400 T2/m that was suf-

ficient to levitate frogs (which admittedly is not a very real-

istic SPG for a practical human-sized MRI), the DFtrans

would be more than 400% of DFg . Accordingly, any human

willing and able to share in the frog’s exhilarating experience

of magnetic levitation might also partly separate their red

blood cells from plasma in the process, with unknown

health effects.

More immediate concerns regarding the interaction of

living tissues with the magnetic fields of actual MRI systems

in use today involve vertigo and nausea, two well-

documented and unpleasant effects on the vestibular system

caused by motion in the static magnetic field. Whether

these vestibular symptoms may be caused by magnetic

forces, for example, those resulting from anisotropic suscep-

tibility or from the magnetohydrodynamic effect (discussed

below), or whether they may be related to induced currents

associated with motion in the magnetic field still remains

unclear.19

Another potential force effect comes from current-

carrying tissue structures being physically pulled one way or

another by the Lorentz force. As charged particles move in a

magnetic field, a force emerges that is perpendicular to both

the direction of motion and the field:

F L5qðv 3 BÞ (7)

where q is the charge of the particle, v is its velocity, and

F L is the Lorentz force. The magnitude of the Lorentz force

on current-carrying metal conductors can be significant, as

will be discussed in the section on gradients. However, cur-

rents in biological tissues such as nerves are generally found

to be too small to be of any practical concern even at field

strengths as high as 20T.31

The Lorentz force acts on all charged particles in

motion, and these particles may sometimes take the form of

ions (ie, charged molecules) in a flowing liquid. Such inter-

actions fall under the general category of magnetohydrody-

namics and the effects in the body have been studied

extensively.32–34 Blood flowing in a direction orthogonal to

a magnetic field experiences a reverse pressure impeding the

flow, but this is expected to result in an insignificant

increase in blood pressure even in a high-field MRI.32,33 Of

greater practical concern is that positive and negative ions in

blood are pushed in opposite directions by the Lorentz

force, causing a charge separation and an electric field that

corrupts electrocardiograms and complicates the task of per-

forming cardiac-gated MRI.35–37

It is well known that movement in a magnetic field

can induce a voltage (due to Faraday’s law of induction, dis-

cussed in more detail later) in electrically conductive materi-

als, including biological tissues, especially when the motion

is through regions of space where the magnetic field changes

steeply. For example, near the entry to the bore of a 3T

MRI where j$Boj tends to be greatest, it can be shown that

current densities over 0.1 A/m2 may be produced in con-

ductive tissues due to the voltage induced by normal move-

ment.38,39 This is more than twice the 0.04 A/m2 (low

frequency) limit for exposure of workers recommended by

the International Commission for Non-Ionizing Radiation

Protection (ICNIRP).40 Whether or not one considers the
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ICNIRP limit as overly conservative, currents induced in tis-

sue deserve serious attention as a potential MRI safety con-

cern, especially as new high-field MRI systems are

introduced. Further, because the magnitude of the induced

current is proportional to conductivity, significant current

densities may also be generated in metals used in implants.

For example, currents induced in metallic heart valves have

been studied over such concerns.41,42

The RF Field

The magnetic field generated by the RF coil excites nuclear

spins to produce MRI signals. Compared to the main Bo field,

which is strong and static, the magnetic field component of

the transmitted RF field (often referred to as B1) is weak and

varies rapidly in time, oscillating at the Larmor frequency,

which is equal to cBo, (where c is 42.577 MHz/T for hydro-

gen) and is about 128 MHz at 3T. The maximum strength of

B1 is only a few microTesla (lT), an order of magnitude

lower than the Earth’s magnetic field at the surface and many

orders of magnitude smaller than Bo. However, even though

the B1 field is small in magnitude, its high frequency leads to

safety concerns.

RF Heating of Biological Tissue
The field produced by the RF coil deposits energy into the

body in the form of heat: currents are induced in the elec-

trically conductive biological tissues and heating occurs due

to resistance to the current. The problem of heating due to

the use of the RF coil can be acute when metallic implants

are present, as will be discussed in a later section.

