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[57] ABSTRACT

A prescan process is performed in which an EPI pulse
sequence acquires a series of pilot images. Each pilot image
is acquired with a different slice selection refocusing gradi-
ent and a rephasing map is produced which indicates the
optimal refocusing gradient to be used for each pixel. The
rephasing map is used to determine the optimal refocusing
gradient amplitudes to use in a subsequent scan to reduce
signal drop out caused by susceptibility gradients.
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RECOVERY OF SIGNAL VOID ARISING
FROM FIELD INHOMOGENEITIES IN
ECHO PLANAR IMAGING

This application is based upon Provisional Application
Ser. No. 60/081,688 filed on Apr. 14, 1998.

BACKGROUND OF THE INVENTION

The field of the invention is nuclear magnetic resonance
imaging methods and systems. More particularly, the inven-
tion relates to the recovery of signal drop out in MR images
caused by local susceptibility gradients at tissue boundaries.

When a substance such as human tissue is subjected to a
uniform magnetic field (polarizing field B,), the individual
magnetic moments of the spins in the tissue attempt to align
with this polarizing field, but precess about it at their
characteristic Larmor frequency. If the substance, or tissue,
is subjected to a magnetic field (excitation field B,) which is
in the x-y plane and which is near the Larmor frequency, the
net aligned moment, M, may be rotated, or “tipped”, into
the x-y plane to produce a net transverse magnetic moment
M,. A signal is emitted by the excited spins, and after the
excitation signal B; is terminated, this signal may be
received and processed to form an image.

When utilizing these signals to produce images, magnetic
field gradients (G,, G,, and G,) are employed. Typically, the
region to be imaged is scanned by a sequence of measure-
ment cycles in which these gradients vary according to the
particular localization method being used. The resulting set
of received NMR signals are digitized and processed to
reconstruct the image using one of many well known
reconstruction techniques.

It is well known that imperfections in the linear magnetic
field gradients (G,, G,, and G,) produce artifacts in the
reconstructed images. It is a well known problem, for
example, that eddy currents produced by gradient pulses will
distort the magnetic field and produce image artifacts. Meth-
ods for compensating for such eddy current errors are also
well known as disclosed, for example, in U.S. Pat. Nos.
4,698,591; 4,950,994; and 5,226,418. It is also well known
that the gradients may not be perfectly uniform over the
entire imaging volume, which may lead to image distortion.
Methods for compensating this non-uniformity are well
known, and for example, are described in U.S. Pat. No.
4,591,789.

MR imaging methods are also dependant on the presence
of a homogeneous polarizing magnetic field B,. Many
methods have been devised to obtain a homogeneous and
stable polarizing magnetic field, including the use of shim
coils which can be periodically adjusted during calibration
procedures. Such measures cannot, however, correct for
magnetic field inhomogeneities arising from local suscepti-
bility gradients produced when a patient is placed in the
magnetic field. Such susceptibility gradients arise near air-
tissue boundaries, for example, and in mild cases this can
lead to reduced signal intensities in pixels located near such
boundaries, and in severe cases it can lead to image artifacts
such as pixel shifts and complete signal loss.

Methods have been proposed to recover the signal loss
and signal dropout in MR images due to such susceptibility
gradient inhomogeneities. These include using 3D-gradient
echo methods, using higher image resolution, using tailored
rf excitation pulses, and using multi-gradient echo acquisi-
tions with susceptibility inhomogeneity compensation. Rec-
ognizing that the signal loss or drop out is due to the
dephasing of the transverse magnetization in the local
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2

regions containing susceptibility gradients, another prior
approach is to acquire multiple images and vary the slice
refocusing gradient from the nominal value dictated by
NMR theory. The multiple images may be summed together,
or the physician may examine each image and combine the
results in his own mind.

