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REAL-TIME EMBEDDED MAGNETIC 
RESONANCE FLUOROSCOPY 

BACKGROUND OF THE INVENTION 

[0001] The ?eld of the invention is magnetic resonance 
angiography (MRA), and particularly the production of 
real-time images during dynamic studies. 

[0002] Contrast-enhanced MRA is becoming a Widely 
used technique for imaging the arterial vasculature. With this 
technique an MR contrast agent such as Gadolinium-DTPA 
is injected intravenously as a bolus. Some time later When 
the contrast bolus arrives in the arteries under study the MR 
data acquisition is performed, typically With 3D spatial 
encoding. The technique performs Well When compared to 
conventional x-ray angiography (CA) as a screening method 
for disease in the carotid and renal arteries as Well as the 
major arteries of the leg and foot. 

[0003] HoWever, 3D CE-MRA remains inferior to intra 
arterial CA With respect to both spatial resolution and 
temporal resolution. TWo main acquisition strategies have 
evolved in 3D CE-MRA to compensate for these detriments. 
One strategy is designed to maximiZe spatial resolution. This 
is based on the acquisition of a single, high resolution 3D 
image. The success of this strategy depends on the accurate 
timing of the arrival of the contrast bolus in the targetted 
vasculature folloWed by a 10 to 50 sec long acquisition of 
3D data during the “?rst pass” of injected Gd contrast agent. 
All acquired phase encodes or “vieWs” are unique samples 
of the spatial frequencies of the object, and therefore all 
vieWs acquired are dedicated to improving the spatial reso 
lution of the ?nal 3D image. Adisadvantage of such a high 
spatial resolution approach is that it requires a long acqui 
sition time and thus no temporally resolved information is 
provided since every vieW is dedicated to improving the 
spatial resolution of the single resultant 3D data set. 

[0004] The second strategy in 3D MRA is to sacri?ce 
some of the high spatial resolution of the “timed” single 
acquisition approach and to acquire a series of loWer reso 
lution 3D images during the passage of the contrast bolus. 
The acquisition of 3D images With higher temporal resolu 
tion can be done using techniques such as fractional echo 
and partial NEX k-space acquisition (i.e. <5/s NEX), or 3D 
data sets constructed from multiple samplings of several 
regions of k-space combined With temporal interpolation as 
described for example in US. Pat. No. 5,713,358. 

[0005] Yet another strategy is to acquire a sequence of 2D 
images during the passage of the contrast bolus. This strat 
egy is designed to attain both high temporal resolution 
(approximately 0.5 to 1.0 HZ) and high in-plane spatial 
resolution of the contrast passage. In one implementation, 
2D projection images are acquired repeatedly, generally 
With complex subtraction, at rates of 1 image/sec or faster. 
In order to obtain information over an adequately large and 
useful vascular region, a thick (several cm) slab is generally 
imaged. HoWever, because the method is 2D, no resolution 
is provided along the slab select direction itself. Despite this 
loss of information along the slab direction, the temporally 
resolved information provided by such 2D CE-MRA tech 
niques can identify anomalies in contrast enhancement that 
have functional signi?cance. In a variation of this, the 
projection angle can be altered or cycled during the acqui 
sition. 
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[0006] What is desirable is a technique Which preserves 
the high spatial resolution in all three dimensions of the 
single, bolus-timed 3D approach but can still provide 
dynamic information at the high temporal resolution of the 
2D methods. 

SUMMARY OF THE INVENTION 

[0007] The invention comprises an MR imaging technique 
that makes it possible to acquire high temporal resolution 2D 
images simultaneous With the acquisition of a high spatial 
resolution three-dimensional (3D) data set. This is done by 
including or “embedding” the acquisition of data for 2D 
imaging Within a 3D imaging scan. This invention has 
particular application to contrast enhanced MR angiography 
(CE-MRA) Where both temporally resolved images captur 
ing the contrast passage through the vascular system and 
high spatial resolution 3D images are desirable. The inven 
tion has further applications When the 2D image sequence is 
reconstructed in real time. In this case information from the 
2D images can be used to modify the 3D acquisition in 
real-time or to initiate or modify some other process. 

