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(57) ABSTRACT

The present invention provides a method for applying exter-
nal counterpulsation to a patient, including detecting a
blood-flow impedance signal, self-adaptive filter processing
the detected blood-flow impedance signal, and adjusting
inflation of an inflatable member based on the self-adaptive
filter processing in order to optimize counterpulsation tim-
ing. A computer processes the signals and controls a fluid
distribution device to distribute compressed fluid to a plu-
rality of inflatable members based on said processed signals.

fZO

control
means

gas compressor

e

21

cooling
means

/22

reservoir

/24

solenoid valve set

25

BALLOONS




Patent Application Publication Mar. 31,2005 Sheet 1 of 9 US 2005/0070755 Al

f10 | /20

control gas compressor
means

/21

cooling
means

22

L

reservoir

/24-

solenoid valve sef

* v BALLOONS

FIG. 1.




US 2005/0070755 Al

Patent Application Publication Mar. 31,2005 Sheet 2 of 9

SADA
burgiuy)
alnssaud

N.N.\

77 9l4
SNOOT1vE v oo
19S OA|DA PIOUd|0S
ve—" |
JIOA 19531 SAJDA JI0AI9S3
aJnssaud buiju ‘ainssaud
oA1}pbau a.nssa.d " aAjisod
97" e2/ " |
4 subaw buljood

10ssa1duwiod sob

ON..,\

subaw
10J]U0d

9.\




10ssaudwoy sob

0z~

= S
% £ 94
= GZ suoo)jpq 0}
S .
z 11
I\ Il %
W II M
7 st
1 O U
= aAjoA 9’ 1o/
- 7€—] piousjos
2
wn
JI0A 19531 . SAIDA
-4 £€— aunssaud —
m , - aAa1jobau I amoayy
= 6 SAJDA L_otmmmm__ JIOAJ3S3.
: uljiwii) ainssal a.nssaud
m alnssaud "3A1pbau hommm‘anm aAyIsod SA|DA plOUS)0S
SD
= g -y — s o’
= SA|DA
A _ N B =
m g L [ - 2ins5a.d aayisod SuDdW
E SuDAW e— 62— buyjo0d
E L~ buijood o
B
<«
£
=
=™



Patent Application Publication Mar. 31,2005 Sheet 4 of 9
4/9

\d Drive Circuit -

f §

- Computer

3

\. A/D Converter

! [ § A

™ ~ L

\ kCIJ 1 k [

QO e -

— c e K

L S E =

- o QO o
Sl |lEqo] |88
2o -— 8:1{:
25| lesit| |g8sic

ok ‘,58 v ac

£ @ D L EYD

< ol ¥y X—=Wwn

| y

-
o
P
P
[
.
' o
P

¥

Current
-1 Source

US 2005/0070755 Al

FIG.__4A.



Patent Application Publication Mar. 31,2005 Sheet 5 of 9 US 2005/0070755 Al

« |

U . . S E
Drive Circuit wg}..g
N gxg
. nown
= Néto
- Computer 6'._8.-5
| 3.1
o) 8BS
\Jd A/D Converter mG=2
: \ J § A
o ~r w
\ K 3L k .
5 | 58 g
= | 3% 5
53| |[E<E| |85<2
— - — —
%6 ~Bl| [T
€ o S, g Q—g\
< | |25 | |BE&
4 4

P
-
P
ot
P
—

F1G._4B.

Current
Source




US 2005/0070755 Al

Patent Application Publication Mar. 31,2005 Sheet 6 of 9

~L

2% 914
192NPSuUD.} —
asing’ ._m.m:_n_ 6
}N2J1Y
buissadold | 493ndwo)
buiiyndwy 10
L
N1
O hesaly Buissao0s
/m._:mm&n_ bussozo @_
£l ZL ” —
[
SAIDA
v_oww__%\m, 9]j1o4y | JloAIas9Yy
. | 9bbssny KS /.NN
abuoyasig

o’




Patent Application Publication Mar. 31,2005 Sheet 7 of 9 US 2005/0070755 Al

AMANANNNNANIIARA

Y

LA

FIG.__4D.




Patent Application Publication Mar. 31,2005 Sheet 8 of 9 US 2005/0070755 Al

FIG_5B.



Patent Application Publication Mar. 31,2005 Sheet 9 of 9

. detected ‘
blood pressure exceeds

blood oxygen saturation goes
below the predetermined
value ?

No counter-

pulsation
Ned ?
Yes

predetermined value or detected

US 2005/0070755 Al
|
aquisition of €lectrocardio-
graphic signal and impedance  }——101
blood flow signal
I
QRS wave detecting —102
i
adaptive processing of 103
impedance signal
|
counterpulsation blood flow 104
wave starting point E detecting |
_| |
calculate inflation & deflation L—105
time from QR wave interval :
& point E evalutation
counter
pulsation 106
- curative
inflation & deflation control effect
signal output
_ g p - \107
detecting blood pressure & '
blood oxygen saturation 108 (109)

Yes

stop counterpulsation

F16.—7.



US 2005/0070755 Al

HIGH EFFICIENCY EXTERNAL
COUNTERPULSATION METHOD

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 10/386,870 filed on Mar. 12, 2003,
which is a continuation of U.S. patent application Ser. No.
09/435,583 filed on Nov. 8 1999, now U.S. Pat. No.
6,572,621, which is a continuation of U.S. patent application
Ser. No. 08/955,421 filed on Oct. 22, 1997, now U.S. Pat.
No. 5,997,540, which is a continuation of U.S. patent
application Ser. No. 08/711,129 filed on Sep. 9, 1996, now
abandoned, which is a continuation of U.S. patent applica-
tion Ser. No. 08/396,261 filed on Feb. 27, 1995, now U.S.
Pat. No. 5,554,103, which is a continuation of U.S. patent
application Ser. No. 08/058,394 filed on May 6, 1993, now
abandoned. The disclosures of the above applications are
incorporated herein by reference.

