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(57) ABSTRACT

A myocardial excitation determining apparatus which can
support the determination of excitation dynamics of the
myocardium during atrial fibrillation is provided. A myo-
cardial excitation determining apparatus has: an acquiring
section 2 which acquires an intracardiac electrocardiogram
of a subject; a processing section 3 which computes to
produce visualized data indicating a state of excitation in the
myocardium, based on the intracardiac electrocardiogram;
and a determining section 4 which determines the type of
excitation dynamics of the myocardium based on the visu-
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FIG. 2A
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[Fig. 2C)
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[Fig. 3]
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[Fig. 4A]
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[Fig. 9A]
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[Fig. 9C}

FIG. 8¢

g L

[Fig. 10A]

% kil
1
Shortest APD 7 i VA
Grmsy | AR 3 ‘A\ L
e Pt

[Fig. 10B]
FIG. 108 -

~ # Action Potential /
Catthater ‘\,NL:\\ Waveform e Ha §

3g- e300
_-30h
3(31"-\\_\_4 A
30k ‘ M 320
30
e~




Patent Application Publication Mar. 14,2019 Sheet 12 of 22  US 2019/0076041 A1

[Fig. 11A]

FiG. 11A

AN L) 4

Srifisd waveform

a1 Mean APDI4

~ 3B

Action Potentisl Waveform
SR
ShortestAPD  APD2

[Fig. 11B]
FIG. 11B

3
= 045\ 2

02
403\ M A R N
Catheter \ \;[wm ‘Acnw Potential Waveform
3L T W
4
N

and Shited waveform

N,

[Fig. 12A]

FIG. 12 A




US 2019/0076041 A1

Mar. 14,2019 Sheet 13 of 22

Patent Application Publication

[Fig. 12B)

128

FIG

v
#
avefom

patial interpelation

[}
\

form and Shified W

efor
S

35
i Aation Potential Way
fhich Ae bl

it
8L

¥

/
Bu—'
:

eter

g
w’"&a{%é

#
%
%

Technigue

ned by

A

:- 303

30

4

1
\

[
il 40

)
40d 3

- }
b
o

[Fig. 1

FIG. 13

T Y

29
L



Patent Application Publication Mar. 14,2019 Sheet 14 of 22 US 2019/0076041 A1

[Fig, 14A]

G. 14 A

80
Conl Colars = 1 » Warm Colors /

[Fig. 14B]

=




Patent Application Publication

[Fig. 14C)

.
2™
{.} o0

Mar. 14,2019 Sheet 15 of 22 US 2019/0076041 A1

FIG. 14C

| Colors «e—— YWarm Colors

A

!

i

i
L
i
i.



Patent Application Publication

Mar. 14,2019 Sheet 16 of 22

[Fig. 15A]

FiG 15 A

US 2019/0076041 A1

[Fig. 15B]

FIG. 158

Second Sample

al
First Sample

=il

X~ih Sample



Patent Application Publication Mar. 14,2019 Sheet 17 of 22 US 2019/0076041 A1

[Fig. 15C]
FIG. 15C
First Sample  Second Sample X-th Sample
fFig. 16}
FiG. 16
/22
23‘\._,«-’ ’“\
.......... ~ 61
A H 3
TV TITNE L F e
62 DIDiE] | bt 60




Patent Application Publication

Mar. 14,2019 Sheet 18 of 22

US 2019/0076041 A1

[Fig. 17}

FIG. 17

FIG. 18

Frame Kumber
{ { 4
4 \
) )
86 85



Patent Application Publication Mar. 14,2019 Sheet 19 of 22 US 2019/0076041 A1

[Fig. 19]
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MYOCARDIAL EXCITATION
DETERMINING APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to a myocardial exci-
tation determining apparatus for determining the type of
excitation in the myocardium.

BACKGROUND ART

[0002] Usually, atrial fibrillation means an arrhythmia in
which the atrium of the heart has a convulsive seizure, and
the heart cannot operate in the original and correct way.
When atrial fibrillation occurs, the blood stagnates in the
atrium, and thrombus is prone to develop, thereby increasing
the possibility of occurrence of brain infarction or the like.

[0003] Conventionally, it is known that, when an arrhyth-
mia such as atrial fibrillation occurs, a treatment is pet-
formed by selectively applying ablation to an abnormal
portion which causes the arrhythmia, by using a cardiac
catheter. In the treatment, it is important to correctly identify
the location where ablation is to be performed. For example,
JP2013-523344T and U.S. Patent Publication No. 2014/
0088395 disclose a technique in which a calculation process
is performed on an intracardiac electrocardiogram that is
measured from electrodes of a cardiac catheter, thereby
producing visualized data indicating the state of excitation in
the myocardium, and the location where ablation is to be
performed is identified from the visualized data.

[0004] States of myocardial excitation during atrial fibril-
lation are roughly classified into several types such as those
called typical excitation dynamics, according to the change
patter of the state.

[0005] In the related art, the medical person must deter-
mine the type of excitation dynamics of the myocardium by
means of visual observation of the state of the myocardium
which 1s visualized based on visualized data. However, the
state of the myocardium during atrial fibrillation has char-
acteristics that it irregularly varies from time to time. In
some cases, the variation is so rapid that it cannot be visually
recognized, and it is difficult to visually determine the type.

[0006] Therefore, it is an object of the invention to provide
a myocardial excitation determining apparatus which can
support the determination of excitation dynamics of the
myocardium during atrial fibrillation.

SUMMARY

[0007] An aspect of the myocardial excitation determining
apparatus of the invention includes: an acquiring section
which acquires an intracardiac electrocardiogram of a sub-
ject; a processing section which computes to produce visu-
alized data indicating a state of excitation in a myocardium,
based on the intracardiac electrocardiogram; and a deter-
mining section which determines a type of excitation
dynamics of the myocardium based on the visualized data.

