USOORE44187E

(19) United States

12y Reissued Patent
Marcovecchio et al.

US RE44,187E
Apr. 30, 2013

(10) Patent Number:
45) Date of Reissued Patent:

(54) PROCESSING PULSE SIGNAL IN (56) References Cited
CONINCTION WL 1 RO i
3,903,873 A 9/1975 Royal et al.
4,052,979 A 10/1977 Scherr et al.
(75) Inventors: Alan F. Marcovecchio, San Clemente, 4299233 A 11/1981 Lemelson
: : 4,331,154 A 5/1982 Broadwater
CA (US); Frederick Geheb, Danvers, 4443730 A 4/1984 Kitamura et al.
MA (US); Donald R. Boucher, Andover, 4722347 A 2/1988 Abrams et al.
MA (US) 4911,167 A 3/1990 Corenman et al.
4,987,783 A * 1/1991 D’Antonioetal. .......... 73/432.1
_ _ _ 5,086,776 A 2/1992 Fowler, Jr. et al.
(73) Assignee: ZOLL Medical Corporation, 5,409,009 A 4/1995 Olson
Chelmsford, MA (US) 5,431,685 A 7/1995 Alt
(Continued)
(21) Appl. No.: 13/025,124 FOREIGN PATENT DOCUMENTS
‘1. JP 4015038 1/1992
(22) Filed: Feb. 10, 2011 P 4078344 1/1997
Related U.S. Patent Documents (Continued)
Reissue of: OTHER PUBLICATIONS
(64) Patent No.: 7,488,293 Kassal et al., “Polymer-Based Adherent Differential-Output Sensor
Issued: Feb. 10, 2009 for Cardiac Auscultation,” Medical Electronics, vol. 25, No. 4, Issue
Appl. No.: 11/228,857 148, pp. 54-63 (Sep. 1994).
Filed: Sep. 15, 2005 (Continued)

U.S. Applications:

(63) Continuation of application No. 10/441,933, filed on
May 20, 2003, now abandoned, which 1s a continua-
tion-in-part of application No. 10/421,652, filed on
Apr. 23, 2003, now abandoned.

Primary Examiner — Kennedy Schaetzle
(74) Attorney, Agent, or Firm — Fish & Richardson P.C.

(57) ABSTRACT

A cardiac resuscitation device that includes a pulse sensor
coniigured to detect pulse information characterizing the car-

(51) Int. Cl. diac pulse 1n the patient, an accelerometer configured to
A61H 31/00 2006.01 detect chest movements of the patient during chest compres-
( 01) sions, and memory and processing circuits configured to pro-
(52) U.S. CL cess the outputs of the pulse sensor and accelerometer to
USPC .............. 600/504; 600/484; 600/587; 601/41 monitor the effect that chest compressions have on the

(58) Field of Classification Search ........................ None patient’s pulse.

18 Claims, 10 Drawing Sheets

20

16

»

5

67%

f
%
%
%
"
'
"
»

o

:¢
2
s
s
50
X%
¥ *...
e

9
** )
-l** /
L)

¥
o
%

IRRA
X

A
:‘

4,

s
IXRX
e :"’
ehess
%

5%

&

"

5%

-+
LS
2ol

.
f
»

- wr - - -

b

\ e Y

_H_‘_‘—_-_""'"-_

'
&
@,

.
55

1[4
X
2
SN
7
5
25
!
.
4
&
NS
5
.

&
¥,

()
e

S
s
4
o

i
<
%
B SO
XS

&
N
7

&

o
&
A2

s
{i
S
)
oS
(¢
o2,
3¢
%8
PIXX
—

l
%)

3

S
5
X
3%
X
oY
o
¢S
W%
2
¥
‘ .

P
&
+»
*
»

9
&
¥
*
»
&
o 2

f L A
oS
t}
o2
(3

'llr:-l-
505
5
28
Xe

%
*‘ﬁ
e,

‘1
Y%
Yo
X
5%
52
q.
e
::
oy

v
¢
¢

—_—
.F:.
"1’:"'1-
o
oot
o
e tats
5
e
S50
e
5%
5
K
o0
.
%
%

)
%
G4

‘.
%
s

*
e

S
K :{-
¥
s

g 5 i
o,
9
pos
o¥%
¥
l;'i-
(K7
4
"h“r
1“--..__‘_‘_.‘_-_‘_“_'_



US RE44,187 E

5,496,257
5,588,425
5,595,188
5,645,571
5,795,300
5,807,267
5,807,208
5,827,198
5,885,222
5,913,829
5,991,601
0,298,267
6,304,773
0,356,785
6,440,082
6,487,442
6,567,697
6,575,914

U.S. PATENT DOCUMENTS

A
A
A
A
A
A
A
A
A
A
A

B
B
Bl
Bl
N
B
B

2

3

3/1996
12/1996
1/1997
7/1997
8/1998
9/1998
9/1998
10/1998
3/1999
6/1999
11/1999
10/2001
10/2001
3/2002
8/2002
11/2002
5/2003

6/2003

Kelly
Sackner et al.
Kassal

Olson et al.
Bryars
Bryars et al.
Reeves
Kassal
Kassal et al.
Reeves et al.

Park et al.

Rosborough et al.

Taylor et al.
Snyder et al.
Joo et al.
Wood

Kroll et al.
Rock et al.

ttttttttt

Webster, John G., Medical Instrumentation, Application and Design,
3" ed., New York, NY, John J. Wiley & Sons, Inc. 1998.

* cited by examiner

Page 2
2001/0047140 Al 11/2001 Freeman
2002/0165585 Al 11/2002 Dupelle et al.

600/53 2002/0173725 Al 11/2002 Rock et al.
“““ 2003/0060723 Al 3/2003 Joo et al.

2004/0039420 Al 2/2004 Jayne et al.

