US006195579B1

a2z United States Patent (10) Patent No.:  US 6,195,579 B1
Carroll et al. 45) Date of Patent: Feb. 27, 2001
(54) CONTRAST DETECTION AND GUIDED 5,713,359 * 2/1998 Dumoulin et al. ....ccconeuree. 128/653.2
RECONSTRUCTION IN CONTRAST- 5,827,187 * 10/1998 Wang et al. ...... ... 600/419
ENHANCED MAGNETIC RESONANCE 5,881,728 * 3/1999 Mistretta et al. . . 128/653.4
ANGIOGRAPHY 5,924,987 * 7/1999 Meaney et al. ... .... 600/420
6,052,476 * 4/2000 Qian et al. .....cccooverrrrerreeen 382/130
(75) Inventors: Timothy J. Carroll; Charles A. 6,073,042 * 6/2000 Simonetti ...........cocorrverernnes 600/420
Mistretta, both of Madison, WI (US)
. .
(73) Assignee: Wisconsin Alumni Research cited by examiner
Foundation, Madison, WI (US)
Pri E iner—Marvin M. Lateef
(*) Notice:  Subject to any disclaimer, the term of this A:;’Z;Zi ’ gjﬂ?:gr—sﬁxréa J Shaa\?ve
patent is extended or adjusted under 35 i, . g
U.S.C. 154(b) by 0 days. (74) Artorney, Agent, or Firm—Quarles & Brady LLP

7) ABSTRACT

(21) Appl. No.: 09/215,755

(22) Filed: Dec. 18. 1998 A dynamic MRA study is performed using a 3D fast gradient
= ’ T recalled echo pulse sequence. A signal strength indicator for
(51)  Int. CL7 oo eeesssnsssnens A61B 5/055 each acquired k-space data set is calculated and these
(52) U.S. Cl e 600/420; 324/306 indicator values are employed to produce a contrast curve.
(58) Field of Search

600/420, 410, This contrast curve is used to select data for use in forming
600/419; 324/306, 309; 382/130 a CONTRAST k-space data set and a MASK k-space data
set. The MASK is subtracted from the CONTRAST data set

(56) References Cited and the result is used to reconstruct an image
U.S. PATENT DOCUMENTS ‘
5,713,358 2/1998 Mistretta et al. .......oceeune... 128/653.2 18 Claims, 7 Drawing Sheets
CONTRAST 510 508

]
l
|
|
| |
| I | TIME
| I le—at—{| BREATH-HOLD
| r502 [
| |
| |INJECT A SMALL| | INJECT THE 506
{ TEST BOLUS } FULL DOSE 5
b . 50/4 PROMPT THE

BREATH-HOLD




US 6,195,579 Bl

Sheet 1 of 7

Feb. 27, 2001

U.S. Patent

ISI - 8_ 190 81l gzl g —
IE ol 1 u3tawy /'Y ) B %U
) % 3 /I =5 |
LS HOSSTO0HA AVERIV | |
q/1 |yl H3EMdwy AYOWIW | vo1, 2ol
X -3ud [ S aaaEswval m | - |
~ NOvdaN39 | A\
— mm_\ _N_(\4_ﬂ IsiInd T m__/ el “
ONINOILISOd [« muﬁ%wz | N — l«ﬂg
IN311vd NVIS p  Ndd | 4 oJo]
w . . A TOMINOD W3ILSAS soi |
H0SSII0Hd 4
vel = /m__ /,NN_ vl |
|
HITIOHLNOD \ N — |
\ / NOLLISINODY N Si 20t |
WII90TOISAHY Clind |
_‘%ﬂ%{:\ Af \ > 80l e “ |
e —————— 4 X
T ms_,qlhol/J J nd |||
| dAV 7O ] NENSS AINNOD N
S dwv 29 [\ — lw«
SH= UN_ N_ N_ > SNV INIIAVED"
= EUERN E0) S
/Nm_ Ol /_v_ /&_ 21— n



U.S. Patent Feb. 27, 2001 Sheet 2 of 7 US 6,195,579 B1
=20 10w m— — 203
— Reaueney s i PREGUENGy | 250 KHz FIG. 2
SYNTHESIZER [ 60 MH:z '
- GENERATOR 212
204
2011— | e /A -
:> MODU&LATOR LES MHy ¥— i L
DOWN | 209
— 202 201 T 1 PROCESSOR
:> EXCITER 206 208 2\
ATTENUATOR |—
s 1528 207
v N
POWER PRE- RECEIVER
AMPLIFIER AMP [~ ATTENUATOR
_—118 1524 153 {} S,
|
220
FIG. 3

