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Fig. 1B
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Fig. 2
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Fig. 4
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Fig. 7
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Fig. 8
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ULTRASONIC IMAGING DEVICE

TECHNICAL FIELD

[0001] The present invention relates to a medical ultrasonic
imaging device, and, more particularly, to an ultrasonic imag-
ing device that chronologically measures intracardiac abso-
lute pressure as desired by the examiner.

BACKGROUND ART

[0002] In many advanced countries, heart disease is one of
the three leading causes of death. In making an early diagno-
sis of or monitoring heart disease, temporal pressure infor-
mation with respect to the left atrium or the left ventricle is
used as an index that is directly helpful for diagnostic pur-
poses. The term pressure information as used above refers to
differential pressure with respect to atmospheric pressure and
will hereinafter be referred to as absolute pressure.

[0003] When measuring intracardiac absolute pressure, a
method is employed whereby a cardiac catheter is inserted
into the body. Information that may be obtained with a cath-
eter is mainly absolute pressures with respect the aorta, the
left ventricle and the left atrium, and fluctuations in absolute
pressure caused by pulsation, that is, an absolute pressure
waveform. This method is an invasive method where a cardiac
catheter is inserted into the body and intracardiac pressure is
measured directly.

[0004] In addition, as a non-invasive technique relating to
measuring intracardiac pressure, there has been devised a
method where blood velocity inside the heart is measured,
and intracardiac pressure difference is calculated from the
measured blood velocity using physical equations. The term
pressure difference as used above refers to the pressure dif-
ference between two given points. More particularly, with
respect to methods for calculating pressure difference from
blood velocity, the following methods, which differ in how
velocity is detected, have been reported. The method of Patent
Document 1 measures a unidirectional component of a fluid
having three-dimensional motion using the ultrasonic Dop-
pler effect, and infers the three-dimensional behavior of the
fluid using numerical calculations. In addition, the method of
Non-Patent Document 1 measures a unidirectional compo-
nent of a fluid having three-dimensional motion using the
ultrasonic Doppler effect, and calculates a two-dimensional
flow velocity vector by imposing an assumption of two-di-
mensional behavior. The methods of Patent Document 1 and
Non-Patent Document 1 measure only a unidirectional veloc-
ity component of a fluid, and estimates other directional com-
ponents. Thus, the pressure difference calculated based on the
estimated flow velocity vector is effective for flow-fields with
little three-dimensional influence. In addition, in Patent
Document 2, high-precision two-dimensional blood velocity
vectors are detected by tracking, over time, reflected signals
from a contrast agent called Echo PIV.

[0005] As methods of measuring an absolute pressure
waveform, there are methods that convert a radial main artery
pressure waveform into a central aortic pressure waveform
using a transfer function. In Non-Patent Document 2 and
Non-Patent Document 3, a central aortic pressure waveform
estimated from a radial main artery pressure waveform is
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compared with an actual central aortic pressure waveform,
and favorable correspondence is demonstrated therebetween.

PRIOR ART DOCUMENTS

Patent Documents

[0006] Patent Document 1: JP 2004-121735 A

[0007] Patent Document 2: WO 2007/136554 A1
Non-Patent Documents

[0008] Non-Patent Document 1: Tanaka, M. et al., Journal

of Cardiology, 52, 86-101 (2008)

[0009] Non-Patent Document 2: Pauca, A. L., etal., Hyper-
tension 38:932-937 (2006)

[0010] Non-Patent Document 3: Millasseau S. C., et al.,
Hypertension 41:1016-1020 (2003)

SUMMARY OF THE INVENTION
Problems to be Solved by the Invention

[0011] However, when a cardiac catheter is used, whileit is
possible to chronologically measure intracardiac absolute
pressure, because it is an invasive measurement, the strain on
the patient is considerable. In addition, with respect to meth-
ods that calculate intracardiac pressure difference from blood
velocity using physical equations, since quantities that may
be calculated through physical equations are relative pressure
differences between two given points, absolute pressure can-
not be measured. While pressure waveform measuring meth-
ods that use a transfer function are capable of chronologically
measuring absolute pressure, they are restricted to aortic pres-
sure. Application of transfer function methods to intracardiac
pressure results in significant errors, and offers no precision
with respect to diagnosability.

[0012] An object of the present invention is to measure
non-invasively, or with minimal invasion, absolute pressure
inside the heart at a desired location with respect to heartbeat
time phase.

Means for Solving the Problems

[0013] With the present invention, artery pressure is non-
invasively and chronologically detected by means of a pres-
sure sensor, and artery pressure is converted into absolute
reference pressure inside the heart or at a reference point in
proximity thereto at a given time phase by means of a transfer
function. In addition, blood velocity is detected based on an
ultrasonic imaging signal, and a spatial pressure difference
between the reference point and a pressure calculation loca-
tion, which s set inside the heart, is calculated based on blood
velocity using the laws of physics. Further, using reference
pressure and spatial pressure difference, intracardiac absolute
pressure is calculated. In so doing, by changing the pressure
difference calculation method depending on the heartbeat
time phase, a continuous display of absolute pressure with
respect to any given heartbeat time phase, that is, detection of
an intracardiac absolute pressure waveform that is more pre-
cise than it has conventionally been, is made possible.

Effects of the Invention

[0014] With the present invention, relative to the conven-
tional examples where intracardiac pressure difference is
measured based on fluid behavior, by calculating the absolute
pressure of a reference part with good precision, itis possible
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to provide absolute pressure that is effective for diagnostic
purposes. In addition, by virtue of the chronological measure-
ments by the pressure sensor, it is possible to detect chrono-
logical pressure fluctuations of the heartbeat. Further, it is
possible to provide an ultrasonic imaging device that chrono-
logically measures intracardiac absolute pressure non-inva-
sively or with minimal invasion.

