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Description
[Technical Field]

[0001] The present technique relates to a cell evalua-
tion apparatus, a cell evaluation method, a data analysis
apparatus, and a data analysis method. More particular-
ly, the present technique relates to a technique of eval-
uating the state and characteristics of cardiomyocytes.

[Background Art]

[0002] In recent years, a technique has been devel-
oped to evaluate the effect and the safety in the devel-
opment of new pharmaceuticals and model tests of car-
diac diseases such as arrhythmia by using cardiomyo-
cytes and cardiomyocytes sheets made according to cell
culturing technique. In particular, the cardiac toxicity test
for evaluating toxicity and side effects on the heart and
cardiac muscles is required to be carried out for all of the
drugs, and the nonclinical test method using culturing
cells is expected to be used as an alternative method
replacing test methods involving animal experiments.
[0003] Examples of cardiomyocytes evaluation meth-
ods include an electrode array (micro electrode arrays:
MEA) method (see, for example, PTL 1) and a method
using image processing technique such as a calcium im-
aging method (see, for example, PTL 2). The MEA meth-
od is a method of performing evaluation by making use
of the fact that the contraction and relaxation motions of
cardiomyocytes are controlled by inflow and outflow of
Na*, Ca2*, K* in and out of the cells, and evaluating a
membrane potential change caused by this inflow and
outflow of the ions. On the other hand, the calcium im-
aging method is a method of staining cells using pigments
(calcium fluorescent indicator) emitting fluorescence by
bonding with calcium ions, and observing the fluores-
cence using a fluorescent microscope and the like.

[Citation List]
[Patent Literature]
[0004]

[PTL 1] JP 2013-94168 A
[PTL 2] JP 2013-21961 A

[0005] WO 2010/004365 describes functional optical
coherent imaging.

[0006] Nina Tandon et al., "Electrical stimulation sys-
tems for cardiac tissue engineering”, Nature Protocols,
vol. 4, no. 2, 1 January 2009, pages 155-173 describes
a protocol for tissue engineering of synchronously con-
tractile cardiac constructs by culturing cardiac cells with
the application of pulsatile electrical fields designed to
mimic those present in the native heart.

[0007] David J Chariot, "Electronic These and Disser-
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tations UC San Diego", 1 January 2012, pages 1-104,
describes automation in image cytometry: continuous
HCS and kinetic image cytometry.

[0008] Nina Tandon et al, "Surface-patterned elec-
trode bioreactor for electrical stimulation", Lab on a Chip,
vol. 10, no. 6, 1 January 2010, page 692, describes a
microscale cell culture system with an interdigitated
microarray of excimer-laser-ablated indium tin oxide
electrodes for electrical stimulation of cultured cells.
[0009] WO 2013/086512 A2 describes muscle chips
and methods of use thereof.

[0010] Nikon, "Imaging Software NIS-Elements", 1
September 2008, Retrieved from the Internet: URL:ht-
tp:/lwww.magersci.com/brochures/imager/NIS.pdf [re-
trieved on 2015-04-14] describes an integrated software
imagining platform to achieve comprehensive micro-
scope control, image capture, documentation, data man-
agement and analysis.

[Summary]

[0011] Aspects of the present technique are defined in
the accompanying claims.

[Technical Problem]

[0012] In the past, a QT interval of an electrocardio-
gram is used for the evaluation of the effect of a drug
caused on cardiomyocytes. As a new index correspond-
ing to this QT interval, a so-called "refractory period" at-
tracts attention. The "refractory period" is a period in
which a flow of Na* is suppressed for a certain period of
time after the cardiomyocytes start contraction. However,
currently, no method has yet been suggested by means
of experiment.

[0013] In the MEA method explained above, the car-
diomyocytes are evaluated using an index called FPD
(field potential duration) as a value similar to a refractory
period, but it is not clear whether this FPD value matches
the refractory period. In the MEA method, the number of
data depends on the number of electrodes, and a cur-
rently used apparatus having 64 electrodes (the maxi-
mum number of data is 64) has a difficulty in ensuring a
sufficient number of data as the observation range be-
comes larger. Further, in the calcium imaging method, it
is necessary to stain cells, and therefore, the calcium
imaging method is not suitable for a long term measure-
ment.

[0014] Therefore, it is a main object of the present dis-
closure is provide a cell evaluation apparatus, a cell eval-
uation method, a data analysis apparatus, and a data
analysis method capable of deriving a refractory period
of cardiomyocytes without staining.

Solution to Problem

[0015] A cell evaluation apparatus according to the
present disclosure includes: an image-capturing unit
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configured to capture an image of motion of cardiomyo-
cytes to which an electro stimulation has been applied;
a motion amount calculation unit configured to calculate
a motion amount of the cardiomyocytes corresponding
to an electro stimulation application from image data cap-
tured by the image-capturing unit; and a refractory period
calculation unit configured to calculate arefractory period
of the cardiomyocytes on the basis of waveform informa-
tion indicating time-change of the motion amount of the
cardiomyocytes.

[0016] The apparatus may include an electro stimula-
tion control unit configured to control an application con-
dition of an electro stimulation given to the cardiomyo-
cytes.

[0017] Inthatcase, for example, the electro stimulation
control unit applies a first electro stimulation for pacing
excitability to any given position of the cardiomyocytes.
[0018] The electro stimulation control unitapplies afirst
electro stimulation to the cardiomyocytes, and thereafter,
may apply a second electro stimulation having any given
phase difference from the first electro stimulation to a
same or a different position as the first electro stimulation.
[0019] Further, the electro stimulation control unit can
determine the phase difference between the first electro
stimulation and the second electro stimulation on the ba-
sis of a time from when the cardiomyocytes start to con-
tract in response to the first electro stimulation to a time
when the cardiomyocytes attain a maximum relaxation.
[0020] Moreover, the electro stimulation control unit
may apply an electro stimulation to the cardiomyocytes
with changing a phase difference between the first electro
stimulation and the second electro stimulation until the
cardiomyocytes no longer react or until the cardiomyo-
cytes react.

[0021] On the other hand, the refractory period calcu-
lation unit can calculate a refractory period of the cardi-
omyocytes, on the basis of two or more pieces of wave
information having different phase differences between
the first electro stimulation and the second electro stim-
ulation.

[0022] The apparatus may further include a propaga-
tion characteristics calculation unit configured to calcu-
late propagation characteristics of pulsation of the cardi-
omyocytes from motion amount data of the cardiomyo-
cytes.

[0023] Forexample, the propagation characteristics is
at least one of a propagation speed and a propagation
direction.

[0024] A cell evaluation method according to the
present disclosure includes: applying an electro stimula-
tion to cardiomyocytes and thereby capturing an image
of motion of the cardiomyocytes; calculating a motion
amount of the cardiomyocytes corresponding to an elec-
tro stimulation application from captured image data; and
calculating a refractory period of the cardiomyocytes on
the basis of waveform information indicating time-change
of the motion amount of the cardiomyocytes.

[0025] The cell evaluation method may further include
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calculating propagation characteristics of pulsation of the
cardiomyocytes from motion amount data of the cardio-
myocytes, and using the same image data to calculate
the propagation characteristics and calculate the refrac-
tory period.

[0026] A data analysis apparatus according to the
present disclosure includes: a motion amount calculation
unit configured to calculate a motion amount of the car-
diomyocytes corresponding to an electro stimulation ap-
plication from image data of motion of cardiomyocytes
to which an electro stimulation has been applied; and a
refractory period calculation unit configured to calculate
a refractory period of the cardiomyocytes on the basis of
waveform information indicating time-change of the mo-
tion amount of the cardiomyocytes.

[0027] The apparatus may further include a propaga-
tion characteristics calculation unit configured to calcu-
late propagation characteristics of pulsation of the cardi-
omyocytes from motion amount data of the cardiomyo-
cytes.

[0028] A dataanalysis method accordingtothe present
disclosure includes: calculating a motion amount of the
cardiomyocytes corresponding to an electro stimulation
application from image data of motion of cardiomyocytes
to which an electro stimulation has been applied; and
calculating a refractory period of the cardiomyocytes on
the basis of waveform information indicating time-change
of the motion amount of the cardiomyocytes.

[0029] The data analysis method may further include
calculating propagation characteristics of pulsation of the
cardiomyocytes from motion amount data of the cardio-
myocytes, and using the same image data to calculate
the propagation characteristics and calculate the refrac-
tory period.

[0030] A cell evaluation system according to the
present disclosure includes: an image-capturing appa-
ratus configured to capture motion of cardiomyocytes to
which an electro stimulation has been applied; and a data
analysis apparatus including a motion amount calcula-
tion unit configured to calculate a motion amount of the
cardiomyocytes corresponding to an electro stimulation
application from image data captured by the image-cap-
turing unit, and a refractory period calculation unit con-
figured to calculate a refractory period of the cardiomy-
ocytes on the basis of waveform information indicating
time-change of the motion amount of the cardiomyo-
cytes.

