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The concept of magnetic susceptibility is central to many current research and development activi-
ties in magnetic resonance imaging (MRI); for example, the development of MR-guided surgery
has created a need for surgical instruments and other devices with susceptibility tailored to the MR
environment; susceptibility effects can lead to position errors of up to several millimeters in MR-
guided stereotactic surgery; and the variation of magnetic susceptibility on a microscopic scale
within tissues contributes to MR contrast and is the basis of functional MRI. The magnetic aspects
of MR compatibility are discussed in terms of two levels of acceptability: Materials with the first
kind of magnetic field compatibility are such that magnetic forces and torques do not interfere
significantly when the materials are used within the magnetic field of the scanner; materials with the
second kind of magnetic field compatibility meet the more demanding requirement that they pro-
duce only negligible artifacts within the MR image and their effect on the positional accuracy of
features within the image is negligible or can readily be corrected. Several materials exhibiting
magnetic field compatibility of the second kind have been studied and a group of materials that
produce essentially no image distortion, even when located directly within the imaging field of
view, is identified. Because of demagnetizing effects, the shape and orientation, as well as the
susceptibility, of objects within and adjacent to the imaging region is important in MRI. The
quantitative use of susceptibility data is important to MRI, but the use of literature values for the
susceptibility of materials is often difficult because of inconsistent traditions in the definitions and
units used for magnetic parameters—particularly susceptibility. The uniform use of SI units for
magnetic susceptibility and related quantities would help to achieve consistency and avoid confu-
sion in MRI. © 1996 American Association of Physicists in Medicine.
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I. INTRODUCTION

Magnetic susceptibility is a quantitative measure of a mate-
rial’s tendency to interact with and distort an applied mag-
netic field. This interaction is so weak in most substances
that magnetic susceptibility is a relatively obscure property
and usually is not an important consideration in the selection
of materials for a given application. With the advent of mag-
netic resonance imaging (MRI), however, magnetic suscep-
tibility has become a conspicuous topic in radiology and
medical physics: In MR-guided surgery' ! it is important to
the choice of materials for instrumentation and determines,
in part, the positional accuracy of MR images;*>™ it is an
important source of image artifacts*®*~%® and of the hazards
associated with magnetic forces and torques on surgically
implanted foreign bodies and external orthotic devices;**%2
its variation on a microscopic scale within tissues provides
an important MR contrast mechanism for endogenous brain
iron,83"l°5 cerebral hemorrhage,lo‘s’108 bone marrow,]og“112
and other organs; it is the physical basis for the field of
functional brain imagingm“132 and it can be used to study
water diffusion in tissues.’*>140 Susceptibility-dependent
shifts in the MR resonant frequency can be used to measure
susceptibility.'*1~1%6 In addition to its role in MRI, magnetic
susceptibility has important applications in chemistry and
physics.!¥’~!® The fields of paleomagnetism and environ-
mental magnetism have given magnetic susceptibility an im-
portant role in geophysics.!34-1%7

Quantitative susceptibility data are not readily available
for many materials and, when available, are often difficult to
use. These difficulties stem from inconsistent conventions,
with regard to definitions and units, which have become en-
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trenched in the literature and traditions of the various disci-
plines concerned with magnetic susceptibility. The purpose
of this paper is to aid in the quantitative use of susceptibility
data in MRI and MR-guided surgery and to draw attention
to, and facilitate the the use of, information available in other
disciplines. The physical principles of magnetic susceptibil-
ity are presented and its role in determining MRI compatibil-
ity and the positional accuracy of MR images is described.
Extensive, but not exhaustive, references are provided to
help illuminate the historical development of the concept and
to place the role of susceptibility in MRI within the context
of related disciplines.

The symbols used in the paper are defined in Table L
Unless stated otherwise, SI units, or their standard decimal
multiples and submultiples, are used throughout the paper. In
both the SI and CGS systems susceptibility is a dimension-
less quantity. Later it is explained why peculiar units such as
emu/cc, gauss/oersted and erg/(cc-oerstedz) are often at-
tached to the values reported for this dimensionless quantity.
Efforts to establish the use the SI definition and units for
susceptibility across disciplines have so far been generaily
unsuccessful. This is particularly true in the fields of radiol-
ogy, theoretical physics, chemistry, and geology. In these
fields it is easy to find papers and textbooks'* published in
the 1990s that use non-SI units for susceptibility and that
quote numerical values that sometimes cannot be interpreted
even after careful study of the context. Despite the underly-
ing simplicity of the concept, it is likely that confusion in-
volving the definition and units of susceptibility will con-
tinue for some time.

Il. MRl MAGNETIC COMPATIBILITY
DISTINGUISHED FROM MRI COMPATIBILITY

Magnetic compatibility is the subject of this paper but it is
not the only aspect of MRI compatibility. The B; excitation
field produces a strong radio-frequency electric field which
interacts with all electrically conducting materials within the
imager: As a result, the electrical conductivity, as well as the
magnetic susceptibility of materials is relevant to MRI com-
patibility. Many materials with good magnetic compatibility,
such as ceramics and thermoplastic polymers, are electrical
insulators and do not produce artifacts or hazards associated
with applied electric fields. Some metallic materials, such as
copper, brass, and aluminum also have good magnetic prop-
erties and experimentally it is found that rather large masses
of these materials can be accommodated within the imaging
region without significant image degradation. Experience
with dental fillings and implanted nonmagnetic metal pros-
theses has demonstrated that small amounts of internal, non-
magnetic metallic conductors can be tolerated both from pa-
tient safety and image quality considerations.”0~727577:82

A full discussion of compatibility with the electric fields
associated with MRI is beyond the scope of this paper. It is
noted, however, that induced currents in closed loop conduc-
tors are much larger than those in conductors without closed
loops:'®® Consequently, devices containing closed metallic
loops should be avoided in MRI. If metallic conductors are
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clear from the context. SI units are specified except where standard decimal multiples or submultiples are conventional and convenient.

Symbol Quantity Units Comments
B Magnetic induction or magnetic T Frequently referred to simply as the magnetic field. B is the static in
flux density an MR scanner. AB is the perturbation in B produced by a
magnetized object. The non-SI unit gauss {G) is frequently used: 1 T
is equivalent to 10 000 G.

BW Receiver bandwidth Hz 32 kHz is a typical value for MR scanners.

c Speed of light m/s 299 792 458 m/s (exact by definition).

C Curie constant K C= poNm?/(3k).

CGS System of unit The centimeter, gram, and second.

d, Particle size m Maximum diameter for a single domain particle: commonly given in
.

d Particle size m Maximum diameter for a superparamagnetic particle; commonly
given in um.

e Electric charge C The electron charge is 1.602 177x107"° C.

E Electric field V/m AE is the perturbation in E produced by an electrically polarized
object.

E Energy J E, is the energy of an atom in the nth excited state. E, is the ground
state energy.

emu Electromagnetic unit - A unit of the CGS magnetic series. The precise meaning depends on
the context.

esu Electrostatic unit - A unit of the CGS electric series. The precise meaning depends on
the context.

A Resonant frequency Hz For protons at 1 T, f,=42.5775 MHz.

FOV Field of view m Usually expressed in cm; typically ranges from 8-48 cm.

g Landé g factor Dimensionless g=2.002 319 for electrons; g=>5.5857 for protons.

G Gradient magnetic field T/m The non-SI upit, G/cm is frequently used. A typical value is 10
mT/m or 1 Glem. G, is the gradient in the x direction: Gy is the
gradient in the readout direction.

h Planck’s constant Is h=6.626 076X 1073 J 5.

H Magnetic field strength A/m Not commonly used in MRI; by convention, x=M/H; H, is the
demagnetizing field. In the CGS system the unit oersted (Oe) is
frequently used for H.

J Total angular momentum Dimensionless The possible values are integers or half-integers: 0,1/2, 1, 3/2, 2, 5/2

quantum number e

J Current density A/m? J=0E (conduction current); J=d P/dt (polarization current).

k Boltzmann’s constant K k=1.380 658X 1072 J/K.

L, Orbital angular momentum Js The angular momentum matrix element coupling excited state n to
the ground state.

M Magnetization Afm The magnetic dipole moment per unit volume. Mis the source
function for the fields of magnetized materials. M is the saturation
magnetization for ferromagnets and M, is the remanent
magnetization.

m Magpetic dipole moment Am? otl/T For electrons, m=9.28477X10"%* J/T. For protons, m
=1.410 61X1072 J/T; the symbol used for nuclear dipole moment
ism,.

m Mass kg The electron mass is m,=9.109 39X 107! kg; the proton mass is
1.672 62X107% kg.

MKS System of units The meter, kilogram and second. SI units include the ampere to form
the MKSA (Giorgi) system.

MW Molecular weight g/mol The mass in grams of one mole (6.022x 10%particles) of a substance.

N Particle density m™> N=particles/m®, N,=conduction electrons/m* N, =paramagnetic
ions/m>;, Ngp=superparamagnetic particles/m®; N,=nuclei/m’; for
protons in water at 37 °C, N, =6.641X10% protons/m>.

N Number of pixels across the FOV Dimensionless Typically, N=128 or N=256.

P Electric polarization C/m? The electric dipole moment per unit volume.

r Radial distance m (r? is the mean-square-radius of the electron orbits in an atom.

S Total spin quantum number Dimensionless The possible values are integers or half-integers: 0,172, 1, 3/2, 2, 5/2

Tg,Tx Imaging parameters 3 T is the echo time (typically 10-200 ms); T is the recovery time
(typically 0.01 to 4 s).

7,,T, Relaxation times s T, is the spin-lattice (longitudinal) relaxation time: T, is the
spin-spin (transverse) relaxation time.

T,.T., Ty Critical temperatures K T, is the critical temperature in the Curie—Weiss law; T¢ is the Curie
temperature for ferromagnets(7,=T¢); Ty is the Neel temperature
for antiferromagnets (T,= —Ty).

V4 Atomic number Dimensionless Z is the number of orbital electrons per atom.
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TABLE 1. (Continued.)

Symbol Quantity Units Comments

a Demagnetizing factor Dimensionless There is one demagnetizing factor for each principal axis of an
ellipsoid, a;, a; and ay:a;tay+as=1.

Y Domain—wall surface energy Jm? For iron, y=2.9X107> J/m%.

y Gyromagnetic ratio rad/(s T) The resonant frequency, f,=2wnvyB,: for protonsy2m
=42.577 47X 10° Hz/T; for nuclei in general, y=2 mgun/h.

€ Permittivity F/m €,=8.8542X107'2 F/m is the permittivity of free space. €,= €/¢,, is
the relative permittivity or dielectric constant.

I Permeability H/m 1, =4mx10"7 H/m is the permeability of free space. u,= u/u,, is
the relative permeability.

Mg Bohr magneton T Unit of magnetic moment; eh/(47m,)=9.274 015x1072* J/T.

Mesp Effective number of Bohr magnetons Dimensionless Meer=m/ g . For atoms (e.g., transition elements)with fully quenched
orbital angular momentum, g=2,S(S+1).

iy Nuclear magneton T eh/(4 T i) =5.050 7910777 J/T.

p Mass density kg/m® Using decimal sub-multiples of the SI units p can be expressed in
units of g/ce.

o Electrical conductivity Q'm™ J=0oE.

X Susceptibility Dimensionless The terms magnetic susceptibility, volume susceptibility and
susceptibility per unit volume are used loosely and interchangeably
in the literature. x=M/H; AX=X—Xwaer» X» 1S the nuclear
susceptibility.

Xe Electric susceptibility Dimensionless For most materials this parameter is much larger than the magnetic
susceptibility, y.

Xe Mass susceptibility m/kg Defined as x/p. The use of the SI submultiple unit cc/g for x, is often
convenient.

Xm Molar susceptibility m*/mol Defined as YMW/p. The use of the SI sub-multiple unit cc/mol for

Xy is often convenient.

placed inside, or are in superficial contact with, a patient’s
body, during MRI, the possibility of inadvertent current
loops that use part of the patient’s body as a conducting path
should be considered and, if possible, avoided.

lll. BASIC PHYSICS OF MAGNETIZATION AND
SUSCEPTIBILITY

A. Susceptibility and permeability

For materials whose magnetization, M, depends linearly
on the applied field, H, the susceptibility, y, is defined by the
formula M= yH, and is closely related to the permeability
Mu=pp,, which is defined by B=uH. Using
B=u,(H+M), it is easy to show that y=pu,—1. Thus
knowing the magnetic susceptibility of a material is equiva-
lent to knowing its relative permeability and the two quanti-
ties are redundant. However, both of these parameters have
firmly established realms of usage and it is a matter of tra-
dition which of them is used in a given situation. For the
common ‘‘magnetic’’ materials, u,21, and the susceptibility
and relative permeability are essentially equal to one another.
Historically, strongly magnetic materials have been de-
scribed in terms of permeability rather than susceptibility.
On the other hand, the majority of materials important in
MRI are only weakly magnetic and have |x|<1: In these
cases, the use of u, is numerically inconvenient. As an ex-
ample, for water at 37°C, x=—9.05x107%, and
©,=0.999 990 95. This is likely the reason it is traditional to
use the susceptibility, rather than the relative permeability, to
characterize weakly magnetic materials.
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B. Classification of magnetic materials

For most materials the magnetization can be expressed as
a function of the applied field by M=M + xyH. Here, M,
represents inherent magnetization that is present in some ma-
terials even in the absence of an applied magnetic field: The
term xH accounts for magnetization induced by an exter-
nally applied field. This equation can be considered as the
first two terms of a Taylor series representing the magneti-
zation as a function of field strength. In some cases, particu-
larly in strong fields, M does not vary linearly with H, and
higher order susceptibility coefficients corresponding to
terms in the magnetization proportional to quadratic, cubic
and higher powers of H are required; however, in MRI, the
linear term almost always suffices.

Although this approach is not sufficient for MRI, materi-
als are traditionally classified into three categories with re-
gard to their magnetic properties—hard magnetic materials,
soft magnetic materials, and nonmagnetic materials. The
hard magnetic materials have a nonzero, remanent magneti-
zation M , that can range from near zero to values as high as
1.05X10° A/m for neodymium-—iron—boron alloys. M, is not
truly constant but can be changed by application of an in-
tense magnetic field. Field-induced changes in M, persist to
some degree when the magnetizing field is removed and,
therefore, for a given hard magnetic material M, can have a
range of values—including zero. The M, exhibited by these
materials depends on the history of their field exposure.
Magnetic hardness, defined as the the ability to resist field-
induced changes in M, and to maintain a high remanent
magnetization, tends to correlate with mechanical hardness.
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Good permanent magnet materials include the high carbon
steels, alnico (an alloy of aluminum, nickel, iron, cobalt, and
other metals), barium ferrite, samarium—cobalt alloys, and
neodymium—iron—boron. Some common, naturally occur-
ring, minerals such as magnetite or lodestone (Fe;0,) and
hematite (Fe,03) can maintain permanent magnetic moments
over geological time spans.'®~1% Generally speaking, hard
magnetic materials are anathema to MRI and, unless other-
wise stated, it is assumed in this paper that M ,=0.