BRIEF DESCRIPTION OF THE DRAWINGS

[0015] FIG. 1A is a block diagram showing the device
configuration of an ultrasonic imaging device of an embodi-
ment of the present invention.

[0016] FIG. 1B is a block diagram showing the device
configuration of an ultrasonic imaging device of an embodi-
ment of the present invention.

[0017] FIG. 2 is a flowchart showing the operations of a
signal processing part.

[0018] FIG. 3 isa flowchart showing the details of step S12.
[0019] FIG.4isaflowchart showing the details of step S13.
[0020] FIG. 5 shows charts illustrating heartbeat time

phases with respect to intracardiac absolute pressure and
aortic pressure.

[0021] FIG. 6 shows diagrams illustrating the opening/
closing of heart valves with respect to heartbeat time phase.
[0022] FIG. 7(a) is a diagram illustrating Bernoulli’s prin-
ciple when the valve is closed, and (b) is a diagram illustrating
Bernoulli’s principle when the valve is open.

[0023] FIG. 8is a diagram illustrating a state where a tracer
has entered the heart.

[0024] FIG. 9(a) is an illustrative diagram where a tracer
image is divided in a grid-like fashion, (b) is a diagram illus-
trating the tracking of changes in the tracer image over time,
and (¢) is a diagram illustrating velocity vectors as derived via
the tracer.

[0025] FIG. 10 is a diagram illustrating the calculation of
pressure difference as derived from velocity vectors.

[0026] FIG. 11 is a diagram illustrating the derivation of
pressure difference from in-flow propagation velocity.
[0027] FIG. 12 is a diagram illustrating the changing of
pressure difference calculation methods incorporating heart-
beat time phases.

[0028] FIG. 13 is a diagram illustrating ROI settings for
valve flow velocity detection.

[0029] FIG.14(a)is a diagram showing a display screen for
heartbeat time phase fluctuations in intracardiac absolute
pressure and aortic pressure, (b) is a diagram showing a
contour line display screen for intracardiac pressure and aor-
tic pressure, and (¢) is a diagram showing a display screen for
a pressure-volume relationship diagram.

MODES FOR CARRYING OUT THE INVENTION

[0030] Embodiments of the present invention are described
below based on the drawings.

[0031] FIG. 1A is a block diagram showing a device con-
figuration example of an ultrasonic imaging device according
to the present invention. An ultrasonic imaging device of the
present invention comprises a device main body 1, an ultra-
sonic probe 2, and a pressure sensor 3.

[0032] The device main body 1 controls the ultrasonic
probe 2, while at the same using a blood pressure signal from
the pressure sensor 3 to generate an ultrasound image. In
accordance with a signal generated at an ultrasonic signal
generator 12, the ultrasonic probe 2 comes into contact with a
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living organism (an examinee) 41, and irradiates an irradia-
tion region 42 with an ultrasonic wave, while also receiving a
reflected-wave echo signal of the irradiation region 42. The
pressure sensor 3 measures the blood pressure of an artery 44
at a given site 43 of the living organism.

[0033] Next, detailed elements of the device main body 1
will be described. The device main body 1 comprises an input
part 10, a control part 11, the ultrasonic signal generator 12,
an ultrasonic wave reception circuit 13, a pressure sensor
reception circuit 14, a signal processing part 15, memory 16,
and a display part 17.

[0034] The input part 10 is a keyboard or a pointing device
with which the examiner operating the ultrasonic imaging
device sets operation conditions for the ultrasonic imaging
device with respect to the control part 11, or an electrocar-
diography signal input part in cases where electrocardio-
graphy is employed. The control part 11 is a part that, based
on the operation conditions for the ultrasonic imaging device
set by the input part 10, controls the ultrasonic signal genera-
tor 12, the ultrasonic wave reception circuit 13, the pressure
sensor reception circuit 14, the signal processing part 15, the
memory 16, and the display part 17. By way of example, it is
a CPU of a computer system. The ultrasonic wave reception
circuit 13 performs signal processing, such as amplification,
rectification, etc., on a reflected echo signal received by the
ultrasonic probe 2. The pressure sensor reception circuit 14
converts a signal obtained from the pressure sensor 3 into
pressure information and hands it over to the signal process-
ing part 15. The signal processing part 15 has a function of
generating an ultrasound image based on the reflected echo
signal from the ultrasonic probe 2 and on the blood pressure
signal from the pressure sensor 3. The memory 16 stores
various information, namely the reflected echo signal, and the
ultrasound image and blood pressure signal obtained at the
signal processing part 15. The memory 16 also stores infor-
mation that is held at an absolute pressure computation part
154 and at a blood velocity computation part 1522. The dis-
play part 17 outputs information that is stored on the memory
le.

[0035] Next, detailed elements ofthe signal processing part
15 will be described. The signal processing part 15 comprises
a shape image formation part 151, a spatial pressure differ-
ence calculation part 152, a reference pressure computation
part 153, and an absolute pressure computation part 154.
Based on the reflected echo signal outputted from the ultra-
sonic wave reception circuit 13, the shape image formation
part 151 forms, by way of example, a B-mode image, that is,
an organ shape of the examinee.

