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SIGNAL INHOMOGENEITY CORRECTION AND PERFORMANCE
EVALUATION APPARATUS

TECHNICAL FIELD OF THE DISCLOSURE
[0001] The field of the disclosure is Magnetic Resonance (MR)
systems and methods and, more particularly, systems for correcting signal intensity

inhomogeneity caused by non-tissue characteristics.

BACKGROUND OF THE DISCLOSURE

[0002] Inhomogeneity caused by non-tissue characteristics is an
undesired and unavoidable artifact, which often adversely affects intensity-based
qualitative and quantitative MR image analysis. It becomes more severe in higher
magnetic fields and for objects with higher permittivity where the wavelength of the
RF field in the objects is comparable with or less than the size of the objects. In MR
imaging, imperfections of receiver and transmit coils, static magnetic field
inhomogeneity, radio frequency (RF) penetration, gradient-driven eddy currents, and
object-dependent electromagnetic interactions systematically cause the variations of
signal intensities across images which is also referred as bias field, intensity non-
uniformity, or shading. MR signal inhomogeneity presents a major challenge for
magnetic resonance imaging (MRI) and magnetic resonance spectroscopy (MRS).

More specifically, even subtle signal inhomogeneity can cause large degradation on
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image quality, which must be discounted by physicians when viewing images and
therefore often obstructs diagnoses and causes treatment delays. Moreover,
artificial intra-tissue variability caused by signal inhomogeneity affects automated
image processing algorithms that rely on the assumption that a given tissue is
represented by similar voxel intensities throughout the image. Subsequently, it
reduces the accuracy of quantitative analyses and limits the detection sensitivity of
computer-aided diagnosis. Finally, signal inhomogeneity increases inter-scanner
variability. MR images acquired with similar protocols but on different scanners may
generate dissimilar image intensities for the same tissue types due to different coil
configurations and coupling between the coil and the to-be-imaged objects. The
variabilities across different sites and time points in longitudinal studies are
machine-dependant, and go beyond random or systematic errors that can be
corrected. As a result, the number of required subjects have to be increased to
improve statistical power. For example, to have statistically reliable and significant
results, the Alzheimer's Disease Neuroimaging Initiative (ADNI) have spent $60-
million over 5 years imaging and tracking more than 800 subjects.

[0003] Before the commencement of each MR scan, it is common
practice to adjust the strength of the transmitted RF excitation field and the gain of
the RF receiver to ensure that the RF excitation pulses have optimal frequency,
strength, and duration to evoke the desired MR signal. This does not necessarily
mean that the expected RF excitation field will be produced uniformly throughout
the region of interest, or that the resulting MR signals will be received uniformly

from all locations in the region of interest. RF field produced by most transmit coils
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after loading of the subject being studied is not homogeneous and the receive field
of most receiver coils is also not homogeneous. This is particularly true for imperfect
coil configurations, such as surface coil and phase array coils. Even if the transmit
and receiver coil fields are homogeneous for free space or in the unloaded condition,
wave behavior and penetration of the RF field into the subject may give rise to non-
uniform transmit field and receiver sensitivity throughout the region of interest.
Moreover, incorrect calibration of the RF pulse amplitude, instability or drift of the
RF amplifier or other RF electronics, can lead to non-uniform transmit field. Also,
mutual inductance between transmit and receiver coils may cause further
inhomogeneities. Either inhomogeneous transmit or receiver sensitivity or both can
give rise to ghost artifacts in signal intensity, and therefore restrict the application of
MR techniques in research and clinical settings.

[0004] Methods for correcting MR signal inhomogeneities can be
categorized into active and post-processing methods. The active methods are
achieved through the applications of adiabatic pulses, compensation pulses,
radiofrequency field shimming techniques, and parallel transmit techniques. Most of
these active methods concentrate on the correction of signal inhomogeneity caused
by transmit coils; while only parallel transmit techniques partially correct
inhomogeneity caused by receiver coils. The post-process methods can be further
classified into model-based (e.g. low-pass filtering, statistical modeling and surface
fitting) and measurement-based methods (U.S. Pat. No. 6,757,442, Ainash 2004 from
GE Medical Systems Global Technology Company; U.S. Pat. No. 7,218,107, Fuderer

2007 from Koninklijke Philips Electronics N.V.; U.S. Pat. No. 7,672,498, Jellus 2010
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from Siemens Aktiengsellschaft; U.S. Pat. No. 7,894,668, Boitano 2011 and U.S. Pat.
No. 8,213,715, Boitano 2012 from Fonar Corporation). Most model-based methods
are usually established on the assumption that MR signal inhomogeneity changes
slowly and smoothly. Since the configurations of the objects being imaged are very
complex, the assumption is sometimes not valid. Moreover, the model-based
methods usually do not consider the influence of image acquisition and the imaged
object on the inhomogeneities. These methods require some huge initial effort and
extensive skills to select the right model and correct setting. Measurement-based
methods, on the other hand, inclusively incorporate prior knowledge about factors
that affect signal inhomogeneity into the correction. [Brey WW, Narayana PA. 1988;
Murakami JW et al. 1996;Liney GP et al.1998, U.S. Pat. No. US2012/0032677 Al
Dannels (2012) from Toshiba Medical System Corporation].

