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A magnetic resonance imaging method is described for measur-
ing the magnetic susceptibility difference between two homoge-
neous macroscopic compartments in contact with each other. A
boundary condition is derived for the interface of the two com-
partments. This boundary condition predicts that across the in-
terface there is a resonant frequency jump, which is a function of
interfacial orientation relative to B, field and the difference in

solution is contained in a specially constructed tube so that t
magnetic field within the sample is uniform, and the relation
ship between the NMR frequency shift and susceptibility i
known. MR imaging is able to map out spatial distribution of
the magnetic field and can be used to measure the magne
susceptibility of materials in a more flexible manndr, %).

susceptibility of the two sides. Based on this relationship, the
magnetic susceptibility difference between two materials can be
obtained from MR gradient echo imaging using signals from both
sides in the vicinity of the boundary. This method is demonstrated
by solution phantom experiments. © 1999 Academic Press

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

However, most published work either requires that the samp
has a regular shape for which the pattern of field distribution i
known or invokes complicated mathematical analysis to con
pute the field distribution for a system with an irregular shape
In thein vivo measurement of human organs such as liver, it i
possible to calculate the magnetic field distribution induced b
the organ provided that its geometry is determin@d iHow-

ever, the computation involved is tedious, and the results «

Measurements of tissue magnetic susceptibility have imp&gman studn.as. have not been reliable. This baper describes
tant medical applications. Brittenhaet al. showed that liver MRI susceptibility measurement methqd \{\/hlch take§ adval
susceptibility measurement by a superconducting quantum jg€ Of @ resonant frequency discontinuity at the interfac
terference device (SQUID) can be used to evaluate iron ovBEIWEEN two materials, each having observable MR signal. Tl
load (L). Iron overload occurs in a variety of diseas2s3) and SUSC.epthlllty difference .between the tyvp .materlals. can b
may lead to organ failure and death. In humans, there is HBtalned using data obtglned from the vicinity of the interfac
pathway to excrete excess amount of iron in the body and tif§hout knowing all details of the sample geometry.
iron is stored in the liver, heart, bone, and various other organs Since the resonant frequency depends both on the volur
Although numerous papers have been published correlating fA@gnetic susceptibility and on the static field in the magnet, tt
tissue iron level with nuclear spin relaxation rates 1/T1 arfeauency shift due to susceptibility can be measured by cor
1/T2, iron levels obtained from susceptibility measured by ti@ring the frequency of the material under investigation witl
SQUID have been considered by many experts to be mdhat of a reference material. The approach described he
reliable. The ability to quantify tissue magnetic susceptibilitfPcuses our attention on the interfacial regions only. Th
in vivo by MRI will lead to the development of new technique$oundary conditions of the Maxwell Equations determine th
for the measurement of tissue iron concentration. MRI can Béference of magnetic field across the interface. Therefore, tt
readily applied to the heart and other organs where informatigrsceptibility difference between two materials can be obtaine
of tissue iron levels is important but so far has been elusiveftem the difference in resonant frequency across the interfa
clinicians. without the knowledge of the field distribution in other regions

For decades, NMR spectrometers have been used to measine only geometric information needed is the angle betwee
the susceptibility of solutions. In these measurements, tthe interface and the external magnetic field.

Consider two homogeneous compartments in contact wi

1 To whom correspondence should be addressed. E-mail: wang@enf@fiCh Other labeled as “1” and “2” (Fig. 1), each containing
chop.edu. solution or soft tissue. The static magnetic fiBlgis along the
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4 B From Eq. [7], it is easy to show that the difference in the
component of theB field in the two sides of the boundary is

AB, = 4 sin?0AM. [8]
Here AB, = B, — B,;, AM = M, — M;. The resonant

frequency of the nucleus spin, is determined by the local
H, field B,,.o €Xperienced by the spin,

Compartment 1

Compartment 2 V = yByeal 2. [9]

FIG. 1. A sketch of compartment interface. The curved line represents the

boundary between compartment 1 and compartment 2. The static magnBiesa! is di_fferer_]t from the macrosc_op_ic fields in Eqs- [1]-[8].
intensityB, is along thez direction, and thé field along the interface normal The relationship of the macroscopic field and local field can b

direction is denoted,. The angle between and B, is 6. The interface found in standard textbook§)( The same relationship holds

tangential direction in the plane determinedByandn is denoted, and the  {or solids with well-defined crystal structures and quuids ol

magnetic field along the tangential directiorHs The vectors1 andt are not . - .