Soft magnetic materials are not magnetized (M ,=0) un-
less they are subjected to an applied magnetic field. How-
ever, their susceptibility is very large and they exhibit easily
detected forces and torques in the presence of a strong mag-
netic field. Materials in the nonmagnetic category have such
small susceptibilities that no forces and torques are normally
apparent when they are placed in an applied field. However,
field-induced magnetization can be demonstrated in all ma-
terials by use of the proper sensing equipment—and MRI is
sensitive to the fields produced even by very small magneti-
zations. There is no precise susceptibility value that separates
soft magnetic materials from nonmagnetic materials, but a
reasonable criterion, which is used in this paper, is to classify
as magnetic materials all those substances with either a non-
zero value for M, or with an absolute value of susceptibility
greater than 0.01. By these criteria, the vast majority of com-
mon materials, including essentially all plant and animal tis-
sues, are nonmagnetic. However, the term nonmagnetic is
meaningful only in a relative sense, and, although it is often
attempted, it is incorrect to regard all nonmagnetic materials
as automatically MR compatible.

C. Magnetic aspects of MRl compatibility

The parameters y and M, determine, from a magnetic
standpoint, the suitability of a material for use in or near an
MR imaging system. Bulk samples of hard (large M,) and
soft (large x) materials experience strong magnetic forces in
the presence of intense magnetic fields. Unless firmly an-
chored to supporting structures, these materials should be
excluded from the vicinity of MRI systems for safety reasons
alone (Fig. 1). Thus it is reasonable, as is commonly done, to
lump the hard and soft magnetic materials together as mag-
netically incompatible with MRI (Table IT). In some cases, it
may be acceptable to use very small magnetic objects (such
as a magnetic screw in a large, nonmagnetic frame) or a
dilute dispersion of small magnetic particles in a nonmag-
netic matrix (such as superparamagnetic contrast agents), but
the consequences of such choices should be carefully consid-
ered.

Hard and soft magnetic materials can easily be identified
and excluded from consideration by testing with a small per-
manent magnet. In nature, however, overtly magnetic mate-
rials are relatively uncommon, and the vast majority of ma-
terials appear inert to casual testing with permanent magnets
and exhibit varying degrees of compatibility with MRI. Al-
though these ‘‘nonmagnetic’’ materials exhibit a continuous
range of magnetic properties, to simplify the discussion they
are classified in Table II into MR compatibility groups of the
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FiG. 1. MRI magnetic incompatibility. Ferromagnetic components within
this radio-frequency power amplifier became magnetized when it was inad-
vertently moved too close to a 1.5 T superconducting magnet and the mag-
netic forces overcame the ability of the workmen moving the power supply
to restrain it. A block and tackle apparatus was required to remove it from
the magnet bore and the incident caused a magpet quench. (Photograph
courtesy of Dr. W. A. Edelstein.)

first and second kinds. The susceptibility of the materials of
the first kind is large enough that, when they are within or
near the imaging region, the induced magnetization signifi-
cantly degrades the MR image. Therefore, magnetic field
compatible materials of the first kind can be considered safe
from the standpoint of mechanical forces but they are not
acceptable if stringent image quality criteria are imposed.
The susceptibility of the second group is sufficiently close to
that of human tissues that they may be used within the im-
aging region without substantial degradation of image qual-
ity.

The distinction between MR compatibility of the first and
second kinds is particularly relevant to the design of instru-
ments for MR-guided therapy. It is important that these
instruments—scalpels, cannulas, endoscopes, implants, and
so on—do not impede surgical procedures or impair patient
safety by exhibiting extraneous forces or torques in or near
the magnet. This requirement is met by both kinds of MR
magnetically compatible materials. For instrumentation, such
as anesthesia equipment, that is used in the vicinity of the
scanner but not directly within the imaging region, it is nec-
essary only that the materials used possess MR magnetic



820

John F. Schenck: Review article: Role of magnetic susceptibility in MRI

820

TasLE II. MRI magnetic compatibility for MRI applications. X, is taken as —9.05% 10~° and is a close approximation to the susceptibility of human tissues.
The precise susceptibility boundaries between the classes is approximate and will vary with the application. In theory, if M, were not precisely zero, but
sufficiently small, a material could exhibit magnetic field compatibility of the first kind (M ,<~10* A/m) or of the second kind (M, <~10 A/m).

Conditions Property Examples Comments
M,#0 MRI magnetic Iron, cobalt, These materials experience strong magnetic
and/or s incompatibility magnetic stainless forces and torques and create image distortion
Ix|>10 steel, nickel and degradation even when they are located

1073 <) = Xupares <1072 MRI magnetic
compatibility of

the first kind steel

MRI magnetic
compatibility of
the second kind

IX_Xwater| <107’

Titanium, bismuth,
nonmagnetic stainless

Water, human tissues,
copper, zirconia

far from the imaging region.

These materials do not experience easily
detectable forces or torques, but they can
produce marked image distortion and
degradation if they are located

close to the imaging region.

These materials produce no easily detected
forces or torques and very limited or
negligible image distortion or degradation
even when located close to the imaging
region.

compatibility of the first kind. However, instruments used
directly in the imaging region should not excessively de-
grade the image or reduce its positional accuracy. This re-
quires the use of magnetically compatible materials materials
of the second kind. The failure to distinguish between these
two forms of magnetic compatibility has led to confusion
and impaired the development of instruments for MR-guided
surgery. The degree of image degradation that can be toler-
ated depends on the details of each surgical procedure. The
criteria in Table II are a reasonable guide for the initial
evaluation of the suitability of a material. However, in a
given application, the precise values for the acceptable sus-
ceptibility values may be somewhat more or less stringent.

To quantify the forces involved in MR-guided therapy,
the magnetic forces (F,,) on a surgical instrument made
from nonmagnetic stainless steel with a density of 8 g/cc
(8000 kg/m?) and x=0.01 can be compared with its weight.
The weight is F,=pgV, where g=9.80 m/s? is the accelera-
tion of gravity and V is the instrument’s volume. In an MR
scanner a magnetic force,

F,=(xV/ug)B dB/ar,

tends to pull the instrument into the region of strongest field.
Here, dB/dr is the field gradient at the position of the instru-
ment. The ratio of magnetic to gravitational forces is given,
in terms of the material properties y and p, by

F, /F,=(1/uog)B dB/ar(x/p).

The maximum value for B dB/dr along the axis of the MR
scanners with strongest fields (4T) now in use!® is on the
order of 8.8 T%/m. In this unusually strong magnet the maxi-
mum value for F, /F, is 0.89 and the magnetic force is
slightly less than the weight. The value of B JdB/dr is ap-
proximately proportional to the square of the main field and
for a conventional scanner, operating a lower field, the force
ratio can be much smaller: At 0.5T, F,/F, is about 1/64 of
that calculated above. Magnetic torques that tend to align the
instrument with the field are also present. These torques de-
pend on the shape of the instrument and are usually more
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powerful than the translational forces. However, in either
situation, if [x|<0.01, the magnetic forces and torques on
‘‘nonmagnetic’’ stainless steel instruments, although possi-
bly inconvenient, are ordinarily manageable even at the cen-
ter of the scanner; however, such instruments do produce
serious image artifacts.

The size and location of an object, as well as its magne-
tization and susceptibility, are important in determining its
MR compatibility. If a magnetic object is extremely small
(e.g., much smaller than an image voxel) it may not signifi-
cantly affect the imaging process and the magnetic forces
and torques may be insignificant even if it is located directly
within the imaging region. Also, as the induced field of an
object falls off rapidly with the distance, r, away from the
object (ABx1/r?), larger and more strongly magnetized ob-
jects can be tolerated if they are sufficiently far from the
imaging region.

D. Thermodynamic and symmetry constraints on
susceptibility values

In principle, paramagnetic materials, which, by definition,
have x>0, can exhibit arbitrarily large susceptibility values.
However, from energy conservation, it can be shown that,
for diamagnetic materials (y<0), the minimum possible sus-
ceptibility value is y=—1.0.2%° This, in turn, requires that the
relative permeability of all materials is greater than, or equal
to, zero. Susceptibility values near the limiting value of —1.0
are found only in superconducting materials and at cryogenic
temperatures; therefore, this limiting value of diamagnetic
susceptibility is not encountered in MRL

Many crystalline materials are anisotropic and magnetize
more readily in some directions than in others. In this case,
M, is not necessarily parallel to H, and the susceptibility is a
tensor, not a scalar, quantity. This tensor is defined, in Car-
tesian coordinates, by M,;= x;;H ;. Irrespective of the physi-
cal mechanism responsible for a material’s magnetic re-
sponse, it can be shown that the susceptibility tensor is
symmetric (x;;= X;;): If a material did not meet this require-
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TasLE III. Volume, mass and molar susceptibility.

Quantity Symbol Definition MKS Units CGS Units®
Susceptibility® X x=MIH emu/cc
Mass susceptibility Xom Xn=XP m/kg® emu/g
Molar susceptibility Xu Xu=xMW/p m®*/mol® emu/mol

p=density; MW=molecular weight in g/mol in the CGS system and kg/mol in the MKS system.

*Within the CGS system several alternatives to the listed units are used as discussed in the text.
The terms volume susceptibility and magnetic susceptibility are often used interchangeably with the term

susceptibility.

“The units cc/g for y,, and cc/mol for y,, are also used within the mks system using the rationalized value for

X

ment it could be used to construct a perpetual motion
device.?"! Symmetric tensors have only six, not nine, inde-
pendent components, and at every point in a material there is
a set of principal axes such that only the diagonal elements
(i=j) of the tensor are nonzero. It is usually assumed that
the susceptibility is measured under conditions of thermal
equilibrium at a constant temperature, T: At low tempera-
tures and at high frequencies paramagnetic spin systems
sometimes achieve thermal equilibrium among the spins but
not with the lattice. In this case a distinction is made between
the conventional, or isothermal susceptibility,
x=(M/38H)r, measured at constant temperature, 7, and
the smaller, adiabatic susceptibility, y,=(dM/JH),, mea-
sured at constant entropy, S.'°"2%2 With few exceptions, the
materials relevant to MRI are isotropic and are at a fixed
temperature: As a result y may ordinarily be taken to be a
scalar and isothermal quantity.

E. Conventions and systems of units for magnetic
quantities

A substantial effort has gone into devising electromag-
netic units that permit the fundamental formulas to be ex-
pressed simply and elegantly and, at the same time, are of a
convenient order of magnitude for practical use.”*~*! One
approach has been based on the CGS (centimeter, gram, sec-
ond) set of mechanical units, while a second has used the
MKS (meter, kilogram, second) units. The MKS system,
supplemented by the ampere as a fundamental electrical unit
to form the MKSA system, has been adopted in the SI inter-
national system of units. The MKSA system is based on a
suggestion of Giorgi:*® It utilizes the defined constant u
and incorporates the proposal of Heaviside??*~% to rational-
ize the units by utilizing a factor, 4r, in the denominator of
the fundamental force laws.

To facilitate the analysis of the forces present in the vi-
cinity of magnetized materials Kelvin'*® introduced in 1848,
as a mathematical convenience, two magnetic fields, B and
H. In the CGS units used by Kelvin, B=H+4 7M. Using
this definition B and H are identical in free space where
M =0, but differ inside magnetized matter where M #0. The
fields B and H have been retained on roughly equal footing
in the theory of magnetism: They are formally distinguished
by referring to B as the magnetic flux density or the magnetic
induction and H as the magnetic field strength, magnetic
intensity, or magnetizing force; in practice, however, either
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quantity is often referred to simply as the magnetic field.
Confusion between B and H is common,m’227 although this
could be avoided by adherence to the original
definitions.'>>??® To create the MKS system, Giorgi (1901)
redefined Kelvin’s B and H so that B=u,(H+M) and in
these (SI) units B= u H in free space. As discussed below,
in the CGS system it was decided in 1930 to use differing
units for B (gauss) and H (oersted).

For many applications, and MRI is an example, B and H
are more or less redundant with B being generally more use-
ful and fundamental. Lorentz showed'>*173'% that the field
B represents the average field of force inside an object com-
prised of atoms and molecules and that the field H does not
have such an interpretation. Use of the field H might not be
necessary at all in MRI except that Kelvin chose to define the
susceptibility as M/H rather than M/B; from a modern per-
spective, M/B might have been a preferable definition.!”
Traditionally, the demagnetizing factors, to be discussed be-
low, are also defined in terms of H rather than B.

In both the CGS convention with B=H+4 M and in the
Sommerfeld'®'82 or MKSA (SI) convention with
B=pu (H+M), the volume susceptibility is defined by
x=M/H. By definition, then, y is dimensionless in both sys-
tems, but

XMksa™ 4T Xces -

It is easy to recast the definition of susceptibility so that it is
no longer dimensionless. For example, the Kennelly conven-
tion, sometimes used in magnetic materials research,'%!8?
takes B= u,H+ M. In this case, the tesla (T) is the unit for
both M and B, and y=M/H is not dimensionless, but has the
units as H/m, the same as w,.

F. Volume susceptibility, Mass susceptibility, and
Molar susceptibility

One source of confusion regarding the published suscep-
tibility data is loose usage of the term susceptibility for any
of three distinct concepts—the volume, mass, and molar sus-
ceptibilities (Table III). The quantity ordinarily implied by
the term susceptibility is the volume susceptibility which is
dimensionless in both the SI and CGS systems. The mass
and molar susceptibilities are defined in terms of magnetiza-
tion per unit mass or per mole of material and are not dimen-
sionless. A numerical susceptibility value is ambiguous un-
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TaBLE IV. Susceptibility using various definitions and systems of units. Ideally, susceptibility data is presented
using dimensionless SI units. This table illustrates the variety of equivalent forms in which the susceptibility of
water and the paramagnetic compound, Mohr’s salt, might occur in the literature.

Parameter

Water* (37 °C)

Mohr’s salt® (25 °C)
(Ferrous ammonium sulfate)

Volume susceptibility (x)
ST units
CGS units

Mass susceptibility (x,=x/p)

SI units ~9.09x10™% m¥/kg
—9.09x107° ce/g
CGS units ~0.723X107® cc/g

—0.723X 10 emu/g, etc.

Molar susceptibility (x,=xMW/p)

ST units —1.64x107' m¥mol
—1.64%107* ce/mol
CGS units ~1.30X 1073 cc/mol

~1.30x1073 emu/mol, etc.

—9.05%x107°
-0.72x107°¢
—0.72X107° emu/cc
~0.72X107° G/Oe
—0.72X107% erg/(cc Oe?)
—0.72X107% erg/(cc G?)
—0.72X 107" emu/(cc Oe)*

750%107°
59.7X107°
59.7x107% emu/cc
59.7x107% G/Oe
59.7X107% erg/(cc Oe?)
59.7x107% erg/(cc G%)
59.7X107° emu/(cc Oe)¢

0.402x 107 m/kg
402X 107 cc/g
32.0X107% cc/g
32.0%107° emu/g, etc.

158x107° m*/mol

1581072 ce/mol

125X 107* cc/mol
125X107* emu/mol, etc.

3For water at 37 °C, p=0.933 g/cc=993.3 kg/m’, and MW=18.015.
®For Mohr’s salt at 25 °C, p=1.864 g/cc=1864 kg/m?, and MW =392.13.
“In this convention the term emu is used for the electromagnetic unit of dipole moment.

less it is clear whether it represents a volume, mass, or molar
susceptibility and whether the SI, CGS, or some other system
of units is employed.

