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Abstract

Geometric accuracy of MRI is one of the main concerns for its use as a sole image modality in

precision radiation therapy (RT) planning. In a state-of-art scanner, system level geometric

distortions are within acceptable levels for precision RT. However, subject-induced B0

inhomogeneity may vary substantially, especially in air-tissue interfaces. Recent studies have

shown distortion levels of more than 2 mm near the sinus and ear canal are possible due to

subject-induced field inhomogeneity. These distortions can be corrected with the use of accurate

B0 inhomogeneity field maps. Most existing methods estimate these field maps from dual

gradient-echo (GRE) images acquired at two different echo-times under the assumption that the

GRE images are practically undistorted. However distortion that may exist in the GRE images can

result in estimated field maps that are distorted in both geometry and intensity, leading to

inaccurate correction of clinical images. This work proposes a method for estimating undistorted

field maps from GRE acquisitions using an iterative joint estimation technique. The proposed

method yields geometrically corrected GRE images and undistorted field maps that can also be

used for the correction of images acquired by other sequences. The proposed method is validated

through simulation, phantom experiments and applied to patient data. Our simulation results show

that our method reduces the root-mean-squared error of the estimated field map from the ground

truth by ten-fold compared to the distorted field map. Both the geometric distortion and the

intensity corruption (artifact) in the images caused by the B0 field inhomogeneity are corrected

almost completely. Our phantom experiment showed improvement in the geometric correction of

approximately 1mm at an air-water interface using the undistorted field map compared to using a

distorted field map. The proposed method for undistorted field map estimation can lead to

improved geometric distortion correction at air-tissue interfaces, especially in low readout-

bandwidth acquisitions, thus making them suitable for clinical use in precision RT without

increasing the treatment planning margin.

1 Introduction

Superior multiple contrasts for soft tissue and lesion characterization have made MRI to be

considered as a primary imaging modality for radiation therapy (RT) treatment planning and

guidance. Currently, MRI is recommended [Pech et al. 2008, Hentschel et al. 2011] for

target delineation in many forms of precise radiation treatment [Guo et al. 1993, Chung et

al. 2004, Haie-Meder et al. 2005, Lim et al. 2011, Hanvey et al. 2012]. In addition, MRI can

provide physiological and metabolic information for evaluating and characterizing tumors
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and normal tissues, and their responses to radiation therapy. Physiological and metabolic

MRI also has the potential to aid in for the definition of a radiation boost target [Cao 2011,

Quon and Brizel 2012]. However, MRI technologies have to address several challenges in

order to be used as a primary imaging modality for RT planning and guidance.

One of the factors limiting use of MRI as a primary imaging modality for precision RT

planning is geometric accuracy, including the sources of distortion at the system-level, e.g.,

B0 field inhomogeneity, and gradient non-linearity, as well as subject-dependent effects,

e.g., susceptibility effect, and chemical shift [Chang and Fitzpatrick 1992, Jezzard and

Balaban 1995, Baldwin et al. 2009]. On the state-of-art scanners, the system-level

distortions are within acceptable levels due to improved magnet design, and built-in high-

order shimming and gradient non-linearity correction. However, the subject-dependent

distortions may be non-negligible especially in low readout-bandwidth acquisitions that are

often chosen to optimize signal-to-noise or contrast-to-noise ratio in clinical images. Recent

studies showed [Wang et al. 2013] that patient-level distortions caused by the susceptibility

effect can be up to 2–4 mm in the air-tissue interface at the sinus and ear canal, an amount

not within acceptable range for precision RT. These patient-induced distortions can be

corrected with the use of B0 inhomogeneity field maps that are commonly estimated from

the phase difference of two or more complex gradient echo images acquired at different

echo-times [Jezzard and Balaban 1995, Funai et al. 2008]. However, most of the existing

methods for distortion correction do not account for the geometrical and intensity distortion

in the estimated field maps induced by the susceptibility effect [Jezzard and Balaban 1995,

Funai et al. 2008, Baldwin et al. 2009, Crijns et al. 2011]. A distorted field map may not be

able to fully correct the geometric inaccuracies in the images to meet the requirements for

precision RT, especially for images acquired with a low readout-bandwidth. Herein, we

propose a method for estimating undistorted field maps, thus avoiding residual geometric

inaccuracies in the corrected images.

