a2 United States Patent

US006210345B1

10y Patent No.: US 6,210,345 B1

Van Brunt 5) Date of Patent: Apr. 3, 2001
’
(549) OUTCOME MEASURING AIRWAY 4,051,843 * 10/1977 Franetzki et al. ..c..ccvuevucnnce 600/538
RESISTANCE DIAGNOSTIC SYSTEM 4,079,733 3/1978 Denton et al. .
4,133,305 1/1979 Steuer .
(75) Inventor: Nicholas P. Van Brunt, White Bear 4,311,135 171982 Brueckner et al. .
Lake. MN > 4,398,531 8/1983 Havstad .
ake, Us) 4424806  1/1984 Newman et al. .
] ) ) 4420688  2/1984 Duffy .
(73) Assignee: American Biosystems, Inc., St. Paul, 4,546,764  10/1985 Gerber .
MN (US) 4,621,621  11/1986 Marsalis .
4,676,232 6/1987 Olsson et al. .
(*) Notice:  Subject to any disclaimer, the term of this 4815452 3/1989 Hayek.
patent is extended or adjusted under 35 4,838,203 6/1989 Warwick et al. .
US.C. 154(b) by 0 d 4,928,674 5/1990 Halperin et al. .
S.C. 154(b) by 0 days. 4,977,889  12/1990 Budd .
4,982,735 1/1991 Yagata et al. .
(21) Appl. No.: 09/412,086 5,056,505  10/1991 Warwick et al. .
5,076,259  12/1991 Hayek .
(22) Filed: Oct. 4, 1999 5,101,808  4/1992 Kobayashi et al. .
5,222,478 6/1993 Scarberry et al. .
(51)  Int. CL7 oo A61B 5/08 5,261,394  11/1993 Mulligan et al. .
(52)  ULS. Cl oo 600/529 5,299,599 4/1994 Farmer et al. .
. 5,453,081 9/1995 Hansen .
(58) Field of Search ... 600/529, 532, 5,606,754 3/1997 Hand et al. .
600/538, 533 5720709 * 2/1998 Schnall .....cocoecercerecrivrivriies 600/538
5,769,797 * 6/1998 Van Brunt et al. ... 601741
(56) References Cited 6,030,353 * 2/2000 Van Brunt ..... .. 601/150
6,066,101 * 5/2000 Johnson et al. .. 600/533
U.S. PATENT DOCUMENTS 6,068,602 * 5/2000 Tham et al. ..c.cocoverrecerecunecn 600/533
2,354,397 7/1944 Miller . FOREIGN PATENT DOCUMENTS
2,588,192 3/1952 Akerman et al. .
2,626,601 1/1953 Riley . 0542 383 A2 5/1993 (EP) .
2,762,366 9/1956 Huxley, III et al. . 1247009 Al 1/1985 (RU).
2,772,673 12/1956 Huxley, III .
2,779,329 1/1957 Huxley, II et al. . * cited by examiner
2,780,222 2/1957 Polzin et al. .
2818853 1/ 1928 Huxley, III et al. . Primary Examiner—Eric F. Winakur
2832335 4/1958 THuxley, Il et al. . Assistant Examiner—Navin Natnithithadha
2869537  1/1959 Chu. ! !
3043202 7/1962 Mendelson . (74) Attorney, Agent, or Firm—XKinney & Lange, P.A.
3,063,444 11/1962 Jobst .
3,120,228 2/1964 Huxley, III . (57) ABSTRACT
3.310,050  3/1967 Goldfarb . . . o .
3333581 8/1967 Robinson et al. . Airway resistance of a patient’s lungs is measured b’y
3536063 10/1970 Werding . applying an osc111at¥ng compressive force to the patient’s
3,566,862 3/1971 Schuh . chest while supplying air pressure to a mouthpiece in
3,683,655 8/1972 White et al. . communication with the patient’s mouth so that airflow from
g,;gg,gg? * gﬁg;g SBayer ................................... 600/538 the patient’s mouth equals expiratory flow produced by the
,760, orgeas . Tati :
3802417 4/1974 Lang . oscillating compressive force.
3,806,794  7/1975 McGrath .
3993053  11/1976 Grossan . 18 Claims, 12 Drawing Sheets

/32 ‘_>§/ 34

vest pressure l
80

2

36
blwr |~ foa
atrl OPEP



U.S. Patent Apr. 3, 2001 Sheet 1 of 12

90

US 6,210,345 Bl

94

LPF |

106
2 e Jot L e

blower
control

O /* /

PEP
level

110 56 54 58

vest pressure

34

12a

FIG. 1




U.S. Patent Apr. 3, 2001 Sheet 2 of 12 US 6,210,345 B1

blower

cntrl

76

74

Cough waveform generator
module 160

18 16 §
/ / 12¢
OSC. FREQ.

