US 20030013963A1

a9 United States

a2 Patent Application Publication (o) Pub. No.: US 2003/0013963 A1l

Bjaerum et al. (43) Pub. Date: Jan. 16, 2003
(54) ULTRASOUND DISPLAY OF (52) US. Cl i 600/443
DISPLACEMENT
57 ABSTRACT
(76) Tnventors: Steinar Bjaerum, Horten (NO); Bjorn 67
Ols_tad, Stathelle (NO); Kjell An ultrasound machine that generates a color representation
Kristoffersen, Oslo (NO) of moving structure, such as cardiac wall tissue within a
region of interest, and is displayed on a monitor. The color
Correspondence Address: representation is generated by displaying at least one color
MCANDREWS HELD & MALLOY, LTD characteristic related to a set of signal values of the structure,
500 WEST MADISON STREET such as velocity or strain rate. The related feature of the set
SUITE 3400 of signal values is mapped to the color characteristic by an
CHICAGO, IL 60661 apparatus comprising a front-end that generates received
) signals in response to backscattered ultrasound waves. A
(21) Appl. No: 10/064,084 Doppler processor generates a set of signal values repre-
_ senting a spatial set of values of the moving structure. A host
(22)  Filed: Jun. 10, 2002 processor embodies a tracking function and a time integra-
Related U.S. Application Data tion function to generate tracked movement parameter pro-
- files and displacement parameter values over a time period
(60) Provisional application No. 60/297,572, filed on Jun. cor@spond.mg to samplcd anatomical locations within the
12. 2001. region of interest. The displacement parameter values are
’ then mapped to color characteristic signals. A display pro-
Publication Classification cessor maps the values of the color characteristic signals to
the displacement parameter values, representing the moving
(51) Int. CL7 oo sssnssssssesens AG61B 8/00  structure, to display a color representation, on a monitor.

5
s 30 /
-
TRANSMITTED AND BACKSCATTERED | NON DOPPLER
7% 8 ULTRASOUNDWAVES | PROGESSOR |, 70 DISPLAY
RN ' B-MODE, B M-MODE
A 90 75
f"“\’ HAHMONIC IMAGING, ETC:._ 80 89 /
[TRANSDUCER|7-—-| FHONT END o j_. MONITOR
'\ w0 O [Z]
TRANSMITTED AND NN A
10 RECEIVED SIGNALS' S ANALOG DISPLAY SIGNALS
: *J DOPPLER | ./
b PROCESSOR ¢ 72 PARAMETER SIGNALS
H T
70 70 TVI, STRAIN RATE, COLOR M-MODE, ETC.
; v
blamaLsus; HOST PROCESSOR
ALGORITHM: REGION OF INTEREST {21 2€ | ALGORITHM: TIME PERIOD

[y
i
i

SOURCE

70
47 TIMING EVENT SIGNAL
65| TIMING EVENT USER INTERFACE [ gp



US 2003/0013963 A1

Jan. 16,2003 Sheet 1 of 9

Patent Application Publication

30WNOS
09— [35vIuALNI Gaen IN3A3 ONIWLL| 59
) NDIS INA3 BNINLL 2]
p
AOIHZd JNIL WHLIHODY [52 N =%] LSTHALNI 4O NOIDIH ‘WHLIHODTY
cY oG is
HOSS300Hd LSOH NG YLDIG
? :
"013 ‘SAOW-W HOT00 ‘JLVH NIVHLS AL g7 044
Y 1
STIVYNDIS HALINVHV 22 A HOSSINDOH 1/ m
71 "3aiddoa [ “
STYNDIS AV1dSI DOTVNY V STYNOIS QIAIZOIH o
Nop taONV QZLLINSNVHL
28 wossTooud | % O oL/ p- /
0z 9,
HOLINOW AYIdSIA A 0L, ™~ n_%m_ LNOHS TR H3IONASNVHL
. 8\ 68 08 ;013 "ONIDOVINI OINOWHVH>" CS—
52 "~ JAOW-W 9 ‘IQON-9 7 AT
AVIdSid o:” " woss3o0ud SIAVMANNOSWHLIN & y
YT 14400 NON | G3HILIVOSHOVE ONY CALLINSNVHL
" LY
e s
m L 81



Jan. 16, 2003 Sheet 2 of 9 US 2003/0013963 A1

Patent Application Publication

SATH0Hd U 1TWvHVYd
A3aXOVHL ONILYIHO ‘IT0AD OVIAQHVYD FHL
40 LNIWD3S G3aNI43a IHL HIAA0 10YH JHL

FAISNE NOLLYOOT TWOINOLVNY AH3AI MOVHL

OFf d31S

M

S.LNIOd TYOINOLYNY A3XOVHL IHL
40 SAT140Yd HA1AWYHYd IHL WOYA
(S3NTIVA HILINVHYL INTWIDVIdSIQ)
STIVHODILN] INIL JLVHINID
OF1 d31S

A 4

AVdSIAa ANV “LNIOd

Q3XOVHL HOV3 HO4 S3INTVA U3 LAWVHYd

INIWIDVI4SIA IHL IAOONT HOT0D
05T d31s

10Y ANV JT10AD OVIAHVYD JHL 40 LINIWDIAS

J3ANI430 ¥V H3AO STVYNDIS d3AIFO3d WOdd

SAMIVA TVNDIS 40 SLIS ANVIN I LVHINTD
021 d31S

(loY) 1S3HALNI 20 NOID3AH
A3NIZ3A V HIAO IHNLONY.LS WOHA
A3HIALLVYOSHOVE SIAVYM ONNOSYHLIN
OL ISNOJdSIH NI AIAITDIH 3HY STVYNDIS

