0 Y 0 0 0 1

USOORE3S5122E
United States Patent (i [11] E Patent Number: Re. 35,122
Corenman et al. [45] Reissued Date of Patent: Dec. 19, 1995
[54] METHOD AND APPARATUS FOR 2089999 6/1982 United Kingdom .

DETECTING OPTICAL PULSES OTHER PUBLICATIONS

[75] Inventors: James E. Corenman, Oakland; Robert Goodlin et al., “Systolic Time Intervals in the Fetus and
L. Stone, Sunnyvale; Andras Boross, Neonate Obstetrics and Gynecology”, vol. 34, p. 295 (Feb.
Fremont; Deborah A. Briggs, San 1972).
Ramon; David E. Goodman, San Goodlin, Care For The Fetus, p. 101 (Masson, 1979).

Francisco, all of Calif. Schotz et al., “The Ear Oximeter as a Circulating Monitor,”

: ' Anesthesiology, vol. 19, p. 386 (1958).
W31 Assignee: Nellcor Incorporated, Pleasanton, Cohen et al., “Self-Balancing System for Medical and
alll. Physiological Instrumentation,” [/EEE Trans. Bio-Med.
Eng., vol. BME-18, p. 66, (1971).
[21]  Appl. No.: 840,437 Goodlin, “Interpartum Fetal Heart Rate Responses and

[22] Filed: Feb. 24, 1992 Plethysmographic Pulse”, Amer. J. Obstet. Gynec., vol. 110,
p. 210 (1971).

Related U.S. Patent Documents Primary Examiner—Lee S. Cohen

Reissue of: . Assistant Examiner—Robert L. Nasser, Ir.

[64] Patent No.: 4,911,167 Attorney, Agent, or Firm—Townsend and Townsend and
Issued: Mar. 27, 1990 Crew Y, Agent
Appl. No.. 175,152
Filed: Mar. 30, 1988 [57] ABSTRACT

U.S. Applications: | | |
[63] Continuation-in-part of Ser. No. 742,720, Jun. 7, A method and apparatus for improving the calculation of
1985, Pat. No. 4,802,486, which is a continuation of =~ OXygen saturation and other blood constituents by non-

Ser. No. 718,525, Apr. 1, 1985, abandoned. invasive pulse oximeters. The method and apparatus permit

more accurate determination of blood flow by collecting

[51] Int. Cl-ﬁ ........................................................ A61B 5/00 time-measures of the ﬂbSOfptiUﬂ Signal al two Or more
[52] US.CL o 128/633; 128/665; 356/41 wavelengths and processing the collected time-measure to
[58] Field of Search ... 128/632-633, obtain composite pulsatile flow data from which artifacts

128/637, 667-668, 670, 671, 687-690, have been filtered. The processing may occur in the time

696, 700, 706, 708 domain or in the frequency domain. In the preferred time

domain embodiment, successive portions of periodic infor-

[56] References Cited mation are weighted and added together in synchrony to

obtain the composite pulse information. In the preferred
U.5. PATENT DOCUMENTS frequency domain embodiment, the time-measure is Fourier

Re. 27,042 1/1971 Jorgensen et al. .......ocoomnnen... 127/700 transformed into its spectral components to form the com-
2,827,040 3/1958 Gilford . posite information. A new method and apparatus for corre-
2,933,081 4/1960 Passannante . lating the heartbeat and optical pulse is provided whereby a

product of the ECG R-wave and optical pulse signals

(List continued on next page.) corresponding to the same heartbeat is obtained, and one

FOREIGN PATENT DOCUMENTS signal is time shifted relative to the other until a maximum
waveform product corresponding to the heartbeat is deter-
_ P
102816  3/1984 European Pat. Off. . mined
104722 4/1984 European Pat. Off. .
104771 4/1984 European Pat. Off. .
0104771 4/1984 European Pat. Off. . 34 Claims, 22 Drawing Sheets
 ens 5{,53 DETECTOR | i ; 2 PoLk :—:*ﬂ#zﬁ ermer |
1 | BUFFER LOWPASS £ILTE :
1 1 —;L | il o
| ! 2Ig ! OFFBET D
i 20 | ) i
1 :4{--—- BIAS VOLTAGE | i (POLTAGE 30
! I ...._} LED DRIVES : ;
P T i ; | perser IR |
b VOLTIEE
E SEN S0 | 22 | ol L:.ﬁf__é&f___J
IR/ I ?Jﬁ* "\‘%W : - e e e e e e o i i i e
gt ea—{zsc meor fecl : , ooei 40 iz SHa
Le ""I""F»F.:??‘ff 770, S/ AAY Al mﬂ‘”m LOWMSS MOHPASS oo
LA -—-:-— CARC LY T 230 : e :”"‘Eﬁﬁ e o FrereR  FIRTER e riraR
| [Aer7EnT AtoDveE] | l% MOTCH FrLrER 125 OFFSET bl
—_ | £ ARSI L20 345 HXTAGE 450

200 PR LA Cﬂi’f?" ﬂ‘ﬂ#ﬂﬂf#?ﬂf

LEARAD
LArEM — P

| |£ECG Anie D6 KonwT £A0]
L sl S A . L ey A TUTE T A s e AT e s bt T .

GO0

i S Al e PR MR

[T TR I R I




Re. 35,122

Page 2

U.S. PATENT DOCUMENTS 4,154,230 571979 LEE wommeeeoeeeeeeeeeeeeee 128/661
3318303 5/1967 Hammacher .............. 128/687 X 1216779 S/1980 Soutves aral, T e
i";‘;ﬁ‘;ﬁi 1}}; iggg f{‘;’;‘l‘h I 4,266,554  5/1981 HAMARULL ovoovoooroeroooo 128/633
500811 7/1971 ngs- 4,325,384 471982 Blaser et al. woveeveeomveeeonn 128/696
3,608,545 9/1971 Novack et al. oo 128/700 j’igg*ggg lg}ggg g:::
3,618,592 11/1971 Stewart . Bt a.
3,651,806 3/1972 Hirshberg 4,406,658 971983 Lattin et al. weoeeoorreen. 128/802 X
3,653,0’60 4/1972 Eklof . 4,407,29{] 071983 WIlDEr .oveveiieeeiicee e eeer s aeeaens 128/633
3,704,706 12/1972 Herczfeld et al. . 4,422 458 12/19B3 Kravath .cooveeeeeeeiveeeeeeerrvnnnen, 128/671
3,734,086  5/1973 Phelps, St. . 4,425,921  1/1984 Fujisaki et al. .........ccveueneee. 1287700
3,742,938 T/1973 SLEIM eoeeeeeereeereeeeeeeee. 128/687 4,425,022 1/1984 Conti et al. ... 128/691
3773.033 1171973 Rodbard et al. 4,440,176  4/1984 MiodoWniK oo 128/708
3,948,248 4/1976 Zuckerman et al. . 4,446,868  5/1984 ATONSON +vreosoeoeoeoeseoeeoesoeooe 128/708
3,994,284 11/1976 Voelker . 4,446 871  5/1984 Imura .
3,994,285 11/1976 Doll . 4,450,838  5/1984 Miodownik ...ooooooeoeein, 128/204.23
3,998,550 12/1976 Konishi et al. ooeeoooeoson 356/39 4,545387 10/1985 Balione .
4,000,461 12/1976 Barber et al. . 4,573,478 3/1986 Amnold et al. .
4,023,563 5/1977 Reynolds et al. . 4,577,639 3/1986 Simon et al. .
4,023,564 5/1977 Valiguette et al. . 4,586,513 6/1986 Hamaguri .
4,030,485 6/1977 Wamer . 4,589,420 5/1986 Adams et al. .
4,036,211 7/1977 Veth et al. . 4,617,937 10/1986 Peel et al. .
4,053,911 10/1977 Hudspeth et al. .oovevrooenon, 364/415 4,653,498 3/1987 New, JT. €t al. wovveseeeoo, 128/633
4,063,551 12/1977 Sweeney . 4,802,486 2/1989 Goodman et al. ..o, 128/666 X
4,086,915  5/1978 KOCSKY wveverseoeoeooeooooi. 128/22 4,824242 4/1989 Frick et al. .



Sheet 1 of 22

Dec. 19, 1995

U.S. Patent

07 A kmﬁ%‘ A

Y ALY 7Y
L35 4HAC

dIL 1S AFL7/S M7
SSvd ol — SSWMOT QMJQ@.WWTQ‘N\ %%“ v ors
Z2HG Z2H O XNO070

O/L PTFLOY

|
|
|
_
_
“ O5SC.  s9un Q&v
.
|
_
_
| . LN/ DO

7% 2777
X7 A kwh\u\%“ A /4 S

S FA/ T qm..__.w

_ A LA
XOLIFYL FT FOV 704 WS@

|
| |
| |
| |
| QLE A FOL 704! _ NG |
| s ‘ L7410, e & _ oz
“ ST A Ay Im '] O3E ore 711 WY .nw&}a“ " 20086 A i
| |
_ |
|

LFASO SHILVS CCHLMTT? I3S4g | 7 com
ZHOZ F704 2 | _ Worosi70 218
iiiiiiii SFUTOML e e ] %&.&Qk..ﬂqﬁﬂ%l: wﬂwu,.w%

l___...____........._..___......_l



Re. 35,122

Sheet 2 of 22

Dec. 19, 1995

U.S. Patent

59

GES,
LS

oS
QLY INANNG] :
e

1,55
SUCX b e

L1227
FOLIU FT My

YAT
2 SO
T ILE 708/

e ST ey il S e S S A e e e AR gy syl R ikl

_ —

| YOS S790%7 g “. — - — T T T ol

| o720z ~OXD/ ¥

_ LIS S W _ | W A A XL/ 774 %\

| ogpz VO g | .u. 0LGY o304 mﬂm\%\sﬂﬁﬂwﬁx A A XOW

| ol | | m SO EANVOD L1722/

4 & i e P i v

GeOC1 Yy ’

| o908 _I_, e —— i —— . —— s e e ey e wrrm v ot oot e e e e e s e o
FSNFS oL )