AN

10

FIG. 2



U.S. Patent Apr. 3, 2001 Sheet 3 of 12 US 6,210,345 B1

To summing junction 76

Fr— = — T+ — — =

/74

172

To OPEP 60 cough
| ‘ / intensity

1602 o5 174

%

I

cough
| waveform|
l

168 generator

N

To light interrupter
shaft position 164

|
l
|
|
|
|
|
l
!
|
|

160

FIG. 3



e- "Ol4

ZY ¢ |=pouad s)2Ad
uoisialp/isd | -0 =aJnssaud 159A
UOISIAIP/23S /18l] 2 =MO|3 yinow

US 6,210,345 Bl

_ _ [
_ _ _
- -\ - -7 71T - - |- -0 - 7T 71— =
| ] _ | | _ | |
e _ _ | _ | | I gg)
= _ | _ I | _
i Lo 1 R
3
= | _
N
| R I
_ _
m kel | _
= wop — — — - i i el Ml Ee
mr _ 08t | | | _ |
a91NsSsSald 1S9
e e A T T e el IR B
| _ _ | _ _ _
T
| _
ﬂ

U.S. Patent



9-¥ Old

US 6,210,345 Bl

Sheet 5 of 12
I
|
— _1 J— ——
|
_
<

Apr. 3, 2001

U.S. Patent



U.S. Patent Apr. 3, 2001 Sheet 6 of 12 US 6,210,345 B1

i2d
airway resistance nul!
detector/indicator module 210 J
106 90 94

blower
control

airway resistance module 200
;\20b
Vest Pressure
220
1 1
/ /
112b / /
s

114
opep 602
18 16
40 /
: OSC FREQ.
42

vl .,

FIG. 5



9°'9Old

US 6,210,345 Bl

Sheet 7 of 12

Apr. 3, 2001

U.S. Patent

002
0G @soy Jie sjeonpsuel) ainssald 1o \/
09 d3dO

||||||||||||||||||||||||||||||||||||| |
|

{

o5~ B e

2s |

]

|

7 ~<«—{Hlys 'uyd \ ? 2 |

I

M 85 o \ o5 |

> |

i

\‘W
0ez |
lllllllllll i4d - ___-__LJ
zez Y
10}EDIpU|/J0108}a( |INN douelsisey Aemily of
oz

BOZZ [BUIWIS) YOUMS O}



US 6,210,345 Bl

Sheet 8 of 12

Apr. 3, 2001

U.S. Patent

002 ajnpow aoueisisey Aemuly o

/ PuUi
oA
O , 19A97] 8G2C ~ |

A
™~

) ZL1 @oa1dyino o)
YARD1 = g
\w %
oLe.
r—— - == - T
! |
| |
| |
. Ob2— |
||||||||||||||||||||||||||||| ! |
[ ﬁ_.nj [
| \wjd\/\‘ !
| |
_ 2S¢ — 1 "
092 T N'SY
“ v92 P oc /h N'S "
= ov2
N\ / wvm/J(l_lY \ ~ !
! Ppe |
o IS S WL~ i (W B
|
| )
| |
_ .



E-8 'Ol

US 6,210,345 Bl

Sheet 9 of 12

Apr. 3, 2001

_
1 1
_ 00t mﬁ_zmmm_a 1SpA _ | _ |

_ | | | _ _ _

U.S. Patent



US 6,210,345 Bl

Sheet 10 of 12

Apr. 3, 2001

U.S. Patent

g-8 Old

S/

00€ ainssald }1san




9-8 DI

US 6,210,345 Bl

Sheet 11 of 12

Apr. 3, 2001

U.S. Patent




U.S. Patent Apr. 3, 2001 Sheet 12 of 12 US 6,210,345 B1

Airway Resistance

234 Null Detector/Indicator Y\/_\
7 210

240 —

blower
control

< < } —
110 | ‘
110
Airway Resistance Sensing

N ;
/ and Null Adjustment \ \
P
234 / 200
/ [— Vest Pressure 220b
\ g / 60 74
= r /
§ Q r blwr |~ 36

| ctrl opep 502

Cough Waveform
Generator

14 18 16
mtr / 0
ctrl OSC.

