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57) ABSTRACT

The present invention relates to a system for measuring
respiratory function of living organisms. More particularly,
signals indicative of the change in lung volume, defined as
active and passive work, required to breathe and the airflow
through the respiratory system of the living organism are
obtained and processed as waveforms to provide a signal
indicative of the respiratory restriction. The methods of the
present invention measure clinical forms of airway obstruc-
tion, airway reactivity and lung volume and may be used to
continuously or intermittently monitor patients with com-
promised respiratory function. In a preferred embodiment, a
head-out, breath in respiratory plethysmograph system pro-
vides the signals indicative of change in lung volume as
related to pressure changes in a chamber. Further, flowmetric
variables are generated that provide a characterization of
airway obstructions.

Processing

Measurements

\
110
Flow

200 Measurements

300

410

- —
Measure of airway

obstruction

2|O/



Patent Application Publication May 29, 2003 Sheet 1 of 76 US 2003/0100843 A1

Sensing a signal indicative
of change in lung volume | |04
(and to change in

circumference of
RC and ABD)

- - . __ _ o _____ _
1101 Effort Measurement

FIGURE 2

Effort Processing
100 Measuremiants 410
— 110
Flow 300 /f - >
Measurements Measure o Qirway
200 / obstruction
210
FIGURE |
Effort Measurements 100
I— ______________ N\ _ o __ =
Apply Sensors to 112 I !
: Torso Region, e.g: [~ / ° I
| 120 Ribcage (RC) and - —— I
I Abdomen (ABD) Calibrating Sensors |
| L (w or w/o excitation) | |
| | Exciting N (Voltage span assigned | !
| Sensors o to specific volume :
[ or flowspan) |
I
| I
| I
I
| I
I |

Flow Measurements 200

....................................

i Calibrate flow sensor
i against known flow meter ;_°
i Or precision syringe

Apply sensor to flow source
( mouth, nose, etc.)

FIGURE 3



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 2 of 76

v 34NOI4

SUID4J QWI} BWDS
ui Mo|4 3 sipubls

wns 3 agy ‘O Jo

Apidsiq p2iudpi9

Mmoj4 o}

sipubis wng %
agy ‘DY asodwo)

8¢¢
\ | bee
MO|} /M WNG MO|} O}
J0Q8y ‘oy jo pazipbuwiou
uos1IDAWO?) wng 3 agv ‘0o
/ /
0os¢e 034

\

18pPJ023J
14DY2 U0

joubls pawwng
ApidsiQ

8l¢

pubig pawwng
82141610 Q <V

Sl —

1

ble

sioubis ggv

puD oMY wng

s|pubig uswopqy/abnoqiy

I_
|
_
_
_ 012
Qo vy | £
| $udWa4NSDIN
/ _ 30_1
0¢s _
|
|
|
7 TA _
|
|
|
m_m _
wopso | | ol
eAlDOIpUl | | /
sipubis | wawainspa
Ayt dwyy | +40443
_



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 3 of 76

G 34N914 P
l0}pinpowaqg
13144070
10404q1|0D
A0{D|Npowa
punoI9 Sipubls bojpuy $0INpowaq I~ - 192NpSuDI|
<+ 4o wng M JUBWIBINSDBIA 40443 A 2iNSS8id
qid ¢ |DIJUBLR441]
Usuopqy 1 104D1{12S0 JUBIAANSOB
p— (d1¥) AudoibowsAyis|d 0SS /
/ 1|,,_||, = ‘.IH_IN\ 82uDONpU| A10jDaidsey L dDIBOYIDIOWNaUY
IIIIII A {
- _ﬁ Od ulupm paog | 90D}494U| 0cs
I ipybiQ o) Bojpuy| Jaindwon s|zzn
] | S,2SJ0H
_-0%G
pupq yopa ~
aplsul {102 7
a23UDINpU|1—T
\
J
:49su| pupg

t1G puog
uawopqy

pupg gy



_6l0

Patent Application Publication May 29, 2003 Sheet 4 of 76

US 2003/0100843 A1

_6l2

External Sensor 1
Abdomen Sensor

(not applied to subject)

External Sensor 2: .
Rib Cage Sensor

(not applied to subject)

614

|

Set gains of each sensor:

1Volt= /2 typical tidal volume

External Sensor I: External Sensor: 616
Abdomen Sensor Rib Cage Sensor
(applied to subject) (applied to subject)
Sum Rib and
Abdomen Signals l ?26 b2z 6/30
618 Sum Signal Display real-time
waveforms
Take 'difference”
or derivative and f T? 1
apply afilter 628 624 | (11 63
v v /[ 1
Diff Abdomen Diff Sum Diff Rib Cage | | | Flow: (eq.
waveform —! waveform _} waveform || | pneumotach)
| l
vL\620 L i____'—_::t:—:_ij_l

Compare External Signals with Flow signal

by overlapping or by synthesizing a composite (

waveform (external-true flow) ~—~634

Normalize external sensor waveforms by

offsetting the signal to match area under —636

inspiratory Flow waveform, or integral

OR bypass
normalization
step 638

./

Make measurements and apply process sequences

4

!

A

'

To FIGURE 6B

FIGURE 6A



g9 34Nn9oid

‘MQO14 pub S43
US3miaq saoua.ayyip apniiubow pup Bo| @soyd jo uoissaidxa Auyy

{owi} ujpsiq jojoy 76D} BsDUD
SD passaudxa ‘MOT4 10 S 43 Jo Boj aAlypa4) BD| 9spyd

US 2003/0100843 A1

XPWrg-3/%x0W34-3
XPWr4-3

;, XDW3 4 _3¢4 paqliosaid o o} 40
‘aulfaspq o} XPW 3 4.3 wouy swiy = (awi | uounxp(ay) 1y
UIW34-3—XPW35-3= (yoad o} yoed)d-d

uoipiidxes
Bulinp MO714-S4340 wnwixow aynjosqp=XOW3 4-3

WAYENOM (MO T o —5.oF) PBII04GNS UO SJUIUWINSOZNY

o uonpaidsul Jo 8bbjuadiad paiy1oads Bulunp 8ousis4ip DALY X] 4-3
= uonDaIdxa o abojussiad paiyidads Bulinp 9JuUB.48j}Ip Daay :X3 4-3
v uolpJidsu; Businp souauayyip Desy iT4-3
w uonDAIdxa bulinp adousisyyip Dasy :34-3
= UIDWOR SUWiy Ul MOTo PUD S S UBSMIBG SBIUBISLJIC
= / T

P PAAS)

o

=

o

)

]

=

\
ot9

N

<
V9 34N9I4 woiy

Patent Application Publication




Patent Application Publication May 29, 2003 Sheet 6 of 76 US 2003/0100843 A1

686.__| Normalize
i {
950 684_| calibrate
: ! |
External Sensors PC Digital
Vaspomen | Vris caGe cap 1 rocessor
/ \654 : ! .
652 678\ Monitor/Display A—D
Summer | }-©56 Y - /
/\ Digital Vi (VA 690
/580 Voo M
. ™
652 6584 654 22D \./'¢\./2 WO || 676
Vago Vsum Vre ViV v e
660§ { Y / Analog
N n: ' Digital Display
N\ Differentiator/ Analog

Filter ol I ]
662— 166471666 PCor Stand-alone System

Viagp Visum Vl' RC

67 . .
O\I " Vige Ve
Analog o . Analog
Subtraction / > Vigym™ V2
> Vi~ Ve
1 \/

Vo

I

VQ‘ "TRUE" FLOW

FIGURE 6C



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 7 of 76

agv

\

ds 34Nold

-

AN\.T_\.C

IvSYN-8

aly

||h_|

:

|

(CA~- 1)
TYSVN-BI¥A

NNS

é]m SAaanls
|

MQO14 TTVSUN

Hi

(en-"'n)
IvsyN-NNSA

MOT1d TIVSVUN

I




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 8 of 76

lZ 34N9l4
N
90UBI94}Ip DBID
WIW34-3 kmllm XbW14-3 Ai04Da1dsu|
uoljouidxa Burinp | 1 Ypad Aioipadsuy
WRWILIW nosqy — — — —Jd |~ — ———
VW ANOSAY — — —— ) | ,.

XbW34-3
uoijDJiIxa bulanp

wnwixopw ainjosqy —————

(MOT4)
|oubig

MO| 4 |DSDN

e s &

28S/ 0N 298s/|0A
90US494} 1P DIID
\ Ai10}pa1dx3
MO 1d4-S43 ,
JO uooDAgNg
04 Aq juiog J3S/|OA

N\ (S33)
~ 2 | 1oubis Mo 4§
/\ [ IVEIS &




Patent Application Publication May 29, 2003 Sheet 9 of 76

US 2003/0100843 A1

1 !
= dvi /i % dvi ”
E ¥ oS p 2
o | \ ) ¥
Lt ' te ti | te | e , ti | te |
T ' —1
FIGURE 8A
(\/1‘v2)m0x
| [
. : : (Vﬂz)mox
o P . o ’
T VAR T T T T,
= | M-Velmin ! Bronchodilation *f “RT
| —
S R
| | }FEV, |
Lot te i g FRC
I ¥ ¥ t d p); t f —
\ FIGURE 88
+ : N ! — *% i
- , t
— | 1 | r2
8_‘ BronchoconstrictiM
o) | I
| | IR |
! | {FEV) !
o O }FRC |
i te i te [ ot e
FIGURE 8C
A | : |
] |
g | |
[7s]
S AN N A
o , Py 7 i t>
Tt te i lote oo L e
) T T T t ‘ﬁ " } ﬁl

FIGURE 8D



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 10 of 76

oGl-

oQal-

og-

29S8/

00

0's

8+:10:00 SPI10:00 vE:l
T T

0:00

Ve 34Nn9l4

owl]
2P:10:00 Op:10:00 8£:10:00 9¢€:10:00 +£:10:00
|

| I I 1

MQT1d-543

W

MO 4




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 11 of 76

Q'Gl-

O0lI-

288/

0)O,

oG

g6 34N914
awl]
8b:10:00 9t10:00 vHI0:00 ZH:H0:00 Ob:10:00 8S:10:00 9%:10:00 bH£10:00

| | T T T I T T

MO14-S43
e, A etk Mo (N
/ S43

‘\. ’ 4 f )
04. { )t( V» .‘\ J‘.,,.¢ .»‘




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 12 of 76

VOl 34N9I3 Wil
O_”mwnoo monm_ouoo Oo”mouoo mmum_ouoo
O0r-
00
29s/7] S43
002
el 4=
MO14




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 13 of 76

g0l 34dNol4

Q0

00<

ooPr

295/7]

0Q0s

008

000l

01:1£0:00

$0:£0-00
i

swi |

00:€0:00
I

5G:20.00
1

<<§

MO14-543




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 14 of 76

Q01 34N9ld

295/

OGl-

ool

OG-

00

oS

00l

oGl

swly
POCO00  €OL0:00 ¢€OeO00 2O0E000 20:€0:00
T T T I !

I0.£0:00 10:€0:00 00:£0:00
T ]

MO14

S43




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 15 of 76

gol 34noi4
+0:20:00 ¢0:2

owi|

O'Sl-

O0I-+

0:00 <20:20:00
_ T

10°¢0:00 00:¢0:00 651000 8S:10:00 /LG:I10:00
_ T _ _ _

OGH _
oXe;

28s/7]
oS

o)e]

oGl

+ . __

MOT14-S43

S43 | uoiPIIdx 3




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 16 of 76

211 34N9i4 owi |
o00l- 9I110:00 Sl1:10:00 +1:10:00 ¢1:110:00 21110:00 11110:00 OO0 &0:0:00
| I [ | ] 1 | ]
OG-
ossymp OO0
QGr MOT14-S43
00l
g1l 34N9t4 swil :
o8 91:10:00 SIH0:00 +1.10:00 11000 211000 11:10:00 Ool'l0:C0  &0I0C:00
- T ! T T | | { 1
Q9-
Obt—t
O.Nl_l
295/ O0F
Q2
Obt- MOT3
09
vil 34N9Id awl |
o0l- 9110:00 S110:00 111000 ¢1:10.:00 21:110:00 __“_muuoo O_”_MHOO 60:10:00
| I | ! | T
QG-+
238/
OO0
OSI- E




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 17 of 76

dll 34N9i4 awl|
000 G2:10:00 02:10:00 G1:10:00 OL10:00
- i 1 | i

O0ov-r

MO14-S43

00¢g-

00e-+

295/

O0I-

:} w W MO A

00F ’ ft
f..t...._..../ AAV o ) FEL&,.. :»!.L.: / N, ) S s L\A A 45 _

Q0l



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 18 of 76

Q0l-

OG-

29s/7]

Q0

o¢s

dil 34N913

awi |

€2:20:00  €2¢000 <2000 2£¢0:00 1£:¢£0:.00 1£20:00 0£¢000 0£:¢0:00
I 1 L | I | T 1 ’

s,
a .}}

/

7.tz




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 19 of 76

J¢l 34Nold
0'0z2-

00000

SG:2000

swi]
05:20:00
I

St:20:00

Q0l-
00

293/
L OOl

T[T

[
|
|
[
|
i

|
]
]
I
|
|
1

MO

LULLil

oNeors

gel 34Nold

66:20:00

swiy

S.20:00

QGlI-
QQ0l-

Qo
0o
T T

00:£0:00

06:20:00
1

S43 d3LVILN3IN3 4410

I
|
I
I
|
|
1
|
|
|
)
Il

1.1 |4 1 | 1

vel 34N9i4d

00:20:00

$5:20:00

swi]
05:20:00

St.20:00

OG-+

[}
1
]
- 00 I\\I\vlm/)\.\.\

oSk
o)l

I
|
i
|
|
i
!
|
'
|
)

S33 JNNT0A




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 20 of 76

42139914,

Ge.2000

Swil |
0g:20:00

G2:20.:00
]

00I- “
OG-+ |
!

|
oSk |

T
|
1
l
|
I
|
!
|
1

- 3nNI0A

321 34N9i4
00'20:00

S 20:00

QOt-
00¢-

002-

°%;

O°HWY  g7g)
002

00¢

T
|
|
!
|
|
|
|
]

T
|
|
[
|
|

Y I I O O I

d2l 34N9i4
00:£0:00

562000

Wi
0S:20:00

G£:20:00

O0I-F

OG-

00

298/ g
OO0

O'Gl

T
!
|
i
|

!

)
f
f
i
I
i
I
I
|




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 21 of 76

121 34N9I4 awl |
00z~ O :20:00 G§¢:20:00 0g.20.:00 G2:€0:00
{
O'0l-F “
%8s/ 0O |

l
|
|
I
i
1
i
]
1

o~ { _ _
ojell | | _ MOT13-S43
OON _ ! |
HZI 34N9i4 . . ow! |
O:20:00 $£:20:00 0£:20:00 $2:20:00
T I 1
00l-+ " _ ! _ N
| ! .

28/ OO0

B i
oolf | | MO | X
oozt i ! " ]

921 34N914 oWl
Ot:20:00 ge.20:00 0g:20.00 G2:20:00

T T T T
o0I-f " _ | | ]
. _ _ —
ses/q OO _ i _ i
oXeoll™ | _ | S43 I —]
L | _ _ A31VILN3Y344I1a _

o0z | I I |




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 22 of 76

awi]
M2l 34N9l4
£1:00:.00 21 00:.00 0Ol00:00 800000 20.00.00 v0:00:00 20.00:00 00:00:00
[ |
ooi-F T T T T !
O'G—H _
295/ 00 ]
- 0%
00! MO |
swi |
fcl 34N9l4 Ot:20.:00 g¢:20:00 0g:¢0:00 Gc.c0:00
oor-| | )

00c-
00
o0<C

OCHWO

T TT

T
I
|
|
|

| 3HYNSS3IYHd TvHN3Id !

T
!
|
[
I
|

| S L NU T |




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 23 of 76

WZI 34N913

J8s/7)

121 34N9l4

288/

swi]

(O] o

00

@)

oxelly

71:.00:00 21:00:00
_ T

01,0000 80:00:00 90:00:00 v0O:0000
_ _ T T

MQO14-543

20:00:00 00:00:00
_

$1.00:00 2110000
T |

awi ]
0I:00:00 80:C000 90:00:00 +0:00:00
[ ) ! T

¢0:00:.00. 00:00:00
_

O00I=-F
OG-
O0r

Q¢

S43

_

Q0Ql



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 24 of 76

d21l 34N9i4 awn L
PSHO00  28H0:00 0OSH0:00 82+H000 924000 +2+0:00 2ZH000 OZH0.00
T I T 1 ] | I i
OGl .
285/ 00
osr MO14-s43 y
02l 34dN9l4 awl |
oo YEYO00 284000 O£+0:00 82:%0:00 92¥0:00 v2¥0:00 22¥000 02¥0:00
- T I [ b I T T )
oG-+ ]
285/ oor
osr S43 E
00
N2l 34N9l4 sunl
?€%0:00 2ev0:00 02:¥0:00 82+0:00 92:v0:00 $2+0'00 22000 02:%0:00
ool-F T T T T T T T 7]
oG-+ ]
osas/1 OO+ —
OGF ]
OOl MO4 .




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 25 of 76

awl
Ol 39NoI4 6£:20:00 0€:2000 62:20:00 02:20:00 51:2000
oS- | i | i >
w | | _
00 | | _ _ ]
295/ _ ! “ | =
och | | | mMOld-s4d | |-
] ] | 1 |
awi L
8¢l J9nold G¢:20:00 0£:20:00 $2:20:00 02:20:00 $1:20:00
_ T T T I
o0g-F | | | | _
“ “ _ _ |
00 _ | | _ .
295/ _ _ | "
| |
och | | | FE | ]
| _ | |
swil ,
vel 38N9l4d $£:20:00 0¢:20:00 $2:20:00 02:20:00 1:20:00
T i T _ !
06—+ | | | | =
_ _ ! _ |
| ! _ |
00 “ _ | _ |
295/ | ! | _
| |
osk m m N YoR¥ m _ N
1




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 26 of 76

J¢1 34N9l14
O'8-

§5:00:00

sul |

0S5:00:00

S%:00:00

Ot:00:00
I

09—
Otv-r

o<Z-

0o

Jesy1 O¢
ot

09

o8

00:10:00
T

f

!
_
_
|
_
[
|
|

I
|
}
I

I
I
I
|
_
_
|
|
|
[
_
|
_

Sd3

—

|
I
]
]
!

OOl

del 34N9o1d

55.00.00

swI |

06:00:00

Sv:00:00

o8-

09—

Ov—

OcZ-

00

29s/71 Q¢
ov

09

o8

010]

00:'10:00
|

- — — ———

!
|
|
_
|
|
|
|
_

MO714

J
i
|
i
f
[
[
_
|
_
f
|
|
|
I
I
]

Ot:00:00

T
_
_
I
_
_
_
|
|
I
_
_
|
_
1




Patent Application Publication May 29, 2003 Sheet 27 of 76  US 2003/0100843 Al

L /sec

FIGURE 13F

0:.01:00

o)

00.00:55

Time

00:00:50

EFS-FLOW

]

:

|
00:00:45

00:00:40



Patent Application Publication May 29, 2003 Sheet 28 of 76  US 2003/0100843 Al

CLASSICAL MEASURE EFS-FLOW
LOGPCE5Cdyn LOGPC I355Fmax
| 863 .92
|.907 | 687
3.077 4.54]
2.097 1.986
| 052 |.487
|.267 1.450
0.911 0.396
N g ﬂ/

FIGURE 135G



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 29 of 76

swi
ol MW_DO_h_ 0G:0:00 S¥10:00 O¥:10:00 S¢:10:00
002-- _ _ _ ]
O0l-F 4
295/ 00 “‘}}\I{,\l{?{é’ ‘J»\.”
ool MOT4-S43 .
0'0<
8t 34NOI4 SuilL
: 06:10:00 St:.10:00 Ot:10:00 Se:10:00
O0Z— I T T T ]
ool-F . ]
U@W\I_ OO §
00l - MO 4 .
00<
V&l 34N9ld Swil
0'02- 0S:10:00 S¥:10:00 O¥:10:00 52:10:00
oo T _ _ ]
985/7 OOéﬂf}?})\m
olel) s S43 -
00¢




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 30 of 76

dtl 34NOIS

S $0O.00

aw |
Ot +0:00

GE:$0:00

0e:+0:00

Q'0c-

O0l-

Jgesy OO
o0l

oxors

|

T

I

|

oWl |

S¢:10:00

1
O
OQu»n
lolON
E

0G:10:00

S+'10:00
T

S43 JWNT0A

O%:10:00
T

L U1

|

dvl 34NSI4

0s:10:00
!

awi]
S10:00
i

O+:10:00
|

S€:10:00
1

o0t -

Q02—

O%HW>  OQ
o0o¢

JHNSS3¥d TvHN3d




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 31 of 76

Hil 34NOI4

Bwi |

00c-
O0l-r

Jges/1 QOO
OOl

002

SH+0.00
T

Ovuv.O“OO mm..._vO“OO
_ I

MO13-5d3

0e:+0:00
T

111

9t 34N9OI4

S 000

swi
Ot #0:00 SC:£0:00

0g+0:00
_

o0eZ-
O0lI-
Jges/1 QO m
oNe]! -
0)07

b

I

I |

MO14

1111




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 32 of 76

rHl 3YNOIS Swil
SH$0:00 Ob:+0:00 GE1$0:00 0€%0:00
[ T T I 1 B
Q0l-F
7 00k -
00l 543 IWNTOA |
Il 3HN9I14 Wil
St 000 Ot:+0:00 SE:+0:00 OS:v0:00
] | I T
O.O._VIH H
O.ONIH ]
O%Hwo OO0f Z
ooz N

34NSS34d 1vdN3Td




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 33 of 76

swi]
m _ _
o) ]
es/1 MO14-S43 _
oG- 4
awll
gG1 34Noi4 52000 0%:20:00 S€:20.00 0£:20:00
Ov—F
O
sasyq OOr
02
ot
VGl J34N9id SuitL
mﬁNmu”OO O¢”N_O_OO mm”N_O”OO 0g:20:00
i
ov—F -
Oz-k A
Jss/7 OOf n
02r S 43 ]
ov




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 34 of 76

461 34N9Oi4

G0:90:00

awt]
00:90:00

GG:50:00

0G:C0:00

oXoray
O'Gl-+

_
_
_
_
_
|

dG1 3H4N9I4

G0O:90:00

swi
00:90:00

GG.G0:00

05:50:00

Q0c-
OGl-I
0Ql-+

OG-

sesy/1 00
o))

00l

OGSl

T
_
_
|
]
{

S43

ﬂ
1
|
|
I
|
)

ooe

dsl 34Noid

swll

002~

0Gi-

00l -+

oG-

O°HW2 Q0
OCl

mv..NaO”OO

Ovnm‘_O“OO

JYNSS3IHd TvHN3d

G¢:20:00
_

02:20:00
|

00l



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 35 of 76

HGL 34N914

G9:90.00

awi]
00:90:00

G5:60:00

o¢ccé

o0oer

oslr

OO0l

O%Hwo O¢
00

o¢

OO0l

T
|
_
I
_
_

3YNSS3Hd TvEN3Td
_

I
}
}
}
|
_

0G:60:00
_
|

oGl

OGl 34NOI4

G0:90.00

swiy
00:90:00

G5:60:00

05.50.00

O0c-
osl-

_
|
|
1

T
I
I
|
|

MO14-S43




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 36 of 76

gsl 34N9l4 swil
£:.00:00  2I00:00 OI0000 80:00:00 90:00:00 $0:00:00 20:00:00 00:00:00
I I I I I | 1
oS-+ S
oYols .
28s/7] . ‘
.m‘ ) % [ e
© 543
oolls o
vol 34N9ld Swill
I.00:00 21:0000 0LO0:00 8000100 90:00:00 £0:00:00 20:00:00 00:00:00
1
ool-t ! ! _ _ _ .
oS-t |
sesyq 90 B
oS
MO
oo] © .




