(43) International Publication Date
12 September 2014 (12.09.2014)

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

=

(19) World Intellectual Property
Organization
International Bureau

Wipo I PCT

(10) International Publication Number

WO 2014/135996 Al

w ©2214/135996 A1 [N HPF DO OO OO O

(51)

21

(22)

(25
(26)
(30)

(71)

(72)

(74)

(81)

International Patent Classification:
A61B 8/08 (2006.01) A61B 8/00 (2006.01)

International Application Number:
PCT/IB2014/058694

International Filing Date:
31 January 2014 (31.01.2014)

Filing Language: English
Publication Language: English
Priority Data:

61/771,979 4 March 2013 (04.03.2013) us
Applicant: KONINKLIJKE PHILIPS N.V. [NL/NL];

High Tech Campus 5, NL-5656 AE Eindhoven (NL).

Inventors: SCHNED3ER, Robert Joseph; High Tech
Campus 5, NL-5656AE Eindhoven (NL). PRATER, Dav-~
id; High Tech Campus 5, NL-5656AE Eindhoven (NL).
MARTIN, William Robert; High Tech Campus 5, NL-
5656AE Eindhoven (NL). DIANIS, Scott William; High
Tech Campus 5, NL-5656AE Eindhoven (NL).

Agents: STEFFEN, Thomas et a; High Tech Campus 5,
NL-5656AE Eindhoven (NL).

Designated States (unless otherwise indicated, for every
kind d national protection available): AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

(84)

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.

Designated States (unless otherwise indicated, for every
kind d regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, Sz, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SV,
TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

as to applicant's entitlement to applyfor and be granted a
patent (Rule 4.17(H))

as to the applicant's entitlement to claim thepriority d the
earlier application (Rule 4.17(in))

Published:

with international search report (Art. 21(3))

(54) Title: ULTRASOUND IMAGING OF FAST-MOVING STRUCTURES.

t stop

FIG. 4

(57) Abstract: An ultrasonic diagnostic imaging system is gated to acquire images at different phases of aphysiological cycle such
as the heartbeat. At each successive heart cycle atrigger actuates the acquisition of a continuous sequence of images, starting at a
particular phase of the heart cycle and ending when the next heart cycle begins. Multiple triggers are used, each starting at a different
phase of the heart cycle and each acquiring images at uniform temporal spacing. After the first trigger is used a sequence of images
has been captured which are temporally evenly spaced over the heart cycle, and as successive triggers are used uniform temporal
spacing ismaintained asthe heart cycle isfilled in with additional images for replay of an image loop of phase re-ordered images at
ahigh frame rate of display.
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ULTRASOUND | MAG NG OF FAST- MOVI NG STRUCTURES

This invention relates to nmedical diagnostic
ultrasound systens and, in particular, to ultrasound
systens used to image rapidly and periodically noving
structures such as a beating heart.

One of the inportant uses for diagnostic
ultrasound imaging is diagnosing the performance of
the heart. This is due to the fact that ultrasound
can view the heart beating in real time with non-
ionizing radiation. While ultrasound imaging is
relatively fast in inage frame acquisition and is
able to provide real-tine (or "live") imaging of fast
noving structures, gating nethods are often enployed
to achieve even faster image (or frame) rates to
better visualize fast noving structures. Gating is
the act of acquiring images relative to some external
physi ol ogi cal event which often occurs periodically
over tinme. For ultrasound, this event is typically
related to either the respiration or cardiac cycle in
adult, pediatric, and/or fetal studies. The event is
nonitored typically through an external sensor, such
as the ECG signal used for nonitoring relative tine
in the cardiac cycle, but can also be nonitored from
the inmage content. Wth gated acquisition, heart
i mages can be acquired over several periodic heart
cycles and at varying times or phases in the heart
cycle. After the image franes have been acquired
they are re-ordered according to their relative tines
of acquisition (phases) in the periodic cycle instead
of their absolute time (i.e. relative to their
original sequence of acquisition.) The re-ordered
imge frames can then be played back at a higher
image rate than can be realized over a single heart
cycle, and at at a higher frane rate of display than
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ot herwi se could be achieved in the original
acqui si tion. An example of this acquisition and
reordering is shown in Fig. 1 of US Pat. 5,099, 847
(Powers et al.) This patent shown a first sequence
of images acquired at odd-nunbered heart phases,
followed by acquisition of a second sequence of
i mmges at even-nunbered heart phases. Fig. 2 of the
patent shows the re-ordering of the images by heart
phase, formng a sequence of twi ce as many inmages
during a heart cycle. This sequence can be "l ooped”,
that is played from beginning to end the inmrediately
replayed from the beginning, giving the appearance of
a heart beating while displayed in a high frane rate
di spl ay sequence. A simlar approach can be used to
form live, three dinensional inmges of the beating
heart as described in US Pat. 5,993,390 (Savord et
al. )