[0036] The spatial pressure difference calculation part 152
comprises a heartbeat time phase detection part 1521, the
blood velocity computation part 1522, and a blood pressure
difference computation part 1523. The blood velocity com-
putation part 1522 calculates blood velocity based on the
reflected echo outputted from the ultrasonic wave reception
circuit 13. With respect to a reference point obtained at a
reference point setting part 1531 and to a given spatial point
from the organ shape formed at the shape image formation
part 151, the blood pressure difference computation part 1523
calculates the pressure difference relative to the reference
point. Further, the heartbeat time phase detection part 1521
detects the heartbeat time phase based on the reflected echo
outputted from the ultrasonic wave reception circuit 13.
Heartbeat time phase detection may be carried out through,
by way of example, recognition of the flow velocity direction
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passing through the valve by the blood velocity computation
part 1522, or through recognition of the valve’s opening/
closing based on a flow velocity direction shape image, or
through recognition of the heartbeat time phase based on an
electrocardiography signal imported via the input part 10, and
so forth.

[0037] The reference pressure computation part 153 com-
prises the reference point setting part 1531, a transfer function
input part 1532, and a reference point pressure conversion
part 1533. The reference point setting part 1531 sets a refer-
ence point based on the organ shape obtained at the shape
image formation part 151. The transfer function input part
1532 reads out from the memory 16 a transfer function cor-
responding to the reference point that has been set at the
reference point setting part 1531. The reference point pres-
sure conversion part 1533 calculates the absolute pressure at
the reference point based on the artery pressure information
handed over from the pressure sensor reception circuit 14 and
on the transfer function.

[0038] Based on the reference point absolute pressure
obtained at the reference pressure computation part 153 and
on the spatial pressure difference relative to the reference
point at a given location as obtained at the spatial pressure
difference calculation part 152, the absolute pressure compu-
tation part 154 calculates the absolute pressure of the given
location.

[0039] A process flow of the present embodiment is shown
in FIG. 2. In FIG. 2, as a specific example, it is assumed that
the irradiation region 42 in FIG. 1A is a site including the
heart and the ascending aorta, that the given site 43 is the
forearm, and that the artery 44 is the radial artery. First, the
shape image formation part 151 converts an ultrasonic signal
into, by way of example, a shape image for a living organism
shape such as the heart and the aorta (S11), and sends the
shape image to the reference pressure computation part 153
and the absolute pressure computation part 154. Next, the
reference pressure computation part 153 converts the pres-
sure obtained at the pressure sensor 3 to reference pressure P,
of reference point X, (S12). Next, the spatial pressure differ-
ence calculation part 152 calculates the pressure difference
betweenreference point X, and location X, (S13). Finally, the
absolute pressure computation part 154 calculates intracar-
diac absolute pressure based on reference pressure P, and the
spatial pressure difference (S14). Thus, through the processes
at the reference pressure computation part 153, the spatial
pressure difference calculation part 152 and the absolute pres-
sure computation part 154, it becomes possible to obtain
intracardiac absolute pressure based on radial artery pressure
and an intracardiac blood velocity field. It is noted that step 12
and step 13 may be reversed in order or executed simulta-
neously.

[0040] Next, a detailed process of the reference pressure
computation part in step 12 will be described using F1G. 3. An
image of the heart and the aorta is obtained from the shape
image formation part 151 (S121). Next, at the reference point
setting part 1531, based on the above-mentioned obtained
image, the user sets reference point X, at, by way of example,
acenter part of the ascending aorta, which is representative of
the ascending aorta. Although X, indicates the interior of the
aorta in this case, it may also be a representative point within
the left ventricle. Whether the reference point is to be setin the
left ventricle or the aorta is decided by the user. It is noted that
the setting of X, may also be performed by automatically
detecting a reference organ shape calculated at the shape
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image formation part 151 (S122). The transfer function input
part 1532 reads out from the memory 16 a transfer function
corresponding to the reference point that has been set at the
reference point setting part 1531. The reference point pres-
sure conversion part 1533 calculates the absolute pressure
with respect to the reference point based on the artery pres-
sure information handed over from the pressure sensor recep-
tion circuit 14 and on the transfer function.

[0041] Thetransfer functioninput part 1532 reads out, from
the memory 16 storing transfer functions, a transfer function
corresponding to the reference point that has been set as
mentioned above and to the site to be measured with the
pressure sensor (S123). The transfer function is a function
representing the relationship between phase and gain for a
radial artery pressure waveform and an aorta pressure wave-
form with respect to a frequency space in which the radial
artery pressure waveform and aorta pressure waveform,
which are fluctuations in radial artery pressure and aorta
pressureover time, are each Fourier transformed. The transfer
function is phase and gain information per frequency, and
phase and gain information is stored on memory. In addition,
specific examples of transfer functions are also described in
Non-Patent Document 3. Next, the pressure of the radial
artery measured by the pressure sensor 3 is inputted (S124),
and the reference point pressure conversion part 1533 con-
verts the above-mentioned inputted pressure information to
ascending aorta pressure Py, which has been set as the refer-
ence point, based on the above-mentioned obtained transfer
fanction (S125). Here, by having the pressure sensor employ
tonometry, radial artery pressure with good precision is cal-
culated. The transfer function is a function representing the
relationship between phase and gain for the radial artery and
aorta.

[0042] Alternatively, reference pressure P, e.g., ascending
aorta pressure, etc., that has been set as the reference point
may also be inputted via external input. A configuration dia-
gram for one such case is shown in FIG. 1B. A reference
pressure input part 155 inputs reference pressure P, e.g.,
ascending aorta pressure, etc., and communicates informa-
tion on reference pressure P, to the spatial pressure difference
calculation part 152 and the absolute pressure computation
part 154.