Our proposed method uses an iterative refinement process for self-correcting the estimated

field maps that start from the k-space data (acquired or re-created via FFT) of the distorted

field map. The effectiveness of our method with respect to geometrical and intensity

accuracy of the corrected image and the undistorted field map was evaluated through

simulations as well as phantom. Finally the proposed method was applied to patient imaging

studies.

2 Materials and Methods

Our proposed method to estimate the undistorted field map consists of: 1) acquiring two

distorted complex gradient echo images at two different echo times using a 3D gradient echo

acquisition; 2) correcting the gradient non-linearity caused system-level distortion using

scanner built-in correction; and 3) reconstructing the undistorted field map from the k-space

data (re-created from the complex images or acquired) using a published joint reconstruction

method [Matakos and Fessler 2010]. This method was developed to estimate undistorted

images from modified echo-planar-imaging (EPI) trajectories. Here, we modify the method

to estimate the undistorted field map from a single multi-echo acquisition with the standard

3D Cartesian trajectory.
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2.1 Undistorted field map and image estimation

The k-space data, denoted as y, of a true underlying object ϱ acquired using a 3D gradient

echo (GRE) sequence with a Cartesian k-space trajectory, and zero-mean Gaussian noise,

can be modeled as:

(1)

where ε is the zero-mean complex Gaussian noise vector, ω = 2πγΔB0 with ΔB0 being the

true undistorted field map, and A(ω, t) is the system matrix corresponding to the 3D GRE

acquisition with elements given by

(2)

Where tm is a discrete acquisition time point, k(tm) = [kx(tm), ky(tm), kz(tm)] is the k-space

location at a given time point, rn = [xn, yn, zn] is a discretized image domain location and ωn

is the discrete undistorted ΔB0 field value at location rn. In the model, y can be a vector to

represent multiple echoes, e.g., two echoes, and is affected by ΔB0. The effect of  decay

on is ignored for time being.

Using the above model and the joint reconstruction method, an undistorted field map and

image can be estimated by solving the following optimization problem

(3)

where ŷ are the measured k-space data, and R(ϱ) and R(ω) are regularization terms. To

efficiently solve this problem with a stable solution, a linearization technique for the field

map along with an alternating minimization scheme is applied similarly to [Matakos and

Fessler 2010]. For the regularization terms R(ϱ) and R(ω) we choose quadratic regularizers

for efficiency. The quadratic regularization is a natural choice for the field map since they

are usually smooth. For the image a non-quadratic regularizer could be used, but that would

increase the computational complexity. Since our intent of the use of the image regularizer is

to stabilize the solution, the choice of a quadratic regularizer with a small value of the

weighting parameter λ1 provides a stable solution without compromising the spatial

resolution of the image estimate. Using the analysis method of [Fessler and Rogers 1996] we

chose the parameter λ1 to achieve a full-width-half-maximum (FWHM) of the point-spread-

function (PSF) of 1.02 pixels, which seems sufficient to provide a stable solution without

affecting the spatial resolution of the reconstructed images. For the field map regularization,

due to the field map smoothness, we chose the parameter λ2 to achieve a FWHM of the PSF

of 1.5 pixels; this choice does not significantly compromise the field map resolution and also

helps suppress noise artifacts in the estimated field map. After the linearization

approximation and the regularizer choice, the alternating minimization scheme used for

image and field map estimations can be expressed as
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(4)

where D{t} and D{ϱ(̂k+1)} denote diagonal matrixes with elements of the respective vectors

along the main diagonal, and C is a second order difference operator.