SUMMARY OF THE INVENTION

The present invention is a method for acquiring an MR
image from a subject in which susceptibility gradients
produce signal loss and signal dropout. More specifically,
the method includes conducting a prescan of the patient to
acquire a plurality of pilot images in which an image
gradient is set to different values; a rephasing map is
produced by calculating the optimal value of the image
gradient which produces the maximum brightness for each
image pixel; determining an imaging gradient setting by
examining the optimal image gradient values in the rephas-
ing map; and performing a scan using the image gradient
setting.

A general object of the invention is to produce informa-
tion which enables a scan to be prescribed that will eliminate
or reduce signal loss or signal dropout. The rephasing map
produced by the prescan indicates the optimal imaging
gradient value to produce the optimal signal at each pixel in
the reconstructed image. This rephasing map can be used to
either manually or automatically prescribe one or more
scans with an imaging gradient setting(s) that will produce
the best image.

Another object of the invention is to automatically deter-
mine the imaging gradient setting(s) to achieve the best
results. A rephasing gradient histogram is produced by
counting the number of pixels in the rephasing map at each
imaging gradient value. The rephasing gradient histogram is
scanned to determine the best imaging gradient settings.

The foregoing and other objects and advantages of the
invention will appear from the following description. In the
description, reference is made to the accompanying draw-
ings which form a part hereof, and in which there is shown
by way of illustration a preferred embodiment of the inven-
tion. Such embodiment does not necessarily represent the
full scope of the invention, however, and reference is made
therefore to the claims herein for interpreting the scope of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram of an MRI system which
employs the present invention;

FIG. 2 is an electrical block diagram of the transceiver
which forms part of the MRI system of FIG. 1;

FIG. 3 is a graphic representation of an EPI pulse
sequence;

FIG. 4 is flow chart of a prescan process which is
performed by the MRI system of FIG. 1;

FIG. 5 is a flow chart of an automatic rephasing process
performed by the MRI system of FIG. 1;

FIG. 6 is a graphic representation of a slice select gradient
waveform that forms part of the pulse sequence of FIG. 3
and which is altered when practicing the method of FIG. 4;

FIG. 7 is a graph of signal intensity as a function of
refocusing gradient amplitude;

FIG. 8 is a graph of an exemplary histogram showing the
number of pixels in an image which achieve peak signal
intensity at different refocusing gradient amplitudes; and
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FIG. 9 is a graph of an exemplary segmentation map
showing the cumulative pixel brightness at specific refocus-
ing gradient amplitudes.

GENERAL DESCRIPTION OF THE INVENTION

Loss of signal intensity occurs due to spin dephasing
across a voxel. This dephasing is the result of susceptibility
gradients and increases with the slice thickness. Here, we
assume that the phase distribution of the spins varies only in
the slice-direction (z) and gradients in the perpendicular
direction (x and y) are negligible. The signal intensity S of
a voxel can then be written as a function of the slice-select
refocusing gradient offset G, (relative to the precisely
balanced slice-select gradient) as

S(Grep) = f Mexpl—iy2(Gus TE + Gpyr)ldz M
Az

where M, is the magnetization, y the gyromagnetic ratio, TE
the echo time, G, (z) the susceptibility gradient (assumed
to be linear), T the duration of the refocusing gradient pulse,
and Az the slice thickness. Evaluation of the integral and
calculating the absolute value of S leads to

IS(G epl=miralsine[YAZ(G , TE+G o5)/2]]- @
The observed signal has its maximum at G,,,=-G,,, TE/T.

By performing a series of scans with different G, a
corresponding series of images can be reconstructed. The
signal magnitudes at each X,y pixel in these images are then
fit to a sinc function indicated by equation (2). From this best
fit, the peak signal level S, (x,y) of each pixel and the
corresponding refocusing gradient G,,,.(xX,y) that will pro-
duce this peak signal are determined. These values are stored
in a rephasing map.