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 37 of 76

dol 34dN9id

0:00 ¢2:%0

owi|

8l.+0:00
!

o0'0c-r
OCl-r
OOl-r

oG-

OO0F

J8s/1 QGh
OOlr

oSl

82 ¥O:00 92 v0:00 vIPb
_ _

mOo( 4

] {

00 02 v0O00
|

SIvO:00 PIH0:00
T T p

O9l 34N9li4

swi |

O0l-+

oG-

Oor

295/
osH

oYolle

P1:00:00
T

MO14-543

20000 010000  80:00:00 90:00:00 +0:00:00 <20:00:00 00:00.00
_ T T T T T




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 38 of 76

awil

8¢ 000 SSH000 #2000 <22H000 02000 8I+#0.00 9:7Q:00 +Ii:+0.00
_ _ T _ T T T T

MO1d-553

awi |

491 34N9id
OO0I-
oG-+

A 00
J8s/)
os
OO0l

91 34N9l4
O'0l-
oS-k

09s/7
OO0F
oG

82 +0.00 92+000 v2v0:00 <Z2:+0:00 02'+0:00 8I'+O:00 91000 +1:+0:00
_ _ _ _ T T T T

—

S43 .




May 29,2003 Sheet 39 of 76  US 2003/0100843 A1l

Patent Application Publication

|
|
,
_
_
|
_
_
_
_
|
|
|
!
_
_
|
!
_
|
|
|
_
I
ﬂ
|
_
|

|||||||||||||||||||| -
P8~ 104DIHUBA | | 2l 349N914
o¢8 Jaisnipy aA|DA = Bc8 - -
/ “ __I UOLDISHIOM PRIDIOT]
20 758 A]|D43uRD) 40 spispeg |
o MO|4 | Dcm_ I
dvdo i04 [ =] 808 | St !
924n0G 509 A\ \ " _ Bojouy WAlo swioly | »{ WapOo 01poY
Josuas
vmm Nm,_m Low%_h __”mm> oPd _ | \vmm ! _ DD 40
. | ([fEe—=rz) | wow| vss
N
858 L | !/
q “ _ _ suoyda)ay
8 241|184DS
mm\ w¢m\ ve / / _ “ _ ‘taudsyul ‘ba
O _ | NN _ UoIIDIS BL0WaNM
Jd
" | 228 | y
| _ " NAOM DU
| _ | juD}|NSUO) -
~ | _/@ -V (028 | aspqpyog .
08 uawopqy | | 4 gigAd _ L2polg | Buriojiuow
B | ﬂwﬁ/ _ QWIOH
208 8bD) gy 1 I8
} | — | xog 80D}101U] | A
$40SUag |DU4BIX ] N | - l/_./ 9¢g
Bojpup _ L [T Isuskod
ZA 20 -
008\ & | uusiipg I sUs10d
T +udliDd L_ 7 +uB140d




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 40 of 76

Hg1 2By

481 emn3Lg

H81 21031

UO0TOLIISUOD0OU0Ig

UOT}OLIISUOIOYOUO0IG-2I]

ast anSig

{0 (O"H wo)

IddQ

(88
ud. A
-INOSP.A

dag1 am3tg

(99s/7)
ud. A

81 a1ndig

(205/T)



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 41 of 76

D-V61 STANDIA

(qu/3ur) aurwe)sTH

DT 2m3rg bz I 0
1 1 | |
(quifeseq %) UApD
(sureseq %) Xewd S i
d61 2m3rg 61 21n81g H -00s ast emdry
S8 v T 1 0 vy T 1 0 8 + T 1 0
1 0 : : . * 0 ” : : t {0
00¢ 00¢ 00t
El (<] [+]

D61 2m31g o1 8 ¥ T 1 O g61 sms1g v Z 1 0 <22&E.m .¢_N.H .o.
— e 0 ! L L 0 _H
. rg A=— A=——

_ 00t
(€] 2] [1]

00T



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 42 of 76

0 HdNDOIA
(uy/Bw) “PHg9ndfoT
¢ ¢ ST Z 1 I 50 0
1 1 ] 1 1 o
L=U M -S5°0
100°0>d R
6760=1
. o N
L 2
¢« ¢ - C
L ¢'7
¢
Lg'¢
| §
. LS
s

(qu/3ux)
M&Em n.mm
-6€10d8071



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 43 of 76

(99s/T/O°H WD)

R

[ NDIA
(D (09s/7) (O'gwo)  (O'H wo/ D)
WIgAS  O1/X®WHAS 001/XBWIddQ ukpy
3 = o
H
sk
l *
T
S00'0>d %
Q=U
pajean joromnqry [l
sureseq B

¢'0

¢l

T

¢t



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 44 of 76

HZZ — VZZ STINDIA

(O*H wo)
o 1ddQ

................................................

Mo (09s/T)

039S
przomdu | e mn e b S
: 1\
NP Z‘}fﬁSﬂ g
magresnmg e -Pll..lll{. \ﬂhi-.inn 'unvl".n- \ﬂ)\!
RARRARARAR, “ DINRIAK i _
............. L eemaeremmmaeerasbunesamsnnassssramseraannins
" |
] i N
. ” _“ i — S
[3TAACRIGIE "r '
¥

A7z amdig

HZZ 210811

%%& %ﬁ%i _75%%%.{%

|
1 mwea
............. | ERREREEL

»
rae-d

b — -

2k ---

Ud. A
TANLSPA

R e e e

prp—_—

[T,

gzZ a3y

(998/T)
0 ud.A

----1 vz a8

o (09s/ 1)
NNSP.A

I0TR[IPOYOU0IG-1SO

10)R[IPOYOU0Iq-AI]



US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 45 of 76

A€C-VEC SHIANDIA
1oje[IpoyouoIg-isod 4
dgz 231y e 2m3ig
(O'H up) Xew|gJPp (O%H u/ P *PD

I0JR[IPOYOUOIQ-a1d ¢

acz sndig

(d9s//O'H W) Ty

vy
oc?".‘

() WIS

wy n
a2

09 0§ OF 0f 0T Ol . Tl 1 80 90 ¥0 Z0 Lo Sgeste ST 150
g0 so- || 1000=d — .
‘ . *e
00 ¢ 0 * rY 0 €L0=1 .
. ¢ )
s0 . ) . *
© ¢ e 1 . *e o ) oo ¢
) ' . <
o8 0, |T000=d |t ilgc00=d | &4 ° 511 o o .
180=1 - I
o oz || 6¥°0 o i o
Ogz am3Ll geT 2y Vg 2ndtg
. X z gt
(O'H wp) xew|[dJp (O*H wo/) ™“*) A.oa\mmm m%& me o 0
09 0S Oy 0¢ 0C Ol o #1 TI1 1 80 90 %0 20 0 b st (AE
— — | |00 R
‘ v L0 =1 ‘0
J ¢ ¢ 8 ¢ % 00 o ¢
9 @ . ‘0 = 6 09 Al o %¢
é ¢ |€000=d |[u1 || ¥TO=d § o
. oLo=1|l,, | 8co-=1| 9 o1 | o

$ 9 w < ©
(008/7) xeWHAS



Patent Application Publication May 29, 2003 Sheet 46 of 76  US 2003/0100843 Al

Thoracic-nasal flow

fe

ﬁ-

............... N

......-.‘..“.....' ..................... D

::.-"" (D
3 e

Thoracic flow




Patent Application Publication May 29, 2003 Sheet 47 of 76  US 2003/0100843 Al

P=0.002
r=0.67

Day 1

log, PC 65C,,,, (mg/ml)
FIGURE 25

T (w/3w) "“gAS $€10d B0]

o
-



May 29,2003 Sheet 43 of 76  US 2003/0100843 A1l

Patent Application Publication

Y101

09 §1-0T = 2
BT %E9

Y97 TINDIA

8001

YOOT _ uey Surxipy _ _

9001 .I._oc_u_E_::..oumum

(Ot wd 7F) =

wed-x0qd

ﬁxopm

/\ Noﬂ:

0 H.Hc.80~+ Mopm

(&31p1umpy 0,L)
[Eudi 10 Soreuy

0001

s

M:Sv (Teuondo)
=m==mm AJddns sen

7 Z€01
o101
D
" 0£01
> ONS....,..O (LA/AA)
9201 * tODAg
lonnuc 2201
J nnys r 0O1d
pnoiys paresH
wnnoeA (ozgwo z ¥ >
8201 3
$TO1
D
(o7 wo og¥F) OB d




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 49 of 76

D97 HANDIA

L¥O1

)

S /

wonog

dog

Sr01 \
p;

.:Ng .ﬂnowﬁz.—m:

ot

Iaqureyd a U219J9Yy _

xofl

d9C HINDIA
/

£e01

huvDEOSOSOFBDGnm

NSEUIS0B

ge01

[

\ AATRA
IoNNYS Surqeazqar-tuow 10 701



Patent Application Publication May 29, 2003 Sheet 50 of 76  US 2003/0100843 Al

o
o
]
"~
=
&)
>
1
SIK Y R
' \ s A N
> B <
(@]
S ~
a7 M QY
2 75
: o
o>\/§ 8
| |
- 2
N
I —_
0 ~ é’/
2 O
[ M ¥
o &

Pa
N



Patent Application Publication May 29, 2003 Sheet 51 of 76  US 2003/0100843 Al

@ /1100

Y

CALIBRATE CHAMBER
(PcuamBrr relativetoa  pN1102
known volume)
A\
ACCLIMATE SUBJECT ~ 1104
IN CHAMBER
< Close shutter
y assembly
MEASURE FUNCTIONAL 1\1 o
RESIDUAL CAPACITY .
(FRC) and (PcaAMBER VS. 1108
PAIRWAY)
Open shutter
’ assembly
A
~
MEASURE AIRWAY N 1110
RESISTANCE 1112
Open valve to
* atmosphere

MEASURE FLOW S
METRIC INDICES 1114 1113

@

FIGURE 28




Patent Application Publication May 29, 2003 Sheet 52 of 76  US 2003/0100843 Al

ACCLIMATE
SUBJECT IN
CHAMBER

Fiis

M 1152

|

MEASURE
PCHAMBER
AND
PAIRWAY

1154

|

MEASURE
AIRWAY
RESISTANCE

1156

@)

FIGURE 29



Patent Application Publication May 29, 2003 Sheet 53 of 76  US 2003/0100843 Al

;1300

Calibrate Pao
Calibrate Pbox; & Pbox, (1304

A

Openbox 1306

v

Acclimate subject [~1308

Attach facemask 1310

A

Close shutter ~1312

A

Measure APao and APbox [~ 1314

A

Open shutter (1316

A

Repeat steps 1312-1316
as desired

~—1318

A

Compute FRC 1320

FIGURE 30




Patent Application Publication May 29, 2003 Sheet 54 of 76  US 2003/0100843 Al

Y

; 1350

Steps 1302-1319
1352
from Figure 30 135
Y
Compute APao | _ 1354
APbox,
A
Open shutter [~ 1356
Y
Record APbox, 1358
AVmax
Y
Take average APbox, | 1360
AVmax
 Calculate sRaw
APbox, x APao — 1362
Average AV APbox,
End

FIGURE 31



Patent Application Publication May 29, 2003 Sheet 55 of 76  US 2003/0100843 Al

@ ; 1400
Y

Repeat steps 1302-1362 from
Figures 30 & 31

—1402

Y

Close Pbox, [-1404

A

Open Pbox, [~ 1406

Y

Divert Vto 1408
atmosphere

!

Record calibrated
Pbox,

— 1410

Y

Compare V, to V, [ 1412

End

FIGURE 32



Patent Application Publication May 29, 2003 Sheet 56 of 76

G
A 4

Calculate FRCcorrected 1452

l

US 2003/0100843 A1

50

Calculate sRaw,___ s = [sSRaw — Rapp]

_ 1454

A

Calculate flowmetric variables

|

Further analysis of flowmetric indices

~— 1456

— 1458

End

FIGURE 33



DrE Zyre/ - ARE Iy A

DrE xS

US 2003/0100843 A1

o7

G hHE FaNSro

May 29, 2003 Sheet 57 of 76

smalA do| _. SMeIAepIg

Patent Application Publication



Patent Application Publication May 29, 2003 Sheet 58 of 76  US 2003/0100843 Al

1750

add _
Resistor location

(e.g 5 cm H20/L/sec)

Pneumotach

(V,)_/mq?

ERTTIsIane

rourey

2

RS

e
[N
S et

17450

pr

TR

FIGURE 35

PR ASTR eN TNy

S

N
W

o

=
o

-

B
G
L

Ststh

A i

L

N
i

4

j_ KV:V e ) i Vo 2 X s

<
bt

B

v

e e}

LR

ponmecsmog




US 2003/0100843 A1

Patent Application Publication May 29, 2003 Sheet 59 of 76

DNE FH1O/

f

prey /( _‘>>mmm - NBQN_wv = shyeidryy 4

o) — 000 L/[xogn/(Bop
IMJ-XOgA)OZHJd-Wied, (10108} 1102),(¢4,
uey/L) = (Z 10 L )meys aiengen

1

uoljelidsul 03 uonelidxs

P2, | —1
wiold} uoljisuel 1e ®Q0_w alnsesiy

%

—wa,, A (ALA PUE (X) XOQd 40 10|d AX UIEIGO

\/ e

Oz ¢ &



LE zaniH

US 2003/0100843 A1

May 29, 2003 Sheet 60 of 76

A <€RLI

Patent Application Publication



Patent Application Publication May 29, 2003 Sheet 61 of 76

R

US 2003/0100843 A1
f 1800
Raw vsRL
Rm‘dﬁnnounc) *
400
350
300 ¢
] L 4
150 0‘ PS
100 L I 4
050
coo T T v T v T r \
000 050 100 150 200 250 300 350 400 450
RL {em H20/Lsec)
Flaurk: 3z A
Z.
vy
sRaw vs Rlin sheep, n=10 {0, 1.5,5, and 20 c'sec)
180 ,
: *
s 160 -
g Mo
. 120 .
ST 100
§§ 80 AR T
w60+ ¢
= %
E 40 4 .“ o
a 20 . .
2 o | o#oe . : , .
000 5.00 10.00 1500 2000 25.00
Pulmonary Resistance [RL)

FIGUKE 3gH



Patent Application Publication May 29, 2003 Sheet 62 of 76  US 2003/0100843 Al

Fiaufs =g



May 29,2003 Sheet 63 of 76  US 2003/0100843 A1l

Patent Application Publication

FluuRE 4o



Patent Application Publication May 29, 2003 Sheet 64 of 76  US 2003/0100843 Al

zieure I A f 1832

it oy ResshJme

FIGURE 41



Patent Application Publication May 29, 2003 Sheet 65 of 76

US 2003/0100843 A1

g e

9381 1.012
467384
w4te2 1 097
46 160
%6141 1B
3 047A 1w

[LSATF 2,088
L 0;568 2692
{06478 1.917

0618 (6H
B R 1.9
eEib1 79
071421720
‘o 1e2
e 1 85

LI 4G
01081 5167
a3 5307
053 BIR
a1y sam
Y58 7.8

01030 7747
b 7.522
03097 M
nusn 987
0021145
onoE? 11.29
0,068 1115
Dk 111
00708 1327

1=

122
150
1473
1412
18m
260
2204
298
21
2506
514

145
300
1203
eA
1464
TNy
1R8

2065
257
2561
2552
2538
2292

Q3735 QA
0L
041280507
04326 0.CHE
054 ovzE
[LR3Egetid
0sZ2R0T23
E057 0701
0 A D57
[E Y
OUZROANS
03607 0.5HY
037 0491
0MSHEDS
08705787

FIGURE +&



Patent Application Publication May 29, 2003 Sheet 66 of 76  US 2003/0100843 Al

g o

RewtTroe
T imons s
3 N :
SV, St A X -
3 i ¢
H i h
) ' i
3 2 .
! ! !
3 H H
H ? !
b2 i
¢ 3 .
) . H
] 3 .
3 N '
3 . i
i 5 -
! : :
3 ‘ :
3 H i
L 3 e
H 3 .
i ' 1
y '
H :
I H
i i
i
: .
- : — i N
i H
1 1 :
) i :
3 i N
i ‘
; .
i N
- R S - -
i :
5 :
- EN - i RPN
i H
! :
I - { -
} i
1 ! H
i 3 >
i 3 0 |
1 : . '
1 ! i
i H
2 t i
EY S EY 72 s 24 Y i 3 w 120 " 18R
=)

FiGRE 43



Patent Application Publication May 29, 2003 Sheet 67 of 76

US 2003/0100843 A1
/%05
F léUfE Yy A
R *:m v s ETa
o ; J /1740 . \
s< % N f\ \\ \\\ ‘\\ g A\
\x A1) VN Ty
HEN L ; )
//ii‘(\j ""’v" //‘\ AN, E\ ) ,%\ P
AV TN VA BN PR I A Y A AN
y YT
oo
\} VNN

EleURE 446



Patent Application Publication May 29, 2003 Sheet 68 of 76

US 2003/0100843 A1

J 2000

A s

[T TN

——

.

vt

et

Aiaitea
RN LTI L2

deer fex It e |

3tME 175 0Dw! 1173
7421724 VOB 116
oM 187 008% 1174
O8I 1845 DO V12T
BBIIIN2 0112 AWS
G613 01081 5187
RN6Z1mR 0113 5187
045 1600 W1 6TR
BHR27.05 OTTA 2R
G LTSI DR 7.0
ESA7E2048 D10 7 7Y
BIR8F 2002 DS 7622
BEZR1I7 D1IIH2 9194
B8R0 1AM LD%D 9EF
REFIHILNNY DOEI2 11 4%
DENELTES DO 1123
ATI4Z 173 ODEF3 1116
634 12t o oa
a3 1045 2o0 1227

21
218
28
it
183
(At
1
133
nz
150
1473
102
1895
200
2me
Fa::)
2189
246
2504

2561
255
253
229
1{55
1432
tes
X8
Tan
158
7454
yan
160

2368
2952
2561
Zus2
251
22

05070504
BI77 04m

WG 65052
TR A5/ET
BITFC IS5
2yt

D412 N 5597
0IRENGTE
v nTRY
[RERTr
WSRO T
O RIS 07061
04633 05793
agz2 035

03728 0ATIS
03607 0 5
0377 4

b 2826 6152
0473 577

FIGURE HE5



Patent Application Publication May 29, 2003 Sheet 69 of 76  US 2003/0100843 Al

%’/020&2)

ElauRE w4,



Patent Application Publication May 29, 2003 Sheet 70 of 76  US 2003/0100843 Al

\g&DL"D

FIGLRE y7



Patent Application Publication May 29, 2003 Sheet 71 of 76  US 2003/0100843 Al

z o0
Fieuke 484
TE0Ds0  omm  RedtTee -
Fetgorigaghic 160 » Poitor v
il oW S mRS w2k
§ oo

T T |
\ SN e ‘\;\ \\i»(,/"— il )l et . \\\{ L - K‘\\\j// ol \ ?J/,
t A\ ! \ A \ i
\ 5,
J \J J N \J \J
ST AFERT [ MR R EEY
.