- SN/T INIT O .__

024

/4
a3



Ii;liililll IIEI

o2 U "k m0575 NOILITL O LIS |

Ve 9/

|
| |
_ AS] - _
| €¥2 250 4~1 /0 ¢
BrivN 2 ‘o ﬁNUm _
|gpron! 2 :mw._ _
- _ + ¢ _
'S AS| AS ]+
o | |
S | s e _
- (321 W9 £50 ¢ yrod _
¥ _ ¥ J
m i‘s - 4 ! k%\ s\ M&Um —
4 | 222 ‘o’ "
| gripni . |
T L _
[ T e e s s o e e e e e i o e e 74
" L IV Iy S0 PS |
=2 _ - |
A NLIZ |
el _ 2
- { _ QIIHS a
w _ g _ QQ..NU.MC.E q....
v
; b 4o 2], NYNLT 5-
> . | 1A 9 4" 0 _ (7
3 113 ; e, s G HOLOILZQ S
A U197 | ASI+ NI 100 = \_ GI3IHS | WITHL 5
T -q K
- Lys | T W 8d saoILza a3 =
L —-ewasiu | T -
9 L 3 J.L
T—gil _
p o
T VYD _ &OLD>3513q |
T ASt+ _
{3 v Nel~ _ _
_
| _
|

U.S. Patent



Re. 35,122

2
o3
oot
&
_4
ol
@
O
W
)
S8/ yYZ€'e
/ C21 Y kmm:m_
Ty
=
N
you)
o
v
>
-5
-

" S6Y
BN )

P L

b

U.S. Patent



U.S. Patent

RI3

Dec. 19, 1995

Sheet S of 22

Re. 35,122

o (T3>
| +15V AISY Iy _i
I i ‘o5 U |
- RIOE
7; 2 ZIM Q74 |
| e, S - l
| 33‘2 -2 2 P15 INAMPH I |
prosy 81 g oI |
|| o0k X s A |
2
I ' 1 l
- - ]
A r-- - --—-—- - "—7"—/== - = - T T T
" | e oros  RIZ3 (s |
| R_ / 2 7 / JSHA o [
\
N g
. : p
'’
' woK 3z
| ﬁ;’; = AT INVERT
|




U.S. Patent Dec. 19, 1995 Sheet 6 of 22 Re. 35,122

F1G. 3B(contd)

| |
s

511K | S/7K
fc“” v (13 LF##I l
Eﬁ.?fﬂf I I
S, U ——



Re. 35,122

Sheet 7 of 22

Dec. 19, 1995

U.S. Patent

v -4

: oz

8 9/ &=z

: i T

S m!..m,i 0131977 — 5

OLS _ | l%
AN _ NG+ 7
— —H-

, | S+ o1

botorr £ AS/ - “Im-

01 DT FIS 9
..u.Hm 5

2q P

ral K=

zay KA

$av =

R S n¥efeNepe R




Re. 35,122

Sheet 8 of 22

Dec. 19, 1995

U.S. Patent

r———-
|

|

|

_ 977

|

| oy, ¥

_ LY 4 F-L 7. 4

“... YUY LT AAD

/
_ =] Sc2

o |%#7)

/!
b 1% _

BAR)) g ©/F DL

GO/

/% 4
s i
| ] Y7V
_ X i
| mamNENH 47220 | | ¥ | mm\ww%ﬁum
| £37 1 X¥le F yor | | % | |#2#2 \xmm.w Y597

LYy

l _
Lors

NSP] o |
|

sy |
L _ _(gaee7 ion) 3 L
NHD XTLT S HILON KaWNFNOIFYS TN/ SSVAaVYs

——




(P,#U02)G 9] o

Sheet 9 of 22

Dec. 19, 1995

TI0H STV L MY

U.S. Patent

S 9/70L



Re. 35,122

Sheet 10 of 22

Dec. 19, 1995

U.S. Patent

" Y 3 i il mdarerw i i B Ny ol -

- o i el -_ A el PP L L L T T T E Y [ e

P4
BLEBL A5Y
e % o /




Sheet 11 of 22

Dec. 19, 1995

U.S. Patent

N G .
elz] 1
] Jez]
L le
A1 1z
EZ20 R 72
I A N 72
T
_ ¢
1] | #

avozlovov| G+ | s/-

MP/LOTFS MNOISHINANGT TWLI2Id OL 07wy

TN

AN e
R S
z
KpS Wb
Y > IdY
]-III_I.I..L
A+
= VIHS

- - Y FT




(BAR)BL B S OL

Re. 35,122
n
il
I |

'

3

Gl

"

)

Py

3

K

7 N
N
w. &2 oM
../u 20 ] = /&7
A\ / 22 2 4

. Wi P@ll 22 J7EE

™ = P

e 2 /A /

o

m—

>

&

-

Vi
S 5
WV

[T2LMS “

——
= n—7
5 S0 SS |
- PA 26 3
S o €
¥ L7047 Z
. AL AT [/
S <l



)
S
i

=
e
e
I

O
=
7

Dec. 19, 1995

U.S. Patent

T 917 L

wr

Hlows_oolf oty
’IS2H

(P,4U02)l7/ O] o



Re. 35,122

Sheet 14 of 22

Dec. 19, 1995

U.S. Patent

TR P EEEEE R

3

N
<

O

N

N
3

g4 914




Re. 35,122

Sheet 15 of 22

Dec. 19, 1995

U.S. Patent

|
_
|
|
|
| e ¥
|
|
_
|

-
- mm.b..tx —
FeLy *
owcss <yl 3
&
~z7 A
- %@H&Eﬁ A 5 Q%-‘m'l____“% R
BRETZY, 10 Gele gl N
LYINLLKS w.\ 09 gol& | b AN
B, A ar m\illmm ~
| 73y 18 Q%Iw 8
PLED . 4...,
N

m
_

gL S/ ol



U.S. Patent Dec. 19, 1995 Sheet 16 of 22

Re. 35,122

F/G. 9a

SL/IDER

100
VW yse £ce 22
YES

3170 ' l
DR7R VARLIDZ \ AD
RED JNFERRED 3770
Cz EAR SLIDER BUFFER

3/50 INSERT “LWE/CHTED
OAR7A /N7O SL/DER

3160 W



U.S. Patent Dec. 19, 1995 Sheet 17 of 22 Re. 35,122

F1G. 9b

ECG_EDPX

S747
OF £ S/GANAL
A/ ECG .. LLOCA = \ YES
ALSE P
5229 DER/IVATI VE > DEL/VRTIVE >
AMRX - DER/VRTIVE? THRESHOLD P J 3240
YES
3230) prax- ocrrva 7y v
= DEL VAR TV Ve

CG- BLOCK
< f r.ecx.ec 3250

MAX . DEL/IVAT/ e

= DEL/INRT/IVE JZ260

K- WARVE CHECK 3270



U.S. Patent Dec. 19, 1995 Sheet 18 of 22 Re. 35,122

ECG

ECC.CLOcK 3300

o cnes o
Py °
LEADS Ok 3370
YES
EXTERN A ¢
TG G ER
SET THESHOLL
se7 messwocd]

L7 A A-WAVE CHECKING
W 3370 K+ WAVE - 3500
EVENT ?

YES

3320

25/ 3520
R-R FPERIOD\NI| R - WAKE
> MNP DECLARED FALSE
YES
3537

SET PUASE DELAY COUNTER |
ROR SHMPELING OPIICAL DATA |

F1G. Ye

3540



U.S. Patent Dec. 19, 1995 Sheet 19 of 22 Re. 35,122

£CG - LV3

N
el
EX7ELA L ES

TRIG G E L

NO

3£/

COAMPLTE HISToRY
AND R.-WAVE pre7a 1™ 3435

I4I0

ECG SryascH \ MO
= 0
CR=p N 7T 324D
ECE . SIYANCH

ECGC SyNCH 3459
ELLR0R ? [JYES 3455
3450 NO ECGC SYNCH
SL/0&ER RELATED £XROR
CRECE L RTVONS

3465

KESET 7/8M&EL2S

CRLC/LATE AND
DISFLARAY HEART BAZE

UPORTE #/STORY } 3470
SE7 7R/GCER FOR MUNCH

sers
\EX/7 3= 3480



U.S. Patent Dec. 19, 1995 Sheet 20 of 22

Re. 35,122

FIG. 9f

ALY £ OO LR L SSIA G
SEIC ECG

TAAYERE 1S NEO
3e/5 NEW DA P

5e

2630 CHECK CRLr8RATyON
ESISTOL
/S L0y
5642
3645 CAECK ,Dawesé‘/
S7GNVO &Y S 7CH

SE ST \WAZEH DoG

B 77on, AKVO8 SAT7TERY CHECK,
CLOCK , RON  ALIp7 TEST

| 3860 DECODE A7ESSASES
:
MAN TN G777 B rrel

3655




U.S. Patent Dec. 19, 1995 Sheet 21 of 22 Re. 35,122

LS &P DX ASETER AL PNy H 87 /_- / G / 0

COLe &CT S72 OR74 LOoArs

J000
ERCr ON RED SPNVD LA Dg7o

FOECAT CONTPUEX DR74G SE7

4019 L) = R(Z)+ JIR (F)

LDEC/MATE DAZR AN Zoppe 70 HF SAMPLES

4, (g)zé %“" S b;[n?(m-z)]t

=/t

HAMMING WINDOW THE D74
4054 F2(8) = 4,(0 x A W

FOURIER TRBNS FORN THE DA7TA
40647 Y (s) = Ke(s)*t Imcs)

COMPLTE £ 7. OF L&D AnD T2
L0704 F7(RED) = -2:'- f Y2 (S) + Yy (-5)
Frere) = 44 e (9= Y2 (-9}

LOCAIE FPEAXS A7 HEART RA7~
COMPL7e & /

T o. | Peak @ HR| RED

Ke (QC}
| FEAR & HR | IR

Im CO.C.)