Z grad

y grad

X grad

signal



U.S. Patent Feb. 27, 2001 Sheet 3 of 7 US 6,195,579 B1

KY /

FIG. 4 /

: d
e

Kz R
/B
/ ¢
Ky 7
— TIME —>
kgl
TCTCN G e T 4
) B1 32 83 B4
K
y Al A2 A3 A4 A5 /-\6
B1 82 B3 B4
‘ Cl CZ C3 C4
— TIME —>
P FIG. 6
\
B1 82 B3 B4 85
K
y Al A2 A3 A4 A5 A6 A7 /-\8
Bl 32 B3 84 B5
Y €1 Cy C3 Cy C5
IMAGE

rrame numeer| 1] |2 [ 3] |4 |s] [e] |7]



US 6,195,579 Bl

Sheet 4 of 7

Feb. 27, 2001

U.S. Patent

0L¢

6z v5Z €52 AT 0S¢
| | 2 ) 1 | !/

momm ¢mmm mmmm ¢9¢

N..mu—m - (JNIL)

JAVYHS TVHOdNAL

19¢ 09¢




U.S. Patent Feb. 27, 2001 Sheet 5 of 7 US 6,195,579 B1
FIG. 8 4 103
4000
3500F
3000; A .A A
SIGNAL 2500 F .
STRENGTH = A
INDICATOR  2000F *
(E) - oB
BOOE A 4 p A B
00O 5 p ¢
500 F
0 =T N1 FUNE FNN1 FENY AT FENY AT
0O 2 4 6 8 10 12 14 1o
TIME FRAME
FIG. 9 1o
. CAB
1 - I .A
- A
0.8
RENORMALIZED N B
SIGNAL 0.6F
STRENGTH INDICATOR | oA
(€) 04fF
i 10
oEABACA AT T T
Do b b bbb b b d
0 2 4 6 8 10 12 14 16

TIME FRAME



U.S. Patent Feb. 27, 2001 Sheet 6 of 7 US 6,195,579 B1

(ENTER ) FIG. 10

303
Y S
CALCULATE SIGNAL
300~ STRENGTH INDICATOR DETERMINE MEAN
OF DATA SETS ENHANCEMENT
304
J \
PRODUCE FORM WEIGHTED
301 1 CONTRAST CURVE SUM OF DATA SETS
305
S
RENORMALIZE RECONSTRUCT
302"  CONTRAST CURVE IMAGE
C T )
CONTRAST 510 508
]
|
|
| |
| }
| | TIME
I I Jl«—at—{[ BREATH-HOLD |
| (502 r
| |
| [INJECT A SMALL| | INJECT THE 506
: TEST BOLUS l FULL DOSE
b ] 50/4 PROMPT THE

BREATH-HOLD




U.S. Patent Feb. 27, 2001 Sheet 7 of 7 US 6,195,579 B1

FIG. 11
(ENTER )
404

, 5

CALCULATE SIGNAL FORM POST-CONTRAST

400 < STRgFNGl)TpI:IT AINS[EI%ATOR TIME FRAME(S)
405
5
SUBTRACT MASK FROM
PRODUCE
401 CONTRAST FRAME OR
CONTRAST CURVE FRAMES
406
5
RENORMALIZE RECONSTRUCT
402 "] CONTRAST CURVE IMAGE(S)
CEXT )
APPLY THRESHOLD

403"  TO FORM MASK




US 6,195,579 Bl

1

CONTRAST DETECTION AND GUIDED
RECONSTRUCTION IN CONTRAST-
ENHANCED MAGNETIC RESONANCE
ANGIOGRAPHY

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH

This invention was made with government support under
Grant No. HL57501 awarded by the National Institute of
Health. The United States Government has certain rights in
this invention.

BACKGROUND OF THE INVENTION

The field of the invention is magnetic resonance angiog-
raphy (“MRA”), and particularly, dynamic studies of the
human vasculature using contrast agents which enhance the
NMR signals.

Diagnostic studies of the human vasculature have many
medical applications. X-ray imaging methods such as digital
subtraction angiography (“DSA”) have found wide use in
the visualization of the cardiovascular system, including the
heart and associated blood vessels. Images showing the
circulation of blood in the arteries and veins of the kidneys
and the carotid arteries and veins of the neck and head have
immense diagnostic utility. Unfortunately, however, these
x-ray methods subject the patient to potentially harmful
ionizing radiation and often require the use of an invasive
catheter to inject a contrast agent into the vasculature to be
imaged.