FOREIGN PATENT DOCUMENTS
JP 4028345 1/1992
JP 5261071 10/1993
JP 7265272 10/1995
WO 05/06525 3/1995
WO 08/26716 6/1998
WO 01/22885 4/2001
OTHER PUBLICATIONS



US RE44,187

Sheet 1 of 10

Apr. 30, 2013

U.S. Patent

20

-,
N

O
<

111111111

999
,JEW

.
I?. 20
.9

200
O
o)

-.1___.\. ‘
<
®

9.9, 9.9.¢. 9.9

_______..
vi

JEHaENOK

o0 00e
( NN Y
ladg

CRLA A KK
BRI

%

o
2505

QKBS

FIG. 1



US RE44,187

Sheet 2 of 10

Apr. 30, 2013

U.S. Patent

losSuas
abpug
lesSeN

g¢ 9l3

Y
oswos ) T\,

e Ll

10SUaQ
peaysioy

ealy 10SUSg ‘
peayalo ----



U.S. Patent Apr. 30,2013 Sheet 3 of 10 US RE44,187 E

<
"
5 A

of

. Ve
%

Reusable Finger Sensor

FIG. 2E

Disposable Finger Sensor

FIG. 2F



ge€ 'Ol
(so)jdwes) awi}
000¢ 0042 000¢ 00G1 0001 00% 0

MHI
sasind|pajoalap a1edipul SMOJLY
| ﬂtwt‘;** ARAAAAAAALTA

US RE44,187

AAARAAALAAAAAAALAAAL

d |-

LWJOJSABAA |EBONAO
paJelju| paisy|i-

;( 0
= “~ r
S uoine|iqyag uononpul 47 ,
4 . — — , . s —
e
’ : gUl X
Ve Ol
- (sojdwes) swi}
= 000€ 00S2 0002 00S L 000} 00S 0
» b
3 S
= uogonpuy 4/ Zp ST
< =3
uonhejjuqyag vy 0
=@
o -9y 2o
= MJM
3 _ ——— 8'¥ 3 .m.w._
S“ a0l X
-



US RE44,187

Sheet S of 10

Apr. 30, 2013

U.S. Patent

SisAjeuy anunuon

Q 3S|Nd aJepaq

v Ol

2
abuey

UIULIAA
obeljany

sisAjleuy anupyuo)

SOA ON | % 8S|nd ON 3JB|238(

obelany
buinopy 9yepdn
R |BAIBJU| BINSBON

SOA

uoIjo8)a(] jeag
10} |eubig
|eondQ uolipuodsald




U.S. Patent Apr. 30,2013 Sheet 6 of 10 US RE44,187 E

5 8
= @
L D
-~ a
O —
O
& : 3
D 2 2
D S
O
@,
O
L1
: | L(j
O
L
D
£
b
I = _"'.'.'.'.:—_:-_:___:_:F -
75
<
. S -
‘}* """"" N 1
i - S
_ . ;
i -
.-I O
Iy ~—
________ 3 — Q
Xeo-zIIIIIlI T =
3 O
N ! —
| ©
<
2 L :
W:::::: --------- " < OQ_

leubis 993 leubig [eondo palayi-



US RE44,187

Sheet 7 of 10

Apr. 30, 2013

U.S. Patent

X3pu| aouapiuo) uodn
paseg asjnd ON/as|nd a4iejdoe -
Xapu| aduapyuo)) ajepdn -

uibua mopuipy |eando alndwon) «
|EAIBIU| Y 8belany ayepdn -
[EAIBIU| MY Juanng ayndwon -

9 Old

sofnsnels
003 alepdn

SOA

(
PeIvoled uoo8laq [eondo
as|nd . .
eondey ~ ON SNUINUOD)

;

MOPUIAA 10818
|eondo sjeniu

¢S

Soljshiels
903 @jepdn

SOA

¢
SEIEICTg
INBAN-Y
904

uonos}ad o903
ON INUNUOD




U.S. Patent Apr. 30,2013 Sheet 8 of 10 US RE44,187 E

ECG (f) Opt. (f)
60 62
Freq. Freq.
FIG. 7
ECG 20

Optical

" u‘L_

FIG. 8




US RE44,187

Sheet 9 of 10

Apr. 30, 2013

U.S. Patent

[
- il - ol g =
u e l.._m N _.______.._ —.-_-.. ﬂ...r._ __.r-__-...-._- ﬁ_._r.__n

Fiﬂl nl..- .-“.-_H._. I Hl-.- Tl !-Il

] ] i
D[RR A R0 b

a M .' H.-..l_ h_ll -h L] Hﬂ
- - ﬁ » Il b ] b
._._.r.-.. g A ALY -w._.._..n... ot M Rvge .._..n. "o .u.u. -..n.-.-.r.-_.-.l..._..._..l.t

Bt L R L R
Umw —>D< .__.._ -.._..-_.“w » ._.r__..-__.___-.-. ___._.- g ..._.__ - -__.._ -u. ._____ -_...__.__..___- u. ...ﬂ-..—a..__u....
-_- -.u_._.n.-_- .-h...-l-ﬁwiﬂ-

e fale e, ____-____- .-__._

_I_J— T -.-L____- -_-_-_ U-__. A A W.—l
I & O .“_...,.._.-..n._... o %..r.-.m_..,._.. .u.muwm..m%”n.“xo O F.._ w O Z_rﬂ..u".” XY el u. _.__
._-_.- iyd " ln._-l"._ i

.o n-_._..- _.r- . ..._ - -
...I.ull ..-_l.l_- a . w Lre . .-_-I at ¥ al »
AP TP TR LTSN XY ....ﬁ. "

H-I J._.ﬂﬂ.- “fu_._.--h L} ..-Iﬂ_f_-ui___ _-rl“-_l. -_I...__..n._fl"-q.