G. Superfluous units for susceptibility

Although the standard definitions assure that the volume
susceptibility is dimensionless, there is a tradition, particu-
larly in the CGS system, of attaching superfluous units to it.
The most common of these units are the emu/cc, the gauss/
oersted, and the erg/cc-()ersted.2 Other variants, including
some based on the MKSA system, are sometimes encoun-
tered. The origin of the term oersted is described below.
Dimensional analysis demonstrates that these units can be
considered as obliquities which camouflage the dimension-
less character of x; they originated during the tangled histori-
cal development of the electromagnetic units.?*>~23! Table IV
displays some of the many forms in which the susceptibility
of two materials, water and the paramagnetic salt, ferrous
ammonium sulfate, might be found in the literature.

The terms emu (electromagnetic units) and esu (electro-
static units) are used to designate two versions of CGS units
for electricity and magnetism. The terms emu or esu are
often attached to electrical and magnetic measurements to
indicate which system is being used. Over time, the terms
emu and esu sometimes have come to be treated as though
they designated specific units rather than systems of units;
for example, it is common to attach the term emu/cc to CGS
values of the volume susceptibility. To have correct dimen-
sions, the term emu, when used this way, must be taken as
equivalent to a cubic centimeter (cc):'8! This leads to the
units emu/g for the mass susceptibility, and emu/mol for the
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molar susceptibility. An additional complication is that the
usage of the term emu is not fixed. For example, emu is
sometimes used as a CGS unit of magnetic dipole moment.
Under this convention the unit of magnetization is the
emu/cc®® and the volume susceptibility is given the unit
emu/cc-gauss or emu/cc-oersted. In this case emu is not
equivalent to a cc as above, but is either a cc-oersted or a
cc-gauss.

Some authors have held that the units to be used for
physical quantities are not simply to be determined by con-
venience and mutual agreement, but are of fundamental
physical significance that can be elucidated by theory and
experiment.*%?*! In particular, Riicker argued that the per-
meability, defined as B/H in CGS units, was not dimension-
less as ordinarily assumed: Instead, somehow the *‘true
units”” of permeability were actually unknown, had been
“‘suppressed’’ by its mode of derivation, and might be dis-
covered by further research. This view was widely
criticized:™® Planck wrote that the goal of determining -+
the ‘real’ dimensions of a physical quantity *-- has no more
sense than inquiring into the ‘real’ name of an object;” 209
Birge wrote, ‘‘the attempt on the part of certain subsequent
writers to incorporate Rucker’s philosophy into electromag-
netic theory has resulted in a devastating variety of
treatments.”” >'' Nonetheless, in 1930 and 1932 international
committees determined by ballot:%-20% “‘that B and H are
quantities of fundamentally different nature; that u=B/H is
not a pure number; that the unit gauss is to be used only for
B and M; and that a new unit, the oersted, is to be used for
H.”’ In this case the CGS unit for y=M/H becomes the
gauss/oersted (G/Oe). Whether it is worthwhile to consider



823

John F. Schenck: Review article: Role of magnetic susceptibility in MRI

SUSCEPTIBILITY SPECTRUM

823

Diamagnetic Paramagnetic "Ferromagnetic”
- Waterand Most o e ic* Magnetic -
Human Tissues T o6  Stainless Steel Stainiess Steel  Pure Iron
(-9.05x108) (182x10%) (Austenitic) (Martensitic)
L1 1 14 Bt S TN D Mo N R |

i 1 | |
A \-10 -102 -103/-104

5 104 |10 102 101 1 10 102 103 [104¢ 105

Superconductors Bismuth Palladium Silicon Steel
-1.0) (-164x10°8) (806x10°¢) (Armature)
Watergoéts' ) Liver with heavy
. r .
AO;s S0, [ Copper G z0, ironoveroad 1’;9;')1-"“
(-18.1) (16.3) (9.63) / / .8.29) (~0) l‘
1 \ J ] \ 1 JI [ [
i 1 ] L 1 1 1
-20x10€  -15x10€ / -10x10-€ -5{(1 o€ 0 5x106 10x106
Cotical  Deoxygenated AirNTP) )
(-hﬁ .?1) bone red blood cell (0.36) All.l2n5num

Region of "MRI Compatibility"

FiG. 2. Susceptibility spectrum. The upper diagram uses a logarithmic scale to indicate the full range of observed magnetic susceptibility values: It extends
from y=—1.0 for superconductors to x>>100 000 for soft ferromagnetic materials. The bottom diagram uses a linear scale (in ppm) to indicate the properties
of some materials with |x|<20 ppm. The susceptibilities of most human tissues are in the range from —7.0 to —11.0 ppm.

the gauss and the oersted as different units is contentious;
formally, they both have the dimensions of g"%/(cm'? s) and
their ratio is dimensionless, or, perhaps, of ‘‘suppressed’’
dimensions. The term oersted does not appear to serve a
purpose that the term gauss does not, other, perhaps, than to
raise awareness of the need to properly distinguish B and H
inside materials.'® Despite the dubious rationale for its use,
the oersted is deeply entrenched in the literature of magne-
tism: At any rate, when used as a CGS unit for the volume
susceptibility, the unit G/Oe may be replaced by unity with-
out changing the physical implications of any calculation.

The CGS unit of energy is the erg which is equivalent to
the g cm?/s?. The work, W, required to magnetize an object
of volume V is (in CGS units), W= 1/2xyVH?. If this formula
is solved for yx, a formal CGS unit for susceptibility is found
to be the erg/(cc-oersted®’) or, equivalently, the
erg/(cc-gauss?). This unit is used for the volume susceptibil-
ity by some authors and its analog, the erg/(gauss2-mol),>*? is
also used as a unit for molar susceptibility. Substituting the
expressions for the erg and oersted or gauss in terms of fun-
damental units shows that this unit is, again, an obfuscation
tending to conceal the fact that y, in CGS units, is dimen-
sionless.

H. Magnetic susceptibility of common materials

The magnetic susceptibilities of materials vary over several
orders of magnitude (Fig. 2). Tables V and VI summarize
published susceptibility values for a wide variety of materi-
als. These have been taken from several sources®*>~24? and
converted, where necessary, to SI units. To facilitate the

Medical Physics, Vol. 23, No. 6, June 1996

calculation of mass and molar susceptibilities, the molecular
weights, and densities are also tabulated. Susceptibility val-
ues for ferrous ammonium sulfate'’?3* and for nickel chlo-
ride solution'’"*** have been included in Table V to show
the magnitude of the room-temperature paramagnetism that
can be achieved in paramagnetic salts and in concentrated
solutions of transition metal ions. Oxygen is paramagnetic
and its presence makes the susceptibility of air slightly posi-
tive: This very small effect can be used to measure the con-
centration of oxygen in gas mixtures.2*>-2%

The formal definition of susceptibility as the dimension-
less ratio, M/H, does not provide an intuitive insight into the
physical implications of its numerical magnitude. For illus-
tration note that a field with B=1.5 T corresponds to
H=1.19x10° A/m: In this applied field water and human
tissues have M ~—10.8 A/m; titanium has M =217 A/m; and
nonmagnetic stainless steels have M in the range from
4200-8000 A/m. If, as usually the case in MRI, the absolute
value of y<€1, a more intuitive visualization of the physical
consequences of a given susceptibility value can be devel-
oped by considering the induced field that results when an
object is placed in a uniform external field, B,. Only AB,,
the component parallel to B, is relevant to MR and, in the
region of the magnetized object, AB, takes on both positive
and negative values: The induced field is strongest inside the
object and on its surface; although it depends on the sam-
ple’s shape, it is always in the range

—xB,<AB,<xB,.
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TABLE V. Susceptibilities of selected weakly magnetic materials. In the absence of pathological iron deposition, the susceptibilities of the various human soft

tissues are estimated to be within *2 ppm (~20%) Of Xyaer - Most tissues are probably within 1 ppm of this value.

Density Atomic or Susceptibility
Material (g/ce or, 107? kg/m®) molecular weight? (x10%)
Graphite® (perpendicular 2.26 12.011 —595
to atomic planes)
Carbon® (polycrystalline graphite) 2.26 12.011 —204
Bismuth 9.75 208.98 —164
Antimony 6.691 121.75 —-67
Indium 7.31 114.82 =51
Thallium 11.85 204.38 -37
Gold 19.32 196.97 —34
Mercury 13.546 200.59 —-28
Beryllium 1.85 9.012 —24
Silver 10.50 107.87 —24
Gallium 5.907 69.723 -23
Tin (a-gray) 5.75 118.71 -23
Carbon (diamond) 3.513 12.011 -21.8
Phosphorus (white) 1.82 30.973 -20
Selenium 4.79 78.96 -19
Phosphorus (red) 2.20 30.973 -18.5
Alumina (A},05) 3.97 101.96 —-18.1
Silica (Si0,) 2.64 60.08 -16.3
Lead 11.35 207.2 —-15.8
Zinc 7.13 65.39 —15.7
Pyrex Glass (Corning 7740) —13.88
Sulfur (a) 2.07 32.066 —12.6
Sulfur (B8) 1.957 32.066 —-114
Magnesia (MgO) 3.58 40.30 -11.4
Copper 8.92 63.546 —9.63
Water (37 °C) 0.933 18.015 —-9.05
Human Tissues ~1.00-1.05 ~(—=11.0 0o =7.0)
Silicon Nitride (Si3N,) 3.44 140.28 ~=9.0
Graphite® (parallel to atomic planes) 2.26 12.011 -85
Zirconia (ZrO,) 6.49 123.22 -8.3
Whole Blood (deoxygenated)® 1.057 ~7.90
Germanium 5.323 72.61 =7.1
Red blood cell (deoxygenated)® 1.093 -6.52
Silicon 2.33 28.0855 —42
Liver (severe iron overload)® ~0.0
Hemoglobin Molecule 1.335 64 650 +0.15
(deoxygenated)*
Air (NTP) 0.001 29 28.97 0.36
Tin (B-white) 7.31 118.71 24
Rubidium 1.532 85.468 3.8
Cesium 1.873 13291 5.2
Potassium 0.862 39.098 5.8
Sodium 0.971 22.99 8.5
Magnesium 1.74 24.305 11.7
Ytiria (Y,0,) 5.01 225.81 124
Aluminum 2.70 26.98 20.7
Calcium 1.55 40.078 217
Tungsten 19.3 183.85 772
Zirconium 6.49 91.22 109
Nickel chloride in water® 1.255 116
Yttrium 4.47 88.91 119
Molybdenum 10.22 95.94 123
Rhodium 12.41 102.906 169
Tantalum 16.65 180.95 178
Titanium 4.54 47.88 182
Niobium 8.57 92.91 237
Nitinol (50% titanium, 50% nickel) 6.5 245
Platinum 21.45 195.08 279
Chromium 7.19 51.996 320
Vanadium 6.11 50.94 384
Ferritin (total molecule)® 1.494 929 850 520
Mohr’s salt® 1.864 392.13 750
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TaBLE V. (Continued.)

Density Atomic or Susceptibility
Material (g/ce or, 1073 kg/m®) molecular weight? (x10%)
Palladium 12.02 106.42 806
Ferritin core® 2727 449 850 2011
Stainless Steel (nonmagnetic, austenitic) 8.0 3520-6700

2Based on the atomic mass unit; 1.660 540x 10~ kg (1/12 the mass of '*C).

"References 355 and 356.
“Estimated (Ref. 122).

dConcentrated aqueous solution at 20 °C; 23.15 wt. % NiCl,. From Refs. 171 and 234.
°Ferrous ammonium sulfate (FeSO4(NH,),S0,-6H,0) at 17.2 °C. From Refs. 171 and 233.

The nominal composition of the core is (FeOOH)g-FeO-H,PO,.

The maximum field perturbation, AB,,,, , is related to y, in
SI units, by the formula

X~AB . ./B,:

For spheres, the exact expression is x=3/2AB,,,/B,, . There-
fore, the susceptibility in SI units is a rough, but simple,
measure of the degree to which an object can perturb an
applied field. An object with y=1x107° (1 ppm), produces a
maximum perturbation of about *1 ppm in the surrounding
field and in the resonant frequency. If the susceptibility is 10
ppm, the effect is ten times as large and so on.

A soft magnetic material with y>1, although subject to
saturation, can produce an induced B field that is locally
larger than the applied field: Superconductors, which have
x=-1, can completely cancel an applied field in their inte-
rior (AB,,,,=—B,). Most materials, have y<1, and produce
only very small fractional perturbations in applied fields;
however, because of its sensitivity to tiny variations in the
static field, even very small susceptibility values are impor-
tant to MRI.

TaBLE VI. Susceptibilities of strongly magnetic materials.? For the materials
with field-dependent susceptibilities the maximum differential values are
tabulated. The initial susceptibility values at small applied fields are usually
smaller than the tabulated values. The susceptibilities of these materials are
variable and depend on crystal perfection, residual strains, and impurity
content. The measurement of high susceptibility values is difficult because
of the strong demagnetizing fields associated with them (Ref. 163).

Atomic or
Density molecular
Material (g/ce) weight Susceptibility
a-Fe,0; (hematite) 5.277 159.70 1.46x1073
v-FeOOH (lepidocrocite) 4.0 88.85 2.12x1073
a-FeOOH (goethite) 428 88.85 2.65X1073
Fe;0,4 (magnetite) 5.18 231.54 70
Cobalt 8.9 58.933 250
Nickel 8.9 58.69 600
Stainless steel (magnetic, 7.8 400-1100
martensitic)

Mumetal® 8.76 100 000
Iron 7.874 55.847 200 000
Supermalloy® 8.77 1 000 000

Data adapted from Refs. 163, 235, 237, 238, and 267.
%(16% Fe, 5% Cu, 2% Cr, 77% Ni).
*(16% Fe, 5% Mo, 79% Ni).
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I. Comparison of electric and magnetic
susceptibilities

The electric susceptibility, x,, is analogous to the mag-
netic susceptibility, y. It is defined by the relation P= x €,E.
P is the electric polarization induced by the applied electric
field, E. The electric susceptibility is dimensionless and is
related to the dielectric constant or relative permittivity,
€,=¢¢, by x.=€,—1. A fundamental difference between
the electric and magnetic properties of materials is that y, is
typically on the order of 1-10, while the magnetic suscepti-
bility is orders of magnitude smaller, on the order of 107> to
1073, For example, silica (SiO,) is diamagnetic with a mag-
netic susceptibility of —16.3X107® while its electric suscep-
tibility is 2.78: A sample of silica perturbs an applied electric
field 170 000 times more than an applied magnetic field. For
water, the magnetic susceptibility is —9.05X107% and the
electric susceptibility is 80 giving a ratio of 8.8%105. This
discrepancy between electric and magnetic susceptibilities
explains why most materials appear inert to applied magnetic
fields even though they interact strongly with applied electric
fields. A physical explanation of the discrepancy between the
sizes of the electric and magnetic susceptibilities is that most
materials are diamagnetic and, in a sense, diamagnetic forces
may be considered as relativistic corrections to electric
forces. This leads to an estimate of the value of the diamag-
netic susceptibility, ¥ =~ (v/c)?, where v is the orbital veloc-
ity of the atomic electrons.?*® These velocities are on the
order of ¢/300 and this estimate gives the correct order of
magnitude for y for those materials whose susceptibility is
dominated by the diamagnetism of the orbital electrons and
electron spin is not involved.