[0005] A number of methods have been proposed for estimating
transmit field in vivo. These methods can be categorized into MR amplitude based
and MR phase based methods. MR amplitude based methods include the double flip
angle method [Insko EK et al, 1993; Cunningham CH et al 2006], dual pulse spin echo
method [Jiru F et al, 2006], actual flip angle imaging method [Yarnykh VL, 2007], and
stead state method [Brunner et al, 2009]. MR phase based methods include Bloch
Siegert shift method [Sacolick et al. 2010], and phase method [Morell DG 2008;
Chang YV, 2012]. Various methods have also been proposed for estimating receiver
sensitivity in vivo. These methods can be categorized into intensity-based, field-
based and k-space calibration methods. Intensity-based methods include the pre-
scan method (Pruessmann et al, 1999), minimal contrast method (Wang J et al,

4
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2005a and 2005b), and uniform magnetization method (Dai W et al, 2011). Field-
based methods include the reciprocity principle method (Hoult DI et al, 1976),
rotating-object method (Wang J et al, 2009), calibration from transmit field
(Watanabe H, 2011), and electromagnetic field method (Wang J et al 2013, US
20130251227 A1). Because coil sensitivity varies slowly and smoothly over space, the
k-space calibration methods have also been used to estimate receiver sensitivity for
parallel imaging reconstruction (Griswold MA et al, 2006; Breuer FA et al, 2005;
McKenzie CA et al, 2007).

[0006] Thus, signal intensity inhomogeneity correction is a
challenging problem involving multiple communities with different objectives.
Performance evaluation is a consideration for the investigation of consistency among
methods as well as for the optimization of existing and development of novel
correction methods. Due to the lack of ground-truth, direct evaluation using
experimentally collected human subject MR data is not feasible. The most
commonly used evaluation is based on computer simulations. However, because it is
difficult to describe MR scanner procedures exactly, most existing simulation based
performance evaluation methods yield poor validity scores and often lead to
conflicting statements. In the present disclosure, phantom and in vivo experiments
are used to evaluate the performance of various signal inhomogeneity correction

methods.
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SUMMARY OF THE DISCLOSURE

[0007] The present disclosure is directed to a novel in vivo method for
correcting MR signal inhomogeneity. The inhomogeneities caused by transmit field
and receiver sensitivity are quantified separately and used to perform
inhomogeneity correction. The method can enhance the accuracy and precision of
MR imaging and MR spectroscopy techniques and improve the detection sensitivity
of pathophysiological changes. To investigate the consistencies among different
algorithms and to provide end users with a rational basis for selecting a specific
inhomogeneity correction method for a certain scientific application, the present
disclosure also includes the method and apparatus to evaluate the performance of
various signal inhomogeneity correction methods.

[0008] Various factors, such as the receiver coil, transmit coil and
magnetic field variations, uncompensated eddy currents, wave behavior and object
positioning, generate MR signal inhomogeneities. Among them, coil configuration
and wave behavior are primary sources. They lead to not only inhomogeneous
transmit field but also inhomogeneous receiver sensitivity. In the present disclosure,
the contribution of both transmit field and receiver sensitivity to signal
inhomogeneity are separately considered and quantified. As a result, their negative
contributions can be fully corrected. The performance of signal inhomogeneity
correction methods has been evaluated and confirmed using phantom and in vivo
human brain experiments. The methods are readily applicable to correct signal
intensity inhomogeneity artifacts produced by different imaging modalities, such as

computer tomography (CT), X-ray, ultrasound, and transmission electron microscopy
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(TEM). The correction methods are based on qualified reasons which lead to the
signal intensity inhomogeneity in the different imaging modalities.

[0009] Thus, in accordance with aspects of the disclosure, there is
described a method that may include: producing a set of signal intensity images
using various sequences and imaging parameters in vivo; estimating the relative flip
angle maps or relative transmit field maps with the images acquired; estimating the
maps of all pulses (radio frequency pulse, refocusing pulse and magnetization
preparation pulses) if the sequence includes different radiofrequency pulses or
refocusing pulses or magnetization preparation pulses; estimating transmit function
of the images being corrected according to Bloch’s equation and the relative flip
angle corresponding to the given flip angle; estimating the receiver sensitivity maps;
calculating a relative correction image from the transmit function and the receiver
sensitivity; registering the relative correction image to the images being corrected
for obtaining correction matrixes or images; normalizing the relative correction
image; and correcting inhomogeneous signal intensity with the correction matrixes
or images.

[0010] Performance evaluation is performed to investigate
consistency among methods as well as to optimize existing and develop novel
correction methods. Due to the lack of ground-truth, a direct evaluation is not
feasible. Most commonly used evaluation is based on computer simulations.
However, because it is difficult to describe MR scanner procedures exactly, most
existing performance evaluation methods yield poor validity scores and often lead to

conflicting statements. In the present disclosure, phantoms and human subjects are
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used to evaluate the performance of various signal inhomogeneity correction
methods.

