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7) ABSTRACT

The present invention relates to a cerebrovascular analysis
system which enables early diagnosis of various incurable
cerebrovascular diseases such as cerebral thrombosis by mea-
suring an elastic coefficient, blood vessel compliance, blood
flow resistance, and blood flow in each cerebrovascular
branch. The measurement is achieved by biomechanically
analyzing blood vessels in the brain using an electrocardio-
gram, phonocardiogram, electroencephalogram, pulse wave,
and ultrasonic doppler signal as basic data in order to measure
biomechanical properties and blood flow properties of blood
vessels in the brain for the diagnosis of cerebrovascular dis-
eases.
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CEREBROVASCULAR ANALYZER

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application is a continuation-in-part of U.S.
patent application Ser. No. 13/121,806, filed on Mar. 30,
2011, which claims priority to PCT Patent Application No.
PCT/KR2009/005626, filed on Oct. 1, 2009, the entire con-
tents of which are hereby incorporated by reference.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to a cerebrovascular
analysis system for analyzing the cerebrovascular diseases by
measuring a biodynamic property and a blood flow property
in a cerebral blood vessel, more specifically to a cerebrovas-
cular analyzer for an early diagnosis of a cerebral thrombosis
and other cerebrovascular refractory diseases by defining a
cerebrovascular system as the blood vessel system organized
with an internal carotid artery branch, an anterior cerebral
blood vessel branch, a middle cerebral blood vessel branch, a
posterior cerebral blood vessel branch, a vertebral artery
branch and a basilar artery branch and then by analyzing each
cerebrovascular branch of the cerebrovascular system to
show a organic change of blood vessel by calculating a elastic
coefficient of blood vessel and to show a blood flow property
and organic and functional changes of the cerebrovascular
system simultaneously by measuring a compliance of blood
vessel, a resistance of blood flow and a volume of blood flow.
[0004] 2. Description of the Related Art

[0005] In the today’s clinics, an ultrasonic Doppler system
is used to early diagnose the cerebrovascular diseases. How-
ever, the ultrasonic Doppler system has a limit to apply in
clinics due to the incapability to measure the property of
blood vessel.

[0006] Several cerebrovascular disease analyzers are
developed until now such as angiography, MRA, FMRI,
SPET, TCD, TEE, TTE, QFM and CVD.

[0007] The advantage of the angiography among them is
that it is able to directly observe the progress of the diseases
of blood vessel itself, but a blood vessel invasive operation is
basically needed to inject a contrast medium and the opera-
tion is complex.

[0008] MRA and FMRI are the analyzing system to ovet-
come the defects of the angiography, but they are only used in
a certain ward due to the high cost of manufacture and diag-
nosis.

[0009] Especially, MRA, FMRI and SPET are used to iden-
tify a distribution of blood vessel, a blood flow property, a
region of low blood flow, etc., although some differences are
existed each other, but the property of blood vessel is not
identified by them.

[0010] The ultrasonic quantitative flow measurement sys-
tem (QFM) and the cerebrovascular property measurement
system (CVD) enable to calculate the volume of blood flow of
the carotid artery and the compliances of the middle cerebral
artery and the anterior cerebral artery with low cost.

[0011] However, in order to assess the organic and func-
tional states of blood vessel characterizing the blood vessel
property, it is needed to know information of the elastic coef-
ficient of blood vessel, the compliance of blood vessel and the
resistance of blood flow, etc., for reflecting the organic and
functional states of blood vessel itself rather than information
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related to the blood flow state such as a volume of blood flow
in blood vessel and a blood pressure acted on the blood vessel
wall.

[0012] However, it is a very difficult problem to measure
the elastic coefficient of blood vessel, the compliance of
blood vessel, a diameter of blood vessel, the resistance of
blood flow and the volume of blood flow in each blood vessel
branch of the cerebrovascular system for reflecting the
organic state of blood vessel.

[0013] It is caused by the facts that the cerebovascular
system has a complex structure and the biodynamic actions of
blood vessel branches are different each other in the cere-
brovascular system. It is also caused by a practical impossi-
bility of the most accurate method that measures the elastic
coefficient as an indicator of the organic change of blood
vessel in human body by pulling a blood vessel sampled from
living body with a tension apparatus.

[0014] In 2002, Werner G, Marifan C, Tonny M, Jeffrey C,
etc., professors of California University in U.S.A, studied on
biodynamic property of cerebral blood vessel of human and
published a paper as Mechanical and Failure Properties of
Human Cerebral Blood Vessels which is related to the prop-
erty of the cerebral blood vessel.

[0015] However, because the blood vessels of human were
sampled and tested, the results of the experiment can’t be
used as the indicators to diagnose.

[0016] Various researches on the indirect measurements of
the volume of blood flow, the compliance, the elastic coeffi-
cient, the resistance of blood flow, etc, in the cerebrovascular
system have been going on.

[0017] From 1997 to 2004, the measurements of the com-
pliance and the resistance of cerebrovascular system had been
suggested by many researchers such as Biedma, Haoliu,
Cwako shin, etc. in U.S.A.

[0018] However, the above research results only contained
the general facts on the blood pressure, the compliance, the
elastic coefficient, the resistance and the distribution of blood
flow in the cerebrovascular system, but did not obtain con-
tents to apply the clinics directly.

[0019] In 2006, KF-3000 apparatus to apply to the clinics
was developed by Ding Guanghong, a professor of Fudan
University in Shanghai, China, to calculate the blood flow
volume of each blood vessel branch in the cerebrovascular
system.

[0020] KF-3000 brought to the innovative results to obtain
the property of blood flow in the cerebrovascular system, but
KF-3000 did not develop TCD to early diagnose the cere-
brovascular diseases due to the intangibleness of the property
of blood vessel.

[0021] Unlike the study of Dr. Ding Guanghong, COLLIN
in Japan suggested a ultrasonic quantitative flow measure-
ment system, QFM-2000X, to assess the property of blood
flow and the property of blood vessel in cerebrovascular
system for early diagnosing the cerebrovascular diseases and
also CVD-1000, as a similar apparatus to QFM-2000X,, based
on a pending patent, an apparatus measuring parameter of
cerebrovascular and method thereof.

[0022] The features of the ultrasonic quantitative flow mea-
surement system (QFM) and the pending patent, an apparatus
measuring parameter of cerebrovascular and method thereof,
are organized to show a possibility to early diagnose the
cerebrovascular diseases by calculating the volume of blood
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flow of the internal carotid artery, the compliances of the
middle cerebral blood vessel and the antetior cerebral blood
vessel with low cost.

[0023] However, the features of the ultrasonic quantitative
flow measuring instrument (QFM) and the above pending
patent could not identify separately the organic change and
the functional change as two basic properties of blood vessel
by selecting the compliance of blood vessel and the blood
flow indicator as basic measurement indicators.

[0024] Especially, the ultrasonic quantitative flow mea-
surement system (QFM-2000X) and the cerebrovascular
property measurement system (CVD-1000) showed several
defects to calculate the compliance and the resistance of the
cerebrovascular system.

[0025] QFM-2000X calculated the compliance C and the
resistance R to assess a left cerebrovascular system and a right
cerebrovascular system under the assumption that the cere-
brovascular system is divided to left and right and the blood
flow volume of the cerebrovascular system is the volume of
blood flow which flows into the internal carotid artery.
[0026] Therefore, it was not able to assess each blood ves-
sel branch of brain.

[0027] Also, to obtain the compliance and the resistance of
the cerebrovascular system, the features of them considered a
blood pressure waveform as a pressure pulse waveform and a
blood flow waveform as an ultrasonic waveform and calcu-
lated C and R by adjusting the waveforms to coincide with
each other, but the results of C and R had defects that the
amplitude of vibration was large and the approximation of
curve was largely different from real phenomenon.

[0028] In fact, when the blood flow waveform is measured
by the ultrasonic Doppler, the measurement error is very large
dueto the error of horizontal level. Therefore, the coincidence
of two waveforms with the errors is not real and has very low
reproducibility. Additionally, the approximation of curve vs.
curve creates a big error by very little waveform change.
[0029] Therefore, the compliance C and the resistance R
measured by QFM-2000X does not an enough mortgage to
use as the clinical indicators because the values of C and R are
differed 10~100 times from each examiner due to the irrepro-
ducibility.

[0030] The configuration of the pending patent, an appara-
tus measuring parameter of cerebrovascular and method
thereof, could not find an accurate clinic indicator by assum-
ing that when the cerebrovascular system is modeled and
analyzed, the volume ofblood flow which flows into the brain
is equal to k times of the volume of cardiac output instead of
calculating the volume of blood flow which flows into the
brain.