CompPvreE SAT
(USUAL NELCOR £O2M)




U.S. Patent Dec. 19, 1995 Sheet 22 of 22 Re. 35,122




Re. 35,122

1

METHOD AND APPARATUS FOR
DETECTING OPTICAL PULSES

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

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation-in-part application of
and commonly assigned U.S. application Ser. No. 742,720,
now U.S. Pat. No. 4,802,486, entitled Improved Method and
Apparatus For Detecting Optical Pulses, filed Jun. 7, 1985 in
the names of James E. Corenman and David E. Goodman,
which is a continuation of U.S. application Ser. No. 718,525,
entitled Improved Method and Apparatus For Detecting
Optical Pulses, filed Apr. 1, 1985 in the names of James E.

Corenman and David E. Goodman, now abandoned.

This invention relates to non-invasive pulse oximetry and
specifically to an improvement on the method and apparatus
for photoelectric determination of blood constituents dis-
closed in U.S. applications Ser. No. 742,720 and 718,525.
This specification is accompanied by software appendices A
and B.

BACKGROUND OF THE INVENTION

Non-invasive photoelectric pulse oximetry has been pre-
viously described in U.S. Pat. Nos. 4,407,290, 4,266,554,
4,086,915, 3,998,550, 3,704,706, European patent applica-
tion No. 102,816 published Mar. 13, 1984, European patent
application No. 104,772 published Apr. 4, 1984, and Euro-
pean patent application No. 104,771 published Apr. 4, 1984,
Pulse oximeters are commercially available from Nellcor
Incorporated, Hayward, Calif., U.S.A., and are known as,
for example, Pulse Oximeter Model N-100 (herein “N-100

oximeter”).

Pulse oximeters typically measure and display various
blood flow characteristics including but not limited to blood
oxygen saturation of hemoglobin in arterial blood, volume
of individual blood pulsations supplying the flesh, and the
rate of blood pulsations corresponding to each heartbeat of
the patient. The oximeters pass light through human or
animal body tissue where blood perfuses the tissue such as
a finger, an ear, the nasal septum or the scalp, and photo-
clectrically sense the absorption of light in the tissue. The
amount of light absorbed is then used to calculate the
amount of blood constituent being measured.

The light passed through the tissue is selected to be of one
or more wavelengths that is absorbed by the blood in an
amount representative of the amount of the blood constituent
present in the blood. The amount of transmitted light passed
through the tissue will vary in accordance with the changing
amount of blood constituent in the tissue and the related light
absorption.

For example, the N-100 oximeter is a microprocessor
controlled device that measures oxygen saturation of hemo-
globin using light from two light emitting diodes (“LED’s”),
one having a discrete frequency of about 660 nanometers in
the red light range and the other having a discrete frequency
of about 925 nanometers in the infrared range. The N-100
oximeter microprocessor uses a four-state clock to provide
a bipolar drive current for the two LED’s so that a positive
current pulse drives the infrared LED and a negative current
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pulse drives the red LED to illuminate alternately the two
LED’s so that the incident light will pass through, e.g., a
fingertip, and the detected or transmitted light will be
detected by a single photodetector. The clock uses a high
strobing rate, €.g., one thousand five hundred cycles per
second, to be easily distinguished from other light sources.
The photodetector current changes in response to the red and
infrared light transmitted in sequence and is converted to a
voltage signal, amplified, and separated by a two-channel
synchronous detector—one channel for processing the red
light waveform and the other channel for processing the
infrared light waveform. The separated signals are filtered to
remove the strobing frequency, electrical noise, and ambient
noise and then digitized by an analog to digital converter
(“ADC”). As used herein, incident light and transmitted light
refers to light generated by the LED or other light source, as
distinguished from ambient or environmental light.

The light source intensity may be adjusted to accommo-
date variations among patients’ skin color, flesh thickness,
hair, blood, and other variants. The light transmitted is thus
modulated by the absorption of light in the variants, par-
ticularly the arterial blood pulse or pulsatile component, and
is referred to as the plethysmograph waveform, or the optical
signal. The digital representation of the optical signal is
referred to as the digital optical signal. The portion of the
digital optical signal that refers to the pulsatile component is
labeled the optical pulse.

The detected digital optical signal is process by the
microprocessor the N-100 oximeter to analyze and identify
arterial pulses and to develop a history as to pulse period-
icity, pulse shape, and determined oxygen saturation. The
N-100 oximeter microprocessor decides whether or not to
accept a detected pulse as corresponding to an arterial pulse
by comparing the detected pulse against the pulse history. To
be accepted, a detected pulse must meet certain predeter-
mined criteria, for example, the expected size of the pulse,
when the pulse is expected to occur, and the expected ratio
of the red light to infrared light of the detected optical pulse
in accordance with a desired degree of confidence. Identified
individual optical pulses accepted for processing are used to
compute the oxygen saturation from the ratio of maximum
and minimum pulse levels as seen by the red wavelength

compared to the maximum and minimum pulse levels as
seen by the infrared wavelength.

Several alternate methods of processing and interpreting
optical signal data have been disclosed in the patents and
references cited above.

A problem with non-invasive pulse oximeters is that the
plethysmograph signal and the optically derived pulse rate
may be subject to imregular variants in the blood flow,
including but not limited to motion artifact, that interfere
with the detection of the blood flow characteristics. Motion
artifact is caused by the patient’s muscle movement proxi-
mate to the oximeter sensor, for example, the patient’s
finger, ear or other body part to which the oximeter sensor
is attached, and may cause spurious pulses that are similar
to pulses caused by arterial blood flow. These spurious
pulses, in turn, may cause the oximeter to process the artifact
waveform and provide erroneous data. This problem is
particularly significant with infants, fetuses, or patients that
do not remain still during monitoring.

A second problem exists in circumstances where the
patient is in poor condition and the pulse strength is very
weak. In continuously processing the optical data, it can be
difficult to separate the true pulsatile component from arti-
fact pulses and noise because of a low signal to noise ratio.
Inability 1o reliably detect the pulsatile component in the
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optical signal may result in a lack of the information needed
to calculate blood constituents,

It is well known that electrical heart activity occurs
simultaneously with the heartbeat and can be monitored
externally and characterized by the electrocardiogram
(“ECG’") waveform. The ECG waveform, as 1s known to one
skilled in the art, comprises a complex waveform having
several components that correspond to electrical heart activ-
ity. The QRS component relates to ventricular heart con-
traction. The R wave portion of the QRS component 1s
typically the steepest wave therein, having the largest ampli-
tude and slope, and may be used for indicating the onset of
cardiovascular activity. The arterial blood pulse flows
mechanically and its appearance in any part of the body
typically follows the R wave of the electrical heart activity
by a determinable period of time that remains essentially
constant for a given patient. See, e.g., Goodlin et al,
“Systolic Time Intervals in the Fetus and Neonate”, Obstet-
rics and Gynecology, Vol. 39, No. 2 February 1972, where
it is shown that the scalp pulse of fetuses lag behind the ECG
“R” wave by 0.03-0.04 second, and U.S. Pat. NO. 3,734,
086.

In prior U.S. application Ser. No. 742,720, copending and
commonly assigned, the disclosure (including the software
appendix, of which is hereby expressly incorporated by
reference, and in corresponding International PCT Applica-
tion publication No. WO 86/05674 published Oct. 9, 1986,
also commonly assigned, there is disclosed an invention for
measuring the patient’s heart activity and correlating it with
the patient’s detected blood flow signal to calculate more
accurately the patient’s oxygen saturation and pulse rate.
The correlation includes auto- and cross correlation tech-
niques to enhance the periodic information contained in each
individual waveform as well as determine that time rela-
tionship of one waveform to another. |

Correlating the occurrence of cardiovascular activity with
the detection of arterial pulses occurs by measuring an ECG
signal, detecting the occurrence of the R-wave portion of the
ECG signal, determining the time delay by which an optical
pulse in the detected optical signal follows the R-wave, and
using the determined time delay between an R-wave, and
using the determined time delay between an R-wave and the
following optical pulse so as to evaluate arterial blood flow
only when it is likely to present a true blood pulse for
waveform analysis. The measured time delay is used to
determine a time window when, following the occurrence of
an R-wave, the probability of finding an optical puise
corresponding to a true arterial pulse is high. The time
widow provides an additional criterion to be used in accept-
ing or rejecting a detected pulse as an optical pulse. Any
spurious pulses caused by motion artifact or noise occurnng
outside of that tie window are typically rejected and are not
used to calculate the amount of blood constituent. Correlat-
ing the ECG with the detected optical pulses thereby pro-
vided for more reliable measurement of oxygen saturation.

That application and publication refers to a modified
N-100 oximeter (the “enhanced N-100 oximeter”) whereby
the device is provided with an additional heart activity
parameter in the form of a detected R-wave from the
patient’s ECG waveform, in addition to the N-100 pulse
oximeter functions, and the microprocessor is modified to
include software and memory for controlling and processing

the optical signal and heart activity information.

The additional heart activity parameter is independent of
the detection of peripheral arterial pulses, e.g., ECG signals,
ultrasound, ballistocardiogram, and maybe, accelerometers,
nuclear magnetic resonators, electrical impedance tech-
niques, and the like, and provides an identifiable and detect-
able signal to response to each heartbeat for use by the signal
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processing of the oximeter.

It is an object of this invention to provide for improved
processing of the detected optical signal containing periodic
information corresponding to arterial pulsatile blood flow
and aperiodic information corresponding to noise, spurious
signals, and motion artifact unrelated to the beating heart
and arterial pulsatile blood flow, to improve further the
reliability and accuracy of the determination of blood con-
stituent, particularly oxygen saturation of hemoglobin by a
non-invasive oximeter device.