[0008] Another aspect of the invention is to provide a 
seamless transition betWeen the acquisition of 2D images 
and the acquisition of a 3D image. These include ?uoro 
scopically triggered CE-MRA, interventional MR tech 
niques, and moving table-top CE-MRA. This is accom 
plished by using the same pulse sequence throughout the 
procedure and exciting the same FOV such that magnetiZa 
tion equilibrium is not disturbed during the transition. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 is a block diagram of an MRI system Which 
may be employed to practice the present invention; 

[0010] FIG. 2 is a graphic illustration of a pulse sequence 
Which may be employed by the MRI system of FIG. 1 to 
practice the present invention; 

[0011] FIG. 3 is a graphic representation of a 3D k-space 
sampling pattern implemented With the pulse sequence of 
FIG. 2; and 

[0012] FIGS. 4A and 4B are time lines illustrating hoW 
the data is sampled using the pattern in FIG. 3 to practice the 
preferred embodiment of the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

[0013] Referring ?rst to FIG. 1, there is shoWn the major 
components of a preferred MRI system Which incorporates 
the present invention. The operation of the system is con 
trolled 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 sepa 
rate computer system 107 that enables an operator to control 
the production and display of images on the screen 104. The 
computer system 107 includes a number of modules Which 
communicate 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 arrays. 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. 
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[0014] The system control 122 includes a set of modules 
connected 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 
timing, strength and shape of the RF pulses Which are to be 
produced, and the timing of and length of the data acquisi 
tion WindoW. The pulse generator module 121 connects to a 
set of gradient ampli?ers 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 controller 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 ?nally, 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. 

[0015] The gradient Waveforms produced by the pulse 
generator module 121 are applied to a gradient ampli?er 
system 127 comprised of GX, Gy and GZ ampli?ers, Each 
gradient ampli?er excites a corresponding gradient coil in an 
assembly generally designated 139 to produce the magnetic 
?eld gradients used for position 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 ampli?ed by 
an RF ampli?er 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 preampli?er 153. The ampli?ed NMR 
signals are demodulated, ?ltered, 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 ampli?er 151 to 
the coil 152 during the transmit mode and to connect the 
preampli?er 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. 

[0016] 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 array of image 
data. This image data 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 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. 

Aug. 22, 2002 

[0017] Although the present invention can be used With a 
number of different pulse sequences, the preferred embodi 
ment of the invention employs a 3D gradient recalled echo 
pulse sequence depicted in FIG. 2. The pulse sequence 
“3dfgre” available on the General Electric 1.5 Tesla MR 
scanner sold under the trademark “SIGNA LX” With revi 
sion level 8.3 system softWare Was used. 

[0018] Referring particularly to FIG. 2, an RF excitation 
pulse 220 having a ?ip angle of 45° is produced in the 
presence of a slab select gradient pulse 222 to produce 
transverse magnetiZation in the 3D volume of interest as 
taught in US. Pat. No. 4,431,968. This is folloWed by a 
phase encoding gradient pulse 224 directed along the Z axis 
and a phase encoding gradient pulse 226 directed along the 
y axis. Areadout gradient pulse 228 directed along the x axis 
folloWs and a partial echo (60%) NMR signal 230 is 
acquired and digitiZed as described above. After the acqui 
sition, reWinder gradient pulses 232 and 234 rephase the 
magnetiZation before the pulse sequence is repeated as 
taught in US. Pat. No. 4,665,365. 

[0019] As is Well knoWn in the art, the pulse sequence is 
repeated and the phase encoding pulses 224 and 226 are 
stepped through a series of values to sample the 3D k-space 
depicted in FIG. 3. In the preferred embodiment thirty-tWo 
phase encodings are employed along the Z axis and 192 
phase encodings are employed along the y axis. For each 
particular y phase encoding, therefore, thirty-tWo acquisi 
tions With thirty-tWo different Z phase encodings are per 
formed to sample completely along the kZ axis. This is 
repeated 192 times With 192 different y phase encodings to 
sample completely along the ky axis. As Will become appar 
ent from the discussion beloW, the order in Which this 
sampling is performed is important. 

[0020] Sampling along the kX axis is performed by sam 
pling the NMR echo signal 230 in the presence of the 
readout gradient pulse 228 during each pulse sequence. It 
Will be understood by those skilled in the art that only a 
partial sampling along the lgi axis is performed and the 
missing data is computed using a homodyne reconstruction 
or by Zero ?lling. This enables the echo time (TE) of the 
pulse sequence to be shortened to less than 1.8 to 2.0 ms. and 
the pulse repetition rate (TR) to be shortened to less than 
10.0 msecs. 