shown in the figure, soft tissues whe_re the motl_on of molecule_s is completely rai
dom. The local field is obtained by correcting the macroscopi
field with a Lorentz term—(8#/3)M (4):

z direction, and the interface normal direction is denatetihe 8
angle between andB, is 0. The interface tangential direction By = B — om M. [10]
in the plane determined g, andn is denoted. According to 3

the boundary conditions of the Maxwell Equations, Bhéeld
alongn, and theH field alongt, across the interface is con-Although the difference between the local field and the mac

tinuous. That is, roscopic field may seem difficult to explain at first glance, Eq
[10] can be understood in very simple terms. The local fiel

B, =B, =B, [1] B ,ca Can be divided into two parts, a near field contribution an

a far field contribution. The near field arises from molecule:

Hu = Hyp = H. [21 within a sphere centered at the nuclear spin (the so-calle

sphere of Lorentz) and sources outside the sphere contribute
TheB andH in Egs. [1] and [2] are the macroscopic fields, anthe far field. The far field contribution is a macroscopic fielc
accurately described by the equations of macroscopic fields.
B=H+ 47M [3] is the near field contribution which needs to be reevaluate
According to the macroscopic field model, a uniformly mag:
M= xH. (4] netized sphere contributes to its center a field of/ZM.
) o ) ~ However, the true near field contribution from molecules in
Here M is the magnetization ang is the volume magnetic gije the Lorentz sphere to the center of the sphere is zei

susceptibility 7). Sincey is very small f < 1), we are justified Therefore, a term-(8m/3)M needs to be added to the macro-
to ignore x* terms and derive a linear relationship. Therefor%mpiC field to obtain the local field.

we can assumM; (i = 1 or 2, for the two compartments) 0 grom Egs. [8]-[10], and considering ~ xB (because <

be in thez direction. Thez component of the field can be 1 it is straightforward to derive the relationship between th
expressed in terms @&, and B, (the tangential component of jifterence of susceptibilithy = x, — x: and the difference in

the B field) for compartments 1 and 2 at the interface, frequency shiftAv = v, — v, across the boundary:
B, = B,cosh + B;sin6 (i =1, 2. [5] N
TZ?AX(l— 3 cogh). [11]
0

In EqQ. [5], B, can be expressed in termstdf andM; projected

along the tangential direction: Herev, is the radiofrequency carrier frequency. Equation [11

implies that the change in frequency across the interface occt

By = H + 47Mising (i =1, 2). [6]  as a sudden jump. In this derivation we did not include effeci
_ _ _ of the hyperfine shift§) which comes from the Fermi contact
Substitute Eq. [6] into Eq. [5] and obtain interaction between unpaired electron spin and nucl@us(

solvent. To include the effects of the hyperfine shift, Eq. [11
B, = B,cosf + (H,+ 47M;sin6)sin® (i =1, 2). [7] can be modified by adding to the right-hand side iadepen-



COMMUNICATIONS 479

dent term which is proportional to magnetic solute concentra- TABLE 1

tion: Effects of Shell with Finite Thickness on the Measured Suscep-
tibility for an Infinitely Long Cylindrical Shell Perpendicular to
External Magnetic Field

Av 4w
To = ?AX{(]. -3 COSZO) + qu} [12] X (susceptibility
Shell thickness of the shell) Calculateg, CalculatedS;
Sis can be determined experimentally by studying éreepen- 0.0 mm — 1.00< 10° 0.00
- : : - 1.0 mm 0.0x 10°° 0.95%x 10° -0.03
The size of the frequency jump across the interface is de- —10% 10°° 0.90% 10-° _0.05

