
Correction and Quantification of Geometric Distortion in MRI

Thilaka S. Sumanaweera, Gary H. Glover, Samuel M. Song, John R. Adler and Sandy Napel

Richard M. Lucas Magnetic Resonance Spectroscopy and Imaging Center
Department of Diagnostic Radiology, Stanford University, Stanford, CA 94305-5488

stract--Magnetic Resonance (MR) images can have sig-
.qcant geometric distortion due to unintended errors in
e magnetic fields used in the scanners. We present a
w method to quantify the extent of the misregistration
used by magnetic field inhomogeneities in MR images to
bpixel accuracy. This method does not require an ex-
:nal standard such as Computed Tomography (CT) nor
es it require that the geometry of the imaging objects be
own ~ priori. Therefore, it can be used to test the etfec-
¯eness of MR spatial distortion correction methods in tis-
e. We have shown that the geometric accuracy along the
ase-encoding directions of MR images is uncorrupted.
ms measurements along the phase-encoding directions
.~ used to quantify the accuracy of the measurements
mg the frequency encoding directions. We have quan-
led the distortion in a tissue phantom and found the
’gest error to be approximately 2.8 pixels (1.8 mm) for
= 1.5 T, G = 3.13 mT/m and FOV = 160 x 160 x 70.7 mm3.
also found that our previously published correction

¯ hnique reduced the largest error to 0.3 pixels (~ = 0.02
d a = 0.07 pixels).

I. INTRODUCTION

Volume images generated by Computed Tomography
T) and Magnetic Resonance Imaging (MRI) are 
:asingly being used in applications such as stereotaxic
rgery, plastic surgery, geometric and biomechanical mod-
ing of anatomic structures and multimodality image
~istration [1, 2, 3]. In all these applications, the object
>metry is extracted from the image data using opera-
:s such as fiducial-finders [1], edge-detectors [4], crest-
e detectors [5], and surface detectors [6]. Significant
provements have been made in SNR, image acquisi-
.n times and image contrast in the above diagnostic
aging modalities, making them especially desirable for
~asuring the geometry of internal organs of the body.
rthermore, the above object geometry extractors have
:ently become increasingly accurate with boundary lo-
[izing accuracy of approximately 0.2 pixels and bound-

orientation accuracy of approximately 1 degree [4].
,wever, regardless of how accurate the geometry ex-
tctors become, the resulting object will not be more
~tially accurate than the imaging device itself.
In CT, since the image is reconstructed from line-of-
;ht ray optics, no significant distortion occurs [7]. In
RI, however, spatial accuracy depends on magnetic field
:ensities. Gradient field nonlinearities and magnetic
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field inhomogeneity are the two main sources of geomet-
ric distortion in MRI. Since gradient field nonlinearity
distortion only depends on the imaging apparatus, it can
be corrected from the theoretically known or measured
distortion of the gradient fields [7]. Magnetic field in-
homogeneity distortion, however, is more complex and
depends on the imaged object in addition to the imaging
apparatus. In this paper, we will assume that the MR
images have been corrected for the gradient field nonlin-
earity distortion. Hence by geometric distortion we will
mean the distortion caused by field inhomogeneities.

II. BACKGROUND

MRI geometric distortion quantification has been ad-
dressed in the literature in conjunction with distortion
correction methods. While some methods have been tested
using phantoms of known geometry [8, 9, 10], adequate

¯ testing in tissue has been minimal [11, 9, 10]. The main
barrier to testing the accuracy of MRI in tissue is the
imprecise knowledge of the geometry of the anatomical
objects. However, the geometry of anatomical structures
is typically impractical to measure a priori and prone to
variations over time. The geometric accuracy of MRI in
anatomic structures in the head has been measured by
using CT as a standard and by having a neurosurgeon
identify corresponding landmarks in the two data sets
[12]. There are two drawbacks to this approach. First,
because the image contrast in CT is based on the distri-
bution of X-ray attenuation coefficients, while in MRI it
is based on the t H-NMR signal, not all anatomic struc-
tures produce significant contrast in both CT and MRI.
Second, due to elastic properties, anatomical structures
can change shape during the time between the scans with
the two modalities.