[0031] A program according to the present disclosure
for causing a computer to achieve: a function of calcu-
lating a motion amount of the cardiomyocytes corre-
sponding to an electro stimulation application fromimage
data of motion of cardiomyocytes to which an electro
stimulation has been applied; and a function of calculat-
ing a refractory period of the cardiomyocytes on the basis
of waveform information indicating time-change of the
motion amount of the cardiomyocytes.
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Advantageous Effects of Invention

[0032] Accordingtothe presentdisclosure, arefractory
period of cardiomyocytes, which is to be evaluated, can
be derived without staining. It should be noted that the
effects described here are not necessarily limited, and
only any of the effects described in the present disclosure
may be achieved.

Brief Description of Drawings
[0033]

Fig. 1 is a figure illustrating an example of configu-
ration of a cell evaluation apparatus according to a
first embodiment of the present disclosure.

Figs. 2A and 2B are schematic views illustrating ex-
amples of configurations of containers having elec-
trodes.

Fig. 3 is a schematic view illustrating an electro stim-
ulation application method in a case where a con-
tainer not having any electrode is used.

Fig. 4 is a figure illustrating an example of configu-
ration of a data analysis unit 3.

Fig. 5 is a block diagram illustrating an example of
configuration of an electro stimulation application
unit 4.

Fig. 6 is a flowchart diagram illustrating a method for
measuring a refractory period of cardiomyocytes by
using the cell evaluation apparatus 10 as shown in
Fig. 1.

Fig. 7 is a figure illustrating a relationship between
atime and a motion amount, which is motion amount
data calculated by a data analysis unit.

Figs. 8A to 8D are figures illustrating methods for
applying electro stimulation.

Fig. 9A is motion amount data when the phase dif-
ference of electro stimulation S1-S2 is 335 millisec-
onds, and Fig. 9B is motion amount data when the
phase difference is 340 milliseconds.

Fig. 10 is a figure illustrating application positions of
electro stimulations S1, S2 on an isochron indication
of propagation characteristics of the pulsation of car-
diomyocytes which are to be evaluated.

Fig. 11A is motion amount data when the phase dif-
ference of electro stimulation S1-S2 is 370 millisec-
onds, and Fig. 11B is motion amount data when the
phase difference is 380 milliseconds.

Fig. 12 is a figure illustrating application positions of
electro stimulations S1, S2 on an isochron indication
of propagation characteristics of the pulsation of car-
diomyocytes which are to be evaluated.

Fig. 13A is motion amount data when the phase dif-
ference of electro stimulation S1-S2 is 390 millisec-
onds, and Fig. 13B is motion amount data when the
phase difference is 395 milliseconds.

Fig. 14A is motion amount data when the phase dif-
ference of electro stimulations S1-S2 is 335 millisec-
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onds, and Fig. 14B is motion amount data when the
phase difference is 340 milliseconds.

Fig. 15 is a figure illustrating an estimation result of
a point in time when passing a refractory period,
which is shown on an isochron indication of propa-
gation characteristics of the pulsation of cardiomyo-
cytes which are to be evaluated.

Fig. 16 is a figure illustrating an example of config-
uration of a data analysis unit 30 of a cell evaluation
apparatus according to a second embodiment of the
present disclosure.

Fig. 17 is a flowchart illustrating a method using a
cell evaluation apparatus according to the second
embodiment of the present disclosure to simultane-
ously perform cardiomyocytes refractory period
measurement and propagation characteristics
measurement.

Fig. 18 is a figure illustrating a propagation speed
calculation method.

Fig. 19 is a figure illustrating another propagation
speed calculation method.

Fig. 20 is a figure illustrating another propagation
speed calculation method.

Fig. 21 is a figure illustrating an estimation method
for estimating an occurrence condition of spiral re-
entry phenomenon.

Fig. 22 is a figure illustrating anisotropic excitability
propagation.

Fig. 23 is a figure illustrating a schematic configura-
tion of a cell evaluation system according to a third
embodiment of the present disclosure.

Description of Embodiments

[0034] Hereinafter, embodiments for carrying out the
present disclosure will be explained in details with refer-
ence to attached drawings. It should be noted that the
present disclosure is not limited to the embodiments
shown below. The embodiments will be explained in the
following order.

1. First embodiment (example of cell evaluation ap-
paratus performing refractory period measurement
of cardiomyocytes)

2. Second embodiment (example of cell evaluation
apparatus for simultaneously performing refractory
period measurement and propagation characteris-
tics measurement of cardiomyocytes)

3. Third embodiment (example of cell evaluation sys-
tem performing refractory period measurement of
cardiomyocytes)

<1. First embodiment>
Overall configuration

[0035] First, a cell evaluation apparatus according to
the first embodiment of the present disclosure will be ex-
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plained. Fig. 1 is a figure illustrating an example of con-
figuration of a cell evaluation apparatus according to the
present embodiment. A cell evaluation apparatus 10 ac-
cording to the present embodiment is configured to
measure the refractory period of cardiomyocytes and
evaluate the cardiomyocytes on the basis of the result,
and as shown in Fig. 1, the cell evaluation apparatus 10
according to the presentembodiment includes animage-
capturing unit 1, an image data generation unit 2, a data
analysis unit 3, an electro stimulation application unit 4,
an evaluation unit 5, an indication unit 6, and the like. As
described above, the "refractory period" is a period in
which a flow of Na* is suppressed for a certain period of
time after the cardiomyocytes start contraction. When a
stimulation such as electricity is applied with an interval
longer than the refractory period, Na* flows in and there
is a response in the cardiomyocytes. On the other hand,
when a stimulation such as electricity is applied with an
interval shorter than the refractory period, Na channel is
inactivated, and accordingly, inflow of Na* is suppressed,
and there is no response in the cardiomyocytes. In an
example of the present embodiment, electro stimulations
are applied with multiple intervals, and presence/ab-
sence of response from the cardiomyocytes is analyzed
from the change in the motion amount data, and the re-
fractory period is calculated.

Evaluation cell

[0036] Cells evaluated by the cell evaluation apparatus
10 according to the present embodiment may be those
including cardiomyocytes including not only cardiomyo-
cytes made by cell culturing technique, cardiomyocytes
mass, cardiomyocytes sheet, and cardiac muscle tissue
but also heart sections, and the like.

Image-capturing unit 1

[0037] Theimage-capturing unit 1is configured to cap-
ture an image of a motion of cardiomyocytes to which
electro stimulation has been applied, and the image-cap-
turing unit 1 includes an image-capturing device 11, an
object lens 12, a sample stage 13, an illumination light
source 14, a container 15, and the like. Fig. 1 illustrates
an example of configuration in a case where an image
is captured using an inverted microscope, but the present
disclosure is not limited thereto, and other types of mi-
croscopes such as a stereoscopic microscope and an
upright microscope may also be used. Alternatively, with-
out using a microscope, images may be captured by a
camera including a lens and an image-capturing device.
[0038] On the other hand, the container 15 may be
those capable of accommodating cardiomyocytes which
are to be evaluated, and applying electro stimulation
thereto. For example, a container having electrodes em-
bedded with multiple microelectrodes may be used. Figs.
2A and 2B are schematic views illustrating examples of
configurations of containers having electrodes. The
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number of electrodes and the installation thereof in the
container 15 are not particularly limited thereto. As shown
in Fig. 2A, multiple electrodes 15a may be provided at
an end portion with aninterval therebetween, or as shown
in Fig. 2B, a pair of electrodes 15a, 15b may be provided
at any given position.

[0039] Further, the container 15 may be those without
electrodes embedded therein. Fig. 3 is a schematic view
illustrating an electro stimulation application method in a
case where a container having no electrode is used. In
this case, for example, as shown in Fig. 3, electro stim-
ulation may be applied by bringing a pair of microelec-
trodes 41a, 41b into contact with any give portions of the
cardiomyocytes 7 held in a culture fluid 8.

Image data generation unit 2

[0040] The image data generation unit 2 generates
evaluation-target image data on the basis of an image
signal provided from the image-capturing unit 1, and
records and saves the generated evaluation-target im-
age data to, for example, an internal recording medium.
The evaluation-target image data generated here is, for
example, motion picture data obtained from a time when
the electro stimulation is applied to a time when a certain
period of time passes.

[0041] The image data generation unit 2 may extract
only frame images in a limited period from multiple frame
images provided from the image-capturing unit 1, and
may generate evaluation-target image data. The image
data generation unit 2 may extract, as a small frame im-
age, a portion of the area of each frame image provided
from the image-capturing unit 1, and make a motion pic-
ture including small frame images into evaluation-target
image data.

