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A magnetic resonance imaging method is described for measur-
ng the magnetic susceptibility difference between two homoge-
eous macroscopic compartments in contact with each other. A
oundary condition is derived for the interface of the two com-
artments. This boundary condition predicts that across the in-
erface there is a resonant frequency jump, which is a function of
nterfacial orientation relative to B0 field and the difference in
usceptibility of the two sides. Based on this relationship, the
agnetic susceptibility difference between two materials can be

btained from MR gradient echo imaging using signals from both
ides in the vicinity of the boundary. This method is demonstrated
y solution phantom experiments. © 1999 Academic Press

Key Words: magnetic resonance imaging; magnetic susceptibil-
ty; boundary condition.

Measurements of tissue magnetic susceptibility have im
ant medical applications. Brittenhamet al. showed that live
usceptibility measurement by a superconducting quantu
erference device (SQUID) can be used to evaluate iron
oad (1). Iron overload occurs in a variety of diseases (2, 3) and

ay lead to organ failure and death. In humans, there
athway to excrete excess amount of iron in the body and

ron is stored in the liver, heart, bone, and various other org
lthough numerous papers have been published correlatin

issue iron level with nuclear spin relaxation rates 1/T1
/T2, iron levels obtained from susceptibility measured by
QUID have been considered by many experts to be

eliable. The ability to quantify tissue magnetic susceptib
n vivoby MRI will lead to the development of new techniqu
or the measurement of tissue iron concentration. MRI ca
eadily applied to the heart and other organs where inform
f tissue iron levels is important but so far has been elusi
linicians.
For decades, NMR spectrometers have been used to me

he susceptibility of solutions. In these measurements

1 To whom correspondence should be addressed. E-mail: wang@
hop.edu.
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olution is contained in a specially constructed tube so tha
agnetic field within the sample is uniform, and the relat

hip between the NMR frequency shift and susceptibilit
nown. MR imaging is able to map out spatial distribution
he magnetic field and can be used to measure the ma
usceptibility of materials in a more flexible manner (4, 5).
owever, most published work either requires that the sa
as a regular shape for which the pattern of field distributio
nown or invokes complicated mathematical analysis to c
ute the field distribution for a system with an irregular sh

n the in vivo measurement of human organs such as liver,
ossible to calculate the magnetic field distribution induce

he organ provided that its geometry is determined (6). How-
ver, the computation involved is tedious, and the resul
uman studies have not been reliable. This paper describ
RI susceptibility measurement method which takes ad

age of a resonant frequency discontinuity at the inter
etween two materials, each having observable MR signal
usceptibility difference between the two materials can
btained using data obtained from the vicinity of the inter
ithout knowing all details of the sample geometry.
Since the resonant frequency depends both on the vo
agnetic susceptibility and on the static field in the magne

requency shift due to susceptibility can be measured by
aring the frequency of the material under investigation

hat of a reference material. The approach described
ocuses our attention on the interfacial regions only.
oundary conditions of the Maxwell Equations determine
ifference of magnetic field across the interface. Therefore
usceptibility difference between two materials can be obta
rom the difference in resonant frequency across the inte
ithout the knowledge of the field distribution in other regio
he only geometric information needed is the angle betw

he interface and the external magnetic field.
Consider two homogeneous compartments in contact

ach other labeled as “1” and “2” (Fig. 1), each containin
olution or soft tissue. The static magnetic fieldB is along the

ail.
0
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direction, and the interface normal direction is denotedn. The
ngle betweenn andB0 is u. The interface tangential directio

n the plane determined byB0 andn is denotedt. According to
he boundary conditions of the Maxwell Equations, theB field
long n, and theH field along t, across the interface is co

inuous. That is,

Bn1 5 Bn2 5 Bn [1]

Ht1 5 Ht2 5 Ht. [2]

heB andH in Eqs. [1] and [2] are the macroscopic fields,

B 5 H 1 4pM [3]

M 5 xH . [4]

ere M is the magnetization andx is the volume magnet
usceptibility (7). Sincex is very small (x ! 1), we are justified
o ignorex2 terms and derive a linear relationship. Theref
e can assumeM i (i 5 1 or 2, for the two compartments)
e in thez direction. Thez component of theB field can be
xpressed in terms ofBn andBt (the tangential component

he B field) for compartments 1 and 2 at the interface,

Bzi 5 Bncosu 1 Btisin u ~i 5 1, 2!. [5]

n Eq. [5],Bti can be expressed in terms ofHt andM i projected
long the tangential direction:

Bti 5 Ht 1 4pMisin u ~i 5 1, 2!. [6]

ubstitute Eq. [6] into Eq. [5] and obtain

B 5 B cosu 1 ~H 1 4pM sin u !sin u ~i 5 1, 2!. [7]