FIELD OF THE INVENTION

[0002] The present invention relates to an external coun-
terpulsation apparatus and method for controlling the same,
more particularly, to an improved efficiency external coun-
terpulsation apparatus and method for controlling the same.

BACKGROUND OF THE INVENTION

[0003] External counterpulsation provides tangible cura-
tive effect 1n the treatment of cardiovascular diseases, which
have become more and more prevalent in recent years. In
American Cardiovascular Journal (30(10)656-661, 1973)
Dr. Cohen reported a device for external counterpulsation,
being a four—limb sequential counterpulsation device. It
consists of multiple balloons wrapped around the four limbs
of the patient. Pressure is applied sequentially from the distal
to the proximal portion of each limb. Using high pressure
gas from a large compressor as its energy source (1000 to
1750 mm Hg) to control the opening time of a solenoid
valve, the balloons receive pressurized air during inflation.
The balloons are deflated by use of a vacuum pump. The
device requires the use of a large air compressor, a large
vacuum pump and the use of numerous pressure transducers
to monitor the input pressure to insure that no excessive
pressure is exerted in the balloons. However, this device is
not only bulky and expensive, but it is also extremely noisy
and complicated to operate. It is, therefore, unsuitable for
everyday clinical use.

[0004] External cardiac assistance has been described in
U.S. Pat. No. 3,866,604, which is an improvement on the
above original external counterpulsation device. However,
this device is extremely bulky, noisy, and complicated to
operate.

[0005] An external counterpulsation apparatus has also
been described in Chinese Patent CN85200905, which has
been granted as US. Pat. No. 4,753,226. This external
counterpulsation apparatus is regarded as another improve-
ment over previous art. In addition to balloons for the four
limbs, it also comprises a pair of buttock balloons. The
balloons are sequentially inflated with positive pressure and
then, with appropriate delay, simultaneously deflated using
a microcomputer to control the opening and closing of
solenoid valves. The high pressure gas source and vacuum
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pump have been eliminated so as to reduce the volume of the
apparatus and make it more practical. However, the deflation
of the balloons of this apparatus lacks the suction of negative
pressure and depends on natural exhaustion into the atmo-
sphere. Therefore, the exhaustion of the balloons is incom-
plete and slow, and leaves behind residual gas in the balloon
which hinders the ability of this device to reduce afterload
(workload) of the heart.

[0006] A positive and negative enhanced type external
counterpulsation apparatus has been described in Chinese
Patent CN88203328, wherein a negative pressure suction
means for exhaustion of the balloons has been added.
However, this apparatus is still ineffective in the exhaustion
of all the pressurized gas in the balloons and in addition, it
is still too large, noisy and heavy for transport to be of
practical application in the clinical setting.

[0007] Aminiaturized external counterpulsation apparatus
has been described in Chinese Patent CN1057189A,
wherein the air compressor can be placed inside the main
body of the device and does not require a separate embodi-
ment. The box containing the solenoid valves and the
balloon cuffs are suspended in a tube like apparatus and
directly attached to the main body of the device. This device
is practical for clinical use in that its size is very much
reduced. However, this device does not have negative suc-
tion to increase the rate of deflation of the balloons, and it
is still extremely noisy and not very efficient in producing
desirable counterpulsation hemodynamic effects, namely a
high rate of inflation and effective deflation.

[0008] The foregoing external counterpulsation appara-
tuses have many advantages over the original one, but there
are still many problems. For example, the high pressure air
produced by the air compressor has a high temperature when
it arrives at the balloons, which may cause a feeling of
discomfort or even pain for the patient; the balloon cuff used
by the prior art external counterpulsation apparatus is made
of soft materials such as leatherette, canvas and the like,
which may have a high elasticity and extensibility, requiring
the use of a large volume of gas to achieve the required
pressure and resulting in the inability to quickly inflate the
balloons for optimal rate of inflation. Furthermore, dead
space may be formed due to the misfit between the balloon
cuff and the surrounded limb; the balloon cuff could slip
downward during counterpulsing, thereby being incapable
of efficiently driving blood from peripheral regions to the
root of the aorta, which directly affects the effectiveness of
the counterpulsation treatment. All these factors reduce the
efficiency of counterpulsation and require more pressurized
gas to fill up dead space and more power from the com-
pressor. At the same time a reduction in the rate of inflation
of the balloon results in hindering the effective compression
of the body mass as well as vasculature.

[0009] Historically, the earlobe pulse wave, finger pulse or
temporal pulse wave are used in a timing signal to give the
appropriate time for application of the external pressure so
that the resulting pulse produced by external pressure in the
artery would arrive at the root of the aorta just at the closure
of the aortic valve, which divides the arterial pulse wave into
a systolic period and a diastolic period. However, earlobe
pulse wave, finger pulse wave or temporal pulse wave are
signals derived from microcirculation and may not reflect
the true pulse wave from the great arteries such as the aorta.
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Using the dicrotic notch as the true aortic valve closure is
incorrect because the dicrotic notch is affected by many
other factors such as the dampening effect of the vascular
elasticity, reflective wave from tapering of the arteries and
interference from previous pulse waves. Therefore, it is most
important in the art of external counterpulsation to find the
true aortic valve closure time so the appropriate inflation
time can be found for the externally applied pressure.

[0010] Theoretically, there are two factors that should be
taken into account to determine the appropriate deflation
time of all the balloons simultaneously: (1) release of all
external pressure before the next systole to produce maximal
systolic unloading, that is the maximum reduction of sys-
tolic pressure; and (2) maintenance of the inflation as long
as possible to fully utilize the whole period of diastole so as
to produce the longest possible diastolic augmentation, that
is the increase of diastolic pressure due to externally applied
pressure. Therefore, one measurement of effective counter-
pulsation is the ability to minimize systolic pressure, and at
the same time maximize the ratio of the area under the
diastolic wave form to that of the area under the systolic
wave form. This consideration can be used to provide a
guiding rule for determination of optimal deflation time.