[0042] Further, the image data generation unit 2 may
apply any given image processing on each frame image
provided from the image-capturing unit 1, and may make
theimage processing result thereofinto evaluation-target
image data. Examples of image processing include en-
largement, reduction, rotation, deformation, correction of
brightness and chromaticity, sharpness, noise reduction
inimages, intermediate frame image generation, and the
like, but the image processing is not limited thereto. Var-
ious types of image processing can be applied.

Data analysis unit 3

[0043] Fig. 4 is a figure illustrating an example of con-
figuration of the data analysis unit 3.

[0044] The data analysis unit 3 is configured to detect
motion of cardiomyocytes on the basis of the evaluation-
target image data generated by the image data genera-
tion unit 2, and calculate an initial phase difference X
(milliseconds) and arefractory period from the magnitude
of the motion vector (motion amount). Then, as shown
in Fig. 4, the data analysis unit 3 is provided with a motion
detection unit 31, a motion amount calculation unit 32, a
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refractory period calculation unit 33, and the like.
[0045] The motion detection unit 31 performs motion
detection on each block of the evaluation-target image
data generated by the image data generation unit 2, and
output the detection result (motion vector) to the motion
amount calculation unit 32 as motion detection data. The
motion detection method according to which the motion
detection unit 31 detects the cardiomyocytes is not par-
ticularly limited, but, for example, it is possible to use a
method of detecting how far any given point in an image
has moved within a predetermined period of time by using
block matching.

[0046] The motion amount calculation unit 32 calcu-
lates a motion amount on the basis of each piece of the
motion detection data detected by the motion detection
unit 31, and outputs the result to the electro stimulation
application unit 4 or the refractory period calculation unit
33 as motion amount data. The motion amount calcula-
tion method of the motion amount calculation unit 32 is
notparticularly limited, but, forexample, there is a method
of dividing received motion detection data into new
blocks, and calculating an average motion amount in
each block.

[0047] The refractory period calculation unit 33 is con-
figured to derive the refractory period of the evaluation-
target cardiomyocytes from the motion amount data cal-
culated by the motion amount calculation unit 32. The
result calculated by the refractory period calculation unit
33 is output, as the refractory period data, to an evalua-
tion unit 5, an indication unit 6, a printer (not shown), a
storage unit (not shown), and the like.

Electro stimulation application unit 4

[0048] Fig. 5is a figure illustrating an example of con-
figuration of the electro stimulation application unit4. The
electro stimulation application unit 4 is configured to ap-
ply electro stimulation to the evaluation-target cardiomy-
ocytes, and as shown in Fig. 5, the electro stimulation
application unit 4 includes a phase difference determi-
nation unit 42, an electro stimulation control unit 43, a
power supply 44 and electrode 41, and the like. In this
case, the electrode 41 may be anything capable of ap-
plying electro stimulation to the cardiomyocytes, and may
be microelectrodes 15a, 15b embedded in the container
15, microelectrodes 41a, 41b provided separately from
the container 15, and the like.

[0049] The phase difference determination unit 42 is
configured to detect the initial phase difference X and the
phase difference of two types of electro stimulations S1,
S2 applied to the cardiomyocytes, on the basis of the
received motion amount data. The result (phase differ-
ence) determined by the phase difference determination
unit 42 is output to the electro stimulation control unit 43.
Inthe normal state, the refractory periodindicates a value
close to the phase difference from the start of contraction
to the maximum relaxation, and therefore, the initial
phase difference X may be, for example, the phase dif-
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ference from the start of contraction of the evaluation-
target cardiomyocytes to the maximum relaxation (milli-
seconds), and in this case, it is not necessary to exhaus-
tively allocate the stimulation phase differences, and the
refractory period can be detected in a shorter time.
[0050] The electro stimulation control unit 43 is config-
ured to control the condition of the electro stimulation
applied to the cardiomyocytes accommodated in the con-
tainer 15 on the basis of the result determined by the
phase difference determination unit 42 (phase differ-
ence) and the like. Application conditions controlled by
the electro stimulation control unit 43 include application
positions, the number of application points, application
time, voltage, and the like.

Evaluation unit 5

[0051] The evaluation unit 5 is configured to evaluate
cardiomyocytes on the basis of the refractory period cal-
culated by the data analysis unit 3. The contents of the
evaluation of cardiomyocytes evaluated by the evalua-
tion unit 5 are not particularly limited, but, for example,
estimation of a refractory period area, cardiotoxicity eval-
uation, evaluation of homogeneity of a sheet when the
cardiomyocytes sheet is made, estimation of occurrence
conditions of the spiral re-entry phenomenon, and the
like may be performed.

Indication unit 6

[0052] The indication unit 6 is configured to indicate
refractory period data calculated by the refractory period
calculation unit 33, information related thereto, and the
evaluation result made by the evaluation unit 5.

Operation

[0053] Subsequently, operation of the cell evaluation
apparatus 10 of the present embodiment will be ex-
plained. More specifically, a method of measuring the
refractory period of cardiomyocytes using the cell eval-
uation apparatus 10 will be explained. Fig. 6 is a flowchart
diagramiillustrating a method of evaluating the refractory
period of cardiomyocytes using the cell evaluation appa-
ratus 10. As shown in Fig. 6, when the cell evaluation
apparatus 10 measures the refractory period of cardio-
myocytes, the container 15 containing cardiomyocytes,
a heart section, and the like which are to be evaluated is
placed on the sample stage 13 of the image-capturing
unit 1.

[0054] Then, the electro stimulation application unit 4
applies a pacing electro stimulation S1 to any given po-
sition of the cardiomyocytes, and the image-capturing
unit 1 captures an image of motion of cardiomyocytes
caused by the electro stimulation S1, and the image data
generation unit 2 generates image data. The data anal-
ysis unit 3 using the image data analyzes pulsation of
cardiomyocytes, and on the basis of the obtained motion
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amount data, the electro stimulation application unit 4
determines the initial phase difference X (milliseconds).
[0055] Fig. 7 is a figure illustrating a relationship be-
tween a time and a motion amount, which is motion
amount data calculated by a data analysis unit. The mo-
tion amount data as shown in Fig. 7 indicate a movement
amount with respect to the time, which is calculated by
block matching processing for detecting how far any giv-
en point in the image described above moves within a
predetermined period of time. The initial phase difference
X can be calculated from, for example, the difference
between the relaxation peak time and the time of the start
of contraction as shown in Fig. 7.

[0056] Subsequently, the electro stimulation applica-
tion unit 4 applies the pacing electro stimulation S1 from
any given position once or multiple times, and thereafter,
applies an electro stimulation S2 having the same phase
difference as the initial phase difference X, and according
to the same method as the method described above, the
data analysis unit 3 analyzes the pulsation of the cardi-
omyocytes. More specifically, by using the image cap-
tured by the image-capturing unit 1 and generated by the
image data generation unit 2, the data analysis unit 3
calculates the motion amount of the cardiomyocytes.
[0057] Figs. 8A to 8D are figures illustrating an appli-
cation position and an application method of electro stim-
ulation. The electro stimulations S1, S2 may be applied
to the same portion as shownin Fig. 8A, or may be applied
from different positions as shownin Fig. 8B. Alternatively,
the electro stimulations S1, S2 may be applied to multiple
positions, and in such case, multiple electro stimulations
S1, S2 may be applied to the same portion as shown in
Fig. 8C, but the electro stimulation S2 may be applied to
multiple portions different from the electro stimulation S1
as shown in Fig. 8D.

[0058] When the cardiomyocytes are determined to re-
act in response to the electro stimulation S2 as a result
of pulsation analysis, the electro stimulation application
unit 4 applies the electro stimulation S1 again once or
multiple times, and thereafter, the electro stimulation ap-
plication unit 4 applies the electro stimulation S2 having
a phase difference of (X - 10) milliseconds, and the data
analysis unit 3 analyzes the pulsation of the cardiomyo-
cytes. The application of the electro stimulation S2 and
the pulsation analysis are done upon changing the phase
difference until the cardiomyocytes no longer react to the
electro stimulation S2, and the cell refractory phase dif-
ference Y, (milliseconds) at which the cardiomyocytes
no longer react is derived.

[0059] On the other hand, when the cardiomyocytes
do notreact to the electro stimulation S2, the electro stim-
ulation application unit 4 applies the electro stimulation
S1 again once or multiple times, and thereafter, the elec-
tro stimulation application unit 4 applies the electro stim-
ulation S2 having a phase difference of (X + 10) millisec-
onds, and the data analysis unit 3 analyzes the pulsation
of the cardiomyocytes. The application of the electro
stimulation S2 and the pulsation analysis are done upon
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changing the phase difference until the cells react to the
electro stimulation S2, and the cell reaction phase differ-
ence Y, (milliseconds) at which the cardiomyocytes react
is derived. In this case, the presence or absence of the
reaction of the cardiomyocytes can be automatically de-
termined by analyzing the motion amount data of the car-
diomyocytes. For example, the correlation of the wave-
forms before and after the electro stimulation is derived,
and when the correlation is high, the cardiomyocytes are
determined notto have reacted, and when the correlation
is low, the cardiomyocytes are determined to have react-
ed.