OIT d3Ls

SANTVA TVYNDIS 40
138 @34is3a 3HL Q13IA TTIIM LVHL Sd0ONW
ONIDVI NV NI LOArdNs v 40 SHNLONYHLS
OLNI ADHINT ANNOSYHLTIN LINSNYHL OL
HADNASNYYL S3SN HOLYHIdO

7 51




US 2003/0013963 A1

Jan. 16,2003 Sheet 3 of 9

Patent Application Publication

[S/ND] LSINODAN A-

LNINDAS JALLVDEN 28

[s/nQ] o

ANH »8

JOVIIIAL JHVY3H JHL 40 MIJIA HIEWYHD-¥ TYOIdY

_

Lo L
VA A

L

'\‘
rr
4
7
7
T
— 4

AININDIS JALLISOd 18

[S/ND] LSINODANA+

| / /mo\\

cg THNLONYLS

AN3ODAT DILSIHILOVHYHO HON0D ANSSiL ANIAYYO0AN

¢ 517



Jan. 16,2003 Sheet 4 of 9 US 2003/0013963 A1

Patent Application Publication

\L-(j

TVYNDIS
904
LY

JOVINI IHS

G 31
1HY3IH 3HL 40
MIIA HIGWYHI-P 1VIdY

1HYIH 40 MIIA
HAGWVHO¥ IVDIdY
[shivad, o,
WN.1d3s
[s/1] 0 —»
IOY 98— )
S0! [shlxnvad
JHNLONYLS us+
INSSIL WNIAYVYDOAN

9 517

e

7 o1



US 2003/0013963 A1

Jan. 16,2003 Sheet 5 of 9

Patent Application Publication

g

A

ATOLSAS Mv3d

- o -

dlvd

FATOA0 DVIAHVYD AIDIL

NIVHLS NV3IWN £+

HAI t v

AoIH3ad INIL
a31o3an3s

A
< {n
I3
3
HAI v e \
ALIDOT3A ¢ £,

N

N~

\\( J10LSAS v_<m_nL }

SANIVATYNDIS H0 L3S (¥

A70.LSVIa A101LSAS

\ NOILLVOOT TvOIWOLYNY A3 1dNVS

3

£ 31



US 2003/0013963 A1

Jan. 16,2003 Sheet 6 of 9

Patent Application Publication

mm_3<> e,_m_
HI1IWVHVY ININIOV1dSIA 254 1

1HVLS,

NOILLYLNASIH4IAY HOT0D mm/
WINo
058/
i
4584 —H
NNt
3458 ——|
W9
asg4——
WS
0584 —1i
NNOE
HSG8- E
N2 1B
<mmiii,§\ o
WINZ1 9 s rAsl 4 34 )

SA1140Hd HA19WVvHVYd ALIDOTM3A QIaXMOVHL f#d

g 81



Patent Application Publication

9

Jan. 16,2003 Sheet 7 of 9

US 2003/0013963 A1

Fig.

iX 141 TRACKED VELOGITY PARAMETER PROFILE
8t

61

4F

g T fod200 300 40 600 0 100
2F V

41 CARDIAC CYCLE

X i 46

-10%3 - - I
L19-H] -

151 MCTION PARAMETER PROFILE

200_300 400 500 600 700 800 900 1080

o
y
1

P lg . 10 147 TRACKI

: STEP 142
START AT FIRST TIME INTERVAL T; WHERE

i=1 AND SELECT V; FOR A GIVEN
ANATOMICAL POINT IN THE IMAGE FROM
THE SPATIAL SET OF VELOCITY

NG FUNCTION

SIGNAL VALUES
¥

STEP 143
COMPUTE MOTION PARAMETER 8; FOR

THE GIVEN ANATOMICAL POINT IN THE

ROL [S; =T *(Vs +Va+..Vj )]

v
STEP 144
STORE V; IN VELOCITY PROFILE ARRAY
AND STORE S; IN MOTION PARAMETER

!

STEP 145

INGREMENT i BY 1 AND SELECT THE

NEXT V; FROM THE SPATIAL SET OF

VELOGITY SIGNAL VALUES BASED ON

ARRAY

THE PREVIOUS MOTION PARAMETER §S;




US 2003/0013963 A1

Jan. 16,2003 Sheet 8 of 9

Patent Application Publication

REAL-TIME SPACIAL DERIVATION

(NOLLYWHOS3A %) e/l MV g , IOV IYS
IOV ININIOVIASIA S/t \\\\
NOISSTUINOD E
—
D [s/t]l 0
NOLLYWHO43A #St NOILVHOIALNI
AL aieNvdaxa
Mv3ad
| 4 [s/1] HS+ [
%0z = I ] LSINOAN
S/ND A-
(azAcW 3ONYISIO) \\
DY LNIWIDV1dSIa e
s_wa ; 2 S3LLID0 A INLVOIN
Wz .
S D0 —
Wiy NOILYHDA1N] sin
W9 = Mr_ JNIL
il S3ILID0T3A IS0 y
WS : ; i AN
s . LSINOAN w i
JONV.LSIA 61—+ NI & A Isnol At
AN 7 ..%
[T old




Jan. 16,2003 Sheet 9 of 9 US 2003/0013963 A1

Patent Application Publication

AV1dSIa OlLvYH
G3AOINZ HONO0D

1291 _ 3INIVA

Itgi

Oilvd
£91

=
1 0O 7
o L O ﬁmm @c S
0 0 1 N
8 D d e —
SIVYNBDIS I
DLSIHILOVHVYHD mmmmmm":
HO109
£8

A

51



US 2003/0013963 Al

ULTRASOUND DISPLAY OF DISPLACEMENT

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] The applicants claimed priority based on provi-
sional application No. 60/297572 filed Jun. 12, 2001 in the
names of Bjorn Olstad, Steinar Bjaerum, and Kjell Kristof-
fersen.