Another difference between the electric and magnetic
properties of materials is that there are no magnetic currents
associated with the motion of free magnetic poles within
materials analogous to the electric currents associated with
the motion of electric charges in electrical conductors. The
mobility of electrical charges in metals and electrolyte solu-
tions causes them to completely screen static applied electric
fields from their interiors: It also leads to Joule heating in
closed conducting circuits. There is no analog to this type of
screening or to Joule heating associated with the application
of a static magnetic field to an object.
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J. Magnetic susceptibility at high frequencies and in
intense fields

The standard definition of magnetic susceptibility, y=M/
H, implies a steady state magnetization, M, induced by a
steady state applied field, H. Although this definition is ad-
equate for most MRI applications, generalized definitions of
susceptibility are required for rapidly time-varying and/or
intense driving fields. If H varies rapidly with time, the mag-
netization lags behind it and the ratio M/H is time depen-
dent. A time-dependent susceptibility is an awkward concept
and such situations are ordinarily analyzed using the fre-
quency domain rather than in the time domain. H(¢) and
M(t) are written as Fourier integrals and the analysis is
based on the linear response, M (w), to a driving field with a
constant amplitude and a sinusoidal time dependence,
H(w)=Hye'*". The frequency-dependent susceptibility is
defined by,247‘252 x(w)=M (w)/H(w). The conventional sus-
ceptibility as normally used in MRI is (0), the limit of y(w)
as w—0. In general, the response M (w) is not in phase with
H(w) and, consequently, y(w) is a complex number.

Apparently, there have been no extensive studies of y(w)
for living tissues. On theoretical grounds, it is expected that
x{@)=x(0) for human tissues at least up to the frequency of
the B, fields used in MRI. At low frequencies the induced
magnetic field produced by a material is governed by the
applied magnetic field and the magnetic susceptibility; at
very high frequencies, however, magnetic susceptibility
loses this significance?’ because the alternating electric field
accompanying the alternating magnetic field is dominant in
determining both the induced electric and magnetic fields.
The applied magnetic field induces a magnetic field propor-
tional to y(w), but the electric field also induces magnetic
fields through the action of conduction currents (J= o E) and
polarization currents (J=dP/dt=wy, €yE). Electric suscep-
tibilities (dielectric constants) are much larger than magnetic
susceptibilities and at sufficiently high frequencies the mag-
netic response to the electric field overwhelms the response
to the magnetic field. In MRI the magnetic field induced by
the tissue response to the radio-frequency B; field, is deter-
mined by the dielectric constant and the electrical conductiv-
ity at the B, frequency (~1-200 MHz), and the magnetic
susceptibility contribution to the induced magnetic field is
negligible. Consequently, in the analysis of the response of
tissues to radio-frequency fields, the magnetic susceptibility
is usually taken as zero (w,=1).

Superposition does not apply when a material is exposed
to the extremely intense driving fields encountered in laser
physics and nonlinear optics and, when driving fields of
more than one frequency are applied simultaneously, nonlin-
ear susceptibility tensors that are functions of multiple fre-
quencies are required. Systematic approaches have been de-
veloped to the choice of units and to the analysis of the
complex symmetry constraints on the components of these
tensors.?>! In principle, the nonlinear generalizations apply to
both the electric and magnetic susceptibilities, but for the
reasons discussed above, the nonlinear electric susceptibility
tensors are more relevant to laser physics than their magnetic

Medical Physics, Vol. 23, No. 6, June 1996

counterparts. However, nuclear magnetic resonance itself is
commonly treated in terms of the time-dependent magnetic
susceptibility of the nuclear spin system.’>? Although it is
usually not made explicit, this treatment involves a nonlinear
susceptibility tensor: The frequency-dependent magnetiza-
tion of the nuclear spin system depends on the amplitude and
orientation of both the static field, B, and the radio-
frequency field, B, .

K. Microscopic mechanisms of magnetic
susceptibility

1. Magnetization at the nuclear, atomic, and
molecular levels

The orbital motion of electrons and the spins of electrons
and nuclet respond to applied magnetic fields. The totality of
these responses determines the overall susceptibility of a
material.>>* Table VII summarizes, using SI units, expres-
sions that relate the susceptibility to atomic properties for ten
mechanisms by which materials become magnetized. In gen-
eral, precise, quantitative calculations of susceptibility, start-
ing from first principles, are not possible. Table VIII pro-
vides estimates of the components of the overall
susceptibility values for copper and water; these two materi-
als have nearly the same total susceptibility, but the under-
lying magnetization mechanisms are different.

2. Field-induced changes in electron orbits:
Langevin diamagnetism, Landau diamagnetism,
and Van Vleck paramagnetism

In an applied magnetic field, the orbital motion of the
electrons around every atom is modified slightly. In accor-
dance with Lenz’s law, this induced change in motion cre-
ates a magnetic field opposed to the applied field. This
mechanism is present in all materials and produces a nega-
tive magnetization that is relatively weak and temperature-
independent known as the Langevin diamagnetism.?>*%%°
This is the ‘‘default mechanism’’ that determines the suscep-
tibility of every material unless it is overridden by some
more powerful mechanism.

Using quantum mechanical perturbation theory, it can be
shown that excited states of electron orbital motion can make
an additional positive contribution to the induced magnetiza-
tion. By symmetry this effect is zero in monatomic mol-
ecules but provides a relatively weak, temperature-
independent, contribution to the susceptibility of some
polyatomic  molecules. This is the Van Vleck
paramagnetism>® or ‘‘high frequency’’ paramagnetism. Or-
dinarily it provides only a relatively small correction to the
Langevin diamagnetism.

In metals the conduction electrons are not confined to
individual atoms but are free to move over extended regions
of the lattice. Again, by Lenz’s law, the field-induced modi-
fication of the motion of the conduction electrons results in a
negative contribution to the magnetization known as the
Landau diamagnetism.’
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TaBLE VIL. Formulas and expressions for the basic mechanisms of susceptibility.

Mechanism Susceptibility (x) Comment

Superconductivity -1 This is the Meissner effect. It is normally observed only at cryogenic
temperatures.

Landau diamagnetism — 1,e*(3N 8T P1(67m,)* This effect is produced by changes in the orbital motion of
conduction electrons. .

Langevin diamagnetism — w,eNZ(r®)/(6m,) The susceptibility ‘‘default mechanism.”” It is temperature
independent and present in all materials.

Van Vleck paramagnetism u,Nett(6m?) (L, )H(E,—E,) A temperature-independent correction to the Langevin effect. The
sum is over the orbital electron excited states.

Curie paramagnetism N pm2/ (3kT) This is the dominant effect in solutions and salts of transition metal
ions.

Pauli paramagnetism w,e2(3N 8 P12 7m,)* Produced by the alignment of conduction electron spins in metals.
Numerically, it is three times the Landau term.

Nuclear paramagnetism w,N,m2(3kT) This effect is very small at normal temperatures because nuclear
moments are very small.

Curie—Weiss paramagnetism c(T-T,) Paramagnetic behavior above the critical temperature, 7, ; T, is
negative in antiferromagnets. C is the Curie constant.

Alignment of ferromagnetic domains w,M2A 340 The source of very high susceptibility in soft ferromagnetic
materials.

Superparamagnetism w,Nsp(M V) (3KT) The susceptibility of an individual particle, of volume V, is
w,MEVI(3KT).

“The expressions given are valid in the free electron gas-approximation to the conduction electron properties.
bReference 176, p. 143; A =domain—wall area; M, =1.71X10% A/m for iron at 300 K.

3. Field-induced spin alignment: Curie
paramagnetism, nuclear paramagnetism, and Pauli
paramagnetism

Electrons and those atomic nuclei with nonzero spins pos-
sess intrinsic magnetic moments. These moments tend to
align parallel to applied magnetic fields and to produce a
positive magnetization. For orbital electrons the paramag-
netic response caused by spin alignment is much stronger
than the diamagnetic response of the orbital motion; how-
ever, because of the exclusion principle, the electrons in
most atoms are present as spin-up and spin-down pairs that
have a zero net magnetic moment and do not contribute to
the susceptibility. Electron spin paramagnetism requires the
presence of atoms or molecules with unpaired electrons. The
tendency of the unpaired spins to align with the applied field
is balanced by the tendency of fluctuating magnetic fields,
generated by thermal agitation within the material, to pro-
duce a random spin orientation. This leads to a positive con-
tribution to the susceptibility, known as Curie para-
magnetism, that increases as the temperature
decreases. !¢ ISTITLIT2ATT (jppaired electrons are present
in the transition metal elements with unfilled d shells (e.g.,
iron and manganese) and in rare earth elements with unfilled

TasLE VIII. Estimates of the magnetic susceptibility
158, 165, and 302.

f shells (e.g., gadolinium and dysprosium). Salts (e.g., fer-
rous ammonium sulfate or) or solutions (e.g., copper sulfate
or nickel chloride in water) containing these ions can be
strongly paramagnetic, particularly at low temperatures. The
molecules of some gases,156'172 e.g., 0,, NO, NO,, and
Cl0O,, contain unpaired electrons and are paramagnetic. Free
radicals are short lived chemical species that possess un-
paired electrons; they contribute to paramagnetism but are
usually present only in very small concentrations. Nuclei
with nonzero spins also obey the Curie law, but, nuclear
magnetic moments are much smaller than those of electrons
and the nuclear contribution to bulk paramagnetism is negli-
gible at normal temperatures: Special methods, such as
nuclear magnetic resonance, are required to observe nuclear
magnetism.

The spins of the conduction electrons in metals are also
aligned by an applied field, but the exclusion principle per-
mits field alignment only for electrons near the Fermi sur-
face. This contribution to the metallic susceptibility is called
the Pauli paramagnetism.**® For the ideal case of a free elec-
tron gas, the Landau and Pauli effects can be calculated ex-
actly (Table VII) and the Pauli paramagnetism is opposite in
sign and exactly three times the magnitude of the Landau

component for water and copper (25 °C). Data from Refs.

Water Copper
Susceptibility mechanism Calculated value Susceptibility mechanism Calculated value
Langevin diamagnetism —10.12 X107% Langevin diamagnetism ~25.1%1078
Van Vleck paramagnetism +1.10 X107® (core electrons)
Nuclear paramagnetism +0.0039%x107® Landau and Pauli paramagnetism +15.6%x107®
(conduction electrons)
Total —9.02 x107% Total —9.5x10°¢
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diamagnetism: Thus an ideal free electron gas is paramag-
netic and the susceptibility is two-thirds of the Pauli para-
magnetism. In real metals the energy band structure modifies
these results: Metals, such as bismuth, with small effective
masses for the electrons near the Fermi surface, exhibit
strong Landau diamagnetism.2*-26! Theoretical calculations
of the susceptibility of the conduction electrons in metals
require the evaluation of electron exchange and correlation
effects and are not yet capable of great precision.?*~2%° To
summarize, the susceptibility of nonferromagnetic metals is
a superposition of the diamagnetism of the core ions with
negative (Landau) and positive (Pauli) contributions from the
conduction electrons: Thus metals with filled inner shells can
be either weakly paramagnetic (e.g., titanium, aluminum) or
weakly diamagnetic (e.g., copper, silver, lead).

4. Spontaneous magnetization

The largest susceptibility values occur in materials which
have unpaired spins on some or all of their atoms and which,
in their minimum energy state, have these spins locked into
an ordered array. The term ferromagnetism is used as a ge-
neric term for any magnetically ordered phase; however,
many distinct spin patterns occur in nature and, when it is
necessary to distinguish among them, specific terms are
used: ferromagnetism (e.g., iron, nickel, cobalt, martensitic
stainless steel); 163179 antiferromagnetism (e.g.,
chromium);!” ferrimagnetism (e.g., magnetite);172 canted
ferromagnetism (e.g., hematite);?6¢-%%® and so on. Spontane-
ous magnetization is destroyed if the substance is heated
above a critical temperature, called the Curie temperature,
T, for ferromagnets and the Néel temperature, Ty, for an-
tiferromagnets. Above the critical temperature these materi-
als are paramagnetic with susceptibility!®®?® given by
x=CIT—T¢) for ferromagnets and y=C/(T+ Ty) for anti-
ferromagnets.

Magnetically ordered materials are organized in a domain
pattern: ‘63179270 In each domain the spins are locked into an
ordered array and each domain is magnetized to its saturation
value, M, . Domain sizes vary from material to material and
range from submicron values to several microns. The mag-
netizations of adjacent domains are oriented in different di-
rections to minimize the total magnetic energy: Cancellation
of the external fields produced by adjacent domains permits
soft magnetic materials containing multiple domains to have
a bulk magnetization close to, or equal to, zero even though
the individual microscopic domains are intensely magne-
tized.

Domain walls are present between adjacent domains:
They are regions of high energy where the spin alignment is
disrupted. When a magnetic material is placed in an external
field, domain wall motion occurs: Domains aligned with the
field grow at the expense of other regions resulting in a sur-
plus of regions magnetized to saturation in the direction of
the applied field. This leads to the extremely high suscepti-
bilities characteristic of soft ferromagnetic materials?’ 272
(Table VI). Bulk samples of such materials are so magnetic
that they are not normally useful or even tolerable in MRI: It
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is common, however, to have very small grains or crystals of
ferromagnetic materials distributed in a nonmagnetic matrix.
In this case, the ferromagnetic component can be sufficiently
diluted that the overall susceptibility, while possibly quite
paramagnetic, is compatible to some degree with MRI.

5. Single domain particles and
superparamagnetism

Domain walls are energetically unfavorable; conse-
quently, below some critical size, d,, very small magnetic
particles contain only a single domain. The susceptibility of
a heterogeneous material containing small, single domain
magnetic particles dispersed in a nonferromagnetic matrix
differs markedly from that of the bulk magnetic material.
There are energy barriers to the rotation of the magnetization
of a single domain particle that depend either on particle
shape (shape anisotropy) or crystal structure (magnetocrys-
talline anisotropy). The response of a dispersion of single
domain particles with randomly oriented magnetizations to
an applied field can exhibit two distinct patterns depending
on the particlie volume and the temperature. Domain wall
motion is not possible in a single domain particle: Thus the
susceptibility of stable single domain particles results from
field-induced redirection of the magnetization against the en-
ergy barriers and is relatively small compared to its value for
larger multidomain magnetic particles which magnetize by
domain wall motion. However, if the grain size is less than a
second critical value, d;, such that the energy barriers to
rotation of the magnetization are small compared to the ther-
mal energy, kT, the magnetization, driven by thermal agita-
tion, jumps rapidly between various directions of minimum
energy. Just as in Curie paramagnetism, an applied field
tends to align the magnetization of the individual grains
against the thermal agitation. The resulting susceptibility is
much greater than would occur if the magnetic atoms were
distributed uniformly through the matrix rather than as clus-
ters of magnetized grains: This behavior is termed
superparamagnetism.”’>~2%%

The average time, 7, between jumps of the magnetization
direction is taken as

L
where 7, is a constant on the order of 0.1 to 100 ns and E is
the energy barrier that must be overcome to change the di-
rection of the magnetization. The magnitude of the energy
barriers varies greatly from one material to another and is
proportional to V, the particle’s volume. As 7 depends expo-
nentially on the temperature and the volume, it is extremely
sensitive to these two variables. For a fixed temperature,
there is a blocking volume such that a dispersion of particles
smaller than this value cannot sustain a remanent magnetiza-
tion when the applied field is removed: For a fixed volume,
there is a blocking temperature above which the dispersion
also cannot sustain a remanent magnetization. For tempera-
tures above the blocking temperature and for volumes below
the blocking volume, the susceptibility is superparamagnetic;
otherwise stable single domain behavior is observed. At suf-
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TABLE IX. Critical particle sizes for superparamagnetic and single domain
behavior (20 °C).* The transition from superparamagnetic to stable single
domain behavior occurs at d, and the transition to multiple domain behavior
begins at d, . The blocking volume is wd>/6. Data from Refs. 196, 197, and
267.

d, d, Curie Saturation

(um or (um or temperature  magnetization
Material 107 m) 1078 m) (°C) (A/m)
Iron 0.008-0.026  0.017-0.023 770 171 x10°
Magnetite  0.025-0.030  0.05-0.06 585 048 Xx10°
(Fe;0,)
Hematite ~ 0.025-0.030 15 680 0.0025x10°
(Fey05)

®For d<d,, particles are superparamagnetic; for d,<d<d,, particles have
the susceptibility of stable single domains; for d>d,,, particles have the
susceptibility of multiple-domain ferromagnets.

ficiently high temperatures, d,>d, and stable single domain
behavior is not observed for any particle size.

