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(54) Anesthetic-depth monitor apparatus
(57)  An apparatus (10) for monitoring an anesthetic
depth of a living subject, comprising at least two devices
of (a) an arousal-index determining device (64) which
determines an arousal index indicating a degree of
arousal of the subject, (b) a pain-index determining
device (67) which determines a pain index indicating a
degree of pain of the subject, and (c) a muscular-relax-
ation-index determining device (70) which determines a
muscular-relaxation index indicating a degree of muscu-
lar relaxation of the subject, and an anesthetic-depth
determining means (72) for determining, based on at
least two indexes determined by said at least two
devices, an anesthetic depth of the subject according to
a predetermined relationship between anesthetic depth
and said at least two indexes.
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Description

BACKGROUND OF THE INVENTION
Field of the Invention

[0001] The present invention relates to an anes-
thetic-depth monitor apparatus which monitors an anes-
thetic depth of a living subject who is undergoing a
surgical operation. The anesthetic depth means a
degree of suppression of pain or consciousness of the
subject.

Related Art Statement

[0002] It is desirable that the degree of anesthesia
of a patient who is undergoing a surgical operation be
not too shallow nor too deep, that is, be kept at an
appropriate level. To this end, it has conventionally been
practiced to monitor the anesthetic depth of a patient by
measuring the change of his or her blood pressure,
heart rate, or respiration rate in response to the surgical
stimuli, or observing his or her cilium reflex or pupil's
diameter, or the color or temperature of his or her limb
or peripheral body portion. In addition, U.S. Patents
Nos. 5,871,450 and 5,964,713, assigned to the
Assignee of the present application, disclose an anes-
thetic-depth measuring device which determines an
anesthetic depth based on the ratio of peripheral body
temperature to deep body temperature, and an anes-
thetic-depth measuring device which determines an
anesthetic depth based on the fluctuations of pulse
period or blood pressure.

[0003] However, in some cases, the conventional
devices may not enjoy the highest reliability. For exam-
ple, in the case where a conventional device is used to
monitor the anesthetic depth of a patient to keep it at an
appropriate level, the anesthesia may not be kept suffi-
ciently deep so that the patient may be awaken, which
causes the patient to feel much discomfort. To avoid
this, it is likely to administer, in an actual surgical opera-
tion, too much anesthetic agent to the patient. However,
the administration of too much anesthetic agent delays
the awakening of the patient after the operation. In addi-
tion, the consumption of too much anesthetic agent is
not economical.

SUMMARY OF THE INVENTION

[0004] It is therefore an object of the present inven-
tion to provide an anesthetic-depth monitor apparatus
which can monitor, with high reliability, an anesthetic
depth of a living subject who is undergoing a surgical
operation.

[0005] The Inventors have carried out extensive
studies and researches, and have found the following
facts: The objects of general anesthesia include not
only the above-indicated suppression of consciousness

10

15

20

25

30

35

40

45

50

55

and pain but also the relaxation of muscles. Those three
items, that is, the suppression of consciousness, the
suppression of pain, and the muscular relaxation are
related to one another. For example, when a patient has
consciousness, he or she feels strong pain, whereas a
patient may not physically react, because of his or her
muscular relaxation, against pain though he or she has
consciousness. Therefore, it is desirable that the anes-
thetic depth be monitored by using at least two items of
the above-indicated two items. However, each of the
conventional anesthetic-depth measuring devices or
methods measures an anesthetic depth based on only
one of the three items, and accordingly may not have
enjoyed the highest reliability. For example, the conven-
tional method in which anesthetic depth is monitored
based on change of blood pressure of a patient in
response to surgical stimuli, is related to only the sup-
pression of pain; and the anesthetic-depth measuring
devices disclosed in the above-indicated U.S. Patents is
related to only the level of activity of nerve, i.e., the sup-
pression of consciousness or the degree of arousal.
The present invention has been developed based on
these findings.

(1) According to a first feature of the present inven-
tion, there is provided an apparatus for monitoring
an anesthetic depth of a living subject, comprising
at least two devices of (a) an arousal-index deter-
mining device which determines an arousal index
indicating a degree of arousal of the subject, (b) a
pain-index determining device which determines a
pain index indicating a degree of pain of the sub-
ject, and (c) a muscular-relaxation-index determin-
ing device which determines a muscular-relaxation
index indicating a degree of muscular relaxation of
the subject; and an anesthetic-depth determining
means for determining, based on at least two
indexes determined by the at least two devices, an
anesthetic depth of the subject according to a pre-
determined relationship between anesthetic depth
and the at least two indexes.

According to this feature, the anesthetic-depth
monitor apparatus determines an anesthetic depth
of the subject based on at least two of the arousal
index, the pain index, and the muscular-relaxation
index of the subject. Therefore, the present appara-
tus can determine a highly reliable anesthetic
depth.

(2) According to a second feature of the present
invention, there is provided an apparatus for moni-
toring an anesthetic depth of a living subject, com-
prising an arousal-index determining device which
determines an arousal index indicating a degree of
arousal of the subject; a pain-index determining
device which determines a pain index indicating a
degree of pain of the subject; a muscular-relaxa-
tion-index determining device which determines a
muscular-relaxation index indicating a degree of
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muscular relaxation of the subject; and an anes-
thetic-depth determining means for determining,
based on the determined arousal index, the deter-
mined pain index, and the determined muscular-
relaxation index, an anesthetic depth of the subject
according to a predetermined relationship between
(A) anesthetic depth and (B) (b1) arousal index,
(b2) pain index, and (b3) muscular-relaxation index.

