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Abstract

This paper presents a decoupling theory named as Vascular Loading De-
coupling Technique (VLDT), extended from the beat-based Tissue Control
Method (TCM), for noninvasive measurement of real-time-based in-
tra-arterial blood pressure and dynamic compliance of blood vessel. Both
VLDT and TCM are based upon the decoupling theory to cause the arterial
pulsation without the influence from surrounding tissues and measure the
variations of the vascular diameter at critical depth. Meanwhile, the AC part
of blood pressure is lost, that is, the reference pressure for AC controller is
absent as well. To remedy this problem, VLDT employs Step-Hold control
rules and cubic spline curve fitting technique to estimate the reference pres-
sure, identify the impedance of blood vessel, and calculate the AC control
gain at Hold stage, then track the AC part of blood pressure and compute the
real-time arterial blood pressure at Step stage by turns, which makes the real
time measurement feasible; moreover, the dynamic compliance of blood ves-
sel can be extracted from real-time impedances of blood vessel. Since the
compliance of blood vessel is decoupled from surrounding tissues, it is valua-
ble for diagnosing the severity of vascular sclerosis. The simulation results
showed that the VLDT approach is superiority over TCM. This could provide
new prospective to circulatory medicine research.

Keywords

Instantaneous Arterial Blood Pressure, Dynamic Compliance of Blood Vessel,
Vascular Loading Decoupling Technique, Impedance of Blood Vessel

1. Introduction

Since Marey [1] first invented the sphygmograph to measure the blood pressure,
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many non-invasive measuring devices have been developed. Perhaps, Finapres
[2] or Portpres is the most popular device in commercial to measure the finger
continuous blood pressure. It was originally developed by Pendz [3] and Wesse-
ling [4] [5] based upon the vascular unloading technique [6] [7] [8]. Later, Ya-
makoshi [9] [10] [11] [12] [13] proposed the volume-compensation method to
improve the servo reference, and developed a local pressurization technique to
design a pad-type cuff sphygmomanometer [11] [12] for finger and wrist [13] to
avoid the occluding cuff encircling the biological segment that makes it uncom-
fortable in long-term measurements.

Based upon the model for transmission of arterial blood pressure [14], none of
present non-invasive measuring devices is able to measure the actual instanta-
neous blood pressure in an artery, mainly because these methods are not capable
of determining the transmission characteristics of the tissue and blood vessel. A
possible approach to obtain these characteristics is to decouple the pulsation of
the blood vessel from the tissues by using control and identification techniques.

Therefore, Lin [14] developed an innovative blood pressure measurement
technique, named Tissue Control Method (TCM), which is by maintaining the
DC part of blood pressure and tracking the AC part of blood pressure to cause
the vascular truly unloading; the blood vessel is pulsated without the influence of
surrounding tissues. Accordingly, the variation of blood vessel diameter is ob-
tained, but meanwhile, the AC part of blood pressure is lost, that is, the reference
pressure for controller is absent as well. For estimating the impedance of blood
vessel, the self-adaptive control algorithm is adopted, and the peak-to-peak
blood pressure of the previous pulse is taken as reference pressure, by which, the
beat-based intra-arterial blood pressure could be obtained, but obviously the
value is inaccurate; in addition, the obtained impedance of blood vessel is just an
approximate mean value in one pulse pressure cycle. In other words, although
TCM method could lead to the unloading state of the blood vessel, the absence
of reference pressure causes the intra-arterial blood pressure and the dynamic
compliance of the blood vessel to be unobtainable.

To remedy this problem, we proposed a new approach named as real-time
based Vascular Unloading Decoupling Technique (VLDT). It employs the
Step-Hold control rules and featured spline curve fitting technique to estimate
the reference pressure and measure the impedance of blood vessel. It makes the
measurements of real time intra-arterial blood pressure and the dynamic com-

pliance of blood vessel feasible.