The Maxwell-Faraday equation is directly relevant

when considering interactions with the RF field. It is writ-

ten as follows:

þ
c

E � d l5�
ð ð

S

@B

@t
� dS; (8)

where the field B considered here is the magnetic field gener-

ated by the RF coil, B1. Equation 8 expresses the fact that an

electric field is generated such that the electromotive force or

voltage around a stationary closed loop (integral of E ) is equal

to (the negative of ) the time rate of change of the magnetic

flux density integrated over the surface enclosed by the loop.

This is shown schematically by the drawing on the left of Fig.

3. Note that, as shown in Fig. 3, d l is a unit vector tangent to

the contour at any point along its length and dS is a unit vec-

tor normal to the enclosed surface at any point on the surface.

The plane of orientation of the generated electric field (and

therefore the plane of circulation of eddy currents generated

in a conductive medium) is perpendicular to the direction of

B1; for example, it would be in a sagittal plane if B1 were ori-

ented left–right in the scanner.

In the case of heating, it is not directly the transmitted

B1 that causes problems, but rather the associated electric

FIGURE 3: Left: Schematic demonstrating Faraday’s law whereby an electric field is generated such that the electromotive force or
voltage around a closed loop or contour is proportional to the time rate of change of the magnetic flux density integrated over the
enclosed surface. Note that dl is a unit vector tangent to the contour at any point along its length and dS is a unit vector normal to
the enclosed surface. The electric field orientation lies in a plane perpendicular to the direction of B1. In a conducting medium, this
electric field generates eddy currents in the same orthogonal plane. Right: Schematic demonstrating the effect of Ampere’s law,
whereby a magnetic field, Bi , is induced by currents, including by the eddy currents generated by Faraday induction.
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field, represented by E1 in Fig. 3. In a conductive medium,

E1 drives a conduction current density equal to rE1, where

r is the conductivity of the medium. The instantaneous rate

of energy dissipated per unit volume (power density) due to

resistance to this current is rjE1j2 W/m3. Dividing by the

mass density of the medium gives the mean power deposi-

tion per kg, which is referred to as the specific absorption

rate (or SAR):

SAR5rEP
2=2q ðWatts=kgÞ (9)

where q is the mass density (1.06 3 103 kg/m3 in muscle)

and EP is the peak amplitude of the time-varying (and sinu-

soidal) E1. Dividing the SAR by the heat capacity of tissue,

which is around 4200 J/kg/oC, one obtains the rate at

which tissue is expected to heat if there was no mechanism

for cooling. For example, a SAR of 4.2 Watts/kg will heat

tissues at a rate of 10-3 8C per second. A volume of tissue

subjected to this power deposition will be heated 1oC (the

FDA exposure limit) in 1000 seconds, or about 17 minutes,

again assuming there is no cooling during this period.

In order to meet regulatory requirements, it is neces-

sary to measure or calculate the SAR for MRI pulse sequen-

ces. A rough estimate of the SAR at the surface of the body

may be obtained using a simple loop model.11 Based on Eq.

8, in a surface ring of tissue of radius, R, exposed to uni-

form RF field, an electric field would be generated in the

loop with peak magnitude as follows:

EP5p f BPR (10)

where f is the Larmor frequency (in Hz) and BP is the peak

amplitude of the magnetic field component of the electro-

magnetic field produced by the RF coil. Combining Eqs. 9

and 10:

SAR5ðr=2qÞ ðp f BPRÞ2 (11)

Equation 11 is the usual expression for SAR, as widely pub-

lished and employed. It is useful in the sense that it shows

some important trends such as that SAR increases with the

square of both f and BP . A rough calculation assuming

r 5 0.5 S/m, f 5 128 Mhz (for a 3T system), a body radius

of 20 cm, with BP 5 2 lT, gives a SAR of about 6.5 W/kg,

which is well over the 4 W/kg FDA limit for whole body

absorption. However, the value calculated above is the local

(and maximum) SAR at the body periphery. The average

SAR will be less than half of this. In addition, it should be

noted that we have implicitly assumed a duty cycle of 100%

in this calculation. A reduction in duty cycle with the same

BP will give a proportional reduction in SAR.

Overall, the assumption that Eq. 10 gives the true

value of EP (and thus Eq. 11 gives the true SAR) is reason-

ably accurate for low-frequency excitations (eg, below 10

MHz). Simulations reveal, however, that even at a frequency

of 42.58 MHz, the Larmor frequency at 1T, the estimate of

the magnitude of the electric field based on Eq. 10 is not

accurate. Why is this?