[0021] The invention may be used to acquire data for a 
sequence of 2D images simultaneously With the acquisition 
of data for a 3D image set. Within the multitude of repeti 
tions of the pulse sequence, the majority of the acquired data 
continues to be used solely for acquisition of the 3D data. 
HoWever, a small subset of repetitions are encoded exclu 
sively for 2D imaging, and data from some repetitions can 
be used for both the 3D and 2D image data sets. The 
reconstruction process is programmed to select that subset of 
data encoded for 2D imaging and to reconstruct the temporal 
sequence of 2D images. This may be done in real-time, in 
Which case, the 2D images are immediately displayed. 
Similarly, the reconstruction is programmed to select the 3D 
high resolution image data set and to reconstruct a single, 
high resolution image at the end of the acquisition. 

[0022] The initial experimental implementation, and the 
preferred embodiment, of the technique is one in Which the 
same ?eld of vieW (FOV) and the same pulse sequence are 
used for 2D and 3D imaging. Here the ?eld of vieW is 
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understood to be along the three directions: X (frequency 
encode), Y (phase encode), and Z (slab select, and partition 
encode). For the 3D acquisition there are tWo phase encode 
directions, Y and Z. For the 2D image sequence, either a 
small ?xed phase encoding or no phase encoding is applied 
along the slab select direction, and each 2D image in the 
sequence thus represents the summation of magnetiZation 
along the Z direction for the entire selected slab. By keeping 
the same FOV for both the 2D and 3D acquisitions there are 
no regions of interference due to unequal magnetiZation 
histories in either the 2D or 3D images. 

[0023] In addition to the same FOV, the same pulse 
sequence is preferably used for both the 2D and 3D acqui 
sitions. In conjunction With a common FOV, this provides 
for a steady state condition to be reached in Which the same 
magnetiZation level is excited from one pulse sequence 
repetition to the next, irrespective of Whether the acquired 
NMR signal in that repetition is earmarked for 2D or 3D data 
collection. 

[0024] Under these conditions of common FOV and com 
mon pulse sequence the manner in Which the embedded 2D 
?uoroscopy technique is implemented is reduced to hoW the 
phase encoding is performed for the individual repetitions of 
the acquisition. This can be understood by referring to FIG. 
3 Which shoWs the acquisition space or “k-space” for an MR 
data acquisition. In this diagram the kx frequency encoding 
direction is perpendicular to the page, and thus each pulse 
sequence repetition is represented as a point, With the 
location of the point Within the ky-kZ plane determined by 
the phase encoding used for that pulse sequence. The 
spacing betWeen sample points along a direction (ky or kz) 
is equal to the reciprocal of the FOV along that direction. 
The outermost sample points are determined by the desired 
spatial resolution, With higher resolution requiring sampling 
further aWay from the origin of k-space. Because there are 
tWo phase encoding directions, Y and Z, for a 3D acquisi 
tion, all locations in the full ky-kZ plane must be sampled. 
For 2D acquisition the applied phase encoding along the Z 
direction is ?xed for all repetitions, and thus the measure 
ments are all made by sampling along one roW of sample 
points at a ?xed kZ as shoWn in FIG. 3 at 240. In this 
example, a small non-Zero kZ phase encoding is assumed to 
be applied. In this case the measured signal is still princi 
pally a summation of the magnetiZation along the Z direc 
tion of the excited slab. 

[0025] The acquisition time for collecting a full set of data 
for the 3D image set is equal to the repetition time (TR) of 
the pulse sequence multiplied by the product of the number 
of Y and Z phase encodings required. For 2D imaging the 
acquisition time is TR multiplied by the number of Y 
encodings required. These can be expressed as: 

[0026] Where We have alloWed for the number of encod 
ings in the 2D case to be different from that for the 3D case. 
Although not a requirement, implementation of the embed 
ded ?uoroscopy technique Will typically use feWer ky phase 
encoding steps in the 2D image than the 3D image (i.e., 
Ny‘éNy) because the 2D images may be of a loWer spatial 
resolution. From the above equations it is seen that the 
acquisition time for the 3D data set is markedly longer than 
for a single 2D image, typically by a factor of NZ or more 
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depending upon the speci?c Ny and Ny‘ values used. For 
example, acquisition of a high resolution 3D image might be 
40 seconds long, While a single 2D image might require one 
second or less. 

