Correction for Geometric Distortion in Echo Planar
Images from B, Field Variations

Peter Jezzard, Robert S. Balaban

A method is described for the correction of geometric distor-
tions occurring in echo planar images. The geometric distor-
tions are caused in large part by static magnetic field inho-
mogeneities, leading to pixel shifts, particularly in the phase
encode direction. By characterizing the field inhomogeneities
from a field map, the image can be unwarped so that accurate
alignment to conventionally collected images can be made.
The algorithm to perform the unwarping is described, and
results from echo planar images collected at 1.5 and 4 Tesla
are shown.
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INTRODUCTION

Echo planar imaging (EPI) was conceived and developed
by Mansfield's group in Nottingham (1, 2) and further
developed by others (3). Initially a little used sequence,
mainly due to its strenuous hardware demands, EPI is
becoming increasingly popular as a rapid method of col-
lecting low to medium resolution images, and is finding
much use in the characterization of dynamic time series,
such as tracking a bolus injection of contrast agent
through the brain (4) to measure regional cerebral blood
volume, or dynamic time series imaging of blood oxygen-
ation level dependent contrast (5, 6).

Many of these applications require accurate registra-
tion between the (often) low resolution echo planar im-
ages (of 64 X 64 or 128 X 128 pixels) that may reflect
some sort of functional detail, and high resolution con-
ventionally collected images that exhibit good anatomi-
cal detail. A major problem in achieving this goal is the
inevitable geometric distortion that accompanies EPI
data sets, making such co-registration difficult or impos-
sible. The main cause of geometric distortion in echo
planar images is the residual magnetic field inhomoge-
neity, due both to the external room temperature shim
coils not being optimally set, and also to high order
internal magnetic field inhomogeneities in the sample,
which cannot always easily be shimmed out using exter-
nal coils. In head imaging, such internal field inhomoge-
neities often occur around the petrous bone, leading to
distortions in the temporal lobes, and also surrounding
the sinuses, often leading to distortion around the ante-
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rior frontal regions. The magnetic field inhomogeneities
cause pixels in the echo planar image to be shifted from
where they should appear, and if the inhomogeneities are
sufficiently bad, gross image distortion results. If the
magnetic field inhomogeneities can be characterized by
means of a residual field map throughout the volume of
interest, then the distorted pixels can be relocated and
intensity corrected to give a geometric distortion-free
image. Accurate registration with high resolution ana-
tomical images can then be made.

THEORY

The phase evolution of a pixel in a magnetic resonance
image is dictated by the local magnetic field that it expe-
riences. In general, for an elemental point in a volume of
interest, the signal induced in the NMR receiver coil is
given by

i
aS(x, y, z, t) = p(x, v, z)exp 1'271'7[ By(x, v, z)dt
0
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where the time origin is the excitation pulse, y is the
gyromagnetic ratio in Hz/Tesla, and p(x,y,z) is the local
spin density. In the absence of applied gradients and in a
perfectly shimmed volume, the first exponential term in
Eq. [1] reduces to unity in the rotating frame, and a
simple exponential (free induction) decay of the signal
results. In the case of a slice-selected imaging experiment
in which phase encode (G,) and read (G,) gradients are
applied, and with a field inhomogeneity term character-
ized by AB,(x, v, z), the first exponential term in Yq. [1]
becomes

t i t
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if we arbitrarily define x to be the read direction and y to
be the phase encode direction. Thus, the field gradient
history and field inhomogeneity determine the phase of
the detected signal, and the phase evolution between
subsequent digitizations of the phase determines the po-
sition of the pixel in the image. A convenient formalism
for analyzing such experiments is the k-space notation (7,
8), in which the gradient history is characterized by
making the substitution k(t) = 2my[G(f)dt. The imaging
experiment then becomes a matter of sampling k-space in
the optimal way for the desired image information. For a
conventional spin-warp or similar experiment, a line of
k-space is collected for each excitation of the sample. In
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the read and phase encode directions, this gives a phase
evolution between adjacent points in k-space for the
elemental pixel of

Ad, = 2myGXDW + ABy(x, y, zZ2DW], (3]

Adye = 27YAGpYThe

where DW is the dwell time, AG,,,, is the phase encoding
step, and T, is its duration.