[0031] The configuration of the pending patent, an appara-
tus measuring parameter of cerebrovascular and method
thereof, is suggested as followings.

[0032] Although the cross-unital area of the internal carotid
artery is reduced to 80~90%, the blood flow volume which
flows into the internal carotid artery does not changed.
Accordingly, the blood flow volume of the internal carotid
artery can be calculated by an equation Q_=K_S,, where, S is

vy

a cardiac output and K, is a ratio coefficient.

[0033] However, the above assumption did not an enough
mortgage as a medical diagnosis apparatus.

[0034] Also, the configuration of the pending patent, an
apparatus measuring parameter of cerebrovascular and
method thereof, reduced the correctness of disease diagnosis
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by assuming that the compliances and resistances of the ante-
rior and posterior cerebral arteries were divided by a prede-
termined rate.

[0035] Specifically, QFM-2000X and the pending patent,
an apparatus measuring parameter of cerebrovascular and
method thereof, did not suggested a method to obtain the
compliance and resistance of the posterior cerebral artery.

[0036] Accordingly, QFM-2000X and the pending patent,
an apparatus measuring parameter of cerebrovascular and
method thereof, did not obtained the elastic coefficient, but
obtained the compliance and the resistance for assessing the
property of the cerebrovascular system. However, the
obtained compliance and resistance showed many defects.

[0037] Therefore, it is needed new solution to accurately
calculate the elastic coefficient, the compliance, the resis-
tance, and the volume of blood flow of each blood vessel
branch in the cerebrovascular system.

SUMMARY OF THE INVENTION

[0038] The present invention is contrived for solving the
above-mentioned problems of conventional technology. The
objective of the present invention is to provide a cerebrovas-
cular analyzer which enables to early diagnose various cere-
brovascular refractory diseases as well as a cerebral throm-
bosis by analyzing the cerebrovascular system
biodynamically on the basis of the basic data such as an
electrocardiogram signal, a phonocardiogram signal, a
plethysmogram signal, and an ultrasonic Doppler signal to
obtain the biodynamic property and the blood flow property
of the cerebrovascular blood vessel branches and by calcu-
lating the elastic coefficient, the compliance, the resistance,
and the blood flow volume of each blood vessel branch in
cerebrovascular system.

[0039] To achieve the above-mentioned objective, the
present invention has the first feature that a cerebrovascular
analyzer comprises: a bio-signal measurement system includ-
ing a bio-signal measuring sensor unit which comprises an
electrocardiogram (ECG) sensor, a phonocardiogram (PCG)
sensor, an accelerated plethysmogram (APG) sensor and an
ultrasonic sensor, and a bio-signal reception and process unit
which is connected to each of the sensors of the bio-signal
measuring sensor unit for receiving and processing bio-sig-
nals measured by the sensors; and an analysis indicator cal-
culation system including a main processing unit which is
connected to the bio-signal reception and process unit for
communicating and calculating biodynamic indicators of a
cerebrovascular system from the bio-signals, an input umt
which is connected to the main processing unit for receiving
control commands of a user, and an output unit which is
connected to the main processing unit for displaying the
calculated results, wherein the APG sensor comprises a pres-
sure sensor electrically connected to the bio-signal reception
and process unit by a sensing read line, the pressure sensor
being a carotid artery pulse wave sensor to obtain an APG
waveform from a left or right carotid artery; wherein the main
processing unit is programmed to calculate the biodynamic
indicators from basic data including a cerebrovascular pres-
sure curve, a systolic area and a diastolic area of the cere-
brovascular pressure curve and an cerebrovascular blood flow
volume; and wherein the cerebrovascular pressure curve is
synthesized with the bio-signals of the bio-signal measure-
ment system, the bio-signals comprising at least the APG
waveform measured by the carotid artery pulse wave sensor.
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[0040] The present invention has the second feature that the
bio-signal reception and process unit comprises: a microcon-
troller which controls to process the bio-signals received from
the bio-signal measuring unit and to transmit processed bio-
signals to the main processing unit; a multi-signal selector
which selects one of the bio-signals received from the ECG
sensor, the PCG sensor, the APG sensor and the ultrasonic
sensor by a control signal of the microcontroller; a noise
eliminator and signal amplifier which eliminates noises and/
or controls amplification degree of the bio-signal selected by
the multi-signal sensor by a control signal of the microcon-
troller; a signal switcher which receives the bio-signals from
the noise eliminator and signal amplifier and selects one of the
bio-signals to meet the control commands of the input unit or
ofembedded program in the main processing unit by a control
signal of the microcontroller; a sample holder which samples
and holds the bio-signal selected by the signal switcher by a
control signal of the microcontroller; and an A/D converter
which converts a holding bio-signal of the sample holder to a
digital bio-signal and sends to the microcontroller by a con-
trol signal of the microcontroller.

[0041] The present invention has the third feature that the
bio-signal measurement system is configured to obtain an
ECG waveform, a PCG waveform and the APG waveform
synchronously by the bio-signal measuring sensor unit.
[0042] The present invention has the fourth feature that the
carotid artery pulse wave sensor has a housing body having an
opening part, the pressure sensor being equipped at the inside
of the housing body.

[0043] The present invention has the fifth feature that the
opening part is connected to a cuff sphygmomanometer hav-
ing an air pouch for the carotid artery pulse wave sensor being
used as a cuff pulse wave sensor.

[0044] The present invention has the sixth feature that the
cuff pulse wave sensor comprises a rubber hose which is
connected to the air pouch of the cuff sphygmomanometer, a
branch hose which is connected to the rubber hose, and an
adaptor which is connected to an exit of the branch hose; and
wherein the adaptor is connected to the opening part of the
carotid artery pulse wave sensor.

[0045] The present invention has the seventh feature that
the main processing unit is programmed to carry out the steps
of: (1) receiving basic information data from the input unit
and receiving the bio-signals from the bio-signal measure-
ment system; (2) analyzing waveforms from the bio-signals
and obtaining the cerebrovascular pressure curve, the systolic
area and the diastolic area of the cerebrovascular pressure
curve and the cerebrovascular blood flow volume from the
waveforms; and (3) calculating the biodynamic indicators
including a cerebrovascular compliance C and a cerebrovas-
cular resistance R from the cerebrovascular pressure curve,
the areas of the cerebrovascular pressure curve, the cere-
brovascular blood flow volume and the basic information data
and displaying the results of cerebrovascular analysis.
[0046] The present invention has the eighth feature that the
main processing unitis programmed to control the output unit
to display the cerebrovascular compliance C and the cere-
brovascular resistance R calculated in step 3 as a dot on a
Compliance-Resistance (C-R) chart.

[0047] The present invention enables to early diagnose the
risk of cerebrovascular diseases by analyzing an elastic coef-
ficient for observing the organic change of each cerebrovas-
cular branch and by calculating a cerebrovascular blood flow
volume, a cerebrovascular compliance, and a cerebrovascular
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resistance for observing blood flow properties of a cere-
brovascular system and the organic and the functional
changes of each cerebrovascular branch.

BRIEF DESCRIPTION OF THE DRAWINGS

[0048] FIG. 1 is a block diagram of a cerebrovascular ana-
lyzer according to an exemplary embodiment of the present
invention.

[0049] FIG. 2 is a block diagram conceptually showing the
constitution and the signal flow of the bio-signal reception
and process unit in FIG. 1.

[0050] FIG. 3isa front view ofa cuff pulse wave sensor and
aperspective view of a carotid artery pulse wave sensor to be
assembled into the cuff pulse wave sensor as the APG sensor
showed in FIG. 1.

[0051] FIG. 4 is a conceptual diagram of the circle of Willi
which shows a connection state of cerebrovascular branches.
[0052] FIG. 5 is a circuit diagram of a cerebrovascular
model of FIG. 4 which seems that an internal carotid artery
branches to an anterior cerebral artery and a middle cerebral
artery.

[0053] FIG. 6 is a circuit diagram of a cerebrovascular
model of FIG. 4 which seems that an internal carotid artery
connects to a middle cerebral artery as a single blood vessel
branch.