According to this feature, the anesthetic-depth
monitor apparatus determines an anesthetic depth
of the subject based on the arousal index, the pain
index, and the muscular-relaxation index of the sub-
ject. Therefore, the present apparatus can deter-
mine a very highly reliable anesthetic depth.

(3) According to a third feature of the present inven-
tion that includes the first or second feature (1) or
(2), the monitor apparatus comprises the arousal-
index determining device, and the arousal-index
determining device comprises a pulse-wave sensor
which detects a pulse wave including a plurality of
heartbeat-synchronous pulses each of which is
produced in synchronism with a heartbeat of the
subject; pulse-period-relating-information obtaining
means for successively obtaining a batch of pulse-
period-relating information relating to a pulse
period at which the each heartbeat-synchronous
pulse is produced in synchronism with the heart-
beat of the subject; means for determining a magni-
tude of a high-frequency component of fluctuations
of the batches of pulse-period-relating information
successively obtained by the pulse-period-relating-
information obtaining means, the high-frequency
component having a high frequency substantially
equal to a frequency of respiration of the subject;
means for determining a magnitude of a low-fre-
quency component of the fluctuations of the
batches of pulse-period-relating information, the
low-frequency component having a low frequency
substantially equal to a predetermined fraction of
the frequency of respiration of the subject; and
means for determining the arousal index based on
a ratio of the magnitude of the low-frequency com-
ponent to the magnitude of the high-frequency
component.

(4) According to a fourth feature of the present
invention that includes any one of the first to third
features (1) to (3), the monitor apparatus comprises
the pain-index determining device, and the pain-
index determining device comprises a pulse-wave
sensor which detects a pulse wave including a plu-
rality of heartbeat-synchronous pulses each of
which is produced in synchronism with a heartbeat
of the subject; pulse-period-relating-information
obtaining means for successively obtaining a batch
of pulse-period-relating information relating to a
pulse period at which the each heartbeat-synchro-
nous pulse is produced in synchronism with the
heartbeat of the subject; pulse-period-relating-
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information-change determining means for deter-
mining a change of the batches of pulse-period-
relating information successively obtained by the
pulse-period-relating-information obtaining means;
and means for determining the pain index based on
the change determined by the pulse-period-relat-
ing-information-change determining means.

(5) According to a fifth feature of the present inven-
tion that includes any one of the first to fourth fea-
tures (1) to (4), the monitor apparatus comprises
the muscular-relaxation-index determining device,
and the muscular-relaxation-index determining
device comprises a stimulating device which
applies a stimulus to a body portion of the subject;
a motion sensor which detects a motion of the body
portion of the subject in response to the stimulus
applied by the stimulating device; and means for
determining the muscular-relaxation index based
on a magnitude of the motion detected by the
motion sensor.

(6) According to a sixth feature of the present inven-
tion that includes any one of the first to fifth features
(1) to (5), the monitor apparatus further comprises
a display device which displays the at least two
indexes determined by the at least two devices.

(7) According to a seventh feature of the present
invention that includes any one of the first to sixth
features (1) to (6), the monitor apparatus further
comprises a display device which displays the
anesthetic depth determined by the anesthetic-
depth determining means.

(8) According to an eighth feature of the present
invention that includes any one of the third to sev-
enth features (3) to (7), the pulse-wave sensor com-
prises an electrocardiograph which includes a
plurality of electrodes adapted to be worn on the
subject and which detects an electrocardiogram
from the subject via the electrodes.

(9) According to a ninth feature of the present
invention that includes the second feature (2), the
monitor apparatus further comprises a display
device which displays, in a three-dimensional graph
having a first axis indicative of arousal index, a sec-
ond axis indicative of pain index, and a third axis
indicative of muscular-relaxation index, the arousal
index determined by the arousal-index determining
device, the pain index determined by the pain-index
determining device, and the muscular-relaxation
index determined by the muscular-relaxation-index
determining device.

(10) According to a tenth feature of the present
invention that includes any one of the first to ninth
features (1) to (9), the anesthetic-depth determining
means comprises means for determining the anes-
thetic depth based on a product of said at least two
indexes determined by said at least two devices.
(11) According to an eleventh feature of the present
invention that includes the second feature (2), the
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anesthetic-depth determining means comprises
means for determining the anesthetic depth based
on a product of the determined arousal index, the
determined pain index, and the determined muscu-
lar-relaxation index.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The above and optional objects, features
and advantages of the present invention will be better
understood by reading the following detailed description
of the preferred embodiments of the invention when
considered in conjunction with the accompanying draw-
ings, in which:

Fig. 1 is a diagrammatic view for explaining the con-
struction of an anesthetic-depth monitor apparatus
to which the present invention is applied;

Fig. 2 is a diagrammatic view for explaining impor-
tant control functions of a control device of the
apparatus of Fig. 1;

Fig. 3 is a graph showing fluctuations of pulse peri-
ods, RR, detected by the apparatus of Fig. 1;

Fig. 4 is a graph showing a high-frequency compo-
nent, HF, a low-frequency component, LF, and a
direct-current or static component which are
extracted from the fluctuations of the pulse periods
RR detected by the apparatus of Fig. 1;

