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ADAPTIVE NMR ANGIOGRAPHIC
REPROJECTION METHOD

The invention was made with United States Govern-
ment support awarded by the National Institute of
Health (NIH), Grant #T32 CA09206-12. The United
States Government has certain rights in this invention.

BACKGROUND OF THE INVENTION

The field of the invention is nuclear magnetic reso-
nance angiography (MRA), and particularly, the recon-
struction of an image from a three-dimensional array of
NMR date acquired using a time-of-flight (TOF) or
phase contrast method.

Magnetic resonance angiography has become a well
accepted method for evaluating the vascular system and
diagnosing vascular disease. This method involves the
coliection of NMR data which is sensitive to the move-
ment of blood through the vascular system, but is rela-
tively insensitive to the surrounding stationary tissues.
There are two different methods used for providing
such sensitivity: the time-of-flight method; and the
phase contrast method. Time-of-flight methods such as
those disclosed in U.S. Pat. Nos. 4,574,239; 4,532,473
and 4,516,582 rely on the time interval between the
transverse excitation of spins and the acquisition of the
resulting NMR signal to distinguish between moving
and stationary spins. During the interval fresh spins
move into the region from which the NMR signal is
acquired and excited spins move out of the region. In
contrast, the stationary spins remain fixed during the
interval between RF excitation and data acquisition,
with the result that the NMR signal produced by sta-
tionary spins is substantially different in magnitude from
that produced by moving spins. When an image is re-
constructed from such NMR signals, the image pixels
which correspond to moving spins are much brighter
with the result that the vascular system that transports
rapidly moving blood is much brighter than the sur-
rounding stationary, or slowly moving tissues.

The phase contrast methods for sensitizing the NMR
signals to moving spins relies on the fact that the phase
of the NMR signal produced by moving spins is differ-
ent from the phase of NMR signals produced by station-
ary or slowly moving spins. As disclosed in U.S. Pat.
Nos. 4,609,872; 4,683,431 and Re 32,701, phase contrast
methods employ magnetic field gradients during the
NMR pulse sequence which cause the phase of the
resulting NMR signals to be modulated as a function of
spin velocity. The phase of the NMR signals can, there-
fore, be used to control the contrast, or brightness, of
the pixels in the reconstructed image. Since blood is
moving relatively fast, the vascular system will appear
brighter in the resulting image.

Regardless of the method used to acquire the motion
sensitive NMR data, it is comprised of a 3-dimensional
array of NMR data which indicates image brightness.
This array may be acquired using a 3D NMR pulse
sequence, or it may be acquired with 2D NMR pulse

sequences applied to a set of adjacent slices. While im--

ages may be produced simply by selecting a set of these
data points located in a cross section through the 3D
array, such images have limited diagnostic value. This is
because blood vessels usually do not lie in a single plane
and such cross sectional images show only short pieces
or cross sections of many vessels that happen to pass
through the selected plane. Such images are useful
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2
when a specific location in a specific vessel is to be
examined, but they are less useful as a means for examin-
ing the health of the vascular system and identifying
regions that may be diseased.

For assessing overall blood vessel structure and
health it is more useful to project the 3D array of NMR
data into a single projection image to produce an angio-
gram-like picture of the vascular system. The most
commonly used technique for doing this is to project a
ray from each pixel in the projection image through the
array of data points and select the data point which has
the maximum value. The value selected for each ray is
used to control the brightness of its corresponding pixel
in the projection image. This method, referred to here-
inafter as the “maximum pixel technique,” is very easy
to implement and it gives aesthetically pleasing images.
However, because the maximum pixel technique utilizes
only a small fraction of the vascular information embod-
ied in the data set, much diagnostic information is lost.
For example, only the brightest value encountered by
the ray is used to represent information in the direction
of the ray and if another equally bright value represent-
ing a second, overlapping vessel is present, this fact is
lost in the process. The diagnostic importance of this
information loss is illustrated in FIGS. 3A-3C, where-
FIG. 3A illustrates the image of two overlapping ves-
sels produced by the maximum pixel technique, FIG.
3B represents one possible harmless interpretation of
the image and FIG. 3C represents a second interpreta-
tion which indicates a vascular aneurysm. To resolve
such ambiguities, it is common practice to reconstruct
another projection image from a different angle. That is
a time consuming and costly solution to the problem.

Another technique which is used to form a projection
image and which retains more of the available informa-
tion is what is referred to hereinafter as the “integration
method”. With this method the brightness of each pro-
jection image pixel is determined by the sum of all the
data points along the projection ray. While this method
does accurately show overlapping vessels and provide
an indication of vessel narrowing in the projection di-
rection, it yields an image in which the vessels are su-
perimposed on an overwhelming background of station-
ary tissues. That is, the contrast between the back-
ground and vessels is substantially reduced and the
evaluation of vessels, particularly small ones, becomes
very difficult. Images produced by the integration
method can be improved substantially simply by inte-
grating only data points which exceed a user defined
threshold value. However, if the threshold value is
chosen too low, much of the background will be in-
cluded and the image will be very noisy. On the other
hand, if the threshold value is set too high, small vessels
and the edges of larger vessels will be lost.

Yet another technique used to produce projection
images uses a 3D region-growing method. The origins
of the regions in the 3-D data set to be grown are opera-
tor determined. The grown regions are then blurred and
thresholded to create a mask which includes voxels just
outside the vessel edges, which may have been omitted
in the region-growing process. This method gives a
very smooth representation of the vasculature in which
vessel edges are retained and vessel overlap can be
deduced by use of visual cues which are included in the
rendering process. The method, however, relies on
connectivity. Therefore, vessels with signal dropout
due to pathology or artifacts may be missed if the opera-
tor fails to place a seed before and after the region of
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signal loss. The 3D rendering is also computationally
intense and is quite time consuming.