FREQ

FIG. 9 10

!




US 6,210,345 B1

1

OUTCOME MEASURING AIRWAY
RESISTANCE DIAGNOSTIC SYSTEM

CROSS-REFERENCE TO RELATED
APPLICATION(S)

Reference is made to the following copending applica-
tions which are filed on even date and assigned to the same
assignee as this application: AIRWAY TREATMENT APPA-
RATUS WITH AIRFLOW ENHANCEMENT, Ser. No.
09/412,768; AIRWAY TREATMENT APPARATUS WITH
BIAS LINE CANCELLATION, Ser. No. 09/412,459; and
AIRWAY TREATMENT APPARATUS WITH COUGH
INDUCEMENT, Ser. No 09/412,457.

BACKGROUND OF THE INVENTION

The present invention relates to an airway resistance
measurement system and in particular to a system that
includes a chest compression device for high frequency
chest wall oscillation and a subsystem which supplies air to
a mouthpiece as a function of the high frequency chest wall
oscillations to provide a measure of airway resistance.

Chest compression devices have been developed to pro-
duce high frequency chest wall oscillation (HFCWO).
HFCWO is the most successful method used for removing
excess mucus from the lungs caused by a variety of diseases
such as cystic fibrosis, emphysema, asthma, chronic obstruc-
tive pulmonary disease (COPD), and chronic bronchitis.

The device most widely used to produce HFCWO is the
ABI Vest™ Airway Clearance System by American
Biosystems, the assignee of the present application. A
description of the pneumatically driven system can be found
in the Van Brunt et al. patent, U.S. Pat. No. 5,769,797, which
is assigned to American Biosystems. Another example of a
pneumatic chest compression vest has been described by
Warwick et al., U.S. Pat. No. 4,838,263.

Pneumatically driven HFCWO produces substantial tran-
sient increases in the airflow velocity with a small displace-
ment of the chest cavity volume. This action produces a
cough-like shear force and reduction in mucus viscosity that
results in an upward motion of the mucus. The ABI Vest
Airway Clearance System is effective in clearing airways of
mucus, however, there are limitations of its performance.

There is a constant vest pressure on the chest of the patient
when using the vest. This can cause particular problems with
some disease states. External pressure on the chest of a
COPD patient during inspiration may cause considerable
distress. Also, asthmatics may find the constant vest pressure
extremely irritating, and those with constricted and inflamed
airways may find it uncomfortable. Therefore, eliminating
the constant vest pressure would be beneficial.

It is difficult to determine a short term reduction in airway
resistance during treatment. Airway resistance is the ratio of
airway pressure to airway airflow. It is an indicator of the
degree of plugging of the lung passages by mucus, and
therefore, periodic measurement of airway resistance pro-
vides a good indicator of the success or lack thereof of a
treatment for lung clearance.

Prior art vest systems do not have the ability to aid in
removing mucus from the upper airway passages. With some
disease states, the debilitated patient is unable to produce a
cough to remove the mucus accumulated in the upper airway
passages. Normally, the current vest systems accelerate the
mucus upward and outward in the upper bronchial passages
and trachea by increasing airflow velocity. Many individuals
can then, by means of a volitional cough, force the mucus
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into the mouth and then expectorate. The effectiveness of the
treatment is greatly reduced if a weakened individual is
unable to do this. Also, since a cough is an effective natural
method of moving the mucus out of the airway, it would be
beneficial to have a system which produced a cough on each
oscillation of the chest wall.

Since increased airflow velocity is key to clearing the
lungs of mucus, it would be advantageous to improve upon
the current systems in order to induce even higher airflow
velocities from users. This would make the vest system even
more effective at removing mucus from the lungs.

BRIEF SUMMARY OF THE INVENTION

The invention is a method and apparatus for measuring
airway resistance by applying an oscillating compressive
force to a patient’s chest while supplying air pressure to a
mouthpiece in communication with the patient’s mouth. By
adjusting the compressive force or the air pressure (or both)
a condition can be reached in which airflow from the
patient’s mouth essentially equals expiratory flow produced
by the compressive force. The relationship of compressive
force and air pressure provides a measure of air flow
resistance.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a block diagram of a first embodiment of an
airway treatment apparatus which provides enhanced airway
flow and chest compression bias line cancellation.