2. Models and Theory

2.1. Mechanical Circuit Model for Transmission of Arterial Blood
Pressure

The models and theory of the Tissue Control Method is restated in this para-
graph. Figure 1 describes the physical model of the arterial blood pressure at the
radial artery. The point at detection head is labeled n, the skin surface is labeled
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Figure 1. The lumped mechanical circuit model for transmission of arterial blood

pressure.

a, the surface of the radius is d and the points b and c are the blood vessel’s up-
per and lower points respectively. Assuming that the motion model of the arteri-
al blood pressure is lumped, one may express each part, from the detection head
to the radius, by a mass element (M), a damping element (D) and a stiffness
element (K) to describe the motion behavior caused by arterial blood pressure
transmitted from inside the vessel to the skin above. If the force transmissibility
is equivalent to the pressure transmissibility from the blood vessel to the skin,
the elements of M, Dand K'may be defined as

v=bu p B g B (1)
Fi i P

where P is the pressure and A is the displacement. Then, by using the Laplace

transform, one may define the impedance Zfor each part as
Z(s):§2M32+Ds+K (2)

If the subscripts A4, f1, vand £2 denote the parts of detection head, upper tissue,
blood vessel and lower tissue, respectively, then the symbols of Z,, Z,, Z,and Z,
indicate the impedances for the corresponding parts of the lumped model.

If the displacement A is analogous to the voltage and the pressure P is analog-
ous to the current, then the mechanical impedance will be analogous to the elec-
trical admittance.

Figure 2(a) shows the equivalent mechanical circuit model for the transmis-

sion of arterial blood pressure at the radial artery. One may further combine the
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Figure 2. The mechanical circuit model for the transmission of arterial blood pressure under pressed conditions.

impedances of the detection head (Z,), upper tissue (Z,) and the lower tissue
(Z,) as the impedance of tissue (Z) to simplify the circuit, as shown in Figure
2(b). However, it should be noted that the experimental data show that the im-

pedances are not constants as they vary with the pressed depth.
1 1 1 1

=t 3)
Zt Zh Ztl ZtZ

The abovementioned detection head can be a cuff or an artery tonometry with

actuators and sensors.

2.2. Analysis of Pulsation of Tissue and Artery

According to the superposition theorem, one may express the response of the
blood pressure measured on the skin (2, due to excitations of the pressed-down
depth (A,) and the arterial blood pressure (2,) as

p=tl g2 p @
Z+Z, " Z,+Z,

where the arterial blood pressure P, can be summed by DC part of blood pres-
sure ( 13b ) and the AC part of blood pressure (APy).

2.2.1. Analysis of DC Part of Blood Pressure Excitation ( P,)
If one presses the skin to a critical depth ( 4, ) such that the DC part of sensor’s

pressure ( P ) measured on the skin equals the DC part of arterial blood pressure
( B,), then (4) can be written as

- ZZ 6 - - - —
Pﬁz A+ 5, B=5 (5)

, Z
z," Z+Z,

Solving (5) gives

=Z = =7 ===7, (6)

U.M| o]

Obviously, (6) states that at the critical depth (Z\, ) where, the impedance
measured on the skin is equal to the equivalent impedance of detection head,

upper tissue and lower tissue only, and the impedance of blood vessel is no
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longer involved in the analysis. It further illustrates that the impedance of arteri-
al blood vessel (Z,) and the impedance of other surrounding tissues ( Z,) are

decoupled.

2.2.2. Analysis of AC Part of Blood Pressure Excitation (AP,)

When the AC part of arterial blood pressure (AP,) is imposed on the DC part of
the arterial blood pressure ( 13b ) at critical depth ( Z ), (4) can be rewritten as

— Z7Z
P +AP == 2v

(7 4 =
Z +‘ZV (/13 +A/1S)+Zt +th (Pb +APb) (7)