[0008] According to the configuration, the type of excita-
tion dynamics of the myocardium during atrial fibrillation is
automatically determined based on the visualized data.
Therefore, the medical person can determine the type of
excitation dynamics of the myocardium by reference to the
result of the automatic determination. As described above,
the above-described configuration can provide a myocardial
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excitation determining apparatus which can support the
determination of excitation dynamics of the myocardium
during atrial fibrillation.

[0009] The aspect of myocardial excitation determining
apparatus of the invention can support the determination of
excitation dynamics of the myocardium during atrial fibril-
lation.

BRIEF DESCRIPTION OF DRAWINGS

[0010] FIG. 1 is a diagram of a myocardial excitation
determining apparatus of Embodiment 1 of the invention.
[0011] FIG. 2A to 2C illustrates a typical types of excita-
tion dynamics of the myocardium.

[0012] FIG. 2A to 2C illustrates a typical types of excita-
tion dynamics of the myocardium.

[0013] FIG. 2A to 2C illustrates a typical types of excita-
tion dynamics of the myocardium.

[0014] FIG. 3 is a diagram illustrating a catheter in the
atrium.
[0015] FIG. 4A is a diagram illustrating examples of

intracardiac  electrocardiogram waveforms which are
acquired by electrodes.

[0016] FIG. 4B is a diagram of a placement of the acquired
intracardiac electrocardiograms on grids.

[0017] FIG. 5A illustrates steps of producing a pseudo

action potential waveform.

[0018] FIG. 5B is a view illustrating steps of detecting
beats.
[0019] FIG. 6A illustrates a diastolic interval and an action

potential duration.
[0020] FIG. 6B is a graph showing relationships between
a diastolic interval and an action potential duration.

[0021] FIG. 6C is a view showing conditions for detecting
beats.

[0022] FIG. 7A illustrates steps of detecting the initial
beat.

[0023] FIG. 7B is a view illustrating steps of detecting the

second and subsequent beats.
[0024] FIG. 8is a diagram of a placement of pseudo action
potential waveforms on grids.

[0025] FIG. 9Ais a view for calculating virtual electrodes.
[0026] FIG. 9B is a view for calculating virtual electrodes.
[0027] FIG. 9C is a view for calculating virtual electrodes

and a diagram of a placement of an action potential wave-
form of a virtual electrode which is interpolated from
surrounding electrodes.

[0028] FIG. 10A is a view illustrating steps of correcting
the height of a beat.

[0029] FIG. 10B is a diagram of a placement of action
potential waveforms on grids.

[0030] FIG. 11A is a view showing a shifted waveform in
which the phase is shifted with respect to an action potential
waveform.

[0031] FIG. 11B is a diagram of a placement of action
potential waveforms and shifted waveforms on grids.
[0032] FIG. 12A is a view illustrating a calculation of
interpolated waveforms on other grids in which the spatial
interpolation technique is used.

[0033] FIG. 12B is a diagram of a placement of interpo-
lated action potential waveforms and shifted waveform on
grids.

[0034] FIG. 13 is a diagram showing a phase portrait
drawn in each grid.
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[0035] FIG. 14A is a view illustrating colors which are
painted in grids, and illustrates colors used in the painting.
[0036] FIG. 14B is a view illustrating colors which are
painted in grids, a view in which portions of an action
potential waveform are defined by colors for every sample.
[0037] FIG. 14C is a view illustrating colors which are
painted in grids, illustrates angle information of samples.
[0038] FIG. 15A is a diagram in which each sample is
colored in each grid.

[0039] FIG. 15B is a view in which first to X-th samples
in one grid are colored.

[0040] FIG. 15C is a view showing visualized data of the
first to X-th samples.

[0041] FIG. 16 is a view illustrating a method of detecting
a phase singularity.

[0042] FIG. 17 is a view showing the number of excitation
grids contained in frames constituting visualized data.
[0043] FIG. 18 is a view for determining the type of
excitation dynamics of the myocardium.

[0044] FIG. 19 illustrates an example of visualized data
and type of excitation dynamics which are displayed on a
monitor screen.

[0045] FIG. 20 is a diagram of a myocardial excitation
determining apparatus of Embodiment 2 of the invention.
[0046] FIG. 21 illustrates an action potential unit wave-
form for producing the action potential waveform.

[0047] FIG. 22 illustrates a procedure of detecting the
waveform of myocardial excitation from an intracardiac
electrocardiogram waveform.

[0048] FIG. 23 is a graph illustrating relationships
between a diastolic interval and action potential duration of
an action potential unit waveform.

[0049] FIG. 24 illustrates an intracardiac electrocardio-
gram waveform to which an action potential unit waveform
is applied.

[0050] FIG. 25 illustrates a display position of an action
potential unit waveform with respect to an intracardiac
electrocardiogram waveform.

DESCRIPTION OF EMBODIMENTS

[0051] Hereinafter, embodiments will be described with
reference to the drawings.

Embodiment 1

[0052] As shown in FIG. 1, a myocardial excitation deter-
mining apparatus 1 of Embodiment 1 includes an acquiring
section 2, a processing section 3, a determining section 4,
and a displaying section 5. For example, the myocardial
excitation determining apparatus 1 is used for performing
one function of a catheter inspecting apparatus.

[0053] The acquiring section 2 acquires an intracardiac
electrocardiogram of a subject which is acquired or recorded
by a recording unit (e.g., a cardiac catheter, spiral catheter,
helix catheter) A having a plurality of electrodes.

[0054] The processing section 3 performs a computation
for visualizing the state of myocardial excitation of the
subject, on the intracardiac electrocardiogram which is
acquired by the acquiring section 2. The processing section
3 includes a first producing section 11, a first interpolating
section 12, a correcting section 13, a second producing
section 14, a second interpolating section 15, a third pro-
ducing section 16, and a detecting section 17.
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[0055] The first producing section 11 produces pseudo
action potential waveforms with respect to a plurality of
intracardiac electrocardiograms which are acquired by the
acquiring section 2, respectively. The first interpolating
section 12 defines a virtual electrode at a position which is
in the myocardium of the atrium, and in which no electrode
of the inserted cardiac catheter A is placed, i.e., at a position
in which the distances with respect to surrounding electrodes
among the placed electrodes are large. The first interpolating
section 12 interpolates a pseud action potential waveform
with respect to the virtual electrode, based on pseud action
potential waveforms which are produced with respect to
electrodes surrounding the virtual electrode.