[0011] Furthermore, the various existing external counter-
pulsation apparatuses only measure the electrocardiograph
signals of the patient to guard against arrhythmia. Since
counterpulsation applies pressure on the limbs during dias-
tole, which increases the arterial pressure in diastole and
makes it higher than the systolic pressure, the blood flow
dynamics and physiological parameters of the human body
may vary significantly. Some of these variations may be
advantageous, while some of them are potentially unsafe.
For patients with arteriosclerosis and phelbosclerosis, there
is the danger of blood vessels breaking due to the increase
in their internal pressure. Furthermore, applying pressure to
the limbs presses not only on the arteries but also the veins,
and this may result in an increase in the amount of blood
returning to the heart. This may cause cardiac, lung or
pulmonary edema because of the degration of the decrease
in pumping capacity of the heart and incapability of the heart
to pump out the increased amount of blood returning to the
heart. This may, in turn, affect the oxygen saturation in the
arteries of the body and cause an oxygen debt. It is,
therefore, necessary to monitor the maximum value of the
arterial pressure and oxygen saturation in the blood of a
patient in addition to monitoring the electro-cardiogram to
ensure safety of the patient during the counterpulsation
treatment.

[0012] Furthermore, the gas distribution device in the
existing external counterpulsation apparatuses operate by
controlling the opening and closing of the solenoid valves,
which has the disadvantage of having voluminous and
complex pipe connections. This is disadvantageous to min-
iaturizing the whole apparatus and improving its portability.

SUMMARY OF THE INVENTION

[0013] The method for applying external counterpulsation
according to the invention includes detecting a blood flow
impedance signal, which is self-adaptive filter processed,
then adjusting inflation of an inflatable member based on the
self-adaptive filter processed blood flow impedance signal to
optimize counterpulsation timing. The self-adaptive filter
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processing includes comparing a reference impedance signal
to a detected impedance signal. Adjusting inflation of the
inflatable member includes adjusting inflation to coincide
retrograde blood flow signals with aortic valve closure.

[0014] The external counterpulsation apparatus according
to the invention includes a plurality of inflatable members
adapted to be received about a limb of the patient, a source
of compressed fluid in fluid communication with a plurality
of inflatable members, and a fluid distribution device con-
nected to the inflatable members and operable to distribute
compressed fluid from the source of compressed fluid to the
inflatable members. A high-frequency current source is
applied to the patient to produce electrocardiographic sig-
nals and blood flow impedance signals. An amplifier-filter
circuit conditions the electrocardiographic signals received
from the patient. The heart impedance signal amplifier
receives blood flow impedance signals from the patient. The
computer processes the electrocardiographic signals and the
blood flow impedance signals in order to control the fluid
distribution device based on the processed electrocardio-
graphic signals and blood flow impedance signals. The
amplifier filter circuit includes a low-pass differential ampli-
fier and a band-pass filter for amplifying and filtering the
electrocardiographic signals received from the patient. The
computer detects a QRS wave from the electrocardiographic
signals and performs adaptive processing of the impeded
blood flow signal. To do so, the computer uses an impedance
reference signal to adaptively process the impedance blood
flow signal. The computer also determines electrocardio-
graphic characteristic points, including aortic valve closure,
diastolic amplitude, and systolic amplitude. The external
counterpulsation apparatus also includes a drive circuit
electrically controlled by the computer to inflate and deflate
the plurality of inflatable members. A pulse transducer is
electrically connected to the computer for detecting a pulse
wave, and a pressure transducer is electrically connected to
the computer for detecting a maximum arterial pressure. The
computer processes the pressure and pulse signals and
controls counterpulsation based on the process signals. The
computer also calculates oxygen saturation based on the
processed pressure and pulse signals.

[0015] A counterpulsation control method according to the
invention includes obtaining an impedance blood flow sig-
nal, obtaining an electrocardiographic signal, detecting a
QRS wave of said electrocardiographic signal, determining
a counterpulsation blood flow wave initiation from said
impedance blood flow signal, and controlling at least one of
inflation time and deflation time of an inflatable member
from said electrocardiographic signal and said counterpul-
sation blood flow wave initiation. The method may further
include determining an objective index reflecting a curative
effect of counterpulsation. The objective index includes
determining a peak amplitude and duration of a systolic
wave form and an impedance cardiograph counterpulsation
wave. The method further includes applying a high fre-
quency constant current source to a patient body to generate
the impedance blood flow signal and the electrocardio-
graphic signal. The impedance blood flow signal and elec-
trocardiographic signal may be displayed. The method may
further include adaptive processing of the impedance blood
flow signal, as well as determining a counterpulsation blood
flow wave initiation by processing the impedance blood flow
signal after self-adaptive filter processing. The method may
also include detecting blood pressure, as well as comparing
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detected blood pressure to a predetermined value. The
method may include stopping counterpulsation if the
detected blood pressure exceeds the predetermined value.
The method optionally includes detecting blood oxygen
saturation.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] The present invention will become more fully
understood from the detailed description and the accompa-
nying drawings, wherein:

[0017] FIG. 1is a block diagram of a first embodiment of
the external counterpulsation apparatus according to the
present invention;

[0018] FIG.2 is a block diagram of a second embodiment
of the external counterpulsation apparatus according to the
present invention;

[0019] FIG.3is ablock diagram of a third embodiment of
the external counterpulsation apparatus according to the
present invention;

[0020] FIGS. 4A and 4B are detailed block diagrams of
the control means in the external counterpulsation apparatus
according to the present invention;

[0021] FIG. 4C is a detailed block diagram of the blood
pressure and blood oxygen monitoring means illustrated in
FIG. 4B;

[0022] FIG. 4D is a schematic diagram showing the
relationships between the variation of cuff pressure, finger
pulse wave, and opening and closing of the aortic valve;

[0023] FIGS. 5A and 5B are partial schematic diagrams
of the gas source portion in the external counterpulsation
apparatus according to the present invention, illustrating gas
pipes connected to a semiconductor cooling device and
air-conditioner cooling evaporator, respectively,

[0024] FIG. 6 is a schematic diagram of the balloon
device used in the external counterpulsation apparatus
according to the present invention, illustrating an improved
structure of the balloon cuff body; and

[0025] FIG. 7 is a flow chart of the method for controlling
the external counterpulsation apparatus according to the
present invention.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0026] The following description of the preferred embodi-
ment(s) is merely exemplary in nature and is in no way
intended to limit the invention, its application, or uses.