[0011] Thus, in accordance with other aspects of the disclosure, there
is described a method that may include: producing a set of signal intensity images of
a uniform phantom using various sequences and imaging parameters in vivo;
evaluating the performance of signal inhomogeneity correction methods; producing
a set of signal intensity images of phantoms with multiple contrasts (representing
multiple tissue types) and in vivo human bodies using various sequences and imaging
parameters in vivo; measuring the exact volume of each tissue component to serve
as the ground-truth using physical and chemical methods; correcting signal
inhomogeneities with various methods and different parameters; segmenting the
corrected images and estimating the volume of each tissue component; and
evaluating the performance or image quality of various methods by comparing tissue
volumes, contrasts, signal intensities and noises estimated from the segmentations
and those obtained from the physical and chemical methods. The best method will
have the best image quality, such as the smallest standard deviation of signal
intensity for the uniform phantom and the largest contrast or contrast-to-noise of
the multiple tissue phantoms. Additionally, it will be robust and less variable across
sequences and imaging parameters.

[0012] This summary is provided to introduce a selection of concepts
in a simplified form that are further described below. This summary is not intended
to identify key features or essential features of the claimed subject matter, nor is it

intended that this summary be used to limit the scope of the claimed subject matter.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0013] In the drawings, the same reference numbers and acronyms
identify elements or acts with the same or similar functionality for ease of
understanding and convenience.

[0014] FIG. 1 illustrates a flowchart employed in a magnetic
resonance imaging system suitable for correcting inhomogeneous signal intensity
with estimated transmit field and receiver sensitivity.

[0015] FIG. 2 illustrates a measured transmit RF field (a, d), receiver
sensitivity (b, e) and their differences (c, f) of a uniform phantom at 1.5 (a-c) and 3.0
Tesla (d-f), respectively. The transmit field and receiver sensitivity have been
normalized by their averages.

[0016] FIG. 3 illustrates a calculated transmit field map for the body
coil (a) and the receiver sensitivity map of the phased array coil (b).

[0017] FIG. 4 illustrates a transmitted field map (a) and receiver
sensitivity map (b) calculated using the MR method, wherein an uncorrected T1-
weighted image is shown in (c), and the corrected image is shown in (d), obtained
from the maps in (a) and (b).

[0018] FIG. 5 illustrates an original phantom image acquired using a
gradient echo sequence (a), a spin echo sequence (b) with body transmit coil and
phased array receiver coil, and corrected images using the field map method (c,d),

respectively.
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[0019] FIG. 6 illustrates an original brain image acquired using a
segmented gradient echo planar imaging sequence (row a) with body transmit coil
and phased array receiver coil, and corrected images using the field map method
(row b), respectively.

[0020] FIG. 7 illustrates an original brain image acquired using 3D
FLASH (Fast Low Angle SHot Magnetic Resonance Imaging) sequence (row a) with
body transmit coil and phased array receiver coil, and corrected images using the
field map method (row b), respectively.

[0021] FIG. 8 illustrates an original brain image acquired using a
segmented spin echo planar imaging sequence (row a) with body transmit coil and
phased array receiver coil, and corrected images using the field map method (row b),
respectively.

[0022] FIG. 9 illustrates an original brain image acquired using a fast
spin echo or turbo spin echo sequence (row a) with body transmit coil and phased
array receiver coil, and corrected images using the field map method (row b),
respectively.

[0023] FIG. 10 illustrates an uncorrected multi-slice brain images
acquired using an inversion recovery turbo spin echo sequence (a-f), and the
corresponding corrected images using the field map method (g-I).

[0024] FIG. 11 illustrates an image of a human brain acquired with 3
dimensional inversion recovery fast spin echo sequences (row a) and corrected

images using the field map method (row b), respectively.

10
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[0025] FIG. 12 illustrates an image of a uniform phantom (a) and
corrected images using the Nonparametric non-uniform intensity normalization (N3)
(b), Statistical Parametric Mapping (SPM) tool (c), FMRIB's Automated Segmentation
Tool (FAST) (d) and the field map method (e).

[0026] FIG. 13 illustrates an image of a human brain acquired with
MPRAGE sequence (column a) and corrected images using N3 (column b), SPM

(column c), FAST (column d) and the field map method (e).

DETAILED DESCRIPTION OF THE DISCLOSURE
[0027] INTRODUCTION
[0028] The present disclosure describes methods for correcting image

inhomogeneity using a correction matrix of the to-be-corrected images:

ST
S [corrected = measur%[ . ( 1)

Where S1,,...... is the corrected signal, signal 57,,,.... 1S the measured signal, and

SI

Correction

is the correction matrix of the to-be-corrected images. The correction

matrix or bias field can be calculated from transmit function and receiver sensitivity

as follows:
S]correction = F(x) S(x) ’ (2)
where r(x) is the corresponding transmit function, and S(x) is receiver sensitivity.

The transmit function of the to-be-corrected image F(x) is calculated according to

11
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the measured transmit field and Bloch’s equation that corresponds to the acquired
image.