Looking back at Eq. 8, we are reminded that the oscil-

lating B1 field generated by the RF coil induces an electric

field, E1, and, in a conducting medium, a circulating con-

duction current density equal to rE1. This induced current

in turn generates a new magnetic field, as we will see from

another of Maxwell’s equations, Ampere’s law, which further

connects E and B as follows:

þ
c

B � d l5

ð ð

S

l J � dS; J 5JC 1JD 5 rE1 e
@E

@t
(12)

where JC and JD are the conduction and displacement cur-

rent densities, respectively. Equation 12 expresses the fact

that a magnetic field is generated around a closed loop pro-

portional to the sum of the total current passing through

the surface enclosed by the loop. Ampere’s law applies to all

currents and, as shown schematically by the drawing on the

right side of Fig. 3, this also includes those eddy currents

generated through Faraday induction that were discussed

previously. Thus, there is a new induced Bi field that com-

bines with the original source RF field and, because of this,

the magnitude of the generated electric field no longer has a

simple dependence on BP (defined as the magnitude of the

transmitted RF only). The importance of the induced mag-

netic field component increases with increasing frequency.

It is possible to combine both the Maxwell equations

and solve them analytically to obtain more accurate E field

and SAR values11; however, this can only be done for

homogeneous media in simple geometries such as spheres

and cylinders and with an ideal distribution of RF irradia-

tion. While solutions involving these simple models may be

useful in elucidating the basic behavior of electromagnetic

waves in conductive tissue, they are limited when it comes

to obtaining direct answers as to what SAR can be expected

for a human MRI exam. For this, numerical methods,

which are not constrained to solving for simple geometries

in homogeneous media, are typically employed.43 A good

general discussion of the use of numerical field calculations

for MRI safety applications can be found in Refs. 44–46

and with respect to the RF field specifically in Ref. 47.

Obtaining accurate SAR estimates in vivo is especially

complicated by the fact that the human body has a complex

geometry and is not uniform in terms of its electrical prop-

erties.48 Conductivities, for example, can vary by as much as

an order of magnitude between tissue types. Attempts have

been made to develop human body models that, when used

with numerical simulation techniques, may give accurate

estimates of SAR.49–56 A more direct and potentially more

accurate approach to estimate SAR is to use actual MRI
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images; for example, obtaining B1 maps that may then be

used to estimate the E field and derive the SAR

distribution.57–60

It is important to note that, for the purposes of safety

monitoring, SAR is merely used as a surrogate measure for

the potential to cause tissue damage. The real problem is

heating. Numerical models that use SAR, not as the end-

point, but as input to estimate resultant temperature

changes in the body via, for example, the Pennes bioheat

transfer equation, have been employed to this end.61–66 An

even more direct means of determining the likelihood of tis-

sue damage is to obtain in vivo temperature maps through

MR-based temperature mapping using the fact that the

water resonant frequency is temperature-dependent.67–71

RF Interaction With Metallic Objects Forming
Loops
As long as MRI equipment is functioning properly and lim-

its regarding SAR are respected, no dangerous heating

should occur during routine MRI as a result of RF irradia-

tion. It is still possible, however, to cause serious tissue dam-

age when conductive metallic objects are present. Currents

generated by the RF field in these objects do not signifi-

cantly affect global SAR, but they can focus energy deposi-

tion in small volumes and create localized tissue damage.

Let us consider a copper loop placed perpendicular to

the RF field orientation and look at Eq. 11, which was used

when estimating the SAR of a ring of tissue. The conductiv-

ity of copper is about 8 orders of magnitude higher than

that of biological tissues, and its density is close to 10 times

that of tissue; accordingly, from Eq. 11, the SAR in the

metal would be around 10 million times greater than in tis-

sue and one would expect enormous heating. The fact is,

however, that there is actually very little heating of the

metal.72 How can this discrepancy be explained?

As detailed in the previous section, Eq. 11 is only an

approximation, and it cannot be applied to situations where

currents are large (whether due to high f, or the presence of

highly conductive metal). The heating predicted by Eq. 11

does not happen because Eq. 12, again, comes into play.