Table IX compares the single domain properties of pure
iron and the magnetic iron oxides, hematite and magnetite.
Single domain particles large enough to be above the block-
ing volume at all temperatures to which they have been ex-
posed are present in many rocks: They are important in ge-
ology because they maintain for millions of years
information on the direction of the earth’s magnetic field at
the time they cooled through their blocking temperature or,
in the case of grains growing by chemical deposition, at the
time they grew through their blocking volume,!83-193:277-279
The magnetic properties of igneous rocks are dominated by
single domain crystals of magnetite. Small grains of hematite
cause the red coloration of many sedimentary rocks and soils
derived from them, and are major contributors to their sus-
ceptibility. At normal temperatures, hematite has a canted
spin structure®®-2%8 which leads to a high degree of cancel-
lation between adjacent spins and a saturation magnetization
much less than that of iron and magnetite. The size range for
stable, single domain behavior at room temperature is narrow
for magnetite but large for hematite. Superparamagnetic dis-
persions of iron oxides are important to MRI because of their
ubiquitous occurrence and potential for contamination of
many experimental situations.

Superparamagnetic agents can be used as MRI contrast
agents.?8'-287 When present in the blood, or other tissues,
these particles are free to physically rotate into alignment
with the applied field even if the particle is larger than 4, .
Therefore, the relatively low susceptibility seen with stable,
single domain behavior for particles in a solid matrix is not
expected and superparamagnetism should be present for all
particles smaller than d,,. Because of the large magnetic mo-
ment per particle, superparamagnetic particles become fully
oriented at relatively low field strengths, and, depending on
particle size, the magnetization usually saturates at fields be-
low those used for MR imaging.
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IV. SUSCEPTIBILITY OF SPECIFIC MATERIALS

A. Water

The susceptibility of water’*-3%* is basic to the magnetic

properties of living tissues and the NMR relaxation times of
water in tissues’®>!! are fundamental to MRI. Plant and
animal tissues contain 65%—-99% water and the other tissue
components, ions, macromolecules, organelles, and so on,
occur in such low concentrations and/or have susceptibilities
so close to that of water that the susceptibilities of all human
tissues, at both the organ and cellular levels, are close to that
of water. This is fortunate for MRI because, if the amplitude
of these microscopic-scale variations in magnetic suscepti-
bility were as large as several ppm, the diffusion of water
molecules through the resulting field inhomogeneities could
shorten relaxation times sufficiently to preclude the practical-
ity of MRIL

It was once thought that the susceptibility of water had a
complicated temperature dependence.”*>® However, pre-
cise measurements, using superconducting quantum interfer-
ence devices (SQUIDS), indicate only a very small, smooth
and practically linear variation of the mass susceptibility of
water with temperature >3 Although relative susceptibili-
ties can be measured with great accuracy, it appears that the
absolute susceptibility has not been measured for any solid
or liquid substance with a precision better than approxi-
mately +0.001X107%. Water itself is often used as a refer-
ence material for the measurement of the susceptibility of
other materials, but the absolute value of the susceptibility of
water is not known with great precision. At present, the best
estimate’'? for the susceptibility of pure water at physiologi-
cal temperature (37 °C or 310 K)*!*3'* is found by taking the
mass susceptibility in CGS units at 20°C to be
—0.720X107® cc/g and to calculate the susceptibility using
the variation of the density of water with temperature and the
linear approximation to the measured variation of the mass
susceptibility of water with temperature,>%*

Xo(T)/x(20 °C)=1+1.388 10X 10~%(T-20),

where T is in °C. Therefore, the mass susceptibility at 37 °C
is —0.7217x 1075 emu/g or 1.0024 more diamagnetic than at
20 °C. Converting to SI units and taking the density of water
to SI units and taking the density of water as 998.23 kg/m? at
20 °C and 993.35 kg/m® at 37 °C, y=—9.032X107% at 20 °C
and y=-9.053x107% at 37 °C: For practical purposes, in
this paper the volume susceptibility of water at 37 °C is
taken as —9.05x1076.

The susceptibility of water is mainly due to Langevin dia-
magnetism, but there is a small positive contribution from
Van Vleck paramagnetism (Table VIII). The observed tem-
perature variation is very small as is expected from nominal
temperature independence of these two mechanisms. The
protons in the hydrogen atoms of the water molecules con-
tribute an additional, but very small, temperature-dependent
paramagnetism which is insignificant (x,=-+0.0039x10°)
at 37 °C. Also, some of the oxygen nuclei are of the isotope
0 which has a nuclear magnetic moment and, in principle,
contributes to the susceptibility; because of the small mag-
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FiG. 3. Calculated values for the relaxation times and magnetic susceptibility of copper sulfate solutions. Copper sulfate (blue vitriol) solutions, with
concentrations of 1-2 g/l (1-2 kg/m®), are commonly used to provide MRI test solutions with convenient values of the relaxation times. The magnetic
susceptibility of copper sulfate solutions is close to that of water until very high concentrations—not useful for MRI—are reached.

netic moment of this nucleus (in magnitude, 0.463 that of the
proton) and the small natural abundance (0.038%) of the
isotope, this contribution to the susceptibility of water and
tissues is negligible.

For most experimental purposes pure water has inconve-
niently long NMR relaxation times and it is common to use
water that is lightly doped with copper sulfate, or some other
transition metal>'> salt, to provide standard imaging solutions
with convenient values of T, and T, (Fig. 3). Because copper
ions are paramagnetic, the susceptibility of these solutions is
a function of the salt concentration. For very dilute solutions
the T, and T, values are the same as those of pure
water:>%83% At higher concentrations the relaxation times de-
crease linearly with increasing copper concentration. The
formulas for the relaxation times in Fig. 3 are taken from
literature values'S® appropriate to 63 MHz (1.5 T). For solu-
tions with 1 g/l of hydrated copper suifate (blue vitriol) (1
kg/m®), T;=327 ms and T,=290 ms. There is no appreciable
increase in susceptibility until much larger concentrations are
reached. The T, relaxation times of these concentrated solu-
tions are too short to be useful for MRI. Therefore, at the
concentrations useful in MRI, the susceptibility is dominated
by the water component of the solution and the relaxation
times are dominated by the copper ions.

B. Biological tissues
1. General aspects of tissue susceptibility

Only a few quantitative studies of the magnetic suscepti-
bilities of living plant and animal tissues have been
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rf:ported.'22‘316'318 These measurements on gross tissue
specimens are difficult because (i) the susceptibilities are
very small, (ii) tissues are very heterogeneous, and (iii) it is
difficult to work with living tissues in a susceptometer. There
have, however, been many many susceptibility studies of
tissue extracts and biochemical components, such as lipids
and hemoglobin.*!® Water is the predominant component of
most tissues and the susceptibility of most tissues appears to
be  within *10%-20% that of water; ie.,
—11.0X1078< ypi00e<—7.0X 107°. This is not simply an ob-
vious consequence of the high water concentration in tissues.
A single paramagnetic molecule (e.g., O,) or ion (e.g., Fe™*
or Fe™*") can cancel the diamagnetism of hundreds or thou-
sands of water molecules; however, the tissue concentrations
of the paramagnetic species are too small to overcome the
dominant diamagnetism. Common electrolyte ions, such as
Na*, K*, and C, are weakly diamagnetic**® but their con-
centrations are too small to contribute significantly to tissue
susceptibility. Those proteins which do not contain transition
metal ions probably all have susceptibilities close to that
measured®!? for the iron-free apohemoglobin molecule:
x=-9.91X1075. Lipids are also diamagnetic with x near
that of water: The average susceptibility for stearic acid®?322
is —10.0x107°.

2. Hard tissues

There are few reports on the susceptibilities of hard tis-
sues such as nails, teeth, and cortical bone. Because of their
low water content it might be expected that these suscepti-
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bilities would differ significantly from those of soft tissues.
Evidence from MRI indicates that this is unlikely. If the
susceptibility of cortical bone varied as much as 10 ppm
from that of the surrounding soft tissues, obvious image dis-
tortion would be present in the vicinity of large bones. The
absence of such artifacts is consistent with a recent report>
giving xy=—8.86X107% for cortical bone; another report!!!
suggests that bone is slightly more diamagnetic than water
with y=—12.82X1075.

3. Iron and other transition metals in trace
concentrations

The body contains trace amounts of several paramagnetic
transition metal ions such as copper, manganese, and cobalt.
Iron, however, is about 30 times more abundant in the body
than all the other paramagnetic ions combined, and the para-
magnetic component of the susceptibility of human tissues is
essentially entirely determined by the tissue iron concentra-
tion. The total body iron content is variable, but a represen-
tative value for a 70 kg human is 3700 mg. Iron ions free in
solution are toxic and almost all iron in the body is bound to
other molecules: There is approximately 2500 mg in the
blood as hemoglobin; 1000 mg in specific storage tissues
(e.g., liver, spleen, and the basal ganglia of the brain) as
ferritin or hemosiderin deposits or chelated with small mo-
lecular weight molecules such as citrate; about 170 mg in the
myoglobin of the skeletal muscles; 3 mg bound to the trans-
port protein transferrin; and the rest is in various trace
locations.'”” Even in its most magnetic configuration
(Fe™™ %, §=5/2, us=>5.92), 3700 mg of iron uniformly dis-
tributed throughout the body (volume~0.07 m’=70 1),
would have a negligible effect on susceptibility; by the Curie
law, AX~O.16><10_6. The body iron, however, is concen-
trated in certain tissues: These can have susceptibilities in the
range of 1-10 ppm more positive than iron-free tissues.

4. Blood and hemoglobin

A molecule of deoxyhemoglobin is approximately spheri-
cal and consists of four protein chains each containing one
paramagnetic iron ion, Fe™*, in the S=2 spin state. When
combined with four paramagnetic oxygen molecules, each
with $=1, the resultant oxyhemoglobin molecule has no net
spin (S=0) and is slightly more diamagnetic than
water.3!231° Hemoglobin has a molecular weight of 64 650; a
density of 1.335 g/em® (1335 kg/m®); a radius of approxi-
mately 27 A (2.7%X107° m); and a volume of 1.97x107%
m’. Random, thermally generated magnetic fields cause the
magnetic moment of the iron atoms in deoxyhemoglobin to
fluctuate rapidly, but the time-averaged susceptibility is
given by the Curie law. The susceptibility of the four iron
atoms in the molecule is +10.1X107% at 37 °C; combining
this with the diamagnetic susceptibility of the apoprotein ma-
trix, —9.91><10_6, gives )(’~v+0.2><10—6 for an individual
deoxyhemoglobin molecule. A single red blood cell (rbc) has
a volume of 90.1X107!® m* and contains about 2.8x10?
hemoglobin molecules: Accounting for the dilution of the
hemoglobin molecules by the intracellular water, gives

Medical Physics, Vol. 23, No. 6, June 1996

x~—6.52X107% for a fully deoxygenated rbc. If the hemat-
ocrit is 0.45, y~—7.90X107 for fully deoxygenated whole
blood, in good agrement with reported values.!'>!'” The
small difference, about 1.5 ppm, between the susceptibility
of deoxygenated blood and that of surrounding tissues is the
basis of functional MRI.

5. Ferritin and hemosiderin

The majority of the nonheme iron in the body is stored in
ferritin or in the related, but less well characterized com-
pound, hemosiderin. They provide an important form of
field-dependent contrast in MRIL3-108323 The accepted
model of the ferritin molecule consists of a mineralized core
surrounded by a protein shell: The spherical core, with a
radius of approximately 4.0 nm (40 A), consists of mineral-
ized iron oxide and phosphate and contains up to 4500 iron
atoms in the Fe* ™ state. At very low temperatures the cores
are probably magnetically ordered as single domain
superantiferromagnets®®® and may exhibit unusual quantum
tunneling of the magnetization between low-energy
directions.?®*2%% At body temperature, however, ferritin is
probably above the Neéel temperature and
paramagnetic.’**% Assuming paramagnetic behavior with
Mes=3.78 for the core, and a diamagnetic outer protein shell
with y~—9X107%, gives a susceptibility for the fully iron-
loaded ferritin molecule of +520X107°,

In histology, the total iron concentration (¢) is commonly
specified in units of mg of iron per gram of wet tissue and for
tissues containing deposits of storage iron,'?

X~ Xwater+ (1.30X 10" %)¢p,

where p is the tissue density in g/cm®. For normal liver,
p=105 g/em®, and ¢=021 mg/g, the calculated
X~8.76><10_6: For a severe iron overload, as in hereditary
hemochromatosis, ¢=6.6 mg/g, and X~0.0X10_6. Thus
even organs with very high iron concentrations, have suscep-
tibilities, except in extremely pathological states, only a few
ppm less diamagnetic than that of water.

6. Ferromagnetic particles in human tissues

Evidence has been presented for the presence of ex-
tremely small endogenous ferromagnetic particles, possibly
with biological and/or pathological significance, in human
lung, brain, and other tissues. 326327 However, the low level
of observed biological effects even in intense applied
fields,'?? the ubiquitous presence of contaminating ferromag-
netic particles in the air'>® and in the workplace environment
of some occupations,328-334 along with evidence for migra-
tion of these particles through the body,** suggest such par-
ticles may originate from external contamination.

7. Paramagnetism of oxygen dissolved in tissues

The oxygen molecule (O,) is paramagnetic!’? with S=1
and u.=2.83; therefore, the susceptibility of all tissues will
be somewhat increased by their oxygen content. The SI unit
for pressure is the n/m* or Pascal (Pa) with 1 atmosphere
(atm)=1.0133X10° Pa; in physiology, however, the partial
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pressure of oxygen, pO,, is usually specified in mm of Hg.
In equilibrium with pure oxygen at 1 atm (760 mm of Hg),
water and tissues contain 1.09X1073 moll (6.56x10%
molecules/m®) of dissolved oxygen. From the Curie law, at
37 °C, the contribution of physically dissolved oxygen (not
bound to hemoglobin or myoglobin) to the paramagnetic
susceptibility'?? is given by

Xoxyeen~3.82X10""! pO,.

Even for a tissue saturated with oxygen at atmospheric pres-
sure (pO,=760 mm of Hg), the paramagnetic correction to
the tissue susceptibility is only ~0.04 ppm: Even under hy-
perbaric conditions, oxygen dissolved in tissues does not
make a significant contribution to the tissue susceptibility.