[0029] 1. Single radiofrequency pulse

[0030] The simplest MRI radiofrequency pulse only includes a type of
radiofrequency pulse shape which can be one of sinc pulse, Gaussian pulse,
truncated-sinc, hard pulse, composite pulse and tailored pulse. For a given hardware
and loaded object, such as coil system and magnetic field strength, the transmit field
inhomogeneity will be consistent. The flip angle has a linear relationship with the

product of transmit field B "and pulse duration time t. For example, the transmit

function F_ (x)of either ideal steady-state gradient-echo sequence or gradient echo

planar imaging sequence with an excitation flip angle of a(x) can be approximated

as:

1-E )-sina(x) o
F.(x)=M,- 1 e "
oe (x) =M, 1-E,-E, —(E,—E,)-cosa(x) ‘

where E, = exp(—TRT), Mg is the equilibrium longitudinal magnetization, T, is the
1

longitudinal relaxation time, £, :exp(—%*). The corrected flip angle ¢, (x) for
2

the nominal flip angle a(x) can be calculated by:

aGE<x>=a<x>-{@}

& o
where ¢, ;, and 7 are the nominal input excitation flip angle and pulse length of the

radio-frequency pulse used for determining B,". The calculated flip angles are based

12
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on the assumption of a linear relationship between flip angle and B, map. For TR

>>T,,E,=0, and Eqg. (3) can be simplified as:

TE

. 1-E
Fop (x)= M sin g, (x) I—E(- 005103 (x)‘e ’
1 GE

[0031] The variables that depend on the properties of the tissue
(proton density, T;and T,) in Eqg. (5) are ignored or replaced with averaged tissue
parameters. When TR >> T1 and TE<< T,, Eq.(5) can be further simplified to:

Fop (x) o sinagy ()

[0032] Various methods, such as the double flip angle method [Insko
EK et al, 1993; Cunningham CH et al 2006], dual pulse spin echo method [Jiru F et al,
2006], actual flip angle imaging method [Yarnykh VL, 2007], steady state method
[Brunner et al, 2009], Bloch Siegert shift method [Sacolick et al. 2010], and phase
method [Morell DG 2008; Chang YV, 2012], can be used to estimate the transmit
field B,". Here the transmit field or flip angle map is estimated using the double flip
angle method with a segmented gradient-echo EPI sequence [Wang J et al, 2005a

and 2005b]:

L1 2
B, :—-arccos( G% j,

yT
where the ratio of signal intensities of two gradient-echo images with different flip

angles @, ;,(x)and 2a, 4, (x) is given by:

sin 2a X
ﬂ'GE — 2,GE (%n &, o (x) =2c¢0s al,GE (x) ’

13
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[0033] Various methods, such as the pre-scan method (Pruessmann
et al, 1999), minimal contrast method (Wang J et al, 2005a and 2005b), uniform
magnetization method (Dai W et al, 2011), the reciprocity principle method (Hoult DI
et al, 1976), rotating-object method (Wang J et al, 2009), calibration from transmit
field (Watanabe H, 2011), and bias field method (Wang J et al, 2012), have been
developed to estimate receiver sensitivity. Additionally, receiver sensitivity may also
be estimated from k-space data (Lei Ying and Huang Fei et al).

[0034] In the present disclosure, receiver sensitivity may be estimated
using the minimal contrast method. For a uniform phantom, the inhomogeneity
signal mainly results from non-uniform transmit field and receiver sensitivity. The
contribution of the transmit field to the inhomogeneous signal can be calculated

from the measured transmit field. Receiver sensitivity can be calculated using:
S(x)=581,,0(x)/ F,ie (x)
where SI,.(x) and F,, (x) are signal intensity and transmit function of the

uniform phantom. If a heterogeneous object includes three or more tissues, TE and
TR can be chosen to minimize the contrast among all the tissues, although in this
case some contrast will remain. In this case, the heterogeneous object can be
approximated by a uniform object, and its receiver sensitivity can be estimated using
Eg. (9).

[0035] 2. Combination of multi pulses.

[0036] Many image sequences may include different pulses, such as

variable radiofrequency pulses, refocusing pulses and magnetization preparation

14
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pulses. For example, spin echo sequence, echo planar spin echo imaging sequence
and fast spin echo sequence all include refocusing pulses. It is assumed that wave
behavior is the dominant factor that introduces the difference in transmit field
inhomogeneity for most routine pulses when coil configuration and loaded object
are given. That is, the effect of pulse shape and By inhomogeneity on transmit field
is negligible. It is noticed that the assumption is not valid for phase modulation
radiofrequency pulses, adiabatic pulses. In that case, the transmit function of a spin-

echo sequence g,ix3 can be obtained by solving the Bloch’s equation as follows:

TE

siner, () -cosl B, (4)]} {1 0 iy (5)-E, ~(1-cos B, (D) B - |

F =M
SE(x) 0 l—COSOtSE(X)'COSﬂSE(x)'El

where a4 (x) and ﬁsE(x) are the corrected flip angles of the excitation and refocusing
pulses using Eqg. (6) at position x. When Ty >> TE and TR >> Ty, Eqg. (4) can be

simplified to:

Fop (0)o sn g (1) -sin? L2220

According to the assumption, aSE(x) should be proportional to Ss;(x). Therefore the
refocusing pulse can be estimated from the measured o, (x).