Fig. 5 is a graph showing a relationship which is
used by the apparatus of Fig. 1 to determine an
arousal index, lyy;

Fig. 6 is a graph showing a relationship which is
used by the apparatus of Fig. 1 to determine a pain
index, Ip;

Fig. 7 is a three-dimensional graph showing the
arousal index lyy, the pain index I and a muscular-
relaxation index, Ig, which are determined by the
apparatus of Fig. 1;

Fig. 8 is a flow chart representing a calibration rou-
tine as a control program according to which the
control device of Fig. 2 is operated before an anes-
thetic agent is administered to a patient: and

Fig. 9 is a flow chart representing an anesthetic-
depth monitor routine as another control program
according to which the control device of Fig. 2 is
operated during a surgical operation in which the
patient is under anesthesia caused by the adminis-
tration of the anesthetic agent.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0007] Referring first to Fig. 1, there is shown an
anesthetic-depth monitor apparatus 10 embodying the
present invention.

[0008] In Fig. 1, reference numeral 12 designates a
wrist band which is provided with a pair of metallic elec-
trodes 14, 16 and which is wound around a wrist of a
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patient as a living subject so that the two electrodes 14,
16 are pressed, with an appropriate pressure, against
the skin under which an ulnar nerve runs along an ulna.
The wrist band 12 is provided by a stretchable annular
belt, or a band-like belt having a fastener for connecting
opposite end portions thereof to each other.

[0009] A cuff 18 includes an air bag which is pro-
vided by a flexible material such as a resin sheet and in
which air is tightly enclosed; and a pressure sensor 22
which detects an air pressure in the air bag 20. The cuff
18 is wound around a thumb of the patient. Like the
wrist band 12, the cuff 18 is provided by a stretchable
annular belt, or a band-like belt having a fastener for
connecting opposite end portions thereof to each other.
[0010] The pressure sensor 22 produces a pres-
sure signal representing the detected air pressure in the
air bag 20 (hereinafter, referred to as the "cuff pres-
sure"), and supplies the pressure signal to a control
device 28 via a signal amplifying and filtering circuit 24
and an analog-to-digital ("A/D") converter 26. The signal
amplifying and filtering circuit 24 has a specific signal-
filtering frequency band corresponding to the changes
of the cuff pressure caused by the reaction of the thumb
in response to the external stimuli applied to the wrist.
That is, the filtering circuit 24 transmits only signal com-
ponents having frequencies falling within the specific
signal-filtering frequency band, but does not transmit
the other signal components.

[0011] The control device 28 is provided by a micro-
computer which includes a central processing unit
(CPU) 30, a read only memory (ROM) 32, a random
access memory (RAM) 34, and an input and output
(I/0) port (not shown). The CPU 30 processes input sig-
nals according to control programs pre-stored in the
ROM 32 by utilizing a temporary-storage function of the
RAM 34, and outputs drive signals to a stimulating
device 36 to stimulate the wrist's skin under which the
ulnar nerve runs, and to a display device 38 to display
an anesthetic depth measured by the present monitor
apparatus 10.

[0012] An input device 40 is manually operable for
selecting one of three stimulating methods, i.e., a single
stimulation, a tetanic stimulation, and a train-of-four
stimulation. The stimulating device 36 stimulates,
according to the stimulating method selected through
the operation of the input device 40, the wrist's skin via
the two electrodes 14, 16 of the wrist band 12. In the
single stimulation, the stimulating device 36 applies, to
the electrodes 14, 16, a single-pulse electric current; in
the tetanic stimulation, the stimulating device 36
applies, to the electrodes 14, 16, a 50 Hz electric cur-
rent for five seconds; and in the train-of-four stimulation,
the stimulating device 36 applies, to the electrodes 14,
16, a train of four successive electric-current pulses at
intervals of 0.5 sec.

[0013] An electrocardiograph ("ECG") 42 includes a
plurality of electrodes 44 adapted to be adhered to pre-
determined locations on the chest of the patient, and
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continuously detects, through the electrodes 44, an
electrocardiogram ("ECG") waveform representing the
active potential of the cardiac muscle of the heart of the
patient. The ECG 42 supplies an ECG signal represent-
ing the detected ECG waveform, to the control device
28 via an A/D converter 46.

[0014] The ROM 32 stores, in advance, a predeter-
mined relationship which is to be used by the control
device 28 to determine an anesthetic depth, DA. A cali-
bration switch 48 is manually operable for supplying, to
the control device 28, a command signal to command
the control device 28 to start a calibration operation for
calibrating the predetermined relationship to be used to
determine the anesthetic depth DA, so that the cali-
brated relationship may be suitable for each individual
patient. A monitor-operation start/stop switch 50 is man-
ually operable for alternately commanding the control
device 28 to start, and stop, an anesthetic-depth moni-
tor operation.

[0015] Fig. 2 shows important control functions of
the control device 28. A pulse-period-relating-informa-
tion obtaining means 60 obtains, for each of successive
heartbeat-synchronous pulses of the ECG waveform
represented by the ECG signal supplied from the ECG
42, information relating to a pulse period at which the
heartbeat-synchronous pulses periodically occur. For
example, the obtaining means 60 determines, as a
pulse period, RR, as a kind of the pulse-period-relating
information, a time interval between respective periodic
points or portions (e.g., respective R waves) of two suc-
cessive heartbeat-synchronous pulses. The obtaining
means 60 may determine, as another sort of the pulse-
period-relating information, a pulse or heart rate, HR, by
dividing 60 by the pulse period RR. The pulse-period
values RR successively determined by the obtaining
means 60 contain fluctuations as shown in Fig. 3. That
is, the batches of pulse-period-relating information suc-
cessively obtained by the obtaining means 60 contain
fluctuations.