[0054] FIG. 7 is an operational diagram according to an
exemplary embodiment of the main processing unit of FIG. 1.
[0055] FIG. 8 is a diagram of the C-R chart displaying the
analysis results of the main processing unit as an exemplary
embodiment.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0056] The following reference numbers are used through-
out the drawings: reference number 10 indicates a cuff sphyg-
momanometer, 11 indicates a cuff, 12 indicates an adhesive
means (Velcro), 13 indicates an air pouch, 14, 17 and 18
indicate a rubber hose, 15 indicates an air valve, 16 indicates
an air supply means, 20 indicates an adapter, 21 indicates a
branch hose, 22 indicates an attachment part of branch hose,
24 indicates a cover, 26 indicates a projecting part for con-
necting to adapter, 30 indicates a carotid artery pulse wave
sensor, 31 indicates a vent hole, 32 indicates an opening part,
34 indicates a housing body, 36 indicates a sensing read line
for electrically connecting a pressure sensor equipped at the
inside of the housing body to the bio-signal reception and
process unit, 40 indicates an anterior cerebral communicating
artery, 41 indicates an anterior cerebral artery, 42 indicates an
internal carotid artery, 43 indicates a middle cerebral artery,
44 indicates a posterior cerebral communicating artery, 45
indicates a posterior cerebral artery, 46 indicates a basilar
artery, 47 indicates an anterior inferior cerebellar artery, 48
indicates a vertebral artery, and 49 a posterior inferior cer-
ebellar artery.

[0057] A detailed description of preferred embodiments of
the present invention is provided below with respect to
accompanying drawings. Because the present invention can
be embodied in various forms, the technical idea of the
present invention has to be not limited to the drawings and the
embodiments described herein.

[0058] FIG. 1 is a block diagram of a cerebrovascular ana-
lyzer according to an exemplary embodiment of the present
invention. FIG. 2 is ablock diagram conceptually showing the
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constitution and the signal flow of the bio-signal reception
and process unitin FIG. 1. FIG. 3 is a front view of a cuff pulse
wave sensor and a perspective view of a carotid artery pulse
wave sensor to be assembled into the cuff pulse wave sensor
as the APG sensor showed in FIG. 1. FIG. 4 is a conceptual
diagram of the circle of Willi which shows a connection state
of cerebrovascular branches. FIG. 5 is a circuit diagram of a
cerebrovascular model of FIG. 4 which seems that an internal
carotid artery branches to an anterior cerebral artery and a
middle cerebral artery. FIG. 6 is a circuit diagram of a cere-
brovascular model of FIG. 4 which seems that an internal
carotid artery connects to a middle cerebral artery as a single
blood vessel branch. FIG. 7 is an operational diagram accord-
ing to an exemplary embodiment of the main processing unit
of FIG. 1. And FIG. 8 is a diagram of the C-R chart displaying
the analysis results of the main processing unit as an exem-
plary embodiment.

[0059] As shown in FIG. 1, a cardiovascular analyzer
according to one embodiment of the present invention is
characterized by basically comprising: a bio-signal measure-
ment system including a bio-signal measuring sensor unit
which comprises an electrocardiogram (ECG) sensor, a
phonocardiogram (PCG) sensor, an accelerated plethysmo-
gram (APG) sensor and an ultrasonic sensor, and a bio-signal
reception and process unit which is connected to each of the
sensors of the bio-signal measuring sensor unit for receiving
and processing bio-signals measured by the sensors; and an
analysis indicator calculation system including a main pro-
cessing unit which is connected to the bio-signal reception
and process unit for communicating and calculating biody-
namic indicators of a cerebrovascular system from the bio-
signals, an input unit which is connected to the main process-
ing unit for receiving control commands of a user, and an
output unit which is connected to the main processing unit for
displaying the calculated results, wherein the APG sensor
comprises a pressure sensor electrically connected to the
bio-signal reception and process unit by a sensing read line,
the pressure sensor being a carotid artery pulse wave sensor to
obtain an APG waveform from a left or right carotid artery;
wherein the main processing unit is programmed to calculate
the biodynamic indicators from basic data including a cere-
brovascular pressure curve, a systolic area and a diastolic area
of the cerebrovascular pressure curve and an cerebrovascular
blood flow volume; and wherein the cerebrovascular pressure
curve is synthesized with the bio-signals of the bio-signal
measurement system, the bio-signals comprising at least the
APG waveform measured by the carotid artery pulse wave
sensor.

[0060] Here, the ECG sensor 122 comprises at least three
electrodes and is used to obtain an ECG waveform and to
define the feature points (i.e., systolic upstroke point, systolic
peak point, incisura point, diastolic peak point and diastolic
end point) of the cerebrovascular pressure curve with the
PCG sensor.

[0061] The PCG sensor 124 comprises a microphone to
perceive the sound of open-and-shut of heart valves and is
used to obtaina PCG waveform for defining the feature points
of the cerebrovascular pressure curve.

[0062] TheAPG sensor 126 is used to obtain an APG wave-
form by sensing a pulse wave of the pulsatory motion. The
APG sensor 126 comprises a pressure sensor having a piezo-
electric element, but not limited to, or other device which
senses the pulse wave. The pressure sensor is electrically
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connected to the bio-signal reception and process unit by a
conductive line such as a sensing read line.

[0063] In this embodiment, the APG sensor 126 is one of
the sensors including a cuff pulse wave sensor to get infor-
mation for a frequency spectrum of a cerebrovascular system,
a carotid artery pulse wave sensor to get information for a
probability density spectrum of the cerebrovascular system
by directly measuring pulse waves of the left and right carotid
arteries, and a femoral artery pulse sensor to get information
for a pulse wave velocity (PWV) etc by directly measuring a
pulse wave of the femoral artery.

[0064] Here, it is possible that the carotid artery pulse wave
sensor and the femoral artery pulse wave sensor are the same
pressure sensor electrically connected to the bio-signal recep-
tion and process unit. The cuff pulse wave sensor is a cuff
sphygmomanometer equipped with a pressure sensor. Thus,
the cuff pulse wave sensor can be assembled with the cuff
sphygmomanometer and the carotid artery pulse wave sensor
for using the same pressure sensor electrically connected to
the bio-signal reception and process unit.

[0065] As an embodiment, the detailed structure of the cuff
pulse wave sensor assembled with the carotid artery pulse
wave sensor 30 is shown in FIG. 3. A branch hose 21 is
connected to a rubber hose 14 or 17 which is connected to an
air pouch 13 in the cuff sphygmomanometer 10. An adaptor
20 is connected to an exit of the branch hose 21 and is
assembled to an opening part 32 of the carotid artery pulse
wave sensor 30 having a pressure sensor equipped at the
inside of a housing body 34.

[0066] Theultrasonic sensor 128 is called as a trans-cranial
Doppler (TCD) and is used to measure a cerebrovascular
blood velocity and a cerebrovascular blood flow volume by
the analysis of a reflective ultrasound wave detected by a
probe placed on a cranial region where an ultrasound well
transited.

[0067] As the above mentioned, the bio-signal measuring
sensor unit 120 essentially comprises the ECG sensor 122, the
PCG sensor 124, the APG sensor 126 and the ultrasonic
sensor 128 for sensing the different bio-signals. The device
embedded with the bio-signal reception and process unit 140
has at least four connectors for connecting to each of the
sensors of the bio-signal measuring sensor unit 120.

[0068] Also, as shown in FIG. 2, the bio-signals reception
and process unit 140 comprises: a microcontroller 146 which
controls to process the bio-signals received from the bio-
signal measuring unit 120 and to transmit processed bio-
signals to the main processing unit 210; a multi-signal selec-
tor 141 which selects one of the bio-signals received from the
ECG sensor 122, the PCG sensor 124, the APG sensor 126
and the ultrasonic sensor 128 by a control signal of the micro-
controller 146; a noise eliminator and signal amplifier 142
which eliminates noises and/or controls amplification degree
of the bio-signal selected by the multi-signal sensor 141 by a
control signal of the microcontroller 146; a signal switcher
143 which receives the bio-signals from the noise eliminator
and signal amplifier 142 and selects one of the bio-signals to
meet the control commands of the input unit 220 or of embed-
ded program in the main processing unit 210 by a control
signal of the microcontroller 146; a sample holder 144 which
samples and holds the bio-signal selected by the signal
switcher 143 by a control signal of the microcontroller 146;
and an A/D converter 145 which converts a holding bio-signal
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of the sample holder 144 to a digital bio-signal and sends to
the microcontroller 146 by a control signal of the microcon-
troller 146.

[0069] Here, the multi-signal selector 141 is used to
sequentially process the signals which are simultaneously
measured and inputted by the ECG sensor 122, the PCG
sensor 124, the APG sensor 126 and the ultrasonic sensor 128.
The noise eliminator and signal amplifier 142 s used to make
a standard waveform by filtering the noises of the obtained
bio-signals and to control an amplification degree according
to a patient (examinee).