[0037] The magnetization preparation pulses include (i) 180° RF
inversion pulse, (ii) a saturation pulse (usually 90° RF pulse), and (iii) a magnetization
transfer pulse. Like refocusing pulse, the maps of the magnetization preparation

pulses can be estimated by measured O‘SE(X), The maps of the combined pulses

may be obtained using the measured aSE(x). The transmit function for the sequence

15
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is estimated using Bloch’s equation. For example, the MP-RAGE sequence is
composed of 3D-inversion recovery a and N equally-spaced readout RF pulses of flip
angle © and echo spacing t. Repetition time TR is defined as the time interval
between two successive inversion recovery pulses:
TR=TI+N-t+1D (12)

where ¢ is echo spacing time, N is the total number of readout RF pulses, Tl is the
time interval between the inversion recovery pulse and the first RF readout pulse,
and TD is delay time. In order to simplify the formula for signal intensity, the

following may be defined: S (_7 j For successive excitations in the MP-RAGE
=exp T

sequence, signal intensity from the i read-out pulse is given by:

, TE 1-6 (13)
F = . . =7 _if1- . _17 j ’
)= M 0o - || ool e 777,
[0038] Inversion recover fast spin echo sequence is composed of

inversion recovery pulse 6, the radiofrequency pulse a, and N equally-spaced
refocusing pulse of flip angle B and echo spacing T. Repetition time Tl is defined as
the time interval between inversion recovery pulse and the radiofrequency pulse.

The transmit function is given by:

el M. 1-B-cos@)bexp{ -7 | Bin(e]- [ -costo) (14

1

where the effective inversion recovery time 77, s @ major determining factor of
off

image contrast. It is defined as the time interval between the inversion recover

pulse and the refocusing read-out pulse for k-space center. If the i read-out pulse

16
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corresponding to expected image contrast is used to fill k-space center is given

" Ty
by:
Tl =TI +i*t=TI+TE -

[0039] 3. Variable imaging parameter sequences

[0040] With regard to variable imaging parameter sequences, such as
MPRAGE or 3D fast spin echo sequence (SPACE in Siemens Healthcare, CUBE in GE
Healthcare, and vista Philips Healthcare), each k-space line corresponds to different
imaging parameters (such as inversion recovery time, echo time, and flip angle). The
imaging parameters used for inhomogeneity correction should be the effective
imaging parameters used in acquiring the k-space zero line or the center of k-space.

[0041] In order to quantitatively evaluate the variability of an image

parameter, the coefficient variation (CV) may be introduced:

cv=2,

y7;

where & and g are the standard deviation and mean of the specific parameter. The

smaller the CV, the more uniform the parameter or the smaller the variability. When
CVis equal to zero, the parameter is perfectly uniform.
[0042] IMPLEMENTATION AND RESULTS

[0043] FIG. 1 is a simplified flowchart employed in an MRI system

suitable for correcting inhomogeneous signal intensity with estimated transmit field

and receiver sensitivity. Initially, at 100, images are provided to the system. At 101,

low resolution images are used to measure the receiver sensitivity (at 102A) and

17
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transmit field or relative flip angle (at 102B). At 103, images are acquired that are
used for diagnosis and research. These may be high resolution images in which
inhomogeneities are to be corrected. At 104, an estimate of the transmit function is
made using, e.g., the transmit field and Bloch’s equation of the to-be-corrected
images. From the estimate, the transmit function may be calculated with the flip
angle as according to Bloch’s equation. At 105, a relative correction matrix is
estimated according to the transmit function and receiver sensitivity. The relative
correction matrixes may be registered into the images being corrected. At 106, the
relative correction matrixes are normalized to obtain correction matrices. At 107,
the inhomogeneous signal intensity of the images is corrected by taking the ratio of
high resolution images and their corresponding correction matrices.

[0044] FIG. 2 shows the distributions of the measured RF transmit
field (a, d), receiver sensitivity (b, €) and their differences (c, f) of a uniform phantom
at 1.5 (a-c) and 3.0 Tesla (d-f) Tesla with a transmit/receiver body coil, respectively.
With increasing Larmor frequencies, the transmit field and receiver sensitivity
become more inhomogeneous. The maximum difference between transmit field and
receiver sensitivity is about 10% at 1.5 Tesla, which is much larger than the error of
the measured transmit field and receiver sensitivity (about 2%). These results
demonstrates significant difference between the transmit field and receiver
sensitivity with scanner static magnetic field above 1.5 T with a transmit/receiver coil.
As the static field strength increases to 3.0 T, the maximum difference increases up
to around 20%. In MR experiments, receiver sensitivity is sometimes approximated

by the transmit field of the receiver coil according to the reciprocity principle. This is

18
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only valid in low field strengths. Replacing receiver sensitivity with transmit field can
introduce large errors at high field strengths.