Substituting (6) into (7) yields

77 Z\- 77 Z
AP =~ |12t 17 4+ 22 A +—"" AP, (8)
Z,+Z, V4 Z,+7Z, Z,+Z,

t

If one moves the detection head up and down (A4, ) at critical depth ()TS ) to
keep the AC part of the sensor’s pressure measured on the skin (AP) is equal to
zero, i.e. AP, =0 and then the impedance of surrounding tissues remains un-
changed, i.e. Z, =Z,, because it compressed by P. =P, only. Then (8) becomes

AL :—ZLAPb:AZV or AP, =-ZAA 9)

s
v

where A/, is the variation of the diameter of blood vessel. It also represents
that the movements of blood vessel under this situation is varying with zero
transmural pressure, because the artery’s inside and outside pressures are equal,
P =P, that is truly vascular unloading. This derivation reveals that the varia-
tion of the displacement measured on the skin ( A4, ) is equivalent to the varia-
tion of the diameter of blood vessel (A4, ) due to tracking AC part of the arterial
blood pressure, but meanwhile, the AC part of blood pressure is lost, AP, =0.
However, the significant implication of this result is that the pulsation of
blood vessel is therefore decoupled from the surrounding tissues which enable
one may identify the impedance of blood vessel (Z,) and then compute the in-

tra-arterial blood pressure as shown in (10).

B, =P, +AB =P, ~ZAA (10)

For obtaining the situation of (10), we present the real-time-based Vascular
Loading Decoupling Technique (VLDT) instead of the beat-based Tissue Con-
trol Method (TCM) to detect the dynamic impedance of blood vessel and the in-

stantaneous intra-arterial blood pressure.

3. Vascular Loading Decoupling Technique

Three key techniques are used for the VLDT. There are 1) separating the arterial
blood pressure into two parts: DC part of blood pressure ( B, ) and the AC part of
blood pressure (AF,) and using self-adaptive control rules to create the de-
coupled situation to provide the possibility of measuring the impedances of sur-

rounding tissues and blood vessel respectively; 2) using Step-Hold control rules to
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estimate reference pressure, identify the impedance of blood vessel, track the AC
part of blood pressure and compute the real-time intra-arterial blood pressure; 3)
extracting the dynamic compliance of blood vessel (C}) from the impedance of
blood vessel (Z,) by using parameter estimation technique.

Figure 3 is a control diagram for VLDT, where the parallel impedance (/)
and the dividend impedance (/) is the plant, and G, is the block diagram of DC
controller and DC-driven actuator and G, is the AC controller and the AC-driven
actuator respectively. Two displacement sensors, DC part of displacement sensor
and AC part of displacement sensor are attached with DC-driven actuator and
AC-driven actuator and sensing their movements A and AA, respectively.
Whereas, the pressure P, measured by the pressure sensor is processed by a
FUNC program to obtain a DC part of sensor’s pressure ( P, ) and an AC part of
sensor’s pressure (AP, ), which are taken as feedback signals for DC controller

and AC controller, respectively.

3.1. Creating the Decoupling Situation by Controlling the Arterial
Blood Pressure

Observing Figure 3, the response of P, is the result of the excitations of the
DC part and the AC part of arterial blood pressure. To create a decoupling
situation, we need performing DC control to maintain the arterial pulsation
at critical depth and tracking the AC part of blood pressure via AC control.

Therefore, the system response can be analyzed individually.

3.1.1. System Response Due to the Excitation of DC Part of Blood
Pressure

Figure 4 is a block diagram for DC control of VLDT. The purpose of DC control
is to maintain the detection head at critical depth (2 ) where the DC part of
sensor’s pressure is equal to the DC part of arterial blood pressure, P, =F,.In
order to limit the measuring error of DC part of arterial blood pressure and the
nonlinear of impedances of surrounding and blood vessel, we proposed the
self-adaptive control rule to set the DC open loop gain (X) as constant, where
K, =G, H, . Based upon control theory, the DC part of sensor’s pressure ( P, )
can be expressed as (11).

s GH+H, 5

P =——=P (11)
“ 1+G,H,
B,
Y
H|-2
Z+Z, FUNC
H A i_’“_=G“H‘+HZi_; -
[ 7z, < | 1+GH,
Z,+7Z, ﬁh R AP - H, AP, AP“,
ST TG H, .