The resulting rephasing map may be used in a number of
ways to reconstruct an image or to plan a further examina-
tion of the patient.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring first to FIG. 1, there is shown the major com-
ponents of a preferred MRI system which incorporates the
present invention. The operation of the system is controlled
from an operator console 100 which includes a keyboard and
control panel 102 and a display 104. The console 100
communicates through a link 116 with a separate computer
system 107 that enables an operator to control the produc-
tion and display of images on the screen 104. The computer
system 107 includes a number of modules which commu-
nicate with each other through a backplane. These include an
image processor module 106, a CPU module 108 and a
memory module 113, known in the art as a frame buffer for
storing image data. The computer system 107 is linked to a
disk storage 111 and a tape drive 112 for storage of image
data and programs, and it communicates with a separate
system control 122 through a high speed serial link 115.

The system control 122 includes a set of modules con-
nected together by a backplane. These include a CPU
module 119 and a pulse generator module 121 which con-
nects to the operator console 100 through a serial link 125.
It is through this link 125 that the system control 122
receives commands from the operator which indicate the
scan sequence that is to be performed. The pulse generator
module 121 operates the system components to carry out the
desired scan sequence. It produces data which indicates the
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timing, amplitude and shape of the RF pulses which are to
be produced, and the timing of and length of the data
acquisition window. The pulse generator module 121 con-
nects to a set of gradient amplifiers 127, to indicate the
timing and shape of the gradient pulses to be produced
during the scan. The pulse generator module 121 also
receives patient data from a physiological acquisition con-
troller 129 that receives signals from a number of different
sensors connected to the patient, such as ECG signals from
electrodes or respiratory signals from a bellows. And finally,
the pulse generator module 121 connects to a scan room
interface circuit 133 which receives signals from various
sensors associated with the condition of the patient and the
magnet system. It is also through the scan room interface
circuit 133 that a patient positioning system 134 receives
commands to move the patient to the desired position for the
scan.

The gradient waveforms produced by the pulse generator
module 121 are applied to a gradient amplifier system 127
comprised of G,, G, and G, amplifiers. Each gradient
amplifier excites a corresponding gradient coil in an assem-
bly generally designated 139 to produce the magnetic field
gradients used for spatially encoding acquired signals. The
gradient coil assembly 139 forms part of a magnet assembly
141 which includes a polarizing magnet 140 and a whole-
body RF coil 152. A transceiver module 150 in the system
control 122 produces pulses which are amplified by an RF
amplifier 151 and coupled to the RF coil 152 by a transmit/
receive switch 154. The resulting signals radiated by the
excited nuclei in the patient may be sensed by the same RF
coil 152 and coupled through the transmit/receive switch
154 to a preamplifier 153. The amplified NMR signals are
demodulated, filtered, and digitized in the receiver section of
the transceiver 150. The transmit/receive switch 154 is
controlled by a signal from the pulse generator module 121
to electrically connect the RF amplifier 151 to the coil 152
during the transmit mode and to connect the preamplifier
153 during the receive mode. The transmit/receive switch
154 also enables a separate RF coil (for example, a head coil
or surface coil) to be used in either the transmit or receive
mode.

The NMR signals picked up by the RF coil 152 are
digitized by the transceiver module 150 and transferred to a
memory module 160 in the system control 122. When the
scan is completed and an entire array of data has been
acquired in the memory module 160, an array processor 161
operates to Fourier transform the data into an image data set.
This image data set is conveyed through the serial link 115
to the computer system 107 where it is stored in the disk
memory 111. In response to commands received from the
operator console 100, this image data set may be archived on
the tape drive 112, or it may be further processed by the
image processor 106 and conveyed to the operator console
100 and presented on the display 104.

Referring particularly to FIGS. 1 and 2, the transceiver
150 produces the RF excitation field Bl through power
amplifier 151 at a coil 152A and receives the resulting signal
induced in a coil 152B. As indicated above, the coils 152A
and B may be separate as shown in FIG. 2, or they may be
a single wholebody coil as shown in FIG. 1. The base, or
carrier, frequency of the RF excitation field is produced
under control of a frequency synthesizer 200 which receives
a set of digital signals from the CPU module 119 and pulse
generator module 121. These digital signals indicate the
frequency and phase of the RF carrier signal produced at an
output 201. The commanded RF carrier is applied to a
modulator and up converter 202 where its amplitude is
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