Fiauee ygp



Patent Application Publication May 29, 2003 Sheet 72 of 76  US 2003/0100843 Al

bok30g

i T 16 ire

H7EARaZs DDEG) W76 0 I7IVOFII2 0577 DIE
QRIFTI023 NIENT 115 D52N TOM OSE DB
041 704 UURS M Q65 IIZ Q578 Q0N
3 PAWS BF LG 1976 DEMZIZT 0558 00
BUES 703 DN 1724 9,45 400 055 084
DEOT 7799 0,049 2633 D787 1733 GSEE DS
e E o6 NOSHE 1993 07751 B 0556 08I
2011 (MEIZE 7.498 00543 2209 DB 16N Q5eQ 0508
DO QU5 DGO 2146 OB 11T 064 102
wegys 5.137 0054 ZAL DOT 1442 D69 106
Q5 1627 UNEH0 2175 0.7407 LI DR 10

FIGURE «<



Patent Application Publication May 29, 2003 Sheet 73 of 76  US 2003/0100843 Al

églw

3 . .
d : ’
B | i
! . s
¢ . H
: v
N H 1
: N i
B t H
: i
: )
. i
: 12
d . .
i .
H . . .
H : . :
] : i ‘
adia NN P L + -
f : . .
! H : 1 :
3 3 5 i i
i - — i i
3 5 . i i
i H : . i :
i 3 . i 1 .
i i B h N
i i . N N :
ol o T e T H t
i i . :
i 1 . i |
3 i . : +
e i - §
3 H H i 1
128 e 2z 2 A EY a 7z o 120 134 Iy
{row l

FIGURE 50



Patent Application Publication May 29, 2003 Sheet 74 of 76  US 2003/0100843 Al

Z/QWO

FigURE S



Patent Application Publication May 29, 2003 Sheet 75 of 76 ~ US 2003/0100843 Al

5&%0

FIGUKE 5o



May 29,2003 Sheet 76 of 76  US 2003/0100843 A1l

Patent Application Publication

82¢
0T
S6°C
S0z
99't
€Sy
L0°S
€S <T
LS'E
L0°¢

IMBy ADL

[4: 3%
6y’
69t
gL
ST
44
66°L
Ly'e
9L
64¢C

L2
S6'0
(294
o2}
oyl
26'l
el
LT
g’}
ozl

ppey

0l'98
GE'0CL
08 89
08 L8
Le 451
20 691
2L LL
al'ee

6148

69°EL
9L'th
098
6L 6
9. 01
[A-at
8E'VL
GL'ZL
ag'el
erAelt

08zl
ZioL
2
208
ELB
L68'LL
9L vl
Sv Ob
€.0L
sZ'8

ZMeYS

§8'z¢
689°Z2
6g'€Z
6Lve
8c'LE
69°'L¢
68'v¢
e8'zy
Ge'oe
95°LZ

61’
6L'8
ey
€6
[4°h4
968
85’9
26y
6E'S
-4

| MEYS 03084 adals

[ 2844
14844
12844
12424
1424
Yrvy
4444
a2 ad
14443
124434

12444
i4 a4
2844
2844
12424
l4 47
12844
t4 47
11824
12444

11444
V4444
14444
a4
14424
14444
V4444
14444
la 44
\adad

9E'Z

8e0
¥e0
gTo
szo
0€0
6y 0
0
€0
8¢0
620

ec’o
620
4]
sZ'0
L0
0s'0
(3]
0e'0
0g'o
€20

Z uejoreHel) Z aseyd

6e'0
8¢ 0
6%'0
6g'0
€20
4]
A4y
o0

0z’
ST
et
el
ez |
cl'L
gl
vZ'l
lZl
62’1

ez’
6Z'1L
&2
EE’)
LE'L
[N
gkl
gzt
8T’
ve'L

5 2w otd
o}t Z26°0
ZZ 8l g9 0
£8 L2 G9°0
or'zz 96°0
go'el [{el*
ao gt vy L
€€ vZ 00’k
o0'eZ zz'L

66 0
£€0'2T 8.0
00'68 120
122 YA szZ0
0Z'SL cio
Gl SL €0
Qg'cL 600
00’y gzZ'o
GL'/9 0z 0
Q0L L PL 0
¢L'69 gZ'0
g8'cL 800

ST0L
88'cL
082
00'gL
00°GL
05'€9
GL'L9
0seL
sTeL
€8'9L

Z 9seuyq (1 eseydjuey | 2J) | sseud

Q%Ro\m,

{ppEY 1SOMO] = ZMEYS

oo
€20
el'a
Slo
€10
S0
610
rieo
1]
£LaQ

LE 1
€e'L
Sr't
L
8Pl
£e'l
se’l
vl
ee’l
6y}

0s'Ly 1680 0045 00'¥9¢ HIN
LV LS 18'0 0029 00'92Z¢e HIN
00°L8 180 002S 00'lse HIN
€l ot 160 00'ES 00'EET HIN
STy 160 00'¢s o0’ HIN
08'vE 180 00'55 00'5Lk HIN
cley 180 00 Lo 00 0LL HIN
8E'6€E 280 00 09 00'eolL HIN
£esy 160 0028 00'sbl HIN
(Velrae] 280 0008 00'stl HIN
(09s)y2 0Z = ZMEYS PUB PAPPR 29S/(/0 § = LMENS) 91B|
0e'gs L60 0048 00'¥9€ HIN
0092 PAR] 00'C8 00 e2¢ HiN
FAR:] L60 00'Zs 00 82 HIN
os'ge 26°0 00'¢es 00'eec HIN
00'68 80 00'Z§ 00’112 HIN
00°92 180 00'sS 00641 HIN
08'8. 160 00°'L8 000ZL HIN
00'Z8 180 00'09 00°€9l HIN
00'9Z 160 0048 00°8¥Lk HIN
EE'SE 60 00'09 00'svl HIN

‘adUR)ISISal (0 = | MEYS) SR MO J3YBIY - uns uj aye]

09°8s
£8°9L
5228
£9'le
§L'28
00'ss
ov'eL
0028
ov'ig
coZs

160
80
160
80
60
160
L60
480
480
i8'0

00'4S
0029
00'2¢
00'¢es
00¢Cs
00'sg
00'l9
0009
004G
c0'08

00'voe
00'92e
00'1sZ
ooeez
0oLtz
00's4L
00°0414
00esl
oo'srl
oo'syl

HIN
HIN
HIN
HIN
HIN
HIN
HIN
HIN
HIN
HIN

{PpeY 188M0| = ZMBYS ‘D0UL}S|ISDI ) = | MBYS) Kl4ve

L 9SBU4 001/ L¥-Gd 4Blem Apog

dasys



US 2003/0100843 Al

SYSTEM FOR MEASURING RESPIRATORY
FUNCTION

CROSS REFERENCES TO RELATED
APPLICATIONS

[0001] This application is a continuation-in-part of co-
pending U.S. patent application Ser. No. 09/950,318 filed on
Sep. 10, 2001 which is a continuation-in-part of co-pending
U.S. patent application Ser. No. 09/298,352 filed on Apr. 23,
1999. The entire contents of the above applications are
incorporated herein by reference in their entirety.

BACKGROUND OF THE INVENTION

[0002] Information regarding respiratory function of a
living organism is important in the field of medicine. Res-
piratory function provides a measure of how efficiently air is
moved through the respiratory system, and thus provides
important clinical information for the diagnosis and treat-
ment of many respiratory conditions and diseases. Some
examples of these conditions are chronic obstructive pul-
monary disease (COPD), asthma, and emphysema. In addi-
tion, respiratory function measurements allow medical prac-
titioners to observe effects of a bronchodilator or long-term
treatments for COPD, or conversely, the airway responses to
a bronchoconstrictor challenge for assessment of airway
reactivity.

[0003] Respiratory function testing includes mechanical
function tests which typically compare the effort or driving
pressure put forth by the organisms to some quantifiable
outcome, such as the output of flow or minute ventilation.
Lung function tests differ based on how these inputs and
outputs are assessed. Examples of inputs to the respiratory
system that are measured, include diaphragmatic elec-
tromyographic activity, changes in thoracic esophageal pres-
sure or pleural pressure, changes in airway pressures in
ventilated subjects, or noninvasive measures of drive includ-
ing respiratory inductance plethysmography or impedance
plethysmography, and whole body plethysmography.
Examples of output measurements include flow, tidal vol-
ume, or ventilation measurements using devices that collect
flow at the airway opening. In general, the mechanical
function of the respiratory system is best described by
combining some measure of drive with output. Variables
such as resistance and compliance can then be derived to
assess the level of airway obstruction or loss of lung
elasticity, respectively. This is the basis for classical physi-
ologic modeling of the respiratory system: the comparison
of transpulmonary or alveolar pressure changes with flow or
tidal volume, carefully assessed in the same time domain
with avoidance of phase lag between signals.

[0004] Classical physiologic modeling measures total pul-
monary resistance, dynamic compliance and related vari-
ables. However, the classical physiologic modeling relies on
the invasive passage of an esophageal balloon for example,
for measuring driving pressure, and flow as a measure of
output. An esophageal balloon catheter is positioned in the
midthoracic esophagus. Thus, classical physiologic mea-
sures are not typically used because of the invasive nature of
the esophageal balloon catheter and the difficulty in cali-
brating the classical system under field conditions.

[0005] Lung function tests have evolved with respect to
the sensors, recording devices, and analysis techniques used
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to evaluate input and output. However, a need still exists for
the noninvasive determination of lung mechanical function
and monitoring in human and animal subjects for clinical
and research purposes. In this respect, a number of tech-
nologies to measure drive, mentioned above, are available.
Devices such as single and double plethysmographs are used
to measure drive. In the double chamber plethysmograph,
thoracic and nasal flows are recorded as separate signals,
whereas in whole body barometric plethysmography, a
single signal is recorded that is the net signal from the
thoracic and nasal components. The latter is achieved simply
on the basis that animals breathe inside a box where pressure
changes are the net effects of both components. The afore-
mentioned plethysmographic techniques, completely due to
their size and complexity, preclude their use as a portable
field test. In addition, these techniques completely enclose
the subject, which is objectionable to both humans and
animals.

[0006] Extending lung function tests to animals has been
difficult because technological limitations prevent restrain-
ing a conscious animal for prolonged periods of time in
devices or chambers such as, without limitation, in plethys-
mograph chambers. As a result, most lung function studies
to date have been limited to animals which are typically
anesthetized or conscious animals that provide data with
artifacts such as motion artifacts.

[0007] Significant challenges remain in conducting lung
function tests in conscious animals. The respiratory system
of conscious animals, such as canines, is evaluated by
physical examination, x-rays, endoscopy, cytology, arterial
blood gases, capnography and oximetry. Fluoroscopy can
also be used for imaging the respiratory system in small
animals, but only if they are sufficiently sedated. Simple
measurements of spirometry using a facemask have been
conducted in small animals that provide measurements of
flow, tidal volume, minute ventilation, and respiratory fre-
quency. These measurements are generally not useful
beyond clinical impressions. None of these currently used
methods address the mechanical function of the lungs. At
best, lung functions can be inferred indirectly such as, for
example, lung volume using an x-ray, and dead space based
on arterial blood gases or capnography, but these are typi-
cally inaccurate measures.

[0008] A need still exists for improved systems and meth-
ods which provide for measuring respiratory function for
health care practitioners, that are portable and which are
non-invasive to the living organisms. Further, there is still a
need for pulmonary function testing devices for conscious
animals.

SUMMARY OF THE INVENTION

[0009] The present invention relates to a system for mea-
suring respiratory function of living organisms such as, for
example, measuring airway obstruction, airway reactivity
and changes in lung volume. In a preferred embodiment, the
system for measuring respiratory function includes measur-
ing gas compression or expansion, which is the difference
between the effort (defined herein as having active and
passive work components and change in lung volume)
required to breathe and airflow, by the combination of
measurements from external sensors and direct measures of
true flow.
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[0010] A preferred embodiment of the system of the
present invention uses a direct comparison of an external
flow signal indicative of effort required to breathe which
includes both an active work component and a passive work
component indicative of the passive recoil of the lung,
diaphragm and chest wall during exhalation, and the uncom-
pressed flow, preferably in the same time domain, thereby
permitting real time analysis using a plurality of measured
variables to assess respiratory function. The apparatus and
methods of the present invention provide non-invasive mea-
sures of airway obstruction or respiration restriction in the
subjects.

[0011] The present invention is important for patients/
subjects with known clinical obstructions. Response to
treatments such as bronchodilators can be monitored and
assessed to measure improvements using the present inven-
tion.

[0012] In addition, it is important to measure respiratory
function in subjects who have a subclinical form of an
airway obstruction, i.e., the subjects who do not normally
display the clinical symptoms associated with airway
obstructions. The present invention provides diagnosis of
subclinical progressive or episodic conditions by testing the
airway reactivity of the subjects. This is accomplished by
provoking an obstruction of the airways by challenging the
airways with a chemical such as a histamine, for example,
and using the present invention to measure changes in the
respiratory function of the subject.

[0013] According to one aspect of the present invention,
the methods for measuring respiratory function of the
present invention include the steps of obtaining a signal
indicative of the effort required to breathe by the living
organism, obtaining a signal indicative of uncompressed
airflow through the respiratory system of the subject as
measured at the airway opening, processing the signals
indicative of effort and flow by comparing the signals
dynamically in the same time domain to detect transient
periods of gas compression or expansion that signify airway
obstruction and to provide a signal indicative of the respi-
ration restriction of the subject. Increase in respiratory
system impedance is therefore detected by measuring gas
compression or expansion indirectly, using non-invasive
Sensors.

[0014] A preferred embodiment of the present invention to
measure airway reactivity features obtaining a signal indica-
tive of the effort required to breathe and also referred to
herein as the external flow sensor (EFS), obtaining a signal
indicative of airflow through the respiration system of the
subject and processing the two signals which includes the
comparison of the two signals to provide a signal indicative
of the measure of respiration restriction of the subject. This
method uses bronchoconstrictors to challenge the respira-
tory system of the subjects so as to provoke a response and
test the airway reactivity of the subjects.

[0015] The preferred embodiment to measure airway reac-
tivity may employ different sensors such as respiration
induction plethysmography or impedance plethysmography
or devices such as piezoelectric sensors to obtain the signal
indicative of effort required to breathe. Fiber optic respira-
tory plethysmography methods may also be used similar to
respiratory inductance plethysmography. The bands in the
fiber optic embodiment are composed of fiber optic material.
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The signal indicative of effort or change in lung volume can
also be obtained by using optoelectronic plethysmography
that measures the movement of a plurality of retro-reflective
markers using television cameras connected to a motion
analyzer. The signal indicative of uncompressed airflow
through the respiratory system can be obtained through the
use of a pneumotachographic measurement device, an ultra-
sonic device, a thermistor or acoustic sensors. Additionally,
the signal indicative of the effort required to breathe is
calibrated by assigning a voltage span to the specific volume
or flow span. Calibration for the signal indicative of uncom-
pressed airflow is optional, but preferred in conjunction with
the use of methods such as flow meters or precision volume
syringes.

[0016] The signals indicative of the effort and airflow are
amplified and digitized. The signals are then compared and
subtracted to give an indication of the respiration function of
the subject. A programmable computer can be programmed
to perform an analysis of the measured signals and a display
formatted to show the recorded and processed data. An
electronic memory can be used to store the measured and/or
processed data. The comparison of the effort or external flow
signal with uncompressed airflow is performed either by
overlapping the waveforms and performing visual compari-
sons between the two waveforms or by synthesizing a
composite waveform by performing a digital subtraction
point-by-point of the airflow from the external flow or effort
signal. Further, Fourier analysis may be used to compare the
signal indicative of effort with uncompressed airflow. For a
subject with a healthy respiration system, the effort and flow
signals are in phase. However, during a condition such as
one that occurs with bronchoconstriction, the airflow signal
of the subject is no longer in phase with the signal indicative
of effort or thoracic movement. During the condition when
the airways are obstructed the effort signal or thoracic
movement will lead nasal flow. This phase shift occurs in the
time domain. The magnitude of the phase shift can be used
as a measure of airway resistance or obstruction.

[0017] Another preferred embodiment of the present
invention to measure clinical obstructions and response to
treatments, such as the administration of bronchodilation
medication, features obtaining a signal indicative of the
effort required to breathe and a signal indicative of airflow
through the respiration system and processing the two
signals to obtain a signal indicative of any respiration
restriction of the subject. In another embodiment, the present
invention can be used as a monitoring system for respiration
functions. The advantage of the present invention in terms of
its lack of obtrusiveness allows the subject to adopt normal
body posture and yet be monitored. The monitoring appli-
cation of the present invention is well suited for continuous
or intermittent home or hospital monitoring of adults, chil-
dren, infants and animal subjects. In particular, for patients
on continuous positive airway pressure (CPAP) or assisted
ventilation, the system of the present invention can be
coupled to a CPAP delivery device or ventilator. The present
invention triggers the use of the ventilators upon detecting
respiratory restriction. Similarly, an oxygen delivery system
can be coupled to the respiration function measurement
system of the present invention.

[0018] According to another aspect of the present inven-
tion, an apparatus for obtaining a signal indicative of res-
piration of a living organism includes a first device that
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obtains a first input signal indicative of effort required to
breathe by the organism, a second device that obtains a
second input signal indicative of actual airflow through the
respiratory system of the organism and a processing device
that processes the first and second inputs to form a third
signal indicative of respiration restriction of the organism.
The processing device may be a programmable computer,
programmed to perform an analysis of the measured input
signals and a display formatted to show the recorded and
processed data. The processing device can process the input
signals using analog circuitry or digital circuitry. An elec-
tronic memory can be used to store the measured and/or
processed data. The programmable computer can be a laptop
computer, facilitating the portability of the apparatus. Thus,
the system for measuring respiration function is lightweight
and compact, having a weight of less than fifteen (15)
pounds, preferably less than ten (10) pounds. This provides
a portable system that can be readily transported by the user.

[0019] According to another aspect of the present inven-
tion, an apparatus and method of a preferred embodiment
measures lung function and structure during tidal breathing
or during occlusions for conscious animals. The method for
measuring airway and lung tissue functionality includes
calibrating a chamber that is a constant volume plethysmo-
graph in which the subject’s head is positioned outside the
chamber but the subject breathes into the chamber. The
calibration may include adjusting the gain settings of ampli-
fiers, and calibrating the chamber pressure relative to a
known volume of gas. The method to measure lung func-
tionality further includes acclimatizing a subject in the
chamber, measuring the functional residual capacity (FRC)
of the subject and the airway pressure as it relates to
chamber pressure. A movable cover or shutter assembly is
preferably closed prior to the FRC measurement. Upon
opening the shutter assembly airway resistance is measured.
The method may further include the measurement of
dynamic flow metric indices which provide the ability to
study differences between inspiratory and expiratory
breaths.

[0020] Another aspect of the present invention includes
methods and apparatus for diagnosing and monitoring sleep
apnea conditions of a subject using either the inductance RIP
bands or a constant volume plethysmograph and a measure
of airflow. The signal indicative of the effort and flow are
compared quantitatively at identical instants of time.

[0021] The foregoing and other objects, features and
advantages of the invention will be apparent from the
following more particular description of preferred embodi-
ments of the invention, as illustrated in the accompanying
drawings in which like reference characters refer to the same
parts throughout the different views. The drawings are not
necessarily to scale, emphasis instead being placed upon
illustrating the principles of the invention. The principles
and features of this invention may be employed in varied and
numerous embodiments without departing from the scope of
the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022] FIG. 1 is a top-level flow chart describing the
method for measuring respiratory function in accordance
with the present invention.
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[0023] FIG. 2 is a flow chart describing the effort mea-
surement methodology in accordance with the present
invention.

[0024] FIG. 3 is a flow chart describing the airflow
measurement methodology in accordance with the present
invention.

[0025] FIG. 4 is a flow chart describing the processing
methodology in accordance with present invention.

[0026] FIG. 5 is a schematic diagram of the system used
for measuring respiratory function in horses in accordance
with the present invention.

[0027] FIGS. 6A and 6B are flow charts describing the
details regarding the processing of the signals measured in
accordance with the present invention.

[0028] FIG. 6C is a schematic diagram of the hardware
components required to implement the method for measur-
ing respiratory function in accordance with the present
invention.

[0029] FIG. 6D is a schematic diagram of an exemplary
circuit used for analog subtraction as described in FIG. 6C.

[0030] FIG. 7 illustrates graphically the signals that are
processed in accordance with the present invention.

[0031] FIGS. 8A-8D graphically illustrate the effort and
flow signals measured and processed and their comparison
to pleural pressure.

[0032] FIGS. 9A-9B graphically illustrate the effort, flow
and comparative signals as measured and processed from an
equine subject in accordance with the present invention.

[0033] FIGS. 10A-10C graphically illustrate the effort,
flow and comparative signals as measured and processed in
accordance with the present invention from an equine sub-
ject with chronic obstructive pulmonary disease.

[0034] FIG. 10D graphically illustrates the effort, flow
and comparative signals as measured and processed from a
human subject.

[0035] FIGS. 11A-11E graphically illustrate the effort,
flow and comparative signals as measured and processed
from an equine subject after administration of a bronchodi-
lator.

[0036] FIGS. 12A-12E graphically illustrate the effort,
flow and comparative signals measured and processed from
another equine subject having chronic obstructive pulmo-
nary disease.

[0037] FIGS. 12F-12J graphically illustrate the effort flow
and comparative signals measured and processed from the
equine, subject used in FIGS. 12A-12E after administration
of a bronchodilator.

[0038] FIGS. 12K-12M graphically illustrate calibrated
and normalized flow, effort and comparative signals mea-
sured and processed from an equine subject having chronic
obstructive pulmonary disease.

[0039] FIGS. 12N-12P graphically illustrate calibrated
and normalized flow, effort and comparative signals mea-
sured and processed from the equine subject used in FIGS.
12K-12M after administration of a bronchodilator.
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[0040] FIGS. 13A-13C graphically illustrates the effort
signal measured only from the abdominal region of an
equine subject without any airway obstructions, the flow
signal and comparative signal determine after processing.

[0041] FIGS. 13D-13F graphically illustrate the effects on
the effort signal as measured only from the abdomen of the
equine subject used in FIGS. 13A-13C, the flow signal and
comparative signal after the administration of a bronchoc-
onstrictor.

[0042] FIG. 13G is a tabulation of a classical measure of
airway resistance as compared with a measure of airway
resistance provided by the method for measuring respiratory
function in accordance with the present invention.

[0043] FIGS. 14A-14E graphically illustrate the effort,
flow, comparative and pleural pressure signal of an equine
subject without any airway obstructions.

[0044] FIGS. 14F-14) graphically illustrate the effort,
flow, comparative and pleural pressure signals of the equine
subject used in FIGS. 14A-14E during hyperventilation, in
the form of hyperpnea.

[0045] FIGS. 15A-15D graphically illustrate the effort,
flow, comparative and pleural pressure signals of an equine
subject without any airway obstructions.

[0046] FIGS. 15E-15H graphically illustrate the effort,
flow, comparative and pleural pressure signals of the equine
subject used in FIGS. 15A-15D during hyperventilation, in
the form of tachypnea.

[0047] FIGS. 16A-16C graphically illustrate the uncali-
brated flow, effort and comparative signals from an equine
subject having chronic obstructive pulmonary disease.