[0056] The correcting section 13 reduces noise compo-
nents contained in the pseud action potential waveforms
output from the first producing section 11 and the first
interpolating section 12, and performs a correction in which
the amplitudes at respective beats are made uniform. In the
following description of Embodiment 1, a corrected action
potential waveform is referred to simply as an action poten-
tial waveform. With respect to each of the action potential
waveforms output from the correcting section 13, the second
producing section 14 produces a shifted waveform which is
shifted in time phase by a predetermined time from the
action potential waveform. With respect to a position in
which the electrodes of the cardiac catheter A and the virtual
electrode are not placed, i.e., the distances between each
electrode and surrounding electrodes are large, the second
interpolating section 15 interpolates an action potential
waveform and a shifted waveform based on the action
potential waveforms and shifted waveforms which are pro-
duced with respect to the surrounding electrodes.

[0057] The third producing section 16 produces a phase
portrait based on the action potential waveforms output from
the correcting section 13, the shifted waveforms output from
the second producing section 14, and the action potential
waveforms and shifted waveforms output from the second
interpolating section 15. Moreover, the third producing
section 16 calculates the phase based on the phase portrait,
and produces visualized data (Phase Map) indicating the
state of excitation in the myocardium. The visualized data
mean a frame in which the excitation potential of the
myocardium is visualized. Electrical excitation occurs in the
membrane potential of the myocardium cells to cause the
heart to contract. The excitation-contraction phenomenon is
provoked by the action potential. The action potential is an
excitation reaction of myocardial cells which is caused by
depolarization produced by the flow of Na* into the cells,
and repolarization produced by the flow in or out of Ca** or
K*.

[0058] The detecting section 17 detects a phase singularity
in the visualized data produced by the third producing
section 16, i.e., the rotor of fibrillation on the atrial wall.
[0059] The determining section 4 determines the type of
excitation dynamics of the myocardium based on visualized
data. The determining section 4 has a calculating section 18
for calculating the number of predetermined data contained
in the visualized data. The visualized data for determining
the type of excitation dynamics of the myocardium are
configured by frames of predetermined time units. The
calculating section 18 calculates the total number of prede-
termined grids included in the frames of predetermined time
units, as the number of predetermined data contained in the
visualized data. The determining section 4 determines the
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type of excitation dynamics of the myocardium, based on the
number of predetermined grids which is calculated by the
calculating section 18, and the number of phase singularities
detected by the detecting section 17.

[0060] The displaying section 5 displays the state of
excitation in the myocardium of the subject, and the deter-
mined type of excitation dynamics, based on the visualized
data output from the third producing section 16 of the
processing section 3. The displaying section 5 is configured
by, for example, a liquid crystal monitor screen of the touch
panel type.

[0061] The type of excitation dynamics of the myocar-
dium means a change pattern of the myocardium condition
in which atrial fibrillation occurs. The type of excitation
dynamics of the myocardium includes the MR (Meandering
Rotor) as shown in FIG. 2A, the PA (Passive Activation) as
shown in FIG. 2B, and the MW (Multiple Wavelets) as
shown in FIG. 2C. The MR is a state where the excitation
wave rotates around a phase singularity. The PA is a state
where the excitation wave propagates. The MW is a state
where a plurality of phase singularities exist simultaneously.
[0062] Next, the operation of the myocardial excitation
determining apparatus 1 will be described with reference to
FIGS. 3 to 19.

[0063] As shown in FIG. 3, first, the cardiac catheter A
having a plurality of electrodes B is inserted and placed in
the atrium of the subject.

[0064] As shown in FIG. 4A, a plurality (in the embodi-
ment, ten waveforms) of intracardiac electrocardiogram
waveforms 21a to 21/ (hereinafter, “intracardiac electrocar-
diogram waveforms 217 is used when generally referring to
the intracardiac electrocardiogram waveforms) are recorded
by the electrodes B of the cardiac catheter A. The recorded
intracardiac electrocardiogram waveforms 21 are acquired
by the acquiring section 2.

[0065] As shown in FIG. 4B, the first producing section 11
shows a predetermined region in the atrium in which the
cardiac catheter A is placed as a rectangular frame 22 or the
like, and partitions the frame 22 into a plurality of grids 23.
In the diagram of FIG. 4B, for the sake of convenience of
description, 7x7=49 grids are shown. Actually, however, the
frame is partitioned into several tens of thousands or more
of grids. In accordance with the position of the cardiac
catheter A placed in the atrium, the positions of the elec-
trodes B are shown on the corresponding grids in the frame,
and the intracardiac electrocardiogram waveforms 21a to
21 are placed on the grids 23, respectively.

[0066] As shown in FIG. 5A, the first producing section 11
full-wave rectifies each of the intracardiac electrocardio-
gram waveforms 21 to produce a full-wave rectified wave-
form 24. Moreover, the first producing section 11 performs
moving average of the full-wave rectified waveform 24 to
produce a pseudo action potential waveform 25.

[0067] As shown in FIG. 5B, furthermore, the first pro-
ducing section 11 detects candidates of beats (beat candi-
dates) 28 indicating the diastoles of the myocardium in the
pseudo action potential waveform 25, based on the pseudo
action potential waveform 25 and the intracardiac electro-
cardiogram waveform 21. Specifically, the first producing
section 11 first detects, in the pseudo action potential wave-
form 25, convex portions 26 with respect to each of which
a larger portion does not exist within time periods of 37
msec. (described later with reference to FIGS. 6A and 6B)
preceding and succeeding the convex portion 26. Then, the
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first producing section 11 detects, in the intracardiac elec-
trocardiogram waveform 21, beats 27 which are in phase
with the respective convex portions 26, and which satisfy
predetermined conditions (described later with reference to
FIG. 6C). In the case where a convex portion 26 contains a
beat 27 satisfying the predetermined conditions, the first
producing section 11 detects the convex portion 26 as a beat
candidate 28 indicating the diastole of the myocardium. In
FIG. 5B, four beat candidates 28 are detected.