[0060] Thereafter, the refractory period calculation unit
33 calculates the refractory period of the evaluation-tar-
get cardiomyocytes from the cell refractory phase differ-
ence Y (milliseconds) and cell reaction phase difference
Y, (milliseconds) described above. Fig. 9A is motion
amount data in a case where the phase difference of the
electro stimulations S1-S2 is 335 milliseconds. Fig. 9B
is motion amount data in a case where the phase differ-
ence is 340 milliseconds. As shown in Fig. 9A, in the
pulsation analysis result in a case where the phase dif-
ference of the electro stimulations S1-S2 is configured
to be 335 milliseconds, there seem to be no reaction of
the cardiomyocytes caused by the electro stimulation S2.
[0061] In contrast, in the pulsation analysis result in a
case where the phase difference of the electro stimula-
tions S1-S2 as shown in Fig. 9B is 340 milliseconds, there
seem to exist a reaction of the cardiomyocytes caused
by the electro stimulation S2. Therefore, for this cardio-
myocytes, the cell refractory phase difference Y is cal-
culated as 335 milliseconds, and the cell reaction phase
difference Y, is calculated as 340 milliseconds. Then,
the refractory period of the cardiomyocytes is derived as
335 to 340 ms from these calculation results. The refrac-
tory period data calculated according to the above meth-
od is indicated by the indication unit 6, and is used for
evaluation of the homogeneity of the cardiomyocytes,
the cardiotoxicity evaluation, and the like. For example,
when the homogeneity of a cardiomyocytes sheet is eval-
uated, the refractory period measurement is performed
upon changing the electro stimulation application posi-
tion within the same cardiomyocytes sheet, and the po-
sition information as well as the refractory period data
are indicated, so that the homogeneity can be indicated
in a visualized manner. When cardiotoxicity caused by
drug administration is evaluated, the refractory period
data are compared between cardiomyocytes with drug
administration and cardiomyocytes without drug admin-
istration, so that the refractory period elongation caused
by drug administration can be evaluated in a quantitative
manner.

[0062] The refractory period data calculated according
to the above method may be indicated on the indication
unit 6, or may be output to the evaluation unit 5 to be
used to evaluate the cardiomyocytes. For example, when
the cardiomyocytes are cultured in a mono layer manner,
the cardiomyocytes may partially include cells which do
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not perform excitability propagation, and there may be
variation in the refractory period within the sheet. There-
fore, the refractory period measurement may be per-
formed upon changing the electro stimulation application
position within the same cardiomyocytes sheet, so that
the variation in the refractory period within the cardiomy-
ocytes sheet can be evaluated.

[0063] Figs. 10 and 12 are figures illustrating the ap-
plication positions of the electro stimulation S1, S2 shown
on an isochron indication of propagation characteristics
of pulsation of evaluation-target cardiomyocytes. Figs.
11A and 11B are figures illustrating pulsation analysis
results when an electro stimulation is applied to the po-
sitions as shown in Fig. 10, and Figs. 13A and 13B are
figures illustrating pulsation analysis result when an elec-
tro stimulation is applied to the positions as shown in Fig.
12.

[0064] In the isochron indication as shown in Figs. 10
and 12, a rising time of each waveform in the waveform
information is identified, and waveforms of which differ-
ences are within a predetermined range are made into
an equal time block, and each of the equal time blocks
is indicated in the same color. In Figs. 10 and 12, a block
in which the rising time is earlier is indicated in a darker
color, and as the rising time is at a later point in time, the
block is indicated in a lighter color. The isochron indica-
tion allows easy understanding of how the pulsation prop-
agations in the cardiomyocytes sheet. This isochron in-
dication can be obtained for each pulsation, and there-
fore, the stability of the pulsation can be evaluated in
more details.

[0065] For example, the equal time line shown in Fig.
10 indicates that it takes 6 milliseconds for the excitability
caused by the electro stimulation S1 applied to the point
A to reach the application position of the electro stimu-
lation S2 (point B). As shownin Fig. 11A, when the phase
difference of the electro stimulation S1-S2 is 370 milli-
seconds, the pulsation analysis result shows no reaction
of cardiomyocytes caused by the electro stimulation S2.
On the other hand, as shown in Fig. 11B, when the phase
difference of the electro stimulation S1-S2 is 380 milli-
seconds, the pulsation analysis result shows a reaction
of cardiomyocytes caused by the electro stimulation S2.
[0066] Therefore,inthis cardiomyocytes sheet, the cell
refractory phase difference Y is calculated as 370 milli-
seconds, and the cell reaction phase difference Y, is cal-
culated as 380 milliseconds. The refractory period is in
arange equal to or more than (cell reaction phase differ-
ence Y, - a time it takes for the propagation to travel from
S1 to S2), and equal to or less than (cell reaction phase
difference Y, - time it takes for the propagation to travel
from S1 to S2), and therefore, it is derived as 365 to 375
ms.

[0067] On the other hand, from the equal time lines
shown in Fig. 12, it is understood that a time it takes for
the excitability caused by the electro stimulation S1 ap-
plied to the point C to reach the application position of
the electro stimulation S2 (point D) is 6 milliseconds. As
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shownin Fig. 13A, when the phase difference of the elec-
tro stimulation S1-S2 is 390 milliseconds, the pulsation
analysis result shows no reaction of cardiomyocytes
caused by the electro stimulation S2. On the other hand,
as shown in Fig. 13B, when the phase difference of the
electro stimulation S1-S2 is 395 milliseconds, the pulsa-
tion analysis result shows a reaction of cardiomyocytes
caused by the electro stimulation S2.

[0068] Therefore,inthis cardiomyocytes sheet, the cell
refractory phase difference Y is calculated as 390 milli-
seconds, and the cell reaction phase difference Y, is cal-
culated as 395 milliseconds, and the refractory period of
the cardiomyocytes at the point D is derived as 384 to
389 ms. The distance between the point B and the point
D on the evaluation-target cardiomyocytes sheet is 900
micrometers. According to the above result, it is con-
firmed that there is variation in the refractory period in
this cardiomyocytes sheet.

[0069] When therefractory period measurementresult
is used, it is possible to estimate whether which area is
theoretically in the refractory period after the electro stim-
ulation S1 is applied, and at which point in time the car-
diomyocytes accept external stimulation after the electro
stimulation S1 is applied. Fig. 14A is motion amount data
when the phase difference of the electro stimulation S1-
S2 is 335 milliseconds, and Fig. 14B is motion amount
datawhen the phase difference is 340 milliseconds. From
the result shown in Figs. 14A and 14B, it is understood
that the refractory period of the evaluation-target cardi-
omyocytes is 335 to 340 milliseconds.

[0070] Fig. 15isafigureillustrating an estimation result
of a point in time when passing a refractory period of the
pulsation of the evaluation-target cardiomyocytes. From
the equal time line evaluation result shown in Fig. 15, a
time it takes for the propagation to travel from the appli-
cation position of the electro stimulation S1 to each point
of the points A to E is as follows: the time to the point A
is derived as 25 milliseconds, the time to the point B is
derived as 20 milliseconds, the time to the point C is
derived as 15 milliseconds, the time to the point D is
derived as 20 milliseconds, and the time to the point E
is derived as 25 milliseconds. The above result indicates
that when, for the electro stimulation S1 at each of the
points A to E, the electro stimulation S2 is applied with a
phase difference of 360 to 365 milliseconds at the point
A, a phase difference of 355 to 360 milliseconds at the
point B, a phase difference of 350 to 355 milliseconds at
the point C, a phase difference of 355 to 360 milliseconds
at the point D, and a phase difference of 360 to 365 mil-
liseconds atthe point E, the cell at each pointis estimated
as being in the refractory period. On the basis of the es-
timation values, the electro stimulation S2 is actually ap-
plied at each point, so that the variation of the refractory
period in the cardiomyocytes sheet can be evaluated.
[0071] The step of calculating the motion amount of
the cardiomyocytes described above and the step of cal-
culating the refractory period of the cardiomyocytes can
be implemented by making a computer program for re-



15 EP 3114 478 B1 16

alizing each function of an information processing appa-
ratus and implementing the computer program on a per-
sonal computer and the like. Such computer program
may be stored to, for example, a recording medium such
as a magnetic disk, an optical disk, a magneto-optical
disk, and a flash memory, or distributed via a network.

[0072] As described in details, the cell evaluation ap-
paratus according to the present embodiment uses the
motion vector analysis and the like, and can derive the
refractory period of the cardiomyocytes without staining.
Therefore, the effect and the safety in the development
of new pharmaceuticals and model tests of cardiac dis-
eases can be evaluated in a simpler manner and with a
higher degree of accuracy than in the past. The variation
in the refractory period in the cardiomyocytes sheet is
adopted as an index, so that the uniformity of the cardi-
omyocytes can be evaluated. Further, the cell evaluation
apparatus according to the present embodiment can
evaluate the cardiomyocytes over a long period of time.