FIG. 1. A sketch of compartment interface. The curved line represen
oundary between compartment 1 and compartment 2. The static ma

ntensityB0 is along thez direction, and theB field along the interface norm
irection is denotedBn. The angle betweenn and B0 is u. The interface

angential direction in the plane determined byB0 andn is denotedt, and the
agnetic field along the tangential direction isH t. The vectorsn andt are not

hown in the figure.
zi n t i
,

rom Eq. [7], it is easy to show that the difference in thz
omponent of theB field in the two sides of the boundary

DBz 5 4p sin2uDM. [8]

ere DBz 5 Bz2 2 Bz1, DM 5 M 2 2 M 1. The resonan
requency of the nucleus spin,v, is determined by the loc
eld B local experienced by the spin,

v 5 gBlocal/ 2p. [9]

local is different from the macroscopic fields in Eqs. [1]–[
he relationship of the macroscopic field and local field ca

ound in standard textbooks (7). The same relationship hol
or solids with well-defined crystal structures and liquids
oft tissues where the motion of molecules is completely
om. The local field is obtained by correcting the macrosc
eld with a Lorentz term2(8p/3)M (4):

B local 5 B 2
8p

3
M . [10]

lthough the difference between the local field and the m
oscopic field may seem difficult to explain at first glance,
10] can be understood in very simple terms. The local

local can be divided into two parts, a near field contribution
far field contribution. The near field arises from molec
ithin a sphere centered at the nuclear spin (the so-c
phere of Lorentz) and sources outside the sphere contrib
he far field. The far field contribution is a macroscopic fi
ccurately described by the equations of macroscopic fiel

s the near field contribution which needs to be reevalu
ccording to the macroscopic field model, a uniformly m
etized sphere contributes to its center a field of (8p/3)M .
owever, the true near field contribution from molecules
ide the Lorentz sphere to the center of the sphere is
herefore, a term2(8p/3)M needs to be added to the mac
copic field to obtain the local field.
From Eqs. [8]–[10], and consideringM ' xB (becausex !

), it is straightforward to derive the relationship between
ifference of susceptibilityDx 5 x2 2 x1 and the difference i

requency shiftDv 5 v2 2 v1 across the boundary:

Dv
v0

5
4p

3
Dx~1 2 3 cos2u !. [11]

erev0 is the radiofrequency carrier frequency. Equation
mplies that the change in frequency across the interface o
s a sudden jump. In this derivation we did not include eff
f the hyperfine shift (8) which comes from the Fermi conta

nteraction between unpaired electron spin and nucleus (9) in
olvent. To include the effects of the hyperfine shift, Eq.
an be modified by adding to the right-hand side au indepen

e
tic
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ent term which is proportional to magnetic solute conce
ion:

Dv
v0

5
4p

3
Dx$~1 2 3 cos2u ! 1 Shs%. [12]

hs can be determined experimentally by studying theu depen
ence ofDv/v0.
The size of the frequency jump across the interface is

ermined only by the properties of magnetic media at
urface. Field sources not in the vicinity of the surface p
ontribute to the field on both sides of the surface, but
ontribution is continuous across the surface. This is why
oundary condition Eq. [12] depends only on the orientatio

he surface and the difference of susceptibility of the two s
or a homogeneous ellipsoid of revolution placed in unif
xternal magnetic field, analytical solutions of the magn
eld exist (8). A point on a smooth surface can always
haracterized by two principal curvature radii along two
hogonal directions. Therefore, the behavior of the field
urface is similar to that near a ellipsoid of revolution. T
urvature of the surface determines the gradient of the ind
eld and larger curvatures (smaller curvature radii) will ind

stronger field gradient. However, Eq. [12] remains v
hen the surface is curved. A good example is a sphere w

s the simplest special case of an ellipsoid, and the validi
q. [12] can be directly verified. For a uniformly magneti
phere in a homogenous external field, the induced fie
niform inside the sphere but behaves as a dipole field ou

he sphere, with a radial spatial dependence of 1/r 3 away from
he center.

A MRI measurement of magnetic susceptibility can be m
ased on Eq. [12]. Several conditions need to be fulfilled

his relationship to be valid in an imaging study. First of all,
uggedness of the surface needs to be negligible. We
equire the length scale of local ruggedness to be smaller
he image pixel size. This condition is satisfied for our inten
n vivo applications because organs usually have smooth
aces. Second, assuming the surface is smooth, the relatio
q. [12] is exact only for locations infinitely close to t

nterface due to the nature of a boundary condition. When
urvature radii of the interface are much larger than the im
ixel and assuming shimming is favorable, the magnetic
ear the interface does not change significantly near the

ace and Eq. [12] is a good approximation for pixels near
oundary. When significant curvatures exist for the surface
eld near the interface is expected to change significantly
eld value at the interface may be extrapolated from pi
ear the surface, and Eq. [12] may be used with the ext