termined only by the properties of magnetic media at the
surface. Field sources not in the vicinity of the surface pointNote.See text for detail and other parameters.
contribute to the field on both sides of the surface, but the
contribution is continuous across the surface. This is why the
boundary condition Eq. [12] depends only on the orientation aking intercostal muscle as reference, which has a constant ir
the surface and the difference of susceptibility of the two siddsvel. An external reference, such as a bag of water, may |
For a homogeneous ellipsoid of revolution placed in uniformsed to study surface regions of the human body. Of cours
external magnetic field, analytical solutions of the magnetazcurate measurement of the susceptibility difference by MF
field exist @). A point on a smooth surface can always bwill become increasingly difficult when the surface curvature:
characterized by two principal curvature radii along two obecome larger.
thogonal directions. Therefore, the behavior of the field nearln practical measurement, it is often unavoidable that there
surface is similar to that near a ellipsoid of revolution. Tha thin layer of a third tissue or material in between the twc
curvature of the surface determines the gradient of the induggmmpartments of interest. This layer will have some effect o
field and larger curvatures (smaller curvature radii) will inductne outcome of the measurement. However, if the layer is thi
a stronger field gradient. However, Eq. [12] remains validnd the magnetic field does not vary significantly across tf
when the surface is curved. A good example is a sphere whielyer, the continuity conditions oB, and H, in the two
is the simplest special case of an ellipsoid, and the validity obmpartments of interest remain valid despite the presence
Eq. [12] can be directly verified. For a uniformly magnetized thin layer, and Eq. [12] may still be a good approximation
sphere in a homogenous external field, the induced field\We have carried out a calculation for an infinitely long cylin-
uniform inside the sphere but behaves as a dipole field outsitécal shell with the long axis perpendicular to the uniform
the sphere, with a radial spatial dependence ot away from external magnetic field to mimic the situation of the CuSO
the center. solution experiment described later. We used outer radias

A MRI measurement of magnetic susceptibility can be madeO cm and inner radiusg = 3.9 or 4.0 cm, which correspond
based on Eq. [12]. Several conditions need to be fulfilled féo shell thickness 1 and 0 mm, respectively. We assumed tf
this relationship to be valid in an imaging study. First of all, ththe space outside of the cylinder was filled with a referenc
ruggedness of the surface needs to be negligible. We msmftution withy, = 0.00 X 10°°. Inside the cylinder we have a
require the length scale of local ruggedness to be smaller thetution y, = 1.00 X 10°°, and there is no hyperfine shift on
the image pixel size. This condition is satisfied for our intendegither side. The MR frequency differences betweenr, and
in vivo applications because organs usually have smooth sur= r, at differentf values were calculated analytically. We
faces. Second, assuming the surface is smooth, the relationshiys obtained a simulated dependence ofAv/v,. A least-
Eq. [12] is exact only for locations infinitely close to thesquares curve fit of Eq. [12] on the simulated data allowed t
interface due to the nature of a boundary condition. When tteecalculate the measurgd andS,; for different shell suscep-
curvature radii of the interface are much larger than the imagbility y,. The result of the calculation is listed in Table 1.
pixel and assuming shimming is favorable, the magnetic fiellhen the wall thickness was zero, error free results wel
near the interface does not change significantly near the intebtained. The presence of a wall with finite thickness intro
face and Eq. [12] is a good approximation for pixels near ttticed error in botly, andS,.. The error also depended on the
boundary. When significant curvatures exist for the surface, thesceptibility of the wall. In Table 1, the largest error is
field near the interface is expected to change significantly. Thesociated with the shell susceptibility most different fron
field value at the interface may be extrapolated from pixeleose of the two compartments. Based on these calculatior
near the surface, and Eq. [12] may be used with the extrapee may expect that systematic errors may be tolerablénfor
lated boundary values to measure the susceptibility differendggo cardiac iron measurements using intercostal muscle as
of the two compartments. This method may be suited foeference.
susceptibility measurement of various organs and tisfues Many techniques have been described for measuring ma
vivo. For example, susceptibility of the heart may be measuredtic field. The use of phase to measure change in susceptit
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ity has been reported previousl¥Q). In particular, the phase 2
contrast method or modified Dixon method has been often used
to measure changes By or resonant frequency based on the 1
change of phase of the signall 19. Normally the phase
change is converted to intensity contrast but would give an & ©
equally accurate answer as phase signal. In addition, the same%
experiment could be performed using image tagging methods\sf =1
(13). However, for our intended application, the use of phase
image acquired with a gradient echo pulse sequence for quan-< -2
titation is appropriate. The implementation of the pulse se-
quence is very simple. Compared with the Dixon method, one -3
set of gradient echo images is sufficient because we are only
concerned about the phase difference. Furthermore, the results
are independent of T1 and T2 relaxation times, which are
known to change drastically for tissue overloaded with iron.
Solution phantom experiments were carried out to verify theFIG. 2. Experimental verification of Eq. [12] using a phantom with two
theory. All MR studies were performed on a Siemens Magn@Qmpartments, containing water and copper sulfate solution, respectively. T

tom Vision 1.5 T whole bodv clinical MRI scanner (: 63.6 circles represent experimental data and the solid line is obtained from t
) y N ’ least-squares curve-fit using Eq. [12]. The least-squares estimation resultec