[0070] As above mentioned, the bio-signal reception and
process unit 140 is preferable to involve in the bio-signal
measurement system 100 but, according to a circuit design,
can be embedded in the main processing unit 210.

[0071] Next, the bio-signals obtained and processed by the
bio-signal measurement system 100 are transferred to the
analysis indicator calculator system 200 for synthesizing the
cerebrovascular pressure curve. The information including
the area of the cereborvascular pressure curve, the blood flow
volume and etc is used to calculate the biodynamic indicators.
[0072] As shown in FIG. 1, when the bio-signal reception
and process unit 140 is separated from the main processing
unit 210, a predetermined communicating means (e.g.,
RS-232C) is used to exchange the data between them.
[0073] The main processing unit 210 is a core unit, as like
as a central processing unit (CPU) of computer, to process the
measured data from the bio-signal reception and process unit
140 by the program saved in an internal memory part or an
external memory part for calculating the biodynamic indica-
tors which is used to analyze the cerebrovascular system.
[0074] Here, the biodynamic indicators for analysis of the
cereborvascular system are the blood flow volume, the com-
pliance, the blood flow resistance, the arterial stiffness and the
blood flow velocity of each of the cerebrovascular branches.
[0075] First, the definition and the relationship of the bio-
dynamic indicators used in this embodiment are simply
described.

[0076] The blood flow volume is the volume of blood flow-
ing in the cerebrovascular branch. The unit of blood flow
volume is ml, Q or Q(t) is used to express as a function of time,
and S is used to express a blood volume having flowed for a
time period (i.e., integral of Q for time). The blood flow
volume is generally in direct proportion to the difference P-Pv
of blood pressures and in inverse proportion to the blood flow
resistance R between two sites longitudinally separated in the
cerebrovascular branch. The small value of the blood flow
volume causes the ischemic symptoms.

[0077] The compliance is a change of volume occurred at
the unit volume of blood vessel forced by the unit force. The
unit of compliance is ml/mmHg and the compliance is simply
written as C. The small value of C means the more stiffness or
contraction of the blood vessel wall. On the contrary, the large
value of C means the more flex or extending spasm occurs in
the blood vessel wall.

[0078] The blood flow resistance means the resistance
against the flow of blood in the cerebrovascular branch. The
unit of blood flow resistance is mmHg/l and is simply written
as R. R is approximately determined by the rate of the differ-
ence P-Pv of the blood pressures and the blood flow volume
Q between two sites longitudinally separated in the cere-
brovascular branch.

[0079] Thearterial stiffness Asc is an indicator showed how
much power is needed to change the unit length of blood
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vessel and, in other words, showed the stiffness of blood
vessel. The Asc reflects the organic change of blood vessel.
The unitof Asc is Kg/em? and Asc is generally proportional to
the square of the propagation velocity of elastic wave.
[0080] Lastly, the blood flow velocity V is the speed of
blood flowing in the cerebrovascular branch and is measured
by the ultrasonic sensor 128 mainly. The unit of V is cm/s. The
pulse wave velocity (PWV) reflects the elastic status of an
aorta and is measured by the method recording pulse wave in
the carotid artery and the femoral artery. The more stiffness of
blood vessel wall is the more rapid of the velocity. Especially,
the harder change of arteriosclerosis is the more rapid of the
velocity of blood flow or the pulse wave velocity.

[0081] Also, in the words of the described biodynamic indi-
cators, a subscript ‘a’ means an anterior cerebral artery 41, a
subscript ‘b’ means a basilar artery 46, a subscript ‘c’ means
aninternal carotid artery 42, a subscript ‘d’ means the diastole
of heart, a subscript ‘m’ means a middle cerebral artery 43, a
subscript ‘p’ means a posterior cerebral artery 45, a subscript
‘s’ means a systole of heart, a subscript ‘v’ means a vertebral
artery 48, a subscript ‘ac” means an anterior cerebral commu-
nicating artery 40, a subscript ‘pc’ means a posterior cerebral
communicating artery 44, a subscript ‘1" means a left, and a
subscript ‘r’ means a right.

[0082] On the other hand, the main processing unit 210 is
connected to the input unit 220 for receiving the control
commands of user and to the output unit 240 for displaying
the results calculated in the main processing unit 210.
[0083] Here, the output unit 240 comprises a screen output
part through a monitor as well as a printer. Therefore, the
image process unit 230 of FIG. 1 can be embedded in the
screen output part.

[0084] Also, the input unit 220 comprises not only a key-
board and a mouse, but also a touch input means on the
monitor of the screen output part.

[0085] In the above mentioned configuration, the core part
is the calculation of the biodynamic indictors by some equa-
tions using the measurement and analysis of the bio-signals
under the control of the main processing unit 210. Therefore,
it is described in detail.

[0086] The control of the main processing unit 210 can be
carried out by a program embedded in the main processing
unit 210. The control program of the main processing unit 210
basically comprises the steps of: (1) receiving basic informa-
tion data (e.g., a blood pressure, a height, a weight and a race
of an examinee) from the input unit 220 and receiving the
bio-signals from the bio-signal measurement system 100; (2)
analyzing waveforms from the bio-signals and obtaining the
cerebrovascular pressure curve, the systolic area and the dias-
tolic area of the cerebrovascular pressure curve and the cere-
brovascular blood flow volume from the waveforms; and (3)
calculating the biodynamic indicators including a cere-
brovascular compliance C and a cerebrovascular resistance R
from the cerebrovascular pressure curve, the areas of the
cerebrovascular pressure curve, the cerebrovascular blood
flow volume and the basic information data and displaying
the results of cerebrovascular analysis. The control of the
main processing unit 210 can be variously carried out by the
program as follows.

[0087] The above mentioned cerebrovascular system is
called the cerebrovascular branches as shown in FIG. 4.
According to one embodiment, the biodynamic indicators of
each of the cerebrovascular branches including the left and
right posterior cerebral arteries 45, the left and right anterior
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cerebral arteries 41 and the left and right middle cerebral
arteries 43 are automatically calculated by predetermined
equations and the results are displayed on the output unit 240
such as a C-R chart as shown in FIG. 8.

[0088] As described later, by the main processing unit 210,
the biodynamic indicators of each of the cerebrovascular
branches are calculated from cerebrovascular branch pres-
sure curves P, P s, Py, Py, Py Pos Py and Py, which are
obtained by solving plural simultaneous equations made of
the measured data Q_;, Q_,, Q,;, and Q,,.

[0089] For example, the compliances C,, and C,, and the
resistances R, and R , of the left and right posterior cerebral
arteries are calculated by Equations 1 to 4, respectively.

[0090] The compliance of the left posterior cerebral artery
is

Apls = Apld Spl Equation 1

Cpl -
Pots=Ppra Apis + Apg

[0091] Thecompliance ofthe right posterior cerebral artery
is

Apas = Apaa Sp2 Equation 2
sz = —"

Pras— Ppaa Apas + Apg

[0092] The resistance of the left posterior cerebral artery is
Apls + Apia Equation 3
p =
Sp1
[0093] And the resistance of the right posterior cerebral
artery is
Apts + Apid Equation 4
TS,

P2

[0094] InEquations 1to 4, P, is a systolic blood pressure
of the left posterior cerebral artery, P, , is a diastolic blood
pressure of the left posterior cerebral artery, P, is a systolic
blood pressure of the right posterior cerebral artery, P, ,is a
diastolic blood pressure of the right posterior cerebral artery,
A, is an area of a systolic left posterior cerebral artery
pressure curve, A, is an area of a diastolic left posterior
cerebral artery pressure curve, A ; is an area of a systolic
right posterior cerebral artery pressure curve, A, , is an area
of a diastolic right posterior cerebral artery pressure curve,
S, is a blood flow volume of the left posterior cerebral artery,
and S, is a blood flow volume of the right posterior cerebral

artery.