[0045] The transmit field of the body coil and the receiver sensitivity
of phased array coil for a homogeneous phantom are calculated and shown in
Figures 3A and 3B. With complete intensity uniformity the SD and therefore a
should be the inverse of the image signal-to-noise ratio (SNR). In the case of the
phantom, CV of the transmit field of the body coil is 14.7%, and CV of the receiver
sensitivity for the phased array coil is 15.7%. The signal inhomogeneities in the
images obtained with this hardware, then clearly result from not only the receiver
sensitivity profile of the phased array coil, but also the transmit profile of the body
coil. Although the contribution of body coil transmit to signal non-uniformities is
smaller than the contribution of the phased array coils’ reception at fields below 1.5
Tesla, the former can be comparable to, or larger than the latter at higher fields,
such as 3.0 Tesla. Thus the contribution of the transmit profile cannot be ignored.
For the same reason, if the body coil is used as a reference for correcting the signal
non-uniformities with phased array data at high field, significant errors can arise
since such a calculation assumes a uniform transmit profile.

[0046] Various methods, including the Nonparametric nonuniform
intensity normalization (N3) approach [Sled JG et al, 1998], SPM tools [Ashburner J
and Friston KJ, 2005], and FSL-FMRIB [Zhang Y et al., 2001], have been proposed to
estimate the bias field or signal intensity inhomogeneity of acquired images. In the
N3 method, the bias field is estimated by sharpening the intensity histogram using

Gaussian devolution and smoothing using a cubic B-spline. The smoothing of the bias
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field has a significant impact on the performance of the correction method.
Conventional filtering techniques can introduce tissue boundary or eddy artifact and
degrade the accuracy of bias field estimation. Spline approximation incorporating
smoothness constraints is used to reduce the artifact on tissue boundaries. This
method is independent of pulse sequence, imaging parameters, and insensitive to
pathological change. In SPM tools, the bias field is based on the Gaussian mixture
tissue model, Expectation-Maximization algorithm and Levenberg—Marquardt
optimization. In FSL-FMRIB tools, the estimation of bias field is based on a hidden
Markov random field model and an associated EM algorithm [Zhang Y et al., 2001].
The field map method was proposed for correcting the signal intensity
inhomogeneities from non-tissue characteristics based on the estimating the
transmit field and receiver sensitivity [Wang J et al., 2005a and 2005 b].

[0047] The original gradient echo image and spin echo image, and the
corresponding corrected images using the field map method, are shown in Figures
4A-4D respectively. In the original images (FIG. 4A and 4C), significant signal intensity
inhomogeneities are observed. In FIG. 4B and 4D, the field map method corrects the
intensity inhomogeneity throughout the image and does not lead to artifacts at the
boundaries of the phantom. Quantitative comparisons of these methods are
provided by the variation coefficient. The averaged CV is reduced from around 20%
before correction to about 13% in the corrected images for the gradient echo image,
and from 20% before correction to about 9% for the spin echo image.

[0048] Examples of the transmit field and receiver sensitivity maps

measured in vivo are shown in Figure 5. The CV of the transmit field and receiver
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sensitivity maps in Figs. 5A and 5B of the brain tissues are 9.7 and 11.9%,
respectively. In practical applications, the additional imaging time for estimating the
B," and reception sensitivity maps must be minimized. Since B;" and receiver
sensitivity profiles vary slowly in space, B;" and reception sensitivity maps at a low
resolution can be obtained (reducing imaging time) and interpolated and registered
to the to-be-corrected high-resolution images. For example, such maps covering the
entire human brain with a low resolution are obtained using a segmented spin echo
EPI sequence with a total acquisition time for transmit field and receiver sensitivity
mapping of less than 2 minutes.

[0049] FIG. 6 shows raw brain images acquired with gradient echo
planar imaging sequence (row a) and their corrected images (row b). In the raw
images, much higher signal intensities are observed at the boundary of brain and
much lower signal intensities are at the center of the brain. That is, signal intensities
of one of brain tissues exhibited big variability across the whole brain. The corrected
images are corrected using Egs. (1), (2) and (6) with the measured transmit field and
receiver sensitivity. The results indicated that the signal intensity for one of brain
tissues is more uniform across the whole brain.

[0050] FIG. 7 (row a) shows a raw brain image acquired with 3D
FLASH sequence. Signal inhomogeneity in the raw image led to much higher signal
intensity of both GM and WM in the anterior and posterior regions of the brain than
in the other regions. Receiver sensitivity and transmit field may be measured to

correct signal inhomogeneity across the whole brain. The corrected image is shown
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in FIG. 7 (row b). After signal inhomogeneity correction, tissue intensities became
much more uniform across the brain.

[0051] In FIG. 7, Signal inhomogeneity was corrected using the
correction matrix that is independent of brain tissue characteristics because signal
inhomogeneity mainly results from non-tissue characteristics: transmit field and
receiver sensitivity. For a long TR, the effect of tissue T; on the correction matrix is
greatly reduced and negligible. The correction matrix can be simply estimated from
measured FA and receiver sensitivity. However, for short TRs, the effect of tissue T;
on the correction matrix cannot be ignored --- the combined effects of local tissue T
and non-uniform FA must be considered. Since T; mapping is very time-consuming,
the method involving T; and FA mappings for correcting the contribution of
inhomogeneous transmit field has little merit in clinical settings. Conventionally,
inhomogeneous signal and contrast intensities caused by transmit field is corrected
through the applications of adiabatic pulses, compensation pulses, radiofrequency
field shimming techniques, and parallel transmit techniques. The adiabatic pulse and
compensation pulses may increase input energy and pulse duration, leading to the
side effect of large specific absorption rate and long TE. Radiofrequency field
shimming techniques and parallel transmit techniques need additional hardware.
Herein, the average T, of GM and WM instead of local T; mapping may be used to
correct signal inhomogeneity. Such approximation will lead to small errors in the
estimated transmit function when tissue contrast is insensitive to the variation of FA.
Additionally, two-dimensional transmit field and a receiver sensitivity map may be

used to correct three-dimensional brain images well. This example demonstrates
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that the difference in pulse profiles between 2 and 3 dimensional transmit field and
receiver sensitivity is ignorable.