BACKGROUND OF INVENTION

[0002] Certain embodiments of the present invention
relate to an ultrasound machine for displaying an image of
moving structure. More particularly, certain embodiments
relate to displaying displacement of moving structure such
as distance moved and deformation.

[0003] Echocardiography is a branch of the ultrasound
field that is currently a mixture of subjective image assess-
ment and extraction of key quantitative parameters. Evalu-
ation of cardiac wall function has been hampered by a lack
of well-established parameters that may be used to increase
the accuracy and objectivity in the assessment of, for
example, coronary artery diseases. Stress echo is such an
example. It has been shown that the subjective part of wall
motion scoring in stress echo is highly dependent on opera-
tor training and experience. It has also been shown that
inter-observer variability between echo-centers is unaccept-
ably high due to the subjective nature of the wall motion
assessment.

[0004] Much technical and clinical research has focused
on the problem and has aimed at defining and validating
quantitative parameters. Encouraging clinical validation
studies have been reported, which indicate a set of new
potential parameters that may be used to increase objectivity
and accuracy in the diagnosis of, for instance, coronary
artery diseases. Many of the new parameters have been
difficult or impossible to assess directly by visual inspection
of the ultrasound images generated in real-time. The quan-
tification has required a post-processing step with tedious,
manual analysis to extract the necessary parameters.

[0005] Academic work has been done for validation of
peak, mean systolic velocities as an indicator of, for
example, ischemia in stress echo. A related parameter to
peak systolic motion is displacement calculated as a velocity
time integral during systole. Similar related displacement
parameters may be defined for any sub-interval of the
cardiac cycle. Displacement parameters derived from the
time integral of velocity measurements or strain rate mea-
surements have very low noise content compared to peak
detection and are, therefore, attractive parameters to use for
quantitative assessment of wall function. Therefore, it may
be useful to design a mechanization that makes it easy to
visually assess displacement of cardiac wall tissue in a
quantitative manner.

[0006] Much of the prior art describes techniques for color
mapping estimated imaging parameters such as tissue veloc-
ity and strain rate. A fixed mapping of a continuous range of
color hues is typically used to indicate positive velocities or
strain rates and a second fixed mapping of a continuous
range of color hues is used to indicate negative velocities or
strain rates. This type of color encoding makes it easy to
identify reversals in velocities or strain rates. However, the
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tissue velocity imaging (TVI) and strain rate imaging (SRI)
modes and associated color mapping schemes in the prior art
are not, by themselves, well suited for visual determination
of other parameters, such as displacement measured as time
integrated velocities or time integrated strain rates over a
portion of the cardiac cycle.

[0007] A need exists for an approach to more easily
visualize tissue displacement information, such as time
integrated velocity and time integrated strain rate, in a
two-dimensional dimensional ultrasound image.

SUMMARY OF INVENTION

[0008] An embodiment of the present invention provides
an ultrasound system for generating an image responsive to
moving cardiac structure by displaying color characteristics
representative of tissue displacement.

[0009] An apparatus is provided in an ultrasound machine
for generating an image responsive to moving structure
within a region of interest of a subject and displaying a color
characteristic representing displacement of the moving
structure. In such an environment apparatus displaying the
color characteristic comprises a front-end arranged to trans-
mit ultrasound waves into a structure and then to generate
received signals in response to ultrasound waves backscat-
tered from the structure in the region of interest over a time
period. A processor is responsive to the received signals to
generate a parameter value representing displacement of the
moving structure during the time period and is responsive to
the parameter value to generate a color characteristic signal
representative of the displacement. A display is arranged to
display a color representation of the displacement in
response to the color characteristic signal.

[0010] A method embodiment is also provided in an
ultrasound machine for generating an image responsive to
moving structure within a region of interest of a subject and
for displaying a color characteristic representing displace-
ment of the moving structure. In such an environment, the
method for displaying the color characteristic comprises
transmitting ultrasound waves into the structure and gener-
ating received signals in response to ultrasound waves
backscattered from the structure in the region of interest
over a time period. A parameter value representing displace-
ment of the moving structure during the time period is
generated in response to the received signals. A color
characteristic signal, representative of the displacement, is
generated in response to the parameter value. A color
representation of the moving structure is displayed in
response to the color characteristic signal.

[0011] Certain embodiments of the present invention
afford an approach to visualize the color display of the
displacement of moving structure with a degree of conve-
nience and accuracy previously unattainable in the prior art.

BRIEF DESCRIPTION OF DRAWINGS

[0012] FIG. 1 is a schematic block diagram of an ultra-
sound machine made in accordance with an embodiment of
the present invention.

[0013] FIG. 2 is a flowchart of a method performed, at
least in part, by the machine shown in FIG. 1 in accordance
with an embodiment of the present invention.
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[0014] FIG. 3 includes a cross-sectional view of a heart,
a corresponding tissue velocity image (TVI) generated by
the machine in FIG. 1, and a color legend generated by the
machine in FIG. 1 that may be used to interpret the colors
shown in the TVI image in accordance with an embodiment
of the present invention.

[0015] FIG. 4 includes a cross-sectional view of a heart,
a corresponding strain rate image (SRI) generated by the
machine in FIG. 1, and a color legend generated by the
machine in FIG. 1 that may be used to interpret the colors
shown in the SRI image in accordance with an embodiment
of the present invention.

[0016] FIG. 5 illustrates an exemplary ECG signal that
may be generated by a timing event source and used by the
machine in FIG. 1 to identify a time interval in accordance
with an embodiment of the present invention.