[0016] A fluctuation-component extracting means
62 extracts, from the fluctuations of the pulse-period val-
ues RR successively determined by the obtaining
means 60, a high-frequency component, HF, that is pro-
duced in substantial synchronism with the respiration of
the patient, and a low-frequency component, LF, that is
lower than the high-frequency component HF and has
frequencies equal to one third to one fourth of the fre-
quency of the respiration of the patient. The extracting
means 62 subjects the fluctuations of the pulse-period
values RR to frequency analysis using, e.g., fast Fourier
transform (FFT) method or auto-regression (AR)
method, and determines, as the high-frequency compo-
nent HF, a magnitude of a signal's peak occurring
around the respiration frequency (e.g., 0.25 Hz) of the
patient, and additionally determines, as the low-fre-
quency component LF, a magnitude of another signal's
peak occurring around a frequency range correspond-
ing to one third to one fourth of the respiration frequency
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of the patient. Fig. 4 shows the high-frequency compo-
nent HF, the low-frequency component LF, and a 0 Hz
frequency component (i.e., direct-current component),
DC, which are extracted from the fluctuations of the
pulse period values RR shown in Fig. 3.

[0017] An arousal-index determining means 64 iter-
atively determines an arousal index, lyy, based on phys-
ical information which changes depending upon the
current degree of arousal of the patient, that is, informa-
tion relating to arousal. In the present embodiment, the
arousal-index determining means 64 determines the
arousal index lyy based on the ratio, LF/HF, of the low
frequency component LF to the high-frequency compo-
nent HF both of which are determined by the fluctuation-
component extracting means 62. For example, in the
case where the standard ratio LF/HF of a low frequency
component LF to a high-frequency component HF
which are obtained by the extracting means 62 from a
patient to whom an anesthetic agent has not been
administered, is determined as a standard arousal
index lyy = 1, the current ratio LF/HF of a low frequency
component LF to a high-frequency component HF
which are obtained by the extracting means 62 from the
patient during a surgical operation in which the patient is
under anesthesia caused by the administration of the
anesthetic agent, is determined, and the ratio or propor-
tion of the current ratio LF/HF to the standard ratio
LF/HF is determined as a current arousal index lyy of the
patient. Alternatively, the arousal-index determining
means 64 may iteratively determine, according to a pre-
determined relationship between arousal index |y and
ratio LF/HF, as shown in Fig. 5, a current arousal index
Iy of the patient based on the ratio LF/HF of a low fre-
quency component LF to a high-frequency component
HF both of which are iteratively determined by the
extracting means 62. The ratio LF/HF is known as an
index which can be used to evaluate the activity of sym-
pathetic nerve system.

[0018] A pulse-period-relating-information-change
determining means 66 iteratively determines a change
(e.g., a rate of change or an amount of change)
between the leading and trailing ones of a predeter-
mined number of the successive pulse-period values
RR as the batches of pulse-period-relating information
successively obtained by the obtaining means 60. The
pulse-period-relating information is known to be
changeable when a living subject feels pain.

[0019] A pain-index determining means 67 itera-
tively determines, according to a predetermined rela-
tionship between pain index, |p and pain-relating
information, such as change of pulse-period-relating
information, that is changeable when a living subject
feels pain, a pain index |p of the patient that indicates a
degree of pain actually felt by the patient, based on an
actually obtained batch of pain-relating information. In
the present embodiment, the pain-index determining
means 67 iteratively determines, according to a prede-
termined relationship between pain index Ip and rate of
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change, ARR, of pulse period, as shown in Fig. 6, a pain
index Ip of the patient, based on an actual rate of
change RR of the pulse-period values RR that is itera-
tively determined by the means 66. The relationship
shown in Fig. 6 defines a pain index Ip = 0 when the
change rate ARR is not greater than a value, a, which is
experimentally determined in advance to remove the
fluctuations of the pulse-period values RR that are
detected in the state in which no pain-causing stimuli
are applied to the patient.

[0020] A motion-magnitude determining means 68
determines a magnitude of a motion of the thumb on
which the cuff 18 is worn, based on the electric signal
supplied from the pressure sensor 22 to the control
device 28 when the stimulating device 36 electrically
stimulates the wrist via the electrodes 14, 16 according
to the stimulating method selected through the input
device 40. When the stimulating device 36 electrically
stimulates the ulnar nerve of the wrist, the thumb exhib-
its a reflex motion, thereby deforming the air bag 20, so
that the pressure sensor 22 produces the electric signal
representing a change of the air pressure in the air bag
20. Thus, the motion-magnitude determining means 68
can determine a magnitude of the motion of the thumb
(i.e., reaction of the patient to the electric stimulus or
stimuli), based on the electric signal supplied from the
pressure sensor 22.