[0095] The compliances C,, and C,_, and the resistances
R,, and R , of the left and right anterior cerebral arteries are
calculated by Equation 5 to 8, respectively.
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[0096] Thecompliance ofthe left anterior cerebral artery is
_ Aas — Aaa Sa1 Equation 5
7 Pag=Pag (Aats+ Aa)1+K)
[0097] The compliance of the right anterior cerebral artery
is
_ Ans—Aaa Sa2 Equation 6
@7 Pay-Pau (Aas+Aad(1+K)
[0098] The resistances of the left anterior cerebral artery is
Ri= Agts + Acia Equation 7
AT S+ K)
[0099] And the resistance of the right anterior cerebral
artery is
R Ags + Ad Equation 8
251+ K)
[0100] InEquations 5 to 8, P, is a systolic blood pressure

of the left anterior cerebral artery, P, , is a diastolic blood
pressure of the left anterior cerebral artery, P, is a systolic
blood pressure of the right anterior cerebral artery, P, is a
diastolic blood pressure of the right anterior cerebral artery,
A, is an area of a systolic left """ cerebral artery pressure
curve, A, ;is an area of a diastolic left anterior cerebral artery
pressure curve, A ,. is an area of a systolic right anterior
cerebral artery pressure curve, A ,, 1s an area of a diastolic
right anterior cerebral artery pressure curve, S, is a blood
flow volume of the left anterior cerebral artery, S, 1s ablood
flow volume of the right anterior cerebral artery, and K is a
clinical coefficient.

[0101] The compliances C,,, and C,,, and the resistarces
R, and R, , ofthe left and right middle cerebral arteries are
calculated by Equation 9 to 12, respectively.

[0102] The compliance of the left middle cerebral artery is
- Apts — Amid ) S K Equation 9
" Bats—Prtd Ants+ A )L+ K)
[0103] Thecompliance ofthe right middle cerebral artery is
_ Aas — Aau Sa2 Equation 10
27 Pas—Paa (Aas + Ana)(+ K)
[0104] The resistances of the left middle cerebral artery is

_Aas+Aae Equation 11

AT S+ K)
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[0105] And the resistance of the right middle cerebral
artery is
_ Aas +Aa Equation 12
2T Sal+K)
[0106] In Equations 9 to 12, P, is a systolic blood pres-

sure of the left middle cerebral artery, P, ; is a diastolic blood
pressure of the left middle cerebral artery, P,, ., is a systolic
blood pressure of the right middle cerebral artery, P, is a
diastolic blood pressure of the right middle cerebral artery,
A, 1s an area of a systolic left middle cerebral artery pres-
sure curve, A, ;1s an area of a diastolic left middle cerebral
artery pressure curve, A, is an area of asystolic right middle
cerebral artery pressure curve, A, 1s an area of a diastolic
right middle cerebral artery pressure curve, S, , is a blood
flow volume of the left middle cerebral artery, S,,,, is a blood
flow volume of the right middle cerebral artery, and K is a
clinical coefficient.

[0107] On the other hand, the main processing unit 210
controls the output unit 240 to display the compliance C and
the resistance R of each of the cerebrovascular branches cal-
culated in step 3 as a dot on C-R Chart.

[0108] It is reasonable that the sectors of C-R chart, as
shown in FIG. 8, can be divided to increase the precision
according to the various results of clinics. By the exemplary
embodiment of clinical result, the sectors can be defined as
the followings.

[0109] Sector @ is the area diagnosed as the severity of
cerebrovascular origin spasm, sector (2) is the area starting
the implement of blood vessel stenosis, sector (3 )is the area
of the implement of blood vessel stenosis, sector (4) is the
area of cerebral arteriosclerosis and stenosis, sector (5) is the
area suspected as origin spasm, sector (6) is the area of a
normal or the implement of spasm, sector (7) is the area of a
normal, sector (8 )and {1 Q) are the areas diagnosed as anormal
or a cerebrovascular spasm according to subjective symptom,
sector (9) 1s the area diagnosed as origin spasm, and sector
@ is the area suspected as cerebrovascular spasm or a state
of taking cerebrovascular vasodilator.

[0110] In the followings, the supplementary theories and
clinical data are described to support the above mentioned
embodiments.

[0111] In the present invention, the main processing unit
210 calculates the plural simultaneous equations of blood
pressure and blood flow volume using the measured data.
[0112] First, the cerebrovascular system must be simplified
to calculate for assessing the cerebrovascular state due to the
complexity of cerebrovascular system.

[0113] Now, the experimental data for analyzing the cere-
brovascular system is like Table 1.

TABLE 1

Experiment Results of Compliance and
Resistance in Cerebrovascular System

Length  Diameter Resis- Compli-
Artery Mark [em] [em] tance ance
Internal carotid c 2.5 0.4-0.6 0.15 1.07
artery (left, right)
Basilar artery b 3 0.4-0.6 0.02 0.018
Vertebral v 20 0.3-0.5 0.25 0.7

artery (left, right)
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TABLE 1-continued

Experiment Results of Compliance and
Resistance in Cerebrovascular System

Length  Diameter Resis- Compli-
Artery Mark [em] [em] tance ance
Posterior cerebral pl 2 0.3 0.04 0.007
arteryl (left, right)
Posterior cerebral p2 7 0.3 0.14 0.0025
artery?2 (left, right)
Posterior cerebral pe 2 0.12 0.586  0.00012
communicating
artery
Anterior cerebral ac 0.5 0.15 0.061  0.0005
communicating
artery
Anterior cerebral a 2 0.25 0.0834 0.005
artery(1)
Anterior cerebral a 5 0.25 0.21 0.0125
artery(2)
Middle cerebral m 7 0.35 0.076  0.0336
artery

: : 4 4 4 m '3 5
Peripheral resistance R,," =2 x 10%,R," = 2.6 x 10, R,”=3.9 x 10" dyn * S/cm

[0114] Asshown in Table 1 and FIG. 4, the cerebrovascular
system can be basically consisted of the internal carotid
artery, the vertebral artery, the middle cerebral artery, the
anterior cerebral artery and the posterior cerebral artery (As
shown in Table 1, the compliance is ignored because the
values of it are ¥ioo~Y1c000 against those of the other arteries).
[0115] From the experiment results as shown in FIG. 4 and
Table 1, it is assumed that the cerebrovascular system is
consisted of the internal carotid artery branch, the anterior
cerebral artery branch, the middle cerebral artery branch, the
posterior cerebral artery branch, the vertebral artery branch
and the basilar artery branch. So, if Windkesell’s model is
applied to each of the artery branches and assuming that
poly-elastic tube is made by connecting elastic tubes which
are analyzed as a blood flow tube, respectively, under the
consideration the blood flow property, it is possible to per-
fectly analyze the cerebrovascular system as shown in FIG. 4.
[0116] First, when each elastic tube is connected to the
poly-elastic tube, two models are made by considering the
property of blood flow.

[0117] IfWindkesell’s modelis applied to each of the artery
branches and assuming that the poly-elastic tube is made by
connecting elastic tubes under consideration the blood flow
property, there are two models for configuring the poly-elas-
tic tube. The poly-elastic tube can be configured on the
assumption that the internal carotid artery is divided to the
anterior cerebral artery and the middle cerebral artery as
shown in FIG. 5, or that the internal carotid artery and the
middle cerebral artery is one blood vessel branch as one
elastic tube.

[0118] According to above described, the cerebrovascular
system of FIG. 4 can be studied on the assumption that the
internal carotid artery 42, the vertebral artery 48, the middle
cerebral artery 43, the anterior cerebral artery 4 and the pos-
terior cerebral artery 45 are one blood flow tube, respectively.
[0119] To calculate the compliance, the resistance and the
elastic coefficient of blood vessel in the equivalent cere-
brovascular branches as shown in FIG. 5, the following prob-
lems must be solved.

[0120] First, because the 18 biodynamic values including
the left and right compliances, resistances and elastic coeffi-
cients of the anterior cerebral, the middle cerebral and the
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posterior cerebral artery branches could not determined by 8
curves of the ultrasonic waves and the pulse waves measured
at the entrances of the left and right vertebral arteries 48 and
the internal carotid artery 42, the cerebrovascular system of
FIG. 4 must be simplified by the assumption which is medi-
cally reasonable and without the biodynamical conflict.
[0121] From the experimental data as shown in Table 1, itis
founded that the compliance C, of the posterior cerebral
artery vs. the compliance C,. of the posterior cerebral com-
municating artery is 25:1 and the compliance C,, of the ante-
rior cerebral artery vs. the compliance C,. of the anterior
cerebral communicating artery is 40:1.

[0122] Also, the blood flow volumes of Q. and Q,. are
about 1/300 of those of Q,, Q, and Q,, where C and R are
obtained from the cerebrovascular experiment data, P, =P, is
103 mmHg as an average blood pressure, and P,=P, is 105
mmHg as an average blood pressure.

[0123] From the above facts, the anterior cerebral commu-
nicating artery and the posterior cerebral communicating
artery are assumed as fixed ends.