It is another object of this invention to provide an
improved method and apparatus for collecting successive
portions of detected optical signals encompassing periodic
information for more than one heartbeat and processing the
collected portions to attenuate and filter therefrom aperiodic
signal waveforms to provide enhanced periodic information
from which the patient’s blood constituent can be accurately
determined.

It is another object to maintain the enhanced periodic
information updated by continuing to add new portions of
detected optical signals as they are obtained. It is another
object of this invention to create enhanced periodic infor-
mation by collecting and processing successive portions of
detected optical signals wherein the periodic information
corresponding to the optical pulses have been added together
in phase, synchronized to the occurrence of the patient’s
ECG and preferably the R-wave signal.

It is another object of this invention to add synchronized
periodic information in a weighted fashion so that the most
recent portion of detected optical signal is accorded a greater
weight in the collected sum than any one prior portion of
periodic information data.,

It is another object of this invention to create the enhanced
periodic information by adding together a predetermined
number of the most recent successive portions of detected
optical signal, whereby each portion corresponds to a heart-
beat event and is given a weight according to its relative age
so as to emphasise the newest information in the resultant
weighted collective sum.

It is another object of this invention to correlate the
periodic information with the ECG R-wave by using a
waveform product technique to identify the occurrence of
the heartbeat and the optical pulse corresponding to that
heartbeat.

It is another object of this invention to evaluate the collect
periodic information for a predetermined number of succes-
sive portions of the detected optical signal corresponding Lo
a predetermined number of heartbeats in the frequency
domain to obtain enhanced periodic information.

It is another object of this invention to Fourier transform
a time-measure of detected optical signals including periodic
information for N heartbeats to determine the relative
maxima at the fundamental frequency N and the minima at
the zero frequency for use in determining the light modu-
lation ratio for the amount of blood constituents.

It is another object of this invention to correlate the
Fourier Transform of the time-measure of detecied optical
signals with the Fourier Transform of a time-measure of the
ECG signal, and more particularly the R-wave events of the
ECG signal, to determine the maxima at the fundamental
heart frequency.

It is another object of this invention to correlate the
periodic information in a time-measure of the detected
optical signal with a time-measure of the detected heart
activity, preferably in the form of the ECG signal and more
preferably in the form of the R-wave of the ECG signal, to
define a predetermined number of samples in a data set and
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use frequency domain analysis techniques to evaluate the
collected predetermined number of sample data sets to
determine the relative maxima at the fundamental frequency.

SUMMARY OF THE INVENTION

This mvention provides enhanced periodic information
with improved rejection of noise, spurious pulses, motion
artifact, and other undesired aperiodic waveforms and
thereby improves the ability of oximeters to accurately
determine amounts of blood constituents.

The present invention provides methoeds and apparatus for
coliecting a time-measure of the detected optical signal
waveform containing a plurality of periodic information
corresponding to arterial pulses caused by the patient’s
heartbeat and aperiodic information unrelated to pulsatile
flow, and processing the collected time-measure of infor-
mation to obtain enhanced periodic information that is
closely related to the most recent arterial pulsatile blood
flow. The time-measure may comprise a continuous portion
of detected optical signals including a plurality of periodic
information from successive heartbeats, or a plurality of
discrete portions of detected optical signals including a
corresponding plurality of periodic information.

By updating the time-measure of information to include
the most recently detected periodic information, and pro-
cessing the updated measure collectively, an updated
enhanced periodic information is obtained (including the
new and historical data) from which aperiodic information
(including any new aperiodic information is attenuated. In
some embodiments, the updating process includes subtract-
ing detected signals older than a certain relative time from
the collected time-measure. Applicants have discovered that
by collectively processing a time-measure including succes-
sive periodic information to obtain the enhanced periodic
information, and using the enhanced periodic information as
the basis for making oxygen saturation calculations, the
accuracy and reliability of oxygen saturation determinations
can be significantly increased. Applicants also have discov-
ered that the time-measures may be collectively processed in
either the time domain or the frequency domain.

The amount of a blood constituent, for example, oxygen
saturation, can be then determined from this enhanced
periodic information (also referred to as composiie signal
information) by determining the relative maxima and
minima in the enhanced periodic information for the respec-
tive wavelengths for use in determining the modulation
ratios of the known Lambert-Beers equations.

In the preferred embodiment, the detected optical signals
are conventionally obtained by passing red (660 nanom-
cters) and infrared (910 nanometers) light through a
patient’s blood perfused tissue, detecting the transmitted
light which is modulated by the blood flow, and providing
red and infrared detected optical signals that are preferably
separately processed and optionally converted from analog
to digital signals, for example, as described above for the
Nellcor N-100 oximeter. Portions of the corresponding red
and infrared digital signals are then collectively processed in
accordance with the present invention and the light modu-
lation ratios are determined based on the resulting enhanced
periodic information and used to calculate oxygen satura-
tion.

In the time domain analysis embodiment, the invention
provides a method and apparatus for adding together a
plurality of successive portions of the detected optical signal
waveform whereby one portion of the detected optical signal
wavetorm is added to the following selected portion so that
their respective periodic information is added in synchrony,
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.., in phase. The synchronized sum thus forms a composite
portion of detected optical signal information having
enhanced periodic information. The following portion is
then added to the composite portion so that the new periodic
information is added to the prior composite periodic infor-
mation in synchrony, forming an updated composite portion
with update enhanced periodic information. Thereafter, sub-
sequent successive portions of detected optical signal are
added to the prior updated composite portion, one ai a time,
s0 that the composite and enhanced periodic information are
update with each new portion and corresponding heartbeat
evenlt.

Weighting functions are applied to the two portions before
they are added each other. This provides a scaled or
weighted sum that can be adjusted, by selection of the
respective weighting functions, to more closely reflect the
patient’s current condition, rather than the historical condi-
tion. In the preferred embodiment, the weighting functions
are fractional multipliers which sum to one to provide a
stable hlter, and are discussed in greater detail below.

The periodic information (optical pulse) generally has the
same pulse shape, height, and duration from heartbeat to

heartbeat and, as is described in U.S. Ser. No. 742,720,
follows heart activity by a determinable period of time.

Applicants have discovered that by synchronizing the
occurrence of successive R-waves, it becomes possible to
add the corresponding successive portions of the detected
optical signal together so that the periodic information
(optical puises) corresponding to the arterial pulse in each
portion will add in phase. The weighted magnitude of the
new periodic information is reinforced by the existence of
the weighted enhanced periodic information at the same
time location in accordance with the degree of synchrony. If
the new optical pulse is identical to the composite pulse,
then the updated result is a composite optical pulse having
the same magnitude. If the magnitudes differ, the additive
result will differ according to the relative weights.

As a result of the collected, synchronized additive pro-
cess, any aperiodic information that may be present in the
portions of the detected optical signals also are weighted and
added to the weighted composite portion waveform. How-
ever, because aperiodic signals differ in pulse shape, dura-
tion, height-, and relative time of occurrence within each
portion, and are not synchronous with heart activity, they do
not add in phase. Rather, they add in a cancelling manner
whereby their weighted sum is spread across the relative
time frame of the composite portion.

Applicants have discovered that by processing portions
including the periodic information collectively, aperiodic
information is atienuated by the absence of any correspond-
ing historical aperiodic signal in the prior composite portion
or any subsequent aperiodic at that relative time following
heart activity. Further, because the new information can be
given a small weight when compared to the absolute weight
given the prior composite (as distinguished from the effec-
tive lesser weight given to any single prior portion of optical
signals as explained below) new aperiodic information is
quickly and effectively attenuated, and thus filtered out of
the resultant additive portions.

To the extent that any aperiodic information would over-
lap and thereby obscure some periodic information in a
portion, then that aperiodic information would be reinforced
by the existing periodic information in the prior composite
portion; but only to the extent there was overlap. Thus, the
collective processing does not lose optical pulse information
hidden by an artifact. Subsequent periodic information lack-
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ing “identical” aperiodic information would attentuate any
overlapping aperiodic pulse over time.

The collective additive sum having synchronized periodic
information waveform thus presents enhanced periodic
information that is a composite data set that corresponds to
a composite optical pulse from which noise, spurious sig-
nals, and motion artifact, have been filtered out. By weight-
ing the collective additive process to favor the most recent
information and processing this weighted composite portion
as it is update, an accurate estimated optical pulse (enhanced
periodic information) that closely reflects the actual condi-
tions is maintained. Basing oxygen saturation determina-
tions on this enhanced optical pulse as it is updated thus
provides a more accurate measure than was available by
conventional and prior processing techniques.

As discussed in application Ser. No. 742,720, the deter-
minable time period between the R-wave and the optical
pulse makes it possible to determine a time window whose
time length is long enough to include any likely periodic
information, and short enough to exclude detected optical
signals that are not of any significant or clinical use in
making the determination of the selected blood constituent.
A time window can be used in the present invention,
following the occurrence of heart activity, to select a portion
of detected optical signals for processing in accordance with
this invention to reduce the amount of detected optical signal
information that must be processed, to improve the rejection
of aperiodic signals not proximate to the optical pulse, and
to improve the resolution of the oximeter. The timing of the
portion can be selected empirically, by considering the time
length of the heartbeat pulse and how long it takes for the
pulse to travel to the optiCal detection site so that the
window is opened before the optiCal pulse maximum occurs
at the optical detection site. In the preferred embodiment, the
portion of signal is portion that begins 40 ms after the
detection of an R-wave event, based on experimentation,
and ends after the relative minimum of the optical pulse 1s
detected, which ending time can vary from portion (o
portion, and may be, for example, about 230 ms after the
R-wave event.