[0021] A muscular-relaxation-index determining
means 70 iteratively determines a muscular-relaxation
index, Ig, based on physical information that is change-
able depending upon a degree of relaxation of the mus-
cles of the patient, that is, muscular-relaxation-relating
information. In the present embodiment, the muscular-
relaxation-index determining means 70 iteratively deter-
mines a muscular-relaxation index I based on a motion
magnitude iteratively determined by the determining
means 68. For example, in the case where a standard
motion magnitude which is determined by the determin-
ing means 68 on a patient to whom a muscle relaxant
has not been administered, is determined as a standard
muscular-relaxation index Ig = 1, a current motion mag-
nitude which is iteratively determined by the determin-
ing means 68 on the patient to whom the muscle
relaxant has been administered, is determined, and the
ratio or proportion of the current motion magnitude to
the standard motion magnitude is iteratively determined
as a current muscular-relaxation index Ig. Alternatively,
the muscular-relaxation-index determining means 70
may iteratively determine, according to a predetermined
relationship between muscular-relaxation index lp and
motion magnitude, a current motion magnitude of the
patient based on a motion magnitude which is iteratively
determined by the determining means 68.

[0022] An anesthetic-depth determining means 72
iteratively determines, based on the arousal index Iy
determined by the means 64, the pain index Ip deter-
mined by the means 67, and the muscular-relaxation
index I determined by the means 70, an anesthetic
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depth DA of the patient according to a predetermined
relationship between (A) anesthetic depth DA and (B)
(b1) arousal index |y, (b2) pain index I and (b3) mus-
cular-relaxation index Ig. This predetermined relation-
ship may be a relationship between anesthetic depth
DA and a linear or higher combination of three indexes
Ilw, Ip and Ig; a neural network which has learned a rela-
tionship between anesthetic depth DA and three
indexes |y, Ip and Ig; or a volume or an area of a solid
which is defined by three indexes Iy, Ip and Ig. In the
last case, the volume or area of the solid may be a vol-
ume or a surface area of a triangular pyramid 80, as
shown in Fig. 7, which is defined, in a three-dimensional
space having a first axis 74 indicative of arousal index
lw, a second axis 76 indicative of pain index Ig and a
third axis 78 indicative of muscular-relaxation index Ig,
by an origin, O, of the three axes 74, 76, 78, the arousal-
index value |y determined by the means 64, the pain-
index value |p determined by the means 67, and the
muscular-relaxation-index value |g determined by the
means 70; or a volume or a surface area of a rectangu-
lar parallelopiped which is defined by the origin O and
the three index values |y, Ip

[0023] A graph display means 82 controls the dis-
play device 38 to display, in the three-dimensional
space having the three axes 74, 76, 78, shown in Fig. 7,
the triangular pyramid 80 (or the rectangular parallelopi-
ped) which is defined by the three index values Iy, Ip 'R
which are iteratively determined by the three means 64,
67, 70.

[0024] An anesthetic-depth display means 84 con-
trols the display device 38 to display, in digits, the anes-
thetic depth DA which is iteratively determined by the
anesthetic-depth determining means 72.

[0025] Fig. 8 shows a flow chart representing a cal-
ibration routine as a control program which is pre-stored
in the ROM 32 and according to which the control
device 28 is worked, upon operation of the calibration
switch 48 before an anesthetic agent is administered to
the patient, so that the predetermined relationship to be
used to determine the anesthetic depth DA is calibrated
to be suitable for each individual patient.

[0026] First, at Step SA1 corresponding to the
pulse-period-relating-information obtaining means 60,
the control device 28 determines, as a pulse-period
value RR, a time interval between respective R waves of
the last and second last heartbeat-synchronous pulses
of the ECG waveform represented by the ECG signal
supplied from the ECG 42. At the following step, Step
SA2, the control device 28 judges whether it has deter-
mined, at Step SA1, a predetermined number (e.g., 30)
of pulse-period values RR which are sufficient for ana-
lyzing the fluctuations of the pulse-period values RR. If
a negative judgment is made at Step SA2, the control
device 28 repeats Steps SA1 and SA2 to continue suc-
cessively determining pulse-wave values RR.

[0027] Meanwhile, if a positive judgment is made at
Step SA2, the control of the control device 28 goes to
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Step SA3 corresponding to the fluctuation-component
extracting means 62. At Step SA3, the control device 28
subjects the timewise fluctuations of the predetermined
number of pulse-period values RR determined at Step
SA1, to the frequency analysis using, e.g., the fast Fou-
rier transform (FFT) method or the auto-regression (AR)
method, and determines, as the high-frequency compo-
nent HF, a magnitude of a peak of a frequency-analysis
spectrum signal that occurs around the respiration fre-
quency (e.g., 0.25 Hz) of the patient, and determines,
as the low-frequency component LF, a magnitude of
another peak of the frequency-analysis spectrum signal
that occurs around a frequency band (e.g., 0.07 Hz) cor-
responding to one third or one fourth of the respiration
frequency of the patient.

[0028] At the following step, Step SA4, correspond-
ing to the arousal-index determining means 64, the con-
trol device 28 determines a standard ratio LF/HF of the
low-frequency component LF to the high-frequency
component HF both of which are determined at Step
SA3, and determines the thus determined standard
ratio LF/HF as a standard arousal index Iy, = 0.

[0029] Step SA4 is followed by Step SA5 to operate
the stimulating device 36 to electrically stimulate the
wrist via the electrodes 14, 16 according to the stimulat-
ing method selected through the input device 40. When
the wrist is electrically stimulated in this way, the thumb
exhibits a reflex motion, thereby deforming the air bag
20 and changing the air pressure in the air bag 20.
[0030] At the following step, Step SA6, correspond-
ing to the motion-magnitude determining means 68, the
control device 28 calculates, based on the electric sig-
nal supplied from the pressure sensor 22, the change of
the air pressure in the air bag 20, and calculates a
standard magnitude of the reflex motion of the thumb
based on the thus determined air-pressure change. The
control device 28 determines the thus determined
standard motion magnitude as a standard muscular-
relaxation index Ig = 0.