There are two approaches to performng gating.
The approach described above in the Powers et al . and
Savord et al . patents is called active, or
prospective, gating in which inmge data is acquired
at pre-specif ied times in the cardiac cycle. In the
Powers et al . patent, for instance, acquisition is
pre-specif ied to be at odd-nunbered phases initially,
followed by acquisition at even-nunbered phases. The
advantage of this approach is that images are
acquired adequately and evenly over the periodic
cycle. However, a typical drawback of this approach
is that the re-ordered frame rate has to be pre-
specified so as to specify exactly when imges should
be acquired relative to the gating event, the ECG
signal, and the duration of the heart cycle wll vary
frompatient to patient and even fromtine to time
for the same patient. Another drawback is that this
met hod can take a long tine to acquire all of the
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necessary data, as substantial delays may need to be
inserted into the acquisition to ensure that all of
the desired times in the periodic cycle are sanmpl ed.
Anot her gating approach is called retrospective
gati ng. In this approach, inages are acquired
continuously (i.e., when the acquisition of one inmage
is conpleted, another one starts imediately) over
many successive physiol ogical cycles in what is
typically called a real-tine or "live" node,
irrespective of the relative time in the periodic
cycl e. However, the tine of acquisition of each
imge relative to the external event is nonitored
t hroughout the acquisition so that the images can be
re-ordered later once acquisition has been conpl eted.
A variation of this technique called "STIC'" (spatio-
tenmporal inmage correlation) is comonly used to
assenble high frame rate image sequences of the fetal

heart. See, e.g., "Spatio-tenporal i mage correlation
(STIC) : new technology for evaluation of the fetal
heart," G. R. Devore et al ., Utrasound Obstet.
Gynecol ., vol. 22 (2003) at pp 380-87. The advant age

of this approach is that imges are acquired as fast
as possible (i.e., there is no delay between inmages),
and as nore periodic cycles are observed, the
potential re-ordered franme rate beconmes higher.
However, a drawback of this approach is that there is
no guarantee that the re-ordered inmages wll
adequately or evenly sanple the periodic cycle of
i nterest

In accordance with the principles of the present
invention, a diagnostic wultrasound inmaging system is
provided for acquiring imges in relation to a
periodic cycle so that a real time inmge sequence can
be displayed of evenly tenporally-spaced i nmages. As
the acquisition continues over nore periodic cycles,
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a display sequence of evenly-spaced inmages can always
be produced, wth the tenporal spacing of the evenly-
spaced images becoming ever-finer as acquisition
continues, enabling the replay of an inmage |oop of
ever-increasing frame rate of display. This is made
possi ble by use of different acquisition triggers
which are enployed in the nost efficient way to

m nimze delays between triggered acquisition
sequences .

In the draw ngs :

FIGURE 1 illustrates in block diagram form an
ul trasonic diagnostic imaging system constructed in
accordance with the principles of the present
i nvention .

FIGURE 2 illustrates an acquisition sequence
using prospective gating in relation to an ECG
si gnal

FIGURE 3 illustrates an acquisition sequence
using retrospective gating in relation to an ECG
si gnal .

FIGURE 4 illustrates an acquisition sequence in
accordance wth the present invention using four
acquisition triggers.

FIGURE 5 illustrates an acquisition sequence of
the present invention using four acquisition triggers
and illustrating the availability of inage |oops for
di splay of ever-increasing tenporal frame rates of
evenl y- spaced i nages.