Figure 3. The control diagram for Vascular Loading Decoupling Technique.
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\/

P,

Figure 4. The control diagram for maintaining DC part of arterial blood pressure.

where the dividend impedance H, =Z,/(Z,+2,) issmaller than 1.

Therefore, set the DC open loop gain K, =G,H, =499, the error of DC con-
trol results in (11) is less than 0.2%. It means that setting the DC control gain
(G, to have DC open loop gain (K,) is constant will keep the detection head
nearly to the critical depth, which is similar to the analysis of DC part of arterial

blood pressure excitation.

3.1.2. System Response Due to the Excitation of AC Part of Blood
Pressure

When the DC-driven actuator is pressed to reach the critical depth (4 ), an AC
controller is needed to move up and down the AC-driven actuator with dis-
placement (AA ) in order to have the AC part of sensor’s pressure be zero,
AP, =0, as shown in Figure 5.
The control theory gives the AC part of sensor’s pressure (AP ) shown in
(12).
_ AR

s = 12
* 1+G,H, (12

Similarly, the self-adaptive control rule is used. Adjust the AC control gain (G,)
so as to maintain the AC open loop gain to be the fixed value, G H, =K. If set
K,=199, AC part of sensor’s pressure ( AP ) is smaller than 0.5%, ie.
AP_=0. By now, the pulsation of arterial blood vessel at critical depth is similar

to the analysis of AC part of arterial blood pressure (AP, ).

3.2. Using Step-Hold Control Rules to Identify the Impedance of
Blood Vessel and Compute the Intra-Arterial Blood Pressure

From Figure 6, it learns that the relations between the reference pressure (AP, )
and the parallel impedance (H,) can be expressed as follows:
AR, (n) = AP, (n) ~ B, (1) =~AP(n) - AP (n-1)G, (n~1) H, (1)
Then the parallel impedance (/) can be measured by (13).
—AP.(n)—AP,(n
()= 21080
e(n—l)Ga (n—l)

(13)

However, Figure 6 states that the AC part of sensor’s pressure (AP, ) is the
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Figure 6. The framework for VLDT simulation block diagram by Simulink software.

sum of the reference pressure (AP,) and the output pressure ( AB,) of parallel
impedance (H,), AP, =-AP, = mf;) + Af;. The reference pressure (Mab ) cannot
be measured unless the output pressure ( AP, ) of parallel impedance (H,) to be
zero. Therefore, we provided Step-Hold control rules to cope with this problem.
The period of either Step or Hold stage lasts 2 millisecond, which is at the fre-
quency rate of 500 Hz. At Hold stage, let AC-driven actuator is idling, the AC
part of displacement ( A4, ) is zero and causes the output pressure (Af}, (n —1) )
of parallel impedance is zero, then the measurement of AC part of sensor’s

pressure is equal to the reference pressure, AP, (n—1)=AB,(n-1).
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Use three Hold stages at beginning to have three instant reference pressures
AB(n-3), AB(n-2),and AB (n-1), and employ the featured cubic spline
curve fitting technique to estimate the nth stage of reference pressure (Af; (n))s

then compute the impedance of blood vessel ( Z, (n)) at Hold stage by (13) and

(14).
1 1 (14)
Z,(n) H(n) Z(n)
and the AC control gain (G, (n)) is obtained by (15) as well.
K
G,(n)=—" 15
=26 (15)

After that, go to Step stage (n™ stage) to actuate the AC-driven actuator with
AC control gain (G,(n)) that maintains the AC part of sensor’s pressure is
equal to the one of (1 + K) of reference pressure, ie.

AP, (n)=~AB,(n) / (1+K,) and earn variation of blood vessel diameter from

AC part of displacement sensor, Z.e. AZ (n)=AA,(n).
Finally, (16) gives the n™ stage of intra-arterial blood pressure.