[0027] Referring again to FIG. 3, the embedded ?uoros 
copy technique is implemented by sampling at all of the 
points in the full k-space to acquire a complete 3D data set, 
and to periodically sample at the central roW of points 240 
to acquire a series of 2D image data sets. The 2D image 
acquisitions are thus interleaved Within the 3D image acqui 
sition. The order in Which the phase encoding is performed 
for the 3D acquisition may be chosen to produce the best 3D 
high resolution image possible in the particular clinical 
setting. For example, for 3D CE-MRA a commonly used 
phase encoding order is one Which is “centric” in Y and Z. 
As described in US. Pat. Nos. 5,122,747 and 5,912,557, this 
centric vieW order starts at one of the points closest to the 
k-space origin and then spirals outWard out along a sampling 
trajectory With points sampled in the order of their distance 
from the origin. Within the playout of this 3D centric vieW 
order, pulse sequence repetitions are interleaved Which 
sample along the roW of k-space points indicated at 240. 
This roW of k-space sampling 240 is repeatedly acquired as 
the 3D acquisition is performed to produce a set of 2D image 
data sets. The frequency of sampling the 2D vieWs Within the 
3D acquisition, as Well as the ordering of these 2D vieWs are 
chosen to produce the best 2D images for the particular 
clinical setting and to produce them at the desired frame rate. 

[0028] FIG. 4 is a timing diagram for the playout of phase 
encoding vieWs in an exemplary 3D CE-MRA acquisition. A 
standard 3D acquisition is shoWn in FIG. 4A as a reference. 
This standard 3D acquisition is initiated at the arrival of 
contrast agent in the arteries of interest and samples are 
acquired in a centric vieW order. Referring to the labeled 
points in FIG. 3, the standard 3D acquisition samples in the 
order1,2,3.... 

[0029] The embedded ?uoroscopy technique is illustrated 
in FIG. 4B. As With the standard 3D acquisition, the 
combined 3D/2D acquisition is initiated at contrast arrival. 
Then, in one example implementation, the ?rst nine pulse 
sequence repetitions sample the points 1-9 of FIG. 3. 
Conceivably a 2D image could be reconstructed from the 
vieWs in the roW 240, namely from the vieWs at points 1, 2, 
6, and 9. These vieWs are identi?ed as “shared” because they 
can be used to reconstruct both the 2D and 3D images. On 
the other hand, vieWs at sample points 3, 4, 5, 7, and 8, are 
speci?c to the 3D image data set and not the 2D image data 
set because they fall outside the identi?ed kZ roW of data 
240. The acquisition continues and conceivably points 10-13 
are then sampled and assigned to the 3D image set. During 
the next pulse sequence repetition, hoWever, one could 
resample point 1. Call this resampled vieW 1‘ and a refreshed 
2D image can then be reconstructed using the data from 
points 1‘, 2, 6, and 9. This resample of Point 1 is thus 
embedded Within the normal 3D sequence. Because the 
resampled point 1‘ need not be used in the formation of the 
3D image set (the initial sampling of this point Would likely 
be preferred), it is 2D-speci?c and is “redundant”. Continu 
ing the process, points 14-17 are sampled next and assigned 
to the 3D data set. Point 18 is then sampled and this can be 
used along With point 1‘, 2, 6, and 9 to form a third 2D 
image. Also because this is the ?rst measurement made at 
this particular phase encode, this Would also be selected for 
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the 3D image set. This is a “shared” 2D/3D vieW. The 
process continues until the entire 3D image data set is 
acquired. 

[0030] The above description is merely illustrative. The 
number of phase encodes used in the above example is very 
small, and such a small number is unlikely to provide 
adequate spatial resolution. HoWever, the above can clearly 
be generalized to a larger number. Also, it is possible before 
initiation of the 3D scan to acquire all of the data necessary 
to form a 2D image With the full spatial resolution desired. 
These measurements Would then be updated, or refreshed, as 
described above Whenever the same phase encoding points 
along roW 240 are resampled during the 3D acquisition 
process. 

[0031] Compared to the acquisition of a single 3D data set, 
the principal penalty of the embedded ?uoroscopy technique 
is that not all of the available acquisition time is spent in 
acquiring data Which Will be used for the 3D image recon 
struction. That is, interleaved redundant pulse sequences 
used solely to acquire 2D image data add to the total scan 
time. A measure of this penalty is What We call the redun 
dancy (R), Which is the percentage of the total number of 
pulse sequence repetitions Which are not used to acquire 3D 
image data. In the above example, although there is little 
redundancy at the outset of the scan, eventually approxi 
mately one in ?ve pulse sequence repetitions Was not used 
for 3D imaging, a redundancy of 20%. In practice, We target 
redundancies in the 5% to 15% range Which results in a 
corresponding increase in the total scan time. 