POSIADY

_-_.r,“_

.-l- -l by .-
Iil-_-lli lll."li-lll

iy
-..-:-_l _.__._...__-_f_..-u__..l _._..__._..._- . -I |.._....l -_._ilu_- Ik .....:..a" ....l_-._-_.-_ﬂ...nll.-.._ _._.h:._-—. .
- P - - a®
H-f - .-.h. h.l L ‘I_IIH-.' l.l'l “'_ ' lr.—..‘ q{dl.-j..“ﬁl li“lﬂ“.ﬁ'.ll ) l. J —- l.- JW‘#“W-IG-H.I .I.H

L ]
n._._..l‘.ﬂ_-_-_il_- _f.“-_-lh_ﬂ——il._.__.-l... Pt as _.-.....:.- "y

pojo3le(]

os|nd ONL:

P
_rn._. LY R

“..Iu ¥ ]. ._.."..I

.-.-_.__I._ -..-l.-. l_.___.__l W... .r.-l.-_ M..._l.i:l ll.-.._-# .-.-l.:i
.

POSIAPY

A004Us ON Yooys ON

g.—nﬂh!ﬁ-n am ___.._._HI_ "

- _—_..._-N.- -.r:- 1 e .1-..._-.-_ r7 Ty Hl-hlﬂ =l . v

Adiep il Seep LY o 2 A0 ..?—-.-"._.. EYERM ......t.. ......"T.._.....r gl -.... .“..... ._u-ﬂ..“m...n- LYo AT

b I el B L W I-H!Fl v ] ._-__- -I_-__- ala _-__._ & -. -l-_- |.—-.n- ._rI-.l._ .r_-..__t-.._F...-_ m -_.r L n- -fln ) ﬁ.-ﬂ
l-un_ .-.-... -___.l-_-_ll“_-_-

- $q

“....."“:........ ..E_.. Umﬁ o ®D v

-”-H-l e l.-.-.l-_l.r.r- l_-lH-l.-r_l- ;u . ﬂ. p

REEIRE s . 95N . A9 O Us

>_CO OOm .::.
Adesay | v

JUB)NSOY

ol

_.H.__._-._W X ..-__-l..__-.._# m_._.--.._._.-.. w w— > "._-_._.-l__ n -.ﬂ—-.l . -..“ -..__. A
- - *ﬂ I ".__- l. l.J_l-lI

.
_.._t.l-......._ "o,

.r”“.llﬂ.ﬂ...i.u.i [ #IIIH.— Y

..4.. b .:.. ...H-__

-...H_-_ an l."- ' l_-“.._ >
_._u_-_-_ .‘__F.-_l_ _._.-#Wll-l-_
R R RO

‘.I .'.l_ I.I.l.._.l .-_-..r
" % H.__ d. tﬂ‘Jh.—_..t-
m n.__l J-‘_...._._.n.__-__._.n -_.._._-Wu-_- Hm._l..m_—__..n -._..r._m iy ....r.-.._-_.__ R AT SRR LAY . O
] Cl p iy v ad _r_.______l oy oy - - -...t._.-..-‘.....-.-.._-......_l-._.. % wat
o W CHOME 03 DA R NN P LM DR B AN RS OF RS o
- - | BN 'IIIII [ ] fi-iII. -

SISA|euy SISA|euy

as|nd [eondQ O

JuejNsay




US RE44,187

Sheet 10 of 10

Apr. 30, 2013

U.S. Patent

d0l Dl

10SUBS 9oUR)DB|IOY

auog

ot e e
R TN R Iy T T A O - A BT T T e, ok oy
MO Y

Ia
* * » . r
DR P e e
O A
TSN e

5poIpOjoy oanC

ansst |
pasnjad

S92IN0S

VYOl 9Ol

JOSUSS 9OUBIWISURS |

apoIpojoyd
oNSSI |
pasnpad

$924N0S
b




US RE44,187 E

1

PROCESSING PULSE SIGNAL IN
CONJUNCTION WITH ACCELEROMETER
SIGNAL IN CARDIAC RESUSCITATION

Matter enclosed in heavy brackets | ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of U.S. patent applica-
tion Ser. No. 10/441,933, filed on May 20, 2003, now aban-
doned, which 1s a continuation 1n part of U.S. patent applica-
tion Ser. No. 10/421,652, entitled “Optical Pulse Sensor for
External Defibrillator,” filed on Apr. 23, 2003, now aban-
doned.

TECHNICAL FIELD

This invention relates to pulse sensors and methods of
using pulse sensors 1n conjunction with external defibrilla-
tors.

BACKGROUND

The pulse 1s a very important parameter that 1s used to aid
users ol automated external defibrillators 1n determining
whether or not to administer a defibrillation shock to and/or to
perform cardiopulmonary resuscitation (CPR) on a victim
who appears to be 1n cardiac arrest. Such a victim may actu-
ally be 1n need of cardiac resuscitation (including defibrilla-
tion and/or CPR), or may be suifering from a condition for
which such treatment would be unsuitable, e.g., a stroke,
seizure, diabetic coma, or heat exhaustion. It 1s very impor-
tant to the satety of the victim that the presence or absence of
a pulse be determined quickly and accurately. However, it 1s
often difficult for trained medical personnel to take a victim’s
pulse accurately 1n the field during a crisis situation, and may
be impossible for a minimally trained or untrained lay rescuer
to do so. In many cases, 1t will take the person assisting the
victim a considerable time (on the order of one minute or
more) to find the victim’s pulse. I a pulse 1s not found, the
caregiver 1s left unsure as to whether the victim does not have
a pulse, or whether the caregiver simply cannot find the vic-
tim’s pulse.

Another parameter that 1s used 1n determining whether to
administer a defibrillation shock 1s an ECG analysis of the
victim’s heart rhythm that 1s provided by the automated exter-
nal defibrillator. Based on the ECG analysis, many automated
defibrillators will provide the user with a message indicating
whether a shock should be administered (1.e., whether or not
ventricular fibrillation 1s present).

Generally, the ECG analysis systems 1n most commer-
cially available automated external defibrillators display only
two options to the user: “Shock Advised” or “No Shock
Advised.” When “Shock Advised” 1s output, this means that
the patient 1s 1n ventricular fibrillation or wide complex ven-
tricular tachycardia above 150 BPM, conditions which are
clfectively treated by defibrillation. When “No Shock
Advised” 1s output, this means that the patient’s heart rhythm
1s not treatable by defibrillation therapy.