[0043] Next, a detailed process of the spatial pressure dif-
ference calculation part in step 13 will be described using
FIG. 4. First, reference point X, that has been set as discussed
above is inputted (S131). The image of the heart and aorta
from the shape image formation part 151 is inputted (S132).
Next, based on the obtained image discussed above, the user
sets arbitrary location X, (S133). In the present case, X, is set
as an arbitrary point inside the heart. It is noted that the setting
of X, may be performed automatically through image pro-
cessing by defining, for example, a center part inside the
heart, etc., as being a representative site. In addition, X, may
be a plurality of points, and the space may have two or more
dimensions. Further, the heartbeat time phase detection part
1521 detects the heartbeat time phase based on an ultrasonic
signal obtained from the ultrasonic wave reception circuit 13
(S134), and the pressure difference calculation method is
determined (S135). The method for calculating the pressure
difference inside the heart is determined in accordance with
the state of valve opening or valve closure inside the heart. If
the valve is closed, the regurgitant flow velocity at the loca-
tion of the valve is detected, and Bernoulli’s principle is
selected as the pressure difference calculation method
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(S136). In addition, if the valve is open, the flow velocity at
the location of the valve is detected, and the Navier-Stokes
equation is selected (S137). In step 138, pressure difference
AP between reference point X, and location X, thathave been
set in step 131 and S133 is calculated using the method
selected in step 136 or step 137.

[0044] Details of the method of determining the pressure
difference calculation method as carried out in step 135 will
now be described using FIG. 5. The graph in FIG. 5(a) shows
examples of pressure fluctuations over time with respect to
oneheartbeat. 511 represents pressure fluctuation in the aorta,
512 pressure fluctuation in the left ventricle, and 513 pressure
fluctuation in the left atrium. In addition, schematics of
changes that the heart undergoes over the course of one heart-
beat are shown in FIG. 6. 61 represents the aorta, 62 the left
atrium, 63 the left ventricle, 64 the aortic valve, and 65 the
mitral valve.

[0045] The period from T1, which is the point at which the
mitral valve closes, up to T2, which is the point at which the
aortic valve opens, is called the isovolumetric contraction
phase 525. The heart during this period of time is such that, as
shown in FIG. 6(a), the aortic valve 64 and the mitral valve 65
are closed. At this point, at the aortic valve 64 and the mitral
valve 65, an aortic valve regurgitant flow 641, which is leak-
age from a gap in the closed aortic valve, and a mitral valve
regurgitant flow 651, which is leakage from a gap in the
closed mitral valve, are taking place. The period from T2 up
to T3, which is the point at which the aortic valve closes, is
called the ejection phase 526. The heart during this period is
such that, as shown in FIG. 6(d), the aortic valve 64 is open
and the mitral valve 65 is closed. At this point, at the aortic
valve 64 and mitral valve 65, an aortic valve forward flow 642
and the mitral valve regurgitant flow 651 are taking place. The
period from T3 up to T4, which is the point at which the mitral
valve opens, 1s called the isovolumetric relaxation phase 527,
and as shown in FIG. 6(c), the aortic valve 64 and the mitral
valve 65 are closed. At this point, at the aortic valve 64 and the
mitral valve 65, the aortic valve regurgitant flow 641 and the
mitral valve regurgitant flow 651 are taking place. Further, the
period from T4 up to T1 of the subsequent heartbeat is called
the filling phase 528, and as shown in FIG. 6(d), the aortic
valve 64 is closed and the mitral valve 65 is open. At this
point, at the aortic valve 64 and the mitral valve 65, the aortic
valve regurgitant flow 641 and a mitral valve forward flow
652 are taking place.

[0046] For valve regurgitant flows, pressure difference may
be calculated based on Bernoulli’s principle. However, with
respect to valve forward flows, Bernoulli’s principle does not
hold, and the pressure difference computation method needs
to be changed. Although details will be discussed later, the
computation method changing time is one or more of the
times at which the state of the valve that lies in the path
between reference point X, and location X, changes from
closed to open or from open to close, namely. T1, T2, T3 and
T4. The combination of reference point X, and location X,
which serve as changing locations, is such that reference
point X, is within the aorta 61 or within the left ventricle 63,
and location X, within one of the left ventricle 63, the left
atrium 62 and the aorta 61.

[0047] With regard to detecting a changing time, detection
may be carried out as the time at which at least one of the
following occurs: with respect to a B-mode image detected by
the shape image formation part 151, the time at which the
valve opens or closes, as well as the time at which the left
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ventricular volume or area becomes smallest or greatest, or
the time at which a period during which the greatest or small-
est state is sustained begins or ends, as well as, with respect to
an M-mode image, the time at which the valve opens or
closes, as well as the time at which a sign reversal occurs with
respect to the blood velocity detected by the blood velocity
computation part 1522. Here, the term B-mode image refers
to an image representing an organ shape as imaged via ultra-
sound, and the term M-mode image refers to an image that
temporally represents organ movement by tracking organ
movement along a given ultrasound scanning line over time,
and representing the position of the organ along the scanning
line with the vertical axis and time with the horizontal axis.

[0048] Next, details of the pressure difference calculation
methods will be discussed. First, the pressure difference cal-
culation method for when a valve regurgitant flow is detected
while a valve is closed will be discussed. When a valve
regurgitant flow is detected, pressure difference may be cal-
culated using Bernoulli’s principle. For a valve regurgitant
flow, it may be a detection method that utilizes the Doppler
effect, or a method that tracks blood cells or a pre-adminis-
tered tracer, e.g., contrast agent, etc., within the regurgitant
blood through image recognition. As a simplified method of
Bernoulli’s principle that utilizes regurgitant velocity, there is
the simplified Bernoulli equation. Assuming the regurgitant
velocity is V, pressure difference AP in and out of the valve
may be expressed through the equation below.