The current in the loop will itself generate a magnetic field

that will counter the driving B1 field. If the current induced

in the loop grows large enough to generate a field that

exactly cancels B1, then no more current can be induced.

Figure 4, which shows the magnitudes of the B and E fields

under different simulated situations, illustrates this fact. The

magnitude of the E field is shown on the bottom left of

Fig. 4, for a section of conductive tissue-like material irradi-

ated by a uniform 128 MHz B1 field oriented perpendicular

to the section. The magnitude of the E field pattern shows

FIGURE 4: Simulated magnitude of E and B fields in the sagittal plane (y-z) due to a 128 MHz uniform B1 excitation in the
x-direction. The field calculations were based on a finite-time finite-difference simulation in a uniform conductive cylinder of a
material with electrical properties similar to biological tissues (r 5 0.5 S/m, er 5 80, lr 5 1). Images in the left column involve only
tissues, no metal implant. A dashed circle shows the location where a metallic ring was introduced, with results shown in the mid-
dle column. For images in the right column a small gap was introduced into the metal ring. SAR is caused by the electric field, not
directly by the magnetic field, and for this reason the E field as shown in the bottom row is of special interest. Note how the
insertion of the ring in the central column did not lead to any increase in electrical field (and SAR). But the insertion of a small
gap in the loop dramatically increased the electrical field in the right column, potentially leading to significant heating and burns.
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a radial dependence on intensity, as expected from Eq. 10.

Note that the B field is no longer uniform due to the con-

tribution from the field generated by the circulating

currents.

At the center of Fig. 4 the magnitudes of the B and E

fields are shown for the case when a conductive metal ring is

placed inside the tissue. The B inside the ring almost

completely disappears and the E field is totally suppressed as

well. Not only is there minimal SAR within the metal ring

itself (and thus no risk of dangerous heating), but the ring

essentially acts as a shield to limit SAR for tissues within it.

Before wrongly concluding that loops of metal pose

no risk in MRI, let’s consider the case where a small break

is present in the loop, as illustrated on the right side of Fig.

4. Note that the effect on the B field of the broken ring is

not much different than if the ring were intact; however,

the situation is much different for the E field and the resul-

tant SAR in the region of the ring gap. The SAR is greatly

elevated over the level seen in the rest of the tissue, with

potential for significant local tissue damage. The importance

of avoiding loops containing metal was shown by Bennet

et al, who demonstrated significant heating in a metallic

radiosurgery head frame at the tips of screws that clamp the

frame to the head.73 Loops of cables that come in contact

with the body also have the potential to cause burns and

should be avoided.

Although a less likely scenario, there is also the poten-

tial that a loop-containing implanted device might act as a

circuit in resonance,72,74,75 in which case a very significant

amount of energy may be transferred, possibly resulting in

destruction of the device and damage to surrounding tissue.

An unblanked receive coil would be an example.76

The Antenna Effect
The mechanism for RF heating discussed to this point has

only involved the generation of current via induction in

conductive loops. Straight wires (not bent into loops) can

also pose a significant hazard and serious injury has resulted

when they come in contact with the RF field and are sub-

jected to the so-called antenna effect.

From antenna theory, it is known that currents can be

induced in a conductive wire when excited by an incident E

field oriented parallel to the direction of the wire. This the-

ory has been invoked when explaining the observation that

significant heating may be produced at the tips of wires

exposed to the RF field in MRI. This is a resonant phenom-

enon in the sense that the length of the wire must be such

as to support the formation of standing waves. Typically,

wire lengths of a half wavelength are most likely to result in

the maximum heating. The speed of light in a void is

3 3 108 m/s, meaning that a wave with f 5 127.7 million

oscillations per second would cover 2.35 meters per oscilla-

tion, which gives about 1.17 meters for a half wavelength.