<2. Second embodiment
Overall configuration

[0073] Subsequently, a cell evaluation apparatus ac-
cording to a second embodiment of the present disclo-
sure will be explained. In recent years, in arrhythmogenic
evaluation, it is suggested that evaluation with only QT
elongation is insufficient, and in particular, it is known
that propagation abnormality of an electric signal be-
tween the cardiomyocytes (propagation speed, propa-
gation direction) occurs when critical symptoms such as
ventricular fibrillation occurs in particular. For this reason,
a technique for evaluating the propagation abnormality
of the cardiomyocytes at the same time as the refractory
period measurement as described above has not yet
been reported. Therefore, the inventor of the present ap-
plication uses a motion detection technique using motion
vector analysis, and can perform the propagation evalu-
ation and the refractory period measurement of the car-
diomyocytes at the same time.

[0074] More specifically, in the cell evaluation appara-
tus according to the present embodiment, the data anal-
ysis unit performs the refractory period calculation and
the propagation characteristics calculation of the evalu-
ation-target cardiomyocytes at the same time. Fig. 16 is
a block diagram illustrating an example of configuration
of the data analysis unit 30 of the cell evaluation appa-
ratus according to the present embodiment. Fig. 17 is a
flowchart illustrating a method according to which the cell
evaluation apparatus according to the present embodi-
ment is used to perform the refractory period measure-
ment and the propagation characteristics measurement
of the cardiomyocytes at the same time. In Fig. 16, the
same constituent elements as those of the data analysis
unit 3 shown in Fig. 4 are denoted with the same refer-
ence numerals, and detailed description thereabout is
omitted.
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Data analysis unit 30

[0075] As shown in Fig. 16, the cell evaluation appa-
ratus according to the present embodiment, the data
analysis unit 30 is provided with a propagation charac-
teristics calculation unit 34, and is configured to be able
to calculate propagation characteristics such as the prop-
agation speed and the propagation direction at the same
time as the refractory period measurement. In the cell
evaluation apparatus according to the present embodi-
ment, the configuration other than the above is the same
as the first embodiment explained above.

Operation

[0076] Subsequently, a method used by the cell eval-
uation apparatus according to the present embodiment
to perform the refractory period measurement and the
propagation characteristics measurement of the cardio-
myocytes at the same time will be explained. When the
cell evaluation apparatus according to the present em-
bodiment measures the refractory period and propaga-
tion characteristics of the cardiomyocytes, the container
15 containing cardiomyocytes, a heart section, and the
like which are to be evaluated is placed on the sample
stage 13 of the image-capturing unit 1 like the first em-
bodiment explained above.

[0077] Then, the electro stimulation application unit 4
applies a pacing electro stimulation S1 to any given po-
sition of the cardiomyocytes, and the image-capturing
unit 1 captures an image of motion of cardiomyocytes
caused by the electro stimulation S1, and the image data
generation unit 2 generates image data. Using the image
data, the data analysis unit 30 analyzes the pulsation of
the cardiomyocytes, and on the basis of the obtained
motion amount data, the propagation speed of the excit-
ability is calculated, and the electro stimulation applica-
tion unit 4 determines the initial phase difference X (mil-
liseconds).

[0078] Figs. 18 to 20 are figures illustrating a propaga-
tion speed calculation method. The calculation method
of the propagation speed is not particularly limited, and
may be global conduction velocity, local conduction ve-
locity, mean conduction velocity, and the like. As shown
in Fig. 18, the global conduction velocity is a method of
dividing image data into any given size, finding the place
where the excitability is finally transmitted in the cell
sheet, measuring the time it takes for the excitability to
travel to the location, and calculating the speed.

[0079] As showninFig. 19, the local conduction veloc-
ity is a method of dividing image data into any given size,
selecting any given position, measuring a time it takes
for the excitability to propagate to each location, and cal-
culating a speed Vi (= distance/ propagation time). As
shown in Fig. 19, the mean conduction velocity is a meth-
od of dividing image data into any given size and extract-
ing points at an equal distance from a stimulation appli-
cation position, then deriving propagation speeds V, to
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Vg at which the excitability propagates to each position,
and deriving the average value and the standard devia-
tion thereof.

[0080] Amongthese calculation methods, in particular,
the mean conduction velocity is preferable, because
evaluation is performed in view of the variation in the
propagation speeds, which enables evaluating the ani-
sotropy of propagation.

[0081] Subsequently, the electro stimulation applica-
tion unit 4 applies a pacing electro stimulation S1 from
any given position once or multiple times, and thereafter,
applies an electro stimulation S2 having the same phase
difference as the initial phase difference X, and according
to the same method as the method described above, the
data analysis unit 30 analyzes the pulsation of the car-
diomyocytes according to the same method as the meth-
od described above. More specifically, the image-cap-
turing unit 1 captures an image, and by using the image
generated by the image data generation unit 2, the data
analysis unit 30 calculates the motion amount of the car-
diomyocytes.

[0082] When the cardiomyocytes are determined to re-
act in response to the electro stimulation S2 as a result
of pulsation analysis, the electro stimulation application
unit 4 applies the electro stimulation S1 again once or
multiple times, and thereafter, the electro stimulation ap-
plication unit 4 applies the electro stimulation S2 having
a phase difference of (X - 10) milliseconds, and the data
analysis unit 30 analyzes the pulsation of the cardiomy-
ocytes. The application of the electro stimulation S2 and
the pulsation analysis are done upon changing the phase
difference until the cardiomyocytes no longer react to the
electro stimulation S2, and the cell refractory phase dif-
ference Y, (milliseconds) at which the cardiomyocytes
no longer react is derived.

[0083] On the other hand, when the cardiomyocytes
do notreact to the electro stimulation S2, the electro stim-
ulation application unit 4 applies the electro stimulation
S1 again once or multiple times, and thereafter, the elec-
tro stimulation application unit 4 applies the electro stim-
ulation S2 having a phase difference of (X + 10) millisec-
onds, and the data analysis unit 30 analyzes the pulsation
of the cardiomyocytes. The application of the electro
stimulation S2 and the pulsation analysis are done upon
changing the phase difference until the cells react to the
electro stimulation S2, and the cell reaction phase differ-
ence Y, (milliseconds) at which the cardiomyocytes react
is derived.

[0084] Thereafter, the refractory period calculation unit
33 calculates the refractory period of the evaluation-tar-
get cardiomyocytes from the cell refractory phase differ-
ence Y, (milliseconds) and cell reaction phase difference
Y, (milliseconds) described above. The refractory period
data and the propagation characteristics data calculated
according to the above method may be indicated on the
indication unit 6, or may be output to the evaluation unit
5 to be used to evaluate the cardiomyocytes.

[0085] The cell evaluation apparatus according to the
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present embodiment uses the data and can evaluate the
propagation speed, the propagation direction, and the
refractory period, and therefore, the cell evaluation ap-
paratus according to the present embodiment is partic-
ularly effective for the safety test of drugs such as cardi-
otoxicity test. In addition, the cell evaluation apparatus
according to the present embodiment can also be applied
to occurrence condition estimation of spiral re-entry
which is known as a cause of lethal ventricular fibrillation.
[0086] In this case, the cause of spiral re-entry is con-
sidered to be as follows.

(1) When cells in a portion where the cardiomyocytes
sheet exists are out of the refractory period, an ex-
ternal stimulation is applied at that point.

(2) The excitability propagates to only a portion which
is out of the refractory period, so that anisotropic ex-
citability propagation occurs.

(3) The excitability propagation successively propa-
gates to the cells which are out of the refractory pe-
riod, and therefore, when the propagation speed sat-
isfies a certain condition, the excitability propagation
perpetually continues.

[0087] As can be seenfrom the above, itis understood
that occurrence of anisotropic excitability propagation is
important in the stage of occurrence of spiral re-entry.
[0088] Fig.21isafigureillustratingan occurrence con-
dition estimation method of spiral re-entry phenomenon.
Fig. 22 is afigure illustrating anisotropic excitability prop-
agation. For example, when the estimation result of the
refractory period area as shown in Fig. 21 is used and
the electro stimulation S2 is applied before the entire car-
diomyocytes sheet is out of the refractory period, the an-
isotropic excitability propagation can be caused. Then,
whether the spiral entry occurs or not can be predicted
by evaluating the propagation speed of the anisotropic
excitability propagation.

[0089] More specifically, when the electro stimulation
S2 was applied to the cardiomyocytes sheet shown in
Fig. 21 at the position (point E) where the phase differ-
ence from the electro stimulation S1 is 360 milliseconds,
the anisotropic excitability propagation shown in Fig. 22
was found. In this evaluation, a time it took for the excit-
ability caused by the electro stimulation S2 to return back
to the position (point E) where the electro stimulation S2
had been applied was 35 milliseconds, and the refractory
period of the cell was 335 to 340 milliseconds, and there-
fore, the spiral re-entry did not occur. However, when the
propagation speed significantly drops and the refractory
period is reduced because of some reason, it may be
possible that the spiral re-entry occur.