Referring first to FIGURE 1, an ultrasound
system constructed in accordance wth the principles
of the present invention is shown in block diagram
form The illustrated ultrasound system operates
through two major subsystens, a front end acquisition
subsystem 10A and a display subsystem 10B. An
ul trasound probe is coupled to the acquisition
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subsystem to transmit ultrasound waves and receive
ul trasound echo signals. The probe may do this wth
a linear (one-dinensional) row of transducer
el enents, or may use a two-dinensional matrix array
of transducer elenents 70. The 2D matrix array and,
if desired, the ID array are operated by a mcro-
beanformer 72 located in the probe with the array
transducer. The m cro-beanf orner contains circuitry
which controls the signals applied to groups of
el ements of the array transducer 70 for acquisition
and does sone processing of the echo signals received
by elenments of each group. M cro-beanf orming in the
probe advantageously reduces the nunber of conductors
in the cable between the probe and the ultrasound
system and is described in US Pat. 5,997,479 (Savord
et al.) and in US Pat. 6,436,048 (Pesque) , and
provides electronic steering and focusing of beans on
transmit and during beam reception for high frane
rate real-tine (live) inmaging.

The probe 70,72 is coupled to the acquisition
subsystem 10A of the ultrasound system The
acqui sition subsystem includes a beanform controller
74 which is responsive to controls of the control
panel 40 and provides control signals to the
m crobeanf ormer 72, instructing the probe as to the
timng, frequency, direction and focusing of transmt
and receive beans. In accordance with the principles
of the present invention the control signals also
conprise acquisition triggers to acquire inmmges in
specific tinme (phase) relation to a physiol ogical
gating signal. The beanform controller also controls
the beanforming of echo signals received by the
acqui sition subsystem by its control of analog-to-
digital (AD converters 18 and a beanforner 20.
Partially beanformed echo signals received by the
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probe are anplified by preanplifier and TGC (tine
gain control) «circuitry 16 in the acquisition
subsystem then digitized by the A/D converters 18.
The digitized echo signals are formed into fully
steered and focused beans by a main system beanforner
20. The echo signals are processed by an inmage
processor 22 which perforns digital filtering, B node
and M node detection, and Doppler processing, and can
al so perform other signal processing such as harnonic
separation, speckle reduction, and other desired

i mage signal processing.

The echo signals produced by the acquisition
subsystem 10A are coupled to the display subsystem
10B, which processes the echo signals for display in
the desired image format on the display screen 62.
The echo signals are processed by an image |ine
processor 24, which is capable of sanpling the echo
signals, splicing segnents of beans into conplete

line signals, and averaging line signals for signal-
to-noi se inprovenent or flow persistence. The i mage
lines for a 2D (two dinensional) inmage are scan

converted into the desired imge format by a scan
converter 26 which perfornms R-theta conversion as is
known in the art. The scan converter can thus format
rectilinear or sector inage formats. The 2D inmage is
then stored in an image nenory 28 with other 2D
imges from which it can be displayed on the display
62. The images in menory are also overlaid wth
graphics to be displayed with the inages, which are
generated by a graphics generator 34 which is
responsive to the user control 40 so that the
graphics produced are associated with the inmages of
t he displ ay. I ndi vidual images or inmage sequences
can be stored in the image nenory 28 for display of
i mage |loops or live sequences. I mages for diagnosis
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can be stored on a networked inmage nenory 128.

For real-time volumetric imaging the display
subsystem 10B also includes a 3D (three dinensional)
i mmge rendering processor 32 which receives inmage
lines from the image |ine processor 24 for the
rendering of real-time three dinensional inmages. The
3D images can be displayed as live (real tine) 3D
i mges on the display 62 or coupled to the inmage
menory 128 for storage of the 3D data sets for later
review and di agnosi s. In accordance with the
principles of the present invention an inage re-
ordering processor 30 is provided which determ nes
the order in which inmages acquired in accordance wth
the present invention will be displayed. The i mage
re-ordering processor can do this by either storing
acquired inmages in an inmage nmenory in the proper
order from which they are displayed in the sequence
in which they are stored, or by tagging each inage
with data that delineates the order in which it is to
be displayed with other acquired inages.