[0052] FIG. 8 exhibits the raw multi-slice images (row a) acquired with
a spin echo EPI sequence and their corresponding corrected images with the
proposed method (row b) for human brain, respectively. In the raw image, signal
inhomogeneities of both GM and WM in the anterior and posterior regions of the
brain are much higher than those in the other regions. Also the signal intensities at
the center of brain are much lower than those in the other regions. After the
correction, more uniform signal intensity results for the same brain tissue across the
whole brain. Herein, it is assumed that 90° radiofrequency pulse has the same
transmit field inhomogeneity as 180° refocusing pulse. It is reasonable for these
routine pulses (e.g., hard pulse, sinc pulse, Gaussian pulse and truncated sinc pulse)
because wave behavior is the dominant effect for transmit field inhomogeneity for a
given coil configuration and loaded object. It is noticed that it may introduce big
errors for adiabatic pulse, composite pulse.

[0053] FIG. 9 exhibits the raw multi-slice images (row a) acquired with
fast spin echo sequence and their corresponding corrected images with the
proposed method (row b) for the human brain, respectively. In the raw image, signal
intensities of both GM and WM in the anterior and posterior regions of the brain are
much higher than those in the other regions. Also signal intensities at the center of
brain are much lower than those in the other regions. After the correction, more

uniform signal intensity is observed for the same brain tissues across the whole brain.
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[0054] Multi-slice brain images acquired using an inversion recovery
spin echo sequence are shown in FIG. 10 (row a). The corresponding images shown
in FIG. 10 (row b) are corrected using egs. (1), (2) and (14) with measured transmit
field and receiver sensitivity. The inhomogeneity of radiofrequency pulse, refocusing
pulse and inversion recovery pulse may be separately measured. In order to save
time, an assumption that a 90° radiofrequency pulse has the same transmit field
inhomogeneity as both 180° refocusing pulse and inversion recovery pulse may be
made. According to the measured transmit field map of radiofrequency pulse, the
effect of radiofrequency pulse, refocusing pulse and inversion recovery pulse on the
transmit function may be corrected using eq. (14). The corrected images exhibit
better contrast among CSF, WM, and GM and a more homogenous distribution of
intensities within each tissue group, relative to the uncorrected images. The results
confirmed that our assumption

[0055] FIG. 11 shows an image of a human brain acquired with 3
dimensional inversion recovery fast spin echo sequences (row a) and corrected
images using the field map method (row b), respectively. In order to reduce specific
absorption rate of 3 dimensional fast spin echo at comparable SNR and contrast,
reduced flip angle and variable refocusing are used to generate the complex
combination of spin echoes and stimulated echoes and a constant echo amplitude.
When signal inhomogeneity is corrected, the refocusing flip angle should be the
refocusing flip angle used to fill k-space center or k-space zero. Compared with the

original images in row a, the corrected images in row b exhibit better contrast

24



WO 2014/152652 PCT/US2014/027580

among CSF, WM, and GM and a more homogenous distribution of intensities within
each tissue group, relative to the uncorrected images.

[0056] FIG. 12 shows results of the corrected uniform phantom
images using the field map method, N3, SPM, and FAST methods. Severe signal
intensity inhomogeneities are observed in the raw image of the uniform phantom
(FIG.11a). The corrected images using N3 (b), SPM (c) and FAST (d) greatly improved
the homogeneity of the raw image. However, these algorithms introduced new
artifacts at the center and the boundary of the phantom image. The field map
method (e), on the other hand, corrected the bias field remarkably and did not
introduce any artifacts. The CV of the raw image is 11.9%. The field map method
reduced CV to 4.0%, which mainly results from noise in the image.

[0057] FIG. 13 shows T1-weighted images of a human brain (column
a), and the results after correction using N3 (column b), SPM (column c), FAST
(column d), and the field map method (e). All methods produced reasonable good
correction results. Image intensity homogeneity of each tissue type was greatly
improved. However, the sharp boundaries between white matter (WM) and gray
matter (GM) became blurry after N3, SPM, and FAST correction. The smoothed
tissue boundaries and edge artifacts could lead to mis-quantification of tissue
volumes. No tissue boundary blur resulted from the field map method. To quantify
the quality of the images from the various correction methods, binary GM and WM
masks were obtained using a segmentation algorithm, and then isolated GM and
WM regions by multiplying the binary masks with the corrected images. CVs of the

isolated WM and GM across the whole brain were computed. The results
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demonstrate that the field method map also outperformed the other methods on
the human brain. The residue non-uniformities may come from the following factors:
(1) location dependent signal intensity of the same tissue; (2) imperfect
inhomogeneity correction, for example, the effect of imperfect inversion recovery is
ignored in the field map method; and (3) non-optimal processing parameters.