[0048] FIGS. 16D-16F graphically illustrate the uncali-
brated flow, effort and comparative signals used in FIGS.
16A-16C after the administration of a bronchodilator.

[0049] FIG. 17 is a schematic diagram of a monitoring
system for a patient incorporating the method for measuring
respiratory function in accordance with the present inven-
tion.

[0050] FIGS. 18A-18H graphically illustrate the summed
and differential flow signal, the pneumotachographic flow,
the waveforms created by the difference of the flow signals
and changes in transpulmonary pressure compared to time
for a pre-bronchoconstriction (baseline) and bronchocon-
striction condition or administration of histamine aerosol.

[0051] FIGS. 19A-19G graphically illustrate the response
of seven subjects to a histamine aerosol challenge.

[0052] FIG. 20 graphically illustrates the change in peak
difference during exhalation (SFE__) with the highest dose
of histamine.

[0053] FIG. 21 graphically illustrates a comparison or
effect of a bascline condition versus a bronchodilator
(albuterol) treated condition for pulmonary resistance,
dynamic compliance, changes in transpulmonary pressure,
and peak difference during exhalation and inhalation.

[0054] FIGS. 22A-22H graphically illustrate the wave-
forms of the summed and differentiated flow signals, the
pneumotachographic flow, the waveforms created by the
difference of the flow signals and changes in transpulmonary

May 29, 2003

pressure as compared to time for a pre-bronchodilator and
post-bronchodilator condition.

[0055] FIGS. 23A-23F graphically illustrate the correla-
tion between conventional and present invention test vari-
ables in eight horses with naturally occurring recurrent
airway obstruction, before and after administration of a
bronchodilator.

[0056] FIG. 24 graphically illustrates the difference
between the plethysmographic measurement indicative of
external flow and the uncompressed airflow or nasal flow in
accordance with a preferred embodiment of the present
invention.

[0057] FIG. 25 graphically illustrates the repeatability of
the measurement of airway reactivity in 21 horses (subjects)
using the flowmetric system in accordance with a preferred
embodiment of the present invention.

[0058] FIGS. 26A-26C are schematic diagrams of a pre-
ferred embodiment of the system for measuring respiratory
function in conscious animals in accordance with the present
invention.

[0059] FIGS. 27A and 27B graphically illustrate the
relationship of airway pressure with respect to chamber
pressure and flow in relation to chamber pressure respec-
tively.

[0060] FIG. 28 is a flow chart illustrating a preferred
embodiment of a method to measure lung function in
conscious animals in accordance with the present invention.

[0061] FIG. 29 is a flow chart illustrating another pre-
ferred embodiment of a method to measure lung function in
conscious animals in accordance with the present invention.

[0062] FIG.30is a flow chart illustrating the details of the
functional residual capacity (FRC) measurement in accor-
dance with a preferred embodiment as illustrated in FIG. 28.

[0063] FIG.31is a flow chart illustrating the details of the
airway resistance measurement in accordance with a pre-
ferred embodiment of the present invention as illustrated in
FIGS. 28 and 29.

[0064] FIG.32is a flow chart illustrating the details of the
flowmetric variables in accordance with a preferred embodi-
ment of the present invention as illustrated in FIG. 28.

[0065] FIG. 33 is a flow chart illustrating the post-acqui-
sition analysis performed in accordance with a preferred
embodiment of the present invention.

[0066] FIGS. 34A-34G are schematic diagrams of side
views and top views of a plethysmography system in accor-
dance with a preferred embodiment of the present invention.

[0067] FIG. 35 is a schematic diagram of an alternate
preferred embodiment of a plethysmography system used to
measure functional residual capacity in accordance with the
present invention.

[0068] FIG. 36 is a flow chart illustrating an alternate
preferred embodiment of a method to measure functional
residual capacity using a plethysmography chamber in
accordance with the present invention.

[0069] FIG. 37 is a schematic diagram of an alternate
preferred embodiment using a whole body (head-in) plethys-
mography chamber in accordance with the present inven-
tion.
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[0070] FIGS. 38A and 38B graphically illustrate the
results of a validation study using a head-out constant
volume plethysmography system for measurement of airway
resistance (R,,,) and functional residual capacity (FRC) in
conscious sheep wherein R, is plotted versus pulmonary
resistance R; and specific airway resistance is plotted versus
R, , respectively, in accordance with a preferred embodiment
of the present invention.

[0071] FIG. 39 illustrates the X-Y loops from a subject
sheep at baseline before any resistance was added wherein
the chamber pressure (Pbox) is plotted against flow and were
observed from an early part of the measurement, the data
collection lasting approximately 1 to 1% minutes in accor-
dance with a preferred embodiment of the present invention.

[0072] FIG. 40 graphically illustrates zero resistance in a
subject sheep in an early part of the measurement wherein
Pbox is plotted against flow. sRaw is calculated as

mL

1 T v
Raw = % div on X axis %

tand * jsec/div on ¥ axis

(Pg — PH,0) (box volume — subject weighl]

1000 box volume

[0073] wherein O is in radians in accordance with a
preferred embodiment of the present invention.

[0074] FIGS. 41A and 41B graphically illustrate the
results with no resistance added using a sheep subject
wherein Pbox is plotted versus time, and flow and volume
are plotted against time, respectively, in accordance with a
preferred embodiment of the present invention.

[0075] FIG. 42 illustrates graphically the results of a
measurement with a sheep subject with no resistance added.
R; =1.8 ¢/l/sec wherein the upper trace represents measured
flow using a pneumotach, and the lower trace is measured
pleural pressure (P ~P,.) in accordance with a preferred
embodiment of the present invention. P, is measured at a
point distal to resistors.

[0076] FIG. 43 graphically illustrates zero resistance X-Y
loops at the end of a measurement at time 1 minute 5
seconds, with a sheep as the subject wherein chamber
pressure is plotted against flow in accordance with a pre-
ferred embodiment of the present invention.

[0077] FIGS. 44A and 44B graphically illustrate zero
resistance at the end of the measurement using a sheep
subject wherein Pbox is plotted versus time, and flow and
volume are plotted against time, respectively, in accordance
with a preferred embodiment of the present invention.

[0078] FIG. 45 graphically illustrates the results of zero
resistance at the end of the measurement wherein the upper
trace represents measured flow using a pneumotach and the
lower trace is measured pleural pressure in accordance with
a preferred embodiment of the present invention.

[0079] FIG. 46 illustrates graphically the X-Y loop from
a sheep subject with a resistance of 1.5 em H,0/c/sec added
wherein Pbox is plotted versus flow in accordance with a
preferred embodiment of the present invention.
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[0080] FIG. 47 graphically illustrates the X-Y loop from
the sheep subject with a resistance of 5 ¢/l/sec added wherein
Pbox is plotted versus flow in accordance with a preferred
embodiment of the present invention.

[0081] FIGS. 48A and 48B graphically illustrate the
results of adding 5 ¢cm H,O/l/sec resistance using a sheep
subject in the plethysmography chamber in accordance with
a preferred embodiment wherein Pbox is plotted versus
time, and flow and volume are plotted against time, respec-
tively.

[0082] FIG. 49 graphically illustrates the results of a
measurement using the sheep subject with a resistance added
of 5 c/l/sec (R, 6-7 c/L/se) wherein the upper trace is
measured flow, the lower trace is measured pleural pressure
in accordance with a preferred embodiment of the present
invention.

[0083] FIG. 50 graphically illustrates the X-Y loop from
the sheep subject with a resistance of 20 ¢cm H,O/L/sec
added wherein Pbox is plotted versus flow in accordance
with a preferred embodiment of the present invention.

[0084] FIG. 51 graphically illustrates the results of Pbox
plotted against flow with zero resistance and an angle of
6=82.5 in accordance with a preferred embodiment of the
present invention.

[0085] FIG. 52 graphical illustrates the results of Pbox
plotted versus flow with a resistance added of 5 cm H,0/
L/sec wherein 8,-44° in accordance with a preferred
embodiment of the present invention.

[0086] FIG. 53 is a tabulation of the results of data
collected using the sheep subject as described with respect
to FIGS. 39-52 in accordance with a preferred embodiment
of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0087] The present invention is directed to systems and
methods for measuring respiratory function of subjects by
measuring gas compression or expansion and airflow resis-
tance by a combination of external flow sensors and direct
measures of airflow. The external flow sensors measure
effort required to breathe, which includes an active work
component and a passive work component indicative of the
passive recoil of the lung, diaphragm and chest wall during
exhalation and are hereinafter referred to as effort or EFS
signals or waveforms.

[0088] Referring to the drawings, FIG. 1 is a flow chart
that describes the system for measuring respiration function
in accordance with the present invention. Essentially signals
110 indicative of the effort required to breathe by a subject
are obtained using an external flow sensor, along with
signals 210 indicative of the uncompressed airflow in the
respiratory system of the subject. The two signals are
processed in processor 300 and a third signal 410 indicative
of the difference between the effort and airflow signals is
obtained which is a measure of airway obstruction, in the
subject using the system of the present invention.

[0089] Referring now to FIG. 2, the signals 110 indicative
of the effort measurements are obtained by the step of
applying external flow sensors 112 to the torso of a subject,
for example to the rib cage and the abdominal regions of the
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subject. The sensors are calibrated per step 116 by exciting
or alternatively not exciting the sensors. Essentially the
voltage span is assigned to specific volume or flow spans.
Once the signals are excited per step 120 after calibration
116, a signal indicative of the change in lung volume which
is essentially a change in the circumference of the rib cage
and the abdomen is collected per step 124 and obtained for
further processing.

[0090] Referring now to FIG. 3, airflow measurements are
obtained, which are indicative of the uncompressed airflow
through the respiratory system of the subject by the step of
applying 214 sensors to the flow source, be it the mouth
and/or the nose, etc. The calibration per step 218 of the flow
sensor is not required for all measurements and is optional.
However, if a calibration is performed it is done so by
calibrating the flow sensor against a known flow meter or
precision syringe. An uncalibrated flow sensor such as a
sound microphone can be applied to gauge the airflow
through the respiratory system.

[0091] Referring to FIG. 4, the effort measurements 110
and flow measurements 210 are then processed by the
processor 300 of the present invention using a particular
sequence of steps. The effort measurements are amplified
per step 310. The rib cage and abdomen signals are summed
per step 314 and the summed signal 316 is digitized per step
318. Alternatively, the analog signals can be used. The
summed signal as well as the individual rib cage and
abdominal signals 320 can be displayed on a chart recorder
per step 324. The flow measurements 210 are also converted
to digital signals per step 330. Both the effort measurements
and airflow measurements, either as analog or digital sig-
nals, are then compared against each other per step 334 and
the comparison can be graphically displayed in the same
time domain per step 338. The rib cage, abdominal and
summed signals are normalized to the airflow per step 340
prior to comparison of the signals. Normalizing precondi-
tions the signals in order to provide a magnitude compari-
son. The inspiratory area of the airflow waveforms are used
for normalization as the inspiratory area is typically not
affected by lower airway obstructions. The comparison of
the summed signal with airflow and the individual rib cage
and abdominal signals with airflow is performed per step
350. Essentially, the airflow signals are subtracted from the
effort signals using various algorithms. Effort and flow
signals are compared dynamically, using digital point by
point comparisons throughout each breath. As the frequency
response of each sensor is matched, transient compression or
expansion of gas due to obstruction is evident by instanta-
neous differences between effort and flow amplitude and
phase. The resultant signal 410 of the comparison provides
a measure of the respiratory function of the subject.

[0092] Referring to FIG. 5, the system to measure respi-
ratory function uses respiratory inductance plethysmogra-
phy (RIP) which includes two self sticking elastic cloth
bands placed around the rib cage 510 and abdomen 514 to
measure the effort or external flow. The bands can be folded
unto themselves to create a snug fit. The bands contain a
sinusoidal coil of wire sandwiched between two pieces of
cloth band. The wire stretches with deflections of the sub-
ject’s cross-sectional area of chest wall and abdomen with
respiration. An external oscillator circuit 520 excites the
wires with an oscillating voltage. Respiratory movements
change the inductance of the coiled wires proportionally to
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the changes in volume, of the rib cage and abdomen. The
change in inductance alters the net voltage across the coil.
The voltage is demodulated and converted into an analog
signal per step 524 that can be amplified and recorded by
computer software on a real time basis, and replayed for
post-acquisition analysis. Alternatively, the use of a piezo-
electric sensor and amplifier to measure effort directly
provides a flow signal, thus, not requiring differentiation of
a volume signal which typically adds noise and may poten-
tially change the characteristics of the effort signals, i.e.,
either the magnitude or phase components.

[0093] Voltage recordings of RIP are converted by soft-
ware in a processor 530 into differentiated waveform of the
volume deflections of the sum of the rib and abdomen bands
if necessary. The difference in magnitude between the dif-
ferentiated sum and flow waveform peaks or areas of
particular segments of the breath are calculated. RIP has
been used in human medicine to measure tidal volume and
respiratory frequency and to detect apnea in adults, infants,
and children. The system can also be used to monitor
breathing patterns. RIP is based on the similar concepts of
barometric plethysmography and is therefore confounded by
similar factors. In barometric plethysmography, for instance,
thoracic movement overestimates flow in patients with air-
way obstruction because of gas compression. The degree
that thoracic movement overestimates flow can be used as a
quantitative measure of obstruction. More recently, non-
invasive whole body plethysmography or single chamber
barometric plethysmography has been used in this regard.
This technique is based on the fact that an animal in a closed
chamber creates pressure fluctuations within the chamber
with respiration. With inspiration, air is moved from the
chamber into the animal, and the pressure within the cham-
ber decreases. The air is warmed and humidified within the
animal and thus the air expands as does chest volume. This
thoracic flow increases the pressure measured in the cham-
ber to a greater extent than the drop in pressure caused by
nasal flow. The pressure in the chamber, or box pressure,
reflects the net differences of these two processes. Tidal
volume can be determined from these pressure changes in
normal subjects.

[0094] During bronchoconstriction or other obstructive
disorders, air is compressed in the animal. Nasal airflow of
the animal is no longer in phase with thoracic movement.
Thoracic movement leads nasal flow. This phase shift affects
the box pressure signal in the time domain. The magnitude
of the phase shift can be used as a measure of airway
resistance. The degree of bronchoconstriction can be quan-
tified by analyzing the shape of the waveform.

[0095] The same concept of gas compression with bron-
choconstriction and phase delay can be detected by the RIP
system when compared with flow. This technique of non-
invasive monitoring of respiration is based on the separate
contributions of rib cage and abdomen to tidal volume. The
respiratory system can be approximated by two degrees of
motion, displacements of the rib and abdomen compart-
ments then compared to flow on the same time scale.

[0096] The lung function testing methodology of the
present invention combines a pneumotachograph 550 or
other flow sensors for flow measurement with RIP bands or
other external sensors. Just as there is a measurable change
in the magnitude and phase of nasal versus thoracoabdomi-
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nal signals in a box plethysmograph, similar changes are
detected by measuring RIP and flow separately. This meth-
odology enables medical practitioners to evaluate the
response of humans or animals such as horses with chronic
obstructive pulmonary disease (COPD) to bronchodilators,
and to monitor the progression of the disorder.

[0097] Calibration of Respitrace® bands or other sensors
which are used as the RIP bands or sensors in human
medicine can be performed using the iso-volume method
which relies on training the patient to shift a held breath
between the abdominal and rib compartments of the respi-
ratory system. Another method, the least mean squares
regression technique relies on varying body position or by
taking measurements in different sleep stages and solving
simultaneous equation. Both these methods are not appro-
priate for equines.

[0098] A possible method of calibration in horse is the
qualitative diagnostic calibration method. This method does
not require active subject cooperation as it is carried out
during a five minute period of natural breathing in one
posture. A proportionality constant of the relative contribu-
tion of rib and abdomen can be determined and applied to
the system.

[0099] The types of flow sensors that may be used for
practicing the present invention includes pneumotacho-
graphs. Two types of pneumotachographs that may be used
are a Fleisch type and a screen-resistor type such as one
supplied by Hans Rudolph, Inc. The pneumotachograph
such as the one supplied by Hans Rudolph uses a unique
housing configuration and screen assembly design to convert
the flow of gas into a proportional linear signal of differential
pressure from the two pressure taps for input into a differ-
ential gas pressure transducer. Another kind of flow sensor
which may be used is an ultrasonic flow sensor which also
provides a linear signal. In addition, thermistors such as a
hot-wire anemometer may be used to measure flow. Further,
a breath sound intensity flow sensor may also be used to
gauge flow.

[0100] Effortsensors may comprise respiratory inductance
plethysmography, such as sensors supplied by Sensor Med-
ics, Inc., or Ambulatory Monitoring, Inc. The functions of
oscillation and demodulation for RIP bands may be provided
by a personal computer interface box. In addition, piezo-
electric sensors which are excited with stretching or bending
may also be used to provide a signal indicative of effort with
the advantage of providing a flow signal directly. No dif-
ferentiation of the measured signal is required as the mea-
sured signal is the flow signal unlike the RIP bands which
measures a volume change. Impedance plethysmography
may also be used to provide a signal indicative of the effort.

[0101] Referring to FIGS. 6A and 6B two external sen-
sors, one for the abdomen 610 and another for the rib cage
612 are calibrated. The gains of each sensor are set to
correspond to a pre-selected tidal volume. The external
sensors, both for the abdomen and the rib cage, are then
applied onto the subject at the respective locations 614, 616.
The abdominal sensor results in a signal 618 which is the
effort or external flow signal indicative of volume changes
measured in the abdominal region. This abdominal wave-
form is differentiated per step 620. The rib cage sensor
results in a signal 622 which is differentiated to result in the
differentiated waveform indicative of the external flow sig-
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nal per step 620. In addition, the two signals originating
from the rib cage and the abdomen are summed in the
summer 626 and the derivative of the two signals is then
taken to result in a differentiated sum waveform 628. The
three differentiated signals or waveforms 620, 624, 628,
resulting from the abdomen, the rib cage and the summed
signal, are displayed real time 632 and compared with the
flow signal 632 either by visually displaying and overlap-
ping the waveforms or by synthesizing a composite wave-
form per step 634 indicative of the point-by-point subtrac-
tion of the flow signal from the effort signal. The external
effort signals or waveforms are normalized per step 636 by
offsetting the signal to match an area under the inspiratory
flow waveform. The step of normalization 636 is optional.
The signals that result from the comparison of the external
effort signal and flow signal are then processed by applying
a process sequence per step 638. The measurements applied
to the composite waveform resulting from subtracting the
flow from the effort signal or external flow signal (EFS) are
provided in step 640. One process sequence comprises
subtracting the maximum flow during expiration from the
absolute maximum effort signal. Other processes which can
be applied comprise peak-to-trough measurements of the
subtracted waveforms during expiration. An alternative
measurement of the composite waveform (EFS-Flow) com-
prises calculating a relaxation time signal which is indicative
of the time from the peak composite signal to the trough
during expiration or from the peak to a prescribed percent-
age of the peak composite signal during expiration. Other
measurement processes comprise subtracting the maximum
inspiratory flow from the effort signal or a ratio of the
maximum flow during expiration subtracted from the effort
signal to the maximum flow during inspiration subtracted
from the effort signal.

[0102] Other methods for comparing the overlapping sig-
nals indicative of effort and flow in the time domain are
provided in step 642. One such method comprises measur-
ing the area difference during expiration, or measuring the
area difference during inspiration. Alternatively, the area
difference during a specified percentage of expiration or
inspiration can also serve to highlight the difference between
the effort and the flow signals in the time domain. Alterna-
tively, the relative phase lag between the effort or the flow
signals expressed as a ratio of phase lag to the total breath
time could also provide the difference between the two
signals. Thus, generally any expression of phase lag and
magnitude difference between the effort and flow signals
provide the measures for the overlapped comparison signal.

[0103] Referring to FIG. 6C, a schematic diagram of the
hardware components required to implement the system for
measuring the respiratory function in accordance with the
present invention is illustrated. External sensors 650 to
measure effort, both from the abdominal and rib cage
region., are applied to the subject and signals indicative of
the effort required both from the abdominal region 652 and
the rib cage region 654 are collected and summed in summer
656. The resultant signals, V658,V 654 and V. .
652 provide input into a differentiator and filter 660. The
signals as measured from the subject are indicative of a
volume change during breathing and are differentiated to
result in a flow signal represented by Vdot. Filtering of the
differentiated signal is required to filter noise components
added by the process of differentiation. The resultant signals
Vdot 662, Vdot,,, 664 and Vdot, 666 form the

abdomen
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inputs into an analog subtraction device 670. True flow 672
as measured by the pneumotachograph, is subtracted out
from the differentiated signals resulting in the difference
between the effort signals as represented by the signal for the
rib cage, the abdomen and the sum, and the true flow signal.
The analog signals then form inputs into a processing system
676 and are displayed on a monitor or a display 678. In the
alternative, the signals that result from the analog subtractor
670 are digitized in an analog to digital converter 680
providing input into a processor 682. The output of the
processor 682 is then displayed on a monitor 678. Calibra-
tion information 684 provides an input into the processor
682 which is used to normalize the effort signal per step 686
to an inspiratory area for example, or any other parameter to
provide for magnitude comparisons of the effort and flow
signals. In the alternative, the analog signals that result from
the analog subtractor 670 can be displayed using the monitor
678. An analog to digital converter 690 can then convert the
analog signals resulting from the analog subtractor 670. The
digitized signals provide inputs into the processor 682 for
further processing.

[0104] Referring to FIG. 6D, an exemplary circuit dia-
gram for the analog subtractor described in FIG. 6C is
illustrated. Essentially, the effort signal as measured from
the rib cage is summed, with the effort signal as measured
from the abdominal region to result in a sum signal. The
nasal flow signal indicative of the airflow is then subtracted
from the sum signal to result in the signal V_ -NASAL. In
addition, the nasal flow signal is subtracted from the effort
signal as measured from the rib cage alone is subtracted
from to result in the signal V_; -NASAL. Further, the nasal
flow signal is subtracted from the effort signal as measured
from the abdominal region alone to result in the signal
V,,a-NASAL.