[0124] Therefore, all communicating arteties are ignored
and the compliances and the resistances of the artery branches
can be determined.

[0125] The assumption is medically reasonable. In facts,
the cerebral thrombosis is few occurred in and the cerebral
hemorrhage is a few occurred in the anterior cerebral com-
municating artery and the posterior cerebral communicating
artery. So, it is possible to diagnose only with the data of
blood pressure and blood flow volume but without the data of
compliance and resistance.

[0126] Form above mentioned, the cerebrovascular system
can be studied to be divided from the communicating artery.
[0127] First, the problem for analyzing the posterior cere-
bral artery is described.

[0128] The compliances and the resistances of the left and
right posterior cerebral arteries are determined on the
assumption that each posterior cerebral artery is an elastic
tube. The blood flows are determined on the assumption that
the posterior cerebral artery is a simple tube. P,,;=P,, and Q,,
and Q,,, are given at the division point where the basilar artery
is divided into the left and right posterior cerebral arteries.
[0129] The most difficult problem in the determination of
the compliance, the blood flow resistance and the blood flow
volume of posterior cerebral artery is to determine the blood
flow volume Q,; and Q,,, of the left and right posterior cere-
bral arteries when P, =P, at the division point of the basilar
artery to the left and right posterior cerebral arteries. The
vertebral artery is mixed up at the basilar artery and then is
divided at the posterior cerebral artery.

[0130] To understand the property of blood flow volume
which flows from the basilar artery to the left and right pos-
terior cerebral arteries, an experiment was performed and the
results showed that the rate of blood flow volumes of the left
and right of Kv*vertebral arteries and Kc*internal carotid
arteries had high relationship with the rate of blood flow
volumes of the left and right of posterior cerebral arteries.

[0131] The experimental process was as like as the follow-
ings.
[0132] To understand the property of blood flow volume

which flows from the basilar artery to the left and right pos-
terior cerebral arteries, total 50 men were used as sample.

[0133] The average artery pressure was 118 mmHg~132
mmHg, the blood flow volume was 5.2~7.8 ml/s at the
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entrance of the basilar artery, and total heart beat periods were
selected with 541 pieces. The experiment results are given in
Table 2.

TABLE 2

Experiment Results of 50 Male Patients

Blood flow volume

of basilar artery
No [ml/s] C=5p/Sp N =S5p"Sp"
1 6.4 1.02 1.136
2 7.2 1.11 1.251
3 5.9 0.97 1.041
4 53 1.33 1.469
5 6.7 1.66 1.785
6 54 0.67 0.826
7 7.1 0.63 0.765
8 6.7 1.39 1.534
9 6.5 1.11 1.241
10 5.9 1.47 1.86
11 6.4 0.87 1.021
12 6.4 1.57 1.765
13 6.3 0.67 0.806
14 54 0.64 0.796
15 6.3 0.61 0.696
16 6.7 1.02 1.136
50 6.8 9.63 0.698

[0134] From the above results, the rate S, */S,,* of blood
flow volumes of the left and right of vertebral arteries and
internal carotid arteries shows to have high relationship with
the rate S, /S 5, of blood flow volumes of the left and right of
posterior cerebral arteries as like as Equations 13 and 14.

=1.1n+0.031 Equation 13
v?=0.92 Equation 14
[0135] If the above experiment results are theoretically

studied, the reason of the relationship between the blood flow
volume rate of left and right internal carotid arteries and
vertebral arteries and the blood flow volume rate of the left
and right posterior cerebral arteries can be described as fol-
lowings.

[0136] The sigma effect occurs at the region where the
basilar artery is connected to the posterior cerebral artery. The
anterior and posterior inferior cerebellar arteries and the
superior cerebellar arteries suck up the blood of the basilar
artery as like as a suction point. Also, the blood flow flowing
in the internal carotid artery supports the blood flow in the
posterior cerebral artery through the posterior cerebral com-
municating artery. The amount is 30~38% of total blood flow
volumes in the posterior cerebral artery. On the other hand,
the blood which flows into the brain has a property conserving
axisymmetrical big branches due to the pulling force of the
fluid-dynamical velocity boundary layer.

[0137] By the phenomenon, the amount of blood flow flow-
ing from the vertebral artery through the basilar artery is not
same to that of blood flow flowing into the left and the right
posterior cerebral arteries.

[0138] If m=S*,,/S*,, is the rate of the left and right
Kv*vertebral artery blood flow volumes and Kc*internal
carotid artery blood flow volumes (here, Kv and Kc are the
experimental constants 0f 0.131-0.152 and 0.73-0.82, respec-
tively) and C=S,/S 5, is the rate of the left and right posterior
cerebral artery blood flow volumes, Equation 13 is written as
like as Equation 15.

=1.21n+0.11 Equation 15
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[0139] Therefore, the blood flow volume of the posterior
cerebral artery which is supplied by 80-85% of the blood flow
volume of the vertebral artery and filled up with 29-32% from
the internal carotid artery can be calculated by Equations 16
and 17.

Sp1=1.24{1.21n+0.11)S,, Equation 16

S,2=1.24(0,1+0,5)=5,,1 Equation 17

[0140] Next, at the division point of the left and right pos-
terior cerebral arteries, P, =P, is calculated by Equation 18.

P,1=P»=PR 3¥03-R, "0, Equation 18

[0141] From Equation 18, R, and R, are calculated by
Poisenille equation

128u A A R
R, = —F= 1.63ﬁdyn-S/cm

Equation 64

[0142] where A is length of artery, D is diameter, and u is
viscosity of blood. D is calculated from Flank equation in
fluid dynamics.

[0143] After the calculation of the Q and P, the main pro-
cessing unit 210 caleulates C,, C,, R and R, of the blood
vessel. Now, because the left and the right posterior cerebral
arteries are branched from the basilar artery, the posterior
cerebral artery can be assumed as a single elastic tube with
being the posterior cerebral communicating artery as a fixed

end (refer to FI1G. 5).

[0144] On the other hand, because the cerebrovascular sys-
tem shows spasm and vibration, the modeled equation of the
posterior cerebral artery is divided and solved at systole and
diastole of blood vessel.

dP P-Py

Equation 19
+ =
Pde R, y

C
O<r=Ty

Equation 20

T,<i1<T

(Q=0s+04)

[0145] By the experiment results, the compliance of the
systolic blood vessel is same to that of the diastolic blood
vessel at 170~180 mmHg of the blood pressure. Therefore,
C,.=C,~C.

[0146] Equations 19 and 20 show the relationship of P, Q,C
and R. The calculations of C and R are using the function
relationship of area of blood pressure curve P and blood flow

volume S instead of adjusting C and R to coincide blood
pressure curve P with blood flow volume curve Q.

[0147] The reproducible C and R are obtained from the
function relationship of the area vs. the area.

[0148] When Equations 19 and 20 are integrated, added to,
subtracted from and then re-arranged, it is reduced to Equa-
tion 21.
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Equation 21

[0149] where S, * is the blood flow flowing in the posterior
cerebral artery at one cycle beat, P; is the systolic blood
pressure, P ,1s a diastolic blood pressure, A is anarea of blood
pressure curve P during the systole, A, is an area of blood
pressure curve P during the diastole.

[0150] From Equation 21, the compliances C,,; and C,, and
the resistances R,; and R , of the left and right posterior
cerebral arteries are calculated as the followings.

[0151] The compliance of the left posterior cerebral artery
is
Co = Apls — Apla ) Sp1 Equation 1
o= Pois = Ppla Apis + Apa
[0152] Thecompliance ofthe right posterior cerebral artery
is
_ Apas — Apa Sp Equation 2
7o Pros = Poog Apas + Apoa
[0153] The resistance of the left posterior cerebral artery is
. Apts + Apla Equation 3
pl = Spl
[0154] And the resistance of the right posterior cerebral
artery is
_Apis +Apig Equation 4
P2 = Sp2
[0155] InEBquations 1 to 4, P, is a systolic blood pressure

of the left posterior cerebral artery, P, , is a diastolic blood
pressure of the left posterior cerebral artery, P,,,, is a systolic
blood pressure of the right posterior cerebral artery, P , ;s a
diastolic blood pressure of the right posterior cerebral artery,
A, is an area of a systolic left posterior cerebral artery
pressure curve, A, is an area of a diastolic left posterior
cerebral artery pressure curve, A, is an area of a systolic
right posterior cerebral artery pressure curve, A, ;15 an area
of a diastolic right posterior cerebral artery pressure curve,
S, is ablood flow volume of the left posterior cerebral artery,
and 8, is a blood flow volume of the right posterior cerebral
artery.