One of the advantages of these x-ray techniques is that
image data can be acquired at a high rate (i.e. high temporal
resolution) so that a sequence of images may be acquired
during injection of the contrast agent. Such “dynamic stud-
ies” enable one to select the image in which the bolus of
contrast agent is flowing through the vasculature of interest.
Earlier images in the sequence may not have sufficient
contrast in the suspect vasculature, and later images may
become difficult to interpret as the contrast agent reaches
veins and diffuses into surrounding tissues. Subtractive
methods such as that disclosed in U.S. Pat. No. 4,204,225
entitled “Real-Time Digital X-ray Subtraction Imaging”
may be used to significantly enhance the diagnostic useful-
ness of such images.

Magnetic resonance angiography (MRA) uses the nuclear
magnetic resonance (NMR) phenomenon to produce images
of the human vasculature.

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 in random
order 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
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2

reconstruct the image using one of many well known
reconstruction techniques.

To enhance the diagnostic capability of MRA a contrast
agent such as gadolinium can be injected into the patient
prior to the MRA scan. Several non-time resolved methods
exist for coordinating acquisition of a single 3D image at
peak arterial enhancement. In one method, a small test bolus
of contrast agent is injected, and a time series of rapid 2D
images are acquired. The 2D images are examined to
determine the time when the contrast will arrive in the
vessels of interest. The 2D temporal information is then used
to delay the image acquisition relative to the injection of a
full dose of contrast agent to achieve an optimal k-space
acquisition. Similarly, flouro-triggering techniques use rapid
2D image acquisition to determine when the contrast is
approaching the vessels of interest. When the monitor vol-
ume is seen to exhibit enhancement due to the contrast, the
operator signals the scanner to switch from a 2D time series
of images to a single high resolution 3D acquisition. Auto-
matic triggering of the arrival of the contrast is also possible
by acquiring an NMR projection and setting a threshold
which switches the scanner to a 3D acquisition.

Single time frame 3D angiograms cannot display dynamic
aspects of how blood vessels enhance, and therefore may
lack some diagnostic information. If a particular angiogram
contains blood vessels which fill later than others, in vessels
distal to aneurysms for example, it is impossible to guaran-
tee that both early and late filling vessels are optimally
imaged.

An alternative method for acquiring angiograms is to
acquire a series of “time resolved” volume images during
the passage of the bolus of contrast agent. As described in
U.S. Pat. No. 5,713,358, a series of images are acquired
which depict the subject as the contrast agent enters the
region being imaged. A reference image, or “mask,” which
depicts the subject before contrast agent arrives at the region
of interest is subtracted from one of these images to remove
the static tissues and further highlight the vasculature into
which the contrast agent flows. The critical central k-space
views are acquired every alternate time frame, thus assuring
at least one set of central lines are acquired during peak
contrast enhancement. The peripheral k-space lines are
acquired less frequently and temporally interpolated in order
to form a series of time resolved, 3D images. This method
eliminates the need for timing the passage of the bolus of
contrast, and this time-resolved method is thus less subject
to operator error.

The current clinical implementation of this time-resolved
method acquires either 15 or 20 high resolution 3D image
frames. The large number of 3D volumes of data which are
produced require significant computing power to recon-
struct. Offline workstations are used for reconstruction, and
typically reconstruct 10 time frames in no less than 1 hour
for phased array data sets. There is no way, a priori, for the
operator to know which time frame(s) will contain the peak
arterial information. In addition, regions of k-space are
combined without any knowledge of which regions were
acquired during the peak of the contrast passage. Due to the
long delay between acquisition of the data and display of the
reconstructed images, physicians are not afforded the oppor-
tunity to review the results before the patient departs from
the scanner.

SUMMARY OF THE INVENTION

The present invention is an improved method for per-
forming contrast enhanced MR angiography. More specifi-
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cally an NMR pulse sequence is repeatedly performed over
a period of time after the injection of contrast to sample
regions of k-space and produce a series of time-resolved
k-space data sets; calculating a signal strength indicator for
each of the k-space data sets to determine which were
acquired when the contrast is optimal, and reconstructing an
image using the optimal k-space data sets. It has been
discovered that the enhancement due to contrast arrival can
be detected directly from the acquired k-space data. This
signal strength indicator calculation is very fast and it
enables the optimal k-space data sets to be identified without
lengthy image or projection reconstruction steps. As a result,
the optimal time-resolved image frame is reconstructed
quickly after the scan is completed.