[0105] Referring to FIG. 7, the signals as measured, both
the external flow signal (EFS) which represents the effort
signal and the nasal flow signal which represents the true
airflow signal, are graphically illustrated. The figure further
illustrates the two methods that may be used to compare the
differences between the effort and flow signals. A first
method includes a point-by-point subtraction in the time
domain of either analog or digital signals indicative of
external flow and the flow which then results in a signal
indicative of a composite waveform, from which the abso-
lute maximum flow during expiration, and absolute mini-
mum flow during expiration can be gauged. In addition, a
second method includes the comparison of the waveforms
by overlapping waveforms to result in a visual expiratory
area difference or an inspiratory area difference. In the
alternative preferred embodiment, Fourier analysis may be
used to compare the signals indicative of external flow and
the uncompressed airflow.

[0106] Referring to FIG. 8A, the graphical illustration is
a visual comparison of the effort signal Vdot,, and Vdot,
which is the flow signal for a subject having an obstructive
pulmonary disease. Upon administration of a bronchodilator
the difference both in magnitude and phase between the
effort and flow signal are reduced as represented by the later
portions of FIGS. 8A and 8B. FIG. 8B graphically repre-
sents the composite signal or waveform that results from the
point-by-point subtraction of flow from the effort signal
achieved in the analog or digital domain. These are then
compared to the transpulmonary pressure dPPI signals
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shown in FIG. 8C and the rate of change of the transpul-
monary pressure signal shown in FIG. 8D which is a
standard for measuring obstructive pulmonary disease. The
peak acceleration of dPPI coincides with peak Vdot,-Vdot,
which shows that the latter is the result of gas compression
and airway resistance in the chest. The system of the present
invention may be used for monitoring obstructions, or
monitoring relief of obstructions during bronchodilation and
for monitoring bronchial challenge with a bronchoconstric-
tor agent as the composite waveform provides a visual
indication of obstructions or changes in the physiology of
the subject after administering bronchodilators or bronchoc-
onstrictors.

[0107] Referring to FIGS. 9A and 9B, lung dysfunction
can be measured by comparing an external measurement of
flow (EFS) with flow measured at the airway opening in
exactly the same time domain. FIGS. 9A and 9B provide an
example of the processing of signals in a normal equine
subject without an airway obstruction. Flow closely matches
the EFS signal in a normal horse in that there is no or
minimal phase lag or magnitude difference. FIGS. 10A and
10B provide examples of the effort and flow waveforms of
an equine subject with chronic obstructive pulmonary dis-
ease. The two component waveforms of effort and flow are
compared by overlapping or by actually subtracting point-
by-point, true flow from the external flow signal, to obtain
a third composite waveform which is depicted in FIGS. 10A
and 10B as the signal indicative of EFS-flow. The overlap-
ping of waveforms allows quantitative comparisons based
on the phase lag and magnitude differences between the
signals. Aspects of the composite waveform (external flow
signal-flow) can be measured directly using various dimen-
sions and time related data that measure lung dysfunction.
The individual component and composite waveforms pro-
vide signals for real time visual monitoring. The comparison
of the two measures of flow, both external flow and true
flow, in the same time domain is an important part of the
present invention as both the magnitude and phase relation-
ships are compared.

[0108] Referring to FIG. 10C, the phase lag between the
external and flow signals in the horse with chronic obstruc-
tive pulmonary disease, is illustrated. The EFS signal leads
the flow signal. An important feature of the methodology of
the present invention therefore, is to examine the asyn-
chrony of waveforms. The more asynchronous, i.e., the
greater degree of phase lag observed for nasal flow, the
greater is the airway obstruction. The difference in magni-
tude and phase between external and nasal flow correlates
well with measures of pulmonary resistance and dynamic
compliance. Asynchrony can be transient and instantaneous,
but highly significant.

[0109] Differences in phase and magnitude between exter-
nal and nasal flow measurements correlates with classical
measurements of impedance. This suggests that the meth-
odology of the present invention measures some combina-
tion of resistance, elastance, or inertance and the resultant
gas compression in airways and lung tissue. Resistance is a
component often used to measure the effects of bronchodi-
lators and bronchoconstrictors. Elastance is a factor that
describes the tendency of lung tissue to recoil during infla-
tion. If small airways are obstructed, a smaller portion of the
lung gets inflated, thus causing an increase in elastance.
Inertance, is the force required to accelerate a column of air
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within the airways. Applying oscillatory mechanics theory,
phase and magnitude differences at slow breathing frequen-
cies are explained by the development of gas compression
and resistance in small airways and tissues (i.e., changes in
elastance and resistance). At higher breathing frequencies,
the methodology of the present invention detects gas com-
pression and resistance in larger airways (i.c., changes in
inertance and resistance). As the present invention incorpo-
rates an external sensor of flow at the body surface, its output
reflects respiratory drive and passive events, such as, lung
elastic recoil and chest wall recoil and an effect on any of
these components effects the external signal. It is empha-
sized that in the present invention external flow is compared
with true flow. If one compares external flow or acceleration
as measures of respiratory drive with ventilation also
derived from the external sensor, the gas compressive effects
will not be evident and a phase lag will not be measurable.
This distinguishes the concepts of prior art which suggest
the simultancous use of external sensors for the measure-
ment of respiratory drive and ventilation.

[0110] The methodology of the present invention, pro-
vides an indication whether the difference between external
and nasal flow is occurring during the expiratory, as shown
in FIGS. 10B and 10C, or during the inspiratory portions of
the breath. This aids in determining the location of the
obstruction. Differences in magnitude and phase of the two
component waveforms during inspiration, suggest that a
more proximal obstruction exists, and differences observed
during expiration suggests a distal airway obstruction.
External and nasal flow have to be compared in the same
time domain, using both positive and negative scales to
examine these phenomena real-time. This simplifies the
monitoring of a patient by inspecting a single waveform.

[0111] Referring to FIG. 10D, data from a human subject
graphically illustrates the effort, flow and comparative
waveforms as measured and processed in accordance with
the present invention. Segment A is associated with a time
period when the human subject had an airway obstruction.
Differences in magnitude and phase of the two component
waveforms of EFS and flow are relatively more pronounced
during the inspiratory phase of the breath (which correlates
with the valleys in the waveforms). This suggests that the
obstruction is located in the upper airway or a more proximal
obstruction exists. If the magnitude and phase differences of
the two component waveforms of EFS and flow were
relatively more pronounced during the expiratory phase of
the breath, then the location of the obstruction would be
located in the lungs and thus a distal airway obstruction is
suggested. Therefore, the present invention provides an
additional benefit of instantaneously providing location
information regarding the airway obstruction. Segment B is
associated with a time period when the human subject can
breathe normally and is not influenced by an airway obstruc-
tion. The magnitude and the phase of the component wave-
forms track each other and there are no pronounced differ-
ences. The composite waveform (EFS-Flow) is relatively
quiescent compared to the composite waveform segment
representative of an airway obstruction.

[0112] The following tabulation for human subjects shows
the correlation between a conventional measure of upper
airway resistance to the composite waveform (EFS-Flow)
peak amplitude as measured and processed in accordance
with the present invention. The resistance of 1 cmH,O/Liter/
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second corresponds to normal breathing without an airway
obstruction. The peak amplitude of the composite waveform
of 0.5-0.75 corresponds to a state of normal breathing
without an airway obstruction in accordance with the present
invention. As the resistance increases with increase in an
obstruction of the upper airway, from 5 to 10 cmH,O/Liter/
second which relates to a moderate to severe obstruction, the
peak amplitude of the composite waveform also increase
from 3-4 to 5-7 Liters/second.

Variable
Resistance 1 5 10
(cmH,O/1/second)
EFS-Flow 0.5 34 5-7
(peak amplitude)
(Liters/second)
[0113] The present invention can be used for monitoring

the effects of various medications. As such, the respiration
function signal provided after the processing of the input
signals is measured before and after various challenges, or
treatments are administered, such as, bronchodilators or
bronchoconstrictors. The present invention uses bronchodi-
lation response testing to evaluate the level of response of a
horse with COPD as an indication for the initiation or
continuation of therapy. It should be noted that airflow rates
vary according to factors such as species, degree of illness,
and body weight. Typically, a bronchodilator, such as
albuterol, is administered by metered dose inhalers. In
humans, the range of dose is 50 to 100 micrograms, in horses
450-900 micrograms. Bronchodilator treatments result in
complete cessation of signs or partial cessation of signs of
airway obstruction. In horses, there is typically a reduction
in airway obstruction, measured in the form of lung resis-
tance, of about 40 to 60% of a baseline. The composite
waveform (EFS-Flow) peak amplitude, upon administering
a bronchodilator to a horse, changes from 12.3 to 5.4 liters
per second thus indicating a partial cessation of signs of
airway obstruction.

[0114] Referring to FIGS. 11A-11E, following the admin-
istration of a bronchodilator, the patient with lower airway
obstruction shows less magnitude and phase differences
between external and nasal flow. The change in the wave-
form is visually obvious, and lends itself to a continuous
visual monitoring of a display, similar to monitoring blood
pressure or ECG. Following the administration of a bron-
chodilator to the patient with COPD (shown in FIGS. 10A,
10B and 11C), there is a greater overlap of external and nasal
flow waveforms, and the resultant composite waveform
synthesized by subtracting the nasal flow from the external
flow signals has a smaller amplitude, especially during the
expiratory portion of the breath. This indicates resolution of
a lower airway obstruction and decreased amount of gas
compression in the airways and lung tissue.

[0115] The methodology of the present invention to dis-
cern the phase difference between external and nasal flow is
important. In some obstructed patients the external measure-
ment of respiratory drive or respiratory drive versus venti-
lation as an indication of obstruction does not reflect phase
difference. For example, there is a marked improvement in
the relationship between external and nasal flow, ie.,



US 2003/0100843 Al

decreased magnitude and phase differences in equine sub-
jects with COPD after bronchodilation treatment, but only
modest changes in the respiratory drive which is the peak of
external flow. This is illustrated in FIGS. 12A-12J. There is
a change in the appearance of the waveform after bronchodi-
lation as seen in FIG. 121, which is useful for a monitoring
system. There is a characteristic large amplitude spike
followed by a rapid descent to below baseline. This rapid
descent reflects both an instantaneous phase and magnitude
difference, and is used to measure obstruction. The improve-
ments in the difference of the external and nasal flow
correlate well (r=0.92) with improvements in transpulmo-
nary pressure, pulmonary resistance and dynamic compli-
ance studied in a group of horses (n=7) with COPD. Thus,
the phase differences characterize a fundamental mechanical
disturbance in the respiratory function of a patient.

[0116] Referring to FIGS. 13A-13F, the administration of
histamine to cause bronchoconstriction, on the other hand,
results in increased differences in phase and magnitude for
external and nasal flow measurements. This results in an
increase in the composite waveform magnitude as shown in
FIG. 13F. The waveforms from a normal horse before and
after administration of histamine aerosol to the lung, as
shown in FIGS. 13D-13F, shows an increase in the external
minus nasal flow composite waveform (FIG. 13F) during
expiration greater than during inspiration, illustrating the
expected predominant effect of histamine on lower airways.
These graphical illustrations also demonstrate that a single
external sensor, placed around the abdomen, for example,
could be used to measure bronchoconstriction. Alternatively,
the combination of external sensors placed over the rib cage
and abdomen can provide signals which can be electroni-
cally combined into a sum signal for comparison with flow,
and the same results are obtained in the setting of a hista-
mine challenge to the airways.

[0117] Referring to FIG. 13G, a tabulation of a classical
measure of airway reactivity Log PC65C,, , which is the
provocative concentration of histamine that decreases
dynamic compliance to 65% of a baseline, as compared with
a measure of airway reactivity LogPC135SFE ., which is
the concentration of histamine that increases SFE_, . to
135% of the baseline, as calculated by the method for
measuring respiratory function in accordance with the
present invention is provided. For subclinical lower airway
obstruction, a test of airway reactivity includes bronchop-
rovocation of the subject using; a histamine (or other chemi-
cals) to evoke bronchospasm as illustrated in FIGS. 13A-
13F. A dose response curve is typically generated using a
dose range from 1 mg/ml up to 32 mg/ml. The tabulation in
FIG. 13G corresponds to data generated from the study of
seven horses. A thirty five percentage (35%) increase in
EFS-flow peak values (referred to as SFE max) correlated
with a thirty five percentage (35%) drop in dynamic com-
pliance, which is a classical measure of obstruction which
decreases with airway obstruction. The correlations were
greater than 0.9 (p<0.05) for Spearrmans rank correlation
coefficient. This data illustrates that a simple point-by-point
subtraction of the airflow signal from the effort signals
provides evidence of transient gas compression and airway
resistance during histamine challenge, and the methodology
of the present invention can be employed effectively to
measure airway reactivity.
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[0118] Referring to FIGS. 14A-14] and 15A-15H,
examples of changes to the respiratory function during
hyperventilation are illustrated. Hyperventilation is an
increase in the rate of moving volume with respect to time
or increased respiratory frequency and tidal volume product.
It can manifest itself in the form of hyperpnea, where
individuals take deeper breaths which correlates with
increased tidal volume, tachypnea shown in FIGS. 15E-15H
which is an increased rate, without increased tidal volume or
some combination of hyperpnea and tachypnea as in the
examples illustrated in 14F-14]. With hyperventilation,
there is an increase in the magnitude and phase difference
between external and nasal flow, but the differences are
minor in comparison to an obstruction as illustrated in FIGS.
14A-14J. This suggests that the increase in the amplitude of
the composite waveform as shown in FIG. 14, is princi-
pally the result of gas compression and airway resistance in
the airway, rather than a simple effect of respiratory drive. In
fact, an increase in respiratory frequency alone, without a
change in tidal volume, results in negligible effect on the
composite waveform, as shown in FIGS. 15A-15H. There-
fore, airway obstruction can be differentiated from increased
respiratory drive and ventilation, without obstruction, using
the methodology of the present invention.

[0119] Referring to FIGS. 12K-12P the external sensor
signal is normalized to nasal flow for the purposes of
calibration. In contrast, referring to FIGS. 16A-16F the
external sensor is used without normalization to nasal flow.
The results, in terms of the composite waveforms that results
from the subtraction in the time domain between the external
and the nasal flow signal, are similar with and without
normalization for the purposes of calibration. An airway
obstruction is apparent as is the response to bronchodilation.
Thus, the methodology of the present invention has a further
advantage as a system that incorporates a direct measure of
phase differences, i.e., the use of any external sensor with
high frequency response compared with any measure of true
flow (for example, pneumotachography, breath sounds), can
give meaningful results since the phase differences still
persist. This allows some measure of airway obstruction
with a number of sensors with or without conventional
calibration.

[0120] The importance of comparing the external and flow
signals in the same time domain is germane to the measure-
ment of impedance during exercise or hyperventilation since
phase mismatch is relevant. In the horse for example,
inertance (the kinetic energy for acceleration of flow) is a
major component of impedance (the ratio of driving pressure
to flow) during exercise, and the continuous waveform
analysis of the present invention allows one to visualize the
phase delay during exercise and hyperventilation that in part
reflects inertance. This appears as a very early spike in the
composite waveform. Without a comparison of external and
nasal flow signals in the same time domain, transient phe-
nomena of gas compression or inertance cannot be visual-
ized or analyzed. A measure of inertance is important as
there are many obstructive or anatomical disorders or extrin-
sic devices that impose additional inertance on the respira-
tory system, altering lung function. During exercise, respi-
ratory drive and ventilation are matched, but there is still the
presence of inertance, reflected in a slight growing phase
delay and differences in amplitude between the external and
nasal flow signals, resulting in early spikes in the composite
waveform, which may have diagnostic value.
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[0121] In the instance where there is an increase in func-
tional residual capacity (FRC) or residual volume (for
example, air trapping during asthma or chronic obstructive
pulmonary disease, emphysema, pneumothorax, positive
end-expiratory pressure during ventilation), the subject’s
respiratory drive will be stimulated in most cases and
respiratory drive to ventilation ratio will increase. However,
in cases where respiratory drive does not increase to a
significant extent due to physical limitations of the subject
(for example, diaphragmatic muscle fatigue, weak muscles),
a phase lag may persist between external and true flow and
the composite and overlapping waveforms will reveal evi-
dence of compressed gas in the thorax. The present inven-
tion may thus offer the advantage of detecting changes in
FRC in instances where it was not possible to detect using
prior art methodologies.

[0122] Referring to FIG. 17, a schematic diagram of a
monitoring system for a human patient incorporating the
method for measuring respiratory function in accordance
with the present invention is illustrated. Humans breathe
through their mouth and nose while some animals such as
horses are solely nasal breathers, which simplifies flow
collection and necessitates a different face mask for each
category of subject. Humans voluntarily change breathing
patterns. In animals data must be collected during tidal
breathing or during physical pharmacological provocation to
change the breathing pattern. Further, animals are quadru-
peds and body posture in animals is not likely to change as
drastically as in sitting or in the supine posture in humans.
Animals in some cases have much greater abdominal con-
tribution versus a rib or chest contribution, therefore signals
emanating from the abdomen may be useful to compare with
flow. A signal collected from the abdomen in horses repre-
sents a total effort required for breathing and reflects dia-
phragmatic movement and elastic recoil. In humans, data
collected from the abdomen and rib may be similar or one
signal may predominate over the other. The human patient,
patient I 800, has external sensors to measure effort applied
to the rib cage 802 and abdomen 804. The patient I 800 is
also equipped with an endotracheal tube 806 or other patient
and ventilator interface such as a continuous positive airway
pressure (CPAP) mask. The airway flow of the patient is
measured by a sensor 808 positioned at the airway opening
such as a pneumotachograph that is coupled to the endot-
racheal tube 806. The sensor 808 may also be integral with
the CPAP mask. In the alternative, a breath sound sensor
810, may be used to record sound as a surrogate for a
measure of flow at the airway opening. This is another
unobtrusive method to measure airway flow. Sound mea-
sured in decibels at a prescribed frequency versus time
resembles flow. Since the output variables of interest for the
present invention are principally kinetic (phase related), any
measure of flow may be used such as sound, with post-hoc
calibration or no calibration. Sound could be recorded using
a small microphone in contact with the skin surface over-
laying the trachea, lung or any segment of the respiratory
system or by placing a directional microphone in the stream
of air flow. Appropriate amplification, analog to digital
conversion and waveform production is required for com-
parison with effort.

[0123] The signals indicative of effort as measured by, for
example RIP bands at the rib cage 802 and abdomen 804,
and the signal indicative of airflow form inputs into a
bedside or centrally located workstation 812, in particular
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into an interface box 8§14 of the workstation. The interface
box 814 may receive data indicative of effort and airflow
from a plurality of patients whose respiration is being
controlled from the bedside or centrally located workstation
812. The interface box, upon receiving the effort and flow
signals from the patient then amplifies and transmits the
signals. The outputs 816, 818 of the interface box then form
inputs into an analog to digital converter 820. Processing of
the effort and flow signals then occurs in the processor/
display 822 in accordance with the present invention as
described hereinbefore. Essentially a comparison of the
effort and flow signals is performed by either overlapping
the signals and studying the waveform differences visually
or by generating a composite waveform indicative of the
analog or digital point-by-point subtraction of the flow
signal from the effort signal. The displayed overlapped and
composite waveforms provide for efficient monitoring of the
respiratory function by a health care provider as they need
only to visually monitor the state of the respiratory function
of the patient by either inspecting the overlapped or com-
posite waveform or a combination of both.

[0124] The output of the processor/display 822 is then
converted to an analog signal in a digital to analog converter
824 which supplies an analog signal 826 to a ventilator 828
or an alarm signal 830 via a radio modem 832 to a remote
station 834. The remote station may be coupled to a network
836 which may be used for home monitoring of a patient, to
a database system for storing of data and any post-acquisi-
tion analysis or trending, or to a network used by consultants
also for further analytical processing.

[0125] The analog signal 826 that is outputted from the
bedside or centrally located workstation 812 incorporating
the system to measure respiratory function, in conjunction
with the output 840 of the airflow sensor 808, form inputs to
a flow rate adjuster 842 of the ventilator 828. The analog
signal also forms an input into a ventilator valve adjuster 844
which in turn adjusts an exhalation valve 846 located on the
exhalation segment 848 of the ventilator tubing. An exha-
lation flowmeter or volume sensor 8350 is located down-
stream of the exhalation valve. The exhalation flowmeter
850 provides a check of the ventilation system against
system leaks by checking if the amount of gas inputted by
the ventilator is equivalent to the amount exhaled. The
analog signal 826 indicative of the difference between the
effort and airflow signal affects the CPAP flow rate and the
resistance of the exhalation valve 846 to increase or decrease
CPAP or change the oxygen percentage supplied to the
patient requiring assisted ventilation. Thus, the ventilator
pump 852 provides, using the continuous fresh gas source
for CPAP 854 and an oxygen source 856, the required
amount of oxygen to the patient via the inhalation segment
858 of the ventilation tubing.

[0126] The present invention lends itself to many appli-
cations. It can be used as a treadmill exercise monitoring
system which requires hard wiring of the subject. Alterna-
tively, a remote telemetric system can use radio waves to
transmit effort-flow data to a workstation for real-time
monitoring, display, data recording or processing. This
application during an exercise regiment pertains to both
animals and humans. The advantage of the present invention
effort-flow system is the lack of obtrusiveness and allowing
the subject to adopt natural body posture for exercise and
sports. For example, in racehorses, body posture and breath-
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ing coordination, and head-neck angle are critical in opti-
mizing respiratory and hence athletic performance.

[0127] A second application of the present invention is
continuous or intermittent home or hospital monitoring for
adults, children, infants and animal subjects as illustrated in
FIG. 17. For example, patients on ventilators who require
CPAP, assisted ventilation or synchronized/spontaneous
intermittent mandatory ventilation SIMV, where effort is
involved can use the present invention. Further, persons at
home with severe respiratory disease and/or episodic disease
which requires continuous or intermittent monitoring and
alarm feedback for conditions such as emphysema, asthma,
COPD, cystic fibrosis etc. The apparatus of the present
invention may be tied in with an oxygen delivery system.
The present invention provides a good effort to flow indi-
cation which can be correlated to the demand for oxygen
thus making it attractive to tie the present invention to an
oxygen delivery system. Further, an alarm system, utilizing
preset thresholds and criteria can be optionally incorporated
into the present invention. In patients on ventilators, inspira-
tory pressures are monitored and the present invention may
allow monitoring of expiratory effort which is a good
reflection of small airway flow limitations during ventila-
tion. In patients with dynamic hyperinflation and growing
FRC, the present invention may detect increased gas com-
pression without change or before worsening airway
obstruction, for example, in emphysema, asthma or COPD.