It is evident from Eq. [3] that the phase evolution in the
read direction of k-space is sensitive to the presence of
magnetic field inhomogeneities, which would lead to a
shift in the assigned position of the element in the Fou-
rier transformed image of N.ABy(x, y, 2)/G, field-of-view
(FOV) pixels for an N X N matrix image of FOV. Under
typical spin warp imaging conditions in the human head
at 1.5 Tesla, this would correspond to an RMS pixel shift
of approximately 1/10 pixel (assuming a field inhomoge-
neity of y < AB,(x, v, z2) > = 12 Hz, a 256 X 256 matrix
size, and a sweep width of yG,FOV = 32 kHz), which is
barely noticeable in the image. In the phase encode di-
rection, the pixel shift is theoretically zero, because no
field inhomogeneity term contributes.

In contrast, the phase evolution between adjacent
points in k-space for the elemental volume in an EPI
experiment with trapezoidal read gradient waveforms
and triangular phase encode blips, in which the whole of
k-space is sampled following a single excitation of the
sample, is given by

Ad, = 2my[GXDW + ABy(x, v, z)DW],
[4]
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in which 7., is the ramp time of the switched gradients
(see also the discussion by Farzeneh et al. (9)). First, it is
evident from Eq. [4] that both the read and phase encode
pixel positions are affected by the field inhomogeneity
term, and secondly that the effects in the phase encoding
direction are quite significant. Taking typical EPI param-
eters of a sweep width of 125 kHz, a gradient ramp time
of 200 us, and a 64 X 64 pixel matrix, one obtains an
RMS pixel shift of 0.006 pixels in the read direction, and
a pixel shift in the phase encode direction, which is
bigger by a factor of (27, + N.DW)/DW. For the exam-
ple parameters given here, this yields a phase encode
RMS pixel shift of 0.7 pixels. Clearly, in some parts of the
image, the pixel shift will be much larger than this, and
gross distortion of the image will result. It is important to
note, however, that the image distortion consists almost
entirely of pixel shifts in the phase encode direction,
with shifts in the read direction being negligible. Thus, a
geometric distortion correction strategy need only con-
sider shifts in the phase encode direction, and the prob-
lem reduces to solving for a set of linear 1-dimensional
(1D) unwarps. Examples of the kinds of geometric distor-
tion that can result from various applied field inhomo-
geneities are shown in Fig. 1, which illustrates echo
planar images collected under a variety of shim condi-
tions. (Note that the physical vertical direction, indicated
by the presence of an air bubble in the phantom data, has
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FIG. 1. Examples of snapshot gradient-recalled-echo EPI col-
lected in the presence of a variety of shim conditions. In all
images, the read direction (magnet x) is vertical and the phase
encode direction (magnet y) is horizontal. (a) shows an image
collected under well-shimmed conditions, demonstrating minimal
geometric distortion. (b) shows the effect of a mis-set y shim,
resulting in a contraction or expansion in the phase encode direc-
tion, depending on the sign of the shim mis-setting. (c) shows a
mis-set x shim, which results in an apparent shearing of the image
in the phase encode direction. (d) is the result of a mis-set 02—y
shim, resulting in a more complex geometric distortion. For all
images, the acquisition parameters were as follows: 64 < 64 pixel
resolution, 125-kHz bandwidth, 120-mm FOV, 4-mm slice thick-
ness, 250 us gradient ramp time, TE = 36 ms.

been rotated to the horizontal in order that a consistent
axis for the phase encode direction is maintained with
the later figures.)

METHOD

To calculate the 1D pixel shifts, a field map is collected
as part of the imaging experiment (10). This is accom-
plished by collecting a double-echo gradient recalled
echo image, with the same FOV as the subsequent EPI
data, but often at a higher resolution (a double echo
sequence is used to eliminate B, phase errors, because
these will be constant for the two echoes and will cancel
in the phase subtraction). In fact, because a high resolu-
tion gradient echo image is often collected for use as an
anatomical image as part of the imaging protocol, the
alteration to a double-echo experiment need add no extra
time to the total duration of the experiment. Once the
phase map from each of the gradient echo images has
been calculated and the 7 bounce points have been un-
wrapped, the field inhomogeneity map may be calcu-
lated according to ABy(x, v, z) = (2myATE) 'Ad(x, y, 2).
Care should be taken to avoid chemical shift artifacts in
the field map due to the fat resonance either by use of a
fat suppression pulse in the sequence, or by selecting an
echo time difference such that the chemical shift contri-
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bution has the same phase in each image, i.e., ATE =
nAvg,~'. Additionally, we have found it beneficial to
smooth the images slightly before the phase map is cal-
culated to provide for a smooth transition between dis-
tinct image regions such as the interhemispheric gap in
coronal or axial sections. This amounts to convolving the
image data set with typically a Gaussian kernel of width
3 X 3 pixels in a 256 X 256 pixel matrix.