[0017] FIG. 6 is a schematic cross-sectional view of the
human heart including myocardium tissue bounded by a
region of interest (ROI) that is designated by the machine
shown in FIG. 1 under control of an operator in accordance
with an embodiment of the present invention.

[0018] FIG. 7 is a schematic cross-sectional view of the
heart shown in FIG. 6 also graphically representing mean
velocity and mean strain rate profiles as a function of time,
measured longitudinally in an apical view for a sampled
anatomical location in accordance with an embodiment of
the present invention.

[0019] FIG. 8 is a graph illustrating time integrated veloc-
ity profiles and color encoding generated by the method
shown in FIG. 2, together with an exemplary display of
cardiac tissue using the color encoding in accordance with
an embodiment of the present invention.

[0020] FIG. 9 shows graphs of a tracked velocity param-
eter profile and a motion parameter profile generated by the
tracking algorithm flowcharted in FIG. 10 in accordance
with an embodiment of the present invention.

[0021] FIG. 10 is a flowchart of the longitudinal tracking
function that generates the graphs shown in FIG. 9 and is
executed by the machine shown in FIG. 1 in accordance
with an embodiment of the present invention.

[0022] FIG. 11 shows displays of tissue structure dis-
placement generated by the machine in FIG. 1 illustrating
the relationship between TVI and SRI and the time integra-
tion of velocity and strain rate which is performed by the
method shown in FIG. 2 in accordance with an embodiment
of the present invention.

[0023] FIG. 12isa graphic of a color characteristic legend
and a signal diagram illustrating the color characteristic
signals generated by the machine in FIG. 1 in terms of RGB
values and how these values relate to the color characteristic
legend in accordance with an embodiment of the present
invention.

[0024] FIG. 13 is a graphic of a sct of parameter signals
and aratio image generated from the set of parameter signals
by the machine in FIG. 1 in accordance with an embodiment
of the present invention.

[0025] The foregoing summary, as well as the following
detailed description of certain embodiments of the present
invention, will be better understood when read in conjunc-
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tion with the appended drawings. It should be understood,
however, that the present invention is not limited to the
arrangements and instrumentality shown in the attached
drawings.

DETAILED DESCRIPTION

[0026] An embodiment of the present invention enables
longitudinal tracking of moving structure and real time color
visualization of displacement of the moving structure. As
used herein, structure means non-liquid and non-gas matter,
such as cardiac wall tissue. An embodiment of the present
invention offers improved, real-time visualization and
assessment of wall tissue function. The moving structure is
characterized by a displacement parameter, which may be,
for example, distance moved by the structure or deformation
of the moving structure.

[0027] FIG 1. a schematic block diagram of an ultrasound
machine 5 made in accordance with an embodiment of the
present invention. A transducer 10 is used to transmit
ultrasound waves 7 (solid curves in FIG. 1) into a subject S
by converting electrical analog signals 15 to ultrasonic
energy, and to receive ultrasound waves 8 (dashed curves in
FIG. 1) backscattered from the subject S by converting
ultrasonic energy to analog electrical signals 16.

[0028] A front-end 20 comprising a receiver, transmitter,
and beamformer, is used to create the transmitted wave-
forms, beam patterns and receiver filtering techniques used
for the various imaging modes. Front-end 20 performs the
functions by converting digital data to analog data and vice
versa. Front-end 20 interfaces at an analog interface 11 to
transducer 10 and interfaces at a digital interface over a
digital bus 70 to a non-Doppler processor 30 and a Doppler
processor 40 and a host processor 50. Digital bus 70 may
comprise several digital sub-buses, each sub-bus having its
own unique configuration and providing digital data inter-
faces to various parts of the ultrasound machine 5.

[0029] Non-Doppler processor 30 comprises amplitude
detection functions and data compression functions used for
imaging modes such as B-mode, B M-mode, and harmonic
imaging. Doppler processor 40 comprises clutter filtering
functions and movement parameter estimation functions
used for imaging modes such as tissue velocity imaging
(TVI), strain rate imaging (SRI), and color M-mode. The
two processors, 30 and 40, accept digital data from the
front-end 20, process the data into sets of signal values 41,
and pass the values to processor 50 and/or a display 75 over
digital bus 70. The estimated values may be created using
the received signals in frequency bands centered at the
fundamental, harmonics, or sub-harmonics of the transmit-
ted signals in a manner known to those skilled in the art.

[0030] Display 75 comprises scan-conversion functions,
color mapping functions, and tissue/flow arbitration func-
tions, performed by a display processor 80 which accepts
digital parameter signals 72 from processors 30, 40, and 50,
processes, maps, and formats the digital data for display,
converts the digital display data to analog display signals 89,
and passes the analog display signals 89 to a monitor 90.

[0031] Monitor 90 accepts the analog display signals 89
from display processor 80 and displays the resultant image
87 to the operator on monitor 90.

[0032] A user interface 60 allows user commands to be
input by the operator to the ultrasound machine 5. User



US 2003/0013963 Al

interface 60 comprises a keyboard, mouse, switches, knobs,
buttons, track ball, and on screen menus (not shown).

[0033] Host processor 50 is the main, central processor of
the ultrasound machine 5 and interfaces to various other
parts of the ultrasound machine § through digital bus 70.
Host processor 50 executes the various data algorithms and
functions for the various imaging modes. Digital data and
commands may be transmitted and received between the
host processor 50 and other various parts of the ultrasound
machine 5. The functions performed by processor 50 may be
performed by multiple processors or may be integrated into
processors 30, 40, or 80, or any combination thereof.