[0090] Asdescribed above, by using the cell evaluation
apparatus according to the present embodiment, the
propagation speed, the propagation direction, and the
refractory period can be evaluated at the same time, and
a dangerous external stimulation can be predicted, and
drug evaluation under the stimulation condition can be
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performed. In the cell evaluation apparatus according to
the present embodiment, the configuration other than the
above is the same as the first embodiment explained
above.

[0091] The cell evaluation apparatus according to the
first and second embodiments explained above perform
application of electro stimulation and pulsation analysis
in a series of operations, but the present disclosure is
not limited thereto. For example, the electro stimulation
is applied by changing the condition in advance, and the
result thereof is stored to a storage unit of the apparatus
or a storage medium separately provided. Then, the data
analysis unit in the apparatus or a data analysis appara-
tus which is different from the measurement apparatus
analyzes image data, calculates the refractory period of
the cardiomyocytes, and calculates the propagation
speed and the propagation direction, and can also eval-
uate them.

<3. Third embodiment

[0092] Subsequently, a cell evaluation system accord-
ing to the third embodiment of the present disclosure will
be explained. Fig. 23 is a figure illustrating a schematic
configuration of a cell evaluation system according to the
present embodiment. As shown in Fig. 23, the cell eval-
uation system according to the present embodiment in-
cludes an image-capturing apparatus 50 configured to
capture images of motion of cardiomyocytes to which an
electro stimulation has been applied, and a data analysis
apparatus including a motion amount calculation unit and
a refractory period calculation unit. Further, the cell eval-
uation system according to the present embodiment may
be connected to a server, a display apparatus, and the
like.

Image-capturing apparatus 50

[0093] The image-capturing apparatus 50 may be any
apparatus capable of capturing the images of the motion
of the cardiomyocytes to which an electro stimulation has
been applied, and may be various kinds of microscopes
and a camera having an image-capturing device. The
container and the like may be configured in the same
manner as the first embodiment explained above.

Data analysis apparatus 60

[0094] The data analysis apparatus includes a motion
amount calculation unit configured to calculate the mo-
tion amount of the cardiomyocytes corresponding to the
electro stimulation application from the image data cap-
tured by the image-capturing apparatus 50 and a refrac-
tory period calculation unit configured to calculate the
refractory period of the cardiomyocytes on the basis of
waveform information indicating time-change in the mo-
tion amount of the cardiomyocytes. The configuration
other than the above is the same as those of the first and
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second embodiments explained above.
Server

[0095] The server is connected via a network to an
image-capturing apparatus 50, a data analysis apparatus
60, a display apparatus, and the like, and is provided with
an information storage unit and the like. The server man-
ages various kinds of data uploaded from the image-cap-
turing apparatus 50 and the data analysis apparatus 60,
and outputs the data to the display apparatus and the
data analysis apparatus 60 upon request.

Display apparatus

[0096] The display apparatus displays data of electric
characteristics measured by the image-capturing appa-
ratus 50 and various kinds of data and the like calculated
by the data analysis apparatus 60. It should be noted that
the display apparatus may be provided with an informa-
tion input unit for allowing a user to select and input dis-
played data. In this case, the information which is input
by the user is transmitted via the network to the server
and the data analysis apparatus 60.

[0097] The cell evaluation system according to the
present embodiment can also evaluate the propagation
speed, the propagation direction, and the refractory pe-
riod atthe same time, and can predict dangerous external
stimulation, and can derive the refractory period of the
evaluation-target cardiomyocytes without staining. In cell
evaluation system according to the presentembodiment,
the configuration and advantages other than the above
are the same as those of the first embodiment and the
second embodiment.

[0098] The present disclosure may also be configured
as follows.

(1) A live cell analysis apparatus that comprises an
electro stimulator arranged to apply first electrical
stimulations to one or more live cells, an image cap-
ture apparatus arranged to capture a sequence of
images of the one or more live cells, and at least one
data processor configured to process the sequence
of images to determine motion of the one or more
live cells that is responsive to the applied first elec-
trical stimulations.

(2) The apparatus according to (1), wherein the at
least one processor is further configured to deter-
mine a refractory period for cardiomyocytes from the
determined motion when the one or more live cells
are cardiomyocytes.

(3) The apparatus according to (1) or (2), wherein
the electro stimulator is configured to apply the first
electrical stimulations for pacing cardiomyocytes,
and the at least one data processor is further con-
figured to process a sequence of images of the car-
diomyocytes to determine a first phase delay be-
tween an initial contraction of the cardiomyocytes
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and a relaxation time of the cardiomyocytes.

(4) The apparatus according to (3), wherein the elec-
tro stimulator is configured to apply second electrical
stimulations at a second time that is delayed from
the first electrical stimulations by a selectively varied
second phase delay.

(5) The apparatus according to (4), wherein the sec-
ond phase delay is initially set to be equivalent to the
first phase delay.

(6) The apparatus according to (4) or (5), wherein
the at least one processor is further configured to
determine a refractory period for the cardiomyocytes
from at least the determined motion and a value of
the second phase delay.

(7) A method for analyzing live cells comprising acts
of applying first electrical stimulations to one or more
live cells, capturing a sequence of images, with an
image capture apparatus, of the one or more live
cells, and determining from the sequence of images,
by at least one data processor, motion of the one or
more live cells that is responsive to the applied first
electrical stimulations.

(8) The method according to (7), further comprising
determining a refractory period for cardiomyocytes
from the determined motion when the one or more
live cells are cardiomyocytes.

(9) The method according to (8), further comprising
determining a first refractory period for first cardio-
myocytes from first determined motion data when
the first cardiomyocytes are not treated with a phar-
maceutical drug, determining a second refractory
period for second cardiomyocytes from second de-
termined motion data when the second cardiomyo-
cytes are treated with a pharmaceutical drug, and
comparing the first refractory period and the second
refractory period.

(10) The method according to any one of (7) through
(9), further comprising applying the first electrical
stimulations for pacing cardiomyocytes and deter-
mining, by the at least one data processor, a first
phase delay between an initial contraction of the car-
diomyocytes and a relaxation time of the cardiomy-
ocytes.

(11) The method according to (10), further compris-
ing applying second electrical stimulations at a sec-
ond time that is delayed from the first electrical stim-
ulations by a selectively varied second phase delay.
(12) The method according to (11), further compris-
ing initially setting the second phase delay to be
equivalent to the first phase delay.

(13) The method according to (11) or (12), further
comprising calculating a refractory period for the car-
diomyocytes from atleastthe determined motion and
a value of the second phase delay.

(14) The method according to any one of (8) through
(13), wherein calculating the refractory period com-
prises producing at least one waveform representa-
tive of the determined motion, and analyzing the at
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least one waveform to calculate the refractory period.
(15) The method according to any of (11) through
(14), wherein calculating the refractory period com-
prises changing the second phase delay until the
cardiomyocytes no longer respond to the second
electrical stimulations and/or until the cardiomyo-
cytes respond to the second electrical stimulations.
(16) The method according to any of (8) through (15),
further comprising determining a propagation speed
and/or a propagation direction from the determined
motion of the cardiomyocytes.

(17) The method according to (16), wherein the prop-
agation speed and/or the propagation direction and
the refractory period are determined from the same
sequence of images.

(18) The method according to any one of (8) through
(17), further comprising changing a position of at
least the first electrical stimulations to one or more
positions, determining refractory periods corre-
sponding to the one or more positions, and deter-
mining a homogeneity in response of the cardiomy-
ocytes from the determined refractory periods asso-
ciated with the one or more positions.

(19) A system for analyzing live cells comprising an
electro stimulator arranged to apply first electrical
stimulations to one or more live cardiomyocytes, an
image capture apparatus arranged to capture a se-
quence of images of the live cardiomyocytes, and
data analysis apparatus connected to the image cap-
ture apparatus and configured to process the se-
quence of images to determine motion of the one or
more live cells that is responsive to the applied first
electrical stimulations and to determine a refractory
period of the live cardiomyocytes.

(20) Non-transitory data storage medium storing ma-
chine-readable instructions that, when executed on
at least one data processor of a live cell analysis
apparatus, cause the live cell analysis apparatus to
apply electrical stimulations to one or more live car-
diomyocytes, capture a sequence of images, with an
image capture apparatus, of the one or more live
cardiomyocytes, determine from the sequence ofim-
ages, by at least one data processor, motion of the
one or more live cardiomyocytes that is responsive
to the applied electrical stimulations, and calculate
a refractory period for the one or more live cardio-
myocytes based on the determined motion.

