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Abstract. Motivated by the observation that the diagonal pattern of
intensity non-uniformity usually associated with linearly polarized radio-
frequency (RF) coils is often present in neurological scans using circularly
polarized coils, a theoretical analysis has been conducted of the intensity
non-uniformity inherent in imaging an elliptically shaped object using
1.5 T magnets and circularly polarized RF coils. While an elliptic ge-
ometry is too simple to accurately predict the variations in individual
anatomical scans, we use it to investigate a number of observations and
hypotheses. (i) The widely made assumption that the data is corrupted
by a smooth multiplicative field is accurate for proton density images.
(ii) The pattern of intensity variation is highly dependent on the shape
of the object being scanned. (iii) Elliptically shaped objects produce a
diagonal pattern of variation when scanned using circularly polarized
coils.

1 Introduction

Intensity non-uniformity is the smooth intensity variation often seen in MR im-
ages caused by such factors as RF excitation field inhomogeneity {1], non-uniform
reception coil sensitivity, eddy currents driven by field gradients {2], as well as
electrodynamic interactions with the object often described as RF penetration
and standing wave effects [3]. In modern MRI scanners these variations are of-
ten subtle enough that they are difficult to detect by visual inspection, however,
they do affect automated image analysis techniques [4], particularly segmenta-
tion techniques that assume homogeneity of intensity within each tissue class.

While initial efforts at correcting intensity non-uniformity were based on
physical models or external measurements of the field variations [1,5], these
methods are not sufficiently accurate to improve upon modern volumetric scans,
such as those produced of the brain using a birdcage coil. Instead, recent efforts
have focused on data driven strategies [6-9] based on statistical definitions of
image uniformity. However, these methods are confounded by true anatomical
variation that mimics the variations caused by intensity non-uniformity.

In this paper, we develop and validate, for a simple geometry, a physical
model of intensity non-uniformity that has sufficient accuracy to predict the
variations in a 1.5 T scanner using circularly polarized coils. While this geom-
etry is too simple to accurately predict the variations in individual anatomical
scans, it is sufficient to investigate a number of observations and hypotheses.
(i) The widely made assumption that the data is corrupted by a smooth multi-
plicative field is accurate for proton density images. (ii) The pattern of intensity
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variation is highly dependent on the shape of the object being scanned. (iii) El-
liptically shaped objects produce a diagonal pattern of variation when scanned
using circularly polarized coils.

2 Methods

2.1 Modelling the RF excitation field and reception sensitivity

For simplicity, an analytic approach is used to investigate the effect of eccen-
tric geometry on intensity non-uniformity. This treatment considers a long ho-
mogeneous dielectric cylinder with elliptic cross section excited by a circularly
polarized field perpendicular to the cylinder axis. Interaction with the RF coil
is neglected and far from the cylinder the excitation field (B;) is assumed to be
uniform. The propagation of electric and magnetic fields in dielectric media is
governed by the equations:
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where E and B are the electric and magnetic fields respectively, p is the magnetic
permeability, € is the permittivity, and p is the resistivity of the media. The
magnetic field B; is assumed to be oriented perpendicular to the cylinder axis
while the electric field is oriented parallel. In addition, the solutions for the real
vector fields E and B are assumed to vary sinusoidally in time at an angular
frequency w such that

E = Re{E,ze/*} (3)
B = Re {(B.& — jBy§)e’'} . (4)

Solutions to this problem for the cases of circular and elliptic cylinders are given
in [10] and [11].

A so-called circularly polarized excitation field is created by driving two or-
thogonal linearly polarized coils 90° out of phase such that the field components
that contribute to the MR signal add constructively. In general, the field pro-
duced by a linearly polarized coil will vary in magnitude and direction within
the object such that the combined field from the two coils can have arbitrary el-
liptic polarization. This elliptically polarized field can be decomposed into a (+)
rotating field, which causes the excitation, and a typically weaker (-) counter-
rotating field that does not [12]. The orientation of this (+) rotating field with
respect to the driving field can be interpreted as a phase shift, which we refer to
as a geometric phase shift.

In general, the individual field components will be complex to reflect the
phase delays caused by currents induced in the object. Geometric and inductive
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phase shifts combine to determine the local phase of the excitation field within
the object as follows:

Bt = Byy + jBys — jBuy + Byy - (5)

where the notation By, refers to the magnetic field in the y direction produced
by a coil aligned along the z axis. While this derivation is based on two lin-
early polarized coils aligned with the x and y axes, the result is general for any
combination of coils producing a circularly polarized field. Hence, it can used to
predict the field pattern of a birdcage coil or a pair of linearly polarized coils
not aligned with the x and y axes.