[0034] Referring to FIG. 2, in step 100 an operator uses
transducer 10 to transmit ultrasound energy into the appro-
priate anatomical structure, such as cardiac tissue 105 (sce
FIG. 3), of the subject in an imaging mode (such as TVI or
SRI) that yields a desired set of signal values 41 (see FIG.
7) of the anatomical structure 105. As shown in FIG. 7, the
set of signal values 41 typically comprises longitudinal
estimates of mean tissue velocity 42 or mean tissue strain
rate 43 parameters. The specification herein uses the
examples of tissue velocity imaging (TVI) and tissue strain
rate imaging (SRI). Based on the specification herein, those
skilled in the art may also provide an embodiment that
employs other estimated parameters that form a set of signal
values.

[0035] Referring to FIG. 3, in TVI mode a fixed, continu-
ous range of color hues is used to indicate positive velocities
and a second fixed, continuous range of color hues is used
to indicate negative velocities. Typically, red/yellow hues
show anatomical motion towards the transducer 10 and
blue/green hues show motion away from the transducer 10.
The color hues 84 are illustrated in the color characteristic
legend 85 shown in FIG. 3. The various cross-hatchings and
lines in the color characteristic legend 85 of FIG. 3 represent
a continuous range of color hues. Going from the top of the
color characteristic legend 85 to the bottom, the color hues
transition from yellow to orange to red representing the
positive velocity segment 81 of the color characteristic
legend 85 and then violet to blue to green, representing the
negative velocity segment 82 of the color characteristic
legend 85. However, the color hues 84 that make up the
color characteristic legend 85 may be any continuous, semi-
continuous, or discrete range of color hues that provide good
discrimination between levels of the set of signal values 41.
The portions of the color characteristic legend 85 in which
cross-hatched lines intersect represent a blending of color
hues. Similarly, FIG. 4 illustrates a color representation of
strain rate imaging.

[0036] Instep 110 of FIG. 2, ultrasound energy is received
into transducer 10 and signals are received into front-end 20
in response to ultrasound waves 8 backscattered from the
structure 105 over an operator-defined region of interest
(ROT) 86 (see FIG. 6). The operator brings up a scaleable
ROI 86 on monitor 90 through the user interface 60 to select
a spatial or anatomical region to process such as the septum
104 of the heart (sce FIG. 6). The ROI may be chosen to
cover the entire displayed image 87 if desired. Such a
selection of an ROI 86 forces the subsequent processing to
segment, track, and time integrate a set of signal values 41
and display the resultant time integrated values in an image
87 for that specific region. The approach may, for example,
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be useful if the operator wants to provoke a good visual-
ization of time integrated myocardial velocities in a specific
region. In other similar embodiments, the ROI 86 may be
selected automatically or as a combination of manual and
automatic methods. For example, an algorithm 51 (see FIG.
1) for automatic identification of an ROI 86 may be designed
and embedded in the host processor 50 to separate the
myocardium from cavities. Well-known segmentation and
thresholding techniques operating on the data of the set of
signal values 41 may be used. The ROI 86 is automatically
sized and positioned on display image 87 based on the
results of the techniques.

[0037] Instep 120 of FIG. 2, received signals 71 are sent
from front-end 20 to Doppler processor 40 over digital bus
70. Many sets of signal values 41, such as mean velocity 42
or mean strain rate 43, are generated from the received
signals 71 over a segmented time period 45 and ROI 86 by
Doppler processor 40. The operator selects, through the user
interface 60, a desired time interval 45 to process, such as
systole, which is a sub-interval of the cardiac cycle 46 (sec
FIG. 7). In FIG. 8, the time interval is designated by T _and
T, 4. The time interval is determined from a timing signal 47
generated from a timing event source 635 (FIG. 1) and/or
from characteristic signatures in the set of signal values 41.
An example of such a timing signal 47 is an ECG signal (sce
FIG. 5). Those skilled in ultrasound also know how to
derive timing events from signals of other sources such as a
phonocardiogram signal, a pressure wave signal, a pulse
wave signal, or a respiratory signal. Ultrasound modalities
such as spectrum Doppler or M-modes may also be used to
obtain timing information.

[0038] T,,,, is typically sclected by the operator as an
offset from the R-event in the ECG signal. T, is set such
that the time interval covers a selected portion of the cardiac
cycle such as systole. It is also possible to select a time
period 45 corresponding to the complete cardiac cycle 46.
Another possibility is to limit the time period 45 to the
systolic time period in order to display a color representation
that is optimized for visualization of time integrated systolic
parameters. Other sub-intervals of the cardiac cycle 46 may
also be applied.

[0039] FIG. 7 graphically illustrates typical sets of signal
values 41 for velocity 42 and strain rate 43 which may be
segmented into desired time periods based on signature
characteristics of the sets. For reference, the profiles in FIG.
7 are annotated with the times corresponding to: IVC=
isovolumetric contraction, IVR=isovolumetric relaxation,
E=carly diastolic velocity, and A=late diastolic velocity.
Caution must be taken in the selection of the time interval
such that, for example, motion in the TVC or IVR period may
be excluded from the analysis, if desired. An automatic
function may be implemented to recognize and exclude the
unwanted events from the time interval.

[0040] 1In other possible embodiments, the time interval
may be selected automatically or as a combination of
manual and automatic methods. For example, the time
period 45 may be determined automatically with an algo-
rithm 52 (see FIG. 1) embedded in host processor 50. The
algorithm 52 may use well-known techniques of analyzing
the sets of signal values 41, as shown in FIG. 7, looking for
key signal signature characteristics and defining a time
period 45 based on the characteristics, or similarly, analyz-
ing the ECG signal 47.
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[0041] In step 130 of FIG. 2, the operator initiates,
through user interface 60, real time tracking of every
sampled anatomical location 55 (FIG. 7) inside the selected
ROI 86 over the selected time period 45 of the cardiac cycle
46. The spatial set of signal values 41 are sent from Doppler
processor 40 to host processor 50, where a tracking function
147 is applied to the set of signal values 41. FIG. 10 is a flow
chart of the tracking function 147.