The system of equations in (4) is now quadratic for both the image ϱ and the field map ω

and can be solved efficiently using the conjugate gradient algorithm.

The iterative process is repeated until a convergence criterion is met. The normalized root-

mean-squared error (NRMSE) between two consecutive field map updates, defined as

(5)

is chosen as the criterion. The convergence of the problem was tested for threshold values of

NRMSEs of 0.1% and 0.01%. The output of the final iteration provides the undistorted field

map and undistorted image estimates.

The problem of image estimations is convex and subsequently the initialization is not crucial

since it will converge to the unique minimizer. However, the field map estimation problem

is non-convex and thus the initialization choice is important to guarantee convergence in the

correct local minimum. An initialization with a zero estimate for the field map could lead to

wraparound artifacts in the field map if the echo-times chosen are spaced too far apart for

the given dynamic range of the field map. To avoid this we initialize it with a baseline field

map ωb calculated from the phase difference of two distorted gradient echo images as

(6)

where ϱ1̂ and ϱ̂2 are distorted complex images acquired from the 3D GRE acquisitions at

two different echo times TE1 and TE2, and ∠ denotes the phase operation. Note that the field

map obtained from the phase difference of the two gradient echoes is not just distorted

geometrically but also corrupted in signal intensity. In addition, this baseline field map can

have wraparound artifacts, which can be corrected with the unwrapping method of

[Jenkinson 2003] using the FMRIB (Functional MRI of the Brain) Software Library (FSL).

The initial field map estimate can also be post-processed using a Gaussian or median filter to

remove corruption from noise. The baseline field map after the post-processing steps

(unwrapping and/or noise removal) becomes the initial estimate ω̂(0) used in our iterative

estimation process. This initial estimate ω̂(0) is also the distorted field map that is used for

comparison to our method.
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2.2 Experiments

The proposed method for the undistorted field map estimation and image correction was

validated through both simulation experiments and phantom studies.

2.2.1 Simulations—The purpose of the simulation experiments was to investigate the

geometric accuracy and intensity accuracy of the estimated field map and image comparing

to the ground truth. Also, both the average and maximum errors in both the field map and

image were determined. The importance of each of the metrics depends upon the utility of

the method.

In the simulation experiment, the noiseless k-space data of two gradient echoes were created

with standard frequency and phase encodings, a 256×256 acquisition matrix, a readout-

bandwidth of 180 Hz/pixel, and echo-times of 3 and 5 ms. The bandwidth was selected as

the same as used for a T1-weighted image acquisition in our clinical brain tumor protocol.

The maximum inhomogeneity in the field map was chosen to be approximately 900 Hz,

which can cause an approximately 5mm distortion in an image acquired with a readout-

bandwidth of 180 Hz/pixel. The image and simulated field map are displayed in Figure 1.

The undistorted field map and images were estimated iteratively and the process was

initiated by using the distorted field map. To investigate the convergence of our proposed

method and assess the image quality improvement by our proposed method compared to

using the distorted field map ω̂(0) for correction, the NRMSEs between the estimated field

map or image and the ground truth were calculated in each iteration. To better assess the

maximum errors in the field map and corrected image, the NRMS image error and RMS

field map error in Hz were measured in a specific 50×50 pixel region-of-interest (ROI) that

corresponds to a high-inhomogeneity region in the field map (including the maximum) seen

in Figure 1.

2.2.2 Phantom study—A phantom with known geometric specifications (Figure 2),

which had a large cylindrical compartment filled with doped water and five cylindrical air

pockets was scanned in coronal orientation on a 3T scanner (Skyra, SIEMENS) with two 3D

GRE sequences to obtain two-GRE complex image volumes with acquisition matrix of

288×288×104, a field-of-view (FOV) of 280×280×156 mm, flip angle of 15°, and TR of

12ms at echo-times of 4.92 and 7.38ms corresponding to fat-water in phase. To highlight the

effects of distortion on the field maps and resulting images, we used a modest-low readout-

bandwidth of 300 Hz/pixel in the acquisition.