[0128] The present invention also provides a test to
replace the peak-flow meter since the effort-flow kinetics
during forced maneuvers requires a maximum or submaxi-
mum expulsion of air. Many severely effected patients
cannot perform maximal forced maneuvers due to chest wall
disease or dyspnea. An example of the value of the present
invention in this regard is in the setting of a pneumothorax
which occurs naturally or subsequent to surgery that is
invasive to the lung and chest wall; the present invention
compliments blood gas analysis, imaging, radiology and can
cut costs of these procedures.

[0129] A bedside system with RIP or other bands, pneu-
motachograph, transducers, preamplifiers and simple liquid
crystal displays (LCD) provides specific hospital needs. This
introduces a greater degree of hardware uniqueness since all
electrical components are housed in one unit and connected
together on a circuit board.

[0130] The system of the present invention to measure
respiratory function can use optoelectronic plethysmogra-
phy to measure the signal indicative of change in lung
volume. An optoelectronic plethysmography system ana-
lyzes the movement of a plurality of retro-reflective markers
using television cameras connected to an automatic motion
analyzer. The plurality of markers are simultaneously visible
to at least two television cameras so that their three-dimen-
sional positions and displacements can be constructed using
stereo-photogrammetric methods. The markers can be
placed in order to define at least three chest wall regions, for
example, upper thorax, lower thorax and abdomen. An
optoelectronic plethysmograph apparatus which can be used
in a preferred embodiment of the present invention system
to measure respiratory function is described in an article by
A. Aliverti et al., entitled “Optoelectronic Plethysmography
in Intensive Care Patients” published in the Am J Respir Crit
Care Med, May 2000 161(5): 1546-52, the entire teachings
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of which are incorporated herein by reference. With respect
to the system to measure respiratory function in accordance
with the present invention, the signals representative of the
movement of the upper thorax and the abdomen can be
summed to result in a signal indicative of the change in lung
volume or effort.

[0131] In yet another preferred embodiment, the system to
measure respiratory function includes the use of a fiber optic
respiratory plethysmograph such as one described in an
article by C. Davis et al, entitled “A New Sensor for
Monitoring Chest Wall Motion During High Frequency
Oscillatory Ventilation,” published in Med Eng Phys,
November 1999, 21(9): 619-23. The entire teachings of
which are incorporated herein by reference. The fiber optic
respiratory plethysmograph uses the chest and abdomen
bands. These bands are composed of fiber optic material
wherein bending movements due to change in chest or
abdominal curvature results in macrobending losses of any
light transmitted through the fiber wich are proportional to
the chest or abdominal perimeter.

[0132] FIGS. 18A-18H graphically illustrate waveforms
derived from respiratory inductance plethysmography (RIP)
and pneumotachography in a normal horse showing the
effects of histamine induced bronchoconstriction of horses.
None of the horses reacted adversely to placement of the
inductance bands, either before or after sedation with xyla-
zine. Histamine aerosols altered the waveforms of flow
derived from Respitrace® (V'dSUM in relation to pneumo-
tach V'pn, in that the peak V'dASUM increased in relation to
V'pn during the early portion of expiration, resulting in large
increases in the waveform derived from their subtraction
(V'dSUM-V'pn). The waveforms are derived from a baseline
and post administration of histamine aerosol at a dose of
approximately 4 mg/ml that evoked a clinical response.

[0133] FIGS. 19A-19G graphically illustrate histamine
aerosol induced changes in flowmetric variable SFE_
compared to dynamic compliance Cy,, expressed as a per-
centage of a baseline in seven healthy horses. The flowmet-
ric variables, for example, peak during exhalation (SFE_, )
peak during inhalation (SFI__ ) integral of the subtracted
waveform during the first 25% of exhaled and inhaled
volume (SFEint and SFlint) are altered in relation to hista-
mine dose. Seven horses given histamine aerosol responded
with a decrease in Cy,,,, and increases in pulmonary resis-
tance (R, ) and transpulmonary pressure (dPplmax). In the
seven horses, SFE_ . increased with increased histamine
dose.

[0134] FIG. 20 graphically illustrates a correlation
between the provocative dose of histamine aerosol that
evoked a 35% increase in the flowmetric test variable with
the dose that caused a 35% decrease in dynamic compliance
(C4yp)- Values for each variable is interpolated from their
respective dose-response curves. There was a significant
correlation in these tests of airway reactivity (r,=0.93,
P<0.001) between the logPC65C,,, which is the log dose of
histamine that decreased C,,, by 35% and logPC135SFE
which is the log dose of histamine that increased SFE . by
35%.

[0135] FIG. 21 graphically illustrates the effects of bron-
chodilators on conventional variables (Cgy,, Ry, 3Pp) and
flowmetric variables (SFE,, ., SFEint) measured using the
system in accordance with a preferred embodiment of the
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present invention in horses with naturally occurring recur-
rent air obstruction, also known as ‘heaves’. All subjects
were exposed to a bronchodilator such as, for example,
albuterol, pMDI, 450 ug. The administration of albuterol
aerosol caused significant decreases in Ry, SPP1max, and an
increase in C,, within 5 minutes. Prior to bronchodilation,
horses with heaves showed marked differences between
V'dSUM and V'pn, particularly in the early portion of
expiration.

[0136] FIGS. 22A-22H graphically illustrate waveforms
derived from respiratory inductance plethysmography (RIP)
and pneumotachography in a horse with naturally occurring
recurrent airway obstruction before (baseline) and after
treatment with a bronchodilator. The bronchodilator can be,
for example, albuterol pMDI, 450 ug. The flow traces were
derived from RIP (V'dSUM), pneumotach (V'pn) or their
difference (V'dSUM-V'pn). The subtracted waveform is
characterized by large positive expiratory spikes and smaller
inspiratory spikes in the negative direction.

[0137] FIGS. 23A-23F graphically illustrate the correla-
tions between conventional measures with flowmetric mea-
sures in accordance with preferred embodiment methods of
the present invention in horses with naturally occurring
recurrent airway obstruction before and after administration
of a bronchodilator. The bronchodilator is, for example,
albuterol, pMDI, 450 ug. Bronchodilation reversed the
qualitative changes, accompanied by significant (P<0.005)
decreases in SFE_ . and SFEint. There are highly significant
(P<0.005) correlations between the flowmetric variables and
R; or dPplmax when pre and post bronchodilator values
were compared. However, there is only a trend for the
correlation between C,, and SFEint (r=-0.49, P=0.054) and
no significant correlation between Cg,, with SFE__ (r=-
0.38, P=0.14). Furthermore, there were no significant cor-
relations between the flowmetric variables and tidal volume
versus SFE_ . @ r=-0.3, P=0.25; versus SFEint: r=0.1,
P=0.71 or frequency versus SFE___: r=0.26, P=0.32; versus
SFEint: r=0.02, P=0.95. Bronchodilation did not signifi-
cantly alter the inspiratory flowmetric variables SFImax of
SFlint. None of the inspiratory flowmetric variables corre-
lated with any of the conventional variables, with the
exception that SFI___ showed a trend toward correlation

max

with dPplmax (r=0.47, P=0.067) and R, (r=0.46, P=0.074).

[0138] FIG. 24 graphically reiterates the difference
between the signal indicative of change in lung volume and
the uncompressed airflow signal. The difference between
these two signals represented by thoracic flow minus nasal
flow reflects the severity of a lower airway obstruction.

[0139] FIG. 25 graphically illustrates the repeatability of
the measurement of airway reactivity using a preferred
embodiment of the system to measure respiratory function in
accordance with the present invention in a plurality of
subjects, in particular, 21 horses. The outcome variable is the
histamine dose that increased the peak difference in the
signal indicative of change in lung volume and the signal
indicative of airflow during expiration to 150% baseline or
a 50% increase. The flowmetric variable is repeatable to a
high level, with all horses that were hyperreactive were
reactive on both test times, Day 1 and Day 2. It should be
noted that Day 2 was spaced apart from Day 1 by a duration,
for example, of three weeks. The repeatability is greater in
more reactive animals. Thus, the measurement and the
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condition are stable over the short period of measurements.
The measurements were repeated one year later and identi-
cal results were obtained.

[0140] There currently exists no acceptable way to per-
form pulmonary function tests in veterinary clinics. The
unacceptable aspects of the currently available tests include
invasive devices, for example, esophageal balloon catheters,
insertion of pleural pressure catheters or needles, require-
ment for anesthesia and intubation, long duration of mea-
surements, poor sensitivity or repeatability of non-invasive
tests, for example, pneumotachography, i.e., measurement
of nasal flow alone, the intolerance of certain species to
complete enclosure in a plethysmograph while conscious,
the interference of the nasal passages with measurements of
lower airway status, for example, by oscillatory mechanics,
and the interrupter method of measuring resistance. The
resultis a complete absence of pulmonary function testing in
veterinary hospitals, and the lack of a sub-specialty in
veterinary pulmonology, despite sub-specialties in most
other areas, for example, but not limited to cardiology,
dermatology, neurology, ophthalmology, emergency and
critical care, nutrition, and pathology.

[0141] The embodiments described herein before are sys-
tems for measuring respiratory function that are better for
either large animals and/or humans. There is also a need for
diagnosing airway reactivity and related diseases in small
animals, in particular conscious small animals.

[0142] The measurement of resistance in awake animals
requires that the measurements are made during tidal breath-
ing or during short occlusions tolerated by animals. Humans
on the other hand can be coaxed into forced maneuvers,
breath-holds, and controlled inspiratory or expiratory efforts
against a closed shutter.

[0143] Another aspect of a system to measure respiratory
function of some small mammals, in particular dogs, is that
they frequently pant. Panting complicates measurements of
lung function because it requires very fast sensors. Further-
more, limited information is obtained from flow signals
alone from a panting animal. Flow signals need to be
compared with the effort to generate them that is the driving
pressure. On the other hand, there are advantages of panting
to some measurement such as the glottis is usually open
during panting in humans and animals, allowing measure-
ment of airway events without interruption or obstruction
from normal structures, and panting promotes the equilibra-
tion of alveolar and airway gas, for example, oxygen and
carbon dioxide tensions, temperature, and humidity, with the
gas in/around the facemask. The normal heating and humidi-
fication plus expulsion of carbon dioxide changes the gas
composition of inhaled gas, confounding normal measure-
ments of flow.

[0144] With respect to airflow resistance in humans, whole
body plethysmography is still the gold standard to use.
Alternatives include the airway interrupter method. The
interrupter method has not been evaluated in animals. This
system measures alveolar pressure by short occlusions of
flow, and measurement of pressure at the mouth or airway
opening upon equilibration. Comparison of airway opening
pressure (Pao) and the flow that preceded, provides the basis
for measurement of pulmonary resistance (Pao/NV'). The
patient must not “react” to the occlusion by closure of the
glottis, which is common, and there remain questions about
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how representative Pao is of alveolar pressure. Another
method to measure resistance is the insertion of an esoph-
ageal balloon for measurement of pleural pressure, coupled
with measurements of flow at the airway opening. This is not
tolerated in small animals, but is a well-established method
in horses.

[0145] Functional Residual Capacity (FRC) can be mea-
sured using steady state or rebreathing methods that employ
a tracer gas which are poorly absorbed such as helium or
nitrogen. The dilution of this tracer is measured during
breathing. However, these systems require quiet breathing,
and excellent mixing of the tracer gas with alveolar gas. If
the subject does not take a deep breath, for example, the
subject pants, there is poor mixing of the tracer gas with the
volume of air (FRC) for which dilution is possible. These
systems are also confounded when the subject has airway
obstruction, which impedes the mixing of the tracer gas with
the alveolar gas. FRC can also be estimated from X-rays,
however this is an inaccurate method. A rapid plethysmo-
graphic method for measuring thoracic gas volume and a
comparison with a nitrogen washout method for measuring
function residual capacity in normal subjects ie., is
described by A. B. Dubois et al. in J Clin Invest 35:322-326,
1956, the entire teachings of which are incorporated herein
by reference.

[0146] FIG. 26A, is a schematic diagram of a preferred
embodiment of the system for measuring respiratory func-
tion in conscious animals in accordance with the present
invention. The system 1000 includes a plethysmograph 1002
which may be characterized as a constant volume plethys-
mograph wherein the subject positions their head outside the
chamber but breathes into the chamber. This plethysmo-
graph 1002 is distinguishable from a system for whole body
plethysmographs in which the whole body is located within
a single chamber but the subject’s breath is vented to the
outside. Other plethysmographs that are distinguishable
from the system 1000 include a double chamber plethys-
mograph in which the subject’s head is located in a different
enclosure than the body, and a whole body barometric
plethysmograph, in which the whole body is enclosed and
breathing within a single chamber. The constant volume
breath in, plethysmograph 1002 is particularly suited to
small animals, for example, dogs. As discussed before, dogs
exhibit panting which adversely affects measurements from
other prior art systems. The plethysmograph 1002 has the
advantage of maintaining the subject’s glottis in the open
position. Further, dogs are tractable if restrained by leash or
voice communication or alternatively handling around the
head. Dogs also tolerate face masks, unlike cats, for
example.

[0147] The system 1000 to measure respiratory function
allows the positioning of the head of the subject outside of
the box and provides an environmental seal around the box,
yet the subject breathes back into the chamber through a low
resistance/inertance tube 1033. Panting is allowable and
actually preferable for some measurements. The system
1000 can be used for flowmetric measurements such as
measuring airway obstructions during inspiration and expi-
ration. It further permits double chamber plethysmographic
measurements without the large deadspace around the head
of a subject. The use of a facemask 1035 provides access to
other attachable devices for measuring gas exchange, for
example, but is not limited to, diffusion capacity (DLCO)
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1030, functional residual capacity (FRC), and dead space/
tidal volume ratios and other pulmonary function variables.
The system 1000 in accordance with the present invention
gives actual measurements of airway resistance and FRC,
unlike the estimations obtained from double chamber and
whole body barometric plethysmography.

[0148] The chamber or box 1002 can be made in a variety
of sizes or made adjustable in terms of volume with adjust-
able internal dimensions. Dogs in particular vary in size. If
the volume of the animal is too small relative to that of the
box, the sensitivity of the signal, i.e, the signal to noise ratio
is lowered. For research purposes, where beagles, for
example, are used, the size considerations are insignificant.
However, in clinical applications such as the use of the
system 1000 to measure respiratory function, dog subjects
can range from 3 to 50 kg in weight requiring an adjustable
size box to satisfy all sizes. A plurality of chambers may also
be used if necessary. However, downstream devices from the
box remain identical. In a preferred embodiment, the system
1000 of the present invention has the ability to switch
hardware for data collection between boxes. This inter-
changeability of data collection hardware can be achieved
by using universal connectors, and by transferring transduc-
ers between boxes, for example. In addition, a series of
facemasks are necessary as well, and are found commer-
cially in the field of anesthesia. A facemask with low
dead-space is preferable. In accordance with a preferred
embodiment, it is preferable to produce molds of different
types of noses in the case of dogs, to provide an optimal fit.

[0149] The volume adjustable aspect of each box is impor-
tant to accommodate a range of size animals/humans that
can be tested within each box. FIG. 26C illustrates a
preferred embodiment of the chamber 1002 with a volume
adjustment assembly 1045. The volume adjustment assem-
bly 1045 can be a wall opposite the wall of the head seal that
acts like a plunger device, reducing the volume of the box.
The change in volume is achieved from the inward move-
ment of the plunger but there remains an external wall for
physical support of the box. The seal of the plunger, once in
its new position, provides an environmental seal. An expan-
dandable gasket 1047 can be used to achieve the hermetic
seal.

[0150] The subject length is premeasured before place-
ment of the subject in the box, so that the plunger wall is
preset. The premeasured volume aids in restraint and accli-
mation of the subject. It also permits calibration to be
performed at this appropriate box volume, which is neces-
sary. In a preferred embodiment, the box transducers are
located on the top of the box preferably, which is an
appropriate location due to the thermal volume of the main
chamber thus providing better equilibrating with the refer-
ence chamber if the latter is located on the top.

[0151] Inan alternative preferred embodiment, the volume
adjustment wall 1045 could be porous, with large holes in it.
In this embodiment, there is no expectation that the wall
1045 is sealed. Rather, it acts only as a mechanical assist to
push the dog forward. To be space efficient any space-
occupying devices such as non-compliant blocks of plexi-
glass or wooden cubes are placed behind the volume adjust-
ment door, prior to the outer door accessed by the user is
shut. The non-porous volume adjustment or plunger wall
allows for quick adjustments to box volume and avoids the
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possibility of that the main chamber acts like two distinct
compartments in terms of the distribution of box pressure. In
a preferred embodiment, the non-porous wall requires a
siliconized gasket, and a gasket seal for the plunger pole
itself as it rides through the stationary wall.

[0152] The chamber 1002 is small enough to be quickly
heated, and therefore is more thermally stable than large
whole body systems. A thermal sink for example, but not
limited to a coil is present in the chamber 1002 in a preferred
embodiment of the present invention. Thermal drifts are
minimized by providing a shunt 1014 to the ambient envi-
ronment. The time constant for the plethysmograph system
1002 that buffers a thermal drift is preferably in the range of
10 to 15 seconds which provides approximately 63% of a
leak to ambient. The environment in the chamber 1002 is
controlled using a heater/humidifier 1006 and a mixing fan
1004. An analog or digital measurement provides a measure
of the temperature and humidity in the chamber.

[0153] The system 1000 of the present invention permits
serial sampling over the short-term or long-term as it is
non-invasive, and measurements can be made quickly. Data
acquisition is computer based, using computations that are
well-established in the field of physiology. This increases
acceptance of the system 1000 since this is not a surrogate
measure of respiratory physiology requiring inordinate tests
of validity.

[0154] The commercial market for this embodiment of the
present invention includes veterinary hospitals that special-
ize in internal medicine, emergency and critical care, oncol-
ogy, referral hospitals, biotechnology or pharmaceutical
companies, or physiology laboratories. There are many
applications for the study of respiratory system disease,
whether upper or lower airway, parenchymal (lung tissue),
or chest wall disease.

[0155] Measurements that are useful for assessing the
respiratory system of subjects include measurement of dif-
fusion capacity of carbon monoxide (DLCO), dead space to
tidal volume ratio, and capnography. All these measure-
ments can be made with the subject positioned in or out of
the box. The facemask 1035 and a 3-way valve 1020 is
needed at the airway opening. Attachment to appropriate gas
sources 1018, and outlets to either atmosphere or gas col-
lection bags 1s also needed. A specific advantage of coupling
the head-out breath-in measurements and of functional
residual capacity (FRC) with DLCO is the correction of
DLCO. In general, the interpretation of all the pulmonary
function tests are enhanced by knowledge of the others. The
system 1000 of the present invention is capable of measur-
ing these parameters in awake animals, in particularly dogs
and small ruminants to provide important clinical and
research information. In addition, this system serves as a
basis for a comprehensive pulmonary diagnosis.

[0156] The chamber 1002 has multiple pressure transduc-
ers such as, for example, but not limited to an ambient
pressure transducer Patm, a box low pressure differential
pressure transducer Pbox, and a higher pressure differential
pressure transducer Pbox,. Both Pbox, and Pbox, are ref-
erenced to ambient. Pbox, is in the range of approximately
12 cm H,O while Pbox, is in the range of approximately +10
cm H,0. A pressure transducer Pao 1024 is in the range of
approximately 50 to 100 ecm H,O and measures airway
pressure. Further a pneumotach 1028 measures airflow V
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using a pressure transducer in the range of approximately +2
cm H,O. Airflows range widely depending on the size of the
anmimal and disease state, but typical flows for large (40-50
kg) dogs are in the following ranges: peak expiratory flow
approximately 800 ml/sec and peak inspiratory flow
approximately 750 mIL/sec. The types of pneumotach 1028
that may be used are, without limitation, for example,
screen-type, Fleisch, ultrasonic and turbine pneumotach. A
detailed view of the extension tube 1033 is provided in FIG.
26B.

[0157] FIGS. 28 and 29 are top-level flow charts illus-
trating preferred methods 1100, 1150 of measuring respira-
tory function in conscious animals in the system 1000 in
accordance with the present invention. The methods 1100,
1150 start by the preparation of the box prior to placement
of animal or human. An option of a preferred embodiment
includes a duration to prewarm and/or pre-humidify the box.
In another preferred embodiment, a prewarm or humidifi-
cation of the box is not provided. Temperature, humidity,
and barometric pressure in the box is monitored using digital
or analog sensors. It should be noted that an alternative
embodiment of the system design for anesthetized animals
uses an endotracheal tube through the wall of the box. A
shutter is attached to the external portion, and an extension
tube is coupled back through a port in the wall of the box.
This effectively allows breathing-back into the box, and the
control of the movable shutter from the outside.

[0158] Per step 1102, the chamber is calibrated with the
box sealed to atmosphere, the gains of amplifier (Pbox) are
adjusted. The maximum voltage deflections expected during
airway occlusions fall within an acceptable range, for
example, +/-5 V. To produce these deflections, physiologic
volumes expected during occlusion are used such as 0.25
ml/kg body weight.

[0159] Per step 1104, acclimation of the subject and ther-
mal equilibration of the box is performed. The subject is
placed in the box, standing with its head out through a
vacuum sealed or latex/rubber shroud/seal to prevent air-
leak. The subject can be restrained according to conven-
tional methods. For example, the dog can be handled gently
about the head, or a leash can be maintained around the
neck. The dog is left in the box for up to five minutes to
permit better equilibration of the box temperature.