Another aspect of the invention is to use the signal
strength indicator calculations to produce an improved mask
that can be subtracted from the optimal k-space data sets. A
baseline strength indicator level is determined from the
entire set of time-resolved data sets. This level defines a
threshold which allows all precontrast time frames to be
determined and averaged.

Yet another aspect of the invention is to employ the
calculated signal strength indicators to select multiple opti-
mal k-space data sets which may be combined before image
reconstruction to improve image SNR.

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 the pulse sequence
employed in the preferred embodiment of the invention;

FIG. 4 is a graphic representation of three-dimensional
k-space from which data is sampled when practicing the
preferred embodiment of the invention;

FIG. 5 is a graphic representation of the order in which the
three-dimensional k-space of FIG. 4 is sampled,

FIG. 6 is a graphic representation of the sampling of the
three-dimensional k-space of FIG. 4 showing the times at
which each image frame in the dynamic study is recon-
structed according to one embodiment of the invention;

FIG. 7 is a pictorial representation of the data sets for each
image frame in the dynamic study and how they are com-
bined to produce an MRA image;

FIG. 8 is a graphic representation of the signal strength
indicator in three separate k-space regions during an exem-
plary dynamic scan;

FIG. 9 is a graphic representation of a contrast curve
formed by renormalizing the exemplary signal strength
indicators in FIG. 8;

FIG. 10 is a flow chart of the preferred method for
implementing the invention on the MRI system of FIG. 1;

FIG. 11 is a flow chart of a second preferred method for
implementing the invention on the MRI system of FIG. 1;
and
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FIG. 12 is a graphic illustration of a third preferred
method for implementing the invention on the MRI system
of FIG. 1.

BRIEF DESCRIPTION OF THE INVENTION

The present invention, is intended to provide real time
feedback to physicians by forming and reconstructing an
optimal single 3D time frame image while preserving multi-
frame, temporal information for later review. This may be
implemented as a post-processing technique, after a
dynamic scan. The data acquired during the scan is selected
and combined to form an optimal k-space data set used to
reconstruct a single additional image. All the temporally
interpreted time frames from the scan are still available.
However, by combining several k-space time frames, we
have been able to dramatically increase the signal-to-noise
ratio, S/N, over the standard reconstruction.

This method has two parts, the first part detects the inflow
of contrast and the second uses the contrast enhancement
data to form and reconstruct the optimal single additional
image. Typically, time-to-contrast information is determined
by reconstructing a set of images, either 2D or 3D, and
measuring the change in signal intensity in an operator
specified region of interest. The present method determines
the time-to-contrast curve directly from the raw NMR
k-space data, prior to performing any CPU intensive image
reconstruction. In the following example, a 3D time resolved
acquisition in which the raw k-space data is segmented into
three equal regions is discussed, however, it should be
apparent that the present invention is not limited to a
particular number of regions.

For each k-space data set acquired during the dynamic
scan, a signal strength indicator using the in-phase and
quadrature NMR signal components is calculated. This
calculation may be done mathematically in a number of
ways, but in the preferred embodiment, signal strength is
calculated as the summation of the square root of the sum of
the squares of the real and imaginary components of each
k-space sample in the data set as follows:

€= Z Z Z \/Real (kx, ky, kz)? + Imaginary (kx, ky, k2)2 8]

& by &k

This calculation is performed for each region of k-space
separately, and each may contain as many as 10° data points
which minimize the effect of random-uncorrelated noise in
the measurement of e. Since image contrast is determined
primarily by the central lines of k-space, summing over all
of the k,-lines may not be necessary, in fact a more efficient
scheme which uses only the most central k, lines(s) may also
be a viable implementation of this invention. Other calcu-
lations of signal strength indication are possible, and may
include, for example, calculation of the signal energy in all
or a portion of the k-space data set.

The value of € is an indication of signal strength of the RF
signal detected in the MR receiver coils. The value € can be
thought of as a measure of the “brightness” in the images, so
that when the contrast agent flushes into the region and
causes the vasculature to enhance, the value of e will
increase. Since the value of € is determined from k-space
data, which is the Fourier transform of the enhanced
vasculature, the enhancement is the change in k-space due to
the addition of the arterial image. The increase in the value
of e is frequency dependent, and thus the enhancement of €
will be different for each region of k-space. Another way of
saying this is that for a given contrast injection, the change
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in € measured in a central A-region of k-space will be
different from the changes measured in peripheral B and C
regions. This is demonstrated in FIG. 8 which shows the
value of e extracted from a time series of 3D k-space data
sets. It can be seen that the central A and peripheral B and
C regions enhance to a different degree during the passage
of the bolus of contrast.