If the message indicates that a shock 1s not appropriate, this
does not necessarily mean that the victim 1s not in danger.
There are two ECG rhythms, generally referred to as asystole
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2

and pulseless electrical activity, which should not be treated
with defibrillation (and thus will trigger a message not to
shock) but nonetheless are extremely serious 1n that they
suggest that the patient’s heart rhythm 1s unaccompanied by
suificient cardiac output (1.e., the patient 1s close to death).
These conditions are treated by administering cardiopulmo-
nary resuscitation (CPR), 1n an effort to provide blood flow to
the heart and vital organs in the hope that with improved
blood flow and oxygenation, the heart muscle will recover
from 1ts near death state and possibly begin to fibrillate again,
thus making defibrillation treatment a viable option.

Thus, when a “No Shock Advised” analysis 1s output, the
caregiver does not know whether this result 1s caused by a
normal heart rhythm, an abnormal but perfusing heart rhythm
(1.e., the patient was never 1n cardiac arrest or the last shock
treatment returned the patient’s heart rhythm to normal), or a
orossly abnormal (non-perfusing) ECG rhythm requiring
CPR treatment. Because of this uncertainty, the normal medi-
cal protocol when “No Shock Advised” 1s output 1s to check
the patient for a pulse and 11 no pulse 1s detected to start CPR.
I a pulse 1s detected, then the patient’s heart 1s effectively
pumping blood and neither CPR nor defibrillation 1s war-
ranted. If the victim does not have a pulse, CPR should be
started immediately; 1t a pulse 1s present, then CPR should not
be administered. Because CPR, even if properly adminis-
tered, can result 1n broken ribs or other injury to the victim, 1t
1s undesirable to administer CPR 1f it 1s not actually neces-
sary. Thus, 1t 1s again vitally important that an accurate deter-
mination of the presence or absence of a pulse be made by the
caregiver.

A similar situation of uncertainty occurs after the third
defibrillation shock 1s delivered in the three-shock protocol
recommended by the American Heart Association. In this
case, 1f the patient’s fibrillation has not been “cured” after
delivery of three shocks, the caregiver is instructed to perform
CPR on the patient. Because automated external defibrillators
generally do not perform an ECG analysis immediately after
the third shock, the caregiver does not know whether the third
shock provided effective treatment. Therefore, the caregiver
must determine whether the patient has a pulse 1n order to
determine whether CPR 1s needed or whether the patient 1s
out of danger.

A wide variety of sensors have been employed for pulse
detection.

Optical sensors have been used in pulse detection. For
example, pulse detectors of the type used for measuring heart
rate during exercise typically rely on retlectance or transmis-
sion of an infrared light beam. Blood pulsing in the user’s
capillaries produces a corresponding variation in the absorp-
tion of light by capillaries, and that variation produces a
pulsation 1n the output of an optical sensor.

Optical sensors are also widely used 1n pulse oximetry, 1n
which a measurement 1s made of the percentage of hemoglo-
bin saturated with oxygen. An optical plethysmographic
probe attached to the patient’s finger or ear lobe generates
light at two wavelengths (e.g., 650 nm and 805 nm). The light
1s partially absorbed by hemoglobin, by amounts that differ
depending on whether or not the hemoglobin 1s saturated with
oxygen. By calculating absorption at the two wavelengths, a
pulse oximetry device can compute the proportion of hemo-
globin that 1s saturated (oxygenated).

Acoustic sensors have also been applied to pulse detection.
Typically, the acoustic sensor 1s configured to detect sounds
characteristic of a beating heart (e.g., the action of a heart
valve). E.g., Joo U.S. Pat. No. 6,440,082. Some acoustic
sensors used for pulse detection are based on piezoelectric
devices.
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Another use of a piezoelectric devices 1n pulse detection 1s
proposed 1 U.S. patent application Ser. No. 9/846,673, filed

on May 1, 2001. The piezoelectric device detects motion of
the surface of the body resulting from the pulse (e.g., motion
resulting from blood flowing in a blood vessel beneath the
SENnsor ).

SUMMARY

In a first aspect, the invention features a cardiac resuscita-
tion device, comprising a pulse sensor configured to detect
pulse information characterizing the cardiac pulse in the
patient, wherein the pulse sensor has a pulse sensor output
signal as 1ts output, an accelerometer configured to detect
chest movements of the patient during chest compressions,
wherein the accelerometer has an accelerometer output signal
as 1ts output, and memory and processing circuits configured
to process the pulse sensor output signal and accelerometer
output signal to monitor the effect that chest compressions
have on the patient’s pulse.

In a second aspect, the memory and processing circuits
may be configured to process the pulse sensor output signal in
conjunction with the accelerometer output signal to provide
information to the user of the device to improve delivery of
CPR to the patient.

In a third aspect, the memory and processing circuits may
be configured to process the pulse sensor output signal in
conjunction with the accelerometer output signal to deter-
mine 1f chest compressions actually result in the movement of
blood thus resulting 1n a pulse.

In preferred implementations, one or more of the following
features may be incorporated. The device may comprise a
defibrillator for delivering a defibrillation waveform to the
patient and chest electrodes for detecting at least one ECG
signal on the patient and for delivering a defibrillation wave-
form to the patient. The memory and processing circuits may
be turther configured to analyze the pulse sensor output signal
in conjunction with the ECG signal to determine whether the
patient has a pulse. The pulse rate of the pulse signal may be
compared to the pulse rate of the ECG signal. The memory
and processing circuits may be configured to process the
accelerometer output signal to determine the rate and depth of
delivered chest compressions. The memory and processing
circuits may be configured to process the pulse sensor output
signal to determine the magnitude and frequency of the
patient’s pulse. A decision whether to deliver a defibrillation
wavelorm to the patient may be based in part on whether
processing of the ECG and pulse sensor output signals deter-
mines that the patient has a pulse. The defibrillator may com-
prise an automatic external defibrillator (AED). The mnven-
tion may further comprise the capability to provide the user
with prompts for performing CPR, and wherein the prompts
may be dependent at least in part on whether the processing of
the pulse signal determines that the patient has a pulse. A
determination of whether the patient has a pulse may be
undertaken after delivery of the defibrillation waveform, and
the user may be informed of the outcome of the determina-
tion. The memory and processor circuits may be further con-
figured to make a determination whether to administer CPR to
the patient and the determination may be based at least in part
on whether 1t 1s determined that the patient has a pulse. The
memory and processing circuits may be further configured to
use the pulse sensor output signal to determine the efficacy of
CPR treatment of the patient.