The time domain processing of collective weighted por-
tions of the detected optical signal waveforms synchronized
by the R-wave of the ECG waveform provides the equiva-
lent of an optimal filter in the frequency domain, whose

band-pass elements are those of an ideal heartbeat for the
patient under examination. All frequencies which are found
in a normal heartbeat are passed with weights of one, and all
nonsynchronous frequencies are rejected with attenuation
depending on the degree of asynchrony, and the time length
of the filter (the effective number of portions processed
collectively). As the weight of the periodic information
corresponding to the current heartbeat 1s decreased, greater
rejection of the low-frequency aperiodic artifacts occurs, but
the delay in reporting the most accurate arterial pulsatile
flow increases.

The weighting functions also assure that the new periodic
information is not absorbed into the iime and amplitude
average of the old data. Using fractional weights provides
scaling of the new and old composite information sum, and
when the fractional weights add to one, stable performance
of the filter is assured. Repeated multiplication of the old
data by weights less than one accomplish the effective
removal of older data, thus limiting in effect the number of
periods processed collectively.
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In the preferred embodiment, the detected optical signal
information is processed in digitized form. Because the
successive digitized information is weighted and added, the
amount of digital computer memory required to contain the
historical and updated composite periodic information only
need be as long as the time period for a relative typical
heartbeat, so that it can contain the entire time for a selected
portion including an optical pulse. This simplified oximeter
operation.

In the preferred embodiment, applicants have found that
optimal performance occurs when the most recent informa-
tion is accorded a weight of ¥ and the historical weight-
averaged composite information is accorded a weight of %.
Weights which are in powers of 2, e.g., ¥2, 4, s, etc., are
attractive to use with binary digital computers becausc they
require simpler mathmatical operations, however, they do
not necessarily provide the optimal time and noise attenu-
ation tradeoff in selecting weighting functions.

The resultant enhanced periodic information is a weighted
composite optiCal pulse that is evaluated in the same
manner that prior oximeters evaluated individual pulses they
determined were appropriate optical pulses for determining
blood constituents, whether or not the criteria included use
of a time window. The relative maxima and minima for each
of the red and infrared composite optical pulses are sepa-
rately determined and used in the modulations ratios for
determining amounts of blood constituents, €.g., in the
modulation ratio R of the Lambert-Beers equations that are
commonly used to determine oxygen saturation of artenal
hemoglobins as described below. As additional data sets are
taken, the collective set of periodic information is updated.
Consequently, the most recent waveform data representing
the actual amount of blood constituent is included in the
updated composite optical pulse form which the updated
oxygen saturation can be determined and displayed.
Although the foregoing and following discussions generally
discuss only a detected optical signal, if should be under-
stood that both the red and infrared signal are separately
obtained and processed by these techniques, except as
indicated.

In another embodiment of the time domain embodiment,
the time-measure of the detected optical signal is collected
in a different manner. The digitized portions of information
that are to be weighted, synchronously added together, and
processed collectively are accumulated in a memory device
having sufficient memory locations for storing separately the
raw data for a predetermined number of portions of the
detected optical signal. The time of occurrence of the
R-wave also may be stored in memory as a pointer for the
raw data. This filter embodiment permits assigning a differ-
ent weighting function to each raw dala set corresponding 10
a different heartbeat in the memory, to improve the attenu-
ation of artifacts and reduce the time needed to estimate the
actual arterial pulsatile flow in the detected optical signal.

In this embodiment, for N predetermined heartbeats, the
average value of the detected optical signal for those N
heartbeats is computed by assigning a weight to each data set
and adding the weighted data for each heartbeat synchro-
nously into a buffer with a weight of 1, then dividing by N.
After each computation, the data set from the oldest stored
heartbeat is subtracted from the buffer. As a new R-wave is
detected, the incoming data is added to the buffer, and the
result is divided by N for computation of relative amplitudes
of the two wavelength (red and infrared) periodic informa-
tion. Thus, the equivalent delay in determining the arterial
oxygen saturaton is N/2 times the heartbeat interval. The
stored R-wave pointer may be used to correlate the weight-
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ing function with the raw data so that the oldest data is given
the smallest weight and the most recent data is given the
greatest weight, and after each composite heartbeat compu-
tation, the oldest data set can be subtracted from the buffer
before the following newest data is added.

In an alternate embodiment of the time domain analysis
techniques, the ECG and periodic information can be cor-
related by using a waveform product of the ECG signal and
the detected optical signal to determine the location of the
optical pulse from which oxygen saturation and heart rate
values may be computed. The R-wave of the ECG has the
largest slope component within the ECG waveform. In the
optical pulse waveform in the portion of detected optical
signal, the largest slope is created when the heart contacts to
expell blood and thereby produce the arterial pulse. Thus,
because of the determinable time interval between the ECG
R-wave and the appearance of the optical pulse at the
detection site, the detected optical signal can be moved
backwards in time, relative to the ECG waveform, an
amount equal to the determined time interval so that the
portions of maximum slope in the two signals will be
aligned, and their product will be at a maximum.

A periodic signals, such as motion artifact, having high
slopes will not occur synchronously on the ECG and the
detected optical signals. Therefore, once the two periodic
waveforms are aligned, the largest slope product of the two
will occur at the heart rate interval. Detection of the maxi-
mum slope product can be used to pinpoint the occurrence
of a heartbeat, and the portion of the detected optical signal
that 1s associated with that maximum slope product can be
sued for calculating oxygen saturation.

In this embodiment, the time interval between the R-wave
and the optical pulse can be determined by collecting a
predetermined time measure history of optical and ECG
waveform data comprising n seconds. The time interval
must be long enough for the samples to include at least one
R-wave and one pule respectively, given that the heartbeat
may vary from 20-30 beats per minute at the slowest rates.
A measure of six seconds is acceptable. The samples are
conventionally digitized and stored in memory. An array of
sample-to-sample slopes is obtained for each n second
sample of the ECG waveform and for the second half of each
optical pulse waveform sample. The first half of the optical
pulse sample is discarded so that when the first optical pulse
in the second half is slid backwards, the first R-wave peak
it will come upon will be its corresponding R-wave, and also
50 that the most recent heartbeat data is detected. An optical
pulse in the first half of the sample could miss its R-wave.

The number of slope values in the second half of the
optical waveform, i.e. the number of data points minus 1 at
the given sampling rate of 57 samples per second (every
17.5 msec), is taken as m, which corresponds to n/2 seconds
of data.

A slope product is obtained by multiplying each element
of the optical slope array by its corresponding three and
one-half points in the ECG slope array (the ECG signal is
sampled every 5 msec) and summing the products. This
process is repeated for each of the m optical sample points
as the optical waveform slope array is moved backwards
relative to the ECG slope array, one optical waveform
sample at a time. The backwards slide terminates when the
first sample of the ECG waveform is aligned with the first
sample of the second half of the optical waveform.

The maximum slope product is found to occur after the
optical waveform slop array has been slid x optical sample

points backwards. This establishes the time interval t
between the detection of the ECG R-wave and the detection
of the optical pulse produced by the same heart contraction.
This time interval t is expressed in terms of a number of
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waveform samples, and is used in the determination of
heartbeat occurrence.

Computation of the aligned waveform slope product will
yield a slope product value for each optical waveform
sample. A percentage of the maximum slope product pro-
duced during the establishment of the time interval compo-
nent can be used to compute a maximum product threshold.
For example, a percentage of 75% of the maximum slope
product may be used. Thus, when the ECG and optical signal
waveform slope product exceeds the maximum product
threshold, 1t 1s likely that a true pulse has been located.

The "true” pulse, as it appears the detected optical signal,
can then be validated and processed using known techniques
for calculating oxygen saturation from detected optical
signals. For example, the slope product could be used to
synchronize the R-wave events so that the corresponding
periodic information can be added in phase in accordance
with the preferred embodiment of this invention, or the slope
product could be used as an additional criterion for accept-
ing the corresponding optical pulse as valid, and the oxygen
saturation determination could be based only on the corre-
sponding optical pulse. Alternately, the waveform product
for the maximum and minimum values for the red and
infrared waveforms could be used as the maximum and
minimum values in calculating saturation. Also, one could
integrate some portion of the selected waveform product
waveform and compare the area of the change to the area of
the total signal to obtain the relative transmittance for use in
determining saturation. For example one could integrate the
portion above a selected threshold and compare that area to
the integral of the entire pulse.

Qualified “true” pulses are then used to update the slope
product threshold value so that it will change as the patient’s
condition changes or as the quality of the received signals
changes.

Applicants also have discovered that a time-measure of
detected optical signals containing a plurality of periodic
information corresponding to successive heartbeats can be
collectively processed and analyzed using frequency domain
techniques. These frequency domain techniques utilize the
synchronous nature of the heartbeat and the asynchronous
characteristics of noise, spurious signals, and motion arti-
facts.

In the frequency domain, the optical signals for a given
wavelength corresponding 10 the pulsatile arterial blood flow
have spectral components including a zero frequency at the
background intensity level, a fundamental frequency at the
frequency of the beating heart, and additional harmonic
frequencies at multiples of the fundamental frequency.
Noise, spurious signals, and motion artifact that appear in
the detected optical signal have frequencies that spread
across the spectrum. Transient changes in the average back-
ground intensity level have frequencies that appear spread
out between the zero frequency and the fundamental fre-
quency.

The frequency domain embodiment of the present inven-
tion provides a method and apparatus for collecting a
time-measure of detected optical signals including a prede-
termined number of optical pulses, converting the collected
detected optical signals into the frequency domain, and
analyzing the spectral components of the frequency spec-
trum thereby to determine the red and infrared relative
maxima intensity at the fundamental frequency, and relative
minima at the background intensity zero frequency, for use
as maxima and minima in the percentage modulation ratio
for calculating oxygen saturation.
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Applicants have discovered that if the digitized values of
the time domain detected optical signals are stored in
memory for a period of N heartbeats, and the stored data set
is transformed into the frequency domain using Fourer
Transforms, the amplitude of the fundamental heartrate 18
summed for the N heartbeats and appears in the frequency
spectrum at a location of N cycles. In contrast, the amplitude
of asynchronous signals is 1/m where m is the number of
data pints in the digitized stored data set, and appear spread
across the frequency domain spectrum. The average inten-
sity of the detected optical signal background intensity
appears at the spectral line corresponding to zero cycles and
corresponds to the average background intensity for that
wavelength.