[0068] FIG. 6A illustrates an ideal model of a unit wave-
form contained in the action potential waveform of the
myocardium. In FIG. 6A, the term “APD” (Action Potential
Duration) means a time period from the start of the depo-
larization phase of the action potential of the myocardium,
to the end of the repolarization phase, and corresponds to the
refractory period of the myocardium. The term “DI” (Dia-
stolic Interval) means a time period from the end of the APD
to the start of the next APD, and corresponds to the station-
ary phase when the myocardium is excitable. The total time
period of the APD and the DI is called the CL (Cycle
Length). The relationships between the DI and the APD in
the ideal model of a unit waveform are previously obtained
from a computer simulation as shown in the graph of FIG.
6B. As shown in the graph, the periods of 37 msec. are
determined with reference to the shortest APD. The prede-
termined conditions of the beat 27 are set that, as shown in
FIG. 6C, the lateral width w of the beat 27 is equal to or
smaller than a preset value, and the vertical width h is equal
to or larger than a preset value.

[0069] As shown in FIG. 7A, then, the first producing
section 11 compares the heights of the peaks of all beat
candidates (in the embodiment, beat candidates 28a, 284)
which exist in the shortest CL starting from the initial beat
candidate 28a, with one another. The first producing section
1 detects the beat candidate 284 having the highest peak as
the first beat 29A. From the graph of FIG. 6B, the shortest
CL is 117 msec. which is obtained by adding 37 msec. that
is the shortest APD, and 80 msec. that is the shortest DI.
[0070] As shown in FIG. 7B, then, the first producing
section 11 compares the heights of the peaks of all beat
candidates (in the embodiment, beat candidates 28¢, 284)
which exist in the shortest CL starting from the beat candi-
date 28¢ following the beat candidates 28a, 285 that are
compared with each other in FIG. 7A, with one another. The
first producing section 11 detects the beat candidate 284
having the highest peak as the second beat 29B. Same or
similarly, the first producing section 11 detects beats from
pseudo action potential waveforms 25a to 25/ which are
produced based on the intracardiac electrocardiogram wave-
forms 21a to 21j, respectively.

[0071] The pseudo action potential waveforms 25a to 25/
from which the beats 29A, 29B, . . . are detected are placed
on the grids 23 (see FIG. 8).

[0072] Then, the first interpolating section 12 defines
virtual electrodes in locations where the pseudo action
potential waveforms 25 are not placed, based on the posi-
tions of the pseudo action potential waveforms 25a to 25;j
which are placed in the frame 22, and which are shown in
FIG. 8. As shown in FIGS. 9A and 9B, each of the virtual
electrodes is defined based on a plurality (in the embodi-
ment, four) of surrounding electrodes. In FIG. 9A, the
position of a virtual electrode 8¢ is set based on position data
of electrodes 8a to 84. In FIG. 9B, the position of another
virtual electrode 8¢ is set based on the virtual electrode 8e
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and electrodes 8a, 8b, 8f. The first interpolating section 12
sets the positions of virtual electrodes 8i, 8%, 8m by using a
same or similar technique.

[0073] The first interpolating section 12 interpolates
pseudo action potential waveforms 25 with respect to the
defined virtual electrodes 8¢, 8g, 8i, 8%, 8m, . . ., based on
pseudo action potential waveforms which are produced with
respect to surrounding electrodes. For example, an interpo-
lated pseudo action potential waveform 25% is placed on the
grid 23 in the location where a virtual electrode is disposed
(see FIG. 9C).

[0074] As shown in FIG. 10A, then, the correcting section
13 produces action potential waveforms 30 from the pseudo
action potential waveform 25. Specifically, the correcting
section 13 first applies the shortest APD (37 msec.) to the
first beat 29A of the pseudo action potential waveform 25.
Then, the CL between the peak of the first beat 29A and that
of the second beat 29B is obtained. The shortest APD is
subtracted from the CL to obtain the value of the DI
(DI=CL-shortest APD). Then, the value of the APD corre-
sponding to the obtained value of the D1 is obtained from the
graph of FIG. 6B. The obtained value of the APD is the value
of the APD2 of the second beat 29B. Same or similarly, the
values of the APDs of the third and subsequent beats 29 are
obtained.

[0075] Then, the correcting section 13 multiplies the beats
29A,29B, . .. by a correction coeflicient, thereby correcting
the heights (amplitudes) of the beats to justify the heights.
The correction coeflicient is obtained by dividing a constant
by the height of the beat 29A. 29B, or the like (correction
coeflicient=constant/height of peak of beat 29). The correct-
ing section 13 eliminates, by correction, beat candidates
other than the beats 29A, 29B, etc. in the pseudo action
potential waveform 25, such as the beat candidates 285, 28c,
etc. As a result, the action potential waveforms 30 having
beats 31A, 31B, . . . in which their heights H are equal to one
another are produced with respect to the pseudo action
potential waveforms 25, respectively. The corrected action
potential waveforms 30a to 30% are placed on the grids 23
in the locations where the electrodes and the virtual elec-
trodes are disposed (see FIG. 10B).

[0076] Then, the second producing section 14 calculates a
mean APD of the beats 31A, 31B, . . . in the action potential
waveforms 30, and produces shifted waveforms 40 which,
as shown in FIG. 11 A, are shifted in time phase by % of the
mean APD from the action potential waveforms 30. The
action potential waveforms 30a to 30k and the shifted
waveforms 40a to 40k are placed on the grids 23 in the
locations where the electrodes and the virtual electrodes are
disposed (see FIG. 11B). The magnitude of the shift in time
phase may be N+(¥4) (N is 0 or a positive integer).