AP=4xT? 1)

where A is a constant equal to or greater than 3.5 but equal to
or less than 4.5 and whose unit is [sec*:mmHg].

[0049] As this equation contains an assumption of a steady
state, the unsteady Bernoulli equation indicated below, which
takes unsteady influences into account, may be used as well.
B is a term that unsteady influences impart on pressure dif-
ference, and using velocity change AV during At and valve
thickness L, B may be written as AVxL/At.

AP=AxV?4+2xAxB 2

[0050] Next, the calculation method for when the valve is
open will be discussed. When the valve is open, the simplified
Bernoulli principle, where the valve forward flow velocity is
substituted into Equation (1), does not hold. The reason for
this will be using FIG. 7. When Bernoulli’s principle is
applied to a valve regurgitant flow, this may be represented
with a simplified model such as that in FIG. 7(a). Here, 81a
denotes an aorta part, 82a an aortic valve regurgitant outflow
part, and 83a the left ventricle. Assuming (P,,, V,,, A_,),
(P2 Vo, Ayn), and (P 5, V5, A ;) are sets of pressure P,
velocity V and sectional area A of the site at the respective
locations, the following equation holds true under Bernoulli’s
principle, where p is a constant representing blood density.

P/p+ Vo= a2/ P+ V= a3/ Vs 3

[0051] By utilizing the law of conservation of mass, which
states that flow rate Qa, which is the product of velocity and
sectional area, is constant regardless of location, the follow-
ing equation holds true.

Qa=V, 1 xd ;) =V x4 5=V 5% 4 3 @)

[0052] Here, in order to find the pressure difference
between the aorta and the left ventricle, i.e., P, -P_;, from a

valve regurgitant flow, an assumption that exit area A ,, ofthe
aortic valve regurgitant outflow part 82a is sufficiently small
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in comparison to aorta sectional area A, or left ventricle
sectional area A _; becomes necessary.

[0053] By imposing this assumption, the velocities at the
aorta part and left ventricle may be disregarded by virtue of
the above-mentioned condition of constant flow rate.

y

[0054] Further, jet flows whose velocity is equal to or less
than 30% of the speed of sound are characteristic in that the
pressure at the flow path exit is equal to external pressure.
Thus, by regarding regurgitant flow 84« in FIG. 7(a) as a jet
flow in the direction of the left ventricle, aortic valve regur-
gitant outflow part P, and P_, may be considered equal.

1=Vaz=0 ©)

PP (6)

a;

[0055] Thus, Bernoulli’s principle may be written as fol-
lows, and this is how pressure difference is calculated from a
regurgitant flow using Bernoulli’s principle.

P =F=px(V,5)2 )

[0056] It is noted that Equation (7) is an equation that
assumes a steady state. [funsteady influences are to be taken
into account, pressure difference may be calculated as in the
following equation by using the discrete unsteady Bernoulli
equation.

o al gy 4 V2 ®)
al — aS—PLZ T x+P7
[0057] However, when the valve is open, the above-men-

tioned assumption that exit area A ,, of the aortic valve regur-
gitant outflow part 82a is sufficiently small in comparison to
aorta sectional area A, or left ventricle sectional area A 5
does not apply, and a model such as that in FIG. 7(b) is
anticipated. Here, 815 denotes an aorta part, 825 an aortic
valve regurgitant outflow part, and 835 the left ventricle.
Assuming (P, Vi1, Agy), (Pooy Vio, Ayo), and (P, Vs, Ags)
are sets of pressure P, velocity V and sectional area A of the
site at the respective locations, then Bernoulli’s principle and
the law of conservation of flow rate Qb may be written as
follows.

PtV P =P pH Vs =Py p4 V7 ®
Ob=Vb %A, =V x A=V Ay (10)
[0058] In particular, since pressure P,, at the valve is

unknown, pressure difference P,,-P,; cannot be calculated
using valve forward flow velocity V,, based on the law of
conservation presented above.

[0059] As such, by using fluid motion equations that hold
true even when the valve is open, the pressure difference
while the valve is open may be calculated. For the motion
equation, the Navier-Stokes equation

VP=—px(BV/0r+VxaV/ax)+ 11x8° Vy/ox,0x; 11,

which represents the law of conservation of momentum in a
fluid, may be used, where V; is the i-direction component of
blood velocity vector V at arbitrary location X within a car-
diac chamber, VP the pressure gradient at location X men-
tioned above, p a constant representing blood density and that
is equal to or greater than 1000 kg/m> but equal to or less than
1100 kg/m>, and pa constant representing blood viscosity and
thatis equal to or greater than 3500 Kg/ni/s but equal to or less
than 5500 Kg/m/s.
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[0060] Alternatively, the following Euler equation, which
1s a simplified version of the Navier-Stokes equation, may be
used.

VP—px(3V/Br+ VX3V y/ox,) (12)

[0061] In order to calculate pressure gradient VP through
the equations discussed above, a velocity space distribution of
the fluid is required. For the method of obtaining spatial
velocity, a method that obtains a three-dimensional velocity
distribution is preferable. This may be attained by using a
probe that is capable of three-dimensional imaging. A flow
field may be obtained three-dimensionally by three-dimen-
sionally obtaining an image of blood cells or of a pre-admin-
istered tracer, e.g., a contrast agent, etc., in blood, and track-
ing this over time. Three-dimensionality in the context of this
method refers to the derivation of velocity information for
two or more points in each of three independent directions
with respect to a point along a straight line or curve between
two points for which pressure difference is to be calculated. In
other words, if reference point X, and location X, are setina
given plane, it may be an imaging region on a slice obtained
by giving this plane some thickness. When a contrast agent is
administered to a living organism, the invasiveness with
respect to the living organism is no longer non-invasive, and
becomes minimally invasive.