If the detected optical signal for the red and infrared
signals is considered as a single complex data set, 1e.,
having real and imaginary components, only a single Fourier
transform is required to analyze the spectral contents of the
collective time-measure of the two signals. If F(s) represents
the Fourier Transform of the complex data set f(t)=Red(t)+
jIR(t)(for Red(1) being the red detected optical signal and
IR(t) being the infrared detected optical signal), the Fourier
Transform of the real component of f(t) is found by

F{Re|f(t)] }=Y2{F(s}+F*(—s)}.

Similarly, the Fourier transform of the imaginary component
of f(t) is found by

F{(Im|f(0)] }=2{F(s)}-F*(-s}!.

F*(—s) is the complex conjugate of F(s) with the indexes
reversed.

The relative amplitudes of the red and infrared funda-
mentals at the heartrate has been found to be equivalent to
the foregoing time domain techniques for computation of
arterial oxygen saturation. The amplitude data may be found
by searching the frequency spectrum in the region of
expected heart rates for a relative maximum and insuring
that this is the fundamental by determining the existence of
another relative maximum at twice this rate. This provides a
technique for obtaining relative modulation data to calculate
arterial oxygen saturation without the need to identify the
heart rate independently, e.g., by detecting the ECG. Alter-
nately, the amplitude data at the fundamental may be found
by the use of independent heart rate determining mechanism
such as ECG or phonoplethysmography or the like to
determine a heart rate. However, unlike the time domain
techniques, the precise time of occurrence of each heartbeat
need not be determined and the optical signal and a heart rate
parameter need no be correlated to obtain accurate saturation
values. Rather, it is sufficient to obtain an approximate
indicator of heart rate, which will facilitate identification of
the fundamental frequency and improve saturation reliabil-
ty.

The number of spectral lines computed is preferably
optimized to include the expected range of clinically appli-
cable heartbeats (from 20-250 beats per minute), while the
length of the data set is selected by the allowable equivalent
delay in displaying measured arterial oxygen saturaton. A
time-measure of data of, for example, 9-10 seconds repre-
sent delays of only 4-5 seconds in the display of computed
saturations, and, depending upon the computational speed of
the oximeter microprocessor, the time-measure can be
updated in a timely fashion every 1 to 2 seconds.
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In the preferred embodiment, the optical signal is digi-
tized at 57 samples per second for each red and infrared
signal. When 512 data points are accumulated, the data is
Fourier transformed, and the red and infrared fundamental
maxima are located. The percentage modulation ratio (red/
infrared) is computed by dividing the energy at each maxima
by the zero cycle background intensity for that wavelength,
then dividing the red modulation by the infrared modulation.
The resultant ratio, R, is the used in the manner set forth in
the Lamber-Beers equations for calculating arterial satura-
tion of hemoglobin. The collective data can be updated so
that new data points replace the oldest data points by using
a push down stack memory or equivalent so that the trans-
form, evaluation and saturation calculation could be made
after each new data set was obtained.

An alternative embodiment of the frequency domain
analysis technique includes sampling the real tim ECG
waveform and the real time detected optical signal at high
rates, e.g., 1000 samples per second. By examining the ECG
wave, the time of occurrence for each heartbeat and the

appropriate sample rate to obtain m samples during that
heartbeat could be determined. Thus, the data set for each
heartbeat can be selected to contain the same number of m
samples, where each sample is a fraction of the heartbeat
period and N heartbeats contains mxN samples. Taking the
Fourier transform of this mxN data sel and processing the
spectral components of the transform in the same manner as
described previously, results in a spectral analysis having
several additional advantages. First, the fundamental maxi-
mum would always occur at the spectral line for N cycles in
“heartbeat” space. Second, any signal present in the data set
which did not remain synchronous with the heart, including
noise, artifact and transient background intensity changes,
would be spread over the heartbeat spectrum. Third, the
enhancement in signal-to-noise would be the same for all
heart rates. Fourth, because only two spectral lines are of
interest, the zero spectral line corresponding to the zero
frequency background intensity and the N spectral line
corresponding to the number of heartbeats for the data set,
the Fourier Transform need only be made at the two fre-
quency components and not of the entire spectrum, and the
computation efforts required by the microprocessor are
significantly diminished.

The apparatus of the present invention can be used for
either time domain or frequency domain analyses, and
includes inputs for the plethysmographic detected optical
signals and ECG signals of a patient, an analog to digital
converter for converting the analog plethysmographic signal
to the digital optical signals and for converting the analog
ECG signals into digital ECG signals (unless the plethys-
mographic or ECG signals are provided in digital form), and
a digital signal processing section for receiving the digital
signals and processing the digital detected optical signal in
accordance with one of the foregoing analysis techniques of
the present invention, including a microprocessor, memaory
devices, buffers, software for controlling the microproces-
sor, and display devices.

In its context, the apparatus of the present invention is a
part of an oximeter device which has the capability to detect
the red and infrared light absorption, and receive at ECG
signal from the patient. In the preferred embodiment, the
apparatus of this invention is a part of the Nellcor N-200
Pulse Oximeter (herein the “N-200 oximeter™), a commer-
cially available noninvasive pulse oximeter device manu-
factured and sold by Nellcor, Incorporated, Hayward, Calif.
U.S.A.
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The N-200 oximeter is an improved version of the
enhanced N-100 oximeter described above and in the prior
application Ser. No. 742,720. The N-200 includes circuits
that perform many of the same functions as in the N-100
device, but includes some changes, for example, to expand
the dynamic range of the device over the N-100 device and
to include a 16 bit microprocessor manufactured by Intel
Corporation, Model No. 8088. The N-100 oximeter uses an
8 bit microprocessor manufactured by Intel Corporation,
Model 8085. The N-200 oximeter includes software for
controlling the microprocessor to perform the operations of
the preferred embodiment of the time domain analysis
techniques of present invention in addition to the conven-
tional oximeter functions, and has some structure and pro-
cessing methods that are unrelated to the present invention,
and therefore are not discussed herein. The software could
be modified to perform any of the other time domain or
frequency domain analysis techniques of the present inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS. 1A and 1B are a block diagram of the apparatus of
this invention and the apparatus associated with the present
invention.

FIG. 2A is a detailed circuit schematic of the saturation
preamplifier in the patient module of FIG. 1.

FIG. 2B is a detailed circuit schematic of the ECG
preamplifier and input protection circuit in the patient mod-
ule of FIG. 1.

FIGS. 3A and 3B are a detailed circuit schematic of the
saturation analog front end circuit of FIG. 1.

FIG. 4 is a detailed circuit schematic of the LED drive
circuit of FIG. 1.

FI1G. 3 1s a detailed circuit schematic of the ECG analog
front end circuit of FIG. 1.

FIGS. 6A and 6B are a detailed circuit schematic of the
analog to digital converter section of FIG. 1.

FIGS. 7A, 7B, and 7C are a detailed circuit schematic of
the digital signal processing section of FIG. 1.

FIG., 8 is a detailed circuit schematic of the external ECG
circuitry of FIG. 1.

FIGS. 9A, 9B, 9C, 9D, 9E and 9F are flow charts for the
time domain ECG and optical signal processing of this
invention,

FI1G. 10 1s a fiow chart for the frequency domain optical
puise processing of this invention.

FIGS. 10A, 10B, 10C, 10D and 10E are a series of
waveforms corresponding to the flow chart of FIG, 10.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Referring to FIGS. 1A and 1B, the preferred embodiment
of the present invention relates to the apparatus for process-
ing the detected analog optical signal and the analog ECG
signal and comprises portions of analog to digital conversion
section (“ADC converter’”) 1000 and digital signal process-
ing section (“DSP”) 2000, including the software for driving
microprocessor 2040, which processes the digitized optical
signals and ECG signals to determine the oxygen saturation
of hemoglobin in arterial blood. Associated with the inven-
tion, but not forming a part of the invention, is the apparatus
for obtaining the detected analog optical signals and the
analog ECG signals from the patient that is part of or is
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associated with the commercially available Nellcor N-200
Pulse Oximeter. Such apparatus include plethysmograph
sensor 100 for detecting optical signals including periodic
optical pulses, patient module 200 for interfacing plethys-
mograph sensor 100 and the conventional ECG electrodes
with saturation analog front end circuit 300 and ECG analog
front end circuit 400 respectively, saturation analog circuit
300 for processing the detected optical signals into separate
red and infrared channels that can be digitized, and ECG
analog front end circuit 400 for processing the ECG signal
so that it can be digitized. The N-200 oximeter also includes
external ECG input circuit S00 for receiving an external
ECG signal and processing the signal so that it is compatible
with the N-200 processing techniques (as explained below),
LED drive circuit 600 for strobing the red and infrared LEDs
in plethysmograph sensor 100 at the proper intensity to
obtain a detected optical signal that is acceptable for pro-
cessing, and various regulated power supplies (not shown)
for driving or biasing the associated circuits, as well as ADC
1000 and DSP 2000, from line current or storage batteries.

The associated elements are straightforward circuits pro-
viding specified functions which are within the skill of the
ordinary engineer to design and build. The associated ele-
ments are bnefly described here, and reference is made to
the corresponding detailed schematics in the Figures and
circuit element tables set forth below, to place the apparatus
for using the present invention in its operating context in the
prelerred embodiment.