The two distorted complex images, denoted as ϱ̂1 and ϱ̂2, resulting from the 3D GRE

acquisitions at the two different echo times, were used to re-create the required k-space data

via FFT. The k-space data from the two images ŷ1 = FFT{ϱ̂1} and ŷ2 = FFT{ϱ2̂} were

combined into a single data vector
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that was subsequently used in the proposed undistorted field map estimation. The two

distorted images ϱ̂1 and ϱ̂2 were also used to estimate the distorted initial field maps. Both

the distorted and undistorted field maps were then used to self-correct the GRE images. The

amount of distortion correction was measured at the air-water interfaces and the corrected

images were compared quantitatively to the known geometric specifications of the phantom.

2.2.3 Patient Study—We applied the proposed method to brain MRI data of a patient

who participated in an institution-review-board approved protocol. The patient was scanned

on a 3T scanner (Skyra, SIEMENS) using a 3D dual GRE sequence with readout gradients

of opposite polarities. Two complex image volumes were acquired at echo times of 3.87 and

7.55 ms with acquisition matrix of 128×128×112, field-of-view (FOV) of 240×240×212.8

mm, flip angle of 9°, TR of 12 ms, and readout-bandwidth of 300 Hz/pixel. The echo-times

could not be chosen for fat-water in phase as in the phantom due to the use of a single dual-

echo acquisition with low readout-bandwidth.

As was done for the phantom study, the two distorted complex image volumes were used to

re-create k-space data via FFT and were also used to estimate the distorted initial field maps.

The k-space data were used in our joint estimation method to obtain undistorted field maps.

Finally both distorted and undistorted field maps were used to self-correct the GRE images.

3 Results

3.1 Simulation study

In the simulation study, the RMS error in the field map decreased from the initial 14.8Hz

(43.8Hz in the ROI) to 0.8Hz (1.7Hz in the ROI) in the iteratively estimated undistorted

field map, and the maximum error decreased from 113Hz to 12Hz, indicating substantial

improvement (Figure 3). The reported errors were measured in comparison to the known

ground truth field map. This improvement is also reflected in the NRMSE of the

reconstructed image where the correction with the distorted field map resulted in an NRMSE

of 2.69% whereas correcting with the undistorted field map reduced the NRMSE to 0.43%.

In the high-distortion ROI, the NRMS errors decreased from 8.04% using the distorted field

map for correction to 0.79% using the undistorted field map for correction (Figure 4). This

improvement was also evident visually by comparing the difference between the true and the

distorted field maps, and between the true and the undistorted field maps (see Figure 3). As

seen in Figure 3a there is significant residual geometric distortion and also residual error in

terms of field map intensity. Figure 4a, 4b and 4c show the uncorrected image and the

corrected images using the distorted and undistorted field maps respectively, where we see

visible residual artifacts in the high-distortion region (Figure 4b) that could cause

misdiagnosis in clinical usage, and which are almost completely removed by using the

undistorted field map for correction (Figure 4c).

Using a stopping rule of the NRMSE of 0.1% for estimating the~ undistorted field map, the

algorithm converged after 21 iterations, and resulted in an RMS error of 4Hz in the entire

FOV and ~13Hz in the high-distortion ROI, which are still significant (Figure 5). Using a

stopping rule of 0.01%, the method converged after~61 iterations, and yielded substantially

lower RMS errors in the field map (<1Hz in the entire FOV and 2Hz in the ROI) (Figure 5).
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At that point, the errors in both the reconstructed image and field map were practically

stable, thus further iterations yielded little to no improvement.