An ECG subsystem is provided for use when it is
desirable to acquire inmages at particular phases of
the heart cycle. ECG | eads 50 can be adhesively
attached to a patient and provide ECG signals for a
QRS processor 52 which identifies the R-wave peak of
each heartbeat. The timng of the Rwave is used to
acquire images of a particular heart cycle. | mages
of the heart can be acquired at specific phases of
the heart cycle by coupling the Rwave timng as a
trigger signal from a trigger signal generator 54 to
the beanform controller 74 and the controls of the
control panel 40 used to select the desired heart
phases at which heart phase-gated inmages are to be
acquired by the selection of the appropriate
acquisition triggers as described below.
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The problens encountered in physiol ogical
gating, as previously described, are that when either
of the conventional prospective or retrospective
gating techniques are used, either the desired re-
ordered frane rate needs to be pre-specif ied
(prospective gating) , large delays are included in
the acquisition (prospective gating) , or adequate
(full) and even sanpling of the periodic cycle is not
assured (retrospective gating) . It is undesirable to
have the user pre-specify the re-ordered franme rate,
as the user may decide during or after the
acquisition that a higher franme rate than what was
originally specified is needed. In this case, the
user nust perform another acquisition of imges wth
a new pre-specif ied frame rate. Rather, it is
desirable to have the imaging system automatically
acquire imges for progressively higher franme rates
of evenly spaced inages as acquisition progresses.
Furthernmore, large delays are undesirable during
acqui sition because |longer acquisition times increase
the possibility of patient or probe notion, which can
render an acquisition seguence unuseable. Mor eover ,
time is valuable in clinical settings and |arge
delays translate into tinme that could otherwi se be
spent acquiring other inmage data. Also, it is
unacceptable to acquire imges with the intent of re-
ordering them afterward, only to find out during or
after the acquisition that adequate and even sanpling
of the periodic cycle of interest is not or was not
obt ai ned.

These problens may be understood more fully by
referring the the prospective and retrospective
gating sequences of FIGURES 2 and 3, respectively.

At the bottom of FIGURE 2 is an ECG waveform 60
showing a periodically recurring QRS wave 62. The
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peak of the QRS wave is used as the timng reference
for each new heart cycle. Above the ECG waveform is
a row of dots marking six evenly spaced tinmes during
which it is desired to acquire an ultrasound image.

U trasound inmages are acquired by transmtting a
sequence of spatially adjacent scanlines to generate
returning echo signals from along each scanline. The
nunber of scanlines needed for a 2D image is
typically 128 adjacent scanlines which are processed
by the scan converter 26 to produce a 2D image. A 3D
image is typically produced from many thousands of
scanlines which scan a volunetric region of the body.
Each rectangle 42... 58 above the row of dots
indicates the time during which the scanlines for one
image are transmtted and echoes received. The time
reference for each image in this exanple is taken as
the start of the inmage acquisition. Dots which are
darkened mark a phase of the six phases of the
heartbeat for which an inmage has been acquired. It
is seen that the first dot in the row is darkened to
mark the acquisition of the first inmage 42. After
this image has been acquired there is a period of
deadtinme during which no acquisition is done until
the time of the fourth dot of the first heart cycle,
at which time a second inmage 44 is acquired. There
is then another period of deadtinme until a third
image is acquired at the second phase of the heart
cycle during the second heart cycle. The dar kened
dot at the beginning of the second heart cycle shows
that an image has already been acquired at this phase
of the heartbeat, which was the first inmage 42.

After the third image 46 is acquired there is another
deadtine interval until the fourth imge 48 is
acquired at the fifth phase of the second heart

cycl e. This image acquisition interval extends to
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the start of the third heart cycle, after which there
is another deadtinme interval until the fifth imge 56
is acquired at the third phase of the third heart

cycl e. Followi ng the acquisition of this fifth imge
there is another deadtinme interval until a sixth
image 58 is acquired at the sixth phase of the third
heart cycle. At the conpletion of acquisition of the
sixth image 58 it is seen that six images have been
acquired at six evenly spaced phases of the
heartbeat, but it has taken three heart cycles to
acquire all six images. These six inages are re-
ordered for display in a loop and are replayed in
heart phase order, which is inmages 42, 46, 56, 44,

48, and 58. These six imges are replayed in this
order again and again, showing a beating heart noving
in real tinme in heart phase order of the six
temporally evenly spaced inmages. But it is seen that
a substantial anmount of deadtine was incurred during

which no inmages were acquired, increasing the
possibility that the acquisition will be interrupted
by probe or patient notion which will require the

acquisition to be performed again.