FIG. 2 is a block diagram of a second embodiment of an
airway treatment apparatus which includes simulated cough
inducement.

FIG. 3 is a schematic block diagram of the cough wave-
form generator module of FIG. 2.

FIG. 4a shows one oscillation of the chest wall force
applicator pressure and airflow velocity during a simulated
cough sequence.

FIG. 4b shows multiple oscillations of the chest wall force
applicator pressure and airflow velocity during simulated
cough sequences.

FIG. 5 is a block diagram of a third embodiment of an
airway treatment apparatus which provides airway resis-
tance measurement.

FIG. 6 is a schematic block diagram of the airway
resistance module of FIG. 5.

FIG. 7 is a schematic block diagram of the airway
resistance null detector/indicator module of FIG. 5.

FIG. 8a is a graph of pressure waves during chest com-
pression treatment from a chest wall force applicator and at
a mouthpiece when the pressure at the mouthpiece is less
than pressure produced by the chest wall force applicator.

FIG. 8b is a graph of pressure waves during chest com-
pression treatment from the chest wall force applicator and
at the mouthpiece when the pressure at the mouthpiece is at
null.

FIG. 8c is a graph of pressure waves during chest com-
pression treatment from the chest wall force applicator and
at the mouthpiece when pressure at the mouthpiece is greater
than pressure produced by the chest wall force applicator.

FIG. 9 is a block diagram of a fourth embodiment of an
airway treatment apparatus which includes all of the features
of the first, second, and third embodiments.

DETAILED DESCRIPTION

First Embodiment (FIG. 1)

FIG. 1 is a block diagram showing a patient P undergoing
treatment using the preferred embodiment of airway treat-
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ment apparatus 10. As shown in FIG. 1, apparatus 10 has two
major subsystems, chest wall force applicator 12a (which
applies oscillating compressive force to the chest of patient
P) and air pressure input mouthpiece system 12b (which
supplies air pressure to the patient’s mouth in a relationship
to the compressive force).

Chest wall force applicator 12a includes brushless motor
14, vest oscillation frequency potentiometer 16, motor con-
troller 18, shaft 20, wheel 22, reciprocating arm 24, pin 26,
diaphragm 28, air chamber 30, blower 32, vest pressure
potentiometer 34, blower controller 36, tube 38a with con-
striction 385, hoses 40, and inflatable vest 42. Oscillated air
pressure is delivered to inflatable vest 42 to cause inflatable
vest 42 to apply an oscillating force to the patient’s chest.

Brushless motor 14 is operated by motor controller 18 at
a speed which is set by vest oscillation frequency potenti-
ometer 16. Shaft 20 is connected to brushless motor 14 and
wheel 22. Reciprocating arm 24 is coupled to wheel 22 by
pin 26, which is offset from the center of wheel 22. Recip-
rocating arm 24 is also coupled to diaphragm 28, which is
part of air chamber 30.

Blower 32 is operated by blower controller 36 based upon
a control setting of potentiometer 34. Tube 38a with con-
striction 38b couples blower 32 with air chamber 30. Hoses
40, in turn, couple air chamber 30 with inflatable vest 42.

The force generated on the patient’s chest by chest wall
force applicator 12a has an oscillatory air pressure compo-
nent and a steady state air pressure component. In a pre-
ferred embodiment, the steady state air pressure (or “bias
line pressure”) is greater than atmospheric pressure, and the
oscillatory air pressure rides on the steady state air pressure.
With this embodiment, a whole oscillation of chest wall
force applicator 12a is effective at moving the patient’s
chest, because there is no point at which pressure applied to
the chest by vest 42 is below atmospheric pressure. Chest
movement can only be induced while chest wall applicator
12a has an effective pressure (i.e. greater than atmospheric
pressure) on the patient’s chest.

The oscillatory air pressure component is created by
brushless motor 14. The speed of brushless motor 14 is
selected by vest oscillation potentiometer 16 and held con-
stant by motor controller 18. Shaft 20 of brushless motor 14
rotates wheel 22 which, in turn, moves reciprocating arm 24
in a linear fashion and causes diaphragm 28 to oscillate the
air in air chamber 30 at a frequency selected by vest
oscillation potentiometer 16. The pressure created by brush-
less motor 14 follows a sinusoidal waveform pattern.