The same solutions for the field components apply when orthogonal coils
are used for reception. However, the geometric phase shifts caused by reception
cancel with those of the excitation field [1] whereas the phase shifts due to
induced currents accumulate. Hence, the reception sensitivity is given by

R+ = RO(B:z:m - ]Byz + jBa:y + Byy) ’ (6)

where Ry is a scale factor reflecting the sensitivity of the coil.

Images produced by a spin echo sequence are simulated using the derived
excitation field and reception sensitivity. The signal measured for a spin echo
pulse sequence is given by [10]

S = pR+SSE (7)
Sep = sin’ m [B*] arg(BT 8
SE = SIn 2 B. exp(j arg(B™)), (8)

where p is the spin density, Ssg is the emitted signal, S is the measured signal,
and B, is the nominal field strength needed to produce a 90° flip-angle. This
derivation neglects relaxation and assumes complete recovery of the magnetiza-
tion between repetitions.

2.2 Phantom studies

To validate our theoretical model of intensity non-uniformity, we constructed two
40cm long plastic cylindrical containers with elliptic and circular cross sections
respectively. The circular cylinder has an inside diameter of 17.5cm, while the
elliptic cylinder has major and minor diameters of 20cm and 15cm. Each cylinder
was filled with various concentrations of NaCl solutions made from deionized
water.

The conductivity and permittivity of each solution was computed based on
the concentration of NaCl using data from [13]. The quantities of NaCl were
1.38¢g/L, 2.83g/L, and 58.2g/L, or roughly 24mM, 48mM, and 100mM, produc-
ing resistivities of 4.0f2m, 2.02m, and 1.0f2m respectively. These resistivities
span the range typical of biological tissues [3] at frequencies around 64MHz. At
this frequency, the relative permittivity of water is essentially unchanged from
its D.C. value of ¢, = 80, which is comparable to that of brain [14] at 64MHz.
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In addition to NaCl, a small quantity of MnCls was added to each solution to
bring its concentration to 97uM so as to reduce T relaxation times to approxi-
mately 910ms. Experiments using long repetition times (TR = 30s) showed no
measurable change in intensity non-uniformity after addition of MnCls.

For the experiments, the cylinders were aligned axially with the isocenter of
the body coil of a 1.5T Siemens Vision MRI scanner and scanned transversally
using a B, field mapping sequence [15] as well as a standard spin echo sequence.
All images were acquired at 2mm in-plane resolution and 6mm slice thickness.
The spin echo sequence (TR/TE = 8s/14ms) had sufficiently short TE and long
TR that relaxation can be neglected. The field mapping sequence is a stimulated
echo technique (90° — 7,/2 = 90° — 4 —a — 72 — 90° — 7./2 — acquire where
Te/T1 /72 /TR = 36ms/60ms/8ms/1s) which yields a series of images whose in-
tensities are related by

S; = acosba; . (9)

The parameters a and b are computed at each voxel by a non-linear least squares
fit to the flip angles a; and complex image values S;. Images were acquired at
a = 0° 40°, ..., 400°. The resulting parameter map b is proportional to the
excitation field strength, while the parameter map a is roughly proportional to
spin density.

3 Results

3.1 Simulated spin echo images

Once the expressions for excitation field and reception sensitivity have been
evaluated they can be used to simulate an imaging sequence. A simulated spin
echo image for an elliptic geometry having g = po, €, = 80, and p = 22m
is shown in Figure 1. Also shown are the corresponding excitation field and
reception sensitivity.

It should be noted that the pattern of non-uniformity in the spin echo image
resembles neither the excitation field nor the reception sensitivity. This is caused
by the apparent reversal of the excitation field to produce the sensitivity map.
However, close inspection of the phase images for the two cases reveals that the
excitation field and reception sensitivity maps differ by more than a reversal. In
particular the geometric phase in the two cases is opposite while the inductive
phase lag, dominant in this medium, remains unchanged.

Due to the symmetry of the elliptic shape, the magnitude of the excitation
and reception sensitivity maps differ only by a reversal of the y axis. However,
the resulting spin echo image is not symmetric as reception sensitivity makes a
stronger contribution to image non-uniformity than does excitation field varia-
tion.

3.2 Comparison with phantom studies

The experimental data admits two types of comparisons with the theoretical
model: a direct comparison of the measured excitation field with that predicted,
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Fig. 1. Simulated spin echo images with nominal 90° and 180° flip-angles. Contours

are at 5% of mean intensity. For the spin echo image the direction vectors can be
interpreted as the phase of the complex image.

and a comparison of the measured spin echo image with that simulated from the
predicted excitation field and reception sensitivity.