We propose to use MRI itself to quantify the geomet-
ric accuracy of MRI. In theory, the geometric distortion
in MR images occurs only along the frequency encod-
ing direction and not along the phase encoding directions
[8, 9, 10]. We will first show experimentally that the dis-
tortion along the phase-encoding directions is negligibly
small. We then present a method to quantify the geo-
metric distortion along the frequency-encoding direction
using the phase-encoding direction as the standard. Fi-
nally, we apply this distortion quantification method to
test the effectiveness of the correction scheme presented
in [10]. The method presented here to determine the ac-
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Fig. I. Left: The tissue phantom contained a tissue sample comprising
a game hen placed ex tdt, o in a Plexiglass box. Copper sulfate-filled
capillary tubes were inserted into the tissue. Parts of the tubes were
inside tissue while the remaining portions were left in air. Right: A
slice through the tissue phantom. The bright spots are produced by
the copper sulfate capillary tubes.

curacy of MRI in tissue does not require an alternative
standard, such as CT, nor does it require that the geom-
etry of the imaged objects be known a pr/0ri. It requires
only that corresponding points can be identified in two
MRI images of the same object slice.

Ill. METHOD

A tissue-phantom shown in the left side of Figure 1
was used to demonstrate our method. Two 3DFT MR
experiments were performed with 16 cm FOV, 0.625 mm
resolution on the zx-plane and 0.7 mm resolution along
the ~-direction. In the first experiment, X, the read-out
direction was along z while in the second, Z, it was along
z. For each slice, a B0-map was also calculated using
the method outlined in [10] and the phase-unwrapping
technique described in [13]. The B0-map was required
for the geometric distortion correction scheme. The right
side of Figure 1 shows a zz-slice through the volume.

To test our method, two types of landmarks were used:
artificial and natural. Artificial landmarks were gener-
ated by the capillary tubes while natural landmarks were
generated by the boundaries of anatomical structures ex-
tracted by the Wang-Binford edge-detector [4]. The bright
spots produced by copper sulfate capillary tubes typically
spanned 5 x 5 pixel neighborhoods. We fitted a 2D Gaus-
sian profile to the 5 x 5 neighborhoods to estimate the
locations of the fiducials to subpixel accuracy [14]. The
left side of Figure 2 shows the locations of the artificial
fiducials on a particular slice. Consider the fiducial in-
side the highlighted square (fiducial (3)). Let the 
location of the fiducial be P. Then, due to the magnetic
field inhomogeneities induced by the object, P shifted to
Px in the set X (read-out along z) and to Pz in the
set Z (read-out along z). Since geometric distortion was
not expected along the phase-encoding directions, the z-
coordinate of Px and the z-coordinate of Pz could he
regarded as accurate. Moreover, the error, dr, was esti-
mated by subtracting the z-coordinate of Px from the
z-coordinate of Pz, and the error, dz, by subtracting the
z-coordinate of Pz from the z-coordinate of Px. More-
over, dz = dz as these shifts are proportional to the local

magnetic field fluctuation. This holds true for any pair
of corresponding artificial or natural point-like landmarks
identifiable in the two image sets, X and Z.

To demonstrate that the x-coordinate of Pz and
z-coordinate of Px were accurate, we first used the ar-
tificial landmarks of images from X and Z to show that
the geometric distortion along the phase-encoding direc-
tion was negligibly small. The magnetic susceptibility
of tissue perturbed the B0-field in tissue. On the other
hand, since the magnetic susceptibility of air was uni-
form, we assumed that it did not distort the uniform B0
field in air. Therefore, we expected the portions of the
fiducials in tissue to be shifted along the frequency en-
coding direction while remaining straight in air. To show
this, straight lines were fit to the fiducial points in air.
It was found that the fiducial points in tissue did not
shift significantly from this straight line along the phase-
encoding direction. In order to remove any global bias
in the z- and z-coordinates of all the fiducial points in
the two scans X and Z, the fiducial points in air in the
two sets were aligned. This was done by estimating the
global disparity of the z- and z-coordinates of the fiducial
points in air and removing this bias from the data.

The copper sulfate-filled tubes provide high-contrast
point-like landmarks in tissue which can then be used
to quantify the geometric distortion in MRI. For obvious
reasons it is not practical to use copper sulfate-filled tubes
in real patients. Thus to demonstrate practicality of our
method in patients, natural landmarks such as curvature
discontinuities of edges in the images were used. Several
pairs of points of curvature discontinuities of the edges in
the images from the sets X and Z were visually identified.

IV. RESULTS

We first give qualitative results. Graph A of the right
side of Figure 2 shows an orthographic projection of the
fiducial points of four tubes from the set X into the xy-
plane. Also shown for each fiducial marker is a straight
line fit in the least-squares sense to the fiducial points in
air and extrapolated into the tissue. Notice the shifts that
have taken place along the frequency-encoding direction,
x. Significant shifts have taken place where the fiducials
are inside the tissue while lines remain straight when the
fiducials are in air. Next, the correction method described
in [10] was applied to the set X. Graph B ofthe right side
of Figure 2 shows the projection of the new fiducial points
on the zy-plane. Compared with graph A, the fiducials
now lie on straight lines as expected. Graph C of the
right side of Figure 2 shows the orthographic projection
of the fiducial points into the zy-plane showing the min-
imal distortion along the phase-encoding direction. By
comparing graphs B and C, the locations of the fiducials
along the frequency-encoding direction after correction
lie on lines nearly as straight as the lines generated by
the locations of the fiducials along the phase-encoding
direction.