In the preferred embodiment, the invention requires three
input signals, the two plethysmograph or detected optical
signals {e.g., red and infrared) and the ECG signal of the
patient, If analog signals are provided, they must be within
or be adjusted by, for example, offset amplifiers, to be within
the voltage input range for the ADC. In circumstances where
the signals have been digitized already, they must be bit
compatible with the digital signal processing devices, DSP.

The plethysmograph signal is obtained in a conventional
manner for a non-invasive oximeter, typically by illuminat-
ing the patients tissue with red and infrared light in an
alternating fashion, in the manner described above for the
N-100 oximeter. Referring to FIGS. 1A and 1B, sensor
circuit 100 has red LED 110 and infrared LED 120 con-
nected in parallel, anode to cathode, so that the LED drive
current alternately illuminates one LED and then the other
LED. Circuil 100 also includes photodetector 130, prefer-
ably a photodiode, which detects the leve! of light transmit-
ted through the patient’s tissue, e.g., finger 140, as a single,
analog optical signal containing both the red and infrared
light plethysmographic, detected optical signal waveforms.

Referring to FIGS. 1A, 1B, 2A, and 2B, patient module
200 includes preamplifier 210 for preamplifying the analog
detected optical signal of photodetector 130, ECG pream-
plifer 220 for preamplifying the analog ECG signal detected
from the ECG electrodes that would be aitached to the
patient m a conventional manner, and protection circuitry
250 interposed between instrumentation amplifier 220 and
inverler 230 and the three ECG signal leads, to prevent high
voltage transients from damaging the ECG preamplifier
electronics.

Preamplifier 210 may be an operational amplifier config-
ured as a current to voltage converter, biased by a positive
voltage to extend the dynamic range of the system, thereby
converting the photocurrent of photo-diode 130 into a usable
voltage signal. ECG preamplifer 220 is preferably a high
quality instrumentation amplifier which amplifies the differ-
ential signal present on the two ECG signal electrodes. The
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common-mode signal present on the two signal electrodes 1s
inverted by inverter 230 and returned to the patient by the
third ECG lead, effectively nulling the common-mode sig-
nals. A biasing network on tee two ECG signal leads is
provided to aid in the detection of when an ECG electrode
lead becomes disconnected from patient module 200 or the

patient. Patient module 200 also includes leads for passing
the LED drive voltages to LEDs 110 and 120.

Referring to FIGS. 1A, 1B, 3A and 3B, saturation analog
front end circuit 300 receives the analog optical signal from
patient module 200 and filters and processes the detected
signal to provide separate red and infrared analog voltage
signals corresponding to the detected red add infrared opti-
cal pulses. The voltage signal is passed through low pass
filter 310 to remove unwanted high frequency components
above, for example, 100 khz, AC coupled through capacitor
325 10 remove the DC component, passed through high pass
filter 320 to remove any unwanted low frequencies below,
for example, 20 hertz, and passed through programmable
gain stage 330 to amplify and optimize the signal level
presented to synchronous detector 340.

Synchronous detector 340 removes any common mode
signals present and splits the time multiplexed optical signal
into two channels, one representing the red voltage signals
and the other representing the infrared voltage signals. Each
signal is then passed through respective filter chains having
two 2-pole 20 hertz low pass filters 350 and 360, and offset
amplifier 370 and 380. The filtered voltage signals now
contain the signal information corresponding to the red and
infrared detected optical signals. Additionally, circuits for
use in preventing overdriving the amplifiers in saturation
circuit 300 may be applied, for example, level-sensing
circuits 312 and 314 (located after low pass filter 310) for
indicating unacceptable LED drive current, and level sens-
ing circuit 315 (located after programmable gain amplifier
330) for indicating unacceptable input amplifier gain setting.

Referring to FIGS. 1A, 1B, and 8, ECG analog front end
circuit 4000 receives the preamplified ECG signal from
patient module 200 and processes it for use with the present
invention. The analog ECG signal is passed through 2-pole
40 hertz low pass filter 410 for removing unwanted frequen-
cies above 40 hertz, and programmable notch filter 420 for
removing unwanted line frequency components. Optionally,
circuitry may be provided to measure the line frequency and
to select an appropriate clock frequency for the notch filter.
The ECG signal is then passed through low pass filier 430,
preferably configured to remove further unwanted compo-
nents above about 40 hertz, and in particular any frequency
components that may have been generated by notch filter
420. Thereafter, the ECG signal is passed through 2-pole 0.5
hertz high pass filter 440 to remove any low-frequency
baseline shifts present in tee original ECG signal, and then
passed through offset amplifier 450 to add an offset voltage
that the voltage is within the input signal specifications of
the analog to digital converter device and the complete
waveform will be properly digitized.

It also is desirable to pass the signal output from low pass
filter 410 into a circuit that detects whether or not the ECG
signal is being detected to identify a “leads-off” condition.
The signal voltage is passed through absolute value circuit
480 to take the absolute value of the low pass filter output
voltage and sends the value to comparator 490. Comparator
490 compares the absolute value voltage to a reference
threshold or range and, when the absolute value voltage 1s
not within the acceptable range, comparator 490 changes
state which change is input to latch 495, to indicate this
condition to, for example, the miCroprocessor.
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Referring to FIGS. 1A, 1B and 8, the Nellcor N-200
device also is equipped with external ECG circuit S00 tor
receiving the ECG signal of a stand alone ECG detector
device and processing the ECG signal so that it can be used
with the N-200 oximeter and the present invention. Circuit
500 receives the external analog ECG signal, passes it across
capacitor 510 to remove any DC offset voltage and then
passes the signal through peak detection circuit 530. A
portion of the AC coupled signal also is passed through
buffer amplifier 520 and input to comparator §70. The held
peak voltage is used as the reference threshold voltage that
is fed to the other input of comparator 570 so that subsequent
QRS complexes in the ECG signal that rise above the
threshold generate a trigger signal that is transferred to DPS
2000 by an electrically isolated optical serial communication
link comprising serial driving opto-isolator 580, electrically
isolated optical link 590, and corresponding serial driving
opto-isolator 2590 in DSP 2000.

Referring to FIGS. 1A, 1B, 6A and 6B, ADC 1000
provides the analog to digital conversions required by the
N-200 oximeter. The aforementioned three voltage signals,
the red detected optical signal, the infrared detecied optical
signal, and the ECG signal (preferably the ECG signal from
patient module 200), are input to ADC 1000. These three
signals are conventionally multiplexed and digitized by an
expanded range 12-bit analog to digital conversion tech-
nique, yielding 16-bit resolution. The input signals are
passed through multiplexor 1010 and buffer amplifier 1020.
The converter stage includes offset amplifier 1030, program-
mable gain circuitry 1040 which allows a portion of the
signal to be removed and the remainder to be further
amplified for greater resolution, sample and hold circuil
1050, comparator 1060, and 12-bit digital to analog con-
verter 1080. The buffered signal is passed through offset
amplifier 1030 to add a DC bias to the signal wherein a
portion of the signal is removed and the balance is amplified
by being passed through programmable gain circuitry 1040
to improve the resolution. The amplified signal is then
passed through sample and hold circuit 1050, the output of
which is fed to one input of comparator 1060. The other
input of comparator 1060 is the output of digital to analog
(“DAC”) converter 1080 so that when the inputs to com-
parator 1060 are the same, the analog voltage at the sample
and hold circuit is given the corresponding digital word 1n
DAC converter 1080 which is then stored in an appropriate
memory device as the digitized data for the sample, and the
next sample is sent to sample and hold circuit 1050 to be
digitized.

Referring to FIGS. 1A, 1B, 4, 6A, 6B, 7A, 7B, and 7C,
DAC 1080 also generates the sensor LED drive voliages,
under the control of microprocessor 2040, using analog
multiplexor 610, which separates the incoming analog signal
into one of two channels for respectively driving the red and
infrared LEDs, having respective sample and hold circuits
620 and 630, and LED driver circuit 640 for converting the
respective analog voltage signal into the respective positive
and negative bipolar current signals for driving LEDs 110

and 120.

Alternate techniques of converting the analog signals to
digital signals could be used, for example, a 16-bit analog 1o
digital converter.

Referring 1o FIGS. 1, 7A, 7B and 7C, DSP 2000 controls
all aspects of the signal processing operation including the
signal input and output and intermediate processing. The
apparatus includes 16-bit microprocessor 20440 and 1ts asso-
ciated support circuitry including data bus 10, random
access memory (RAM) 2020, read only memory (ROM)
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2030, a conventional LED display- device 2010 (not shown
in detail), system timing circuit 2050 for providing the
necessary clock synchronizing and notch filter frequency
signals. In the preferred embodiment, microprocessor 2040
1s a2 model BOB8 microprocessor, manufactured by Intel

Corporation, Santa Clara, Calif. Alternate microprocessors

may be used, such as any of model nos. 8086, 80186, and
80286, also made by Intel Corporation.

Referring to FIGS. 9A, 9B, 9C, 9D, 9E, and 9F and
software Appendix A, the flowcharts for the software opera-
tion of the preferred embodiment are shown and described.
Software appendix A is written in the standard programming
language for Intel Model 8088 microprocessor devices.