B, (n)="P (n)-AA (n)Z,(n) (16)

Repeat the Hold and Step stages to obtain the impedance of blood vessel
(Z,(n)) and the arterial blood pressure ( £, (n) ) at each cycle until to the end of

the measurement.

3.3. Extracting the Dynamic Compliance of Blood Vessel Data (C3)
from the Impedance of Blood Vessel (Z,)

In the light of the definition of impedance Z, the equivalent mechanical lumped
elements, such as mass (44,), damping (D,) and stiffness (K,) constitute (17) as
follows:

~Z,(s)AX =AF = —(M,s'+D,s+K,)AL = AP, (17)

Through bilinear transform, matrix parameters of mass (44,), damping (D,)
and stiffness (K) can be identified and shown in (18):

M [ A (n) A (n-1) AL (n=-2)]'[ Z (n)+2Z, (n-1)+Z,(n-2)
=| A4 (n-1) A (n-2) AA(n-3)| | Z,(n-1)+2Z,(n-2)+Z,(n-3) |(18)

s

D
K| |Ax(n-2) AA(n-3) AA(n-4)| |Z,(n-2)+2Z,(n-3)+Z,(n-4)

s

The mass (M,), damping (D,) and stiffness (K,) of blood vessel can be further
extracted by (19) as follows:

2
M, :IT—6(M—D+K); D, :g(M—K); K, :%(M+D+K) (19)
where T'is the sampling period.
The reciprocal of the stiffness (X,) is the dynamic compliance of blood vessel,
which is defined as C,. It is different from the Artery Elasticity Indexes of € and

C, provided by HDI CvProfilor [15], calculated via modified Windkessel Model
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based upon the continuous arterial blood pressure. It means that C; is directly
obtained from the AC part of blood pressure and the variation of blood vessel
diameter that meets the definition of compliance. Besides, it is measured under
the solely pulsation of the arterial blood vessel without the influence of sur-
rounding tissues. It can truly reflect the compliance of blood vessel. Therefore,

C, is more reliable for diagnosing the severity of vascular sclerosis.

4. Simulation and Validation

To verify the feasibility of VLDT and the superiority over TCM, the framework
of the simulation program run by Simulink software shown in Figure 6. It con-
tains seven sections: 1) pressure input section, 2) impedance calculation section,
3) control plant section, 4) VLDT algorithm section, 5) DC part of arterial blood
pressure verification section, 6) arterial blood pressure verification section and 7)
control formula verification section.

Thirty-five previous TCM experimental data sets give each set of arterial
blood pressure are used as the real intra-arterial blood pressures and each set of
mean impedances of surrounding tissues and blood vessel are used and assumed

as parabolic-like curve for simulation.

4.1. Estimating the Reference Pressure by Featured Spline Curve
Fitting Technique

VLDT proposed the featured cubic spline curve fitting technique to estimate the
reference pressure. It segments the estimated spline curves as a combination of
monotonic functions by featured points. The featured points are selected as the
points where the function value is zero or the nth derivative of function equals to
zero, n = 1, 2, and 3. This effectively avoids the occurrence of data scattering or
abnormal peaks and robust for estimation. A typical simulation result is shown
in Figure 7. The maximum error of thirty-five estimated data sets for reference
pressure AP, is 0.1689 mmHg (0.6775%) and the mean error is 0.0021 mmHg
(0.0635%).

4.2. Computing Impedance of Blood Vessel and Intra-Arterial
Blood Pressure

Once the estimated reference pressure is accurate enough, then the results of the
impedance of blood vessel and the intra-arterial blood pressure will be satisfied
as well. Figure 8 and Figure 9 show the typical simulation results for impedance
of blood vessel Z, and intra-arterial blood pressure 7,. The estimation error of 35
data sets for the impedance of blood vessel Z, is almost zero, and the maximum
error for estimated intra-arterial blood pressure P, is 0.2276 mmHg (1.097%)
and the mean error is 0.0863 mmHg (0.0786%).