Before any comparisons were made all of the measured data was first auto-
matically registered [16, 17] with the spin density map of the corresponding sim-
ulated image by linear transformation. A common mask was defined for each pair
of images by automatically thresholding each image based on its histogram [18],
taking the intersection of the two masks, and eroding it by 2mm. The RMS dif-
ference between two images was then computed within the common mask and
expressed as a percentage of the mean intensity in the simulated image.

Figure 2 shows the excitation fields measured in the elliptic cylinder for each
of the three NaCl solutions. Also shown are the predicted field patterns and the
differences between the measured and predicted results. The prediction of a di-
agonal pattern of non-uniformity is confirmed by these experiments. When the
gray scale of the difference image is expanded, it reveals spurious ghost images
caused by the field mapping sequence as well as minor and largely random dif-
ferences between the measured and predicted fields. The accuracy of the results
for the circular cylinder is essentially the same.

The accuracy of the model at predicting the measured images was quantified
by computing the root-mean-square (RMS) difference between the two. In all
cases, the RMS difference was less than 2% and did not increase as the severity
of the non-uniformity increased.
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Fig. 2. Comparison of predicted and measured excitation fields B in an elliptic phan-
tom for three levels of resistivity. The normalized intensity scale for each image is 0.8
to 1.2 except for the difference images which are -0.05 to 0.05.

Figure 3 shows the measured and predicted spin echo images for the two
geometries and three solutions. The pattern of variations in these images is
more complicated and the variations are more severe owing to the contribution
of the reception sensitivity. Note that the orientation of the diagonal pattern in
the elliptic case is reversed with respect to the excitation field map. The RMS
difference between measured and predicted images was 1%-2%.

4 Discussion

By modelling the electromagnetic interactions with the subject during excitation
and reception from first principles, we are able to account for almost all of the
intensity non-uniformity observed in volumetric scans at 1.5 T. This agreement is
achieved in spite of making no explicit assumptions of a coil producing the fields.
While this is reasonable for a head sized object in a body coil, one can expect
that smaller coils such as a head coil would produce some variations caused
by their interaction with the object. However, in either case electromagnetic
interaction with the object is the primary cause of intensity non-uniformity.
Hence, the use of equation (7) is justified, and verifies that non-uniformity is
correctly modelled as a smooth multiplicative field for proton density imaging
sequences. However, for other imaging sequences that depend on relaxation, the
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Fig. 3. Comparison of predicted and measured spin echo images for each level of resis-
tivity. The normalized intensity scale for each image is 0.8 to 1.2.

term Sgg in equation (7) will depend on the relaxation rates and will not in
general be spatially smooth for inhomogeneous media.

We have shown that an elliptic geometry imaged using a circularly polarized
coil produces a diagonal intensity non-uniformity pattern qualitatively similar
to the quadrapole artifact observed with a linearly polarized coil. Although, one
would expect the circularly symmetric pattern seen for circular objects to gener-
alize to an elliptically symmetric pattern for elliptic objects, in the elliptic case
the two linear fields interact with the media differently, leading to asymmetric
intensity variations that do not cancel in the combined field. Such asymmetry
could be incorrectly attributed to right-left hemisphere differences in a sensitive
statistical analysis of neurological scans. Furthermore, since the orientation of
this diagonal pattern is determined by the orientation of the object and not the
orientation of the coil, one can expect that non-uniformity patterns will, in gen-
eral, be correlated with anatomy and hence will also be present in averages of
multiple scans.

Inspection of the experimental results for the elliptic case would suggest
that the reception sensitivity is the mirror image of the excitation field pattern.
However, the theoretical results show a more subtle relationship. In particular,
for conductive objects there is a distinction between the phase delays associated
with induced currents and those inherent in imaging the object in the absence
of conductivity. Accounting for excitation and reception, the latter phase terms
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cancel while the former do not, thereby leading to the non-uniformity pattern
in the spin echo image being more complicated than either the excitation or
receptions fields.

An important implication of this lack of cancellation is that for arbitrarily
shaped conductive objects, measurement of the excitation field is not sufficient
to predict the pattern of variations in the resulting image. In addition, since
electrodynamic interaction significantly affects the reception sensitivity, neither
measurement of the sensitivity in the absence of the subject nor scanning of
a standard phantom is sufficient to predict the variations in a given subject.
Furthermore, these variations will be present irrespective of the uniformity of
the field produced by the unloaded coil. As we have shown, the variation can be
predicted by an electrodynamic model provided it takes into account the pulse
sequence, geometry, and resistive and permittive properties of the subject.
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