[0156] Next, the organic and functional changes of the
cerebrovascular system are understood by solving the prob-
lem of fluid elastic body in the elastic tube where the blood
flows on the assumption that the posterior cerebral artery is a
single tube as an elastic tube where the blood flows (refer to
FIG. 5).

[0157] The continuity equation and the motion equation of
the fluid elastic body in one elastic tube of blood vessel are

considered,
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A JAU 0 Equation 22
ALl

ar  9X

AU BAU®  AOP TwlA Equation 23

i =
ar ot p0X pop

[0158] InEquations 22 and 23, A is an area of blood vessel,
U is a velocity of blood flow, and P is a blood pressure.

4wl Equation 24
=Ty
[0159] In Equation 24,Y is radius of blood vessel, u is

viscosity, and t,, is a tangential stress.

dA A QP
FTENFTFT

Equation 25

0AH
o ’“‘)
DAH*

ar

[0160] In Equation 25, F is an average blood flow velocity
and, a is an elastic wave propagation velocity.

A-dP Equation 26

[0161] If re-arranged with Equations 22 to 26,
A OP 0Q -0 Equation 27
o a1 " ax T
pagQ _ P  8urQ Equation 28

Aor T Tax T A

[0162] In Equations 27 and 28, P is a blood pressure curve,
WL is viscosity, A is a cross-sectional area of blood vessel, and
p is a density of blood.

[0163] Now, in Equation 28,

is ignored and then Equation 28 is integrated by X

A dP ANP-Py) Equation 29

—
pat dr 8mu,

d

[0164] From Equation 29, Equation 30 is obtained in a
single elastic tube.
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A _ B Equation 30

pPWE - T A

[0165] As shown in Equation 30, the changes of the cross-
sectional area of the cerebrovascular system occur because of
the complementary internal pressure by blood pressure
change, spasm, contraction, medicine effects, etc in the cere-
brovascular system. As shown in the compliance and the
resistance of the blood vessel, the compliance and the resis-
tance are severely fluctuated by blood pressure change,
spasm, contraction, medicine effects due to the changes of
cross-sectional area of the cerebrovascular system.

[0166] The elastic coefficient E represents the organic
change of the cerebrovascular system because it is related to
the elastic wave propagation velocity and not related with
blood pressure change, spasm, contraction, medicine effects,
etc in the cerebrovascular system.

[0167] On the other hand, by Moensu Korteweg, it is given
that PWV=y(E/p)(/d)=a(h/d).

[0168] So, the elastic coefficient E=p(d/h)PWV=,

[0169] Therefore, if A is erased in C and R, the arterial
stiffness Asc can be obtained from the relationship equations
of p and PWV

0.25 Equation 31
Asc = K3 ——(1-15)
CR

[0170] InEquation31, S=f(PWV)andK, is acoefficient of
clinics.
[0171] Next, for applying the indicators of the cerebrovas-

cular property and the blood flow property to the clinics, the
volume of blood flow flowing to the internal carotid artery and
the vertebral artery must be calculated.

[0172] In the present invention, C and R are calculated by
substituting the blood flow volume of the vertebral artery
obtained by the ultrasonic Doppler into C and R equations
expressed with the area of the internal carotid artery pulse
wave curve instead of adjusting C and R to coincide the blood
flow curve obtained by the ultrasonic Doppler with the pulse
wave curve of the internal carotid artery.

[0173] This method means that the horizontal plane error,
as a weak point, of the ultrasonic Doppler happening in the
determination of the cerebrovascular property does not have
an effect on calculating C and R.

[0174] In other words, because the blood flow volume
obtained by the present ultrasonic measurement technology is
used to the clinics, if the blood flow volume is measured by
the ultrasonic measurement technology, C, R and Asc can be
used to the clinics without any problem.

[0175] Next, the problem for analyzing the internal carotid
artery with neglecting the communicating artery is described.

[0176] As the above case, at the branching point of the
anterior cerebral artery and the middle cerebra artery, the
blood pressure is P, =P, =P and the blood flow volumes are Q,,
and Q,,. The systolic compliance is same to the diastolic
compliance. When the anterior cerebral artery and the middle
cerebra artery are assumed as a single elastic tube, respec-
tively, the elasticity equations can be given as followings.
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dP, Pn-P Equation 32
On=Cy T;n + mRm -
R dP;, P.-Py Equation 33
(R_a + I)Qa =C, I + x
(Qn+Qa)=QPn=Ps=P) Equation 34

[0177] Because the resistance R, of the right artery is 5.9x
10*dyn-S/ecm® and the resistance R, of the left artery is
3400dyn-S/cm’, the ratio R ,/R,=0.

[0178] If re-arranged,
Ags + Ay Equation 35
| = -
St
_ A Ay Qe Equation 36
T Py - Py A+ Ay
0.25 Equation 31

Asc = K3 ——(1-15)
CR

[0179] In Equations 31, 35 and 36, R, C and Asc can’t be
used to the clinics because of the unknown blood flow vol-
ume.

[0180] So, to obtain R, C and Asc which are applicable to
the clinics, Q,, and Q, must be calculated in the condition of
P, =P..

[0181] To solve this problem, it is to model the carotid

artery system on the assumption that the internal carotid
artery and the middle cerebral artery are connected as a single
tube and that the anterior cerebral artery is branched from the
internal artery and the middle cerebral artery branch (refer to
FIG. 6).

[0182] Now, C,, is the compliance of the middle cerebral
artery, C, is the compliance of the anterior cerebral blood
vessel, R, is the blood flow resistance of the middle cerebral
artery, R, is the blood flow resistance in the circle of Willis of
the anterior cerebral artery, R, is the blood flow resistance in
the other region of the anterior cerebral artery, P,, is the blood
pressure of the middle cerebral artery, P, is the blood pressure
of the anterior cerebral artery, Q,, is the blood flow volume of
the middle cerebral artery, Q, is the blood flow volume of the
anterior cerebral artery, P is the blood pressure at the connect-
ing point of the internal carotid artery and the circle of Willis,
and P, is the blood pressure of vein.

[0183] Also, total compliance C of the anterior cerebral
artery and the middle cerebral artery is give by:

AV Equation 37
C=z—
Ap
[0184] Now, from FIG. 6, when first order approximation

function of the internal carotid artery is PWV of the middle
cerebral artery, the compliance C,_,, of the internal carotid
artery and the middle cerebral artery can be calculated.

[0185] So,

Sm=Cm*(P,,, *-Pmd)(Ams+dmd)dmd Equation 38
Sa=Sc-Sm Equation 39
P,=P=P-R.0. Equation 40
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[0186] From theaboveresults, the compliances C,, andC,
and the resistances R,,; and R, of the left and right anterior
cerebral arteries are calculated by Equations 5 to 8, respec-
tively.

[0187] Thecompliance of the left anterior cerebral artery is
Co - Aats = Aald Sat Equation 5
4T Puts = Patg (Aats + AL+ K)
[0188] The compliance of the right anterior cerebral artery
is
Co e Ans — A Sa Equation 6
27 Pas—Pad (Aas + Aad(+K)
[0189] The resistances of the left anterior cerebral artery is
_Aas +Aqe Equation 7
4T S (LK)
[0190] And the resistance of the right anterior cerebral
artery is
Rae Ags + Ag2e Equation 8
2T S+ K)
[0191] InEquations 5to 8, P, is asystolic blood pressure

of the left anterior cerebral artery, P, , is a diastolic blood
pressure of the left anterior cerebral artery, P, is a systolic
blood pressure of the right anterior cerebral artery, P, ;is a
diastolic blood pressure of the right anterior cerebral artery,
A, 1s an area of a systolic left anterior cerebral artery pres-
sure curve, A, ;is an area of a diastolic left anterior cerebral
artery pressure curve, A ,_1is an area of a systolic right ante-
rior cerebral artery pressure curve, A, is an area of a dias-
tolic right anterior cerebral artery pressure curve, S, is a
blood flow volume of the left anterior cerebral artery, S _, is a
blood flow volume of the right anterior cerebral artery, and K
is a clinical coefficient.

[0192] Also, the compliances C,,, and C,,, and the resis-
tances R,,, and R, of the left and right middle cerebral

ml

arteries are calculated by Equation 9 to 12, respectively.