[0160] The calibration of the box is performed with the
subject being attached to the facemask with the shutter open.
The subject is allowed to acclimate to the mask, which may
or may not be necessary based on their behavior. Panting is
acceptable and in fact promotes more rapid thermal equili-
bration and equilibration of expired with inspired gases in
the tubing.

[0161] The shutter is closed per step 1106 at end-expira-
tion of the subject, and while the subject continues to make
small efforts against the closed shutter, an X-Y plot of Pbox
1054 and Pao 1052 which is indicative of the pressure in the
facemask is generated. The slope of this X-Y plot 1056 is
employed as a correction factor in the measurement of
airway resistance. The X-Y slope is recorded using, for
example, an oscilloscope or commercial data acquisition
system such as, for example, Buxco XA Biosystem for
Windows, provided by Buxco Electronics of Sharon, Conn.
The Pbox (Pbox,) is plotted on the X and the Pao on the Y
axis for this purpose. FIG. 27A illustrates this curve.
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[0162] The other purpose of measuring this slope is for the
measurement of functional residual capacity (FRC). How-
ever, the Pbox, must first be calibrated relative to a known
volume. This can be readily achieved by injecting a known
volume into the box, and measuring the pressure change.
The calculation of FRC uses Boyle’s law. During occlusion,
the subject makes efforts to breathe. The calculation can be
made as follows: deltaV (in ml)/deltaPbox (in cm H,0)x
(Patm-PH,0)/1000; units being liters (L).

[0163] The next step 1112 includes the measurement of
specific airway resistance (sRaw). For this step, the shutter
is opened per step 1110. The subject breathes through the
extension back into the box. The Pbox is now a reflection of
alveolar pressure which is the average pressure within the
alveolar space. The measurement of resistance is generally
defined as pressure divided by flow. In this case, instanta-
neous flow is measured at the airway opening (V'ao) 1072
with a pneumotachometer, and this flow is plotted against
Pbox 1074 real-time as showing in FIG. 27B. The slope of
this line 1076 is multiplied by the slope of the Vbox/Pbox,
line generated during calibration. This provides a measure of
specific airway resistance sRaw, a resistance that pertains to
the compartment of airways proximal to the alveoli as
opposed to pulmonary resistance, which includes the lung
tissue pleura. sRaw is an important clinical measurement in
any subject suspected of airway disease. Previous studies
have shown that sRaw is a strong indicator of the level of
bronchomotor tone in the lower airways. Because flow is
measured at the airway opening, sRaw is a reflection of
resistance of all the airways, including the upper and lower
airways, and this measurement does not distinguish the
location of the obstruction.

[0164] Per step 1114, flowmetric indices can be measured
using the methods 1100, 1150 of the present invention. The
box extension is capped off using a stopcock or shutter on
both ends, and the subject continues to breath via facemask
to the atmosphere per step 1113. The instantaneous flow or
nasal flow is compared to the volume displacement at the
body surface measured and previously calibrated with a
known volume as pressure changes in the box, thoracic flow.
Instantaneous nasal and thoracic flows are compared to
obtain indices of airway obstruction. The advantage of
coupling flowmetric measurements with plethysmography is
that additional information is obtained. The flowmetric
indices allow a clinician to distinguish airway obstruction
that is evidenced during the inspiratory as opposed to the
expiratory phase of breathing. This helps to localize a lesion,
since many upper airway obstructions cause dynamic
inspiratory resistance, and lower airway obstructions result
in dynamic obstruction principally during expiration. Some
lesions result in both upper and lower, or both inspiratory
and expiratory abnormalities in resistance.

[0165] The system 1000 in accordance with the present
invention is useful to specialists but in no way restricts the
operation to specialists in the field of pulmonology. Since
the application is friendly enough, a technician can be
trained to perform all the tests, leaving the interpretation of
the data to the clinician, specialist, or researcher. In a
preferred embodiment, a data port for remote real-time or
post-hoc or acquisition analysis over the internet is pro-
vided.

[0166] The preferred embodiments of systems of the
present invention may find applications in specialized vet-
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erinary hospitals, and research laboratories. The system
1000 can be constructed at different levels of complexity,
particularly in the user interface. For example, a data acqui-
sition system can be provided per a preferred embodiment
which is user-friendly, involving an automated and four
point calibration of pneumotachograph flow, pressure of the
box for FRC, pressure of the box for sRaw, pressure of the
airway with automatic recording of box temperature, pres-
sure, and humidity. In yet another embodiment, a more
sophisticated calibration that stores data in a format that is
compatible with good laboratory practices is provided. The
former system is a touch screen, the latter computer based.
Although these user interfaces and software used to acquire
data are not necessary to define the embodiments of the
present invention, it is relevant perhaps to consider that a full
array of user-interfaces make the system of the present
invention more marketable.

[0167] A preferred embodiment of the system 1000 of the
present invention is directed to providing measurements in
larger animals. The preferred embodiment of the system
1000 in accordance with the present invention can be
assembled on-site by a specialist, and by measuring sRaw
and FRC in a sampling of healthy subjects. Once assembled,
the system 1000 weighs less than approximately 30 Ibs and
may be placed on a moveable cart. The cart may have an
hydraulic lift if the user wants to elevate the subject off the
ground to a desirable height and has wheels to be easily
moveable. The hardware components, for example, the
amplifier interface and power unit can be attached to the cart
or kept separate on a second cart or reside on a stationary
piece of office furniture. Mobility is an advantage for some
users, since the system can be used in multiple areas of a
pharmaceutical campus, for instance.

[0168] FIG. 30 is a flowchart that provides the details of
a preferred embodiment of the method 1300 of computing
the functional residual capacity (FRC) using the system
described in FIGS. 26A-C, 28, and 29. The method 1300
begins by calibrating Pao indicative of the airway flow at the
facemask of the subject using a manometer per step 1302.
The pressure transducers Pbox, and Pbox, are then cali-
brated separately using know volumes injected into the box
or chamber per step 1304. Thus, Pbox, and Pbox, are
calibrated and correlated to a differential volume measure
(Pbox and Pbox,=KV, , ).

[0169] The chamber is then opened per step 1306 and
subject is introducted into the chamber. Per step 1308, the
subject acclimates to the chamber for approximately 1 to 5
minutes. The chamber is then closed. The facemask is then
attached per step 1310. The shutter of the movable shutter
assembly is then closed at the end of the exhalation per step
1312 which correlates to FRC. The differential airway
pressure APao and differential box pressure APbox; are then
measured per step 1314. The airway measure (Pao) is
inversely proportional to the pressure in the chamber. The
box pressure is converted to a volume measure per the
carlier calibration. The shutter assembly is then opened per
step 1316. Step 1318 includes the repetition of steps 1312-
1315 as desired.

[0170] The FRC parameter is measured per step 1320. The
change in volume is divided by a change in airway pressure.
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Vlmax

FRC =

(Patm — Pp0)

'max

[0171] Thus, pressure changes in the chamber are cali-
brated with known volume measures and provide an abso-
lute measure of thoracic volume or change in lung volume.
The units of FRC are typically in liters.

[0172] FIG. 31 is a flow chart that provides the details of
a preferred embodiment of the method 1350 to compute
airway resistance (sRaw) using the system described in
FIGS. 26A-C, 28 and 29. The method 1350 begins after the
steps 1302 through 1318 as detailed in the FIG. 30. The
method 1350 then includes the computation of the ratio of
the differential box pressure and differential airflow measure
per step 1354,

( APao
APbox;

!

[0173] The shutter assembly is then opened per step 1356
and the subject now is breathing back into the box. The ratio
of the differential airflow measure and the differential box
pressure are measured and recorded

}

( APbox;
AVmax

[0174] Per step 1358 an average value is determined for
the ratio
(APboxl]
AVmax /
[0175] over several breaths.
[0176] The value of the airway resistance sRaw is then

computed in step 1360 by multiplying the average value
calculated in step 1358 with the correction factor calculated
in step 1314 of FIG. 30. Thus,

APbox,
AV

APao
APbox;

sRaw =

X

[0177] FIG. 32 is a flowchart detailing the methods to
measure and calculate flowmetric variables in accordance
with preferred embodiments of the present invention as
described with respect to FIGS. 26A-C, 28 and 29. The
method 1400 begins after the steps detailed in FIGS. 30 and
31. In step 1404 Pbox, is closed using a stopcock mecha-
nism. Per step 1406, Pbox, is opened and allows a measure
of flow at the airway opening. The method 1400 then
proceeds to step 1408 wherein the flow is diverted to
atmosphere and thus no expired gas is introduced into the

17
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chamber. In step 1410, calibrated Pbox, values as differen-
tiated into volume (V) is recorded. The flows (V, and V,,)
derived from the two pressure transducers is then compared
per step 1412 to derive flowmetric variables. Thus, the
system 1000 is accordance to a preferred embodiment of the
present invention allows the correlation of pressure changes
to volume, which in turn are differentiated to provide signals
indicative of flow at the mouth and thorax. The dynamic
comparison of these flows provides a characterization of
airway obstructions.

[0178] FIG. 33 is a flow chart that details post-acquisition
analysis that may be performed in accordance with a method
1450 of measuring respiratory function as described with
respect to FIGS. 26A-C, 28 and 29 of the present invention.
The method 1450 includes step 1452 wherein the FRC
measurement is corrected for aberration added by the appa-
ratus (V) such as, for example, subtracting the dead space
of the shutter assembly, facemask and the subject’s upper
airway. Thus, FRC__,,...s=FRC-Vy. The FRC measure-
ment is corrected for body weight, FRC/kg bodyweight.
Typically a range of approximately 30 to 40 ml/kg body-
weight is corrected for any test subject.

[0179] The method 1450 then proceeds to step 1454 for
correcting the resistance measure: sSRaw,, . ..q=| SRaw—
Rapp] wherein the resistance of the apparatus such as, for
example, the flowmeter and plumbing tubing, is subtracted
from the measured sRaw. In step 1456, the flowmetric
variables are then computed and corrected. The variables
associated with the expiratory phase of breathing (SFE,,,.
and SFE,, ) which are the area difference between V, and
V, during prescribed portions of expiration as defined by the
V,, signal are corrected for bodyweight. Similarly the vari-
able associated with the inspiratory phase of breathing
(SFIL_,,,, SFI, ) are corrected. Further, flowmetric variable
that may be corrected include, for example, but are not
limited to respiratory frequency tidal volume, peak flows
and minute ventilation.

[0180] The method 1450 may include the step of 1458
which comprises further analysis of these flowmetric indices
such as, for example, the use of Fourier analysis such as Fast
Fourier Transforms. This provides for a study of frequency
dependent respiratory function characteristics.

[0181] Further, since the head-out plethysmograph system
affords a variety of measurements, these measurements can
be packaged as a pulmonary function testing panel by an
operator, for reporting by the interpreter be it a specialist, a
clinician, or a rescarcher. New variables from the flowmetric
variable analysis of the system of the present invention may
include, for example, peak and area differences between
nasal and thoracic volumes and flows in selected segments
of the breath, such as inspiratory and expiratory measure-
ments, and measurements in the first portion of inspiration
or expiration. Further, X-Y plots of nasal and thoracic
signals (flow-volume measurements) may provide insights
into thoracic flow as related to nasal volume, and nasal flow
in relation to nasal volume. The corrected values of peak and
area differences above—i.e., normalized for body weight,
lung volume as measured by the pneumotach (nasal), and/or
FRC may also be generated. In addition, Fast Fourier
Transformations (FFT) and transfer function analysis of the
nasal versus thoracic volume or flow signals, classic vari-
ables also measured with plethysmography, specific airway
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resistance, and functional residual capacity (FRC) may be
generated. It should be noted that an embodiment having a
head out, breath-out plethysmograph configuration provides
the flowmetric variables similar to the embodiments that
measure signals indicative of effort as described hereinbe-
fore. In contrast, an embodiment having a head out, breath-
in plethysmograph provides a signal that is indicative of the
pleural or alveolar pressure as it measures pressure gradient
between inside of the subjects chest and the outside.

[0182] Further data that may be generated using the meth-
ods of the present invention include FRC corrected for body
weight (FRC/kg bwt) compatible measurements not requir-
ing the plethysmograph, but requiring additional equipment
such as, for example, a three way non-rebreathing valve or
rebreathing bags, fast-frequency gas analyzers (He, CO, O,,
C0,), non-diftusible gas collection bags, and a capnograph,
venturi tube or other methods for indirect calorimetry, with
appropriate sampling ports. The subject can remain in the
plethysmograph during tests and provide the following
additional data: end-tidal CO,, mixed expired CO,, inspired
gas fractions, dead space to tidal volume ratio, diffusion
capacity for carbon monoxide by steady state or rebreathing
methods (DLCO), indirect calorimetry such as resting
energy requirements (RER), respiratory quotient, (RQ),
V'0,, V'CO, and FRC by helium dilution if occlusions are
unsuccessful. Specific tests may be selected depending upon
the test subject and the diagnosis. A report is then generated
including an interpretation by the specialist/clinician/re-
searcher.

[0183] The systems and methods in accordance with the
preferred embodiment of the present invention address clini-
cal respiratory disease which is highly prevalent in animals
and humans. Respiratory diseases are generally divided up
into those that involve the airways (upper or lower), the lung
tissue (alveoli), the breathing pump (chest wall, diaphragm)
and neuromuscular connections and the brain. In addition
there are neuromuscular diseases, for example, botulism,
myasthenia gravis that are considered. The plethysmo-
graphic system in accordance with the present invention is
relevant to all causes of respiratory disease. These diseases
appear similar, that is as an animal in apparent respiratory
distress or intolerant of exercise or movement. To sort out
the location of the lesion, one needs specific prescribed tests.
Since the subjects are typically compromised or sick it is
important that the tests do not exacerbate the illness due to
excessive movements or stress or anesthesia. The ancillary
tests, such as radiography, endoscopy, and arterial blood
gases are important, but do not consistently localize the
disease, especially if the lung (lower airways and alveoli) are
involved. In addition, the ancillary tests do not quantify the
extent or severity of the pathology in many circumstances.

[0184] The plethysmograph system in accordance with the
preferred embodiments of the present invention, if used to
measure flowmetric data and classical measures of sRaw and
FRC, allows for the specific localization of the problem. For
example, in the case of dogs with idiopathic lung fibrosis,
where the alveoli are diseased but the airways are spared of
pathology, there are marked changes in FRC, without
changes in sRaw. The opposite is true in cases of asthma or
bronchitis. In emphysema, there are increases in FRC and
minor increases or no change in sRaw. The flowmetric data
further allows one to distinguish if abnormalities of the
airways are localized in the upper airways or lower airways,
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and if they are fixed or dynamic obstructions. For example,
an intrathoracic collapsing trachea, would result in abnor-
malities principally in the expiratory flowmetric data
(increased peak and area differences between thoracic and
nasal volumes and flows during expiration), with little or no
change in inspiratory data. This enhances the measure of
sRaw, which is more or less an average of inspiratory and
expiratory resistance. Although there are prior art methods
for computing inspiratory versus expiratory resistance using
plethysmography, these do not allow one to visualize these
differences, and are complicated requiring specific algo-
rithms that are untested. Therefore, the combination of
flowmetric data and classical measures of sRaw and FRC as
derived from the preferred embodiments of the present
invention reveal important characteristics and further the
diagnosis of specific respiratory problems. The addition of
compatible measurements, especially DLCO, dead-space to
tidal volume ratio, and indirect calorimetry allows even
further understanding of complex processes, such as pulmo-
nary vascular disease, that lowers DLCO and increases
dead-space/tidal volume ratio without changing flowmetric
data or classical measures of sRaw and FRC, in most cases.
The subject with dyspnea may have an underlying airway,
alveolar, vascular, or breathing pump problem, each of
which requires a specific treatment. The preferred embodi-
ment systems in accordance to the present invention are
non-invasive, comprehensive, and based in credible physi-
ologic theory.

[0185] FIGS. 34A-34G are schematic diagrams of side
and top views of a plethysmography system in accordance
with a preferred embodiment of the present invention. While
all dogs cooperate to extend their neck out of the box, some
become uncomfortable with the extended horizontal head-
neck angle even when standing. In a standing or sitting
position, the neck of quadripeds is about 30-45 degrees from
horizontal such as the ground for reference. Thus, the
alternative embodiments illustrated in FIGS. 34A-34G
accommodate this position. The more the neck of the subject
is perpendicular to the opening without causing the head to
stretch, there is a decreased likelihood of repeated contact
between the back of the subject’s, for example, dog’s head
or neck when they lift it up and down. The latter causes noise
in the signal by altering the shape/volume of the air within
the box.

[0186] In an alternate preferred embodiment, the plethys-
mography chamber is modified to reduce noise from the
movement of the head-neck on the in-contact wall by using
an inflatable shroud around the dog’s neck. The movements
are transmitted to the inflatable shroud, rather than directly
to the wall of the box. This results in a significant drop in the
noise level (due to head-neck movement) using an inflated
as opposed to a stiff wall. The signal to noise ratio is thus
enhanced. The stiff wall used has multiple layers, for
example, a bi-layer of latex filled with beads, from which air
is evacuated to stiffen the structure. This assists in getting the
dog into the shroud, however, the stiff but movable structure
when bumped is very noisy. The pressure of an inflation cuff
around the neck can greatly exceed the pressure range of the
box (Pbox) during rebreathing back into the plethysmogra-
phy chamber or into a bag. The pressure created by head-out
breath-back respiration is approximately +0.2 ¢cm H,O,
whereas the cuff is inflated to 50-60 cm H, 0, well tolerated
by dogs, that are accustomed to much greater pressures from
leashes.
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[0187] Another preferred embodiment, includes a
rebreathing bag. This embodiment has several advantages
such as to stimulate respiration (due to CO, accumulation)
within 90 seconds, the CO, in the extension tube increases
from 0.02% to 5-6% in the chamber, which causes the dogs
to hyper-ventilate, improving the resolution of flow-limita-
tion measurements. The disadvantage may be that the dogs
become intolerant to this rebreathing. Further, the closed
system employing a rebreathing bag also permits rebreath-
ing of gases for equilibration, for example, helium for the
measurement of helium dilution, permitting determination
of FRC. Another advantage includes rebreathing of gas
promoting the equilibration of water vapor and temperature
which in turn improves the measurement of specific airway
resistance (sRaw), since sRaw is determined by the slope of
the Pbox-V' (i.c. flow) plot. The measurement of the slope
of the plot is easier if the loop is closed or more closed, as
when the dog pants, or rebreaths heated and humidified gas
which occurs naturally when the dog is breathing within a
closed space, and can be augmented by first filling the
rebreathing bag and tubing with heated/humidified air, using
a humidifier, for example. In an embodiment Pbox-V' loops
are more closed when the dogs rebreathed exogenously
supplied heated (39° C.) humidified air (100% saturated
with H,0), referred to as body temperature, pressure, satu-
ration (BTPS) air.

[0188] In a preferred embodiment, the measurement of
sRaw is made easier. Unless BTPS conditions are met by
introducing heated/humidified air or with the subject dog
panting within a closed space, the measurement of sRaw is
cumbersome, since it is difficult to discern a slope from the
Pbox-V' (X-Y) plot. Methods of measuring sRaw without
BTPS conditions in guinea pigs and humans, respectively,
have been developed by measuring the slope of the Pbox-V"
plot during exhalation where the gas crossing the pneumo-
tach is already heated and humidified by the lung. A method
for measuring sRaw without BTPS conditions is described
by K. P. Agarwal in Respiration Physiology (1981) 43,23-30
entitled “Specific Airway Conductance in Guinea Pigs:
Normal Values and Histamine Induced Fall” and by W. S.
Krell et al in J. Appl Physiol:Respirat Environ Exercise
Physiol. 57(6): 1917-1922 (1984) entitled “Quite-breathing
vs. panting methods for determination of specific airway
conductance,” the entire teachings of which are incorporated
herein by reference. This method aids in the measurement of
sRaw using the head-out plethysmograph in accordance with
the embodiments of the present invention as well.

[0189] A preferred embodiment includes an alternate
method for the measurement of FRC (functional residual
capacity). Since the measurement of Raw requires the mea-
surement of FRC (Raw=sRaw/FRC), an alternative method
to the occlusion step required for the method to measure
FRC is developed. A body plethysmographic measurement
of thoracic gas volume without panting against a shutter is
described by Anurag Agarwal et al in J. Appl Physiol (1996)
81:1007-1011 entitled “Body plethysmographic measure-
ment of thoracic gas volume without panting against a
shutter,” the entire teachings of which is incorporated herein
by reference. In one embodiment, an alternative plethysmo-
graphic method includes requiring that sRaw (sRaw,) is
measured before and after the addition of a known resistor
(sRaw,) in the extension tube as illustrated in FIG. 35.
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[0190] FIG. 36 is a flow chart 1760 illustrating an alter-
nate preferred embodiment of a method to measure FRC
using a plethysmography chamber of the present invention.
The computation of FRC (in L) is as follows: (sRaw,-
sRaw,)/Radd. sRaw is measured using the slope of the
Pbox-V' plot during the transition between expiration and
inspiration, which is clearly evident, particularly when the
dog is panting per steps 1762, 1764. sRaw is then calculated
per step 1766 as

sRaw(1l or 2)=(1/tan ©)*(corr factor)*Patm—PH,0

[(Vbox-bwt  dog)/Vbox /1000 FRCpyerngs=(sRaw,—

sRaw,)/Radd,
[0191] wherein O is the slope of the X-Y plot and char-
acterized as Pbox versus volume in radians.

[0192] Results from data collected show a good correla-
tion between this method of a preferred embodiment and
helium dilution measurements of FRC in normal dogs. The
alternative embodiment includes measuring FRC using
helium or nitrogen dilution methods, independent of
plethysmography, and using this value in the conversion of
sRaw to Raw as described hereinbelow.

[0193] A preferred embodiment provides a method for the
measurement of Raw. Airway resistance (Raw) is an impor-
tant diagnostic measure in animals suspected to have an
airway obstruction, asthma, collapsing trachea, or inflam-
matory or reactive airway diseases. Using plethysmography,
Raw is derived from FRC as previously described herein-
before. Once sRaw is obtained by measuring the slope of the
Pbox-V' curve, division by FRC to get Raw can be achieved
by using the plethysmographic FRC by occlusion, or resis-
tance added methods, or FRC by helium or nitrogen dilution
or any other method for obtaining FRC. This provides the
operator options depending on whether the subject is coop-
erating for these maneuvers. For example, if the subject, for
example, the dog is panting during the examination, either
occlusion or added resistance methods work. If the dog did
not cooperate for these measurements, then FRC can be
measured outside the plethysmograph using helium or nitro-
gen dilution.