MHZ) usmg a CirCUIarly polarized eXtremity 90”' All samplesa mass magnetic susceptibility gf = 1.39x 10~° cm*/mol for solute CuSQ
were at room temperature (21°C). Experiments were pekd a hyperfine shift 08, = 0.074.

formed using gradient echo imaging techniques, which do not
refocus phase changes caused by field inhomogeneity. Both
amplitude and phase images were recorded. larly, the software subtractsm2from all other pixels beyond
The first experiment verified both the size and angular depehis pixel, if they differ by —1.5.
dence ofAv/v, across the interface predicted by Eq. [12]. The Water proton signal phase jump across the interface w:
experimental setup used a phantom with two compartments, careasured fof from 0° to 90° in 15° increments. The software
taining water and copper sulfate solution, respectively. Solutionmftated the images by input by the operator, so that the
CuSQ (0.3 M) in a thin cylindrical plastic bottle (wall thick- resultant image has a horizontal interface for the point c
ness= 1 mm, outer diameter 80 mm) was immersed in a waterinterest. The software allowed the operator to define the pos
bath, with the bottle axis along the vertical direction gxis). tion of tissue interface by a mouse, based on the image di
Multi-slice gradient echo images (TR 10 ms, TE= 4.2 ms with  played on the computer screen. Then the computer mouse v
asymmetric echo, flip angle 8°, field of view= 200 mm, slice used to select the regions on both sides of the interface whe
thickness= 5 mm, matrix size 256< 256, 12 slices with number data were used for analysis. Typically, one region was
of average= 25) were acquired in thez plane. rectangular box (2 pixelx 8 pixels) with long axis along the
The image data were transferred to a SUN SPARC wortangential direction of interface. A second-order polynomia
station and processed by home written software using IDkas used to fit the data points in both regions and extrapolat
(Research System Inc., Boulder, CO). Because of the useagbhase jump valuA¢ across the interface. The difference in
asymmetric echo, the phase images have a linear phase ramgonant frequenciv was calculated fromA ¢/(27 - TE). For
This phase ramp was first removed as follows. The compleach angled, Av was averaged over values obtained in 1-
data were reverse Fourier transformed back intokdspace. slices. The frequency differenckv across the interface be-
Thek-space data were shifted so that the peak signal was in theeen water and the copper sulfate solution was then evaluat
center. Thek-space data were then transformed back into tla different 6 values. Figure 2 showav/v, versus6. The
image space. The phase maps were obtained from the imaigieles represent experimental data and the solid line is o
nary part of the logarithm of the complex images. The phatsned from the least-squares estimation using Eq. [12]. Tt
ranged from—r to 7 in the phase maps. However, the phadeast-squares estimation resulted in a mass magnetic susce
changes due to the susceptibility effects were larger than thitity of x, = 1.39 X 10~° cm*mol for solute CuSQand a
range, and consequently phase wrap-around remained a pitojperfine shift ofS,; = 0.074. The resulting susceptibility
lem. Software was again used to make necessary adjustmegieeed well with a mass magnetic susceptibility xof =
to correct the phase wrap. The algorithm is as follows: tHe33 X 10~° cm*mol for CuSQ (14).
software compares the phase image data matrix along eacur intended practical application is to measure tissue iro
direction, pixel by pixel. When it finds that the phase differendevels. Most of the tissue iron is stored in the form of ferritin
between the two adjacent pixels is greater than a threshaldd hemosiderin. Therefore, in the second experiment v
value (we can “arbitrarily” assign this threshold value) such #ssted the theory on a ferritin solution.
1.5m, it added 2r to all other pixels beyond this pixel. Simi- A phantom was constructed which contained, in two com

—4 1 1 1 L L

15 30 45 60 75 90
6 (degree)
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compared with previous techniques in that data analysis utilizes
boundary condition derived from the boundary conditions of thi
Maxwell Equations. Contributions from materials away from the
interface do not need to be considered explicitly. The experimel
tal results presented here demonstrate that the method is valid
solutions. Future work will test the validity of this method on
biological tissues overloaded with iron.
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