4.3. Extracting M,, D, and K, from the Impedance of Blood Vessel

According to (18) and (19), the lumped parameters of mass (A4,), damping (D,)
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and stiffness (K)) are extracted as shown in Figure 10. The average values for M,
D, and K, are calculated as 2 x 10~ mmHg/um/sec’, 6 x 10> mmHg/um/sec and
0.02 mmHg/um respectively. Then the mean compliance of blood vessel () is 50
um/mmHg which can be used for diagnosing the severity of vascular sclerosis.

4.4. Comparison the Simulation Results between VLDT and TCM

In order to reveal the superiority of VLDT over TCM, Figure 11 and Figure 12
are the results simulated by using the beat-based TCM. The estimated error of
intra-arterial blood pressure is about +2 mmHg. Comparing with Figure 8 and
Figure 9 respectively, it obviously indicates that the real-time-based VLDT is
not only more accurate, but also provide a dynamic impedance of blood vessel
not the average one at each beat of pulsations by TCM.

To summarize the superiority of VLDT over TCM, they are shown in Table 1.

Reference Pressure
50 T T T T T T T

Real Pressure
Estimated Pressure

30+ 4

20 -

Pressure (mmHg)
=

20 K

_ ! 1 1 1 1 L L L L
300 1 2 3 4 5 6 7 8 9 10

Time (sec)

Figure 7. The comparison chart for reference pressure (blue line) and estimated reference
pressure (red line).
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0.023

0.022
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0.02

0.019R "

1
2.5 3 3.5 4 4.5

Time (sec)

Figure 8. The comparison chart for real and estimated impedance of blood vessel.
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Pressure (mmHg)
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25 3 35 4 4.5

Time (sec)

Figure 9. The comparison chart for real and estimated intra-arterial blood pressure.
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Figure 10. The lumped parameters estimation of mass (A4,), damping (D,) and stiffness
(K).
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0.025 T T T T
- Real Impedance (Zv,_ )
Real Average Impedance
0.023 Estimated Impedance (Zv,, )
Estimated Average Impedance
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Figure 11. The comparison chart for real and estimated impedance of blood

vessel by using TCM.
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------- Real Pressure (Pb,)
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751 .
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Time (sec)

Figure 12. The comparison chart for real and estimated intra-arterial blood
pressure by using TCM.

Table 1. Superiority of VLDT over TCM.

Measurements TCM VLDT

1. Beat based measurement: X
K 1. Real time based measurement:
. based upon the previous beat of . . . . X
Intra-arterial blood pressure using Step-Hold algorithm and featured spline curve fitting technology to identify
blood pressure to calculate the i X
the impedance of blood vessel and estimate the blood pressure

current blood pressure.

2. Less accuracy: 2. More accuracy:

The estimated error about . L
The estimated error within +1 mmHg.

+2 mmHg.

1. Only the average of blood 1. The dynamic compliance of blood vessel (C;) is measured.
Dynamic vessel’s impedance is measured. 2. C; is directly computed by blood vessel’s displacement and pressure under
compliance of blood vessel 2. Can’t calculate dynamic decoupling condition without the effect of surrounding tissues.

compliance of blood vessel. 3. it more valuable than C and G, to diagnosing the severity of vascular sclerosis
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5. Conclusion

This paper primarily extended the beat-based TCM into the real-time-based
VLDT for noninvasively measuring the dynamic impedance of blood vessel and
the intra-arterial blood pressure. The advantages of VLDT are decoupling the
pulsation of blood vessel from surrounding tissues and using Step-Hold control
rules and featured cubic spline curve fitting technique to make real-time mea-
surement feasible. The simulation results show that both estimated errors of
impedance of blood vessel and intra-arterial continuous blood pressure are less
than 1%; and the extracted dynamic compliance C3 is more reliable in diagnos-
ing the severity of vascular sclerosis. This could create a promising instrument
for clinical researches of circulatory medicine. We require more efforts for con-
structing the instrument based upon VLDT, and further clinical experiments are

planned.
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