However, RF waves in MRI do not travel in a void and one

must take into account the relative permittivity of tissue,

er 5 80. The half wavelength in tissue is reduced compared

FIGURE 5: Results of simulations with thin (insulated) wires placed in a uniform B1 field of 128 MHz. The field calculations were
based on a finite-time finite-difference simulation in a uniform conductive cylinder of a material with electrical properties similar
to biological tissues (r 5 0.5 S/m, er 5 80, lr 5 1). The plot on the left shows the estimated SAR for wires of varying length. As
expected, the peak SAR occurred at 12 cm, the half wavelength value. The center image is the estimated SAR with 12-cm wires
placed in the cylinder at four different positions. The position of the four wires is indicated by dashed white lines in the images
on the right. Simulations involved a single wire at a time, and the center image is a composite rendering of four separate simula-
tions. Note how wires at the center of the object caused minimal SAR elevation. The explanation for this fact can be seen in the
images on the right, showing how the y and z components of the electrical field vanished at the center. In contrast, wires near
the periphery of the object caused marked SAR increases, especially near the tips of the wires.
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to its value in the void by
ffiffiffiffi
er
p

, down to about 13 cm here.

The conductivity of tissues also comes into play and brings

the half wavelength value even further down, for example,

close to 12 cm if one assumes a conductivity of 0.5 S/m.

Thus, in a 3T scanner (f 5 127.7 MHz), an implanted wire

in the range of 12 cm in length should be especially worri-

some, although, given variability in the electrical properties

of different tissues and uncertainty in estimation of wave-

lengths, one should not assume there will be no heating

based on the length of the wire alone. Other factors, such as

how the wire is terminated, have also been shown to be

important in this regard.77,78

The plot in Fig. 5 demonstrates the significant effect

of wire length on heating in the RF field. The results of

simulations with conductive wires embedded in tissue-like

material show that SAR at the ends of the wires is maxi-

mized at a length of 12 cm, the half wavelength at

f 5 127.7 MHz. It is important to note that there is no sig-

nificant heating of the metallic wires themselves,79 as their

high conductivity allows them to carry currents without sig-

nificant resistance. However, biological tissues in immediate

proximity with the wire do not have the benefit of such

high conductivity and may experience significant heating, in

particular, tissues that are close to the wire tips. The SAR

image in Fig. 5 illustrates a highly localized energy deposi-

tion in the conductive medium near the ends of the 12-cm

wires, where electric field variations are largest.

Localized SAR amplification has been predicted by

simulation80 and extrapolated from experiment81 to 10,000-

fold or more; thus, even with relatively low RF input power,

temperatures can rise rapidly. Indeed, significant tempera-

ture increases from 20–60oC have been recorded in experi-

ments with a variety of devices that include wires; deep

brain stimulators,82,83 vagus nerve stimulators,84 pace-

makers,77,85,86 guide wires,87,88 and EEG electrodes.89 Tem-

peratures exceeding 60oC were recorded in copper wires of

resonant length at 1.5T.72 An incident ascribed to action of

the antenna effect in an ECG lead resulted in a fire in 1.5T

system and patient burns.90

In addition to wire length and terminal conditions,

position and orientation of the wire have also been shown

to be significant.91 This is demonstrated by simulation

results shown in Fig. 5 where half-wavelength wires (12 cm)

were placed as indicated by the dashed white lines. Two

wires oriented in the z-direction were placed as shown, yet

only the wire near the edge of the phantom showed any sig-

nificant energy deposition. There is no evidence of elevated

SAR for the wire placed in the center of the phantom. This

is because there is no significant z-component of E at the

center. Also, of the wires oriented in the y-direction, only

the wire at the edge of the phantom caused a significant ele-

vation in SAR, because this is where the E field had a sig-

nificant y-component.