Figure 2a shows an example of an unwrapped field
map from a 9-cm diameter phantom that was imaged
using a 2 Tesla animal imaging magnet attached to a
GE/Bruker Omega spectrometer. In this case, the (x* — y?)
shim was purposely mis-set, which is evident in the
unwrapped field map. Figure 2b shows a gradient re-
called echo planar image of the phantom acquired using
the parameters given in the example above. Severe geo-
metric distortion is apparent in the 64 X 64 pixel echo
planar image, as opposed to a high resolution FLASH
image acquired under the same shim conditions shown
in Fig. 2c.

A 2D polynomial surface is then fitted to the field map
to allow for some degree of extrapolation outside the
region where the field inhomogeneity can be measured.
This is done to account for regions that may contribute
signal intensity, but which are not included in the un-
wrapped field map, either because they fall below the
noise threshold set by the unwrapping algorithm or be-
cause they lie in a distinct region of the image, into
which the phase unwrapping algorithm does not enter (it
would be possible to unwrap distinct regions within the
image, but an estimate would then need to be made to
obtain the absolute phase shift between the regions - in
the case of closely spaced regions or for a slowly varying
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FIG. 2. (a) Unwrapped field map from the phantom shown in Fig.
1 under conditions of a mis-set (x> — y®) shim channel. (b) Echo
planar image collected under the field inhomogeneity conditions
shown in (a). (c) shows the corresponding conventionally collected
gradient-echo image (TR = 500 ms, TE = 7 ms) acquired under
the same shimming conditions.
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field inhomogeneity, this would be feasible). A third
order 2D polynomial fit is used to accomplish this, and,
if desired, the fitted field map can then be replaced by the
actual field map in those pixels where it is known. One
caveat to the fitting procedure in cases where the field
map data set is of a higher resolution and shorter echo
time than a distorted gradient-echo EPI data set is that
rapid field variations measured in the field map can lead
to signal dropout in the EPI image rather than signal
relocation. This condition occurs when the field gradient
calculated from the field map causes a phase shift across
the EPI pixel that approaches or exceeds 2. The field
map fit may be weighted against regions of the measured
field map where this situation arises. An example of this
effect is evident in the phantom data in Fig. 2 where
signal around the air bubble yields a measurable field
gradient in the field map, but leads to signal loss in the
EPI data.

One problem that can be encountered is “over fitting”
of the field map outside the region where the field is
known. This can lead to large deviations in the fitted
field map, particularly at the edges of the data set. Figure
3 illustrates this problem for the same phantom shown in
Fig. 2, in which the phase-unwrapped measured field
inhomogeneity is shown in Fig. 3a, and the polynomial
fitted surface is shown in Fig. 3b. The fit to the known
field inhomogeneity in the sample is good, as shown in
Fig. 3d (with an RMS deviation of 2.7 Hz over the mea-
sured region, corresponding to 0.17 pixels in the phase
encode direction—this compares with an original RMS
field variation of 31 Hz). However, toward the edges of
the data set, outside the measured region, unrealistically
large deviations in the fitted field map can result. If
included in the eventual unwarping calculation, these
large deviations will be interpreted as large pixel shifts at
these points, and can result in unwarped signal intensity
being “aliased” back to those pixels, where in fact no
signal intensity should exist.

A method for dealing with this problem is to create a
signal intensity mask from the high resolution image, and
constrain the fitted field map to approach zero outside
the sample. In this study, this has been accomplished
using a two-step process. First, a dilation-structuring el-
ement (11) is used to expand the signal intensity mask
from the unwrapping procedure slightly to avoid cor-
rupting the fit in the region of the sample. We use a
dilation structuring element consisting of a disk of radius
P pixels, which is convolved with the binary signal in-
tensity mask, and has the effect of expanding the mask
and of filling in any small random regions which lie
inside the actual sample, but which do not appear in the
signal intensity mask because they have low signal-to-
noise ratio in the phase map data. The value of P is
chosen to be the smoothness value which is used in the
subsequent smoothing operation, in which the expanded
signal intensity mask is boxcar averaged to provide a
gradual transition to zero outside the sample area. In this
way, a mask that is unity throughout the sample, and
falls to zero smoothly outside the sample, is created. The
second step is to then multiply the dilated and smoothed
signal intensity mask by the fitted field map to create the
final field map estimate. An example of the result of this
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FIG. 3. (a) Stack plot of the measured field inhomogeneity in the phantom shown in units of Hz. A 2D surface is fitted to the field map
as shown in (b). To avoid gross excursions in the fitted field map outside the region of the sample, the field map is constrained to fall
smoothly to zero outside the sample, as shown in (c). (d) shows the residual field inhomogeneity map from actual and fitted data in the