[0077] Then, the second interpolating section 15 interpo-
lates virtual action potential waveforms 35 and virtual
shifted waveform 45 to grids 23 (see FIG. 11B) in which the
action potential waveforms 30 and the shifted waveforms 40
are not placed on the frame 22. The second interpolating
section 15 calculates data of the action potential waveforms
35 and the shifted waveforms 45, from those of the sur-
rounding action potential waveforms 30 and shifted wave-
forms 40 by using the spatial interpolation technique shown
in FIG. 12A. In FIG. 12A, V1 to V3 indicate the data of the
action potential waveforms 30 and the shifted waveforms 40
in the grids 23 of the electrodes and the virtual electrodes,
and V4 to V7 indicate data of the action potential waveforms
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35 and the shifted waveforms 45. The arrows indicate the
distances between close grids among grids in which the data
V1 to V7 are placed or to be placed. As an example, the
distances between the grids are indicated as 1.

[0078] From the data of the action potential waveforms 30
and shifted waveforms 40 of two grids which are close to the
grid where the action potential waveform 35 and the shifted
waveform 45 are to be placed, the data of the action potential
waveform 35 and the shifted waveform 45 are calculated
according to a predetermined calculation expression, by
using the spatial interpolation technique, the data of the two
grids, and the distance between the two grids. For example,
the action potential waveform 35 and shifted waveform 45
of V4 are calculated from the data of V1 and V2, and the
distances m and 1-m between V1 and V4, and V2 and V4.
V7 is calculated from V6 which is calculated as described
above, and the data V1 of the grid in which the action
potential waveforms 30 and the shifted waveforms 40 are
placed. The action potential waveforms 35 and shifted
waveforms 45 which are calculated as described above are
placed on the grids 23 in which the interpolation is per-
formed (see FIG. 12B).

[0079] In order to obtain the states of the action potentials
in the grids 23 in which the action potential waveforms 30,
35 and the shifted waveforms 40, 45 are placed, then, the
third producing section 16 produces phase portraits 50 based
on the respective action potential waveforms 30, 35 and
shifted waveforms 40, 45 as shown in FIG. 13. A phase
portrait can be produced by rewriting the potentials of action
potential waveforms and shifted waveforms to two-dimen-
sional ones.

[0080] In order to express the states of the action poten-
tials in colors, the third producing section 16 paints the grids
23 with colors. The colors of the grids 23 are determined for
respective samples of the produced phase portraits. The third
producing section 16 draws the grids 23 by using a plurality
of colors (in the embodiment, 16 colors) shown in FIG. 14A.
For example, the third producing section 16 defines colors so
that, in unit waveforms of the action potential waveforms
30, 35, the action potential portion is drawn in warm colors,
and the resting membrane portion is drawn in cool colors
(see FIG. 14B). The third producing section 16 further
defines colors so that, in the region C where the temporal
variation in the action potential is fast, the color change
between adjacent samples 51 is small, and, in the region D
where the temporal variation is slow, the color change is
large. As shown in FIG. 14C, the third producing section 16
obtains angle information of each of the samples 51 from the
center portion of a phase portrait which is displayed while
being replaced with a two-dimensional form, and expresses
the state of the action potential of the sample by one of 16
colors.

[0081] As shown in FIGS. 15A and 15B, the third pro-
ducing section 16 continuously paints the grids 23 with
colors which are determined for respective samples in the
grids 23. When colors for the first to X-th samples are
continuously painted in each of the grids 23, continuous
visualized data 52 such as shown in FIG. 15C are produced.
[0082] As shown in FIG. 16, then, the detecting section 17
extracts a first grid set 60 which is configured by a prede-
termined number (in the embodiment, 3x3) of grids 23, from
the frame 22. The detecting section 17 further extracts a
second grid set 61 that is configured by grids 23 which are
centered on the first grid set 60, and the number (in the
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embodiment, 9x9) of which is larger than that in the first grid
set 60. The detecting section 17 calculates whether the total
of color differences between adjacent grids (from grid A to
grid H) in the first grid set 60 is equal to or larger than a
predetermined value or not. Specifically, (color difference
between A and B)+(color difference between B and C)+ . .
. +(color difference between H and A) is calculated. The
detecting section 17 further calculates whether all of the 16
colors are contained in the second grid set 61 or not. When
both the conditions are satisfied, the detecting section 17
detects the center of the first grid set 60 as a phase singularity
62 which is the center of swirl of the state of excitation in
the myocardium.

[0083] In the determining section 4, then, the numbers of
excitation grids contained in the frames in the visualized
data produced by the third producing section 16 are sequen-
tially calculated by the calculating section 18. Excitation
grids mean grids indicating the state of excitation in the
myocardium, and are grids which are painted with warm
colors at R=255 (see the range 80 in FIG. 14A). For
example, the numbers of excitation grids in the frames
which are calculated by the calculating section 18 are shown
as a graph 81 in FIG. 17. In the determining section 4,
moreover, the moving averages of the numbers of excitation
grids contained in frames (for example, 15 frames) in a
predetermined time period are sequentially calculated by the
calculating section 18. For example, the moving-averaged
numbers of excitation grids are shown as a graph 82 in FIGS.
17 and 18.

[0084] The determining section 4 calculates the average
value of the numbers of excitation grids, and determines plus
and minus thresholds with reference to the calculated aver-
age number of excitation grids. For example, the average
number of excitation grids is indicated as an average value
of 83 in FIG. 18, and the plus and minus thresholds are
shown as thresholds 844, 845 in FIG. 18, respectively. The
determining section 4 determines whether the moving-av-
eraged numbers of excitation grids exceed the thresholds
84a, 846 or not. If the moving-averaged numbers of exci-
tation grids exceed the thresholds, it is determined that the
state of excitation dynamics of the myocardium is the PA. In
the graph 82 shown in FIG. 18, the moving-averaged
numbers of excitation grids exceed the thresholds 84a, 845
in, for example, a range 85, and it is determined that, in the
time zone, the state of excitation dynamics of the myocar-
dium is the PA. In the case where the moving-averaged
numbers of excitation grids exceed the thresholds, further-
more, the positions of excitation grids in the frames may be
specified, thereby determining whether the excitation wave
occurs in the region of the cardiac catheter A or outside the
region. This causes the state PA of excitation in the myo-
cardium is further divided into two states.