In FIGURE 3 the image franes are acquired in
rapi d succession, one inmmediately follow ng another.
Wth the illustrated heart cycle duration and the
time required to acquire each image it is seen that
three images are acquired during the first heart
cycl e. But the timng is such that the inmage franes
acquired during the second heart cycle fall
imedi ately after the tinmes of the first set of
images, and in this exanple this second set of images
48, 56, and 58 fall one-eighteenth of a heart cycle
after the first set. This phase-related acquisition
continues with the third heart cycle as shown in the
dr awi ng. It is not until acquisition has been
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performed over six heart cycles that a full set of
ei ghteen inmages are acquired at evenly spaced
increnents of a heart cycle. After the first heart
cycle, one has to wait for another five heart cycles
until a set of tenporally evenly spaced inages has
been acquired.

The present invention inproves upon these
conditions through a conbination of the concepts of
both prospective and retrospective gating. The
inventive acquisition node is designed such that at
any time during the acquisition, a set of franes are
al ways present which are evenly spaced throughout the
periodic heart cycle. As nore periodic cycles are
observed, the tenporal offsets between re-ordered
frames are made such that the offsets are nearly even
between all re-ordered franes, and also nmade so that
the offsets becone smaller and smaller, resulting in
hi gher and higher re-ordered frane rates for display.
This allows the user to acquire during as few or as
many cycles as desired, and the frames can always be
re-ordered afterward such that the periodic cycle is
adequately and evenly sanpl ed. Because the inventive
method requires only small delays, the acquisition
node operates in a near real-time or |ive node,
allowing the node to be used for all real-tinme or
live imaging, but having the advantage that any
acquired sequence can be re-ordered into a higher
frame rate sequence across a single periodic cycle.

The basic guidelines of an acquisition node of
the present invention are as follows:

a. Acquire imges such that at all tinmes during
the acquisition the periodic signal is
adequately (or fully) and evenly sanpled.

b. Acquire images such that, as a l|larger nunber
of periodic cycles are sanpled, the tenporal



WO 2014/135996 PCT/IB2014/058694

10

15

20

25

30

35

12

of fset between re-ordered franes becones
snmaller, resulting in a higher re-ordered
frame rate.

c. Acquire images in as continuous a fashion as
possible, wth little or no delay between
images in the acquisition.

d. Provide a display to the user during the
acquisition indicating the potential re-
ordered frane rate. Exampl es of the display
would be one with a tenmporal unit nunber (Hz),
and/or a plot (bar, line, pie chart, etc.),
and/or a color (e.g., a color scale where blue
is low frame rate and red is high frame rate)
indicating the potential re-ordered frane
rate. The display could also take the form
either separately or in addition to previously
mentioned display nethods, of showing the re-
ordered frames in real-tine by showing the
previously acquired frame that is closest to
the real-tine tenporal position relative to
the periodic cycle. In this way, as nore
cycles are sanpled and nore frames acquired,
this would have the effect of the inage
content appearing to become snoother and
snoother during the real-tine periodic cycle,
providing a qualitative assessnment of the re-
ordered frane rate.

In a constructed inplenentation the acquisition node
is controlled by a set of triggers or interrupts.
Triggers are characterized by a fixed tenporal offset
from the tenporal Iandmark that occurs during each
periodic cycle. In contrast to conventional gated
acquisition, which use only a single trigger at a
fixed tenmporal offset relative to the R-wave peak in
the ECG signal, this inmplenentation of the invention
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uses multiple triggers whose tenporal offsets change
t hroughout the acquisition. The triggers indicate
when a free-running acquisition of a limted nunber
of frames can begin wthin a given periodic cycle.
These triggers are assigned as a group, where the
size of the group is fixed for the length of an
acqui sition. The tenporal offsets for the triggers
are re-assigned only after every trigger fromthe
group has been used. A trigger is considered to be
"used" when, in any given periodic cycle, a free-
runni ng acquisition of frames begins at that
particular trigger's relative tenporal offset from
the periodic tenporal [|andmark. The tenporal offsets
of the triggers are re-assigned such that at any
given tinme during the acquisition, the resulting
tenporal spacing of the acquired franes results in an
adequate and even sanpling of franmes across the
cardiac cycle. This can be done for instance in a
sinple exanple by assigning trigger tenporal offsets
as tenporal mdpoints of all previously used trigger
of fsets .

The followng exanple illustrates this trigger
assignnent and re-assignnment strategy in the context
of gating of ultrasound franmes using the R-peak in an
ECG signal . This exanple is of the use of four
triggers, but fewer triggers or nore triggers can be
used as desired. It should also be noted that while
the ECG signal and R-wave peak are used in this
exampl e, any periodic signal and periodic tenporal
| andmark could be used in their place.