area where the field is known.

operation is shown in Fig. 3c, in which the field map
shown in Fig. 3b has been multiplied by a dilated and
smoothed signal intensity mask, in this case using a
value of P = 0.05 X N = 3 (for the data matrix size used
here, P = 3 is the smallest pixel value that gives a disk
dilation element).

The final field map is then converted into a pixel shift
map according to the equation:

Ary, = yABy(x, ¥, 2) .N(2Tym, + NDW). [5]

Equation [5] is simply a mathematical way of saying that
the phase encode shift, in units of pixels, is equal to the
measured field inhomogeneity, converted to Hz, and di-
vided by the effective spectral width per pixel. The loca-
tion of a pixel in the geometrically distorted (warped)
image is then related to the position of the pixel in the
unwarped image by the formula

Vou— You + AR50 (6]

where again the y direction has arbitrarily been taken to be
the phase encode direction, and geometric distortion in the
read direction has been ignored. For each phase encoding
line in the echo planar image, a linear interpolation of the
signal intensity in the warped image at pixel location y. —
Ar,.(yp) is made and the interpolated intensity is placed at
position ;Y. Alternatively, a decomposed first order phase
correction could be applied in the Fourier domain (12).

As a final step, the image intensity at each point is
corrected to allow for the concentration or dilution of
signal among a smaller or greater number of pixels in the
phase encode direction. This is accomplished to first
order by differentiating the pixel shift map at each point
to give a local pixel shift gradient of ar per pixel (the
simplest method is to take the gradient of the line that
best fits through the pixel shift values Ar, ,, Ar,, and
Ar,, ., for each pixel location n). The linearly interpolated
pixel intensity at position n is then multiplied by a factor
(1.0 + ar) to give a more accurate representation of the
pixel intensity value in the unwarped image. It should be
noted, however, that the image noise is no longer uni-
form when this type of correction is used, and this
should be borne in mind if subsequent statistical analysis
is attempted.

All calculations were performed using code written in
interactive data language (IDL, Research Systems, Inc.,
Boulder, CO) on a Sun SPARC 10 workstation (Sun Mi-
crosystems, Mountain View, CA). A user friendly front
end for the code allows the user to correctly co-orient the
EPI and field map data, and the pixel shift map is then
calculated and saved.' The pixel shift map can be ap-
plied to each of the image time points from a subsequent

T This software is freely available to interested individuals from P.J. Please
note, however, that a license is required to run under the IDL platform.
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EPI data run, resulting in a set of unwarped images from
a time series. Alternatively, if desired, image processing
operations (such as blood volume calculations, etc.), can
be performed on the warped EPI time series, and then the
resulting functional map can be unwarped for registra-
tion purposes. The calculation of the pixel shift map for
a 128 X 128 pixel field map is completed in approxi-
mately 10 s, and the unwarping procedure itself is a
computationally fast step (<1 s).

For the human studies, a 1.5 Tesla GE Signa scanner
was used (GE Medical Systems, Milwaukee, WI), with a
specially designed z-axis local gradient coil (13), which
is used to provide fast gradient switching in the read
direction. The EPI parameters used were: 64 X 64 pixels,
200 mm FQOV, 180 us gradient ramp times in the read
direction, 125 kHz sweep width, and a 5-mm slice thick-
ness. A gradient echo EPI sequence was used with an
echo time of 40 ms. Additional human data were ac-
quired at 4 Tesla, using a whole body 4 T magnet (Oxford
Magnet Technology, UK), linked to a GE/Bruker Omega
spectrometer (Bruker, Fremont, CA). An identical z-axis
local gradient coil was used on the 4 Tesla system, and
identical EPI acquisition parameters, except for a shorter
echo time of TE = 28 ms.