In a further aspect, the inventors have found that an external
defibrillator can be configured to determine whether a patient
has a pulse by analyzing the output of a pulse sensor in
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conjunction with the patient’s ECG signal to determine
whether a pulse 1s present. In general the invention features
applying electrodes to the chest of the patient, detecting at
least one ECG signal from electrodes, applying a pulse sensor
(of varying kinds) to the patient, detecting a pulse signal {from
the pulse sensor, and analyzing the pulse signal 1n conjunction
with the ECG signal to determine whether the patient has a
pulse.

Preferred implementations of this aspect of the mvention
may icorporate one or more of the following: The pulse rate
of the pulse signal may be compared to the pulse rate of the
ECG signal. The pulse signal may be processed to 1solate the
pulsatile component of the signal. The pulse signal may be
examined for a peak during a window 1nitiated at the occur-
rence of an R-wave in the ECG signal. A comparison may be
made of the energy in discrete frequency bands of the pulse
and the ECG signals. A peak frequency corresponding to the
peak of one of the pulse and ECG signals may be determined,
and the other of the pulse and ECG signals may be examined
for a peak within a frequency band surrounding the peak
frequency. A frequency domain transformation of the pulse
signal may be processed. The frequency domain transforma-
tions of the pulse and ECG signal may be processed. A deci-
sion whether to deliver a defibrillation waveform to the
patient may be based in part on whether processing of the
ECG and pulse signals determines that the patient has a pulse.
The defibrillator may be an automatic external defibrillator
(AED). The implementation may include the capability to
provide the user with prompts for performing CPR, wherein
the prompts are dependent at least 1n part on whether the
processing of the pulse signal determines that the patient has
a pulse. A determination of whether the patient has a pulse
may be undertaken after delivery of the defibrillation wave-
form, and the user may be informed of the outcome of the
determination. The pulse sensor (e.g., an optical plethysmo-
graphic sensor) may be mechanically connected to at least
one of the defibrillation electrodes. There may be two
defibrillation electrodes, each supported on a substrate, and
the pulse sensor may be supported on the same substrate. The
wires connected to the pulse sensor may be bundled with
wires connected to the defibrillation electrodes to form a
combined bundle of wires extending from the defibrillator to
the electrodes and sensor. The pulse sensor may be mechani-
cally separate from the defibrillation electrodes. In the case of
an optical pulse sensor, the sensor may be configured to be
attached to the forehead of the patient to the ear lobe, to the
nasal septum, to the nasal bridge, or to the finger. In the case
ol an optical pulse sensor, the sensor may be configured so
that its output may also be used for pulse oximetry, or 1t may
be configured so that its output 1s not useful for pulse oxim-
etry. Determining whether the patient has a pulse may include
determining whether the pulse, 1f present, 1s correlated with
the R-wave of the patient’s heart rhythm. A determination
whether to administer CPR to the patient may be based on
whether 1t 1s determined that the patient has a pulse. The pulse
sensor may be to determine the efficacy of CPR treatment of
the patient. Analyzing the pulse signal in conjunction with the
ECG signal may comprise analyzing whether there 1s a cor-
relation between the two signals indicative of the presence of
a pulse.

A wide variety of pulse sensors may be used. The pulse
sensor may 1nclude a non-optical sensor. The pulse sensor
may be an acoustic (heart sounds) sensor. The pulse sensor
may 1nclude an ultrasonic blood tflow sensor. The pulse sensor
may include a pressure sensor on a limb-compressing pneu-
matic cuil. The pulse sensor may include at least one
mechanical or ultrasonic sensor (e.g., a piezoelectric sensor)
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configured to detect arterial wall motion caused by blood flow
in an artery. The pulse sensor may include one or more sen-
sors for measuring body impedance variation from blood
flow.

Implementations of the invention have many and various
advantages. They can make 1t possible to perform a quick and
accurate determination of the appropnate treatment (defibril-
lation, CPR, or no cardiac-related treatment) for a patient who
appears to be sulfering from cardiac arrest. They can provide
an accurate determination of the presence or absence of a
pulse 1n a patient, even under adverse conditions, thus signifi-
cantly reducing the risk that an mmappropriate and even dan-
gerous treatment will be given erroneously. The accurate
pulse determination thus provided relieves the uncertainty
experienced by caregivers 1n the circumstances discussed
above, and thus increases the likelihood of the patient receiv-
ing prompt, safe and effective treatment. For example, a pulse
sensor can be used to determine whether CPR 1s necessary, in
the event that an automated defibrillator indicates that 1t 1s not
appropriate to shock a patient who appears to be suffering
from cardiac arrest.

In some implementations, in which the pulse sensor 1s an
optical sensor, the mvention provides an optical sensor with-
out the complexity of pulse oximetry, in which two optical
measurements, one at each of two wavelengths, are made, and
complex signal processing 1s performed to estimate blood
oxygen saturation from the two measurements.

Other features and advantages of the invention will be
apparent from the drawings, detailed description, and claims.

The details of one or more embodiments of the invention
are set forth 1n the accompanying drawings and the descrip-
tion below. Other features, objects, and advantages of the
invention will be apparent from the description and drawings,
and from the claims.

DESCRIPTION OF DRAWINGS

FIG. 1 1s a diagrammatic, perspective view of an electrode
pad with built-in pulse sensor applied to the chest of patient.

FIGS. 2A-2F are diagrammatic views of other possible
pulse sensors applied to the patient.

FIG. 3A shows an unprocessed pulse signal from a pulse
SENnsor.

FIG. 3B shows a filtered pulse signal, preconditioned for
beat detection.

FIG. 4 1s a block diagram of an algorithm used in one
implementation of the mvention.