ated boundary values to measure the susceptibility differ
f the two compartments. This method may be suited
usceptibility measurement of various organs and tissuin
ivo.For example, susceptibility of the heart may be meas
-
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sing intercostal muscle as reference, which has a constan
evel. An external reference, such as a bag of water, ma
sed to study surface regions of the human body. Of co
ccurate measurement of the susceptibility difference by
ill become increasingly difficult when the surface curvatu
ecome larger.
In practical measurement, it is often unavoidable that the
thin layer of a third tissue or material in between the

ompartments of interest. This layer will have some effec
he outcome of the measurement. However, if the layer is
nd the magnetic field does not vary significantly across

ayer, the continuity conditions ofBn and Ht in the two
ompartments of interest remain valid despite the presen
thin layer, and Eq. [12] may still be a good approximat
e have carried out a calculation for an infinitely long cy

rical shell with the long axis perpendicular to the unifo
xternal magnetic field to mimic the situation of the CuS4

olution experiment described later. We used outer radiusr 2 5
.0 cm and inner radiusr 1 5 3.9 or 4.0 cm, which correspon

o shell thickness 1 and 0 mm, respectively. We assumed
he space outside of the cylinder was filled with a refere
olution withx3 5 0.003 1026. Inside the cylinder we have
olutionx1 5 1.003 1026, and there is no hyperfine shift
ither side. The MR frequency differences betweenr 5 r 2 and
5 r 1 at differentu values were calculated analytically. W

hus obtained a simulatedu dependence ofDv/v0. A least-
quares curve fit of Eq. [12] on the simulated data allowe
o calculate the measuredx1 andShs for different shell suscep
ibility x2. The result of the calculation is listed in Table

hen the wall thickness was zero, error free results w
btained. The presence of a wall with finite thickness in
uced error in bothx1 andShs. The error also depended on
usceptibility of the wall. In Table 1, the largest error
ssociated with the shell susceptibility most different f

hose of the two compartments. Based on these calcula
e may expect that systematic errors may be tolerable fin
ivo cardiac iron measurements using intercostal muscle
eference.

Many techniques have been described for measuring
etic field. The use of phase to measure change in susce

TABLE 1
Effects of Shell with Finite Thickness on the Measured Suscep-

ibility for an Infinitely Long Cylindrical Shell Perpendicular to
xternal Magnetic Field

Shell thickness
x2 (susceptibility

of the shell) Calculatedx1 CalculatedShs

0.0 mm — 1.003 1026 0.00
1.03 1026 1.003 1026 0.00

1.0 mm 0.03 1026 0.953 1026 20.03
21.03 1026 0.903 1026 20.05

Note.See text for detail and other parameters.
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ty has been reported previously (10). In particular, the phas
ontrast method or modified Dixon method has been often
o measure changes inB0 or resonant frequency based on
hange of phase of the signal (11, 12). Normally the phas
hange is converted to intensity contrast but would give
qually accurate answer as phase signal. In addition, the
xperiment could be performed using image tagging met
13). However, for our intended application, the use of ph
mage acquired with a gradient echo pulse sequence for
itation is appropriate. The implementation of the pulse
uence is very simple. Compared with the Dixon method,
et of gradient echo images is sufficient because we are
oncerned about the phase difference. Furthermore, the r
re independent of T1 and T2 relaxation times, which
nown to change drastically for tissue overloaded with iro
Solution phantom experiments were carried out to verify

heory. All MR studies were performed on a Siemens Ma
om Vision 1.5 T whole body clinical MRI scanner (v0 5 63.6
Hz) using a circularly polarized extremity coil. All samp
ere at room temperature (21°C). Experiments were

ormed using gradient echo imaging techniques, which do
efocus phase changes caused by field inhomogeneity.
mplitude and phase images were recorded.
The first experiment verified both the size and angular de

ence ofDv/v0 across the interface predicted by Eq. [12]. T
xperimental setup used a phantom with two compartments

aining water and copper sulfate solution, respectively. Soluti
uSO4 (0.3 M) in a thin cylindrical plastic bottle (wall thick
ess5 1 mm, outer diameter5 80 mm) was immersed in a wa
ath, with the bottle axis along the vertical direction (y axis).
ulti-slice gradient echo images (TR5 10 ms, TE5 4.2 ms with
symmetric echo, flip angle5 8°, field of view5 200 mm, slice

hickness5 5 mm, matrix size 2563 256, 12 slices with numbe
f average5 25) were acquired in thexzplane.
The image data were transferred to a SUN SPARC w