[0062] In addition, with respect to details of a velocity
obtaining method that uses a tracer, simplified two-dimen-
sional illustrative diagrams are shown in FIG. 8 and FIG. 9.
FIG. 8 shows a tracer 71 being imaged within the heart includ-
ing the left atrium 63. As enlarged views of an imaging region
(region of interest: ROI) 72 for which velocity is to be calcu-
lated, a view imaged at given time t is shown in FIG. 9(a), and
a view imaged at time t+Vt that follows by short period Vt in
FIG.9(b). It is also possible to track the behavior of individual
tracers in order to obtain spatial velocity information. How-
ever, for the present case, a method in which velocity is
calculated by separating the ROI of an imaging region at a
given time in a grid-like fashion and tracking the tracer image
pattern within each grid will be described with respect to grid
721. By searching the image in FIG. 9(b) for the image pattern
of grid 721 in FIG. 9(a) and finding corresponding grid 722,
it is possible to calculate the movement amount for grid 721.
Assuming this movement amount is R, the velocity of grid
721 may be calculated as R/Vt. By similarly calculating
velocity for all grids, spatial velocity vectors such as those in
FIG. 9(c) are calculated. Further, besides the above-discussed
pattern matching of gridded particle images, spatial velocity
vectors may also be calculated by performing pattern match-
ing for individual particles.

[0063] Inaddition, as another method for finding a velocity
space distribution, there is a method that utilizes the Doppler
effect. Further, it may also be a method that utilizes the
Doppler effect and calculates, using the stream function, a
velocity vector based on a velocity field. The only velocity
information that is calculable through the Doppler effect is
the projected component of the ultrasonic projection direc-
tion of a velocity vector indicated with a vector. Thus, when
the Doppler effect is utilized, angular correction is necessary,
and the ultrasonic projection direction component of the
velocity vector becomes a source of error. In addition, since
the stream function introduces an assumption of a two-di-
mensional flow field, its use is restricted. For this reason, it
may be said that a method that tracks a tracer and calculates a
flow field three-dimensionally is optimal.
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[0064] Thus, pressure difference may be calculated not
only when the valve is closed but also when the valve is open,
and pressure difference may be calculated between a plurality
of points at any given heartbeat time phase. A pressure dif-
ference contour diagram is shown in FIG. 10. FIG. 10 shows
a spatial distribution of pressure calculated from spatial
velocity vectors such as those in FIG. 9(c).

[0065] Next, the process at the blood pressure difference
computation part 1523 will be discussed. If the pressure gra-
dient at location X inside a cardiac chamber is to be calcu-
lated, the blood pressure difference computation part speci-
fies arbitrary path L that links reference point X, and location
X ,,and calculates pressure gradients with respect to discrete
path locations L, L,, L, .. ., L along path L, where N is an
arbitrary integer. If there is no valve along path L, or if the
valve is open, the sum of the products of the pressure gradi-
ents at locations L, L,, L, . . ., L, for which pressure
gradients have been calculated and the distances among the
discrete path locations is taken to be the pressure difference
between reference point X, and location X . In addition, if a
valve exists at L, ,along path L and is closed, pressure differ-
ence is calculated based on Bernoulli’s principle, and the sum
of the products of the calculated pressure gradients at loca-
tions L}, L,, L, . .., Ly and the distances among the discrete
path locations is taken to be the pressure difference between
reference point X, and location X . Here, spatial pressure
difference may also be calculated by substituting 0, or a
constant equal to or greater than -1 mmHg/cm but equal to or
less than 1 mmHg/cm, for the pressure gradient of a region
with a small flow rate. In addition, when the valve is open,
given the advantages of reduced complexity, pressure differ-
ence may also be calculated utilizing Bernoulli’s principle.
By means of the blood pressure difference computation part
above, the pressure difference at an arbitrary location
between cardiac chambers or between blood vessels may be
calculated.

[0066] Further, pressure difference may be calculated
based on in-flow blood velocity propagation velocity. In-flow
blood velocity propagation velocity W may be calculated
through Doppler M-mode which represents the change in
blood velocity over time. As shown in FIG. 11, blood flowing
into the aorta from the left ventricle was measured in Doppler
M-mode. T, denotes the time at which the highest flow veloc-
ity was observed, X, the location coordinate, and P, this
point. The inner side of a contour line 725 indicating a region
that is K % of the highest flow velocity will be referred to as
ahigh-speed region. In the present example, K was defined as
70. However, K may be any value between 40 and 95. T,
denotes the time at the other end of the contour line 725 and
X, this location. P denotes this point. The gradient of the
vector between P, and P is in-flow blood velocity propaga-
tion velocity W. Assuming that V,, V, and V5 denote the
respective flow velocities at locations Py, P, and P, respec-
tively indicated by coordinate locations (T, X,,), (T,, X,,)
and (T, X), pressure AP between the left ventricle and the
aorta may be calculated as follows.

AP=—px(Wx(Vp=V )+ Vpx(Va-Vp)) (13)

[0067] FIG. 12 is a figure in which method selection is
sorted by time and location while incorporating the switching
timing.