[0042] As an introduction to the tracking function 147, a
tracked velocity parameter profile 141 (V4, V,, .. ., V)
(FIG. 9) for a given sampled anatomical location 55 in the
myocardium 105, is created over the time period T, to
T, by converting the spatial set of velocity values 42 into a
motion parameter profile 151 in time using host processor 50
by computing the series of time integrals (S, S,, . . . ,S,)
where:

S=T*(Vi+Vat. . . +V)

[0043] and where T is the time delay between two con-
secutive velocity measurements (T is typically based on the
frame rate of the imaging mode). S; (motion value) is then
the longitudinal distance in mm (from reference time T, ,
location) that a sample of tissue in the myocardium has
moved at time segment T;, thus allowing the isolated tissue
sample to be tracked longitudinally (along the ultrasound
beam) over the time interval T, , to T, 4 by host processor
50. The tracking function estimates the new anatomical
location of the tracked sample tissue after every time seg-
ment T, and determines tracked velocities (or other esti-
mated parameters) at the new anatomical locations. The
tracking is done for each sampled anatomical location 55 in
the selected ROI 86.

[0044] The upper part of FIG. 9 shows a resultant tracked
velocity parameter profile 141 of a sampled anatomical
location 55 in the image as a function of time for a complete
cardiac cycle 46. The lower part of FIG. 9 shows the
corresponding resultant longitudinal motion parameter pro-
file 151 (integrated velocity profile, S, S,, . .., S,) of the
same sampled anatomical location in the image. Motion
along the ultrasound beam may be accurately tracked with
the technique allowing the appropriate velocity parameter
profiles (or other estimated parameter profiles) to be gener-
ated for the corresponding anatomical locations. The tracked
estimated parameter profile 141 for each anatomical location
is stored in the memory of host processor 50 as a sampled
array of estimated parameter values. As a result, the stored
parameter profile history corresponds to each anatomical
location, instead of just a spatial location in the image.

[0045] Two-dimensional velocity estimation is necessary
for accurate tracking when a substantial part of the motion
of the structure is orthogonal to the beam. Other tracking
techniques may be employed as well.

[0046] As an alternative to tracking, spatial estimated
parameter profiles may be constructed by the host processor
50 from the set of signal values and correlated to fixed
spatial locations in the image instead of to anatomical
locations. Subsequent time integration will then be per-
formed at fixed spatial locations over the time period 45.

[0047] The specific steps of the preferred tracking function
147 are now described for a given sampled anatomical
location 55 in the ROI 86. A spatial set of mean velocity
values 42 is estimated in step 120 of FIG. 2 so that the

[Equation 1]
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motion values S; may be calculated for tracking. The mean
velocity values are generated by Doppler processor 40 in a
well-known manner.

[0048] Referring to FIG. 10, in step 142 of tracking
function 147, processor 50 selects V; for a given anatomical
location in the image from a spatial set of velocity values 42
in the ROI 86 corresponding to time interval T; where i=1
(Tl iS Tstart)'

[0049] In step 143 of tracking function 147, processor 50
computes the motion value S; for the given anatomical
location in the ROI, as

SETH(Vi+Vot. .. +V)
[0050] (Note that for i=1, S,=T*V,)

[0051] In step 144 of tracking function 147, processor 50
stores V; in tracked velocity parameter profile array 141 and
S, is stored in motion parameter profile array 151 along with
the current spatial position of the anatomical location. Other
estimated parameters, such as strain rate, corresponding to
the tracked anatomical location may be stored in respective
tracked profile arrays as well.

[0052] 1In step 145 of tracking function 147, i is incre-
mented by one (corresponding to the next sample time, T
seconds later) and the next V; is selected from the spatial set
of velocity values 42 based on the motion parameter S,
previously computed and the previous spatial position of the
anatomical location (S; represents the longitudinal spatial
movement in mm of the anatomical location over time
interval T;=1*T).

[0053] 1In step 146 of tracking function 147, the function
checks to see if T, 4 has been exceeded. If T, has not been
exceeded, the function proceeds back to step 143 and
computes the next motion parameter value S; in the series
using Equation 1. The iterative process is followed until the
full arrays of tracked velocity parameter profiles 141,
motion parameter profiles 151, and any other desired esti-
mated parameter profile have been created and stored over

the complete time interval T, to T, 4.

[0054] The tracking function 147 is performed simulta-
neously for each anatomical location in the ROI 86.

[0055] FIG. 11 illustrates the function of generating the
displays of time integrated displacement parameters for the
imaging modes of TVI and SRI. When velocity estimates are
integrated over time, the resultant displacement parameter
value 152 (shaded areas of FIG. 8) is a distance moved 153
(FIG. 11) in units of length such as millimeters (mm). A
resultant display of time integrated velocity is shown in the
upper right of FIG. 11. The display represents displacement
of the cardiac tissue over the integrated time period.

[0056] Strain rate SR, in units of 1/seconds, is computed
as radial gradients of the velocity estimates. Strain rate SR
is a spatial derivation of velocity and is the rate at which
tissue velocity is changing over a radial distance. When the
gradient of the tissue velocity is computed along the ultra-
sound beam, a strain rate image will be obtained as shown
in the lower left of FIG. 11. The computation may be
expressed as:

SR=AV/Ax
[0057] where SR is strain rate and A V is the change in
velocity over the longitudinal distance A x (longitudinal
tissue segment). SR is typically color encoded at A x/2, the
center of the tissue segment.