3.2 Phantom study

In the uncorrected images, there was about 1.6 mm distortion as well as intensity corruption

near the air-water interface (Figure 6). Figure 7 shows the distorted field map (7a),

undistorted field map (7b) and their difference (7c) where the improvement in the field map

estimation around the air-water interface is clearly illustrated. The undistorted field map

corrected the geometric distortion in the image almost completely, whereas the distorted

field map corrected the distortion only partially (approximately 1mm of correction, Figure

8). Note that in addition to the geometric distortion correction the intensity corruptions

(white and dark spots) near the air-water interface in the original distorted images were

corrected (Figure 8b and 8c). The correction effects on both geometry and intensity can be

seen in the difference images (Figure 9). Comparing each corrected image to the original

distorted one, we see that the distortion correction using the undistorted field map is more

effective in the critical regions near the air-water interface than using the distorted field map.

Also, the difference between the two corrected images using the distorted and undistorted

field maps (Figure 9c) highlights the improvement in the distortion correction at the air-

water interface achieved by using the undistorted map.

The improved correction by the proposed method was also quantified by comparing images

to the phantom design specifications. Within the limitation of the image spatial resolution,

compared to the corrected images (Figure 8e and 8f), we found that in the uncorrected image

(Figure 8d) the top edge of the air cylinder at the phantom center was displaced by 1 mm

inferiorly while the horizontal diameter of the cylinder was displaced by approximately 1

mm superiorly, which resulted in the obvious shape distortion seen in Figure 8d. In both

corrected images (Figure 8e and 8f) the total displacement and shape distortions were mostly

corrected. However, there was residual geometric distortion in the corrected image using the

distorted field map (Figure 8e) at the bottom of the cylinder, leading to a measured vertical

diameter of 32 voxels (corresponding to 31.1±0.5 mm at spatial resolution of 0.972 mm/

voxel), whereas the vertical diameter measured from the corrected image using the

undistorted field map (Figure 8f) was 31 voxels (corresponding to 30.1±0.5 mm), which is

consistent with the phantom design specification of a cylinder with a diameter of 30.1 mm.

3.3 Patient Study

Figure 10 shows the distorted field map (10a and 10d), undistorted field map (10b and 10e)

and their difference (10c and 10f), where white and black edges (arrows) at the high

distortion region in the field map difference indicate the field map geometry difference and

the improvement in the field map estimation. In the uncorrected images, there was

significant distortion (>2 mm) at the region above the sinuses (Figure 10d). The dynamic

range of the residual distortion in Figure 10c (about 1 mm) indicates that there may be non-

negligible residual geometric and intensity distortions in the corrected images using the

distorted field map of Figure 10a. Using the distorted and undistorted field maps to

reconstruct images, the geometric accuracies of both corrected images (Figure 11b using

distorted field map and Figure 11c using undistorted field map) are substantially improved
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as illustrated in the difference images (Figure 11d and 11e respectively) where the clearly

visible edges indicate the improvement in geometric and intensity accuracy. However, using

a distorted field map for correction can result in residual geometric and intensity distortions

that are illustrated in Figure 11f that shows the difference between the two corrected images.

4 Discussion

Our work presented and evaluated an approach to estimate the undistorted field map and

image from a double gradient-echo acquisition by correcting both geometrical and intensity

errors caused by magnetic susceptibility effects. We have shown that although the distorted

field map (by the magnetic susceptibility effect) can correct both geometry and intensity

distortions to some extent, the undistorted field map can correct the distortion almost

completely. Estimating the undistorted field map may be beneficial for correcting the images

acquired with low readout-bandwidths. Considering that the geometrical distortion in the

air-tissue interface is as large as a few mm, the additional improvement in the distortion

correction using the undistorted field map can be important for using MRI in precision

radiation therapy planning, e.g., stereotactic radiosurgery (SRS) for small brain metastases.