[0068] In addition, the regurgitant flow detection in step
134 may be performed by monitoring blood flow near the
valve. By setting one of a mitral valve ROI 654 and an aortic
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valve ROI 644 near the valves as shown in FIG. 13, a valve
regurgitant flow may be detected through a detection method
that utilizes the Doppler effect, or through a method that
tracks blood cells, ora pre-administered tracer, e.g., a contrast
agent, etc., in the regurgitant blood flow by image recogni-
tion.

[0069] Next, details of step 14 in FIG. 2 will be discussed.
By subtracting, from the aortic pressure time phase (which
will be referred to as pressure waveform) calculated in step
12, a pressure difference waveform that is the fluctuation over
time in the pressure difference obtained in step 13, the pres-
sure waveform with respect to location X, is derived (S14).
The pressure difference waveform between the aorta and the
left ventricle may be represented as in curve 532 in FIG. 5(b),
and the pressure difference waveform between the left ven-
tricle and the left atrium as in curve 531. In addition, the
pressure difference waveform between the aorta and the left
atrium may also be calculated by adding up the pressure
difference between the aorta and the left ventricle and the
pressure difference between the left ventricle and the left
atrium. The pressure waveform of the radial artery as con-
verted into the aorta pressure waveform 511 with a transfer
function is exchanged. Since phase information is also
included in the transfer function, if, at the time of computa-
tion, there is any misalignment between the time phase ofthe
calculated aortic pressure and the time phase of the pressure
difference, there is a possibility that the time phase may
become misaligned. By correcting this, absolute pressure
calculation with good precision becomes possible. Time
phase correction may be carried out by performing waveform
pattern matching. By way of example, it is possible to com-
pute the cross-correlation between the aortic pressure wave-
form 511 and the pressure difference waveform between the
aorta and the left atrium, and detect the misalignment
between time phases indicating the greatest value. By cor-
recting time phase misalignment, it becomes possible to com-
pute the absolute pressure at location X with good precision.

[0070] Details of the display part 17 are discussed below.
The display part 17 displays the absolute pressure calculated
by the absolute pressure computation part 154 with respect to
one or more spatial locations, or at a given time, or at one or
more of some consecutive times. The above-mentioned abso-
lute pressure may also represent, of an absolute pressure
spatial distribution calculated at the absolute pressure com-
putation part 154, the average value, the greatest value, or the
smallest value with respect to a plurality of spatial locations
desired by the examiner. Display examples are shown in FIG.
14. FIG. 14(a) shows fluctuations in absolute pressure over
time. FIG. 14(b) shows a spatial distribution of pressure in a
given time phase. Time phase changes of FIG. 14(5) may be
displayed as a moving image as well. In addition, based on the
image formed at the shape image formation part 151, it may
be superimposed on an organ image.

[0071] In addition, the absolute pressure computation part
154 ofthe present invention further comprises an index analy-
sis part. Based on the absolute pressure calculated by the
absolute pressure computation part, the index analysis part
may calculate dP/dt, which is a physical quantity representing
a temporal differential value, and/or time constant T from
when a relaxed state of the left ventricle is approximated with
an exponential function, and display one or both of dP/dt and
twithrespect to an entire heartbeat or a portion of its duration
at display parts 514, 515 as shown in FIG. 14(a). In addition,
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the progress status of such processes as the various steps
shown in FIG. 2 may also be displayed in box 516 in FIG.
14(a).

[0072] Further, based on the shape image formed by the
shape image formation part 151, the index analysis part may
detect the volume of the left ventricle at a plurality of times,
and display, on the display part 17, a pressure-volume rela-
tionship diagram, which is a diagram that plots, with respect
to a space with two or more dimensions and that has an axis
representing heart volume and an axis representing absolute
pressure, left ventricular volumes at a plurality of times and
absolute pressures at a plurality of times calculated by the
absolute pressure computation part 154. As shown in FIG.
14(c), in addition to the pressure-volume relationship curve
541, the pressure-volume relationship diagram may also dis-
play E,, .., which is the gradient of the end-systolic pressure-
volume relationship, and an end-diastolic pressure-volume
relationship curve 543, which represents the relationship
between end-diastolic pressure and volume.

[0073] Theleft ventricular volume may be calculated by the
Pombo method or the Teichholz method, which assume the
left ventricle to be a spheroid and perform calculations based
on the inner diameter of the left ventricle as obtained from a
two dimensional image. Alternatively, it may be measured
directly by three-dimensionally imaging the shape of the
heart.

[0074] End-diastolic pressure P;,#~ may be calculated as
follows.

P, FP=pP, ~AF°P 14)

[0075] Here, P, is the aortic pressure from end-diastole up
to when the aortic valve opens. Since aortic pressure varies
little from end-diastole up to when the aortic valve opens, P,
may assume any given value, or an average value, of aortic
pressure from end-diastole up to when the aortic valve opens.
In addition, AP is the pressure difference between the left
ventricle and the left atrium while the aortic valve is open, and
may be calculated from the mitral valve regurgitant flow
while the aortic valve is open by using the law of conservation
of momentum and Bernoulli’s principle as expressed by, for
example, Equations (1), (2), (8), etc.

LIST OF REFERENCE NUMERALS

[0076] 1 device main body
[0077] 2 ultrasonic probe
[0078] 3 pressure sensor

1. An ultrasonic imaging device comprising:

an ultrasonic probe that transmits/receives an ultrasonic
wave to/from an examinee;

a signal processing part that processes a reflected echo
signal received by the ultrasonic probe and a blood pres-
sure signal measured from the examinee;

adisplay part that displays a result of the signal processing
as an image; and

an input part that sets a predetermined point with respect to
the image displayed on the display part. wherein

the signal processing part comprises:

a reference pressure computation part that computes,
from the blood pressure signal, an absolute reference
pressure at a reference point near a predetermined
point in a blood flow in a body;

a spatial pressure difference calculation part that calcu-
lates a spatial pressure difference between the refer-
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ence point and an absolute reference pressure calcu-
lation location computed by the reference pressure
computation part; and

an absolute pressure computation part that calculates an
absolute pressure of the pressure calculation location
based on the absolute reference pressure and the spa-
tial pressure difference.