(21) An apparatus for live cell analysis comprising
an electro stimulation controller configured to control
electrical stimulations applied to one or more live
cells, an image processor configured to receive a
sequence of images of the one or more live cells
from an image capture apparatus, and at least one
data processor that is configured to process the se-
quence of images to determine motion of the one or
more live cells, wherein the motion is responsive to
the applied electrical stimulations, and wherein the
at least one data processor that is further configured
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to determine a refractory period for cardiomyocytes
from the determined motion when the one or more
live cells are cardiomyocytes.

[0099] The advantages described in this specification
are merely an example, and the embodiments are not
limited thereto, and may have other advantages.

[0100]

It should be understood by those skilled in the

art that various modifications, combinations, sub-combi-
nations and alterations may occur depending on design
requirements and other factors insofar as they are within
the scope of the appended claims or the equivalents
thereof.

Reference Signs List

[0101]

1 Image-capturing unit

2 Image data generation unit

3, 30 Data analysis unit

4 Electro stimulation application unit
5 Evaluation unit

6 Indication unit

7 Cardiomyocytes

8 Culture fluid

10 Cell evaluation apparatus

11 Image-capturing device

12 Object lens

13 Sample stage

14 lllumination light source

15 Container

15a, 15b, 41, 41a, 41b, Electrode
31 Motion detection unit

32 Motion amount calculation unit
33 Refractory period calculation unit
42 Phase difference determination unit
43 Electro stimulation control unit
44 Power supply

50 Image-capturing apparatus

60 Data analysis apparatus

Claims

1.

A live cell analysis apparatus (10) comprising:

an electro stimulator (4) arranged to apply first
electrical stimulations to one or more live cells;
animage capture apparatus (1) arranged to cap-
ture a sequence of images of the one or more
live cells; and

at least one data processor (3) configured to
process the sequence of images to determine
motion of the one or more live cells that is re-
sponsive to the applied first electrical stimula-
tions;

wherein the atleast one processoris further con-

10

15

20

25

30

35

40

45

50

55

13

figured to determine a refractory period for car-
diomyocytes from the determined motion when
the one or more live cells are cardiomyocytes.

The apparatus of claim 1, wherein the electro stim-
ulator is configured to apply the first electrical stim-
ulations for pacing cardiomyocytes, and the at least
one data processor is further configured to process
a sequence of images of the cardiomyocytes to de-
termine a first phase delay between an initial con-
traction of the cardiomyocytes and a relaxation time
of the cardiomyocytes.

The apparatus of claim 2, wherein the electro stim-
ulator is configured to apply second electrical stim-
ulations at a second time that is delayed from the
first electrical stimulations by a selectively varied
second phase delay.

The apparatus of claim 3, wherein the second phase
delay is initially set to be equivalent to the first phase
delay.

The apparatus of claim 3, wherein the at least one
processor is further configured to determine a refrac-
tory period for the cardiomyocytes from at least the
determined motion and a value of the second phase
delay.

A method for analyzing live cells, the method com-
prising:

applying first electrical stimulations to one or
more live cells;

capturing a sequence of images, with an image
capture apparatus, of the one or more live cells;
and

determining from the sequence of images, by at
least one data processor, motion of the one or
more live cells that is responsive to the applied
first electrical stimulations; and

determining a refractory period for cardiomyo-
cytes from the determined motion when the one
or more live cells are cardiomyocytes.

7. The method of claim 6, further comprising:

determining a first refractory period for first car-
diomyocytes from first determined motion data
when the first cardiomyocytes are not treated
with a pharmaceutical drug;

determining a second refractory period for sec-
ond cardiomyocytes from second determined
motion data when the second cardiomyocytes
are treated with a pharmaceutical drug; and
comparing thefirstrefractory period and the sec-
ond refractory period.
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The method of claim 6, further comprising:

applying the first electrical stimulations for pac-
ing cardiomyocytes; and

determining, by the at least one data processor,
afirst phase delay between an initial contraction
of the cardiomyocytes and a relaxation time of
the cardiomyocytes.

The method of claim 8, further comprising applying
second electrical stimulations at a second time that
is delayed from the first electrical stimulations by a
selectively varied second phase delay.

The method of claim 9, further comprising initially
setting the second phase delay to be equivalent to
the first phase delay.

The method of claim 10, further comprising calculat-
ing a refractory period for the cardiomyocytes from
at least the determined motion and a value of the
second phase delay.

The method of claim 11, wherein calculating the re-
fractory period comprises:

producing at least one waveform representative
of the determined motion; and

analyzing the atleast one waveform to calculate
the refractory period.

The method of claim 11, wherein calculating the re-
fractory period comprises changing the second
phase delay until the cardiomyocytes no longer re-
spond to the second electrical stimulations and/or
until the cardiomyocytes respond to the second elec-
trical stimulations.

The method of claim 11, further comprising deter-
mining a propagation speed and/or a propagation
direction from the determined motion of the cardio-
myocytes.

Non-transitory data storage medium storing ma-
chine-readable instructions that, when executed on
at least one data processor of a live cell analysis
apparatus, cause the live cell analysis apparatus to:

apply electrical stimulations to one or more live
cardiomyocytes;

capture a sequence of images, with an image
capture apparatus, of the one or more live car-
diomyocytes;

determine from the sequence of images, by at
least one data processor, motion of the one or
more live cardiomyocytes that is responsive to
the applied electrical stimulations; and
calculate a refractory period for the one or more

)]
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live cardiomyocytes based on the determined
motion.

Patentanspriiche

Lebendzellanalysevorrichtung (10), umfassend:

eine elektrische Stimulationsvorrichtung (4), die
so angeordnet ist, dass sie erste elektrische Sti-
mulationen an eine oder mehrere lebende Zel-
len anlegt,

eine Bildaufzeichnungsvorrichtung (1), die so
angeordnet ist, dass sie eine Folge von Bildern
der einen oder der mehreren lebenden Zellen
aufzeichnet, und

wenigstens einen Datenprozessor (3), der dazu
ausgelegt ist, die Folge von Bildern zu verarbei-
ten, um eine Bewegung der einen oder der meh-
reren lebenden Zellen zu ermitteln, die auf die
angelegten ersten elektrischen Stimulationen
anspricht,

wobei der wenigstens eine Prozessor ferner da-
zu ausgelegt ist, eine Refraktarzeit fir Kardio-
myozyten aus der ermittelten Bewegung zu er-
mitteln, wenn es sich bei der einen oder den
mehreren lebenden Zellen um Kardiomyozyten
handelt.

Vorrichtung nach Anspruch 1, wobei die elektrische
Stimulationsvorrichtung dazu ausgelegt ist, die ers-
ten elektrischen Stimulationen fur Schrittmacherkar-
diomyozyten anzulegen, und der wenigstens eine
Datenprozessor ferner dazu ausgelegt ist, eine Fol-
ge von Bildern der Kardiomyozyten zu verarbeiten,
um eine erste Phasenverzdgerung zwischen einer
ersten Kontraktion der Kardiomyozyten und einer
Entspannungszeit der Kardiomyozyten zu ermitteln.

Vorrichtung nach Anspruch 2, wobei die elektrische
Stimulationsvorrichtung dazu ausgelegt ist, zweite
elektrische Stimulationen zu einem zweiten Zeit-
punkt anzulegen, der um eine gezielt veranderte
zweite Phasenverzégerung gegenulber den ersten
elektrischen Stimulationen zeitlich versetzt ist.

Vorrichtung nach Anspruch 3, wobei die zweite Pha-
senverzdgerung anfangs so eingestellt ist, dass sie
gleich der ersten Phasenverzdgerung ist.

Vorrichtung nach Anspruch 3, wobei der wenigstens
eine Prozessor ferner dazu ausgelegt ist, eine Re-
fraktarzeit fir die Kardiomyozyten wenigstens aus
der ermittelten Bewegung und einem Wert der zwei-
ten Phasenverzégerung zu ermitteln.

Verfahren zur Analyse lebender Zellen, wobei das
Verfahren Folgendes umfasst:
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Anlegen erster elektrischer Stimulationen an ei-
ne oder mehrere lebende Zellen,

Aufzeichnen einer Folge von Bildern der einen
oder der mehreren lebenden Zellen mit einer
Bildaufzeichnungsvorrichtung und

mittels wenigstens eines Datenprozessors Er-
mitteln einer Bewegung der einen oder der meh-
reren lebenden Zellen, die auf die angelegten
ersten elektrischen Stimulationen anspricht,
aus der Folge von Bildern, und

Ermitteln einer Refraktarzeit fur Kardiomyozy-
ten aus der ermittelten Bewegung, wenn es sich
bei der einen oder den mehreren lebenden Zel-
len um Kardiomyozyten handelt.