C. Stainless steel

Stainless steels are a group of iron-based alloys contain-
ing 10%-30% chromium and 0.03% to roughly 1.2% car-
bon: other elements, e.g., nickel, molybdenum, titanium, and
aluminum, are commonly added to achieve various desirable
characteristics. A chromium-rich surface oxide forms spon-
taneously when these steels are exposed to oxygen in the
atmosphere and this forms a corrosion-resistant passivating
film: In the presence of oxygen this film heals spontaneously
whenever it is broken resulting in the rust-resistant property
that distinguishes stainless steel from iron. The susceptibility
of stainless steel’>~3*° is important in MRI because these
steels are widely used in surgical instruments, implants, and
in other medical devices. The magnetic behavior of stainless
steel varies over a wide range and depends on the details of
the composition and the metallurgical treatment.

One important class of stainless steels is comprised of the
martensitic or « phase steels: They contain chromium in the
10.5% to 18% range and have a carbon content up to 1.2%;
they have a distorted body-centered-cubic (bcc) lattice struc-
ture; and at room temperature they are ferromagnetic with
Curie temperatures in the range of 300 to 900 °C. Many of
them are members of the so-called 400 series. These and the
related ferritic steels are known as ‘‘magnetic’’ stainless
steels: They experience strong forces and torques in mag-
netic fields and their magnetism is easily demonstrated by
use of a hand-held permanent magnet. They usually are not
permanent magnets because of the random orientation of
their ferromagnetic domains. Domain alignment gives these
materials large initial susceptibilities which are in the range
of 100 or more: These materials are completely incompatible
with MRI. Many surgical instruments and other common ob-
jects, e.g., paper clips and refrigerator door panels, are made
from magnetic stainless steels.

Another class of stainless steels is comprised of the aus-
tenitic or 7y phase steels: These alloys have 16% to 20%
chromium along with large amounts of nickel (up to 35%)
and manganese (up to 15%) and other alloying elements.
Examples include the 300 series of stainless steels. They
have a face-centered-cubic (fcc) structure which is thermo-
dynamically metastable: If an austenitic stainless steel is cold
worked, it may spontaneously revert to the more stable, and
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ferromagnetic, martensitic crystal structure. Austenitic steels
are paramagnetic at room temperature with susceptibilities in
the range of 0.001 to 0.020: They have an antiferromagnetic
phase at cryogenic temperatures with Ty on the order of 10
to 50 K.**73% These steels are inert when casually checked
with a hand-held permanent magnet, and therefore, exhibit
magnetic field compatibility of the first kind: They are com-
monly used as coil forms for superconducting magnets and
as construction materials for cryostats. Their susceptibility is
sufficiently large that they substantially disrupt MR images
of objects in their immediate vicinity. It is important to rec-
ognize that there is no form of stainless steel that exhibits
magnetic field compatibility of the second kind. It is also
important to recognize that, when heavily cold worked, the
susceptibility of the commonly used nonmagnetic 316 stain-
less steel increases from 0.003 to 9,°* a factor of 3000,
because of conversion to the martensitic structure. Thus an
instrument or implant nominally expected to exhibit mag-
netic compatibility of the second kind could, during the
manufacturing process, be converted to a dangerous, mag-
netically incompatible, device.

D. Carbon, graphite, and carbon fibers

Carbon fiber composites***—33 consist of a tough network

of graphite-like carbon fibers immersed in an inert matrix
material such as epoxy resin. They are used in aerospace and
other demanding applications because of their low density,
high strength, and high stiffness. In surgical applications
they have been used as trochars, endoscope cannulas, and in
other applications: They can be sterilized and are nontoxic.
Experimentally,>> biopsy needles made from carbon fiber
composites have shown good magnetic compability with
MRI. Crystalline graphite has a layer structure and the sus-
ceptibility is diamagnetic and highly anisotropic.’¢~3*® The
susceptibility orthogonal to the atomic layers is 70 times
greater than that parallel to the layers which is very close to
that of human tissues. The precise value of the overall mag-
netic susceptibility of the composites depends on the details
of the manufacturing process and on the matrix material. The
electrical resistivity is on the order of 1075 0 107* Qm
which means that these materials are 2 or 3 orders of mag-
nitude less conductive than metals which have resistivity in
the range of 1078 to 1077 Q m. In addition to the desirable
electrical and magnetic properties, the mechanical properties
such as Young’s modulus, tensile strength, and fracture re-
sistance are suitable for surgical applications.

E. Environmental materials

Most materials encountered in everyday experience are
weakly diamagnetic with susceptibilities similar in magni-
tude to that of water. Frequently, however, samples of these
materials are found to be paramagnetic because of the pres-
ence of small amounts of strongly magnetic contaminants:
Most commonly the naturally occurring iron oxides. In par-
ticular, magnetite and hematite are widespread in the natural
environment and in manufactured materials. These oxides
are found in some ceramics: They also cause the paramag-
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netism found in most soil samples and in many rocks, 184197

inks and pigments,241 cosmetics and tattoos,*>** U.S. pa-
per currency,* and paintings.*%

V. INDUCED MAGNETIC FIELDS AND
DEMAGNETIZING EFFECTS

A. Optimum susceptibility matching

Ideally, if a foreign object, such as a surgical instrument is
introduced into the region of MR imaging it should not per-
turb the pre-existing field by changing the initial magnetiza-
tion. For objects to be located in the region outside the pa-
tient the ideal susceptibility is y=0: Technically, the ideal
value is y=yx,;,=1+0.36X 1078, but this distinction is not sig-
nificant in practice. For objects, such as biopsy needles, to be
embedded within the patient’s tissues, which are assumed to
have a susceptibility equal to that of water, the change in the
induced magnetization is proportional t0 Ax=x— Xwater+: 1N
this case, ideally, Axy=0 and y=-9.05X 1076, Therefore,
materials with the same susceptibility as tissues, rather than
materials with zero susceptibility, are the goal for internal
applications. In practice, however, many compromises with
this ideal susceptibility criterion are required. One approach
to MRI magnetic compatibility is to make hybrid instruments
and devices using a combination of paramagnetic and dia-
magnetic materials such that the resultant device has the op-
timum overall susceptibility value. One difficulty with this
approach is the unavailability of diamagnetic materials with
large negative susceptibilities to balance the large paramag-
netic susceptibilities frequently encountered.

B. Induced magnetization and induced magnetic
fields

When an irregularly shaped object, e.g., a human being or
a surgical device, is placed in an initially uniform magnetic
field, B,= u,H,, it becomes magnetized and produces an
induced field which distorts the original field. Within the
object, the induced field opposes the applied magnetic field
and is known as H 4, the demagnetizing field. In the general
case, the induced magnetization varies from point-to-point
and is determined by the sum of the applied and the induced
magnetic fields. Precise calculation of the magnetization and
the total field perturbation involves a self-consistent solution
to a partial differential equation boundary value problem that
usually requires numerical methods,3-%61.63.66.68 many
practical cases this complicated procedure can be avoided:
The response of any ellipsoidal object, with uniform suscep-
tibility, placed in a uniform external field produces a uniform
internal field and magnetization which can be calculated by
using algebraic rather than differential equations. This result
is due to Poisson (1824). It is a consequence of the inverse
square law for the force between magnetic poles: It would
not be true for other types of force law. Spheres and cylin-
ders are special cases of ellipsoids and ellipsoids can be used
to approximate a wide variety of other shapes, ranging from
flat disks to needles. If the fields of an irregularly shaped
object are required, and if it is possible to find an ellipsoid
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that approximates the object’s shape. A simple, closed-form
first approximation to the induced fields can be determined
algebraically. Stoner*®! noted that, ‘“The ellipsoid is trouble-
some to deal with; but it is easier than anything else.”

C. Demagnetizing factors for ellipsoids

If a field is applied along a principal axes of an ellipsoid
and the susceptibility is isotropic, the induced internal field is
parallel to the applied field and is given by

Hdm= _CYM,

where «, the demagnetizing factor, is a shape-dependent
number between zero and one.’s'36% A general ellipsoid has
three distinct principal axes and the sum of the three demag-
netizing factors is always equal to one: The three principal
axes of a sphere are equivalent, and therefore, the demagne-
tizing factor for any direction must be 1/3. For cylinders
transverse to the applied field, @=1/2; and for long cylinders
parallel to this field, @=0. The total internal field H is uni-
form and is the sum of the applied field, Hy,=B,/u,, and
the demagnetizing field, Hg4,. Using M=yH and
B=pu,(H+ M) the total internal fields are given by

B=B,(1+x)/(1+ax),
HH=B,/(1+ay),
oM =B, x/(1+ ax).

For strongly magnetic materials, with xy>1, the internal B
field and the magnetization are independent of the suscepti-
bility and are determined only by the shape of the object. For
|x|<€1, M is parallel to the applied field and is equal to
xB,/ 1, ; independent of the shape of the ellipsoid. This is a
consequence of the fact that H, ,<€H, and, as a result, H g,
has a negligible effect on M. The internal B and H fields,
however, do depend on both the shape and susceptibility. If
the external field is not parallel to a principal axis, the field
within an ellipsoid is not parallel to the applied field even if
the susceptibility is isotropic. In this case the applied field
may be resolved into components along the principal axes
and the total field computed by vector superposition.

A general ellipsoid has three independent principal axes
and three different demagnetizing factors, but it is simple
and often sufficient to consider only ellipsoids of revolution:
They have two equal principal axes and, therefore, two of the
demagnetizing factors are equal. If the semimajor axis par-
alle] to the axis of revolution is b and the two perpendicular
semiaxes are a, the demagnetizing factors can be expressed
in terms of the aspect ratio, r=>b/a: for r=1 the ellipsoid is
a sphere; for r>1 it is a prolate spheroid; for r<1 it is an
oblate spheroid; for r>1 the ellipsoid is needlelike and ap-
proximates a long thin cylinder; for r<1 the ellipsoid is disk-
like and approximates a flat, circular plate. The demagnetiz-
ing factor for the direction parallel to the axis is ¢, and is
given by

a,=UT*(r/T log[r+T]—1) for r=1,
a,=1—(r/S)*(sin” [S)/(rS)—1) for r<1.
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FiG. 4. Demagnetizing factors for ellipsoids of revolution. a; is the demag-
netizing factor in the direction parallel to the axis of revolution and «, is the
demagnetizing factor perpendicular to this axis. The semiaxis along the axis
of revolution is b and in the transverse direction it is a:r=b/a is the aspect
ratio of the ellipsoid. For r=>5/a>1 the ellipsoid is needle-shaped and for
r<] it is disk-shaped: the approximate expressions for these limiting cases
are given by the dashed lines.

Here, T=(r>—1)"2 and S=(1 —rH)12. The limiting cases
are a,—1—7r/2 for r<1 and a,— 1/r*(log[2r]—1) for
r>1. The demagnetizing factors for the axes perpendicular
to the axis of revolution are a,=1/2(1— a,). These expres-
sions and approximations for the demagnetizing factors are
shown graphically in Fig. 4. Table X summarizes the demag-
netizing factors and internal fields for various ellipsoids of
revolution.
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The total susceptibility, x,,, of a dispersion of small fer-
romagnetic particles in a weakly magnetic matrix can be ap-
proximately estimated in terms of the volume fraction, f,
which is occupied by the ferromagnetic grains.'*® Because of
demagnetizing effects, the field H inside the grains is much
less than the applied field and the average susceptibility of
the whole specimen is y,,=fx/(1+ay), where y is the in-
trinsic susceptibility of the individual grains. For cases, such
as magnetite, which have y>1, x,,=f/a. If the particles are
approximately spherical, a=~1/3, and the volume fraction of
magnetic grains is estimated as f~yx,,/3. This implies that if
a MR-compatible ceramic with y=~—10 ppm, is contami-
nated with small magnetite particles occupying only 0.1% of
its volume, the susceptibility will be increased to approxi-
mately 3000 ppm.

D. Fields of magnetized circular cylinders and
spheres

The fields internal to an ellipsoid in a uniform external
field are given by the above formulas: The effects of the
induced magnetization on MRI, however, depend on the field
external to the ellipsoid. For an ellipsoid, of volume V and
magnetization M, the far field is simply that of a dipole with
a dipole moment of M'V. The effects of the induced fields are
largest near the object’s surface, however, and here the fields
cannot be expressed in terms of simple functions but instead
require ellipsoidal harmonics***~*%" which are not easy to
use. There are two special cases, spheres and circular cylin-
ders, for which both the internal and external fields can be
written in terms of simple functions: These expressions can

TABLE X. Internal fields and demagnetizing factors for ellipsoids of revolution. It is assumed that the applied field, B, , is not large enough to cause magnetic

saturation.
Circular cylinder Thin circular disk
B, B, B, B,
General ellipsoid perpendicular parallel perpendicular parallel
of tevolution Sphere to axis to axis to axis to axis
Demagnetizing a 1/3 12 0 0 1
factor
General case 1+x 3+3y 242y (1+x)B, (1+xB, B,
1+ay ° 3+x ¢ 2+x ¢
2
B i<t (1+(1-a)xB, 1+ ?")B,, (1 + i‘)ao (1+x)B, (1+X)B, B,
x>l Bja 3B, 28, (1+x)8, (1+x)8, B,
1 3 2 1
General —_ —_ B B, —
ere case 1+axB" 3+XB° 2+XB° ° 1+XB°
HH Y Ixi<t (1-ex)B, (1-%‘)3, (1+— B, 0 B, B,(1-x)
x>1 B,/(ax) 3B,/x 2B,/x o B, B,/x
X 3x 2x X
General case = B B, B
l+aXB° 3+XB° 2+x°° XZe X 1+x°°
wM g X<t XB, XB, XB, XB, xB, XB,
x>1 Bja 3B, 2B, XB, xB, B,
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Effects of Sample Shape, Orientation and Susceptibility
on the Static Magnetic Field

a) ‘ [__.
TBO
¢ —e®

b)

Static
Magnetic
Field
T

FiG. 5. Effects of sample shape, orientation and susceptibility. In the upper
panel a sequence of a long cylinder parallel to B,, a sphere, and a long
cylinder transverse to B, are indicated. The lower panel indicates the varia-
tion of the z-component of the resulting magnetic field along the line AA.
The susceptibility is negative and is the same for all three samples. The field
perturbation is determined by the sample shape and orientation, as well as
by the susceptibility.

serve as the basis for the analytic treatment of susceptibility-
dependent image artifacts for simple geometries:

(1) For circular cylinders transverse to B, (radius a: axis
along the y direction),
AB,=Ax/2B, inside the cylinder and
AB,=AxI2B,a*(z*—x")/(x*+z%)* outside the
cylinder;

a) Circular Cylinder
(axis perpendicular to Bg)

_AyBg Z-x

AB, 2 oded) or,

a8, = 2% (212 co'p-1)

(ii)  For circular cylinders parallel to B, (radius a; axis
along the z direction),

AB,=AxB, inside the cylinder and
AB,=0 outside the cylinder;

(iii)  For spheres (radius a) centered at the origin,
AB,=2Ax/3B, inside the sphere and
AB,=Ax/3B,a*(22% = x*—y)/ (x> +y? +2%) %2

outside the sphere.