FI1G. §1llustrates how an ECG signal 1s used in conjunction
with the pulse signal from the pulse sensor.

FIG. 6 1s a block diagram of an algorithm for using an ECG
signal 1n conjunction with the pulse signal.

FIGS. 7 and 8 1llustrate other implementations of the inven-
tion, 1n which the frequency transforms of the ECG and pulse
signals are compared.

FIG. 9 15 a table summarizing a decision algorithm used in
one 1implementation of the invention.

FIG. 10A 1s a diagrammatic view of a transmittance optical
SENnsor.

FIG. 10B 1s a diagrammatic view of a reflectance optical
SEensor.

DETAILED DESCRIPTION

There are a great many possible implementations of the
invention, too many to describe herein. Some possible imple-
mentations that are presently preferred are described below. It
cannot be emphasized too strongly, however, that these are
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escriptions of implementations of the mvention, and not
escriptions of the invention, which 1s not limited to the
ectalled 1mplementations described in this section but is
escribed 1n broader terms 1n the claims.

The descriptions below are more than suificient for one
skilled 1n the art to construct the disclosed implementations.
Unless otherwise mentioned, the processes and manufactur-
ing methods referred to are ones known by those working 1n
the art

FIG. 1 shows a defibrillator 10 connected to a patient 20.
Cable 12 connects the defibrillator to an electrode assembly
14, which supports two chest electrodes 16, 18, an acceler-
ometer 20 (for measuring chest compression), and a pulse
sensor 22 (e.g., an optical plethysmographic sensor). All wir-
ing for the electrodes, accelerometer, and pulse sensor are
bundled together in cable 12.

FIGS. 2A-2F show alternative locations for the pulse sen-
sor 1n the event the sensor 1s an optical plethysmographic
sensor 22 (some of the same locations may be useful with
other types of pulse sensors): anywhere on the forehead, the
bridge of the nose, the septum of the nose, the ear lobe, the
sternum above the accelerometer, and on any of the fingers or
thumb. All of the sensors shown are commercially available,
except the nasal septum and sternum sensor. The nasal sep-
tum sensor would be a transmittance sensor (e.g., as shown in
FIG. 10A), similar to that available for the ear lobe. The
sternum sensor would be a reflectance sensor (e.g., as shown
in FI1G. 10B).

The optical plethysmographic sensor 22 detects transmit-
ted or reflected light, and provides a pulse signal 34, which
represents a parameter correlated with the patient’s pulse. In
the case ol an optical plethysmographic sensor, the pulse
signal 34 would be an optical signal representing the bright-
ness of light transmitted through or retlected from a portion of
the body through which blood capillaries extend. The term
“pulse signal” 1s simply a shorthand for an electrical signal
representative of a parameter correlated with the pulse of the
patient. E.g, 1n the case of an optical sensor, the pulse signal
could be the light sensed by the optical receiver. It the patient
has a pulse, there will generally be a pulsing variation in the
pulse signal. In the case of an optical sensor, the variation will
be 1n the absorption of light by the blood capillaries.

A variety of signal processing techniques may be used to
process the pulse signal to determine whether a pulse 1s
present or absent. Several possibilities are described below.
These may be used alone or in combination.

One processing techmque 1s to process the pulse signal 34
to 1solate any pulsatile component. FIG. 3 shows a typical
pulse signal 34 that would be detected when a pulse 1s present.
A time domain analysis can be performed on the pulse signal
to determine whether 1t contains a pulsatile component. For
example, the non-pulsatile component can be estimated as the
mean of the pulse signal, and variation from the mean can be
analyzed for the presence of a pulsatile component indicative
of a pulse. The frequency and strength of the pulsatile com-
ponent (1.¢., the variation from the mean) can be compared to
predetermined frequency ranges and strength ranges to
decide whether a pulse 1s present.

The pulse signal may be filtered so that pulses 1n the wave-
form are enhanced and then detected with a beat detection
algorithm (e.g., the algorithm conventionally utilized for
ECG R-wave detection). The filtering may include a high pass
filter, a low pass filter, and also a notch filter to remove line
noise 1f necessary. The high pass filter with a -3 dB cutoif
frequency near 0.5 Hz removes any DC component, thus
enhancing any existing pulsatile component. The low pass
filter, with a -3 dB point in the range of 5-15 Hz removes

C
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some signal components unrelated to patients’ pulse (1.e.,
noise). A smoothed or unsmoothed difference operation may
also be applied to the pulse signal as one method to enhance
or precondition the pulse signal for a time-domain beat detec-
tion algorithm. FIG. 3A illustrates a raw pulse signal, and
FIG. 3B shows a filtered, preconditioned pulse signal ready to
be processed by a beat detection algorithm.

The beat detection algorithm of FIG. 4 may be applied to
the preconditioned pulse signal of FIG. 3B. The beat detec-
tion algorithm 1s intended to 1dentity individual pulses within
the pulse waveform. The arrows at the bottom of FIG. 3B
indicate detection of a beat by the algorithm. Time 1ntervals
may then be computed between any two successive pulse
detections. These time intervals, derived from the pulse wave-
form, may then by analyzed to determine the likelithood of a
pulse. A moving average of these intervals may also be com-
puted and updated as new intervals are measured. If the aver-
age interval 1s within arange (e.g. 35-185 beats/minute), then
a pulse might be declared present.

Another processing technique 1s to use both a pulse signal
from the pulse sensor and an ECG signal from the electrodes.
Typically, both the pulse signal and the ECG signal will
exhibit periodicity when a pulse 1s present, because a true
pulse originates from a mechanically beating heart, and thus
the same periodicity observed on the pulse signal should be
present on the ECG signal when the heart 1s beating. How-
ever, a periodic ECG signal 1s not always indicative of a pulse,
and thus should only be used to verily (or in combination
with) periodicity detected 1n the pulse signal.