[0032] Another parameter Which de?nes the embedded 
?uoroscopy technique is the effective temporal resolution 
(T) Which is the time betWeen complete updates of the 2D 
image data set. This is given by: 

T=(NCen-TR)/R (2) 

[0033] Where Ncen is the number of vieWs required to 
sample the 2D image k-space (i.e., typically 32 vieWs in a 
roW near the center of k-space). Using this value of Ncen, and 
if TR is 5 msec and R is 0.05, then the temporal resolution 
of the 2D sequence is 3.2 seconds. This 2D image temporal 
resolution parameter (T) is balanced against both the redun 
dancy parameter (R) and the desired spatial resolution of the 
2D imaged determined by New. Nonuniform sampling may 
be useful in achieving higher temporal resolution. 

[0034] Also, multiple 2D perspectives may be obtained 
during the scan by interleaving sampling along perfect 
projection planes in the 3D data set. For example, in addition 
to producing 2D images from vieWs Which sample along the 
kZ axis, tWo diagonal directions through the 3D data set may 
also be used to reconstruct 2D images. In fact, redundant 
samples along these directions could be interleaved With that 
along the original ky-going roW of FIG. 3. This Would, of 
course, require increased redundancy (R) or reduced tem 
poral resolution for each of the plurality of different 
projection planes. 

[0035] Another aspect of the invention is the ability to not 
only acquire 2D and 3D image data sets essentially simul 
taneously, but also to acquire either 2D or 3D image data and 
transition “seamlessly” to acquiring the other. Referring to 
FIG. 3, for example, the pulse sequence of FIG. 2 may be 
used to rapidly acquire 2D images by sampling the points in 
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the k-space roW 240 near the center of k-space. These 
images may be reconstructed in real-time and used to guide 
the clinical procedure. 

[0036] When a high resolution 3D image is to be acquired, 
a seamless transition is made by sampling the 3D k-space in 
a sampling trajectory such as that described above and 
shoWn in FIG. 3. The seamless transition is made by using 
the same pulse sequence throughout and not changing the 
pulse repetition rate. In addition, the same 3D FOV is 
excited by the RF excitation pulse 220 throughout, and as a 
result, the magnetiZation equilibrium established during the 
succession of 2D image acquisitions is not disturbed during 
the transition. This means that no equaliZation period is 
needed during the transition and no time is lost in acquiring 
useful image data. 

[0037] The same is true When transitioning from a 3D 
acquisition to a 2D acquisition. That is, the same pulse 
sequence is used and the magnetiZation equilibrium is not 
disturbed as the sampling trajectory changes from 3D to 2D. 
Indeed, 2D data is available from the 3D image data set to 
enable reconstruction of a 2D image immediately and to 
enable immediate refreshing of that image as neW 2D image 
data is acquired. 

[0038] By controlling the redundancy (R) during a scan 
the acquisition of 2D and 3D images can be controlled to 
satisfy the needs of the particular clinical application. For 
example, the scan may have a ?rst phase in Which R=100% 
and only 2D images are acquired at a very high temporal rate 
(T). The redundancy R may be reduced to 0% to acquire 
only a 3D image data set or it might be set to 5% to 15% to 
simultaneously acquire both 2D and 3D data sets as 
described above. The scan may require that the redundancy 
be reset to 100% in a ?nal phase to again acquire only 2D 
images. 

[0039] There are a number of clinical applications of the 
embedded ?uoroscopy technique. Some of these Will noW be 
described and it can be appreciated by those skilled in the art 
that other clinical applications are also possible. 

[0040] Direct use of the 2D Image Sequence in Conjunc 
tion With the 3D Image Set. 

[0041] During the acquisition of a 3D CE-MRA image 
data set of an arterial structure, the 2D image sequence 
acquired using the embedded technique may be used to 
provide a “time course” of the contrast bolus during the 
simultaneous 3D acquisition. This may be used, for 
example, to shoW arterial vs. venous enhancement patterns, 
to display the perfusion through the parenchyma of an organ 
such as the kidney, or to shoW contrast ?oWing through 
complicated vascular structures such as arteriovenous mal 
formations or dissections. Also, these data could be used to 
restore the spatial resolution of the 3D image by correcting 
the time dependent behavior, typically falloff, of the contrast 
material during the acquisition of the peripheral k-space 
data. 

