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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,0,) can maintain permanent magnetic moments
over geological time spans.'36!% 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 MRI 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 II). 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 magnet 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
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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

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

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
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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
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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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