FIG. 5 shows an ECG signal 38 in the upper half of the
figure and the filtered, pulsatile component 44 of the pulse
signal 1n the lower half of the figure. FIG. 6 shows the algo-
rithm followed 1n processing the signals. Upon detecting (50
in FIG. 6) an ECG R-wave (ventricular depolarization) 40 a
time window 42 1s mitiated (52 1n FIG. 6). The duration of a
time window may change as a function of the previous ECG
cycle length or current average ECG cycle length. This vari-
able window length 1s intended to shorten for shorter cycle
lengths (lugh heart rates) and lengthen for longer cycle
lengths (lower heart rates). During that time window, the
pulsatile component 44 of the pulse signal 1s analyzed for a
corresponding pulse (34 1n FIG. 6). The pulse signal 1s not
analyzed outside of this time window, thereby reducing the
number of false detections on the pulse signal. Alternatively,
the entire pulse signal 1s analyzed and pulse detects outside of
an R-wave mitiated time window are 1gnored. Detection of a
pulse on the pulse signal within the time window could be
suificient to conclude that a pulse 1s present. Greater conii-
dence that a pulse 1s present can be had using a confidence
index that 1s increased each time a pulse 1s detected 1n the
pulse signal during the prescribed time window following an
R-wave. In FIG. 3, all of the pulse pulses, except the seventh
pulse 46, are detected and considered as valid detects since
they are within time windows 1nitiated by R-wave detections
on the ECG signal. The portion of the pulse waveform com-
prising the seventh pulse 46 1s either not analyzed or detected
and 1gnored since 1t 1s outside of an pulse detect time window.
One possible confidence mdex would be the percentage of
instances 1 which a pulse 1s detected 1n a window following
detection of an R-wave. If the confidence index exceeds an
empirically determined threshold, the existence of a pulse 1s
declared. Otherwise a pulse 1s considered to be absent.

A simpler technique 1s to determine the pulse rate of each
of the ECG and pulse signals, and simply compare the two
pulse rates. I1 the difference between the two rates 1s within a
range (e.g., 1-5 beats/minute), the existence of a pulse 1s
declared. This technique may be used 1n conjunction with the
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pulse windowing scheme to minimize the number of false
positive detections on the pulse signal. If the implementation
does not employ a method (e.g., windowing scheme) to mini-
mize false positive detections on the pulse signal, then the
comparison between pulse and ECG derived pulse rates may
be modified. In this case the absence of a pulse would be
declared 11 the pulse rate i1s less than the ECG rate. This
modification takes 1nto consideration that the pulse rate may
be higher than the ECG rate due to false pulse detections, and
such a condition may be indicative of a pulse despite the
difference between the two rates being outside of a range.

Another technique 1s to compare band-limited versions of
the ECG and pulse signals. The signals can be band limited
over a range of likely pulse frequencies (e.g., 0.5-5 Hz). The
band-limited signals are compared to determine 11 a pulse or
peak frequency of the pulse signal compares well with a pulse
or peak frequency of the ECG signal. I the two compare well,
the existence of a patient pulse 1s supported. Comparisons can
be made using several different quantitative techniques.
Cross correlation (convolution) of the two filtered wavetforms
1s one technique that can be used to quantily the comparison
of the two wavelorms.

One technique for comparing the peak frequencies of the
two signals 1s shown 1n FIG. 7. Each of the ECG and pulse
signals 1s transformed into a frequency domain using, €.g., an
FFT, wavelet, or other transtorm. The frequency peak of the
transformed pulse signal 1s then compared with the ECG
derived heart rate or peak frequency. An association between
the two frequency peaks supports the existence of a pulse. A
quantitative technique for determining how well the two fre-
quency peaks compare 1s suggested 1n FIG. 7. The energy
levels 1n discrete frequency bands are compared, e.g., the a-b
band 60 in the ECG transform 1s compared to the a-b band 62
in the pulse signal transform.

The peak frequencies can also be compared by examining,
one signal for a peak located within a predetermined fre-
quency band centered on the peak frequency of the other
signal. For example, as shown i FIG. 8, the peak ECG
frequency 70 could be measured and updated at regular inter-
vals (which could be constant or variable as a function of heart
rate), with the measurement being done either in the time
domain or 1n a transformed ifrequency domain. The pulse
signal 74 would then be examined for a corresponding peak
frequency within a band 72 centered on the continuously
updated peak ECG frequency (e.g., using an adaptive {ilter).
The existence of a peak on the pulse signal within the ECG
determined band supports the existence of a pulse. In FIG. 8,
the peak 1n the pulse signal 1s outside the band, thus suggest-
ing that a pulse is not present.

The autocorrelation of the ECG signal can also be com-
pared with the autocorrelation of the pulse signal. Comparing,
autocorrelation signals improves the signal to noise ratio and
may be particularly usetul 11 the periodic component of the
signals 1s small. The two autocorrelation signals may be com-
pared using a cross-coeerlation. The comparison determines
if the periodicity of the two autocorrelated signals are similar.
Similar periodicities support the existence of a pulse.

The addition of a pulse detection system adds significant
improvements to automatic and semi-automatic external
defibrillators. The addition of a pulse detection system will
reduce the number of inappropriate shock advisements. Par-
ticularly in cases where patients have a pulse, but have been
incorrectly classified by the ECG analysis algorithm as hav-
ing a shockable rhythm. As shown in the table of FIG. 9, the
addition of the pulse detection system will override the shock
advisement from the ECG analysis algorithm thereby appro-
priately inhibiting defibrillation therapy. The addition of a
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pulse detection system will also enable the defibrillator to
advise the rescuer when CPR 1s appropriate and inappropri-
ate. In the case where the ECG analysis algorithm advises
“No Shock™ and the pulse detection algorithm indicates “No
Pulse”, the defibrillator may indicate to the rescuer that CPR
should be administered. Conversely, detection of a pulse by
the pulse detection system may be used to indicate to the
rescuer that CPR 1s no longer necessary.