[0058] Based on the foregoing, it should be appreciated that methods
for correcting MR signal inhomogeneities are presented herein. Although the subject
matter presented herein has been described in language specific to computer
structural features, methodological acts, and computer readable media, it is to be
understood that the invention defined in the appended claims is not necessarily
limited to the specific features, acts, or media described herein. Rather, the specific
features, acts and mediums are disclosed as example forms of implementing the

claims.
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WHAT IS CLAIMED IS:

1. A method of correcting for inhomogeneous signal intensity in an MRI
image, the method comprising:

acquiring a set of signal intensity images;

estimating a transmit field or flip angle map;

estimating a receiver sensitivity map;

estimating a transmit function based on the transmit field and Bloch’s
equation of the signal intensity images;

calculating a transmit function with flip angle os according to Bloch’s
equation;

estimating a relative correction matrix according to the transmit function and
the receiver sensitivity map;

registering the relative correction matrix with the set of signal intensity
images to produce a relative correction matrix;

normalizing the relative correction matrix to obtain a correction matrix; and

correcting inhomogeneity in the signal intensity images comprising

calculating a ratio of the signal intensity images and the correction matrix.

2. The method of claim 1, wherein estimating a transmit field or flip

angle map comprises estimating a transmit field or flip angle map using a magnitude-

or phase-based method.
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3. The method of claim 1, wherein estimating a transmit field or flip
angle map comprises estimating a transmit field or flip angle map using low

resolution images.

4, The method of claim 1, wherein estimating a transmit field or flip
angle map comprises estimating a transmit field or flip angle map using RF shimming
or adiabatic pulses or composite pulses or tailored pulse. After applying RF
shimming and these compensation pulses, the transmit field or flip angle map can be

approximated to be a constant.

5. The method of claim 1, wherein a transmit field or flip angle map can

be estimated from both image domain and k-space data.

6. The method of claim 1, wherein estimating a receiver sensitivity map

comprises using one of a signal intensity-based method and a field-based method.

7. The method of claim 6, wherein a signal intensity-based method is
one of a pre-scan method, a minimal contrast method, a uniform magnetization

method, and a bias field method.

8. The method of claim 6, wherein a field-based method is one of a
rotating field method, a calibrated method, reciprocity principle of electromagnetic

field, and an electromagnetic field method.
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9. The method of claim 1, wherein estimating receiver sensitivity map is

subject to both image domain data and k-space data operation.

10. The method of claim 1, wherein the transmit function is a constant for
given regions of interest or given regions of interested components using a

predetermined choice of imaging parameters.

11. The method of claim 10, wherein a constant can be averaged,

minimized or maximized T; and/or T, of two or more components in loaded objects.

12. The method of claim 1, wherein a constant T; and T, can be used to
produce a transmit function which is independent of T; and/or T, across whole

image if T; and/or T, across whole image are components dependent.

13. The method of claim 1, wherein the imaging parameters used for
inhomogeneity correction should be effective imaging parameters which are used to
acquire a k-space zero line or a center of k-space for variable imaging parameter

sequences.
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14. The corrected method in claim 1, is employed to improve image
quality or quantification of structural and/or functional MR imaging, MR

spectroscopy and MR spectroscopy imaging.

15. The method of claim 1, wherein a signal inhomogeneity being
corrected can be acquired by any magnetic resonance imaging sequence (such as
gradient echo, spin echo, echo planar imaging, fast spin echo with or without both

magnetization preparation pulses), and any transmit and receive coils.

16. The method of claim 1, wherein the image being corrected can be
acquired by multi-radiofrequency pulses at least one of radiofrequency pulses,

refocusing pulses, and magnetization preparation pulses.

17. A method of using a known phantom to evaluate performance of
corrected images, comprising:

acquiring an image of the phantom;

correcting signal inhomogeneity of the image using one of a plurality of
different correction methods; and

evaluating performance of a quality assessment of an image using the
plurality of different correction methods,

wherein the phantom is one of a uniform phantom, an American College of

Radiology (ACR) phantom, and an object-like phantom.
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18. The method of claim 17, wherein the object-like includes multi-tissues
or multi-components whose MRI parameters, at least one of Ty, T,, proton density,
diffusion, magnetization transfer, perfusion, flow, conductivity, susceptibility,
permittivity, geometry are similar or equal to that of region of interests of in vivo

subject being imaged.

19. The method of claim 17, wherein the different correction methods
comprise at least one of the method of claim 1, N3 and the correction methods in

FSLand SPM.

20. The method of claim 17, wherein a performance of different

correction methods is evaluated comparison with a ground-truth.

21. The method of claim 20, wherein the ground-truth for image quality

assessment is at least one of volume of multi-tissues, contrast, contrast-to-noise

ratio, boundary sharpness, standard deviation of each tissue or component.
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