[0085] Ifthe moving-averaged numbers of excitation grids
do not exceed the thresholds 84a, 845 (for example, in the
case of the range 86 or 87 in FIG. 18), the determining
section 4 determines the type of excitation dynamics of the
myocardium based on the number of the phase singularities
62 of the frames detected by the detecting section 17. In the
case where there are a plurality of total numbers of the phase
singularities of the frames, the determining section 4 deter-
mines that the state of excitation dynamics of the myocar-
dium is in the MW, and, in the case where there are not a
plurality of total numbers, determines that the excitation
dynamics of the myocardium is in the MR.
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[0086] On the displaying section 5, the visualized data are
continuously displayed in a time sequential manner to be
shown as a moving image, whereby the manner of change in
the state of excitation in the myocardium of the subject is
displayed in real time. On the displaying section 5, in
accordance with the change in the state of excitation in the
myocardium, moreover, results of determinations of excita-
tion dynamics of the myocardium are sequentially displayed
in a type display region 90 in a display manner in which, for
example, colors or characters indicating the types are used.
In the type display region 90 in FIG. 19, it is displayed that
the determination was the MR. Alternatively, the percent-
ages of the types of excitation dynamics may be displayed
in such a manner that, for example, Meandering
Rotor=100%, Passive Activation=0%, Multiple Wave-
lets=0%.

[0087] In the case where waveforms having beat informa-
tion which is sufficient for analysis are not obtained from
one of the electrodes B of the cardiac catheter A, the grid 23
related to the electrode B may be omitted from the drawing
of the visualized data in order to maintain the accuracy of the
visualized data. In this case, it may be determined whether
beat information is sufficient or not, based on the cycle
length value.

[0088] In aconventional case where the medical person is
to determine the type of excitation dynamics of the myo-
cardium, visualized data indicating the state of excitation in
the myocardium are produced, and the type of excitation
dynamics 1s determined based on the visualized data. How-
ever, the myocardium during atrial fibrillation sometimes
vibrates, for example, about 300 times per minute. It is
difficult to visually correctly determine excitation dynamics
from data of the myocardium which change at such a high
speed. Conventionally, when the state of excitation in the
myocardium is to be observed, therefore, the changing speed
of measured visualized data is sometimes reduced to, for
example, 0. Moreover, visualized data which can be
acquired from one cardiac catheter are limited to data of a
part of the atrium, and therefore data which are sufficient for
visual determination cannot be obtained in one measure-
ment. In order to enhance the determination accuracy, there-
fore, it is necessary to acquire data from a plurality of
locations in the atrium. In the conventional method, conse-
quently, a long period of time is required to determine the
type of excitation dynamics of the myocardium.

[0089] In the myocardial excitation determining apparatus
1 of the embodiment, by contrast, the type of excitation
dynamics of the myocardium during atrial fibrillation is
automatically determined based on the total number of
excitation grids contained in the visualized data. Moreover,
the type of excitation dynamics of the myocardium during
atrial fibrillation is automatically determined based on the
total number of phase singularities. When a result of the
automatic determination is referred, therefore, the medical
person can determine the type of excitation dynamics of the
myocardium, more correctly and in a shorter time period as
compared with the case where the determination is visually
performed as in the prior art. Moreover, the determination is
performed based on a plurality of parameters (the total
numbers of excitation grids and phase singularities), and
therefore the meandering rotor, passive activation, and mul-
tiple wavelets which are typical types of excitation dynamics
can be automatically determined from one another.
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[0090] Together with the moving image illustrating a
change of the state of excitation in the myocardium, a result
(type) of the automatic determination is displayed on the
displaying section 5 so as to be corresponded to the change
of the state of excitation. Therefore, the medical person can
easily know the type itself of excitation dynamics of the
myocardium, and the manner of the type change. In the case
where the percentages of the types of excitation dynamics
are displayed, it is sometimes not necessary to check the
moving image to the end.

[0091] According to the configuration, therefore, it is
possible to provide a myocardial excitation determining
apparatus which can support the determination of excitation
dynamics of the myocardium during atrial fibrillation.

Embodiment 2

[0092] Next, Embodiment 2 will be described. Hereinaf-
ter, components which are identical with those of Embodi-
ment 1 are denoted by the same reference numerals, and
their description will be omitted.

[0093] As shown in FIG. 20, a myocardial excitation
determining apparatus 100 of Embodiment 2 includes the
acquiring section 2, a processing section 3A, a storage
section 110, the determining section 4, and the displaying
section 5. The processing section 3 includes a first producing
section 111, the first interpolating section 12, the second
producing section 14, the second interpolating section 15,
the third producing section 16, and the detecting section 17.
[0094] The storage section 110 stores a plurality of action
potential unit waveforms 120 which are as shown in F1G. 21,
and which are previously produced. The action potential unit
waveforms 120 are obtained by applying a temporal moving
averaging process on an action potential waveform in human
atrial muscle under structural remodeling which is derived
by computer simulation. The term “structural remodeling”
means a histoanatomical change which appears in a patho-
logical condition of the atrial muscle. In each of the action
potential unit waveforms 120, the rising from the start point
121 to the peak 122 is gentler (the rising angle q is smaller)
as compared with that in an ideal model of a unit waveform
contained in the action potential waveforms in the myocar-
dium. The storage section 110 is connected to the first
producing section 111.

[0095] The first producing section 111 produces pseudo
action potential waveforms by using the action potential unit
waveforms 120 with respect to the plurality of intracardiac
electrocardiograms which are acquired by the acquiring
section 2. In the following description of Embodiment 2, a
pseudo action potential waveform 25 is also referred to
simply as an action potential waveform 25.

[0096] With respect to each of the action potential wave-
forms output from the first producing section 111 and the
first interpolating section 12, the second producing section
14 produces a shifted waveform which is shifted in time
phase by a predetermined time from the action potential
waveform.