[Equation 1]
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[Equation 2]
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[0058] When strain rate is integrated over time, the result-
ant displacement parameter value 152 is a deformation 154
(FIG. 11) that is unitless but may be expressed as a total
deformation of the tissue in percentage as shown in the
lower right of FIG. 11 resulting in a measure of the
deformation 154 of a segment of tissue around A x/2 which
is the center of the tissue segment A x. If the time integration
is performed from T, , to T, the value of the time integral
152 is a measure of the relative deformation 154 of the tissue
segment over the time interval. If the time integration starts
at, for example, the beginning of systole (contraction phase
of the heart cycle), and the value is calculated to be 0.5 at the
end of systole, then the tissue segment A x surrounding the
location A x/2 has a deformation of 50%. The deformation
154 is used to color encode the location A x/2 and is
calculated based on samples in a neighborhood around the
location continuous, A x/2 for a given tissue segment A X.

[0059] Instep 140 of FIG. 2, the stored, tracked estimated
parameter profiles 141 (e.g. longitudinal mean velocity or
strain rate profiles) for each sampled anatomical location 55
are integrated over the time interval T, to T_ 4 by the host
processor 50 by a time integration function in host processor
50 which approximates the true time integral by summing
tracked values as follows:

end

Sim=T*(Qstan+Q2+Q3+- . +Qend)

[0060] is the time integrated value 152 (displacement
parameter value), Q.. is the first value in the tracked
movement parameter profile 141 (corresponding to T, )
and Q.,q is the last (corresponding to T, ) For tissue
velocity imaging, Q is V and for tissue strain rate imaging,
Q is SR. Each shaded area 152 under the profiles in FIG. 8
represent a displacement parameter value calculated by
integrating velocity values 42 over the time interval T, to
Tend'

[0061] The time integration function is performed simul-
taneously for each anatomical location in the ROI 86.

[0062] Care should be taken by the operator to adjust the
Nyquist frequency of the imaging mode such that aliasing
does not occur. With aliasing present in the data, erroneous
results occur. Alternatively, well known automatic aliasing
correction techniques may be employed.

[0063] Instep 150 of FIG. 2, the time integrated displace-
ment parameter value S, , for each tracked anatomical loca-
tion is used to color encode the associated location in the
image in display processor 80. The displacement parameter
values 152 are sent from host processor 50 to display
processor 80 for image formatting and color encoding. The
time integrated values S, , may either be color encoded with
the same color encoding (color mapping table) as the
underlying TVI or SRI imaging mode, or a dedicated color
encoding may be devised for the time integrated display.
Clinical work on time integrated velocities shows that it is
advantageous to design a color encoding such that quanti-
tative values may be inferred directly from the color encod-
ing.

[0064] FIG. 8 illustrates a display of color-encoded time
integrated velocities (i.e. displacement parameter values) of
a myocardial segment of the heart in a displayed color
representation 95 on monitor 90 (FIG. 1) using a pre-
defined, discrete color mapping table where N discrete
colors are used to visualize the time integrated velocities. In

[Equation 3]
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the example, seven discrete color hues are used to separate
between time integrated velocities: 0-2 mm, 2-4 mm, 4-6
mm and to >12 mm in color legend arecas 85A-85G respec-
tively (see color legend of FIG. 8). The number of discrete
colors may be increased over the scale of the color legend in
order to get a finer separation of time integrated values. The
color hues are typically represented in memory as red, green,
blue (RGB) values as shown in FIG. 12. The RGB values
constitute the color characteristic signals 83. The RGB
values may be represented as normalized values between 0
and 1, as shown in FIG. 12. Therefore, to represent a
perfectly red hue, the RGB values are (1 0 0). For a perfectly
green hue, the RGB values are (0 1 0), and for blue (0 0 1).
An RGB combination of (1 1 1) yields a perfectly white hue
and an RGB combination of (0 0 0) yiclds a perfectly black
hue. Any other color hue may be represented by various
combinations of RGB values. For example, if an RGB value
is (0.5 0.8 0.3), a combination of unequal parts of red, green,
and blue hues each with a different weighting, the result is
some new color hue.

[0065] As an alternative, time integration may be per-
formed after each new tracked element in the tracked
movement parameter profile array is added or after each new
spatial element is added to the spatial movement parameter
profile, instead of waiting until T, , to perform the integra-
tion allowing a constant update of the displayed time inte-
grated values within the time interval T, , to T_ 4.

[0066] The time integrated value corresponding to the
cutoff for the color encoding of the highest time integration
value may be preset in order to relate the time integration
values to normal physiological values. Typically, a normal
physiological value may be used for the preset. The setting
will depend on the image view and the stress level in a stress
echo exam. If for instance the normal basal peak velocity
integral is selected, one can determine whether a patient has
normal longitudinal function at the given stress level simply
by checking whether the color corresponding to the highest
velocity integral index appears in the basal segment. Dif-
ferent anatomical segments may be addressed in a similar
manner. A reduction in longitudinal function may be quan-
tified by evaluating the percentage of the normal velocity
integral range that is actually observed. The assessment may
also indirectly be an assessment of global function because
of the strong correlation between Ejection Fraction and
systolic, longitudinal motion of the mitral annulus.

[0067] As another possible embodiment, more than one
displacement parameter value 152 may be extracted from
the same cardiac cycle and combined for display. An
example is the computation and display of ratio images
where the process described herein for determination of time
integrated values is performed over two time periods and the
ratio between the two time integrated values is used to color
encode the spatial or tracked anatomical locations.