In the above equations it is assumed that |x]<1. It is seen
that a long cylinder parallel to the applied field does not
perturb the external field at all. Figure 5 illustrates the im-
portant fact that objects of the same susceptibility produce
different field perturbations depending on both their shape
and their orientation with respect to the main magnetic field.
The contours of constant AB, for transverse cylinders and
spheres are shown in Fig. 6. Perspective plots of these func-
tions are shown in Figs. 7 and 8. Although, as mentioned
above, the external field of a general ellipsoid cannot be
found in terms of simple functions, the boundary conditions
on the surface of the ellipsoid (B, continuous at the poles, H,
continuous at the equator) can be used to find the maximum
(polar) and minimum (equatorial) values of the external field
for the general ellipsoid of revolution

ABEOle=BoA)(( 1—a)/(1+alAy)

and

b) Sphere

4B, = 2P0 (8)}(3 coe 1)

Fic. 6. Contours of AB, . Quantitatively accurate contours of AB,/(«AxB,) are shown for a cylinder transverse to B, (a), and for a sphere (b). For the
cylinder (a=1/2) the contour intervals are 0.2, and the range is from —1.0 to 1.0. For the sphere (a=1/3) the contour interval is 0.2 between —1.0 and 0.0,
and 0.4 between 0.0 and 2.0. Both objects produce fields that are negative in some regions (decreasing the applied field) and positive in others (increasing the
applied field). The spherical and cylindrical coordinates are defined in Fig. 9. For the cylinder, —AxB,/2 (equator)<AB,(x,y.z)< +AxB,/2 (poles). For the

sphere, —AxB,/3(equator)<AB_(x,y,z)<+2AxB,/3 (poles).
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a) Ay >0

b) Ay <0

F1G. 7. Perspective view of AB_ for a cylinder transverse to the applied magnetic field. The field is shown for Ax>0 (a) and for Ay<<0 (b). The cylinder axis
is parallel to the y axis. The field discontinuity at the surface is zero at the poles of the cylinder and is a maximum (AyB,) at the equator. If an MR imaging
slice is selected perpendicular to the y axis it will not be planar but will mirror the shape of the above surfaces.

AB;quamr: —B”a/A)(/( 1+ (XA)(),
and for Ay<I,
ABI™~B,(1-a)Ay and ABI"™'=~B,aly.

The total range of AB, when |x|<<1 is the difference between
the polar and equatorial values, AxB,, as indicated earlier.
The poles are defined as the points where the principal axis
parallel to B, intersects the surface.

E. Magnetic field lines

Magnetic field lines provide a convenient means of visu-
alizing the fields: For a uniformly magnetized trans-
verse cylinder the field lines can be calculated, using cylin-
drical coordinates, from the differential equation,
l/p dpldp=B /B ,=cos ¢fsin ¢. This is easily integrated to
give the equations of the field lines as p=c sin ¢, where ¢ is
a constant: These curves are circles passing through the ori-
gin and centered on the x axis at x=¢/2 and z=0. For mag-
netized spheres, the field lines are given, using spherical co-
ordinates, by the equation, 1/r dr/d6=B,/B,=2 cos

a) Ay >0

O/sin 6. This integrates to the equation for the field lines,
r=c sin® 6, where, again, ¢ is an arbitrary constant, The field
lines for spheres and transverse cylinders are shown in Fig.
9.

VI. SUSCEPTIBILITY AND MR IMAGE DISTORTION
A. Standard imaging techniques

MRI uses an intense, static magnetic field, B, (ordinarily
in the range from 0.02 to 4.0 T) in the z direction, a radio-
frequency field, B, perpendicular to z, and three indepen-
dent gradient fields to create image information. Ideally,
each of the three gradient fields has a z component which is
perfectly linear (i.e., proportional to x, v, or z) over the field
of view. The gradient fields are used to manipulate the fre-
quency and phase of the precessing spins as a function of
position. The frequency of the NMR signal arising from any
given point is proportional to the z component of the mag-
netic field at that point. In the ideal case,

B.=B,+G()x+G(1)y+G.(1)z.

FiG. 8. Perspective view of AB, for a cylinder parallel to the applied magnetic field. This field is shown for Ay>0 (a) and for Ay<<0 (b). The field is not
perturbed outside the cylinder. There is a uniform discontinuity in B (AxB,) at the cylinder’s surface. There is no image distortion outside the cylinder but
MR-active spins within the cylinder map to an offset z location (Az=AxB,/Gp).

Medical Physics, Vol. 23, No. 6, June 1996



837 John F. Schenck: Review article: Role of magnetic susceptibility in MRI 837

a) Circular Cylinder
(axis perpendicular to By)

48=2%8, (2 Tcos 0+ sin 03]
AB2 =0 along the lines

z=%x

b) Sphere

o

AB =%Bo(%)3[2mse?+ sin 0 6]

AB, =0 alongthelines
z=+-£.

V2

FiG. 9. Magnetic field lines. Quantitatively accurate field lines are shown (a) for a uniformly magnetized circular cylinder transverse to B, and (b) for a
uniformly magnetized sphere. Cylindrical coordinates (p?=x%+ 72, cos ¢=z/p, sin ¢p=x/p) are used in (a) and spherical coordinates (r>=x2+y2+z2, cos 8
=z/r, sin 6=(x>+y%)"*/r) in (b). Outside the cylinder the field decreases as 1/p%; outside the sphere the field decreases as 1/r>. In each case the locus for

AB,=0 is a pair of straight lines.

Here, G,(#)x, and so on, are the time-dependent values of
the gradient fields. These fields are applied as three indepen-
dent series of pulses with maximum amplitudes ranging from
10-40 mT/m (1-4 G/cm). In two-dimensional MRI the gra-
dients are used to select the slice to be imaged and to encode
position information into the phase and frequency of the MR
signal. In practice, B, is not perfectly uniform and the fields
of the gradient coils are not perfectly linear; however, to the
extent that these imperfections are fixed properties of the
imager, they can be calculated from the coil geometry. It is
then often possible to compensate in the reconstruction algo-
rithms for these known sources of imaging errors.

B. Macroscopic field perturbations and positional
accuracy

When objects, including the patient, with nonzero magnetic
susceptibilities are present in the imaging region, an addi-
tional, usually time-independent, magnetic field is present.
The z component of the total field is then given by

B, =B,+G,(1)x+G,(t)y+G (t)z+AB,(x,y,2),

where AB,(x,y,z) is the z component of the field produced
by the magnetization of the patient and whatever other ob-
jects are located within and adjacent to the region of imag-
ing. This field cannot easily be measured or predicted. It
depends on the position, size, shape, orientation, and suscep-
tibility of each object present. If the susceptibilities are
known, it can be calculated in closed mathematical form for
ellipsoidal bodies, and using numerical methods, it can be
calculated for bodies of general shape.’3>61:6366.68 The jm_
aging consequences of AB,(x,y,z) depend on its magnitude
and spatial extent in comparison to those of the gradient
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fields. Figure 7 indicates the effect of the field perturbation
on slice selection: The induced field can alter the thickness
and give a ‘‘potato-chip’’ appearance to the selected slice.
In most MRI pulse sequences the in-plane position infor-
mation is encoded by two different mechanisms: In the read-
out direction the position information is frequency encoded;
orthogonal to the readout direction the position information
is phase encoded. A discrete series of gradient pulses is used
to produce position-dependent phase shifts in the phase-
encoding direction. The field AB,(x,y,z) interferes with the
frequency encoding process but does not affect the imaging
results of the phase encoding; therefore, the induced field
distorts the image in the readout, but not in the phase-

TaBLE XI. Readout gradient (G) as a function of the field of view (FOV).
The quantity Ax=AxB,/Gp, is a measure of the susceptibility effect on
positional accuracy. It is tabulated assuming that Ax=9.05x107% and
B,=1.5T; Ax corresponds to ~4.6 pixels for each FOV.

FOV Pixel size Gg G AxB,/G,
(cm) (mm) (G/cm) (mT/m) (mm)

8 0.3125 0.941 9.41 1.44
16 0.625 0.470 4.70 2.89
20 0.7825 0.376 3.76 3.61
24 0.9375 0.314 3.14 4.32
32 1.25 0.235 2.35 5.78

*The bandwidth (BW) is taken as 32 kHz and GR=BW/(7FOV), where
y=42.58 MHz/T or 4.258 kHz/G. The total field variation across the FOV
is 7.52 G or 7.52%10™* T corresponding to a field change of 0.0294 G or
2.94X1075 T per pixel (N=256). For B,=1.5 T, f,=63.87 MHz, and the
fractional change of field is 501 ppm across the FOV, or, equivalently, 1.96
ppm per pixel. The frequency change across the FOV is BW=32 kHz and
across a pixel it is BW/N=125 Hz.
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FiG. 10. MR image of a straight cannula inserted into a specimen. A ceramic
zirconia (ZrO,) cannula (transverse to B, ; inner diameter, 2.10 mm; outer
diameter, 3.13 mm) containing a copper sulfate solution (1 g/l=1 kg/m®) is
inserted into the outer surface of a melon. The ceramic, the copper sulfate
solution, and the melon (approximately spherical) all have susceptibilities
close to that of water. In the lower panel, the readout gradient is perpen-
dicular to the axis of the cannula and the discontinuity of the induced field
of the melon at its surface creates a discontinuity in the image. In the upper
panel, the readout gradient is parallel to cannula axis, and although the
image of the cannula is foreshortened, the discontinuity is absent.

encoding direction. 1t is assumed here, as is ordinarily the
case in MRI, that the perturbation producing AB.(x,y.z)
does not change the immediate chemical environment of the
nuclei producing the NMR signal. If changes in chemical
bonding do occur, changes in the local Lorentz field*!"'#!
contribute to AB,(x,y,z).

Positions within the object to be imaged are represented
by x, y and z: x" and y' represent positions within the two-
dimensional image to be generated from the MRI data. The
signal frequency f, corresponding to the field value B, is
assigned the image position x’'=0, and the image position,
x’, is determined from the measured frequency, f, by the
formula

f=fo=Grx+AB (x,y,2)|= yGgx' or,
x'(x,y,2)=x+AB(x,y.2)/Gg,
and the position error, Ax=x—x"=AB_(x,y,27)/Gp.

It is assumed that the selected slice is perpendicular to the z
axis; that x is the frequency encoded or readout direction;
that y is the phase-encoded direction; and that the frequency,
f is within the receiver bandwidth. Gy is the strength of the
readout  gradient. Ideally, the extraneous field,
AB(x,y,x)=0, and the above formula then gives
x'(x,y,z)=x and Ax=0. However, if the presence of a for-
eign body results in AB,(x,y,z)#0, then x'(x,y,z) #x and
the image is distorted in the direction of the readout gradient.
The degree of distortion is determined by the ratio
AB /Gg~AxB,/Gy and can therefore be reduced by in-
creasing Gg or by decreasing B,. Because decreasing B,
decreases the signal-to-noise ratio in MRI this second option
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is not particularly useful. In the orthogonal direction, v, the
position information is developed from phase-encoding, G,
pulses: The image position, y', is not affected by AB. and
y' =y

To determine the impact of AB_(x,y.z) on the image it is
necessary to relate Gy to the imaging field of view (FOV)
and the receiver bandwidth, BW. The proton resonant fre-
quency is determined by the relation f=(y/27) B, where yis
the proton gyromagnetic ratio. Once chemical shift and sus-
ceptibility effects are accounted for, the best current value™*®
for y/2ar is 42.576375 MHz/T: For B,=1.5 T, the resonant
frequency is 63.865 MHz. The readout gradient, G, is re-
quired to produce a frequency variation equal to BW be-
tween spins at opposite edges of the FOV and therefore

Gr=27BWI/(y FOV)=(B,/FOV)(BW/f,).

At any point in the image a foreign object produces a posi-
tion error Ax=x—,r'=AB:(x,}',z)/GR. For ellipsoids with
Ayx<€1 it was shown above that the extreme values of
AB_(x,y,z) are AB™ ~ B (1 — a@)Ay and AB™ =
— B,aAx and the extreme possible values for AB.(x.y,:

are “AxB,,. Therefore, AxB,/Gy is a rough but convenient
measure of the maximum position errors produced when an
object of susceptibility Ay is present. This quantity, along
with G, is tabulated in Table XI as a function of FOV for
B,=1.5 T and Ax=9.05X10"% which corresponds to the
susceptibility difference between human tissues and free
space. For ellipsoids the extreme position errors are

Ax/FOV=(1—a)Axf,/BW (at the poles),

fiducial cylinders

XBD
Ax =
c GR
_22%B,
ax 3 Gy
Y Ax=2 Ax
(phase- s37E
encoding
direction)

—_—
(readout direction)

FiG. 11. Stereotactic test phantom. A test phantom to measure positional
accuracy can be constructed using an array of tubes containing a copper
sulfate solution; however, shape-dependent and susceptibility-dependent po-
sitional shifts affect the faithfulness of the image. The phantom utilizes. as
fiducial markers, four tubes, each a long cylinder parallel to B, at the
corners of a square and a sphere of the same solution centered in this array.
In object space the diagonals of the square intersect at the center of the
sphere as shown by the solid diagonal lines; the image positions of the
sphere and the cylinders, however, are shifted by different amounts because
of the difference in demagnetizing factors; the image of the sphere is shifted
only 2/3 as much as that of the cylinders. Therefore, in the image (dashed
lines), the diagonals drawn for the square array do not pass through the
center of the sphere.
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Image Distortion by Spheres and Cylinders
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FiG. 12. Image distortion by spheres and cylinders in spin-echo imaging.
The imaging plane is assumed to contain the direction of B,; it is perpen-
dicular to the axis of the cylinder and passes through the center of the
sphere; the radius of each object is a. The coarse dashed lines indicate the
image position for spins at the spherical or cylindrical surface in the absence
of field perturbation (Ax=0). In the presence of field perturbation spins just
inside the surface will map to the circular location indicated by the fine
dashed lines: Spins just outside the surface will map to the V-shaped solid
lines. T is a dimensionless measure of the image distortion; the functions
fo(x,z,a) (for cylinders) and f,(x,z,a) (for spheres) give the image distor-
tion in the z direction for spins just outside the perturbing object; there is no
distortion in the x direction.

Ax/FOV=—aAxf,/BW (at the equator).

For B,=1.5 T and BW=32 kHz, the gradients produce a
total field excursion of 7.52X10™* T (7.52 G) across the
FOV. Expressed as fractions of B, and f,, the variation of B
and f across the FOV is about 500 ppm and
(Ax/FOV),..~Ax/500 ppm. Typically, the FOV is divided
into 256 pixels, corresponding to a Af pre pixel of 12.5 Hz
per pixel or about 2 ppm of f, per pixel. If Axy<1 ppm, then
AB_../B, and Af,,./f, are also <1 ppm: In this case the
frequency and position errors are much less than one pixel
and are negligible. On the other hand, if Ay is larger, e.g.,
Ax=~500 ppm, position errors similar in size to the FOV can
occur and the induced field may push the MR frequency for
some regions outside the receiver bandwidth: Such regions
are not represented in the image.

Patients produce their own perturbing field but, of course,
they are not uniform ellipsoids. However, a rough estimate
of the spatial average of the induced internal field can be
made by taking a~1/4 for B, parallel to the long axis of the
body. This approach indicates that images of human patients,
with B,=1.5 T and BW=32 kHz, are displaced roughly

Medical Physics, Vol. 23, No. 6, June 1996

a) % radius = a
By
—
X AY
b) ! radius = 2a

=

radius = 8a

Fic. 13. Effect of cylinder diameter on the susceptibility artifact in spin-
echo imaging. For fixed imaging parameters (i.e., Gz, BW, and FOV) the
maximum image displacement at the sample surface, B,A x/(2Gy), is inde-
pendent of the radius (arrows). Calculated image distortions for three cylin-
ders (all with the same negative susceptibility and centered at the same z
location) with their axes perpendicular to B, are shown with fine dashed
lines for internal spins and continuous lines for the spins just outside the
cylinder. Smaller cylinders have greater apparent shape distortion.