[0097] The third producing section 16 produces a phase
portrait based on the action potential waveforms output from
the first producing section 111 and the first interpolating
section 12, the shifted waveforms output from the second
producing section 14, and the action potential waveforms
and shifted waveforms output from the second interpolating
section 15. Moreover, the third producing section 16 calcu-
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lates the phase based on the phase portrait, and produces
visualized data (Phase Map) indicating the state of excitation
in the myocardium.

[0098] The acquiring section 2, the first interpolating
section 12, the second interpolating section 15, the detecting
section 17, the determining section 4, and the displaying
section 5 are configured in a same or a similar manner as the
respective sections in Embodiment 1.

[0099] Next, the operation of the myocardial excitation
determining apparatus 100 will be described.

[0100] The operation which is performed until the intrac-
ardiac electrocardiogram waveforms 21a to 21j recorded by
the cardiac catheter A are placed on the grids 23 is similar
to that which is performed before and including the descrip-
tion of FIG. 4B in Embodiment 1.

[0101] With respect to the recorded intracardiac electro-
cardiogram waveforms 21a to 21j, thereafter, the first pro-
ducing section 11 produces the action potential waveforms
25 by using the action potential unit waveforms 120.

[0102] In order to produce the action potential waveforms
25, as shown in FIG. 22, for example, the first producing
section 11 first detects beats satisfying predetermined con-
ditions, as candidate waveforms of myocardial excitation,
from the recorded intracardiac electrocardiogram wave-
forms 21. Specifically, beats which satisfy conditions that
the lateral width w is 10 msec. or shorter, and the vertical
width h is 0.1 mV or higher are detected (with respect to the
lateral width w and the vertical width h, see FIG. 6C). In the
case of the intracardiac electrocardiogram waveform 21
shown in FIG. 22, as beats satisfying the conditions, seven
beats contained in the broken-line rectangles 131 to 137 are
detected as candidate waveforms of myocardial excitation.

[0103] The first producing section 11 further detects beats
satisfying predetermined conditions as the waveform of
myocardial excitation, from the detected candidate wave-
forms of myocardial excitation. With reference to the can-
didate waveforms of myocardial excitation, specifically, the
first producing section 11 sets a search time period when
another candidate waveform of myocardial excitation is
searched, and a search exclusion time period when another
candidate waveform of myocardial excitation is not
searched. In this case, the search time period (for example,
49 msec.) is set to a time period which is shorter than the
search exclusion time period (for example, 50 msec.).

[0104] As shown in FIG. 22, the first producing section 11
detects, in the intracardiac electrocardiogram waveform 21,
detects a beat which is first contained in the broken-line
rectangle 131, as a candidate waveform of myocardial
excitation. The first producing section 11 searches whether
or not another candidate waveform of myocardial excitation
(a waveform contained in the broken-line rectangle) exists
between the peak (the circle symbol 131a) of the detected
candidate waveform of myocardial excitation, and the
square symbol 1315 after elapse of the search time period
(49 msec.). In the embodiment, another candidate waveform
of myocardial excitation does not exist in the search time
period. In the embodiment, therefore, the beat contained in
the broken-line rectangle 131 is detected as the initial
waveform of myocardial excitation. The first producing
section 11 sets the time period between the peak (the circle
symbol 131a) of the detected waveform of myocardial
excitation, and the triangle symbol 131¢ after elapse of 50
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msec., as a detection exclusion time period when another
candidate waveform of myocardial excitation is not
detected.

[0105]  After the detection exclusion time period (after and
including the triangle symbol 131c¢), the first producing
section 11 detects a beat contained in a broken-line rectangle
132 as the next candidate waveform of myocardial excita-
tion. Similarly with the above-described search, the first
producing section 11 searches whether or not another can-
didate waveform of myocardial excitation exists between the
peak (the circle symbol 132q) of the detected candidate
waveform of myocardial excitation, and the square symbol
1320 after elapse of the search time period. In the case of the
embodiment, a beat contained in a broken-line rectangle 133
is detected as another candidate waveform of myocardial
excitation. The first producing section 11 compares the
amplitudes (P-P values) of the two detected candidate wave-
forms of myocardial excitation (the beats contained in the
broken-line rectangles 132, 133) with each other, and detects
the candidate waveform having the larger amplitude, as the
waveform of myocardial excitation. In the embodiment, the
beat contained in the broken-line rectangle 133 is detected as
the waveform of myocardial excitation. The first producing
section 11 sets the time period between the peak (the circle
symbol 133a) of the detected candidate waveform of myo-
cardial excitation, and the triangle symbol 133¢ after elapse
of 50 msec., as the detection exclusion time period in a
manner similar to the above. The beat in the broken-line
rectangle 132 which is not detected as the waveform of
myocardial excitation is eliminated from waveforms for
producing the action potential waveform 25.

[0106] When the above-described detecting process is
repeated, in the intracardiac electrocardiogram waveforms
21 shown in FIG. 22, beats contained in the broken-line
rectangles 131, 133, 134, 136, 137 are detected as wave-
forms of myocardial excitation.

[0107] Then, the first producing section 11 detects the time
intervals between the detected waveforms (between the unit
waveforms) of myocardial excitation. Specifically, the time
interval T1 between the peak (the circle symbol 131a) of the
beat contained in the broken-line rectangle 131, and the peak
(the circle symbol 133a) of the beat contained in the
broken-line rectangle 133 is detected. Same or similarly, the
time interval T2 between the circle symbol 133a and the
circle symbol 134a, the time interval T3 between the circle
symbol 134a¢ and the circle symbol 1364, and the time
interval T4 between the circle symbol 136a and the circle
symbol 137a are detected.

[0108] When the action potential waveforms 25 are to be
produced by using the action potential unit waveforms 120,
calculations are performed under the assumption that the
detected time intervals T1 to T4 between the waveforms of
myocardial excitation correspond to unit waveforms (here-
inafter, referred to as unit action potential waveforms) CL1
to CLAA contained in the action potential waveforms 25 to
be produced, respectively.