[0194] In a preferred embodiment, one chamber can have
interchangeable doors, so that the user can determine which
way they want the subject dog’s (or animal or human) head
to be outside the chamber. The possibilities are, without
limitation, horizontally extended out the end, or vertically or
out the slanted face of the chamber. The chamber can have
doors that may be exchanged from one position to another,
allowing the user to close off one door (with a door that
seals) and position the other door to accommodate the
animal’s head. The doors can be exchanged positionally if
the other orientation is desired.

[0195] FIG. 37 illustrates a schematic diagram of an
alternate preferred embodiment using a whole body (head-
in) plethysmography chamber in accordance with the
present invention. This embodiment removes the necessity
for head-out positioning, but requires special cooperation
from the subject. This preferred embodiment is similar to the
whole body plethysmograph used in humans. The whole
small animal subject, for example, the dog 1788 is placed
within the plethysmograph 1782, wearing a facemask 1794
with a small, light, pneumotach 1792 attached at the orifice.
Sedation may be necessary for dogs or other mammals to
tolerate muzzling. The pneumotach is either attached
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directly to a transducer 1786 on the mask, or via a length of
tubing which exits the top of the plethysmographic chamber.
The mask is large enough to permit panting. Most dogs pant
when unrestrained within a plethysmograph, due to the
progressive increase in chamber temperature. The panting
facilitates BTPS conditions in the mask/pneumotach. A short
approximately 6-10 ¢cm extension at the end of the pneu-
motach may be added to the system, to facilitate the
rebreathing of exhaled gas and therefore improve BTPS-like
(body temperature, pressure, saturation) conditions, but this
may not be necessary. A small shutter 1790 at the end of the
pneumotach permits occlusion, but pressure in the facemask
needs to be monitored after occlusion, so an additional
sideport (between the pneumotach and facemask) may be
incorporated if the previous method to measure FRC (see
FIG. 30) is used in dogs or other mammals within the
chamber. Alternatively, resistors can be added in order to
measure FRC as described hereinbefore. The advantage of
whole body plethysmography is that certain dogs tolerate the
unrestrained environment better. This setup, while similar to
the human plethysmographs where Raw and FRC is mea-
sured according to methods described with respect to FIG.
30, is different from unrestrained whole body plethysmo-
graphs used for rodents that do not incorporate a facemask
or pneumotach for measurement of flow, and from double
chamber plethysmographs that measure flow at the airway
opening by pressure changes in a chamber surrounding the
nose and a separate chamber for the body.

[0196] Preferred embodiments of the present invention
include the use of plethysmography for sleep studies or
monitoring in humans. Some embodiments include the use
of a nasal cannula for measurement of pressure in the nasal
passage or nasopharynx. This can replace the use of a
pneumotachograph or thermistor or amenometer or any
other flow measuring device at the airway opening. The
transducer for a nasal cannula is a low-range differential
pressure transducer as for a pneumotachograph or plethys-
mograph, while keeping the downstream system as
described hereinbefore.

[0197] Comparisons exist for the nasal cannula derived
flow measurements to a thermistor (i.., thermistor based
pneumotachograph) for the detection of sleep apneas and
hypopneas in infants and children. The nasal cannular is
superior for both detections. The entire teachings of a study
as described by Trang H., Leske V., Gaultier C., entitled
“Use of nasal cannula for detecting sleep apneas and hypop-
neas in infants and children,” in Am J Respir Crit Care Med
(2002); 166:464-468 are incorporated herein by reference in
its entirety.

[0198] The flowmetric system as described in preferred
embodiments of the present invention hereinbefore can be
used for sleep analysis. A preferred embodiment includes a
home sleep measurement which provides more reliable
results because it compares effort to flow at the nose/mouth,
in contrast to prior art measurements which either measure
them separately but do not compare them quantitatively at
identical instants of time, or measure only one or the other
signal. Combining the effort (data collected using induc-
tance plethsymography, i.e., as measured by the RIP bands
described hereinbefore) signal with a measure of flow such
as nasal cannular measurements gives a better assessment of
the nature of airway obstruction. Other embodiments that
use the head out, breath-in plethysmograph system can use
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the pleural pressure or alveolar pressure measurement
indicative of the pressure gradient inside and outside the
chest of the subject and the measure of flow to give an
assessment of airway obstruction. Thus, the sleep measure-
ment can use a combination of flowmetric or plethysmo-
graphic sensors. It provides a complete or partial diagnosis.
A partial provides a description of the “upper airway resis-
tance syndrome,” a common diagnosis in snorers that do not
sleep well. If there is a decrease in flow, it may be central
(due to lack of effort) or obstructive (due to blockage). The
preferred embodiments of the present system are better for
quantifying these events, with extended measurement peri-
ods. The nasal cannula is the best way to measure flow in
this application. The preferred embodiment home sleep
system is simple and decreases the costs for people going
into sleep laboratories for diagnosis.

[0199] A preferred embodiment included a series of mea-
surements using subjects such as dogs, which measured the
pressure of the chamber (Pbox) and flow at zero, and
increasing resistive loading by adding resistances to the
tubing. The measurement of sRaw (slope of the Pbox-flow
curve according to the added resistance method) is found to
be proportional to resistive loading, however, it was not
possible to ascertain the absolute load. During these mea-
surements, it was noted that dogs did not tolerate the
occlusion well in general. Thus, preferred methods include
measuring slopes to obtain sRaw, and the method to obtain
FRC by added resistance, as they appear to be well tolerated.
In order to perform the open/closed shutter method, the dogs
need to be panting at a frequency of greater than 2 Hz, which
is only intermittently possible in healthy dogs. The facemask
impedes their will to pant, despite vigorous panting outside
the masks. A preferred embodiment includes a large mask
that accommodates a dropped jaw necessary for panting.
However, sick dogs pant despite the constraints of a mask
thus using the open/closed shutter method of preferred
embodiments.

[0200] A validation study of head-out plethysmograph
system in accordance with the present invention was con-
ducted. Sheep were used as subjects because it was possible
to measure pleural pressure in the awake state unlike dogs
for subjects. The measurements included Pbox and flow to
derive sRaw (i.c. sSRaw, and sRaw,, the latter after added
resistance) and FRC as described hereinbefore. Pleural pres-
sure (by insertion of an esophageal pressure probe) and flow
were also measured in order to obtain pulmonary resistance
(Ry =pleural pressure/flow, taken at points of equal volume),
the gold or reference standard of resistance. The gold
standard of FRC was measured using helium dilution in the
same animals under the same conditions which included
fasting for 12 hours. The added resistance method of mea-
suring a slope on the X-Y plot is applicable to animals/
humans that are breathing quietly, but is not necessary when
subjects are panting as in the latter circumstance, the loop is
closed and therefore the slope is measured easily across the
long axis.

[0201] The validation study in a preferred embodiment
included measurements of non-invasive airway resistance
(Raw) and functional residual capacity (FRC) in conscious
sheep to increase the scope of pulmonary mechanical mea-
surements in awake or sedated animals. For a thorough
investigation of respiratory disease, it is important to have
access to static lung volumes (FRC, TLC), Raw, compli-
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ance, diffusion capacity, and dead space measurements.
However, a method that is well-tolerated, yet accurate, is
needed. One of the purposes of systems in accordance with
a preferred embodiment is to use an embodiment employing
a head-out constant volume plethysmography for measure-
ment of Raw and FRC, applicable to small animals and
small ruminants. As described briefly heretofore, sheep were
used as initial subjects, due to the ease of measuring
pulmonary resistance (R;) in this species. Fasted sheep
(n=10, 52-62 Kg, female) were sedated with midazolam (0.3
mg/kg IV) and placed within a constant volume plethysmo-
graph (330 L, t=10 sec), with the head exteriorized through
a seal. They were instrumented for measurements of esoph-
ageal pressure and flow. Flexible tubing, for example, 5.1 cm
inner diameter (LD.), was attached distally to the pneumo-
tach and routed back into the box through a sealed connec-
tor. Sheep, therefore, breathed in/out of the sealed box.
Calibrated box or chamber pressure (Pbox), pleural pressure,
and flow were recorded using commercial software. The
slope of the Pbox-flow X-Y plot was measured to obtain
specific airway resistance (sRaw) according to the added
resistance method for non-panting subjects. FRC was mea-
sured using helium dilution (FRC-He) and by the added
resistance method (FRC-R_,), and sRaw divided by each to
derive Raw (He and R,,,) at baseline for comparison with
pulmonary resistance (R, —isovolume method). sRaw was
compared to R; at several levels of external load, for
example, but not limited to, 0, 1.5, 5, and 20 cm H,O/L/sec.
FIGS. 38A and 38B graphically illustrate the results of a
validation study using a head-out constant volume plethy-
mosgraphy system for measurement of airway resistance
(Raw) and functional residual capacity (FRC) in conscious
sheep wherein Raw is plotted versus pulmonary resistance
R and specific airway resistance is plotted versus Ry,
respectively, in accordance with a preferred embodiment of
the present invention.

[0202] The results established that sRaw was highly cor-
related with R; across added resistances (r=0.936,
P<0.0001) and within individual resistances. Further, R,
correlated significantly with R; at baseline whether FRC-
R, 44 (r=0.931, P<0.0001) or FRC-He (r=0.79, P=0.011) are
used for derivation. Thus, it is feasible to obtain precise
measurements of sSRaw and Raw using non-invasive plethys-
mographic technology. This method of a preferred embodi-
ment has applications to veterinary patients or research
subjects where non-invasive measurements in the conscious
state are desired.

[0203] FIG. 39 illustrates the X-Y loops from a subject
sheep at baseline before any resistance was added wherein
the chamber pressure (Pbox) is plotted against flow and were
recorded from an early part of the measurement, the data
collection lasting approximately 1 to 1%2 minutes in accor-
dance with a preferred embodiment of the present inven-
tion.

[0204] FIG. 40 graphically illustrates zero resistance in a
subject sheep in an early part of the measurement wherein
Pbox is plotted against flow. sRaw is calculated as
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mL

1 T v
sRaw = % div on X axis %

tand  sec/div on ¥ axis

(Pg — PH,0) (box volume — subject Weight]

1000 box volume

[0205] wherein O is in radians in accordance with a
preferred embodiment of the present invention.

[0206] FIGS. 41A and 41B graphically illustrate the
results with no resistance added using a sheep subject
wherein Pbox is plotted versus time, and flow and volume
are plotted against time, respectively, in accordance with a
preferred embodiment of the present invention.

[0207] FIG. 42 illustrates graphically the results of a
measurement with a sheep subject with no resistance added.
R, =1.8 ¢/l/sec wherein the upper trace represents measured
flow using a pneumotach, and the lower trace is measured
pleural pressure ( P_,—P,,.) in accordance, with a preferred
embodiment of the present invention. P, is measured at a
point distal to resistors.

[0208] FIG. 43 graphically illustrates zero resistance X-Y
loops at the end of a measurement at time 1 minute 5
seconds, with a sheep as the subject wherein chamber
pressure is plotted against flow in accordance with a pre-
ferred embodiment of the present invention.

[0209] FIGS. 44A and 44B graphically illustrate zero
resistance at the end of the measurement using a sheep
subject wherein Pbox is plotted versus time, and flow and
volume are plotted against time, respectively, in accordance
with a preferred embodiment of the present invention.

[0210] FIG. 45 graphically illustrates the results of zero
resistance at the end of the measurement wherein the upper
trace represents measured flow using a pneumotach and the
lower trace is measured pleural pressure in accordance with
a preferred embodiment of the present invention.

[0211] FIG. 46 illustrates graphically the X-Y loop from
a sheep subject with a resistance of 1.5 cm H,0/c/sec added
wherein Pbox is plotted versus flow in accordance with a
preferred embodiment of the present invention.

[0212] FIG. 47 graphically illustrates the X-Y loop from
the sheep subject with a resistance of 5 cm H,0/l/sec added
wherein Pbox is plotted versus flow in accordance with a
preferred embodiment of the present invention.

[0213] FIGS. 48A and 48B graphically illustrate the
results of adding 5 cm H,O/l/sec resistance using a sheep
subject in the plethysmography chamber in accordance with
a preferred embodiment wherein Pbox is plotted versus
time, and flow and volume are plotted against time, respec-
tively.

[0214] FIG. 49 graphically illustrates the results of a
measurement using the sheep subject with a resistance added
of 5 em H,O0/l/sec (R, 6-7 ¢/L/se) wherein the upper trace is
measured flow, the lower trace is measured pleural pressure
in accordance with a preferred embodiment of the present
invention.
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[0215] FIG. 50 graphically illustrates the X-Y loop from
the sheep subject with a resistance of 20 cm H,O/L/sec
added wherein Pbox is plotted versus flow in accordance
with a preferred embodiment of the present invention.

[0216] FIG. 51 graphically illustrates the results of Pbox
plotted against flow with zero resistance and an angle of
0=82.5 in accordance with a preferred embodiment of the
present invention.

[0217] FIG. 52 graphical illustrates the results of Pbox
plotted versus flow with a resistance added of 5 cm H,0/
L/sec wherein 6,=44° in accordance with a preferred
embodiment of the present invention.

[0218] FIG. 53 is a tabulation of the results of data
collected using the sheep subject as described with respect
to FIGS. 39-52 in accordance with a preferred embodiment
of the present invention.

[0219] 1In accordance with preferred embodiment of the
present invention, the standard use of the RIP bands (respi-
ratory inductance plethysmography) described hereinbefore
are compared to the flowmetric system which combines the
values measured using the bands with nasal flow measure-
ments. RIP bands are used to measure a plurality of variables
that are not compared with nasal flow, in comparison to
preferred embodiment that include rib/abdominal motion
usually summed, to actual flow. The standard variable used
to measure airway obstruction with RIP, the slope of the X-Y
plot of rib and abdominal volume signals, does not correlate
with gold standard measures of airway obstruction in natu-
rally occuring lower airway obstruction in the horse. The
correlation using flowmetrics in accordance with preferred
embodiments of the present invention are high (0.9,
P<0.001). RIP measurements alone are insufficient, i.c., it
misses obstruction sometimes. The flowmetric of preferred
embodiment systems has application in humans, especially
when it employs a non-obstrusive measure of flow at the
nose or mouth, such as nasal cannula measures of pressure.

[0220] Further, in accordance with preferred embodi-
ments, the rib-abdomen synchrony as a variable (slope,
phase angle) can be combined with the flowmetric indices
(sum-flow in terms of peak or area differences) and result in
additional terms to describe respiratory function and provide
further analytical measures. For example, without limitation,
slope can be multiplied by peak difference between thoracic
and nasal flow to get an amplitude-phase sensitive variable
similar to impedance.

[0221] 1In accordance with another preferred embodiment,
bronchoconstriction can be measured in subjects, for
example, horses using inductance versus flowmetric plethys-
mography methods. Bronchoconstriction is an important
feature of heaves (RAO) and inflammatory airway discase
(TAD). Its measurement is relevant to the understanding of
clinical severity, response to treatments, and airway reac-
tivity. The traditional method of assessing dynamic lung
function which incorporates an esophageal pressure mea-
surement is not ideal for clinical or field use. The preferred
embodiment of the present invention includes non-invasive
measures of bronchoconstriction, which retain a level of
precision on par with traditional measures. A simple method
using respiratory inductance plethysmography (“RIP”) to
measure thoraco-abdominal asynchrony failed to grade
experimental upper and lower airway obstructions in foals.
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In contrast, the time-sensitive comparison between RIP and
pneumotachographic (“FP”) derived flows correlated well
with traditional variables (Cg,,,, Ry, dPP1,, ) in horses with
RAO during bronchodilation and normal horses undergoing
bronchoconstriction. The preferred embodiment provides a
direct comparison between RIP and FP in the same group of
horses. Phase angle (“8”) derived from the X-Y plot of rib
and abdomen volume signals (RIP) are compared to a FP
derived index of airway obstruction (“PESF’=peak differ-
ence between RIP and pneumotachographic expiratory
flows), and these variables are correlated with conventional
mechanics (Cy,,,, Ry, and dPP1,, ) in horses (n=26) pre-
sented with varying degrees of chronic lower airway
obstruction.

[0222] In all horses (n=26), there were significant
(P<0.001) correlations between PESF and dPP1,_ (r=0.92),
Ry (r=0.90), and C,,,, (r=-0.61), and between 0 and R, and
dPP1,,. (0.72 and 0.8, respectively, P<0.001) and to a lesser
degree with Cg,, (r=—0.40, P=0.02). Within the RAO horses
(n=10), there were significant (P<0.0001) correlations
between PESF and dPP1,,, (r=0.92) and R; (r=0.82), and
between 6 and dPP1_, (r=0.91, P<0.001) and R, (0.73,
P=0.01), but neither correlated significantly with C,,,, (range
Cgyn: 0.16-0.86 L/cm H,0). In comparison, the correlation
between R and Cy, in all 26 horses was significant (r=0.71,
P<0.001) but in the RAO horses it was not (r=-0.31, P>0.1).
In conclusion, thoraco-abdominal asynchrony (8), while an
important feature of RAO and present in all RAO horses,
was not as reliable as FP for grading airway obstruction. As
both methods offer complementary information, specifically
breathing strategy (8) and gas compression and air trapping
consequent to airway constriction (PESF), the use of FP
which includes RIP in the analysis, provides a comprehen-
sive approach to the individual horse.

[0223] The claims should not be read as limited to the
described order or clements unless stated to that effect.
Therefore, all embodiments that come within the scope and
spirit of the following claims and equivalents thereto are
claimed as the invention.

What is claimed:
1. A method for measuring respiration function of a living
organism, comprising the steps:

placing said living organism in a constant volume plethys-
mograph chamber;

obtaining a first input signal from at least one pressure
sensor indicative of a change in lung volume during
breathing by said living organism;

obtaining a second input signal from a sensor indicative of
airflow through the respiratory system of said living
organism during the change in lung volume,; and

processing said first input signal and said second input
signal to calculate a third signal indicative of respira-
tory restriction of said living organism.

2. The method according to claim 1, wherein the process-
ing step comprises the step of comparing said first input
signal to said second input signal.

3. The method according to claim 2, wherein the step of
comparing said first and second input signals comprises
analyzing the phase and magnitude differences between said
first and second signals in the same time domain.
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4. The method according to claim 3, further comprises
determining the location of respiratory restriction by ana-
lyzing whether the phase and magnitude differences occur in
one of an inspiratory portion of said first and second signals
and an expiratory portion of said first and second signals.

5. The method according to claim 4, wherein the phase
and magnitude differences in the inspiratory portion of said
first and second signals indicate a proximal respiration
restriction in a region such as the upper airways of the
organism.

6. The method according o claim 4, wherein the phase
and magnitude differences in the expiratory portion of said
first and second signals indicate a distal respiration restric-
tion in a region such as the lower airways of the organism.

7. The method according to claim 3, wherein the step of
comprising said first and second input signals further com-
prises the step of subtracting said second input signal from
said first input signal in the same time-domain.

8. The method according to claim 1, further comprising of
obtaining the first input signal through use of at least one of
a respiratory induction plethysmograph, head out, breath-in
plethysmograph, an optoelectronic plethysmograph, an
impedance plethysmograph and a fiber optic respiration
plethysmograph.

9. The method according to claim 1, further comprising of
obtaining the second input signal through use of at least one
of a pneumotachographic measurement device, nasal can-
nula, an ultrasound device, a thermistor, acoustic sensor.

10. The method according to claim 1, further comprising
the step of calibrating the first input signal.

11. The method according to claim 1, further comprising
the step of displaying said first input signal and said second
input signal as digital waveforms.

12. The method according to claim 1, wherein the first
input signal 1s processed to provide a measure of functional
residual capacity and specific airway resistance.

13. The method according to claim 1, further comprising
the step of administering a medication to the living organism
to alter the respiratory function.

14. The method according to claim 13, further comprising
of administering a bronchoconstrictor medication.

15. The method according to claim 1, further comprising
increasing resistance loading while obtaining the first input
signal.

16. The method for diagnosing sleep apnea conditions of
a living organism comprising the steps of:

obtaining a first input signal from a first sensor indicative
of a change in lung volume during breathing by said
living organism;
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obtaining a second input signal from a second sensor
indicative of airflow through the respiratory system of
said living organism during the change in lung volume;
and

processing said first input signal and said second input
signal to calculate a third signal indicative of a respi-
ration restriction condition that adversely effects sleep
of said living organism.
17. The method according to claim 16, wherein the
processing step comprises the step of comparing said first
input signal to said second input signal.

18. The method according to claim 16, wherein the step
of comparing said first and second input signals comprises
analyzing phase and magnitude differences between said
first and second input signals in the same time domain.

19. The method according to claim 17, further comprising
of obtaining the first input signal through use of at least one
of respiratory induction plethysmography, a head out,
breath-in plethysmograph, an impedance plethysmography,
an optoelectric plethysmograph and a fiber optic respiration
plethysmograph.

20. The method according to claim 16, further comprising
determining the location of a respiratory restriction by
analyzing whether phase and magnitude differences occur in
one of an inspiratory portion of said first and second signals
and an expiratory portion of said first and second signals.

21. The method according to claim 16, further comprising
of obtaining the second input signal through use of one of a
nasal cannula and a pneumotachographic measurement
device.

22. The method according to claim 16, further comprising
of obtaining the second input signal through use of an
ultrasonic device.

23. The method according to claim 16, further comprising
of obtaining the second input signal through use of one of a
thermistor, and an acoustic sensor.

24. The method according to claim 16, further comprising
of obtaining the second input signal through use of a
breath-sound intensity device.

25. The method according to claim 16, further comprising
the step of calibrating first input signal.

26. The method according to claim 16, wherein the first
input signal is processed to provide a measure of functional
residual capacity and specific airway resistance.
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