The pulse detection system may also be used to improve
the defibrillator system by providing feedback to the rescuer
during the administration of CPR. In this scenario, the pulse
detection system may be utilized to monitor the efiect that
chest compressions have on a patients pulse. The detected
magnitude and frequency of a pulse by the pulse detection
system may be used independently or 1n conjunction with
accelerometer data to aid the rescuer in delivering optimal
CPR to the victim. Whereas an accelerometer may be used to
measure the rate and depth of delivered chest compressions, a
pulse detection system may be used to determine 1f these
chest compressions actually result in the movement of blood
thus resulting in a pulse.

A wide variety of pulse sensors may be used. For example,
the sensor could be optical or non-optical. It could include an
acoustic sensor (e.g., amplified stethoscope signals) for
detecting heart sounds characteristic of a beating heart. It
could include a sensor capable of mechanical or ultrasonic
measurement (e.g., piezoelectric) of arterial wall motion—
¢.g., 1n locations such as the neck (carotid arteries), arms
(radial and brachial arteries), and legs (femoral artery) where
the arteries are relatively close to the surface. It could include
an ultrasonic measurement of blood flow (e.g., such as the
ultrasonic blood flow detectors used to detect carotid and/or
temoral artery stenosis). It could include a pressure sensor
that measures variation in the pressure in a limb-compressing,
pneumatic cufl. The sensor could employ impedance tech-
niques for monitoring blood flow into and out of an arterial
bed, e.g., as now used to non-invasively measure pulsatile
cardiac output by measuring impedance across the chest. The
same approach could be applied to other part of the body
where pulsatile blood flow exists.

Both mvasive (e.g., direct measurements of a parameter)
and non-invasive (indirect measurements of a parameter) sen-
sors can be used The examples given above are generally
non-invasive. But invasive sensors could also be used, includ-
ing, for example, pressure sensors coupled to a patient’s
vascular pressure via a liquid filled catheter, or intravascular
pressure sensors, in which the sensor 1s incorporated onto the
tip of a catheter placed in the vascular system.

Many other implementations of the mvention other than
those described above are within the invention, which 1s
defined by the following claims.

What 1s claimed 1s:

1. A cardiac resuscitation device, comprising

a pulse sensor configured to detect pulse information char-

acterizing the cardiac pulse in the patient, wherein the
pulse sensor has a pulse sensor output signal as its out-
put, and wherein the pulse sensor output signal contains
information characterizing individual pulses, each cor-
responding to movement of blood 1n the patient’s circu-
latory system;

an accelerometer configured to detect chest movements of

the patient during a series of individual chest compres-
sions, wherein the accelerometer has an accelerometer
output signal as 1ts output; and

memory and processing circuits configured to process the

pulse sensor output signal 1n conjunction with the accel-
cerometer output signal to determine, for each of a plu-
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rality of individual chest compressions in the series of
individual chest compressions, 1f the individual chest
compression actually caused movement of blood thus
resulting 1n an individual pulse.

2. The device of claim 1 wherein the device comprises a
defibrillator for delivering a defibrillation waveform to the
patient and chest electrodes for detecting at least one LCG
signal on the patient and for delivering a defibrillation wave-
form to the patient.

3. The device of claim 2 wherein the memory and process-
ing circuits are further configured to analyze the pulse sensor
output signal in conjunction with the ECG signal.

4. The device of claim 3 wherein the pulse rate of the pulse
signal 1s compared to the pulse rate of the ECG signal.

5. The subject matter of claim 2 wherein the defibrillator
comprises an automatic external defibrillator (AED).

6. The subject matter of claim 5 further comprising the
capability to provide the user with prompts for performing
CPR, and wherein the prompts are dependent at least 1n part
on whether the processing of the pulse signal determines that
individual chest compressions actually cause movements of
blood and thus individual pulses.

7. The device of claim 1 wherein the memory and process-
ing circuits are configured to process the accelerometer out-
put signal to determine the rate and depth of delivered indi-
vidual chest compressions.

8. The device of claim 1 wherein the memory and process-
ing circuits are configured to process the pulse sensor output
signal to determine the magnitude and frequency of the
patient’s pulse.

9. The subject matter of claim 1 wherein the memory and
processing circuits are further configured to determine the
elficacy of CPR treatment of the patient.

10. A cardiac vesuscitation device, comprising

a pulse sensor configured to detect pulse information char-
acterizing the cardiac pulse in the patient, wherein the
pulse sensor has a pulse sensov output signal as its
output, and wherein the pulse sensor output signal con-
tains information characterizing individual pulses, each
corresponding to movement of blood in the patient’s
circulatory system;

a sensorv configured to detect chest movements of the
patient during a series of individual chest compressions,
wherein the sensor has a sensor output signal as its
output; and

memory and processing circuits configured to process the
pulse sensor output signal in conjunction with the sensor
output signal to determine, for each of a plurality of
individual chest compressions in the series of individual
chest compressions, if the individual chest compression
actually caused movement of blood thus resulting in an
individual pulse.

11. The device of claim 10 wherein the device comprises a
defibrillator for delivering a defibrillation waveform to the

55 patient and chest electrodes for detecting at least one ECG

60
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signal on the patient and for delivering a defibrillation wave-

form to the patient.

[2. The device of claim 11 wherein the memory and pro-
cessing circuits are further configured to analyze the pulse
sensor output signal in conjunction with the ECG signal.

13. The device of claim 12 wherein the pulse rate of the

pulse signal is compared to the pulse vate of the ECG signal.

14. The subject matter of claim 11 wherein the defibrvillator
comprises an automatic external defibrillator (AED).

15. The subject matter of claim 14 further comprising the
capability to provide the user with prompts for performing
CPR, and wherein the prompts are dependent at least in part
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on whether the processing of the pulse signal determines that
individual chest compressions actually cause movements of
blood and thus individual pulses.

16. The device of claim 10 wherein the memory and pro-
cessing circuits are configured to process the sensor output 5
signal to determine the rate and depth of delivered individual
chest compressions.

17. The device of claim 10 wherein the memory and pro-
cessing circuits arve configured to process the pulse sensor
output signal to determine the magnitude and frequency of the 10
patient’s pulse.

18. The subject matter of claim 10 wherein the memory and
processing circuits ave further configured to determine the
efficacy of CPR treatment of the patient.

x x * Cx x 15
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