In this exanple triggers are used to start a
free-running acquisition during a single cardiac
cycl e. Frames are acquired continuously after the
utilized trigger until another R-wave peak is
observed. After the last image frame from the
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within one frame acquisition

wave peak,
length of tinme it

Triggers are also made to be equally

frame acquisition
t he exanple of
start at

Equal

i s chosen.

where a frame acquisition

FIGURE 4 the four
tinmes 0-d;/4,
equal ly spaced over
spaci ng ensures that at
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Accordingly, all triggers occur
the R-

is the

interval d; after
i nterval
takes to acquire a single frane.

spaced about the
interval after the R-wave peak. I'n
illustrated triggers
d¢/4, 2d¢/4, and 3ds/ 4 which are
the df acquisition interval.

any given tine the set

of frames acquired during the length of the

acquisition can be re-ordered

resul t
cardi ac cycle.

in away that wll

in adequate and even spacing across the

An illustration of this initial trigger
assignnent and subsequent frame acquisition over
several cycles is shown in FIGURE 4. In this exanple,
four triggers are used, marked as TI, T2, T3 and T4.
The four triggers start at different, evenly spaced
phases of a frane acquisition interval d;. In FIGJRE

4 the frame acquisition

dashed box 74.

which these triggers start

on the right side

at times t=0, 1,

During the first
Tl is used which acquires
succession as indicated by the tinme bar
Cycle 1 ECG waveform

frame begins at
Cycle 1. The end

The four

interval d; is indicated by a
evenly spaced phases at

are marked by the circles

of each ECG waveform 60 and occur

and 3.
heart cycle, Cycle 1, trigger
four images in imediate

82 bel ow the

Acquisition of the first inmage

the time of the R-wave peak 62 of

of the tine bar 82 shows that
acquisition of the fourth frame by this trigger ends
the start of Cycle 2.

during the tine interval at
This ending time is shown as time tg,,

arrow 92 on the
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d; tinme line to the right of the Cycle 2 waveform
Since tg, occurs just before the start of trigger T3,
T3 is used as the next trigger, providing virtually
no delay between the end of trigger Tl and the start
of trigger T3. Trigger T3 is then used during Cycle
2 to acquire three imge frames as shown by tinme bar
84 below the Cycle 2 waveform The conpl etion of
acquisition of the last imge frame of trigger T3 is
seen to occur just after the start of Cycle 3 as
indicated by tg, marker 94. The next available
unused trigger after ty, is T2, which is used for
acquisition during Cycle 3. As tinme bar 86
illustrates, this trigger acquires four successive
imge frames, the last of which is conplete during
the latter portion of the df interval at the start of
Cycle 4 as marked by ty, p marker 96. Since this ty p
time occurs just before the final unused trigger T4,
this trigger is used to acquire the last four evenly
spaced inmage frames of the acquisition sequence as
indicated by tinme bar 8s. This acquisition sequence
thus acquires fifteen tenporally evenly spaced image
frames of a cardiac cycle with mninmal deadtine
between the end of each triggered continuous
acquisition and the next unused trigger.

Triggers are re-assigned such that the nunber of
triggers remmins the sane, the relative tinme between
triggers remmins constant, and the new trigger offset
times tenporally bisect the largest intervals as seen
between any of the offsets previously wused during the
acqui sition. An illustration of this is shown in
FIGURE 5 for the case where four triggers are used.
As each trigger is the starting point of a free-
running acquisition, it follows that the relative
frame ordering for the frames across the cardiac
cycle will be spaced simlar to the depicted trigger
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start times, and so only the tine frame between t=0
(R-wave peak), and t=d; (R-wave peak + d;) is shown.
Trigger TI, shown in the Trigger Goup 1 line, is
seen to sanple the heart cycle at four evenly spaced
times marked by the four circles on the tine Iine.
Trigger T2 samples the heart cycle with four nore

i mges at four points in time which are evenly spaced
between the tines of the Tl acquisitions as shown by
the light circles of T2 sampling in Trigger Goup 2.
In Trigger Goup 3a trigger T3 sanples the heart
cycle as indicated by the light circles. After these
i mmges have been acquired it can be seen that the
heart cycle is not evenly tenporally sanpled as their
are gaps between each group of three inmage frames.