In order to account for the region dependent €
enhancement, the value of € for each time resolved k-space
data set is renormalized. The enhancement of the A, B and
C k-space regions are considered separately, and the renor-
malized value, €' is calculated as follows:
€ — € (mask)

@

‘= €(max) — € (mask)

Where € is the calculated signal strength indicator for the
k-space data set from equation (1), e(max) is the largest
value of calculated signal strength for the corresponding
region A, B or C throughout the scan, and e(mask) is
pre-contrast signal strength for the corresponding A, B or C
region. Currently e(mask) is the first A, B or C k-space data
set acquired in the scan. The renormalized €' values for all
the k-space data sets acquired during the exemplary scan of
FIG. 8 is shown in FIG. 9. The uptake of contrast is clearly
visible in this resulting “contrast curve”.

Once the k-space contrast curve is determined, informa-
tion from the contrast curve is used to reconstruct a single
optimal time frame image. In one preferred method all
pre-contrast k-space data sets are combined to form a single
mask k-space data set for subtraction from an optimal
k-space data set. The advantage of forming the mask from
multiple pre-contrast k-space data sets is to increase the
SNR.

By defining a mask threshold of 10% of the maximal
contrast enhancement, all those frames which were acquired
prior to the arrival of contrast are determined. By averaging
all these k-space data sets, the pre-contrast mask will
increase its SNR by VN where N is the number of k-space
data sets included.

MASK(k4, kg, k¢) = ©)

1 1 1
— ka+— Z kg + —
N Z N N

A ¢ (Ar<0.10 B € (B)<0.10 Ce'(C)<0.10

ke

In the example shown in FIG. 9, the first seven acquired
k-space data sets are below the mask threshold indicated by
dashed line 10. These are combined so that the A-region of
the mask is formed by combining (averaging) the 1st, 3rd,
Sth and 7th time frames. The 2nd and 6th time frames are
combined to form the mask’s B-region and since the 4th
time frame is the only C-region acquired prior to the arrival
of contrast, averaging in this case is not possible and only
one C-region will contribute to the mask.

In regions of the body where the enhancement of vascu-
lature occurs slowly, a single time frame image may be
formed by averaging the k-space data sets in which arteries
are enhanced by the contrast agent. Using the calculated
contrast curve the frames of k-space data acquired above a
post contrast threshold are selected. A post contrast image
frame, CONTRAST (ky, kg, k¢), is formed by combining
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and averaging in a manner similar to the way the MASK was
formed.

CONTRAST (ka, kg, k¢) = @

Ni Z kA+NiB Z k“NLC Z ke

A ¢ (4010 ¢(B1>0.10 (0010

The final optimal k-space data set is formed by subtracting
the k-space MASK data set from the k-space CONTRAST
data set:

IMAGE(k,, ks, k)=CONTRAST(K,, k5, ko)-MASK(k,, Ky, ki®)

Finally the IMAGE is reconstructed by performing a 3DFT.
The reconstructed 3D image includes information from the
entire time series of images. Because multiple time frames
have been used in both the mask and the contrast-enhanced
k-space averages, there is an increase in image quality as
measured by the SNR.

In another embodiment of the invention, the k-space data
sets for the separate regions of k-space can be combined
using a “Matched Filter” method. This preferred method
combines acquired k-space data sets by multiplying, or
weighting, the data by the difference between the mean
signal energy value €', and the renormalized signal
energy value of the particular k-space data set.

IMAGE (k4, kg, k¢) = o

Zw(NA)xkA +Zw(NB)><kB +Zw(NC)ka

Na Np Ne
The weights are calculated as,
W=€', con—€ ®

with,

1 , ©
€.

,
€ mean — N
frames

all frames

As discussed previously, each region of k-space will
enhance by different amounts. In order to implement the
matched filter in k-space the matched filter weighting
method is applied to the A, B and C regions independently.
In effect each region of k-space is considered a separate
time-series of acquired k-space data sets.

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 arrays. The computer system 107 is
linked to a disk storage 111 and a tape drive 112 for storage
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