The conventional method to obtain the B0 inhomogeneity field map involves measuring the

phase difference of two complex gradient echo images acquired at different echo-times in a

single acquisition [Jezzard and Balaban 1995, Funai et al. 2008]. To reduce acquisition time,

the clinical pulse sequence is implemented to have the readout gradients of the two echoes in

the opposite directions (positive gradient for the first echo and negative gradient for the

second one or vice versa). A B0 inhomogeneity field will cause a voxel displaced in the

opposite directions in the first and second echo complex images, which results in the phase

difference of the two echoes being inaccurate in both frequency and geometry. The

geometrical error in the phase difference image could be twice large as that in either the first

or second echo amplitude image. Our proposed method addresses this problem in the

measured field inhomogeneity map from the phase difference of two gradient echoes.

We investigated the convergence of the proposed algorithm based upon the NRMS errors of

the two successive iterations in both the field map and amplitude image. We found that the

convergence rate of the image was faster than the field map (Figure 5). Since our main

purpose is to estimate the undistorted field map, we chose our convergence criterion based

upon the field map convergence. If the proposed algorithm is applied to reconstruct the

undistorted image as a main purpose, a different criterion could be used. To reduce the

number of iterations required in the computation of the undistorted field map, a fast

approximation algorithm can be developed to find a near-optimal solution before applying

the proposed algorithm, which will be the future work.

In this work we used modest-low readout-bandwidth acquisitions with the purpose of

investigating the effects of field map distortion and avoid noise corruption due to low SNR.

However, the regularization used in our method sufficiently suppresses the noise artifacts in

the estimated field map. As part of our future work we intend to compare the field map

reconstruction quality between low and high bandwidth acquisitions and investigate the

tradeoff between low-SNR and low-distortion high-bandwidth acquisitions, and high-SNR
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and high-distortion low-bandwidth acquisitions. The chemical shift of water and fact signals

also causes the relative geometric distortion between the two signals in the frequency-

encoding direction in the magnitude images. However, the field map is less affected by the

chemical shift due to the small susceptibility difference between fat and water (−8.4 and

−8.9 10−6 cm3/mol, respectively). The future works will include the chemical shift effect in

the joint reconstruction algorithm for simultaneous estimation of the undistorted image and

field map.

We proposed the algorithm based upon a 3D acquisition of double gradient echoes to avoid

the complicated susceptibility-caused distortion in the slice selection direction. In the

clinical setting, this 3D acquisition that takes approximately two and a half minutes to

acquire for volumetric head and neck images with a resolution of 2 mm or less is feasible.

However, it is infeasible to acquire every image series by double echoes to apply our

proposed method to reconstruct the undistorted images. Nevertheless, in the clinic, some

images are acquired with a low readout-bandwidth to achieve better contrast and an

adequate signal-to-noise ratio, e.g., 3D T1-weighted gradient-echo brain images. A low

readout-bandwidth acquisition is more strongly impacted by the susceptibility-caused

geometric distortion. For an SRS treatment plan, a 1 mm margin is often used to handle the

geometric uncertainty associated with image-based planning and treatment. However, to use

MRI alone for treatment planning, an additional uncertainty in the image geometrical

accuracy would require an increase in the treatment plan margin, which is not desirable.

Furthermore, for more general RT-planning, MR images of certain body sites are acquired

with a large FOV, resulting in part of anatomy being scanned off-center (out of the sweet

spot of B0 field homogeneity) where the distortion can be substantial. Our proposed method,

in conjugation with the 3D dual gradient echo acquisition, can be used in several different

ways. First, the estimated undistorted field map can be used to correct the clinical images.