I f acquisition were to be termnated at this point,
either of the results of the TI acquisition (Trigger
Goup 1) or the T1+T2 acquisition (Trigger Goup 2)
would be used for loop display, as both of those
resulted in tenmporally even acquisition. In Trigger
Goup 3b the gaps of Trigger Goup 3a are filled in
by acquiring image frames with trigger T4. Once
again, even sanpling of the heart cycle is present,
this time at a higher frame rate of display than
previ ously. In Trigger Goups 4a, 4b, and 4c the
heart cycle is sanpled by triggers T5 T6, and T7.
This increases the tenporal density of the sanpling
of the heart cycle but it can be seen that sanpling
is not uniform over the heart cycle after any of
these triggered acquisitions. I f the acquisition
were to be termnated during acquisition of any of
these groups, the result of Trigger Goup 3b would be
used for a tenporally even display. But when the
heart cycle is sanpled by acquisition with trigger T8
as shown in Trigger Goup 4d, it is seen that
temporally even sanpling is restored this time at an
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even higher frame rate (32 inmage franmes over a heart
cycle) than before. It is seen that the acquisition
process can be interrupted at anytime after the first
trigger and still provide the user with an inmage
sequence of tenporally even sampling of the heart
cycle.

It is thus seen that because a fixed nunber of
triggers is used, there wll be instances during the
acqui sition process where there is uneven sanpling of
the cardiac cycle even after all triggers from a
group have been used. This is observed in Trigger
G oup 3a, 4a, 4b, and 4c. However, at any given tinme
after the first trigger, there is an underlying
subset of franmes in which even sanpling is observed.
For instance, if acquisition is ended at Trigger
Goup 3a, the set of frames acquired in all trigger
groups previous to this group are evenly sanpled.
Simlarly, if acquisition is ended at Goup 4a, 4b,
or 4c, the set of all frames acquired in all trigger
groups from Goup 3b and prior are evenly sanpled.

In an inplenmentation of the present invention it
is possible that during the acquisition, there are
triggers that have not been used in a group but, due
to the conpletion tinme of the frame acquired in the
previous cycle, none of the triggers can be reached
because t _ op>ttrigger,n for all n, where t,  igger,n is the
rel ative offset of trigger n. These unused triggers
are referred to as "unreachable." For instance, this
woul d have occurred in the exanple shown in FIGURE 4
if t.t,, in Cycle 4 would have occurred after the [ast
trigger instead of just prior, making the |ast
trigger T4 unreachable in Cycle 4. There are several
ways to handle this scenario. A first option is to
wait a conplete cardiac cycle before acquiring any
further franes. In doing so, when the next R-wave
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peak is observed, frame acquisition can begin at any
trigger as no franmes were previously being acquired
during the current heart cycle. This option inserts
a delay of one cardiac cycle into the acquisition,
which may prove to be too great a delay. Another
option is to dynamcally change the triggers that
still need to be used such that they occur at a tine
of t,rigger,n + df. This is the equivalent of adding one
frame acquisition interval d; to the currently unused
triggers. In doing so, any of the available triggers
should be able to be used. For the triggers that do
not end up being used after this change is made,
their offset times are changed back to their
previously assigned offset tines. The drawback of
this procedure is that it results in the "skipping"
of the first frame that would have otherw se been
acquired for the particular trigger that ends up
bei ng used, as conmpared to the original trigger
of f set s. Experinents wusing variable frane rates and
nunbers of triggers on real-patient ECG signals have
shown this occurrence to be small. Still another
option to handle this situation is to take measures
to keep it from occurring. One way to do this would
be to limt the nunber of frames acquired in the
previous cardiac cycle using an estimate of the
cardiac cycle tine (made from previous cycles) and
the acquisition franme rate. If it is estimted that
the last frame will end at a tine that will make all
unused triggers unreachable in the next cycle, then
the nunber of frames acquired in the previous cycle
are controlled to stop acquiring franes at a tine
that will make the triggers reachable. Agai n,
experiments have shown this occurrence to be small.
Those skilled in the art will recognize that the
concepts of the present invention may be enployed
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with different variables and nodifications. For
instance, one can allow triggers to reside at any
time during the periodic cycle instead of a limted
wi ndow, as described in the foregoing exanples.
Gating can be performed using multiple signals and/or
multiple tenporal |andmarks. A variabl e nunber of
triggers can be used throughout the acquisition, or
variable trigger spacing can be enployed throughout
the acquisition. Frane acquisition can be stopped

i medi ately after a tenmporal |andmark is observed
(e.g., an R-wave peak) which, while resulting in only
a partial franme acquisition, wll nonetheless prevent
unused triggers from becom ng unreachable. Triggers
can also be assigned dynamically at any time during
an acquisition and not just when the triggers in a
group have all been used. O her variations wll
readily occur to those skilled in the art.
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WHAT Is CLAIMED Is:

1. An ultrasonic diagnostic imaging system
which is operable to acquire ultrasound image franes
which are tenporally evenly spaced during a periodic
cycl e conpri sing:

a source of physiological gating signals for a
periodic cycle;

an ultrasonic inmage acquisition subsystem
responsive to the gating signals which is adapted to
acquire ultrasound images at predeterm ned phases of
the periodic cycle;

an imge processor which processes acquired
ul trasound i nages;

an imge sequencer which prepares images for
display in relative phase sequence;

a display responsive to the inage processor and
i mmge sequencer which displays a live sequence of
i mges over a periodic cycle; and

a source of triggers which are used in
conjunction with the gating signal to cause the inmage
acqui sition subsystem to acquire a continuous
sequence of images during a periodic cycle which
starts at a predeterm ned phase of the periodic
cycle.

2. The ultrasonic diagnostic imaging system of
Claim 1, wherein the source of triggers further
conprises a first inmage acquisition trigger which
starts inmage acquisition at a first phase of the
periodic cycle and a second inmage acquisition trigger
which starts inmage acquisition at a second phase of a
periodic cycle.

3. The ultrasonic diagnostic imaging system of
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Claim 2, wherein the second image acquisition trigger
starts inmage acquisition at a second phase which is
tenmporally halfway between the acquisition of first
and second images by the first image acquisition
trigger .

4. The ultrasonic diagnostic inmaging system of
Claim 3, wherein the source of triggers further
conprises a third inmage acquisition trigger which
starts inmage acquisition at a third phase of the
periodic cycle, wherein the third phase is tenporally
hal fway between the acquisition of an inmage by the
first inmage acquisition trigger and the acquisition
of an image by the second inmage acquisition trigger.

5. The ultrasonic diagnostic inmaging system of
Claim 3, wherein at the conclusion of inmage
acquisition by the first trigger at a phase of the
periodic signal, the next trigger used is a trigger
which starts at the next-to-occur starting phase of
an unused trigger.

6. The ultrasonic diagnostic inmaging system of
Claim 3, wherein the triggers are further
characterized in that, following use of the first
trigger, there is available a sequence of acquired
i mages which are tenporally evenly spaced over a
periodic cycle.

7. The ultrasonic diagnostic inmaging system of
Claim e, wherein the triggers are further
characterized in that, follow ng use of successive
triggers after the first trigger, there is available
a sequence of acquired inmages which are tenporally
evenly spaced and nore closely tenporally spaced than
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the sequence of inmages acquired by the first trigger.

8. The ultrasonic diagnostic imaging system of
Claim 1, wherein a trigger is adapted not to acquire
any further images in the continuous sequence of
imges following a gating signal of a next successive
periodic cycle.

9. The ultrasonic diagnostic imaging system of
Claim 1, wherein the periodic cycle further conprises
a heart cycle and wherein the source of gating
signals further conprises an ECG el ectrode.

10. The ultrasonic diagnostic imaging system of
Claim 1, wherein the periodic cycle further conprises
a respiratory cycle.

11. The ultrasonic diagnostic imaging system of
Claim 1, wherein the display is further adapted to
display a live sequence of images over a periodic
cycle and to continuously replay the live sequence of
i mges from beginning to end until stopped.

12. The ultrasonic diagnostic imaging system of
Claim 1, wherein the live sequence displayed by the
di splay further conprises a sequence of acquired
i mges which has been ordered by the inmage sequencer,

wherein the display further displays the frane
rate of the live sequence ordered by the inage
sequencer.

13. The ultrasonic diagnostic imaging system of
Claim 12, wherein the frame rate is displayed
nunmerically, graphically, or by a color.
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14. The ultrasonic diagnostic imging system of
Claim 1, wherein all of the triggers start an
acqui sition sequence within one frane acquisition
interval after a physiological gating signal.

15. The ultrasonic diagnostic imging system of
Claim 14 wherein all of the triggers start an
acqui sition sequence at evenly spaced intervals of a
frame acquisition interval.
10
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