[0027] A detailed description of the present invention
follows with reference to the accompanying drawings in
which like elements are indicated by like reference numer-
als.

[0028] FIG. 1 is the block diagram of a first embodiment
of the external counterpulsation apparatus according to the
present invention, wherein a control means 10 controls the
gas compressor 20 and set of solenoid valves 24. The
compressor can be of rotary vane type, piston type, dia-
phragm or blower type. However, the preferred embodiment
would be a scroll type compressor as described in the
Chinese Patent CN1030814A, which essentially consists of
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two scroll basins with very narrow gaps between them; with
one scroll basin adapted to rotate at a very high speed (3,000
rpm) while the other scroll basin remains stationary. The
clenching of the scroll basins compresses the air radially
inwardly toward the center and the compressed air comes
out of the center shaft. The scroll type of compressor is more
efficient in operation, more quiet and smaller in size than
other types of compressors and, therefore, is suitable for the
external counterpulsation apparatus described hereof. Dur-
ing operation, the compressor 20 operates to produce pres-
surized gas which is sent into the positive pressure reservoir
22 via the cooling means 21. A pressure limiting valve 23 is
provided on the reservoir 22, which keeps the internal
pressure of the reservoir 22 constant. The opening and
closing of the set of solenoid valves 24 is controlled by the
inflation and deflation driving signals generated by the
control means in accordance with the heart impedance blood
flow graph of the human body. The set of solenoid valves 24
includes a number of two-position, three-way solenoid
valves corresponding to the number of balloons 25. When a
valve is in the first of the two positions, it inflates its balloon.
When it is in the second of the two positions, it deflates its
balloon, under control of the control means.

[0029] FIG. 2 illustrates a second embodiment of the
external counterpulsation apparatus according to the present
invention. In this embodiment, a control signal is first
generated by the control means 10, then the compressor 20
operates to compress gas into the positive pressure reservoir
22 after being cooled by the cooling means 21. A pressure
limiting valve 23 is provided on the positive pressure
reservoir to keep its internal pressure constant. A negative
pressure reservoir 26 connected to the inlet of the compres-
sor 20 produces negative pressure. The control means 10
controls the opening and closing of the set of solenoid valves
24 by issuing inflating and deflating driving signals in
accordance with the results of detection. Again, when the sct
of solenoid valves 24 are in the first position, they inflate the
balloons 25. When they are in the second position, they
deflate the balloons 25. The gas discharged from the bal-
loons is discharged into the negative pressure reservoir 26
via the set of solenoid valves 24, and then returns to the
compressor 20. As there may be leakage during the circu-
lation of gas, which may affect the amount of gas output
from the compressor, a pressure limiting valve 27 is pro-
vided to adjust the negative pressure in the negative pressure
reservoir. When the negative pressure exceeds a certain
value, the pressure limiting valve 27 is opened to inject a
certain amount of gas into the reservoir 26.

[0030] FIG. 3 illustrates a third embodiment of the exter-
nal counterpulsation apparatus according to the present
invention; wherein the control means 10 generates control
signals and the compressor 20 operates to produce two
portions of pressurized gas, one portion of pressurized gas is
sent to the positive pressure reservoir 29, while another is
sent into the positive pressure reservoir 22 via the cooling
means 21 and the throttle valve 28. The pressure limiting
valve 23 is operative to adjust the pressure inside the
reservoir 22. The reference numeral 30 indicates a two-
position, five-way solenoid valve or two two-position, three-
way solenoid valves, 31 indicates a mono-directional
throttle valve, 35 indicates a cylindrical gas distribution
means or cylinder, 37 is a partition and 36 indicates a piston.
When an inflation driving signal is issued by the control
means, the solenoid valve 30 opens to the first of the two
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positions, and the gas flow is introduced into the portion I of
the cylinder from the reservoir 29 via the solenoid valve 30
and the throttle governor 31 to push the piston from a first
end towards a second end of the cylinder. A space portion III
is formed by the piston and the cylinder and is always in
communication with the reservoir 22, and vents for the
balloons 25 are situated in sequence in the cylinder, the
balloons being sequentially inflated as the piston moves
towards the second end of the cylinder. When a deflation
signal is issued by the control means, the solenoid valve 30
is moved to its second position, and the gas in the reservoir
29 enters the portion II of the cylinder via the solenoid valve
30 to push the piston back to the first end of the cylinder. At
that time, the gas in portion I is discharged via the solenoid
valve 30, and the gas in the balloons is discharged to the
negative pressure reservoir 26. In order to speed deflation, a
solenoid valve 34 is also opened at the same time and the gas
discharged from the balloons is discharged to both negative
pressure reservoirs 26 and 33. Negative pressure reservoir
33 is kept at a negative pressure by the input portion of
compressor 32. Discharged gas is also sent to the reservoir
22 by the output portion of compressor 32.