RESULTS

Initial phantom results were obtained from the 2 Tesla
animal system, and are summarized in Fig. 4. A conven-
tional FLASH image of the phantom, which consisted of
a 9-cm diameter bottle filled with CuSO,-doped water,
which in turn contained a number of smaller water-filled
tubes, is shown in Fig. 4a. The calculated pixel shift map
used to unwarp the echo planar images is shown in Fig.
4b. Figures 4c and 4d show the gradient-echo EPI image
before and after the unwarping and intensity correction
algorithm has been performed. An estimate of the accu-
racy of the re-registration process is shown pictorially in
Fig. 5, in which an edge detection algorithm has been
used to highlight the features in the conventionally col-
lected image, and this information has been overlaid on
the unwarped and warped EPI data sets.

For comparison, a second calculation was performed
in which the fitted field map values were replaced by the
measured field map values in the region where the true
field was known (this has the effect of adding in slightly
more small scale variations in the pixel shift map). No
noticeable alteration in the appearance of the unwarped
image was evident, and in this case it seemed that both
methods were equivalent. This is likely because of the
origin of the residual field variations, as discussed below,
and because of the resolution difference between the EPI
data and the phase map data. In practical situations, a
map of the residuals should provide a guide as to
whether the fitted field map accurately characterizes the
true field inhomogeneity. For the phantom data shown in
Fig. 5, the field variations observed in the residuals map
correspond to the signal voids at the locations of the
plastic tops and walls of the smaller tubes. In our expe-
rience, much of the residual field inhomogeneities are
artifactual, and so the fitted field map should be used
when possible (this also minimizes any signal-to-noise
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FIG. 4. (a) shows the first image from a double gradient-recalled-
echo image data set used to calculate the field inhomogeneity
map, and (b) shows the calculated field inhomogeneity map used
to correct the echo planar data, with a pixel shift scale shown in
units of pixels. (c) and (d) show the original and unwarped echo
planar data, respectively.

reduction caused by noise in the field map calculation
process).

Experiments conducted to identify the origin of the
residual high spatial frequency phase shifts in the brain
reveal that flow effects contribute substantially, causing
phase shifts unrelated to the magnetic field inhomogene-
ity. When flow compensation was implemented, the
structural information evident in the residuals map re-
duced. Figure 6 shows this in the case of two phase map
studies performed at 4 Tesla. Figures 6b and 6¢ show the
residuals map (measured field minus fitted field) ob-
tained without and with flow compensation, respec-
tively. The blood vessel features evident in Fig. 6b are not
evident in Fig. 6¢c. When the study was repeated at a
lower resolution of 64 x 64 pixels (Fig. 6e and 6f), again
the anatomically derived phase discontinuities de-
creased with flow compensation. The remaining field dip
evident in the center of Figs. 6c and 6f is relatively small
(<5 Hz) and makes minimal difference to the unwarping
process when included. Indeed, the phase noise in maps
such as Figs. 6c and 6f makes the appearance of the
unwarped EPI image inferior when the measured field
information is used for distortion correction rather than
the fitted field information. Around the orbit and petrous
bone, very strong field gradients were evident in the field
map data for slices that cut through these areas, which
were still evident in residuals maps. However, these
strong gradients lead to signal drop out in the echo planar
image rather than signal relocation, and so these devia-
tions from the fitted field map are unimportant.

Two examples of the use of the algorithm in practical
situations are shown in Figs. 7 and 8, in which a normal
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FIG. 5. Overlay of the edge-enhanced high resolution structural information onto the echo planar data. (a) shows an overlay onto the
corrected EPI data, and (b) shows an overlay onto the uncorrected EPI data.

FIG. 6. (a) 256 x 256 pixel resolution GRASS scan obtained at 4 Tesla, showing an axial slice through the head of a normal volunteer.
(b) shows the magnetic field residuals map (measured field inhomogeneity minus fitted field inhomogeneity) in units of Hz when no flow
compensation was used. Some anatomically derived features are evident in the residuals map, indicated by arrows. (c) shows the
residuals map when flow compensation was used. (d)-(f) show similar data for a lower resolution data set of 64 X 64 pixels. Again the
anatomically derived structure in the phase maps is reduced with flow compensation.