An intuitive explanation for the antenna effect is that

an incident E field of appropriate wavelength and oriented

along the length of the wire forces current back and forth

coherently along the conductive metal wire. Driven by cur-

rent, the wire then reradiates, as, for example, a dipole

antenna. More in-depth analysis proceeds by direct applica-

tion of Maxwell’s equations, yielding Hallen’s or Pockling-

ton’s integral equations whose solution, given the incident

field, allows for the calculation of the current distribution

on the wire and the radiated field pattern.88,92–95 Other

approaches such as treating wires as transmission lines using

a lumped-element model have been employed to estimate

the current distribution along the wire.96,97

MRI has also been used to estimate the induced cur-

rents by measuring their effect on the B1 field98–100 or to

directly estimate SAR via MRI-based temperature map-

ping.101,102 Direct measurement of induced currents with

special sensors has also been employed to study the impact

of wire configuration.103,104

The Gradient Fields

Gradient coils in MRI systems are used to encode spatial

information by adding a relatively small component to the

Bo field that varies linearly with position (and thus introduc-

ing a small spatially dependent variation in the Larmor

frequency). In today’s systems, spatial gradients of around

40 mT/m (or 4 G/cm) are common, and some newer com-

mercial systems can go as high as 80 mT/m. Assuming an

imaging field-of-view (FOV) of 50 cm, a 40 mT/m gradient

set produces a maximum magnetic field strength of 10 mT

(100 G) at the edges of the FOV. The magnitude of the

fields produced by the gradient coils is around 3 orders of

magnitude stronger than magnitude of the fields produced

by RF coils, but between 2 and 3 orders of magnitude less

than the static magnetic field. With slew rates of 200 T/m/s,

the orientation of these fields can be reversed in times less

than 1 millisecond. Compared to the static field and the RF

field, the gradient fields are intermediate both in terms of

strength and frequency of their temporal variation.

While forces due to the magnetic field were the key

source of risk for the static field, and the generation of cur-

rents via magnetic induction was the key source of risk of

the RF field, both forces and magnetic induction come into

play when considering the safety of the gradient fields. How

these issues are manifested, however, is quite different in the

case of the gradients.

The problem of magnetic forces with reference to gra-

dient coils is not one of keeping ferromagnetic objects away

from the fields. For example, applying Eq. 3 for a saturated

iron object (Bs 5 2.5 T) and assuming a maximum imaging

gradient field of 40 mT/m gives a force ratio of 1, about 2

orders of magnitude lower than what the object would be

subjected to by the spatial gradient of the static field
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discussed previously. For the gradients, as we will see below,

the problem is instead the ear-damaging hammering caused

by physical movement of the current-carrying conductors of

the gradient coils as they interact with the static magnetic

field.

The problem of the induction of eddy currents is not

the associated heating, as it is with the RF field. For exam-

ple, when Eq. 10 is used to calculate the SAR at the periph-

ery of a body of radius of 20 cm where the maximum

gradient field strength would be 8 mT (assuming 40 mT/m

gradients), we obtain a SAR due to gradient switching (at 1

KHz) of only 0.006 W/kg, compared to 6.5 W/kg calcu-

lated for the RF field strength of 2 lT. Instead of tissue

heating, for gradients, the major concern is nerve, muscle,

and other sensitive tissue stimulation that may result from

the electric fields associated with the induced currents. This

will be discussed in more detail below.

It was noted in an earlier section that charges moving

through a magnetic field experience a force, the Lorentz

force, proportional to velocity and the strength of the field

(Eq. 7). The Lorentz force acting on metal current carrying

conductors can be very large even for moderate currents.

Hundreds of amperes may flow through gradient coils,

resulting in enormous forces on the coil elements. Consider

the example of a copper wire, 6 mm in diameter, carrying

100 amps, through a 3T magnetic field. From Eq. 7 it is

readily derived that the force on the wire is equal to the

product of the wire length, the current, and the magnetic

field strength. Dividing this force by the weight of the wire

we find that the Lorentz force on the wire relative to the

gravitational force is over 120. This is comparable to the

force ratio we found for ferromagnetic objects when in the

region of the maximum spatial gradient of the MRI field. It

is easy to see, therefore, how it is that the rapid switching of

such large currents and the accompanying rapid reversal of

the direction of the enormous Lorentz forces results in the

loud banging sounds,105,106 the levels of which can easily

exceed 130db in modern MRI systems.107,108 Temporary

hearing loss was reported in early studies even with relatively

low-field systems,109 and guidelines have been established in

the intervening years to protect exposed persons from per-

manent hearing damage.108 Today, hearing protection is

considered mandatory during any MRI procedure in order

to reduce acoustic noise to safe levels.