[0031] During the deflation phase, if the pressurized bal-
loon is simply exhausted into the atmosphere, exhaustion of
the balloon may not be completed, with the residual gas
pressing on the tissue mass surrounded by the balloon cuffs,
reducing the much needed vascular space in the body to
receive the volume of blood ejected by the heart. This
reduces the ability of counterpulsation to unload systolic
blood pressure and reduces cardiac workload. The addition
of negative pressure reservoirs 26, 33 serves to effectively
and rapidly evacuate the pressurized gas in the balloons at
the onset of systole, thereby ensuring complete absence of
pressure on the lower extremities, enabling the vasculature
which has been previously compressed and emptied during
the diastolic period to act as suction to help the heart to eject
blood out and unload the systolic blood pressure. In addi-
tion, and equally important, the addition of the negative
pressure reservoirs 26, 33 ensures the smooth operation of
the solenoid valves and prevents the leakage of large vol-
umes of pressurized gas exhausting into the atmosphere.
This closed gas system reduces the escape of noises gener-
ated by the opening and closing of solenoid valves and
movement of air.

[0032] Furthermore, during normal operation of external
counterpulsation, there is always some leakage of com-
pressed air from the balloon during the inflation period. In
order to compensate for the leakage of air to ensure there is
adequate air for the intake of the compressor 20 to produce
air pressure in the range of 5 to 15 psi, a leakage compen-
sation means such as the use of a vacuum limiting valve, a
vacuum pump or compressor or some combination thereof is
provided. An example of the compensation means is a
vacuum limiting valve 27 connected to the negative pressure
reservoir 26, set at approximately negative 100 mm Hg.
When the negative pressure reservoir is less that 100 mm
Hg, the vacuum limiting valve is open and air is sucked into
the reservoir to provide more air for the intake of the
compressor 20.

[0033] Prior art in external counterpulsation make use of
bulky, noisy and power consuming solenoid valves are
normally closed to reduce the generation of heat in keeping
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them open. However, this situation would induce danger to
the patient in case of power failure if compressed gas is
trapped in the balloons.

[0034] This invention provides a gas cylindrical distribu-
tion system 35 as shown in FIG. 3, using a syringe system
in pushing a piston in one direction to provide sequential
inflation of the balloons, with the balloons 25 (not shown)
furthest from the heart being inflated first. The balloon
openings are placed on both sides of the cylinder, connecting
to the left and right limbs as well as buttock. The number of
balloons can be 2 to 8 or more on each side. This 1s achieved
by connecting the balloons furthest from the heart to the
portion of the cylinder closest to the piston, as the piston 36
moves from left to right as shown in FIG. 3. This gas
distribution system uses compressed air to move a piston
back and forth along a cylindrical means, producing a quiet
operation without the need of too much power as compared
to the use of bulky, noisy and power consuming solenoid
inflation and deflation valves, thereby eliminating one of the
most noisy parts of the prior art external counterpulsation
apparatus, and reducing substantially the consumption of
electric power. More importantly, the solenoid valve 30 is a
normally open valve of portion II of the cylinder 35, thereby
connecting portion II to the positive pressure reservoir 29 in
case of power failure, moving the piston to the left of FIG.
3, exposing all the balloons to the negative pressure reser-
voir, thereby deflating all balloons and reducing the possi-
bility of inducing trauma to the patient.

[0035] FIGS. 4A and 4B are detailed block diagrams of
the control means in the external counterpulsation apparatus
according to the present invention. Using impedance cardi-
ography as the control means in detecting blood flow in the
great arteries, the precise closure of the aortic valves is
coordinated with the pulse wave generated by external
counterpulsation pressure in the external counterpulsation
apparatus according to the present invention, wherein the
reference numeral 1 indicates electrodes. The locations and
types of electrodes used are for illustrative purpose and
should not be considered as constraint to such design and
configuration.

[0036] The detecting electrode 1 consists of five point
electrodes placed in the positions shown in FIG. 4A, that is,
electrode A positioned at the root of the left ear or mastoid,
electrode D positioned at the xiphoid process, electrode B
positioned at the lift edge of the left sternum below the
clavicle and electrode C positioned at the lift edge of the left
sternum between the fourth and fifth ribs. Electrodes A and
D are both impedance current electrodes, high frequency
constant current being applied to the body from these two
electrodes. Electrodes B and C are both detector electrodes
for measurement of the blood flow impedance signals which
may be derived from blood flow in the great arteries in the
thoracic space. A reference electrode E is positioned in the
left anterior of the 10th rib. The signal obtained between
electrodes C and E will be used as the reference signal for
measuring movement of the body, especially motion artifact
produced during the application of external counterpulsation
pressure. The location of the reference electrode E is not
important but should be further away from the thoracic
space.

[0037] Before the start of external counterpulsation treat-
ment, high frequency constant current is applied to elec-
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trodes A and D, and blood flow impedance signals related to
the blood flow in the great arteries in the thoracic space will
be picked up by detector electrodes B and C; these blood
flow impedance signals also contain a dip in the wave form
indicating the closure of the aortic valves.

[0038] Because of the location of the reference electrodes
pair C and E, the blood flow impedance signals detected
between these electrodes will be much weaker than the
signals detected by electrodes B and C. Upon initiation of
external counterpulsation, there will be two additional sig-
nals detected by both pairs of detected electrodes B, C and
reference electrodes C and E. They are the retrograde blood
flow impedance signals produced by the counterpulsation
pressure, and the motion artifact produced by the same. The
signals from motion artifact will present themselves to both
pairs of electrodes in approximately equal amplitudes, while
the signals from counterpulsation will be larger in the
reference electrodes than in the detector electrodes because
of the location of the reference electrodes in closer proxim-
ity to the counterpulsation hemodynamic effects. Conse-
quently, subtraction of reference impedance signals from the
detector impedance signals will provide a fairly clean blood
flow impedance signal containing the time of aortic valves
closure as well as the retrograde flow from counterpulsation.
This kind of signal processing is known as self-adaptive
filtering processing. By adjusting the onset of the inflation of
the balloons, the retrograde blood flow signals can be
advanced or retreated to coincide with the aortic valves
closure, thereby providing optimal counterpulsation timing.
In addition, the adjustment of the optimal timing can also be
performed by computer.