Verfahren nach Anspruch 6, ferner umfassend:

Ermitteln einer ersten Refraktarzeit fiir erste
Kardiomyozyten aus ersten Daten zur ermittel-
ten Bewegung, wenn die ersten Kardiomyozy-
ten nicht mit einem Arzneimittel behandelt wer-
den,

Ermitteln einer zweiten Refraktéarzeit fiir zweite
Kardiomyozyten aus zweiten Daten zur ermit-
telten Bewegung, wenn die zweiten Kardiomy-
ozyten mit einem Arzneimittel behandelt wer-
den, und

Vergleichen der ersten Refraktarzeit und der
zweiten Refraktarzeit.

Verfahren nach Anspruch 6, ferner umfassend:

Anlegen der ersten elektrischen Stimulationen
fur Schrittmacherkardiomyozyten und

mittels des wenigstens einen Datenprozessors
Ermitteln einer ersten Phasenverzégerung zwi-
schen einer ersten Kontraktion der Kardiomyo-
zyten und einer Entspannungszeit der Kardio-
myozyten.

Verfahren nach Anspruch 8, ferner umfassend das
Anlegen zweiter elektrischer Stimulationen zu einem
zweiten Zeitpunkt, der um eine gezielt verdnderte
zweite Phasenverzdgerung gegeniber den ersten
elektrischen zeitlich versetzt ist.

Verfahren nach Anspruch 9, ferner umfassend das
anfangliche Einstellen der zweiten Phasenverzdge-
rung so, dass sie gleich der ersten Phasenverzdge-
rung ist.

Verfahren nach Anspruch 10, ferner umfassend das
Berechnen einer Refraktarzeit fir die Kardiomyozy-
ten wenigstens aus der ermittelten Bewegung und
einem Wert der zweiten Phasenverzégerung.

Verfahren nach Anspruch 11, wobei das Berechnen
der Refraktarzeit Folgendes umfasst:
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Erzeugen wenigstens einer Wellenform, die fur
die ermittelte Bewegung reprasentativ ist, und

Analysieren der wenigstens einen Wellenform,
um die Refraktarzeit zu berechnen.

Verfahren nach Anspruch 11, wobei das Berechnen
der Refraktarzeit das Verandern der zweiten Pha-
senverzdgerung so lange umfasst, bis die Kardio-
myozyten nicht mehr auf die zweiten elektrischen
Stimulationen ansprechen und/oder bis die Kardio-
myozyten auf die zweiten elektrischen Stimulationen
ansprechen.

Verfahren nach Anspruch 11, ferner umfassend das
Ermitteln  einer  Ausbreitungsgeschwindigkeit
und/oder einer Ausbreitungsrichtung aus der ermit-
telten Bewegung der Kardiomyozyten.

Nichtflichtiges Datenspeichermedium, das maschi-
nenlesbare Anweisungen speichert, die bei Ausfiih-
rung auf wenigstens einem Datenprozessor einer
Lebendzellanalysevorrichtung bewirken, dass die
Lebendzellanalysevorrichtung:

elektrische Stimulationen an eine oder mehrere
lebende Kardiomyozyten anlegt,

eine Folge von Bildern des einen oder der meh-
reren lebenden Kardiomyozyten mit einer Bild-
aufzeichnungsvorrichtung aufzeichnet,

mittels wenigstens eines Datenprozessors aus
der Folge von Bildern eine Bewegung des einen
oder der mehreren lebenden Kardiomyozyten
ermittelt, die auf die angelegten elektrischen Sti-
mulationen anspricht, und

eine Refraktarzeit fir den einen oder die meh-
reren lebenden Kardiomyozyten auf Grundlage
der ermittelten Bewegung berechnet.

Revendications

1.

Appareil d’analyse de cellules vivantes

comprenant :

(10)

un électrostimulateur (4) congu pour appliquer
des premiéeres stimulations électriques a une ou
plusieurs cellules vivantes ;

un appareil de capture d’'images (1) congu pour
capturer une séquence d’'images de la ou des
cellules vivantes ; et

au moins un processeur de données (3) congu
pour traiter la séquence d’images afin de déter-
miner un mouvement de la ou des cellules vi-
vantes qui réagit aux premiéres stimulations
électriques appliquées ;

dans lequel 'au moins un processeur est en
outre congu pour déterminer une période réfrac-
taire pour des cardiomyocites a partir du mou-
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vement déterminé lorsque la ou les cellules vi-
vantes sont des cardiomyocites.

Appareil selon la revendication 1, dans lequel I'élec-
trostimulateur est congu pour appliquer les premie-
res stimulations électriques pour stimuler les cardio-
myocites, et 'au moins un processeur de données
est en outre configuré pour traiter une séquence
d’'images des cardiomyocites afin de déterminer un
premier retard de phase entre une contractioninitiale
des cardiomyocites et un temps de relaxation des
cardiomyocites.

Appareil selon la revendication 2, dans lequel I'élec-
trostimulateur est congu pour appliquer des secon-
des stimulations électriques a un second temps qui
est retardé a partir des premiéres stimulations élec-
triques par un second retard de phase a variation
sélective.

Appareil selon la revendication 3, dans lequel le se-
cond retard de phase est initialement défini pour étre
équivalent au premier retard de phase.

Appareil selon la revendication 3, dans lequel l'au
moins un processeur est en outre configuré pour dé-
terminer une période réfractaire pour les cardiomyo-
cites a partir au moins du mouvement déterminé et
d’'une valeur du second retard de phase.

Procédé d’analyse de cellules vivantes, le procédé
comprenant les étapes consistant a :

appliquer des premiéres stimulations électri-
ques a une ou plusieurs cellules vivantes ;
capturer une séquence d’images, avec un ap-
pareil de capture d’'images, de la ou des cellules
vivantes ; et

déterminer a partir de la séquence d’images, par
au moins un processeur de données, un mou-
vement de la ou des cellules vivantes qui réagit
aux premieres stimulations électriques
appliquées ; et

déterminer une période réfractaire pour des car-
diomyocites a partir du mouvement déterminé
lorsque la ou les cellules vivantes sont des car-
diomyocites.

Procédé selonlarevendication 6, consistant en outre
a:

déterminer une premiére période réfractaire
pour des premiers cardiomyocites a partir de
premiéres données de mouvement déterminé
lorsque les premiers cardiomyocites ne sont pas
traités avec un médicament pharmaceutique ;
déterminer une seconde période réfractaire
pour des seconds cardiomyocites a partir de se-
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8.

10.

1.

12.

13.

14.

15.

30

condes données de mouvement déterminé lors-
que les seconds cardiomyocites sont traités
avec un médicament pharmaceutique ; et
comparer la premiére période réfractaire et la
seconde période réfractaire.

Procédé selonlarevendication 6, consistant en outre

a:

appliquer les premiéres stimulations électriques
pour réguler les cardiomyocites ; et
déterminer, par I'au moins un processeur de
données, un premier retard de phase entre une
contraction initiale des cardiomyocites et un
temps de relaxation des cardiomyocites.

Procédé selonlarevendication 8, consistant en outre
a appliquer des secondes stimulations électriques a
un second temps qui est retardé a partir des premie-
res stimulations électriques par un second retard de
phase a variation sélective.

Procédé selonlarevendication 9, consistant en outre
a définir tout d’abord le second retard de phase pour
qu’il soit équivalent au premier retard de phase.

Procédé selon la revendication 10, consistant en
outre a calculer une période réfractaire pour les car-
diomyocites a partir au moins du mouvement déter-
miné et d’'une valeur du second retard de phase.

Procédé selon la revendication 11, dans lequel le
calcul de la période réfractaire consiste a :

produire au moins une forme d’onde représen-
tant le mouvement déterminé ; et

analyser I'au moins une forme d’onde afin de
calculer la période réfractaire.

Procédé selon la revendication 11, dans lequel le
calcul de la période réfractaire consiste a changer
le second retard de phase jusqu’a ce que les cardio-
myocites ne répondent plus aux secondes stimula-
tions électriques et/ou jusqu’a ce que les cardiomyo-
cites répondent aux secondes stimulations électri-
ques.

Procédé selon la revendication 11, consistant en
outre a déterminer une vitesse de propagation et/ou
une direction de propagation a partir du mouvement
déterminé des cardiomyocites.

Support d’enregistrement de données non transitoi-
res mémorisant des instructions lisibles par machine
qui, lorsqu’elles sont exécutées par au moins un pro-
cesseur de données d’un appareil d’analyse de cel-
lules vivantes, ameénent I'appareil d’analyse de cel-
lules vivantes a :
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appliquer des stimulations électriques a un ou
plusieurs cardiomyocites vivants ;

capturer une séquence d’images, avec un ap-
pareil de capture d’images, du ou des cardio-
myocites vivants ;

déterminer a partir de la séquence d’images, par
au moins un processeur de données, un mou-
vement du ou des cardiomyocites vivants qui
réagit aux stimulations électriques appliquées ;
et

calculer une période réfractaire pour le ou les
cardiomyocites vivants sur la base du mouve-
ment déterminé.
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[Fig. 21]
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