[0042] If the 2D image sequence is reconstructed in real 
time it is possible to use information in these images to 
control processes during the scan as described in the fol 
loWing examples. 
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[0043] Use of the 2D Data to Improve the 3D Image 
Acquisition. 
[0044] The embedded ?uoroscopy data can be used to 
update, in real-time, 3D scan parameters such as the ?ip 
angle. In 3D CE-MRA, as the contrast bolus concentration 
Wanes immediately after the peak arterial phase, the T1 of 
the blood increases, and the ?ip angle Which maXimiZes 
blood signal (the Ernst angle) then decreases. Flip angle 
modulation can be used to improve signal during this phase 
of the acquisition as described in co-pending U.S. Pat. 
application Ser. No. 09/198,758 ?led on Nov. 24, 1998. If a 
centric vieW order is used, the resultant signal-enhanced 
vieWs Will provide improved spatial resolution. Other appli 
cations in Which embedded 2D data can be used for real-time 
alteration of the 3D sequence include: tracking of patient 
motion and adapting or resampling the 3D data to account 
for such motion; and timing of late phase, high resolution 3D 
image sets for CE-MRA. 

[0045] Use of the 2D Data to Time or Trigger supra-MR 
Acquisition Applications. 
[0046] The embedded ?uoroscopy data can be used to 
time or trigger table motion as is relevant for bolus chase 
imaging of the peripheral vasculature as described in US. 
Pat. No. 5,928,148. The MR scanner table is moved from 
one station to the neXt until the embedded ?uoroscopic 2D 
images shoWs adequate ?lling of contrast Within the vascu 
lature included in the FOV. Also the invention is useful for 
tracking an intra-arterial catheter or needle to achieve accu 
rate positioning prior to acquiring a high spatial resolution 
3D scan. In this application the 2D images are acquired for 
a period before the 3D acquisition begins and may continue 
throughout the 3D acquisition and for a time period there 
after. 

[0047] Seamless MR ?uoroscopic triggering of 3D CE 
MRA. The combination of embedded ?uoroscopy With MR 
?uoroscopic triggering of 3D CE-MRA has several direct 
bene?ts. First, because the same pulse sequence and ?eld of 
vieW are used for the 2D ?uoroscopic images acquired for 
triggering, and the acquired 3D image, there is no delay due 
to doWnload of the 3D sequence. Second, no discarded or 
“dummy” acquisitions are necessary in the transition 
betWeen the contrast monitoring phase and the high resolu 
tion 3D acquisition because, again, a single pulse sequence 
and FOV are used for both phases. 

[0048] TWo separate images may be acquired substantially 
simultaneously for a number of other clinical purposes. For 
eXample, tWo images of substantially different spatial reso 
lution may be acquired at the same time. The loW resolution 
image may be acquired repeatedly and reconstructed and 
displayed in real-time as a single high resolution image is 
acquired. Also, tWo images may be acquired substantially 
simultaneously using tWo separate RF coils. For eXample, 
one image may be acquired using the Whole body RF coil 
and a second image may be acquired With a local RF coil. 

1. A method for acquiring data from a subject With a 
magnetic resonance imaging (MRI) system, the steps com 
prising: 

a) performing a three-dimensional pulse sequence With 
the MRI system to acquire NMR data Which samples 
points in a line of k-space; 
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b) repeating step a) a plurality of times to acquire NMR 
data that samples points throughout a three-dimen 
sional region of k-space; 

c) repeating step a) a plurality of times to acquire NMR 
data that samples points in a tWo-dimensional plane 
Within the three-dimensional region of k-space; 

d) reconstructing a tWo-dimensional image from the NMR 
data that samples points in the tWo-dimensional plane; 
and 

e) reconstructing a three-dimensional image from the 
NMR data that samples points throughout the three 
dimensional region of k-space. 

2. The method as recited in claim 1 in Which the acqui 
sition of NMR data in step c) is interleaved With the 
acquisition of NMR data in step b), and a plurality of 
tWo-dimensional images are reconstructed. 

3. The method as recited in claim 2 in Which the recon 
struction of tWo-dimensional images is performed While step 
b) is being performed to sample throughout the three 
dimensional region of k-space. 