[0039] Ahigh frequency constant current source 2 consists
of: a transistor oscillator, amplitude limiting amplifier, band-
pass filter and voltage-current converter to obtain a stable
high frequency and stable amplitude current which is
applied to the body by electrode A to measure the imped-
ance.

[0040] An amplifier-filter circuit 3 for the electro-cardio-
graphic signal consists of: a low-pass differential amplifier
and band-pass filter-amplifier, which amplifies and filters the
electrocardiographic signals of the body obtained from
electrodes B and C.

[0041] A heart impedance signal amplifier-filter circuit 4
and a reference impedance signal amplifier-filter circuit 5 for
adaptive processing consist of a band-pass filter-amplifier, a
detector, a low-pass filter, and a differential circuit. The
signal amplifier-filter circuits amplify and filter the heart
impedance blood flow signals obtained from the electrodes
B and C, and the adaptive processed impedance reference
signals obtained from the electrodes C and E.

[0042] A computer system consists of a personal micro-
computer 7 and an A/D converter 6. The A/D converter
converts the electrocardiographic signals, heart impedance
blood flow signals, and impedance reference signals into
digital signals and inputs them into the computer. The
computer displays the waveform, detects the QRS wave of
the electrocardiogram, indicates the upper and lower limits
of the pulse rate, performs adaptive processing of the
impedance blood flow signals and the impedance reference
signals, measures the characteristic points of the waveform
such as the aortic valve closure and end diastolic and systolic
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amplitudes, and controls the inflation and deflation time of
the external counterpulsation apparatus through a drive
circuit 8.

[0043] FIG. 4B is also a detailed block diagram of the
control means in the external counterpulsation apparatus
according to the present invention, wherein a blood-pressure
and blood oxygen monitoring means 9 are further added to
the basic system shown in FIG. 4A.

[0044] FIG. 4C is a schematic block diagram of the
blood-pressure and blood oxygen monitoring means 9 indi-
cated in FIG. 4B.

[0045] FIG. 4D is a schematic diagram showing the
relationships between the pressure variation of the cuff,
finger pulse wave, and the opening and closing of the aortic
valve.

[0046] Referring to FIG. 4C, 22 indicates the reservoir of
the counterpulsation apparatus, which inflates a cuff 13 via
a pipe, throttle valve 14, and a passage in a solenoid valve
15. The solenoid valve is two-position, three-way valve
controlled by the computer 7. The other passage of the
solenoid valve is a discharging passage for the cuff, the
discharge speed being controlled by the throttle valve 14. At
the beginning of blood pressure measurement, the inflation
passage of the solenoid valve 15 is opened, the pressurized
gas in the reservoir 22 inflates the cuff 13 via the throttle
valve 14 to a predetermined pressure value at which the
arteries are blocked. When they are blocked, a finger pulse
transducer 16 is unable to detect a pulse wave. The inflating
passage of the solenoid valve 15 is closed and the deflating
passage is opened, the gas in the cuff discharges slowly via
the solenoid valve 15 and the throttle valve 14 and the
pressure inside the cuff drops slowly as shown by curve “a”
in FIG. 4D. When the pressure in the cuff is equal to or
slightly lower than the maximum arterial pressure, as shown
by curve “b” in FIG. 4D (systolic pressure before counter-
pulsation, and diastolic counterpulsation pressure during
counterpulsation), the blocked blood vessels are pushed
open instantaneously. At that time, the finger pulse trans-
ducer 16 will detect a rapidly varying pulse wave as shown
by curve “c” in FIG. 4D. This indicates the arrival of the
maximum pressure of the artery. The pressure detected by a
pressure transducer 12 at that time is the maximum arterial
pressure. Referring to FIG. 4C, 11 indicates an amplifying
processing circuit for the pressure signal, and 17 indicates an
amplifying processing circuit for the pulse signal. The
amplified pressure and pulse signals are collected and pro-
cessed by the computer 7 for performing corresponding
counterpulsation control and calculation of oxygen satura-
tion of blood.

[0047] Tt is a physical law that when air is compressed,
heart will be generated. In external counterpulsation,
approximately 25 cubic feet of air is compressed to 5 to 15
psi pressure, generating a gas with a temperature reaching as
high as 90-100° C., depending on the environment and
efficiency of the compression means. When compressed gas
with such a high temperature is sent to the balloons which
are in close contact with the skin of the patient, it will
produce abrasion or burn to the skin, or at the least, an
uncomfortable feeling to the patient. Therefore, it is essen-
tial in this invention to provide means to cool the com-
pressed air. In general, any means of cooling can be utilized
in this invention, including exposure to the atmosphere of a



US 2005/0070755 Al

long piece or coil of metal pipe connecting the compression
means to the positive pressure reservoir, use of a fan to force
air to blow through a coil of metal pipe carrying the heated
gas, water-cooling such as that used in the radiator of an
automobile, running water cooling, or air conditioner.

[0048] FIGS. 5A and 5B are partial schematic diagrams
of the gas source portion in the external counterpulsation
apparatus according to the present invention, illustrating the
gas pipes connected to a semiconductor cooling device and
an air conditioner cooling evaporator, respectively. 21 and
21' indicate a semiconductor cooling device and an air
conditioner cooling evaporator, respectively, 39 indicates a
transmitting pipe, 38 indicates fins and 40 indicates heat
isolation materials.