[0193] The compliance of the left middle cerebral artery is

oo Anls = Amid St Equation 9
" Pats = Pid s + AT+ K)
[0194] Thecompliance ofthe right middle cerebral artery is

Amas — Amad Sm2 Equation 10

Pras = Praa (Amzs + Appa (1 + K)

Cpp =
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[0195] The resistances of the left middle cerebral artery is
R Ants + Amig Equation 11

ml = g (LK)
[0196] And the resistance of the right middle cerebral

artery is

Amas + Amaa Equation 12

RmZ = e T oo

Smil +K)
[0197] In Equations 9 to 12, P,,,, is a systolic blood pres-

sure of the left middle cerebral artery, P, ;is a diastolic blood
pressure of the left middle cerebral artery, P, ,. is a systolic
blood pressure of the right middle cerebral artery, P, is a
diastolic blood pressure of the right middle cerebral artery,
A, is an area of a systolic left middle cerebral artery pres-
sure curve, A | ,is an area of a diastolic left middle cerebral
artery pressure curve, A, ,_is an area of asystolic right middle
cerebral artery pressure curve, A, , s an area of a diastolic
right middle cerebral artery pressure curve, S, ; is a blood
flow volume of the left middle cerebral artery, S,,,, is a blood
flow volume of the right middle cerebral artery, and K is a
clinical coefficient.

[0198] Next, when the blood flow volume of the carotid
artery and the vertebral artery and the average blood pressure
P of the carotid artery are given, the blood pressure and the
blood flow volume of each of the blood vessel branches of the
cerebrovascular system are calculated.

[0199] At thistime, the resistance R of each blood vessel is
given by the above obtained value.

[0200] In clinics, the blood pressure is given by the multi-
plication of resistance and blood flow volume.

[0201] To calculate the blood pressure and the blood flow
volume in the main processing unit 210 of the present inven-
tion, the simultaneous equations are given as followings.

P1=Re1Qcr+RanOan Equation 41
P1=Rc10c1+Rpc1OpcitRp120p12 Equation 42
Pi=Re1Qc1tRanQastRa120a10 Equation 43
RapQaptR QAR ey Q™0 Equation 44
Py=R Q04RO Equation 45
Pr=R20c+R21@an1 R e Qa2 Equation 46
P3=Rp Oy +R,Qp+Rp310p31 HRp120p 12 Equation 47
Py=RpnQm+RQstRpr10p21tRp2 0P Equation 48
RaQa+Pei=P) Equation 49
R,12Q.127Pa1 Equation 50
Re22Qu27F Equation 51
ReyQctPer=Ps Equation 52
R0,0tF,5=F, Equation 53
Ry1Qu1+P,1=P3 Equation 54
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R, 100, 12t8, 11011~ P10 Equation 55
R 220020+ R21 Qo1 =P pp=0 Equation 56
Ot Qrt Qo= @0 Equation 57
Qa12+@ar=0a3=0 Equation 58
Ot Cpert@ac=Cuz 0 Equation 59
QartQac= Qa2 Equation 60
019~ Qe Cp13=0 Equation 61
022~ Cper 0p21=0 Equation 62
Py=R2QcotRpaOpcrt Ry Opro Equation 63
[0202] In the above equations, the unknowns are Qpll,

Qpl2, Qp21, Qp22, Qall, Qal2, Qa2l, Qa22, Qml, Qm2,
Qpcl, Qpe2, Qac, Pal, Pa2, Pcl, P2, Pvl, Pv2, Ppl, Pp2,P3,
P4 and Rb.

[0203] Therefore, if P1, P2, Qv1, Qv2, Qcl and Qc2 are
known, the above simultaneous equations can be solved.
[0204] Because the present invention enables to early diag-
nose the risk of cerebrovascular diseases by analyzing an
elastic coefficient for observing the organic change of each
cerebrovascular branch and by calculating a cerebrovascular
blood flow volume, a cerebrovascular compliance, and a cere-
brovascular resistance for observing blood flow properties of
a cerebrovascular system and the organic and the functional
changes of each cerebrovascular branch, the cerebrovascular
analyzer of the present invention has a very high industrial
applicability.

What is claim is:

1. A cerebrovascular analyzer comprising:

a bio-signal measurement system including a bio-signal
measuring sensor unit which comprises an electrocar-
diogram (ECG) sensor, a phonocardiogram (PCG) sen-
sor, an accelerated plethysmogram (APG) sensor and an
ultrasonic sensor, and a bio-signal reception and process
unit which is connected to each of the sensors of the
bio-signal measuring sensor unit for receiving and pro-
cessing bio-signals measured by the sensors; and

an analysis indicator calculation system including a main
processing unit which is connected to the bio-signal
reception and process unit for communicating and cal-
culating biodynamic indicators of a cerebrovascular sys-
tem from the bio-signals, an input unit which is con-
nected to the main processing unit for receiving control
commands of a user, and an output unit which is con-
nected to the main processing unit for displaying the
calculated results,

wherein the APG sensor comprises a pressure sensor elec-
trically connected to the bio-signal reception and pro-
cess unit by asensing read line, the pressure sensor being
a carotid artery pulse wave sensor to obtain an APG
waveform from a left or right carotid artery;

wherein the main processing unit is programmed to calcu-
late the biodynamic indicators from basic data including
a cerebrovascular pressure curve, a systolic area and a
diastolic area of the cerebrovascular pressure curve and
an cerebrovascular blood flow volume; and

wherein the cerebrovascular pressure curve is synthesized
with the bio-signals of the bio-signal measurement sys-
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tem, the bio-signals comprising at least the APG wave-
form measured by the carotid artery pulse wave sensor.

2. The cerebrovascular analyzer of claim 1,

wherein the bio-signal reception and process unit com-
prises:

amicrocontroller which controls to process the bio-signals
received from the bio-signal measuring unit and to trans-
mit processed bio-signals to the main processing unit;

amulti-signal selector which selects one of the bio-signals
received from the ECG sensor, the PCG sensor, the APG
sensor and the ultrasonic sensor by a control signal of the
microcontroller;

a noise eliminator and signal amplifier which eliminates
noises and/or controls amplification degree of the bio-
signal selected by the multi-signal sensor by a control
signal of the microcontroller;

a signal switcher which receives the bio-signals from the
noise eliminator and signal amplifier and selects one of
the bio-signals to meet the control commands of the
input unit or of embedded program in the main process-
ing unit by a control signal of the microcontroller;

a sample holder which samples and holds the bio-signal
selected by the signal switcher by a control signal of the
microcontroller; and

an A/D converter which converts a holding bio-signal of
the sample holder to a digital bio-signal and sends to the
microcontroller by a control signal of the microcontrol-
ler.

3. The cerebrovascular analyzer of claim 1,

wherein the bio-signal measurement system is configured
to obtain an ECG waveform, a PCG waveform and the
APG waveform synchronously by the bio-signal mea-
suring sensor unit.

4. The cerebrovascular analyzer of claim 1,

wherein the carotid artery pulse wave sensor has a housing
body having an opening part, the pressure sensor being
equipped at the inside of the housing body.
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5. The cerebrovascular analyzer of claim 4,

wherein the opening part is connected to a cuff sphygmo-
manometer having an air pouch for the carotid artery
pulse wave sensor being used as a cuff pulse wave sen-
sof.

6. The cerebrovascular analyzer of claim 5,

wherein the cuff pulse wave sensor comprises a rubber
hose which is connected to the air pouch of the cuff
sphygmomanometer, a branch hose which is connected
to the rubber hose, and an adaptor which is connected to
an exit of the branch hose; and

wherein the adaptor is connected to the opening part of the
carotid artery pulse wave sensor.

7. The cerebrovascular analyzer of claim 1,

wherein the main processing unit is programmed to carry
out the steps of:

(1) receiving basic information data from the input unit and
receiving the bio-signals from the bio-signal measure-
ment system;

(2) analyzing waveforms from the bio-signals and obtain-
ing the cerebrovascular pressure curve, the systolic area
and the diastolic area of the cerebrovascular pressure
curve and the cerebrovascular blood flow volume from
the waveforms; and

(3) calculating the biodynamic indicators including a cere-
brovascular compliance C and a cerebrovascular resis-
tance R from the cerebrovascular pressure curve, the
areas of the cerebrovascular pressure curve, the cere-
brovascular blood flow volume and the basic informa-
tion data and displaying the results of cerebrovascular
analysis.

8. The cerebrovascular analyzer of claim 7,

wherein the main processing unit is programmed to control
the output unit to display the cerebrovascular compli-
ance C and the cerebrovascular resistance R calculated
in step 3 as a dot on a Compliance-Resistance (C-R)
chart.
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