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[57] ABSTRACT

NMR image data is acquired with velocity encoding
gradients applied and both a phase difference image
array and a complex difference image array are pro-
duced. A flow image is produced from the complex
difference image array after it is corrected for spin satu-
ration effects and calibrated using information derived
from the phase difference image array. Total blood flow
through vessels can be measured from the flow image.

5 Claims, 4 Drawing Sheets
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MEASUREMENT OF FLOW USING A COMPLEX
DIFFERENCE METHOD OF MAGNETIC
RESONANCE IMAGING

BACKGROUND OF THE INVENTION

The field of the invention is nuclear magnetic reso-
nance imaging methods and systems. More particularly,
the invention relates to the measurement of blood flow
using magnetic resonance imaging.

Any nucleus which possesses a magnetic moment
attempts to align itself with the direction of the mag-
netic field in which it is located. In doing so, however,
the nucleus precesses around this direction at a charac-
teristic angular frequency (Larmor frequency) which is
dependent on the strength of the magnetic field and on
the properties of the specific nuclear species (the mag-
netogyric constant 4y of the nucleus). Nuclei which
exhibit this phenomena are referred to herein as “spins™.

When a substance such as human tissue is subjected to
a uniform magnetic field (polarizing field Bg), the indi-
vidual magnetic moments of the spins in the tissue at-
tempt to align with this polarizing field, but precess
about it in random order at their characteristic Larmor
frequency. A net magnetic moment M; is produced in
the direction of the polarizing field, but the randomly
oriented magnetic components in the perpendicular, or
transverse, plane (x-y plane) cancel one another. If,
however, the substance, or tissue, is subjected to 2 mag-
netic field (excitation field By) which is in the x-y plane
and which is near the Larmor frequency, the net aligned
moment, Mz, may be rotated, or “tipped”, into the x-y
plane to produce a net transverse magnetic moment M;,
which is rotating, or spinning, in the xy plane at the
Larmor frequency. The practical value of this phenom-
enon resides in the signal which is emitted by the ex-
cited spins after the excitation signal B; is terminated.
There are a wide variety of measurement sequences in
which this nuclear magnetic resonance (“NMR”) phe-
nomena is exploited.

When utilizing NMR to produce images, a technique
is employed to obtain NMR signals from specific loca-
tions in the subject. Typically, the region which is to be
imaged (region of interest) is scanned by a sequence of
NMR measurement cycles which 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. To perform such a scan, it is,
of course, necessary to elicit NMR signals from specific
locations in the subject. This is accomplished by em-
ploying magnetic fields (Gx, Gy, and G;) which have
the same direction as the polarizing field Bo, but which
have a gradient along the respective x, y and z axes. By
controlling the strength of these gradients during each
NMR cycle, the spatial distribution of spin excitation
can be controlled and the location of the resulting NMR
signals can be identified.

There are a number of well known NMR techniques
for measuring the motion, or flow of spins within the
region of interest. These include the “time-of-flight”
method in which a bolus of spins is excited as it flows
.past a specific upstream location and the state of the
resulting transverse magnetization is examined at a
downstream location to determine the velocity of the
bolus. This method has been used for many years to
measure flow in pipes, and in more recent years it has
been used to measure blood flow in human limbs. Exam-

2
ples of this method are disclosed in U.S. Pat. Nos.
3,559,044; 3,191,119; 3,419,793 and 4,777,957.
A second flow measurement technique is the inflow/-
outflow method in which the spins in a single, localized

5 volume or slice are excited and the change in the result-
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ing transverse magnetization is examined a short time
later to measure the effects of excited spins that have
flowed out of the volume or slice, and the effects of
differently excited spins that have flowed into the vol-
ume or slice. Examples of this method are described in
U.S. Pat. Nos. 4,574,239; 4,532,474 and 4,516,582.

A third technique for measuring motion flow relies
upon the fact that an NMR signal produced by spins
flowing through a magnetic field gradient experiences a
phase shift which is proportional to velocity. This is
referred to in the art as the “phase modulation” tech-
nique. For flow that has a roughly constant velocity
during the measurement cycle the change in phase of
the NMR signal is given as follows:

Adp=yMyv

where M, is the first moment of the magnetic field gra-
dient, 7y is the gyromagnetic ratio and v is the velocity
of the spins. To eliminate errors in this measurement
due to phase shifts caused by other sources, it is com-
mon practice to perform the measurement at least twice
with different magnetic field gradient moments as de-
scribed in U.S. Pat. No. 4,609,872. The difference in
phase at any location between the two measurements is
then as follows: :

Ad=vAM;v

By performing two complete scans with different mag-
netic field gradient first moments and subtracting the
measured phases in the reconstructed image at each
location in the acquired data arrays, a phase map is
produced.

The phase (¢) of each pixel in the phase map is deter-
mined by taking the ratio of the imaginary and real
components of the NMR signal and then taking the
arctangent. This phase map can be converted into a
velocity image using the known flow encoding gradient
first moment M and the constant 7. The product of the
velocity values in this image times the voxel size inte-
grated over a blood vessel cross section provides an
estimate of total blood flow through the vessel. The
availability of such quantitative blood flow measure-
ments in conjunction with the anatomical information
provided by the magnetic resonance angiogram pro-
vides a more accurate method of assessing lesion signifi-
cance. When applied to human coronary arteries, for
example, the ratio of blood flow rates before and after
the introduction of a pharmaceutical vasodilator pro-
vides an indication of coronary flow reserve which is a
more accurate measure of lesion significance than mor-
phological angiographic appearance.