Second, the estimated undistorted images can be used as an undistorted template to register

the clinical images. Third, the undistorted field map and/or undistorted images can be used

to monitor geometric accuracy of the clinical images patient-by-patient and scan-by-scan for

quality assurance (QA). The choice of correcting or not-correcting, and correcting using a

distorted or undistorted field maps depends on the imaging sequence and the intended use of

the images. When a tumor is located near the air-tissue interface, where the distortion is

more profound in a low readout-bandwidth acquisition, the geometric distortion correction

using a distorted field map may still not be within acceptable levels for precision RT, thus

requiring the use of an undistorted field map. The proposed field map estimation method is

being further evaluated in an ongoing patient study using a 3D dual-GRE sequence for

estimating an undistorted field map that is subsequently used for geometric and intensity

correction of low-bandwidth anatomical T1 images.
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Figure 1.
True image (left) and field map (right) used in the simulation experiment with a 50×50 pixel

ROI marking the high distortion region. The field map is converted from Hz to mm of

distortion in an image acquisition with a frequency-encoding bandwidth of 180 Hz/pixel.
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Figure 2.
Amplitude image of the geometric phantom. An arrow denotes the direction of the main

magnetic field B0.
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Figure 3.
(a) Difference between the true and the distorted field map, (b) difference between the true

and the iteratively corrected undistorted field map
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Figure 4.
(a) Uncorrected image. Geometric and intensity distortion artifacts are clearly visible. (b)

Corrected image using the distorted field map. Visible artifacts in the regions with high field

inhomogeneity. (c) Corrected image using the undistorted field map. No visible artifacts. (d,

e, and f) show difference between the true image and figures (a, b, and c) respectively. In all

images the scale is in arbitrary intensity units.
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Figure 5.
Algorithm convergence. (a) The NRMSE (%) between consecutive field map updates as

given in equation (5) decreases as the number of iterations increases. (b) The NRMSE (%)

of the reconstructed image decreases as number of iterations increases. (c) The RMS error

(in Hz) of the reconstructed field map decreases with the number of iterations. Blue curves

(solid) and green curves (dashed) denote the errors in the entire field of view and in the high

distortion ROI of the field map (a and c) or image (b), respectively. Horizontal and vertical

dashed lines denote the two stopping criteria of 0.1% and 0.01% of the NRMSEs in the

estimated field map, and the respective numbers of iterations of 21 and 61.
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Figure 6.
The uncorrected image of the phantom overlaid with a color-coded field map that is

converted to mm of distortion.
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Figure 7.
(a) Initial distorted field map; (b) Iteratively estimated undistorted field map; (c) Difference

between the two field maps. The field maps are converted to mm of distortion.
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Figure 8.
(a) Original distorted image with clearly visible distortion at the air-water interface. (b)

Image corrected with the distorted field map. (c) Image corrected with the undistorted field

map. (d, e, and f) are zoomed-in regions around the central cylinder from figures (a, b, and

c) respectively. Note that there are intensity corruptions at the locations with the geometric

distortion in the original distorted image.
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Figure 9.
Distortion correction at the air-water interface. Difference images between the uncorrected

image and the corrected image using the distorted field map (a), between the uncorrected

image and the corrected image using the undistorted field map (b), and between the

corrected images using the distorted and the undistorted field maps (c).
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Figure 10.
Field maps from patient data converted in mm of distortion at 300Hz/pixel readout

bandwidth. (a) Distorted field map; (b) Undistorted field map; (c) Difference between (a)

and (b). Figures (d, e, and f) are the same as (a, b and c) respectively, overlaid on the

magnitude image. Arrows in (c and f) point to edges in the field map difference indicating

geometric distortion at the region of high field inhomogeneity.
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Figure 11.
Reconstructed Images from the brain of a patient. (a) Uncorrected image; (b) Image

corrected using the distorted field map; (c) Image corrected using the undistorted field map;

(d) Difference between (a) and (b); (e) Difference between (a) and (c); (f) Difference

between (b) and (c). All intensity images as well as difference images are windowed

identically. Visible edges in (d and e) indicate overall geometric distortion correction using

field maps. Arrows in (f) point to edges in the difference image indicating geometric

distortion correction in the high inhomogeneity region attributed to the use of the undistorted

field map.
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