2. The ultrasonic imaging device according to claim 1,
wherein the spatial pressure difference calculation part com-
prises:

a blood velocity computation part that detects a blood
velocity between the reference point and a specified
pressure calculation location based on the ultrasonic
signal; and

a blood pressure difference computation part that calcu-
lates a spatial pressure difference between the reference
point and the pressure calculation location based on the
blood velocity.

3. The ultrasonic imaging device according to claim 1,

wherein

the spatial pressure difference calculation part comprises a
heartbeat time phase detection part that detects a heart-
beat time phase, and

the spatial pressure difference is calculated through vary-
ing calculation methods in accordance with the time
phase detected by the heartbeat time phase detection
part.

4. An ultrasonic imaging device comprising:

an ultrasonic probe that transmits/receives an ultrasonic
wave;

apressure sensor that non-invasively detects an artery pres-
sure;

a signal processing part that processes an ultrasonic signal
received by the ultrasonic probe and a pressure signal
obtained by the pressure sensor; and

adisplay partthat displays a result of the signal processing,
wherein

the signal processing part comprises:

a shape image formation part that forms an organ shape
image from the ultrasonic signal,

a reference pressure computation part that converts the
artery pressure into an absolute reference pressure of
a given time phase with respect to a reference point
inside the heart or near the heart;

a spatial pressure difference calculation part that calcu-
lates a spatial pressure difference between the refer-
ence point and a pressure calculation location inside
the heart; and

an absolute pressure computation part that calculates an
intracardiac absolute pressure using the reference
pressure and the spatial pressure difference, and

the spatial pressure difference calculation part comprises:
aheartbeat time phase detection part that detects a heart-

beat time phase;

a blood velocity computation part that detects a blood
velocity based on the ultrasonic signal; and

ablood pressure difference computation part that calcu-
lates a pressure difference based on the blood veloc-
ity.

5. The ultrasonic imaging device according to claim 4,
wherein the blood pressure difference computation part cal-
culates a pressure difference between the aorta and the left
ventricle or between the left ventricle and the left atrium using
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Bernoulli’s principle based on a regurgitant flow velocity of
the aortic valve or the mitral valve.

6. The ultrasonic imaging device according to claim 4,
wherein the blood velocity computation part detects a blood
velocity inside a cardiac chamber, and the blood pressure
difference computation part calculates a pressure gradient
with respect to a location inside a cardiac chamber based on
the law of conservation of momentum in a fluid.

7. The ultrasonic imaging device according to claim 4,
wherein the blood pressure difference computation part cal-
culates a pressure difference between the aorta and the left
ventricle or between the left ventricle and the left atrium
while assuming a pressure gradient inside a cardiac chamber
to be a constant equal to or greater than -1 mmHg/cm but
equal to or less than 1 mmHg/cm.

8. The ultrasonic imaging device according to claim 4,
wherein, based on Bernoulli’s principle, a pressure difference
between the aorta and the left ventricle is calculated from an
aortic valve forward velocity, and a pressure difference
between the left ventricle and the left atrium is calculated
from a mitral valve forward flow velocity.

9. The ultrasonic imaging device according to claim 4,
wherein the blood pressure difference computation part
changes its processing method between a case where a valve
exists and 1s closed between the reference point and the pres-
sure calculation location, and a case where no valve exists, or
avalve exists but is open, between the reference point and the
pressure calculation location.

10. The ultrasonic imaging device according to claim 9,
wherein the time at which the processing method is changed
is one or a plurality of times that serve as boundaries between
an isovolumetric contraction phase, an ejection phase, an
isovolumetric relaxation phase, and a filling phase.

11. The ultrasonic imaging device according to claim 4,
wherein the reference point is within the aorta or the left
ventricle, and the pressure calculation location is in the left
ventricle or the left atrium.
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12. The ultrasonic imaging device according to claim 10,
wherein the heartbeat time phase detection part detects a time
for changing the process.

13. The ultrasonic imaging device according to claim 1,
wherein the display part displays, with respect to the pressure
calculation location calculated by the absolute pressure com-
putation part, a pressure at a predetermined time or a change
in pressure over time.

14. The ultrasonic imaging device according to claim 1,
further comprising an index analysis part, wherein

based on the absolute pressure calculated by the absolute

pressure computation part, the index analysis part cal-
culates (dP/dt), which is aphysical quantity representing
a temporal differential value, and/or time constant T
from when a relaxed state of the left ventricle is approxi-
mated with an exponential function, and

the display part displays the physical quantity (dP/dt) and/

or time constant T.

15. The ultrasonic imaging device according to claim 14,
wherein

based on the shape image formed by the shape image

formation part, the index analysis part detects a left
ventricular volume, which is the volume of the left ven-
tricle, at a plurality of times, and

a pressure-volume relationship diagram and/or E__is/are

displayed, the pressure-volume relationship diagram
being a diagram that plots, with respect to a two-dimen-
sional space having an axis representing heart volume
and an axis representing absolute pressure, the left ven-
tricular volumes at the plurality of times and the absolute
pressures calculated by the absolute pressure computa-
tion part at the plurality of times, and E,, , being the
gradient ofan end-systolic pressure-volume relationship
with respect to the pressure-volume relationship
diagram.
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