male subject was imaged using a surface coil to receive at
a field strength of 1.5 Tesla. The standard shim settings
were used to collect the structural and EPI data in both
sagittal (Fig. 7) and coronal (Fig. 8) sections. For the
sagittal data, an RMS field inhomogeneity variation of
29.7 Hz was measured, with typical deviations in the
inferior temporal region of 40 to 50 Hz, and deviations of
—50 to —100 Hz being recorded in the inferior frontal
region. In the coronal data set, similar field inhomogene-
ities of around 45 Hz were recorded in the inferior tem-
poral lobe and brain stem. The residuals map between

the measured and fitted field map showed an RMS field
variation of 5 Hz in the sagittal data set (mostly evenly
distributed throughout the slice, except near the most
inferior part of the frontal lobe) and 4 Hz in the coronal
data set (evenly distributed throughout the slice). In Fig.
7c, which shows the simple sagittal echo planar image,
geometric distortion is particularly evident in the tempo-
ral lobe, in which field inhomogeneities in the region of
the petrous bone cause an anterior shift in pixel position.
Additional distortion is evident in the cerebellum, which
has been artifactually expanded in the anterior-posterior
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FIG. 7. (@) shows the first image from a double-echo sagittal
FLASH image data set used to calculate the field inhomogeneity
map. A 1.5 Tesla field strength, a 200-mm FOV, and a slice
thickness of 5 mm were used. (b) shows the calculated field
inhomogeneity map used to correct the echo planar data, which
had a maximum positive field deviation of 50 Hz and a maximum
negative field deviation of —100 Hz. (c) and (d) show the original
and unwarped echo planar data, respectively. The following EPI
parameters were used: 64 X 64 pixels, 200-mm FOV, TE = 40 ms,
125-kHz sweep width, 180-us gradient ramp time, 5-mm slice
thickness. The arrows indicate the directions of the pixel shifts
calculated from the field shift.

direction, and is also present elsewhere in the image, but
is more difficult to see by eye. Figure 7d shows the
undistorted, unwarped echo planar image obtained using
the field map fit shown in Fig. 7b. Figures 8c and 8d
show the uncorrected and corrected echo planar scans
obtained in the coronal plane.

At higher than 1.5 Tesla field strengths, the suscepti-
bility effects are proportionately enhanced, and so a
method for correction of geometric distortion in EPI data
is even more desirable. Figure 9 shows structural and
echo planar human data obtained using a surface coil at
4 Tesla. Similar EPI acquisition parameters as described
above, other than a slightly shorter echo time of 28 ms,
which have previously been used for high field func-
tional imaging (14) were used at 4 Tesla. At 4 Tesla, we
have found it desirable to individually shim each volun-
teer before attempting EPI, using an analytical algorithm
that optimizes currents up to the third order (15). Even
so, field inhomogeneities tend to remain, as are evident
in Fig. 9b. In the case of this sagittal section, taken 35 mm
left of midline, an RMS field variation of 26 Hz was
recorded throughout the brain region, with a maximum
deviation of 100 Hz in the temporal lobe and cerebellum,
and a minimum deviation of —40 Hz in the frontal lobe.
The uncorrected and corrected echo planar images are
shown in Figs. 9¢c and 9d. Note that the eye position
remains distorted because it falls outside the region of

4l

FIG. 8. (a) shows the first image from a double-echo coronal
FLASH image data set used to calculate the field inhomogeneity
map. A 1.5 Tesla field strength, a 200-mm FOV, and a slice
thickness of 5 mm were used. (b) shows the calculated field
inhomogeneity map used to correct the echo planar data. (c) and
(d) show the original and unwarped echo planar data, respectively.
The same imaging parameters as in Fig. 7 were used for the echo
planar images.

the fitted field map. Additionally, evidence of greater
signal loss in the temporal lobe is seen in the 4 Tesla
image when compared with the 1.5 Tesla image because
of the larger magnitude of the susceptibility gradients
there.