In order to quantify the accuracy of the MRI images
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;. 3. (A): Top: Distortion along the phase-encoding direction in pixel units (mean: # = 0.0, standard deviation: ~ = 0.03, range = [--0.08, 0.12]);
ttom: Distortion along the frequency-encoding direction before correction (solid line, range = [-2.84,-0.36]) and after correction (asterisks,
-- 0.02, c~ = 0.07, range = [-0.21,0.27]). (B): The edges of an MR image of the tissue phantom and a set of landmarks identified.

AI

fore and after correction and thereby to find the ef-
:tiveness of the correction scheme, the phase-encoding
¯ ection was used as the standard. First, the distortion
)ng the phase encoding direction was quantified by cal-

culating the deviation of the fiducial points in tissue from
the fit lines along the phase encoding direction. The top
graph in figure 3A shows errors for one such fiducial. The
mean deviation was 0.00 pixels while the standard devi-
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Point .y Z ~rroF X Residual
Before After Error

A 123.61 120.60 3.01 120.68 -0.08
B 134.41 134.99 -0.58 134.77 0.23
C 126.97 125.99 0.98 125.99 0.001
D 159.84 160.75 -0.91 160.41 0.33
E 118.60 116.77 1.84 116.72 0.05
F 168.76 169.69 -0.93 169.28 0.41

Table 1. The distortion along the read-out direction (z) measured us-
ing a set of natural landmarks. All number5 are in pixel-units. ’ The
second and third columns show the x-coordinates of the landmarks in
the images from set X and Z respectively. The fourth column shows
the disparity between the z-coordinates of the points in the two images.
Shown in the fifth column are the ~-coordinates of the landmarks after
applying the correction scheme. Finally, column six shows the residual
error. The worst case error before correction was 3 pixels (1.8"/5 ram)
while the worst case error after correction was 0.4 pixels (0.25 ram).

ation was 0.03 pixels. The maximum and minimum de-
viations were 0.12 and -0.08. These statistics correspond
to 101 slices covering a range of 70.7 mm. Other fiducials
located in the 16 x 16 cm2 FOV had similar errors. Hence
it may be concluded that there is no significant geometric
distortion along the phase-encoding direction.

Knowing that the errors along the phase-encoding di-
rection are small, the coordinates of the phase-encoding
direction of the images in Z were used to quantify the
geometric distortion along the frequency-encoding direc-
tion of the images in X. The graphs at the bottom of
Figure 3A show the errors along the frequency-encoding
direction of the fiducial in set X. The solid line cor-
responds to the geometric distortion before correction.
The range of deviations of the fiducials from the stan-
dard was [-2.84 to -0.36] pixels. The asterisks correspond
to the errors after applying the correction method. After
correction, the range was [-0.21, 0.27] pixels with mean
0.02 pixels and a standard deviation of 0.07 pixels. The
relatively larger variations of the residual errors between
slices 30 and 40 and again between slices 70 and 80 may
have been caused by the errors in the B0-map caused by
to fat/water superposition [10].

The point correspondence in the two experiments, X
and Z, was established by using the high-contrast fidu-
cials in the images created by the copper sulfate-filled
capillary tubes. In real patient images natural landmarks
can be used instead, as follows. Figure 3B shows a set of
edges detected from an image of set X. These edges were
detected using the Wang-Binford edge detector, which
has been shown to localize object boundaries with about
0.2 pixel accuracy when the image intensity changes by
a factor larger than about 5 across the boundary in a
step fashion [4]. Points h through V correspond to a set
of landmarks identified manually using discernible cur-
vature discontinuities of the edges. The same landmark
points were identified in the corresponding image of set
Z. Table I shows the quantification results.

V. CONCLUSION

A new method to quantify the geometric accuracy of
MRI in tissue has been presented, where the phase-encoding
directions of MR images were used as standards against
which the geometric accuracy of MR images were tested.
This allows verification to be done in tissue of any anatomic
structure visible in MRI and eliminates the need to use
a second modality such as CT, or phantoms of known
geometry. Using this method, we showed that the ac-
curacy of our correction method presented in [10] is less
than a pixel and also enables the accuracy of correction
schemes to be tested as long as points can be defined
in MR scans. We have also demonstrated how natural
landmarks of anatomical structures can be used for this
purpose, enabling in viva testing.
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