Unfortunately, the phase difference method of mea-
suring blood flow is not accurate when applied to small
vessels, such as coronary vessels. The method assumes
that the voxel is completely filled with spins moving at
the measured velocity. When flowing spins occupy, for
example, only one half the pixel volume and there are
no static spins in the volume, the same phase value ¢
will be measured for both voxels, but the flow in one
vozxel is only one half that of the flow in the other voxel.
This difference is shown in FIGS. 4A and 4B, where the
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vector 10 is the measured NMR signal for the full voxel
and the vector 11 is the NMR signal for a half-full
voxel. As shown in FIG. 4C, on the other hand, when
a voxel is occupied by moving spins and static spins, the
measured phase angle ¢’ will be altered by the signal
component due to static spins indicated by vector 12.
Rather than a true flow measurement as indicated by
vector 13, therefore, an erroneous apparent flow indi-
cated by vector 14 will be measured.

As shown in FIG. 4D, for example, where the blood
vessels has a diameter only 2 to 3 times the voxel size,
the phase difference flow measurement may be accurate
for only one voxel 15 out of the nine voxels that indicate
flowing spins in the vessel 16. As a result, when the
indicated flow of all nine voxels are summed to measure
the total flow in vessel 16, the error can be considerable.
The error caused by the presence of static spins in the
same voxel with moving spins can be corrected to a
certain extend by using the phase difference method
described by David M. Weber et al in Magnetic Reso-
nance In Medicine, MRM 29:216-225 (1993). However,
this technique does not solve the flow overestimation
problem caused by the partial occupation of the vozel
by non-resonant nuclear species in tissues surrounding
the blood vessel.

SUMMARY OF THE INVENTION

The present invention is an improved method for
measuring flow in which an MRI scan is conducted
with flow encoding magnetic field gradients applied
and NMR data is acquired from which a phase differ-
ence array is produced as well as a complex difference
array. A flow image is produced from the complex
difference array after the values therein have been cor-
rected for saturation effects using information derived
from the phase difference array and the values therein
have been calibrated using the phase difference array
information.

A general object of the invention is to improve the
accuracy of NMR flow measurements. The complex
difference array data contains information regarding
the density of flowing spins (p) and their velocity (v).
However, this information is not accurate due to a num-
ber of phenomena. The present invention employs in-
formation in the phase difference array to measure these
errors and enable the complex difference array to be
corrected such that it more accurately measures flow in
each vozxel of the image.

A more specific object of the invention is to correct
complex difference data used to produce a flow image
for errors caused by saturation of the flowing spins as
they pass through the excited slice. The phase differ-
ence array contains accurate spin velocity information,
and this information is employed to determine how long
spins are in the excited slice. Using this and information
regarding the particular NMR pulse sequence used to
acquire the data, corrections (a) can be made to the
complex difference array to offset the effects of spin
saturation.

Yet another object of the invention is to calibrate the
complex difference flow measurements. The velocity
information embodied in the phase difference array is
very accurate at the center of a blood vessel where the
voxels do not contain stationary material. This velocity
information is compared with the velocity information
in the same central voxels of the complex difference
array, and the ratio is used to calibrate the entire com-
. plex difference array. In other words, the values in the
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complex difference array are scaled by a factor (A) such
that selected central voxels therein indicate the same
spin velocity as the corresponding central voxels in the
phase difference array.

The foregoing and other objects and advantages of
the invention will appear from the following descrip-
tion. In the description, reference is made to the accom-
panying drawings which form a part hereof, and in
which there is shown by way of illustration a preferred
embodiment of the invention. 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 NMR system which
employs the present invention;

FIG. 2 is an electrical block diagram of the trans-
ceiver which forms part of the NMR system of FIG. 1,

FIGS. 3A-3C are graphic illustrations of the pulse
sequences employed by the NMR system of FIG. 1 to
practice the present invention;

FIGS. 4A4D are diagrams which illustrate the
source of flow measurement errors in prior phase con-
trast methods; and

FIGS. 5A and 5B are diagrams of the process used to
produce a flow image according to a preferred embodi-
ment of the invention from the NMR data acquired
with the pulse sequences of FIG. 3.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring first to FIG. 1, there is shown the major
components of a preferred NMR system which incor-
porates the present invention and which is sold by the
General Electric Company under the trademark
“SIGNA”. The operation of the system is controlled
from an operator console 100 which includes a console
processor 101 that scans a keyboard 102 and receives
inputs from a human operator through a control panel
103 and a plasma display/touch screen 104. The console
processor 101 communicates through a communica-
tions link 116 with an applications interface module 117
in a separate computer system 107. Through the key-
board 102 and controls 103, an operator controls the
production and display of images by an image processor
106 in the computer system 107, which connects di-
rectly to a video display 118 on the console 100 through
a video cable 105.

The computer system 107 includes 2 number of mod-
ules which communicate with each other through a
backplane. In addition to the application interface 117
and the image processor 106, these include a CPU mod-
ule 108 that controls the backplane, and an SCSI inter-
face module 109 that connects the computer system 107
through a bus 110 to a set of peripheral devices, includ-
ing disk storage 111 and tape drive 112. The computer
system 107 also includes a memory module 113, known
in the art as a frame buffer for storing image data arrays,
and a serial interface module 114 that links the com-
puter system 107 through a high speed serial link 115 to
a system interface module 120 located in a separate
system control cabinet 122,

The system control 122 includes a series of modules
which are connected together by a common backplane
118. The backplane 118 is comprised of a number of bus
structures, including a bus structure which is controlled
by a CPU module 119. The serial interface module 120
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