4. The method as recited in claim 1 in Which the tWo 
dimensional plane is located near the origin of k-space. 

5. The method as recited in claim 1 in Which the recon 
struction of the tWo-dimensional image is performed in 
real-time. 

6. The method as recited in claim 5 in Which information 
derived from the tWo-dimensional image is employed to 
control the acquisition of NMR data that samples points 
throughout the three-dimensional regions of k-space. 

7. The method as recited in claim 1 in Which step c) is 
performed before step b) to acquire NMR data from Which 
a plurality of tWo-dimensional images may be reconstructed 
prior to acquiring NMR data from Which the three dimen 
sional image is reconstructed. 

8. The method as recited in claim 7 in Which performance 
of the pulse sequence in step a) includes: 

producing an RF excitation pulse that produces transverse 
magnetiZation in a volume of interest and the volume of 
interest remains substantially the same during the per 
formance of steps b) and c). 

9. The method as recited in claim 8 in Which information 
derived from the NMR data acquired in step c) is employed 
to control the acquisition of NMR data in step b). 

10. The method as recited in claim 1 Which includes: 

injecting the subject With a contrast enhancement agent 
prior to performing step b). 

11. A method for performing contrast enhanced magnetic 
resonance angiography, the steps comprising: 

a) placing a subject in a magnetic resonance imaging 
(MRI) system; 

b) injecting a contrast agent into the subject; 

c) repeatedly performing a three-dimensional pulse 
sequence With the MRI system to acquire NMR data 
from a volume of interest in the subject; 

d) controlling the value of gradient ?eld pulses produced 
by the three-dimensional pulse sequence to sample 
points in k-space disposed in a tWo-dimensional plane; 

e) controlling the value of gradient ?eld pulses produced 
by the three-dimensional pulse sequence to sample 
points in k-space throughout a three-dimensional 
region that includes said tWo-dimensional plane; 
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f) reconstructing a tWo-dimensional image from NMR 
data Which samples points in the tWo-dimensional 
plane; and 

g) reconstructing a three-dimensional image from NMR 
data Which samples points throughout the three-dimen 
sional region. 

12. The method as recited in claim 11 in Which the 
performance of step d) is interleaved With the performance 
of step e) such that NMR data from Which a plurality of 
tWo-dimensional images is acquired during the performance 
of step e). 

13. The method as recited in claim 12 in Which step f) is 
performed While step e) is being performed such that tWo 
dimensional images are produced While step e) is being 
performed. 

14. The method as recited in claim 12 in Which informa 
tion derived from the NMR data acquired in step d) is 
employed to control the performance of step e). 

15. The method as recited in claim 11 in Which perform 
ing the three-dimensional pulse sequence includes: 

producing an RF excitation pulse that produces transverse 
magnetiZation in spins located throughout the volume 
of interest and the longitudinal magnetiZation of spins 
throughout the volume of interest reaches an equilib 
rium value Which remains substantially constant as 
NMR data are acquired as set forth in steps c), d) and 
e). 

16. The method as recited in claim 15 in Which steps d) 
and f) are performed for a period prior to performing step e). 

17. The method as recited in claim 16 in Which step d) is 
also performed in an interleaved manner While step e) is 
performed. 
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18. The method as recited in claim 11 in Which step d) is 
performed in an interleaved manner While step e) is being 
performed, and the rate at Which step d) is performed is 
determined by a redundancy factor R. 

19. A method for acquiring data from a subject With a 
magnetic resonance imaging (MRI) system, the steps com 
prising: 

a) performing a pulse sequence With the MRI system to 
acquire NMR data Which samples points in a line of 
k-space; 

b) repeating step a) a plurality of times to acquire NMR 
data that samples points throughout a region of k-space; 

c) repeating step a) a plurality of times and Which are 
interleaved With the acquisitions in step b) to acquire 
NMR data that samples points throughout a region of 
k-space; 

d) reconstructing an image With the NMR data acquired in 
step b); and 

e) reconstructing a second image With the NMR data 
acquired in step c). 

20. The method as recited in claim 19 in Which the second 
image is reconstructed a plurality of times during the acqui 
sition of NMR data in step b) 

21. The method as recited in claim 20 in Which the second 
image has less spatial resolution than the ?rst image. 

22. The method as recited in claim 19 in Which the NMR 
signals acquired in step b) are acquired using a ?rst RF coil 
and the NMR signals acquired in step c) are acquired using 
a second RF coil. 