[0068] Referring to FIG. 13, the displacement parameter
value is a ratio value 163. The ratio value 163 is derived
from a set of displacement parameter signals 160 comprising
a first parameter signal 161 representing a first displacement
1611 of the moving structure 105 over a first time period 48
and a second parameter signal 162 representing a second
displacement 1621 of the moving structure 105 over a
second time period 49. The ratio value 163 is the ratio of the
time integrated value 1611 (first displacement) of the first
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parameter signal 161 and the time integrated value 1621
(second displacement) of the second parameter signal 162.
The ratio value 163 is then color encoded and displayed for
each sampled anatomical location 55 in the ROI 86. For
example, the first time period may correspond to systole and
the second time period may correspond to IVR allowing
quantification and displaying of IVR activity relative to
systolic excursions.

[0069] Images of ratio values remove the angle depen-
dence of, for example, tissue velocity imaging because the
unknown cosine modulation caused by the angle of inci-
dence is the same in both measurements. Ratios of other
combinations may be calculated and displayed as well. For
example, it may be useful to compute ratios between time
integrated values and peak signal values for a given time
period. The ratio contains information related to acceleration
in the selected time period.

[0070] The embodied method may be applied to any
imaging mode of the ultrasound machine 5 for moving
structure, for any estimated parameter (e.g. velocity, strain
rate, power, amplitude, etc.).

[0071] In summary, certain embodiments of the present
invention afford an approach to more easily visualize tissue
displacement parameter information, such as time integrated
velocity and time integrated strain rate, in a two-dimensional
ultrasound image.

[0072] While the invention has been described with ref-
erence to certain embodiments, it will be understood by
those skilled in the art that various changes may be made and
equivalents may be substituted without departing from the
scope of the invention. In addition, many modifications may
be made to adapt a particular situation or material to the
teachings of the invention without departing from its scope.
Therefore, it is intended that the invention not be limited to
the particular embodiment disclosed, but that the invention
will include all embodiments failing within the scope of the
appended claims.

1. In an ultrasound machine for generating an image
responsive to moving structure within a region of interest of
a subject, apparatus for displaying a color characteristic
representing displacement of the moving structure compris-
ing:

a front-end arranged to transmit ultrasound waves into the
structure and to generate received signals in response to
ultrasound waves backscattered from the structure in
the region of interest over a time period;

a processor responsive to the received signals to generate
a parameter value representing displacement of the
moving structure during the time period and responsive
to the parameter value to generate a color characteristic
signal representative of the displacement; and

a display arranged to display a color characteristic repre-
sentative of the displacement of the moving structure in
response to the color characteristic signal.

2. The apparatus of claim 1 wherein the moving structure

comprises cardiac tissue.

3. The apparatus of claim 1 wherein the displacement

represents one of distance moved by the moving structure
and deformation of the moving structure.
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4. The apparatus of claim 1 wherein the color character-
istic comprises hue.

5. The apparatus of claim 1 wherein the processor gen-
erates the parameter value by summing a set of signal values
representing velocities of the moving structure over the time
period.

6. The apparatus of claim 1 wherein the processor gen-
erates the parameter value by summing a set of signal values
representing strain rates of the moving structure over the
time period.

7. The apparatus of claim 1 wherein the time period
comprises at least a portion of a cardiac cycle selectable by
a user of the machine including at least one of systole,
diastole, IVC, IVR, E-wave, and A-wave.

8. The apparatus of claim 7 wherein the portion of the
cardiac cycle is selectable from at least one of the set of
signal values and a timing event signal comprising at least
one of an ECG signal, a phonocardiogram signal, a pressure
wave signal, a pulse wave signal, and a respiratory signal.

9. The apparatus of claim 1 wherein the parameter value
represents displacement of a sampled anatomical location of
the moving structure within the region of interest.

10. The apparatus of claim 1 wherein the parameter value
is derived from a set of parameter signals, wherein the set of
parameter signals comprises a first parameter signal repre-
senting a first displacement of the moving structure and a
second parameter signal representing a second displacement
of the moving structure, and wherein the color characteristic
signal represents the ratio of the first displacement and the
second displacement.

11. In an ultrasound machine for generating an image
responsive to moving structure within a region of interest of
a subject, a method of displaying a color characteristic
representing displacement of the moving structure compris-
ing:

transmitting ultrasound waves into the structure;

generating received signals in response to ultrasound
waves backscattered from the structure in the region of
interest over a time period,

generating a parameter value representing displacement
of the moving structure during the time period in
response to the received signals;

generating a color characteristic signal representative of
the displacement in response to the parameter value;
and

displaying a color characteristic representative of the
displacement of the moving structure in response to the
color characteristic signal.

12. The method claim 11 wherein the moving structure
comprises cardiac tissue.

13. The method of claim 11 wherein the displacement
represents one of distance moved by the moving structure
and deformation of the moving structure.

14. The method of claim 11 wherein the color character-
istic comprises hue.

15. The method of claim 11 wherein said generating a
parameter value comprises summing a set of signal values
representing velocities of the moving structure over the time
period.
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16. The method of claim 11 wherein said generating a
parameter value comprises summing a set of signal values
representing strain rates of the moving structure over the
time period.

17. The method of claim 11 wherein the time period
comprises at least a portion of a cardiac cycle selectable by
a user of the machine.

18. The method of claim 17 wherein the portion of the
cardiac cycle is selectable from at least one of the set of
signal values and a timing event signal comprising at least
one of an ECG signal, a phonocardiogram signal, a pressure
wave signal, a pulse wave signal, and a respiratory signal.
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19. The method of claim 11 wherein the parameter value
represents displacement of a sampled anatomical location of
the moving structure within the region of interest.

20. The method of claim 11 wherein the parameter value
is derived from a set of parameter signals, wherein the set of
parameter signals comprises a first parameter signal repre-
senting a first displacement of the moving structure and a
second parameter signal representing a second displacement
of the moving structure, and wherein the color characteristic
signal represents the ratio of the first displacement and the
second displacement.
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