1.4% of the FOV, i.e., 5.6 mm for a 40 cm FOV and 1.1 mm
for an 8 cm FOV, from the position that would result if
human tissues had precisely zero susceptibility. For N =256,
this corresponds to a shift of 3.6 pixels. This effect can be
readily demonstrated, using a conventional imager, by
changing the sign or direction of the readout gradient, and
observing the resulting shift in image position.

In the presence of field perturbations, AB,(x,y,z), spatial
relations present in the object are not necessarily maintained
in the image. This distortion can arise from shape-dependent
demagnetizing effects even when all the objects have the
same susceptibility (Figs. 10 and 11). Under ideal circum-
stances MRI should be able to determine position informa-
tion for image-guided stereotactic surgery to within the lim-
its set by the slice thickness and the pixel size. Position
errors associated with susceptibility effects must be consid-
ered to achieve this ideal level of accuracy. However, sus-
ceptibility effects are not the only source of position errors in
MRI. The inhomogeneity of B,, the nonlinearity of gradient
fields and the presence of eddy currents associated with gra-
dient switching, also affect the positional accuracy.

C. Image distortion

Objects with different shapes, but the same susceptibility,
distort the image differently (Fig. 5). The perturbation fields
produced by ellipsoidal objects (e.g., spheres and cylinders)
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Fic. 14. Spin-echo (SE) images. Alumina (left) and air in a test tube (right)
each have susceptibilities differing by about 10 ppm from that of water but
the signs are opposite: air is paramagnetic and alumina is diamagnetic with
respect to water and the circular cross sections of these two objects are
distorted in opposite directions along the readout direction (horizontal). Be-
cause of refocusing in the spin-echo technique the distortion in the long
echo (Tz=40 ms) in the bottom panel is no greater than in the short echo
(Tz=12 ms) in the top panel. The imaging parameters for Figs. 1419 are
B,=15T, FOV=20 cm, T{=1000 ms, slice thickness=3 mm, and imaging
matrix=256X256. The cylinder orientation and field direction are as in Fig.
12.

will be uniform inside the object and the image from any MR
signal originating inside the object will be translated but not
distorted. An image through a circular cross section of an
ellipsoid of revolution is a translated circle superimposed on
the image of the external spins (Fig. 12). If, as is often the
case, there are no mobile protons inside the ellipsoid, there is
no signal from the interior. The spins just outside the ellip-
soid’s surface do not map in a continuous fashion with those
just inside this surface because of the surface discontinuity of
the perturbed field (Figs. 7 and 8). Therefore, the image pro-
duced by spins immediately outside an object of circular
cross section is not circular, but is elongated in a spear-
shaped (or, alternatively, a V-shaped or chevron-shaped)
fashion. If Ay is not too large the image is simply distorted;
if Ay is large enough, by an amount which depends on the
size and shape of the object, signals from spins near the
object are mapped to the same image location as distant
spins and some regions of the image become double
exposures, 3

The exact shape of the distorted boundary depends on the
demagnetizing factor and is somewhat different for trans-
verse cylinders and spheres (Fig. 12). Because AB, is nega-
tive in some regions and positive in others, (Fig. 6) there are
some regions which map toward increasing values of x and
others which map toward decreasing values of x: Also there
are locations, with AB,=0, where the image position is not
affected by the induced field. The degree of apparent distor-
tion for objects of similar shape and susceptibility depends
on their size. The image displacement in the readout direc-
tion is fixed and is independent of the object’s diameter (Fig.
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FiG. 15. Gradient-recalled echo (GRE) images. The configuration and im-
aging parameters are as in Figs. 12 and 14. The flip angle is 90°. Unlike
spin-echo imaging, there is no radio-frequency refocusing in GRE imaging
and, as a result, the long echo image (Tz=100 ms) in the lower panel is
more degraded than the short echo image (7z=20 ms) in the upper panel.

13). Therefore, under fixed imaging conditions, small objects
appear to be relatively more distorted than similarly shaped
larger objects.

VIl. MRl OF MAGNETICALLY COMPATIBLE
MATERIALS

Susceptibility information is not readily available for
many materials that are potentially useful in MR-guided sur-
gery. Therefore, the image distortion produced by several of

Fic. 16. Magnetic field distortion. The imaging effects of two engineering
thermoplastic polymers that show excellent susceptibility matching to water
are shown in the lower panel, acetal (left) and PEEK (poly-ether—ether—
ketone—right). The upper panel shows the distortion caused by aluminum
(left, Ax=30 ppm) and tungsten (right, Axy=86 ppm). These are spin-echo
images with T;=12 ms.



841 John F. Schenck: Review article: Role of magnetic susceptibility in MRI 841

FiG. 17. Magnetic field distortion. The upper panel shows the effect of the
thermoplastic polymer polysulfone which has a good susceptibility match to
water (left) and of quartz which has Ay=—7 ppm. The lower panel shows
the oppositely directed effects of bismuth (Ay=—155 ppm) and titanium
(Ax=191 ppm). These are spin-echo images with Tz=12 ms.

these materials was investigated using a commercial MR im-
ager (SIGNA, General Electric, Milwaukee, WI). Cylindrical
samples (12 to 19 mm in diameter), and transverse to the
main magnetic field (1.5 T), were placed in a water bath
doped with copper sulfate (1 g/1=1 kg/m3) and were imaged
in a plane perpendicular to the cylinder axis using either

Fig. 18. Magnetic field distortion. The upper panel shows severe image
distortion produced by a cylinder of ‘‘nonmagnetic’’ stainless steel (303).
The bottom panel shows the extreme effect of a cylinder of cobalt powder.
Cobalt is ferromagnetic and the sample experienced strong forces within the
magnet and required careful mounting to restrain it; it produces a huge field
perturbation and, except along the lines at =45° which have AB_ =0, most
of the NMR signal is outside the receiver bandwidth. These are spin-echo
images with 7;=12 ms.
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F1G. 19. Magnetic field compatibility of zirconia. This wooden-handled ce-
ramic zirconia hammer (Coors Ceramics, Golden, CO) has the normal
strength required for this application: A steel hammer would be impossible
to image. However, the zirconia susceptibility is sufficiently close to that of
water that even in gradient-echo images (90° flip angle, T;=20 ms in the
upper panel and 60 ms in the lower panel) no distortion from the ceramic
hammerhead is detected. Some effect of the wooden handle is apparent in
the longer echo image.

conventional spin-echo®® (SE) or gradient-recalled echo®®

(GRE) techniques. None of the samples was itself a source of
MR signal. Samples with the same susceptibility as water
produce an undistorted image; simply a dark circle in the

Fic. 20. Ferromagnetic surface contamination. A cylindrical copper rod
(length 8 cm, diameter 1.91 cm), perpendicular to B, is imaged while im-
mersed in a water bath. Initially (upper panel) the imaged surface appears
rough and uneven, but after a thin layer of the surface is machined away
(lower panel) the surface roughness is absent. The probable explanation is
that the rod initially had small fragments of ferromagnetic iron or steel
embedded in its surface left over from the manufacturing process; this con-
tamination is removed by the surface machining. The susceptibility of non-
magnetic materials is easily overwhelmed by small amounts of ferromag-
netic contamination.
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TaBLE XII. Materials magnetically compatible with MRI. When examined
by MRI these materials exhibit varying degrees of magnetic compatibility.
The susceptibilities are based on published data when available and other-
wise on measured image distortions. Materials in the first group produce
essentially no image abnormality on either spin-echo or gradient-echo im-
aging. Materials in the second group produce noticeable image distortion,
but for most applications it would not be significant. Materials in the third
group produce obvious artifacts, but would still be acceptable for many
applications.

Group 1.|Ax{<3 ppm

Nylon Vespel (acetal)

Silicon nitride (Si;N,) Zirconia (ZrO,)

Teflon Plexiglass

Polysulfone PEEK (poly-ether—ether~ketone)
Magnesia (MgO) Wood (birch/maple)

Steatite Copper

Carbon fiber composites®

Group 2.}Ax|<10 ppm

Alumina (A1,05) Quartz (Si0,)

Silicon Lead
Air Zine
Brass

Group 3.]Ax{<200 ppm

Titanium Tantalum
Molybdenum Zirconium
Tungsten Bismuth
Graphite (polycrystalline) Aluminum

Carbon fiber composites®

*Applied field parallel to graphite atomic planes.
®Applied field normal to graphite atomic planes.

uniform background provided by the water bath. If
AX= Xsampie — Xwarer 70, the applied static field is perturbed
and the image is distorted: The degree of distortion provides
an estimate Ay.”** This method can be used to quickly
evaluate the magnetic compatibility of any material proposed
for use in MR-guided surgery.

In SE images the expected circular sample outline is dis-
torted into a spear-shaped figure pointing in the direction of
the readout gradient. For materials, such as as air and alu-
mina, for which Ay is similar magnitude but opposite in
sign, the orientation of the spear artifact is reversed (Fig. 14).
In SE images, the 180° radio-frequency pulse refocuses spins
that have been dephased by field inhomogeneities and, as a
result, the distortion of these images does not increase as a
function of echo time® (Fig. 14). Refocusing radio-
frequency pulses are not used in GRE images and, as a re-
sult, for these images the degradation worsens as the echo
time increases (Fig. 15). Figures 16—19 illustrates the image
distortion produced by several different materials.

Minute contaminations by ferromagnetic substances can
drastically alter the susceptibility of a magnetically compat-
ible material. Copper has a magnetic susceptibility very close
to that of water: Figure 20 shows images of a copper rod
immersed in water. Visual inspection of the rod showed no
evidence of surface contamination, but MR images taken
prior to removing a thin layer of the surface indicate the
probable presence of contaminating iron or steel particles
introduced during the manufacturing process. Many ceramic
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materials incorporate an inert binding material, such as clay,
in the manufacturing process. It is found that ceramic silicon
nitride provided by some vendors has an almost perfect sus-
ceptibility match to water, while that from other vendors is
markedly paramagnetic, probably as a result of minute quan-
tities of iron oxide incorporated in the binding material.
Magnetic susceptibility is not ordinarily specified during ma-
terial acquisition; this opens the possibility of lot-to-lot
variations in samples from a given vendor as well as varia-
tions from one vendor to another.

Several materials produce images with essentially no de-
tectable distortion and for these materiais Ay is estimated to
be less than 3 ppm (Table XII). These materials are expected
to be magnetically compatible with any MRI sequence likely
to be used in surgery. Particularly significant in this group of
materials are ceramics, such as zirconia and silicon nitride,
which produce no detectable image degradation and have the
potential of being fabricated into very strong instruments.
The biocompatibility of zirconia has been extensively
studied.’’! =37

Viil. MICROSCOPIC SUSCEPTIBILITY
INHOMOGENEITIES IN TISSUES

Variations in the susceptibility that occur over small dis-
tances, a few microns or less, affect MRI differently from the
large scale, macroscopic variations in y discussed above.
Diffusion of water molecules through microscopically inho-
mogeneous fields®*~'* leads to a dephasing of nuclear spins
that is not cancelled by the use of spin echoes. This results in
an irreversible loss of signal and a decrease in the transverse
relaxation time, 7,. Each water molecule diffusing through a
microscopically inhomogeneous region experiences a fluctu-
ating magnetic field that varies rapidly with respect to T but
slowly compared to 1/f,: The result is a decrease in T, with-
out a corresponding decrease in 7. During a time, ¢, mol-
ecules diffuse an average distance d=y(6Dt), where D is
the diffusion constant. For water in tissues diffusion is re-
stricted by the presence of macromolecules and membrane
barriers at the subcellular level and, D is approximately
1.2X107° cm?/s, which is about one-third of its value in pure
water. The susceptibility-enhanced relaxation is determined
by the amount of dephasing that occurs during the time, 7,
that elapses between the excitation pulse and the data acqui-
sition. In MRI, T is normally in the range from 10 to 200
ms. For T;=50 ms the expression above gives d=19 mi-
crons: A distance much larger than the 2—3 micron diameter
typical of blood capillaries and also larger than many typical
cells, Therefore, during a T interval each water molecule
diffuses over a region comparable in size to the cellular vol-
ume and experiences whatever magnetic field fluctuations
exist there.

If the variations of y are on a coarse scale (>(6DTg),
the AB,(x,y,z) that is experienced by a given nucleus is
effectively constant during the Ty interval. In this case, the
phase error is cancelled by the 180° B pulse used in spin-
echo imaging, and there is no signal loss caused by inhomo-
geneity effects. If the inhomogeneities are on a fine scale,
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<J(6DTy), different perturbing fields are experienced be-
fore and after the the 180° pulse, and the phase errors are not
completely cancelled by the 180° pulse. Because of the ran-
dom nature of the diffusion process, the excess phase varies
from nucleus to nucleus, leading to an overall loss of signal.
Therefore, variations in susceptibility on a microscopic scale
produce field variations proportional to AxB, and the result-
ing MR contrast mechanism is more prominent at higher
field strengths. This mechanism has been proposed to explain
the short T, values characteristic of tissues containing trabe-
cular bone, such as the vertebral bodies; of tissues, such as
liver, spleen, and the basal ganglia that contain intracellular
deposits of iron stored in ferritin and hemosiderin; and, in the
field of functional MRI, of tissue contrast associated with
deoxyhemoglobin in the microcirculation.

IX. SUMMARY

The magnetic susceptibility of human tissues and other
materials is important to MR-guided surgery and to many
other applications of MRI. The quantitative analysis of
susceptibility-dependent effects is hampered by the lack of
published information on many materials and by traditional
inconsistencies in the conventions used to report susceptibil-
ity data. The range of susceptibility values acceptable for
instruments that are to be used for MR-guided surgery de-
pends on the stringency of the application. MRI magnetic
compatibility of the first kind refers to the absence of signifi-
cant forces and torques on devices used within and near the
magnet; MRI magnetic compatibility of the second kind re-
fers to the absence of significant image degradation when
devices are present within the imaging region. The suscepti-
bility of human tissues is restricted to a very small range.
However, microscopic susceptibility variations of only 2
ppm or even less, particularly at high field strengths, over
regions comparable to a diffusion length, produce easily de-
tected signal losses; macroscopic variations on the order of 9
ppm can create position errors in the mm range.

By use of MR imaging, a number of materials have been
identified that produce almost no discernible image deterio-
ration, even when they are located within the object being
imaged and, even when gradient-echo imaging, which is spe-
cially sensitive to field inhomogeneities, is used. It is likely
that further study will disclose a number of materials, such as
ceramics, thermoplastic polymers and composites that have
excellent susceptibility matches with human tissues and that
provide a wide range of desirable electrical conductivity, me-
chanical strength, biocompatibility, and other properties.
Magnetic susceptibility is not ordinarily tightly controlled
during manufacturing processes and the magnetic properties
of materials with very small susceptibilities can be strongly
modified by minute quantities of ferromagnetic contami-
nants: MR imaging itself is a useful method of quality con-
trol for materials which must meet stringent susceptibility
criteria.
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