Nerve and cardiac tissue stimulation due to rapidly

switching gradients represent yet another source of con-

cern.110 The mechanism by which stimulation occurs has

been studied extensively.16,20,110 As discussed in previous

sections, according to Faraday’s law time-varying magnetic

fields induce an EMF around a closed circuit proportional

to the time rate of change of the total magnetic flux

through the surface enclosed by the circuit. Given the rate

of change in the gradient field, dB=dt , with the maximum

occurring at the periphery of an FOV of radius, R, the

maximum induced field, E is given by the product of R=2

and dB=dt (ie, this result is obtained from Eq. 10 if one

substitutes dB=dt for 2pf BP assuming a sinusoidal variation

of the gradient field with BP being the peak magnitude). In

order to achieve nerve stimulation, there is a threshold elec-

tric field strength, Es, which is equal to Er (11sc=sd ),

where sd is the duration of the stimulation, Er (called the

rheobase) is the minimum Es necessary to cause stimulation,

and sc (called the chronaxie) is a reference stimulation time.

Values for both the rheobase and the chronaxie are

obtained through fits performed on experimental data.111

From simple assumptions about the geometry of the subject,

a curve of dB=dt versus stimulus duration (gradient ramp

time) can be obtained to determine if specific ramp dura-

tions are likely to cause nerve stimulation. Examination of

these curves will reveal that peripheral nerve stimulation

(PNS) is well within the capability of even older MRI sys-

tems.112 While uncomfortable and possibly painful, PNS

does not represent a grave threat. Cardiac stimulation, how-

ever, could have serious consequences and must therefore be

considered. Fortunately, even with a very high dB=dt of

100 T/s, and maximum gradient amplitude of 80 mT/m on

the newest commercial MRI systems, ramp times to reach

peak are well below threshold values to cause cardiac stimu-

lation.16 However, cardiac stimulation remains theoretically

possible on some research systems outfitted with 300 mT/m

gradients113 and special care must be exercised in such an

environment.

In addition to the effects of switching gradient fields

discussed above, interaction with implanted devices contain-

ing metals must also be carefully considered.114 In pace-

makers, gradient field switching could possibly induce

currents that might create competitive pacing, with the

potential of causing life-threatening arrhythmias.115–117

Unintended electrical stimulation of tissue due to induction

of currents on the leads of other active implants such as

neurological stimulators could be another concern.118

Induced currents from gradient switching may also cause

heating of devices containing metal components119,120 or

they may generate a significant magnetic moment and cause

vibration of devices as gradients are switched.121 Although

less of a safety concern than interactions with the Bo or RF

fields, the switching of gradient fields should nevertheless be

considered when evaluating devices for potential damaging

interactions.

Discussion

In this article we aimed to explain how the large static mag-

netic field, the rapidly switched gradient fields, and the RF

electromagnetic field present in MRI interact with human

tissues and artificial metal objects. With regard to all poten-

tial interactions with biological systems, the present review
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of necessity only scratched the surface. We have mostly lim-

ited ourselves to those interactions that are known to repre-

sent serious safety hazards in the context of today’s MRI.

Although we have included some limited discussion of expo-

sure limits to these fields, an in-depth treatment is beyond

the scope of this review and, for this the reader is directed

to other sources.40,122

In focusing exclusively on the hazards associated with

MRI we have risked creating the impression that there is little

that can be done about any of it. Fortunately, one constant

rule about technological development is that, once a problem

is identified, it may be only a matter of time before either a

solution or a work-around can be found. And so it is too

with MRI. The problem of heating due to the RF field, espe-

cially with regard to the interaction with implanted devices,

is a good case in point. For example, a variety of techniques

have been developed to defeat the antenna effect, by engi-

neering wires and cables to be safer,123–127 or making changes

to the RF transmit.128–131 More general solutions to the SAR

problem have involved pulse sequence and RF pulse modifi-

cations.132–135 Engineering solutions have also been devel-

oped to address other safety-related issues such as reducing or

buffeting the noise produced by MRI gradient switch-

ing136,137 and developing detection systems to help keep fer-

romagnetic implants out of the MRI.138,139

The central components of the imager are the subsys-

tems that generate the magnetic fields essential to the pro-

duction of MR images. Enormous energies go into

producing these fields; hence, the potential dangers to life

within them. MRI is known as a safe imaging modality

because it does not require the use of ionizing radiation

and, with proper care and management, the exquisite MR

images we have come to expect can indeed be obtained

safely. Understanding the physics underlying the risks in

MRI is a key component for proper care and management,

and it is with this goal in mind that we offer this work.
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