[0109] The first producing section 11 applies the shortest
APD (41 msec.) shown in the graph of FIG. 23, to the APD
value of the unit action potential waveform which is pro-
duced with respect to the initial waveform of myocardial
excitation (the beat contained in the broken-line rectangle
131). The first producing section 11 subtracts the shortest
APD from the CL1 (T1) to obtain the value of the DIl
(DI1=CL1-shortest APD), and obtains the value of the APD
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with respect to the obtained value of the DI1 from the graph
of FIG. 23. The obtained value of the APD is the value of the
APD2 of the unit action potential waveform which is
produced with respect to the second waveform of myocar-
dial excitation (the beat contained in the broken-line rect-
angle 133).

[0110] Same or similarly, the values of the APDs (APD3,
APDA4, etc.) of unit action potential waveforms which are
produced with respect to the third and subsequent wave-
forms of myocardial excitation are obtained.

[0111] Based on the obtained values of the APDs, then, the
first producing section 11 selects action potential unit wave-
forms which are to be used in the production of the action
potential waveforms 25, from the action potential unit
waveforms 120 shown in FIG. 21. In each of the action
potential unit waveforms 120 of FIG. 21, specifically, the
time interval between two points (for example, between t,
and t,) indicating —53 mV is set as the value of the APD of
the action potential unit waveform 120. Then, action poten-
tial unit waveforms 120 having the value of the APD which
is close to the thus obtained values of the APDs (APDI,
APD?2, etc.) are sequentially selected.

[0112] The selected action potential unit waveforms 120
are displayed as waveforms for producing the action poten-
tial waveforms 25, corresponding to the intracardiac elec-
trocardiogram waveform 21 as shown in FIG. 24. The
display position of each of the action potential unit wave-
forms 120 relative to the intracardiac electrocardiogram
waveform 21 is as shown in FIG. 25. When the intracardiac
electrocardiogram waveform 21 is full-wave rectified to
produce the full-wave rectified waveform 24, and a moving
averaging process is applied to the full-wave rectified wave-
form 24 to produce the action potential waveform 25, for
example, the time phase of the peak 25P of the action
potential waveform 25 is the position of the start point 121
of the action potential unit waveform 120.

[0113] Same or similarly, the first producing section 11
produces the action potential waveforms 25q to 25§ with
respect to the intracardiac electrocardiogram waveforms 21a
to 21;.

[0114] In a same or a similar manner as Embodiment 1,
then, the first interpolating section 12 sets the positions of
virtual electrodes, and interpolates the action potential
waveform 25k and the like with respect to the set virtual
electrodes.

[0115] In Embodiment 2, the action potential unit wave-
forms are used, and therefore the correction in which, as in
Embodiment 1, the amplitudes of the action potential wave-
forms are justified by the correcting section is not pet-
formed.

[0116] Then, the second producing section 14 calculates
the mean APD of the values of the APDs (APD3, APDA4,
etc.) of the unit action potential waveforms, and, similarly
with Embodiment 1, produces the shifted waveforms 40a to
40%. The action potential waveforms 25a to 25k and the
shifted waveforms 40a to 40k are placed on the grids 23
where the electrodes and the virtual electrodes are disposed,
respectively (see FIG. 11B).

[0117] The processing operations which are performed in
the following steps in the second interpolating section 15,
the third producing section 16, the detecting section 17, and
the determining section 4 (including the calculating section
18) and the displaying section 5 are similar to those in the
description of Embodiment 1.
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[0118] Also the thus configured myocardial excitation
determining apparatus 100 attains effects similar to those in
Embodiment 1.

[0119] The invention is not limited to the above-described
embodiments, and may be adequately subjected to modifi-
cation, improvement, and the like. In addition, the materials,
shapes, dimensions, numerical values, forms, numbers,
placement places, and the like of the components of the
above-described embodiments are arbitrary and not limited
insofar as the invention is achieved.

[0120] In the embodiments, for example, phase portraits
and visualized data are produced by using action potential
waveforms and shifted waveforms, and the type of excita-
tion dynamics of the myocardium is determined based on the
visualized data. However, the invention is not limited to the
configuration. For example, the Hilbert conversion may be
performed on intracardiac electrocardiograms to produce
phase portraits and visualized data, and the type of excitation
dynamics of the myocardium may be determined based on
the visualized data.

[0121] The present application is based on Japanese Patent
Application No. 2016-050782, filed on Mar. 15, 2016, the
entire contents of which are incorporated herein by refer-
ence.

1. A myocardial excitation determining apparatus com-
prising:
an acquiring section which acquires an intracardiac elec-
trocardiogram of a subject;
a processing section which computes to produce visual-
ized data indicating a state of excitation in a myocar-
dium, based on the intracardiac electrocardiogram; and
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a determining section which determines a type of excita-
tion dynamics of the myocardium based on the visu-
alized data.

2. The apparatus according to claim 1, wherein

the visualized data are configured by frames for every
predetermined time unit, each of the frames is config-
ured by a plurality of grids, and

the determining section has a calculating section which
calculates total numbers of excitation grids indicating
the state of excitation in the myocardium, in the plu-
rality of grids constituting the frames, and determines
a type of the excitation dynamics of the myocardium,
based on the total number of excitation grids for each
of the frames.

3. The apparatus according to claim 2, wherein

the processing section has a detecting section which
detects a phase singularity indicating a center of swirl
of the state of excitation in the myocardium, for each of
the frames based on the visualized data, and

the determining section determines the type of excitation
dynamics of the myocardium, for each of the frames
based on the total number of excitation grids and a total
number of the phase singularities.

4. The apparatus according to claim 1, further comprising

a displaying section which displays the type of excitation
dynamics which is determined by the determining section.

5. The apparatus according to claim 2, further comprising

a displaying section which displays the type of excitation
dynamics which is determined by the determining section.

6. The apparatus according to claim 3, further comprising

a displaying section which displays the type of excitation
dynamics which is determined by the determining section.
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