[0031] In the calibration routine of Fig. 8, it is not
necessary to determine a pulse-period change rate
ARR or a pain index Ip because the relationship shown
in Fig. 6 is widely applicable to all patients and it is not
appropriate to cause each patient to feel pain before an
anesthetic agent is administered to the patient. The
standard pain index Ip = 1 defined by the relationship of
Fig. 6 corresponds to a pulse-period change rate ARR
which would be obtained if each patient would feel pain
before an anesthetic agent is administered to the
patient. If each patient has his or her body cut or
invaded by a surgeon during a surgical operation, the
current pain index Ip may take a value between 0 and 1
depending upon the current anesthetic depth DA of the
patient.

[0032] Fig. 9 is a flow chart representing an anes-
thetic-depth monitor routine as another control program
according to which the control device 28 is operated
upon operation of the monitor-operation start/stop
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switch 50 during the surgical operation in which the
patient is under anesthesia caused by the administra-
tion of the anesthetic agent.

[0033] At Step SB1 corresponding to the pulse-
period-relating-information obtaining means 60, the
control device 28 determines, as a pulse-period value
RR, a time interval between respective R waves of the
last and second last heartbeat-synchronous pulses of
the ECG waveform represented by the ECG signal sup-
plied from the ECG 42. At the following step, Step SB2,
the control device 28 increments a counter, n, by one.
Step SB2 is followed by Step SB3 to judge whether the
counter n is equal to a predetermined number, N, (e.g.,
N = 5). Thus, the present monitor apparatus 10 deter-
mines one anesthetic-depth value DA for every prede-
termined number (N) of heartbeat-synchronous pulses
of the ECG waveform.

[0034] If a negative judgment is made at Step SB3,
the control device 28 repeats Steps SB1 to SB3 to con-
tinue successively determining pulse-period values RR.
Meanwhile, if a positive judgment is made, the control
goes to Step SB4 to reset the counter n to 0. Step SB4
is followed by Step SB5 corresponding to the fluctua-
tion-component extracting means 62. At Step SB5, the
control device 28 subjects the timewise fluctuations of
the predetermined number (e.g., 30) of pulse-period
values RR determined at Step SB1, to the frequency
analysis, and determines a high-frequency component
HF and a low-frequency component LF of the fluctua-
tions, in the sane manner as employed in Step SA3 of
Fig. 8.

[0035] At the following step, Step SB6, the control
device 28 determines the current ratio LF/HF of the low-
frequency component LF to the high-frequency compo-
nent HF both of which are determined at Step SBS5.
[0036] At the following step, Step SB7, correspond-
ing to the arousal-index determining means 64, the con-
trol device 28 determines the ratio or proportion of the
current ratio LF/HF determined at Step SB6 to the
standard ratio LF/HF determined at Step SA4 of Fig. 8,
and determines the thus determined proportion as a
current arousal index lyy. Thus, the current arousal index
Iy determined at Step SB7 falls within the range of 0 to
1.

[0037] At the following step, Step SB8, correspond-
ing to the pulse-period-information-change determining
means 66, the control device 28 determines, based on
the pulse-period values RR determined at Step SB1, a
rate of change, ARR, of the current pulse-period value
RRcyr determined at Step SB1 for the last or current
heartbeat-synchronous pulse, from another pulse-
period value RRpg, determined at Step SB1 for another
pulse prior by a predetermined number (e.g., 1 or 5) of
pulses from the current pulse, according to the following
expression: WRR = |(RR ¢ )g - RRpg|)/RR pg)l-

[0038] At the following step, Step SB9, correspond-
ing to the pain-index determining means 67, the control
device 28 determines, based on the pulse-period
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change rate ARR determined at Step SB8, a current
pain index |p according to the predetermined relation-
ship between Ip and pulse-period change rate ARR,
shown in Fig. 6.

[0039] At the following steps, Steps SB10 and
SB11, the control device 28 operates the stimulating
device 36, and determines a magnitude of a motion of
the thumb in response to the electric stimulus or stimuli
applied by the device 36, in the same manners as those
employed at Steps SA5, SA6 of Fig. 8.