To create the steady state air pressure, vest pressure
potentiometer 34 selects the speed of blower 32 and the
speed is held constant by blower controller 36. The steady
state air pressure is transferred to air chamber 30 through
tube 38a. Constriction 385 within tube 38a prevents back-
flow of pressure pulses into blower 32 which would affect
the pressure pulsation in a nonlinear manner. In effect,
constriction 38b is a large impedance to oscillatory airflow
but a low impedance to steady state airflow. The steady state
air pressure created by blower 32 is greater than atmospheric
pressure so that a whole oscillatory cycle is effective at
moving the patient’s chest. Preferably, blower 32 has a
pressure maximum of 12 cm of water, which is well within
tolerance limits of anticipated users. This is a safety feature
designed so that if any component failure tended to speed up
blower 32, it would not be unsafe.

Hoses 40 convey air pressure waves from air chamber 30
to inflatable vest 42. Inflatable vest 42, thus, is cyclically
inflated and deflated to apply HFCWO to the patient’s chest
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at a frequency set by vest oscillation frequency potentiom-
eter 16 about a steady state or bias line pressure set by vest
pressure potentiometer 34. The steady state air pressure
determines the intensity of the chest compressions since the
oscillatory air pressure rides on the steady state air pressure.
Therefore, the change of pressure (delta pressure) increases
with increasing steady state pressure and results in the
oscillatory air pressure never being less than atmospheric
pressure. In applying HFCWO to the patient’s chest, the
patient’s airways are cleared of mucus.

Chest wall force applicator 124 also includes components
to link it to air pressure input mouthpiece system 12b. These
include vest sampling tube 50, vest pressure transducer
(VPT) 52, phase shift network 54, line 56, line 58, and
Oscillatory Positive Expiratory Pressure (OPEP) oscillation
intensity potentiometer 60.

Vest sampling tube 50 is connected to inflatable vest 42 at
one end and vest pressure transducer 52 at the other end.
Vest pressure transducer 52 is connected to phase shift
network 54 via line 56. Line 58 then connects phase shift
network 54 to OPEP potentiometer 60.

In operation, vest sampling tube 50 conveys vest pressure
to vest pressure transducer 52 which converts it to an
electrical signal representative of sensed vest pressure. The
electrical output signal of vest pressure transducer 52 is sent
to phase shift network 54 via line 56. Phase shift network 54
compensates for delays in oscillatory pressure from chest
wall force applicator 124 being transmitted as an oscillation
within the patient’s lungs and to the patient’s mouth. The
signal from phase shift network 54 (having a waveform
representative of vest pressure applied by chest wall force
applicator 12a) is supplied by line 58 to OPEP potentiometer
60 and then to air pressure input mouthpiece system 12b.

Air pressure input mouthpiece system 12b includes motor
drive amplifier 72, line 74, summing junction 76, line 78,
diaphragm 80, linear motor 82, air chamber 84, sampling
tube 86, pressure transducer(PT) 88, line 90, low pass filter
(LPF) 92, comparator error amplifier 94, line 96, line 98,
Positive Expiratory Pressure (PEP) level potentiometer 100,
line 102, blower controller motor driver 104, blower 106,
tube 108a with constriction 1085, tube 110, and mouthpiece
112 (with mouth port 1124, air supply port 1125, and outlet
port 114).

Wiper 60a of OPEP potentiometer 60 is connected to
motor drive amplifier 72 via line 74, summing junction 76,
and line 78. Motor drive amplifier 72 is connected to
diaphragm 80 of linear motor 82. Diaphragm 80 is then
connected with air chamber 84 which is coupled to sampling
tube 86 followed by pressure transducer 88. Line 90 con-
nects pressure transducer 88 to low pass filter 92 which is
followed by a connection to summing junction 76 and to
comparator error amplifier 94 via lines 96 and 98. Com-
parator error amplifier 94 is also connected to PEP level
potentiometer 100 through line 102 and to blower controller
motor driver 104. Blower controller motor driver 104 pro-
vides a drive signal to blower 106, which is coupled to air
chamber 84 by tube 108a that contains constriction 108b.
Tube 110 extends from air chamber 84 and connects to air
supply port 1126 of mouthpiece 112. Mouth port 112a of
mouthpiece 112 is placed in communication with the
patient’s mouth (i.e. either in or over the mouth). Mouth-
piece 112 may also cover the patient’s nose. Outlet port 114
is located a short distance from mouthpiece 112 on tube 110.

In operation, the processed pressure waveform from vest
pressure transducer 52 and phase shift network 54 is input to
OPEP potentiometer 60 as described above. OPEP potenti-