SUMMARY OF THE INVENTION

The present invention relates to a method and means 5
for producing a magnetic resonance angiogram in
which the information regarding vessel size, shape and
overlap is accurately portrayed without introducing
confusing information from background tissues. More
specifically, the invention includes the acquisition of a 10
3-D NMR data set which is sensitive to spin velocity,
producing a mask array by identifying the data points in
the NMR data set which exceed a first threshold value
and setting corresponding points in the mask array to a
constant value, blurring the mask thereby enlarging the 15
regions which have been set to the constant value, pro-
ducing a masked NMR data set by multiplying the 3-D
NMR data set by corresponding values in a binary ver-
sion of the blurred mask array, filtering the masked
NMR data set by setting to zero values therein which 20
do not exceed a second threshold value, and producing
a projection image in which the brightness of each pixel
is determined by summing the values in the filtered
NMR data set disposed on the pixel’s projection ray.

A general object of the invention is to produce a 25
magnetic resonance angiogram which maintains infor-
mation regarding vessel overlap and vessel narrowing
without increasing signal from stationary tissues. The
mask array is produced by using a relatively high
threshold value that serves to locate vessels. To insure 30
that thin edges of vessels are shown, the mask is blurred
to enlarge the mask and include regions surrounding
each vessel. By applying this mask to the NMR data set
all of the signals except those within the region of ves-
sels are set to zero. After application of a second rela- 35
tively low threshold, an integration can be performed
along each projection ray to reconstruct an accurate
image of the vessels without significant contribution
from surrounding stationary tissues.

Another general object of the invention is to display 40
small vessels in a magnetic resonance angiogram. To
prevent the exclusion of small vessels from the image
because they fail to meet the threshold value for the
mask, the projection image produced from the filtered
NMR data set according to the present invention is 45
combined with a projection image produced by a maxi-
mum pixel technique. The two projection images are
combined on a pixel-by-pixel basis to produce the final
image. The weighting given to each pixel value in this
combination varies as a function of their magnitude. 50

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 55
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 an electrical block diagram of an NMR
system which employs the present invention;

FIG. 2 is an electrical block diagram of a transceiver
which forms part of the NMR system of FIG. 1; 65
FIGS. 3A-3D are pictoral representations of vessels
as seen in an angiogram and which illustrate the diag-

nostic advantages of the present invention;

4
FIGS. 4A-4C are graphic representations of a 2D
multi-slice NMR pulse sequence used to acquire a 3D
NMR data set;
FIG. 5 is a flowchart of the program executed by the
NMR system of FIG. 1 to practice the present inven-

" tion; and

FIG. 6 is a schematic representation of the data struc-
tures produced by the program illustrated in FIG. 5.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Referring to FIG. 1 there is shown in block diagram
form the major components of a preferred NMR system
which incorporates the present invention and which is
sold by the General Electric Company under the trade-
mark “SIGNA”. The overall operation of the system is
under the control of a host computer system generally
designated 100 which includes a main computer 101 (a
Data General MV4000). The computer 100 includes an
interface 102 through which a plurality of computer
peripheral devices and other NMR system components
are coupled to the main computer 101. Among the
computer peripheral devices is a magnetic tape drive
104 which may be utilized under the direction of the
main computer 101 for archiving patient data and image
data to tape. Processed patient data may also be stored
in an image disc storage device designated 110. An
array processor 106 is utilized for preprocessing ac-
quired NMR data and for image reconstruction. The
function of image processor 108 is to provide interac-
tive image display manipulation such as magnification,
image comparison, gray-scale adjustment and real time
data display. The computer system 100 also includes a
means to store raw NMR data (i.e. before imagé con-
struction) which employs a disc data storage system
designated 112. An operator console 116 is also coupled
to the main computer 101 by means of interface 102, and
it provides the operator with the means to input data
pertinent to a patient study as well as additional data
necessary for proper NMR system operation, such as
calibrating, initiating and terminating scans. The opera-
tor console is also used to display images stored on disc
or magnetic tape and it enables the operator to select the
desired projection view and to set the various threshold
values that are employed in the present invention.

The computer system 100 exercises control over the
NMR system by means of a system control 118 and a
gradient amplifier system 128. Under the direction of a
stored program, the computer 100 communicates with
system control 118 by means of a serial communication
network 103 (such as the Ethernet network) in a manner
well known to those skilled in the art. The system con-
trol 118 includes several subsystems such as a pulse

" control module (PCM) 120, a radio frequency trans-

ceiver 122, a status control module (SCM) 124, and
power supplies generally designated 126. The PCM 120
utilizes control signals generated under program con-
trol by main computer 101 to generate digital wave-
forms which control gradient coil excitation, as well as
RF envelope waveforms utilized in the transceiver 122
for modulating the RF excitation pulses. The gradient
control waveforms are applied to the gradient amplifier
system 128 which is comprised of Gx, Gyand G, ampli-
fiers 130, 132 and 134, respectively. Each amplifier 130,
132 and 134 is utilized to excite a corresponding gradi-
ent coil in an assembly designated 136 which is part of
a magnet assembly 146. When energized, the gradient
coils generate magnetic fields which have gradients Gy,
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