[0040] At the following step, Step SB12, corre-
sponding to the muscular-relaxation-index determining
means 70, the control device 28 determines the ratio or
proportion of the current motion magnitude determined
at Step SB11 to the standard motion magnitude deter-
mined at Step SA6 of Fig. 8, and determines the thus
determined proportion as a current muscular-relaxation
index Ig. Thus, the current muscular-relaxation index Ig
determined at Step SB12 falls within the range of 0 to 1.
[0041] At the following step, Step SB13, corre-
sponding to the graph display means 80, the control
device 28 controls the display device 38 to display, in the
three-dimensional graph, the current arousal index |y,
determined at Step SB7, the current pain index Ip deter-
mined at Step SB9, and the current muscular-relaxation
index I determined at Step SB12, as shown in Fig. 7.
[0042] At the following step, Step SB14, corre-
sponding to the anesthetic-depth determining means
72, the control device 28 determines a current anes-
thetic depth DA based on the current arousal index lyy
determined at Step SB7, the current pain index Ip deter-
mined at Step SB9, and the current muscular-relaxation
index Ig determined at Step SB12. For example, in the
case where a standard volume of a triangular pyramid
(hereinafter, referred to as the "maximum triangular pyr-
amid") which is defined, in the three-dimensional graph
shown in Fig. 7, by the origin O, the standard arousal
index Py = 1, the standard pain index Ip = 1, and the
standard muscular-relaxation index Py, = 1, is deter-
mined as a standard anesthetic depth DA = 100, the
proportion of a volume of a triangular pyramid defined
by the origin O, the current arousal index |,y determined
at Step SB7, the current pain index Ip determined at
Step SB9, and the current muscular-relaxation index Ig
determined at Step SB12, to the standard volume of the
maximum triangular pyramid, is determined as a current
anesthetic depth DA of the patient. Thus, the current
muscular-relaxation index Ig determined at Step SB14
falls within the range of 0 to 100. A greater index value
DA indicates a shallower anesthesia or anesthetic
depth.

[0043] At the following step, Step SB15, corre-
sponding to the anesthetic-depth display means 84, the
control device 28 controls the display device 38 to dis-
play, in digits, the anesthetic depth DA determined at
Step SB14.

[0044] It emerges from the foregoing description
that since the anesthetic-depth monitor apparatus 10
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iteratively determines a current anesthetic-depth value
DA based on a current arousal-index value |,y deter-
mined at Step SB7, a current pain-index value |p deter-
mined at Step SB9, and a current muscular-relaxation-
index value Ig determined at Step SB12, the monitor
apparatus 10 can monitor, with high reliability, the anes-
thetic depth DA of the patient during the surgical opera-
tion.

[0045] While the present invention has been
described in its preferred embodiments, it is to be
understood that the invention may otherwise be embod-
ied.

[0046] For example, in the illustrated embodiment,
the anesthetic-depth determining means 72 determines
the anesthetic depth DA based on the three indexes,
i.e., the arousal index lyy, the pain index Ip' and the mus-
cular-relaxation index Igr. However, the anesthetic-depth
determining means 72 may determine an anesthetic
depth DA based on two of those three indexes, i.e.,
based on the arousal index |y, and the pain index Ip
based on the arousal index lyy and the muscular-relaxa-
tion index I, or based on the pain index Ip and the mus-
cular-relaxation index Ig. In the case where two of the
three indexes are used to determine an anesthetic
depth DA, a more reliable anesthetic depth DA can be
determined than in the case where only one of the three
indexes is used to determine an anesthetic depth DA.
[0047] In the illustrated embodiment, the arousal
index lyy is determined by using, as the arousal-relating
information, the ratio LF/HF that is known as an index
which is usable to evaluate the activity of sympathetic
nerve system. However, it is possible to use, as the
arousal-relating information, other indexes which are
known as being usable to evaluate the activity of auto-
nomic nerve system, a magnitude of an electroen-
cephalography ("EEG") signal having a certain
frequencies, an amount of motion of an eyeball, a diam-
eter of a pupil, etc. It is possible to use, as the other
indexes usable to evaluate the activity of autonomic
nerve system, the ratio, ARR/ABPgyg, of the pulse-
period change rate ARR to a systolic-blood-pressure
change rate, ABPgyg, a difference between a central-
body temperature and a peripheral-body temperature,
etc. In addition, it is possible to use, as the arousal-relat-
ing information, a bispectral index ("BIS") that is
obtained by subjecting an EEG to bispectrum analysis
and takes one value in the range of 0 to 100 indicating
respective levels of consciousness.

[0048] In the illustrated embodiment, the pain index
Ip is determined by using, as the pain-relating informa-
tion, the pulse-period-relating information. However,
since blood pressure BP relates to pain, it is possible to
use, as the pain-relating information, a change of blood-
pressure-relating information which changes with
change of the blood pressure. The change may be a
rate of change with respect to time, or an amount of
change. It is possible to use, as the blood-pressure-
relating information, the blood pressure itself, a maxi-
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mum angle or slope of an increasing portion of the
waveform of a heartbeat-synchronous pulse of a pres-
sure pulse wave, a velocity at, or a time in, which a
pulse wave propagates between two different portions
of a living subject, etc.

[0049] In the illustrated embodiment, the muscular-
relaxation index Ig is determined by using, as the mus-
cular-relaxation-relating information, the amount of
motion of the living subject in response to the electric
stimulation applied thereto. However, since the muscu-
lar relaxation relates to the level of spontaneous respira-
tion, it is possible to use, as the muscular-relaxation-
relating information, the concentration of carbonic acid
gas contained in expired gas.

[0050] In the illustrated embodiment, the monitor
apparatus 10 is operated according to the calibration
routine of Fig. 8, before an anesthetic agent is adminis-
tered to a patient, so that the predetermined relation-
ship to be used to determine an anesthetic depth DA is
calibrated to be adapted for each individual patient.
However, it is not essentially needed to calibrate the
predetermined relationship for each individual patient.
Even though the predetermined relationship may not be
calibrated for each individual patient, it is possible to
monitor, in a surgical operation, a relative change of the
anesthetic depth of each patient.

[0051] It is to be understood that the present inven-
tion may be embodied with other changes, improve-
ments and modifications that may occur to a person
skilled in the art without departing from the scope and
spirit of the invention defined in the appended claims.