[0049] Prior art external counterpulsation apparatus uti-
lized materials such as vinyl, leather, cloth or canvas to make
the balloon cuffs. These cuffs are wrapped tightly around the
lower limbs with balloons put in between the cuffs and the
body. When compressed gas is inflated into the balloons, the
cuff will also expand and extend outward due to the elas-
ticity and extensibility of its material, causing significant
energy loss since a large portion of the compressed air serves
to deform the cuff. More importantly, when compressed air
is used to expand and extend the cuffs outwardly, the
pressure inside the balloons will not be built up quickly,
reducing the rate of compression of the tissue mass and the
underlying vasculature, causing a slower external counter-
pulsation pulse wave-moving up the aorta. This reduces the
effectiveness of counterpulsation in increasing the perfusion
pressure to the coronary arteries and, therefore, the devel-
opment of collateral circulations (i.e., a set of new vessels
formed in the myocardium (heart) bypassing the blockages
in the coronary arteries). Therefore, the present invention
provides the use of rigid or semi-rigid materials with little or
no extensibility and elasticity so that the introduction of
compressed air into the balloons will not cause the defor-
mation or expansion of the cuffs, thereby requiring less
pressurized air and reducing energy loss. Furthermore, the
use of rigid or semi-rigid materials in making the cuffs will
result in rapid filling of the balloons, quicker compression of
the surrounded tissue mass and, therefore, a steeper external
counterpulsation leading pulse wave traveling retrogradedly
up the aorta to the heart.

[0050] FIG. 6 is a schematic diagram of the balloon
device 41 in the external counterpulsation apparatus accord-
ing to the present invention. A balloon cuff body 44 sur-
rounding the balloon 25 (not shown) is made of materials of
certain toughness and hardness such as plastic (e.g., poly-
acrylate), aluminum, or other metallic plates, rather than of
leather, cloth and canvas, thereby substantially reducing the
inflatability and extendibility of the balloon cuff body.
Tubular balloon cuff bodies can be fabricated to fit the upper
limbs, lower limbs, and other balloon cuff bodies can be
fabricated to fit the buttocks, such that the balloon cuff body
tightly surrounds the body without gaps, and is prevented
from slipping. Different sizes of balloon cuff bodies should
be provided to meet the requirements of different body
shapes. The balloon cuff body 44 can be pre-fabricated or
pre-formed or formed out of thermally changeable materials
in whatever form is necessary. There are materials of plastic
form which become flexible and can be molded into different
shape when heated to a temperature of 50 to 60° C., and will
become rigid and non-distensible when the temperature is
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lower, generally to room temperature, 20 to 30° C. Such
materials are available commercially in the United States,
such as the Orthoplast used in orthopaedics.

[0051] Generally, any space that exists between the cuff
and the surrounded body except that occupied by the balloon
is known as dead space. It is essential to reduce this dead
space as much as possible so that the least amount of energy
in the form of compressed air is required to inflate the
balloons to the required pressure in the quickest way. This
will reduce the size and energy consumption of the com-
pressor, reduce noise level, and therefore reduce the total
size of the external counterpulsation apparatus.

[0052] To achieve the object of closely fitting the body and
reducing the dead space, proper paddings 43 can be provided
between the balloons and the balloon cuffs. The paddings
may be bags of unformed materials (such as water, powder,
fine sand, etc.) or triangular pads made of formed materials
(c.g., rubber), the former could form a pressure bearing
surface which fits the contour of the pressure bearing portion
of the body when it bears pressure; while the latter could
meet the needs of patients of various bodily forms by simply
moving the paddings upward or downward to avoid the need
to provide balloon cuffs of various sizes. To prevent the skin
of a patient from being chaffed, a result of vibrations
produced during counterpulsation, the edges of the balloon
cuff body should be smoothed. This could be done by
slightly turning the edges outwardly, and also could be done
by wrapping the edges with soft materials (e.g. cloth,
sponge, etc.). The balloon cuff body could be made from a
single piece of material, but for convenient operation, it is
preferable that it be fabricated in separated pieces which are
coupled together with hinges 42 to enable freely opening
and closing.

[0053] A balloon cuff body of proper size is selected or
fitting paddings are inserted into the balloon cuff to fit the
bodily form of the patient to make the balloon cuff closely
encircle the corresponding portion of the patient. Fixing
belts 45 are then tightened, and counterpulsation can begin.

[0054] FIG. 7 is a flow chart of the control method of the
external counterpulsation apparatus according to the present
invention, which comprises the steps of: a). obtaining an
impedance cardiograph and electrocardiographic signals
having a clear and stable wave form in the counterpulsation
state by the use of detector electrodes 1, high frequency
constant current source 2, and electrocardiographic and
impedance signal amplifier-filter means 3, 4 and 5, which are
collected and displayed by the computer system 7 (101); b).
the computer system detecting the QRS wave of the elec-
trocardiograph signal (102), performing adaptive processing
of the impedance blood flow signal (103), obtaining the
starting point of the counterpulsation blood flow wave by
detecting the impedance cardiograph after sclf adaptive
filtering processing (104), and calculating the data for con-
trolling the inflation and deflation time of the counterpulsa-
tion apparatus from the interval of the R wave of the
electrocardiographic signal and the starting point of the
counterpulsing blood flow wave (105); c). obtaining an
objective index reflecting the curative effect of counterpul-
sation by detecting the peak amplitude of the waveform and
duration of the heart systolic wave and counterpulsing wave
in the impedance cardiograph (106); and d). controlling the
inflation and deflation of the external counterpulsation appa-
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ratus by the computer (107). For the safety of the patient
during counterpulsation, the control method of the present
invention further comprises the following steps: ¢). detect-
ing the blood pressure state of the patient with a blood
pressure detector means during counterpulsation (108); and
f). detecting the oxygen saturation of the blood of the patient
with a blood oxygen detector during counterpulsation (109).
If they detected blood pressure value exceeds a predeter-
mined value, or the blood oxygen saturation goes below a
predetermined value, then the computer will direct the
apparatus 1o stop counterpulsation.