tation and processed by home written software using
Research System Inc., Boulder, CO). Because of the u
symmetric echo, the phase images have a linear phase
his phase ramp was first removed as follows. The com
ata were reverse Fourier transformed back into thek-space
hek-space data were shifted so that the peak signal was
enter. Thek-space data were then transformed back into
mage space. The phase maps were obtained from the i
ary part of the logarithm of the complex images. The ph
anged from2p to p in the phase maps. However, the ph
hanges due to the susceptibility effects were larger than
ange, and consequently phase wrap-around remained a
em. Software was again used to make necessary adjust
o correct the phase wrap. The algorithm is as follows:
oftware compares the phase image data matrix along
irection, pixel by pixel. When it finds that the phase differe
etween the two adjacent pixels is greater than a thre
alue (we can “arbitrarily” assign this threshold value) suc
.5p, it added 2p to all other pixels beyond this pixel. Sim
ed
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arly, the software subtracts 2p from all other pixels beyon
his pixel, if they differ by21.5p.

Water proton signal phase jump across the interface
easured foru from 0° to 90° in 15° increments. The softwa

otated the images byu input by the operator, so that t
esultant image has a horizontal interface for the poin
nterest. The software allowed the operator to define the
ion of tissue interface by a mouse, based on the image
layed on the computer screen. Then the computer mous
sed to select the regions on both sides of the interface w
ata were used for analysis. Typically, one region wa
ectangular box (2 pixels3 8 pixels) with long axis along th
angential direction of interface. A second-order polynom
as used to fit the data points in both regions and extrapo
phase jump valueDf across the interface. The difference

esonant frequencyDv was calculated fromDf/(2p z TE). For
ach angleu, Dv was averaged over values obtained in
lices. The frequency differenceDv across the interface b
ween water and the copper sulfate solution was then eval
t different u values. Figure 2 showsDv/v0 versusu. The
ircles represent experimental data and the solid line is
ained from the least-squares estimation using Eq. [12].
east-squares estimation resulted in a mass magnetic sus
ility of xM 5 1.39 3 1023 cm3/mol for solute CuSO4 and a
yperfine shift ofShs 5 0.074. The resulting susceptibil
greed well with a mass magnetic susceptibility ofxM 5
.333 1023 cm3/mol for CuSO4 (14).
Our intended practical application is to measure tissue

evels. Most of the tissue iron is stored in the form of ferr
nd hemosiderin. Therefore, in the second experimen

ested the theory on a ferritin solution.
A phantom was constructed which contained, in two c

FIG. 2. Experimental verification of Eq. [12] using a phantom with t
ompartments, containing water and copper sulfate solution, respectivel
ircles represent experimental data and the solid line is obtained fro
east-squares curve-fit using Eq. [12]. The least-squares estimation resu

mass magnetic susceptibility ofxM 5 1.393 1023 cm3/mol for solute CuSO4
nd a hyperfine shift ofShs 5 0.074.
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artments, water and ferritin solution, respectively. Ho
pleen ferritin solution (Sigma, 1400 iron atom per ferr
olecule) was diluted to 1.2 mg Fe/mL. The solution

ontained in a weighing boat which was positioned ab
ater. Thus a flat interface was created in thexz plane (u 5
0°). Transverse gradient echo phase and amplitude im
TR 5 40 ms,TE 5 10 ms, flip angle5 15°, fov5 128 mm,
lice thickness5 3 mm, matrix size 2563 256) was acquire

n the xy plane (Fig. 3). The discontinuity of the reson
requency at the interface is apparent in Fig. 3. The phase
etween the two compartments wasDf 5 130° (Fig. 3b) for
5 90°. Ignoring the hyperfine shift, we deducedxM 5 1.133
024 cm3/g Fe, which agreed well with a literature value
.163 1024 cm3/g Fe for ferritin (15).
We introduce a magnetic resonance imaging method to

ure the difference of volume magnetic susceptibility of
aterials in contact with each other. One material with kn

usceptibility may be considered as a reference in order to o
he susceptibility of the second material. This method is

FIG. 3. Experimental verification of Eq. [12] using a phantom with t
ompartments, containing water and ferritin solution, respectively. (a) sh
ortion of the phase image. The water in the figure spans 6.7 cm from
ight. The phase for regions outside the phantom is set to zero. A second
olynomial has been added to the phase image to remove the variations

actors not related to the interface. The bright vertical line in (a) indicate
ocation of the phase profile in (b). There is a 130° phase jump at the inte
etween water and ferritin solution in (b), corresponding toxM 5 1.133 1024

m3/g Fe for ferritin iron.
e

s
e

es
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ompared with previous techniques in that data analysis utili
oundary condition derived from the boundary conditions o
axwell Equations. Contributions from materials away from

nterface do not need to be considered explicitly. The experi
al results presented here demonstrate that the method is va
olutions. Future work will test the validity of this method
iological tissues overloaded with iron.
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