DISCUSSION

For the technique outlined above to work well, details of
the acquisition parameters and reconstruction algorithm
used should be accounted for. On many scanners that
have echo planar capabilities, a simple EPI MBEST se-
quence is used in which the spectrometer digitizer tim-
ing is adjusted such that minimal ghosting results from a
simple Fourier transformation of the k-space data. When
this is the case, the algorithm as presented above will
require no modification. Problems may arise, however, if
eddy currents are induced in the magnet during the echo
planar sequence that are different from those induced
during the field mapping sequence, in which case the
effective field inhomogeneity for the EPI sequence could
be different from that measured using the double-echo
gradient echo sequence, and may even be time varying.
For the equipment used in these studies, eddy currents
were not found to be significant. Similar problems may
occur if certain gradient “tweakers” are used in the EPI
sequence, which are not accounted for in the geometric
correction. In particular, some groups use a read gradient
adjuster (used to force the echoes to have a constant
separation throughout the echo train) which is added on
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FIG. 9. (a) shows the first para-sagittal image from a double-echo
sagittal GRASS image data set used to calculate the field inho-
mogeneity map. A 4 Tesla field strength, a 200-mm FOV, and a
slice thickness of 5 mm were used. (b) shows the calculated field
inhomogeneity map used to correct the echo planar data, which
had a maximum positive field deviation of 100 Hz and a maximum
negative field deviation of —40 Hz. (c) and (d) show the original and
unwarped echo planar data, respectively. The same imaging pa-
rameters as in Fig. 7 were used for the echo planar images, except
for a lower TE value of 28 ms.

to the oscillating read gradient, and has the effect of
simulating a shim correction in the read direction. In
such cases, the effective shim correction caused by the
gradient “tweaker” should be calculated and added on to
the measured field map.

Further problems can arise if a phase correction algo-
rithm is used to correct for Nyquist ghosts caused by
timing differences in the sampling of even and odd ech-
oes. When a strategy is used in which a single phase
correction is applied to all even echoes and a single
phase carrection is applied to all odd echoes (16), no
modification of the geometric distortion algorithm is re-
quired. However, if a more sophisticated phase correc-
tion scheme is used, then the field map may not repre-
sent the required pixel shifts. Such a case is when a
separate phase correction is applied to each line in k-
space (calculated from a reference scan in which no
phase encode gradient is used). In general, this will cause
a phase roll in the phase encode direction that often
partially corrects for field inhomogeneities in the sample.
In practice, this often amounts to a linear phase roll in
the phase encode direction, which substitutes for the
read gradient “tweaker” described above. Thus, a first
order fit to this phase roll, as obtained from the phase
corrections used in the reconstruction algorithm, can
often be used to successfully correct the pixel shift map
according to the relation Ar = d¢/aN.(N/2w), where
ad/aN is the linear phase roll fit and N is the number of
pixels in the phase encode direction.
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In the absence of eddy currents and other confounding
sources of artifact in the field map calculation, the accu-
racy of the unwarping process can be assessed from the
residuals map, the assumptions being that the high res-
olution anatomical map is undistorted by the field inho-
mogeneities, and that the field inhomogeneities account
for all the geometric distortion in the echo planar image
(note that geometric distortion resulting from gradient
nonlinearities inherent in the gradient coil design would
still be present and equal in both the conventional and
echo planar images, and is not dealt with here). The first
assumption is, in general, true, because the small distor-
tions caused to the high resolution image in the read
direction are sub-pixel in scale, where the pixel dimen-
sion would typically be on the order of 1 mm in dimen-
sion. The second assumption should be true when gra-
dient waveform fidelity is good (i.e., the gradient coil
amplifiers are driven within their linear range), and
when chemical shift and other artifacts described above
are absent. Our experience has been that the unwarping
algorithm results in a spatial unwarping that is also sub-
pixel in accuracy, because our field map residuals show
an RMS accuracy of approximately 5 Hz (or 0.25 pixels in
the EPI phase encoding direction). With EPI pixel sizes of
2 to 3 mm, and temporal lobe and anterior frontal lobe
field map residuals of 10 Hz or 0.5 pixels, re-registration
accuracies ~1 to 1.5 mm are typical in those regions,
with re-registration accuracies ~0.5 to 1 mm elsewhere.
The accuracy of re-registration tends to increase with
lower field strengths, because the inherent susceptibility-
induced field gradients are proportionately lower in mag-
nitude.

In summary, if a pixel shift map can be constructed
that accurately reflects the field inhomogeneities present
in the sample, and details of the acquisition parameters
and image reconstruction algorithm that may affect this
estimate can be accounted for, then the algorithm de-
scribed in this paper has been found to provide a robust
method for the correction of geometric distortion in echo
planar images, and does not exhibit the same sensitivity
to low signal to noise or ghosting that alternative geomet-
ric distortion correction algorithms do (17). The tech-
nique has been demonstrated in phantom studies and in
human subjects, and has considerably aided the task of
making comparisons between anatomical information in
high resolution structural images and functional infor-
mation in lower resolution functional images.
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