Claims

1. An apparatus (10) for monitoring an anesthetic
depth of a living subject, comprising:

at least two devices of (a) an arousal-index
determining device (64) which determines an
arousal index indicating a degree of arousal of
the subject, (b) a pain-index determining
device (67) which determines a pain index indi-
cating a degree of pain of the subject, and (c) a
muscular-relaxation-index determining device
(70) which determines a muscular-relaxation
index indicating a degree of muscular relaxa-
tion of the subject; and

an anesthetic-depth determining means (72)
for determining, based on at least two indexes
determined by said at least two devices, an
anesthetic depth of the subject according to a
predetermined relationship between anesthetic
depth and said at least two indexes.

2. An apparatus (10) for monitoring an anesthetic
depth of a living subject, comprising:

an arousal-index determining device (64)
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which determines an arousal index indicating a
degree of arousal of the subject;

a pain-index determining device (67) which
determines a pain index indicating a degree of
pain of the subject;

a  muscular-relaxation-index  determining
device (70) which determines a muscular-
relaxation index indicating a degree of muscu-
lar relaxation of the subject; and

an anesthetic-depth determining means (72)
for determining, based on the determined
arousal index, the determined pain index, and
the determined muscular-relaxation index, an
anesthetic depth of the subject according to a
predetermined relationship between (A) anes-
thetic depth and (B) (b1) arousal index, (b2)
pain index; and (b3) muscular-relaxation index.

An apparatus according to claim 1 or claim 2, com-
prising the arousal-index determining device (64),
wherein the arousal-index determining device com-
prises:

a pulse-wave sensor (42) which detects a pulse
wave including a plurality of heartbeat-synchro-
nous pulses each of which is produced in syn-
chronism with a heartbeat of the subject;
pulse-period-relating-information obtaining
means (60) for successively obtaining a batch
of pulse-period-relating information relating to
a pulse period at which said each heartbeat-
synchronous pulse is produced in synchronism
with said heartbeat of the subject;

means (62) for determining a magnitude of a
high-frequency component of fluctuations of
the batches of pulse-period-relating informa-
tion successively obtained by the pulse-period-
relating-information obtaining means, said
high-frequency component having a high fre-
quency substantially equal to a frequency of
respiration of the subject;

means (62) for determining a magnitude of a
low-frequency component of the fluctuations of
said batches of pulse-period-relating informa-
tion, said low-frequency component having a
low frequency substantially equal to a predeter-
mined fraction of the frequency of respiration of
the subject; and

means (64) for determining the arousal index
based on a ratio of the magnitude of the low-
frequency component to the magnitude of the
high-frequency component.

An apparatus according to any one of claims 1 to 3,
comprising the pain-index determining device (67),
wherein the pain-index determining device com-
prises:
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a pulse-wave sensor (42) which detects a pulse
wave including a plurality of heartbeat-synchro-
nous pulses each of which is produced in syn-
chronism with a heartbeat of the subject;
pulse-period-relating-information obtaining
means (60) for successively obtaining a batch
of pulse-period-relating information relating to
a pulse period at which said each heartbeat-
synchronous pulse is produced in synchronism
with said heartbeat of the subject;
pulse-period-relating-information-change
determining means (66) for determining a
change of the batches of pulse-period-relating
information successively obtained by the pulse-
period-relating-information obtaining means;
and

means (67) for determining the pain index
based on the change determined by the pulse-
period-relating-information-change  determin-
ing means.

An apparatus according to any one of claims 1 to 4,
comprising the muscular-relaxation-index deter-
mining device (70), wherein the muscular-relaxa-
tion-index determining device comprises:

a stimulating device (14, 16, 36) which applies
a stimulus to a body portion of the subject;

a motion sensor (18, 68) which detects a
motion of the body portion of the subject in
response to the stimulus applied by the stimu-
lating device; and

means (70) for determining the muscular-relax-
ation index based on a magnitude of the motion
detected by the motion sensor.

An apparatus according to any of claims 1 to 5, fur-
ther comprising a display device (38, 82) which dis-
plays said at least two indexes determined by said
at least two devices.

An apparatus according to any of claims 1 to 6, fur-
ther comprising a display device (38, 84) which dis-
plays the anesthetic depth determined by the
anesthetic-depth determining means.

An apparatus according to any of claims 3 to 7,
wherein the pulse-wave sensor comprises an elec-
trocardiograph (42) which includes a plurality of
electrodes (44) adapted to be worn on the subject
and which detects an electrocardiogram from the
subject via the electrodes.

An apparatus according to claim 2, further compris-
ing a display device (38, 82) which displays, in a
three-dimensional graph having a first axis indica-
tive of arousal index, a second axis indicative of
pain index, and a third axis indicative of muscular-
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10

10.

11.

relaxation index, the arousal index determined by
the arousal-index determining device, the pain
index determined by the pain-index determining
device, and the muscular-relaxation index deter-
mined by the muscular-relaxation-index determin-
ing device.

An apparatus according to any one of claims 1 to 9,
wherein the anesthetic-depth determining means
comprises means (72) for determining the anes-
thetic depth based on a product of said at least two
indexes determined by said at least two devices.

An apparatus according to claim 2, wherein the
anesthetic-depth determining means comprises
means (72) for determining the anesthetic depth
based on a product of the determined arousal
index, the determined pain index, and the deter-
mined muscular-relaxation index.
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