[0055] In general, the only serious complications from
external counterpulsation treatment are pulmonary edema
and cerebral hemorrhage. Pulmonary edema may arise
because of left ventricular (left heart) failure, and usually
can be detected with a rapid drop in the oxygen saturation of
the arterial blood, from a normal value of 95-98% to a value
lower than 85-90%. The monitor of oxygen saturation is an
extremely sensitive parameter for the detection of pulmo-
nary congestion due to left heart failure. The oxygen satu-
ration can be monitored with a pulse oximeter available
commercially and commonly used in any operating room.
The use of pulse oximetry as a noninvasive method to detect
the complications of pulmonary congestion (edema) as well
as left heart failure is a novel concept provided in the present
invention. Furthermore, cerebral hemorrhage usually result
from high arterial blood pressure (hypertension). Since an
effective external counterpulsation can raise the peak dias-
tolic pressure to 40 to 60 mm Hg above systolic blood
pressure, it is important not only to measure the resting
blood pressure of the patient before initiation of external
counterpulsation (so that hypertension patients can be
treated medically to reduce their blood pressure before
counterpulsation treatment), but it is also important to moni-
tor the peak arterial blood pressure during treatment to
ensure the peak blood pressure will not rise more than 40 to
50 mm Hg above resting systolic pressure. The present
invention provides a novel means to monitor the peak blood
pressure effectively. Historically, it has been extremely dif-
ficult to measure blood pressure using any of the presently
available measuring methods during external counterpulsa-
tion because of motion artifact as well as the noisy envi-
ronment. The present invention provides a means to accu-
rately determine the peak blood pressure, thereby producing
a critical parameter in eliminating such dangerous compli-
cations as cerebral hemorrhage.

[0056] A closed loop control procedure is performed by
the computer and is as follows: At the beginning of the
counterpulsation, the computer automatically sets the bal-
loon inflation time to be at the end of the T wave of the
electrocardiograph. Due to the delay before the arrival of the
counterpulsing wave at the aorta, the closing point of the
aortic valve and the starting point of the counterpulsation
wave can be detected from the heart impedance blood flow
graph by the computer. The computer adjusts the inflation
time of the counterpulsation apparatus according to the time
difference between these two points to move the starting
point of the counterpulsing wave gradually towards the
closing point of the aorta. While gradually matching these
two points, the computer also calculates the aorta closing
time with the Bazett formula (Tor=K¥Tgg) because of the
effect of counterpulsation on the automatic detecting of the
closing point of the aorta. The time QT calculated with the
Bazett formula is taken as the closing time of the aortic valve
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after the Q wave of the electrocardiograph has been
detected. This makes the starting point of the counterpulsing
wave fall into a range centered at the closing time of the
aortic valve. In the procedure of gradually matching the two
points, the detection of the starting point of the counterpuls-
ing wave may be affected by blood expulsion from the heart
and the variation of blood flow inside the chest. If so, the
computer determines the time delay between the arrival of
the counterpulsing wave at the central region of the aorta and
its formation by a the pressurization of the lower limbs of the
patient, by determining the time difference between the
detected starting point of the counterpulsing wave and the
inflation time. The computer adjusts the counterpulsation
inflation time, such that the starting point of the counterpul-
sation formed after the time delay falls into a range centered
at the closing time of the aortic valve. The computer keeps
it in this range during counterpulsation, thereby performing
loop control.

[0057] The description of the invention is merely exem-
plary in nature and, thus, variations that do not depart from
the gist of the invention are intended to be within the scope
of the invention. Such variations are not to be regarded as a
departure from the spirit and scope of the invention.

What is claimed is:

1. A method for applying external counterpulsation to a
patient using a device including an inflatable member placed
on a limb of the patient, such method comprising:

detecting a blood flow impedance signal,

self-adaptive filter processing said detected blood flow
impedance signal; and

adjusting inflation of the inflatable member based on said
self-adaptive filter processed detected blood flow
impedance signal to optimize counterpulsation timing.

2. The method of claim 1, wherein said self-adaptive filter
processing includes comparing a reference impedance signal
to said detected impedance signal.

3. The method of claim 1, wherein said adjusting inflation
of the inflatable member includes adjusting inflation to
coincide retrograde blood flow signals with aortic valve
closure.

4. A counterpulsation control method comprising:

obtaining an impedance blood flow signal,
obtaining an electrocardiographic signal;
detecting a QRS wave of said electrocardiographic signal,

determining a counterpulsation blood flow wave initiation
from said impedance blood flow signal; and

controlling at least one of inflation time and deflation time
of an inflatable member from said electrocardiographic
signal and said counterpulsation blood flow wave ini-
tiation.

5. The counterpulsation control method of claim 4, further
comprising determining an objective index reflecting a cura-
tive effect of counterpulsation.

6. The counterpulsation control method of claim 4,
wherein said determining an objective index includes detect-
ing a peak amplitude and duration of a systolic waveform
and an impedance cardiograph counterpulsation wave.
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7. The counterpulsation control method of claim 4, further
comprising applying a high-frequency, constant-current
source to a patient body to generate said impedance blood
flow signal.

8. The counterpulsation control method of claim 4, further
comprising applying a high-frequency, constant-current
source to generate said electrocardiographic signals.

9. The counterpulsation control method of claim 4, further
comprising displaying said impedance blood flow signal and
said electrocardiographic signal.

10. The counterpulsation control method of claim 4,
further comprising self-adaptive filter processing said
impedance blood flow signal.

11. The counterpulsation control method of claim 10,
wherein said determining a counterpulsation blood flow
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wave initiation includes processing said impedance blood
flow signal after self-adaptive filter processing.

12. The counterpulsation control method of claim 4,
further comprising detecting blood pressure during counter-
pulsation.

13. The counterpulsation control method of claim 12,
further comprising comparing the detected blood pressure
value to a predetermined value.

14. The counterpulsation control method of claim 13,
further comprising stopping counterpulsation if said
detected blood pressure value exceeds said predetermined
value.

15. The counterpulsation control method of claim 4,
further comprising detecting blood oxygen saturation.
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