Similar to the enhanced N-100 oximeter described in U.S.
application Ser. No. 742,720, the N-200 oximeter incorpo-
rating the present invention is designed to determine the
OXygen saturation in one of two modes, an unintegrated
mode wherein the oxygen saturation determination is made
on the basis of pulses detected in the optical pulse signal that
are determined to be optical pulses in accordance with
conventional pulse detection techniques, and in an ECG
synchromzation mode wherein the determination is based on
the synchronized additive, composite optical signal infor-
mation is accordance with the preferred embodiment of the
present invention. In an alternate embodiment of the present
invention, the determination of saturation in the unintegrated
mode may be based on the frequency domain analysis
techniques in accordance with this invention with or without
the ECG synchronization feature of the time domain analy-
sis techniques,

Referring to FIG. 9F, interrupt programs control the
collection and digitization of incoming optical and ECG
data. As particular events occur, various software flags are
raised which transfer operation to various routines that are
called from the Main Loop Processing routine. For example,
Main Loop Processing calls the ECG routine at 3600, calls
a routine that checks the LED levels at 3610 to make sure
that there is enough and not too much light being transmit-
ted, looks for the presence of new data at 3615, and if there
1s new data, calls the MUNCH routine at 3620, looks for
processed pulse data at 3635 and passes such data to the
Leveld routine that calculates saturation at 3640, and also
runs various maintenance routines related to the oximeter
functions which are not pertinant to the present invention,
e.g., at 36235, 3630, 3645, 3650, 3655, and 3660 and are not
discussed herein. The routines pertinent to the present inven-
tion are discussed here. Examples of similar and peripheral
other routines may be found in the software appendix to

application Ser. No. 742,720.

The detected optical signal waveform is sampled at a rate
of 57 samples per second. When the digitized red and
infrared signals for a given portion of detected oplical
signals are obtained, they are stored in a buffer called
DATBUF and a software flag indicating the presence of data
is set at 3615. This set flag calls a routine referred to as
MUNCH as 3620, which processes each new digitized
optical signal waveform sample. The MUNCH routine is
called once per data point and determines pairs of maximum
and minimum amplitudes in the detected signal data and
presents the pairs to the Level3 routine. The Level3 routine
evaluates the pair of maximum and minimum amplitudes
determined by MUNCH, preferably utilizing conventional
techmques for evaluating whether a detected pulse is accept-
able for processing as an arterial pulse and performs the
saturation calculation based on accepted pulses. The
MUNCH routine first queries whether or not there is ECG
synchronization. If there is ECG synchronization, then the
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MUNCH routine obtains from the SLIDER routine the
enhanced pulse data on which the ECG synchronized satu-

ration calculation will be mad. If there is not synchroniza-
tion, MUNCH obtains the sample stored in DATBUF on
which the unintegrated saturation calculation will be made.

Refernng to FIG. 9A, the SLIDER routine processes each
new digitized sample portion of detecied optical signal
containing the optical pulse to create and maintain the
enhanced composite red and infrared optical pulse wave-
forms, synchronized with the occurrence of successive ECG
R-wave events.

The SLIDER routine first inquires whether there is an
ECG signal at 3100. If there is not, then the routine aborts
to exit at 3160 to main line operation. If there is an ECG
signal, then the SLIDER routine continues and checks the
validity of the optical signal at 3110. If the digitized sample
in the buffer DATBUF for either of the red or infrared

channels contains an invalid datapoint, the full content of the
slider buffer (SLIDEBUF) is erased and the routine exited.
The validity of the data is checked by looking for zeros
placed in the buffer. Zeros are placed in the buffer when the
signal level of the LEDs changes to permit the 20Hz filters
to settle, or if the signal exceeds the voltage limits of the
processing electronics., This prevents processing of data
known to be bad.

If the data are determined to be valid, then the SLIDER
routine queries whether or not the data should be skipped at
3120. The optical signal sampling and data collection and
processing of the sampled data are asynchronous processes.
On occasion, the data buffer will have several unprocessed
samples of data by the time the ECG R-wave event trigger
occurs (described below). The R-wave event resets the slider
buffer pointer to the beginning of the slider buffer and marks
the R-wave data sample in DATBUF SLIDER will not
process a data point if the slider buffer pointer is reset
already to the beginning of the slider buffer and if the
incoming data point was digitized in DATBUF before the
data point marked by the R-wave event. Data in the DAT-
BUF buffer prior to the R-wave event are 1o be skipped. If
the data are to be skipped, SLIDER is exited.

If the data are to be processed, SLIDER calculates the
updated value for the composite portion waveform sample
as “‘shider data” using the following formula:

. _ (WEIGHT - 1) +
slider__data = WEIGHT X shder__data +

1 X new-dat

WEIGHT new-dala

wherein “"WEIGHT” is the aforementioned fractional

weighting fraction; “new data” is the data point taken from
the incoming sample in DATBUF, and “slider data” is the
pre-existing data point in the composite waveform in the
slider buffer (SLIDEBUF) before the new data point is
added and becomes the updated data point after the com-
putation.

The computation is performed for each data point in
DATBUF and any corresponding pre-existing data in the
slider buffer. The occurrence of an R-wave event indicates
the beginning of the heartbeat sample.

Before making the computation, SLIDER checks the
shider buffer to see if there is any existing data at 3130. If
there are data, then at 3150 SLIDER calculates the new
value for the composite optical signal. If, however, the slider
buffer is empty, then the WEIGHT value is assigned a
numerial value of 1 at 3140, and subsequent new data points
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will be weighted 100% and the routine continues to calculate
a new value for the composite optical signal at 3150 until the
occurrence of the next R-wave event corresponding to the
following heartbeat and portion of detected optical signal.

The SLIDER routine also performs other housekeeping

chores for the processing associated with the slider buffer.
First, in the preferred embodiment, the slider buffer is given
a specific length and is able to store about three seconds
worth of data. If, for whatever reason, the microprocessor
does not receive or recognize an R-wave for more than three
seconds, the pointer of the slider buffer is set to point to the
last location and does not get incremented beyond that
location. Subsequently processed samples are each placed in
the last location of the buffer until the next accepted R-wave
occurs or a time-out condition occurs. Time-out occurs when
no further R-wave events are accepted for a predetermined
time of, e.g., five seconds. After time out has occurred,
MUNCH is notified that ECG synchronization is lost so that
saturation calculations will be based only on the optical
signals in DATBUF in the unintegrated mode.

Second, SLIDER continuously compares the updated
composite waveform in the slider buffer to the previous
composite waveform. If there is a large discrepancy, for
example, during electromechanical disassociation, SLIDER
takes immediate action to disregard the slider buffer data.

Third, to avoid corrupting the integrity of the waveform
data in the slider buffer whenever the apparatus hardware or
software triggers a change that influences the signal level of
the detected optical signal or the optical pulse waveform, the
content of the slider buffer is erased.

Referring to FIG. 9B, the ECG BOX routine processes the
ECG signal obtained through patient module 200 and analog
ECG front end circuit to detect ECG R-wave events. The
ECG signal is digitized every 5 msec and the digitized
values are maintained in a circular buffer. The R-wave event
is detected by observing the derivative of the ECG signal.
The derivative is obtained at 3200 by application of the
following algorithm:

derivative__ecg_ data[n| = abs{—0.5*ecg__data[n — 3] +

0.5*ecg_ datajn — 2} + 0.5%ecg__data[n — 1] - 0.5%ecg _ data(n]]

where “ecg data[n]” is the digitized value for the ECG signal

at sample location n and “‘ab [ is the absolute value of the
bracketed quantity.
The largest magnitude spike in the derivative buffer marks

the R-wave. Because the algorithm generates the absolute
value of the derivative, the derivative buffer contains two
spikes very close to each other, one for the positive-going
portion and the other for the negative-going portion of the
R-wave. After the first spike is recognized, a timer ecg block
is set at 3250 to case ECG BOX to ignore the second spike.

Once the derivative value is obtained, and if the ecg block
timer is not active, then the derivative value is compared to
the ECG threshold at 3240. The ECG threshold is a value
that is set at about 75% of the previous maximum derivative
value. If the derivative is greater than the threshold, ECG
BOX starts the ecg block timer by setting ecg block equal to
true at 3250, and it replaces the maximum derivative value
with the current derivative value at 3260, and calls the
R-WAVE CHECKING routine at 3270. Afier the R-WAVE
CHECKING routine is completed (as discussed below),
ECG BOX is exited at 3280).
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If the derivative is not greater than the threshold, then
ECG BOX is exited at 3280. Once the ecg bock timer 1s
activated, ECG BOX will continue to calculate the deriva-
tive and compare the derivative to the prior maximum
derivative value ay 3220, If the calculated derivative is
greater, then the maximum derivative value is set equal 1o
the current derivative ecg data[n)at 3230 and the routine 15
exited. Otherwise the routine is exited.

Referring to FIG. 9E, the R-WAVE CHECKING routine
receives the detected R-wave event at 3500 and checks the
elapsed time since the last R-wave at 3510. If the elapsed
time is less than the minimum internal time limit, preferably
set at about 200 msec, the R-wave event is marked as a false
R-wave event at 3520. If the elapsed time is greater than the
minimum limit, then the routine starts a phasedelay timer/
counter at 3530. The purpose of the phase-delay counter 1s
to ensure that the optical data is placed into the beginning of
the slider buffer after the optical signal minimum from the
preceding pulse, but before the signal maximum of the next
pulse. The preferred phase-delay period is 40 msec, based on
the results of experimentation, and corresponds to the open-
ing of the time window. It may be desirable to have a phase
delay period that can be adjusted to accommodate varying
optical signal detection conditions for different patients.

The Nellcor N-200 device is equipped with an external
ECG input circuit as described above. The main line oper-
ating system controlling the operation of the N-200 device
receives an interrupt when the external circuit S00 detects an
R-wave. On receipt of the interrupt, a message 15 sent across
isolated optical data transmission path 580-590-2590 (FIGS.
1A and 1B) to microprocessor 2040. The microprocessor
then indicates to the ECG processing routines that an
externally detected R-wave event has occurred, and the
R-wave event is passed to the R-WAVE CHECKING rou-
tine. The external ECG analog circuit 500 thus performs the
same function as the ECG BOX routine, i.e., determination
of an R-wave event followed by the R-WAVE CHECKING
routine. The ECG BOX routine is given priority over
external ECG circuit 500 in passing signals to R-WAVE
CHECKING.

Referring to FIG. 9C, the ECG routine provides for ECG
synchronization, the initialization for slider buffer use, and
various other tasks associated with ECG enhancement of the
detected optical signal. The ECG routine is entered from the
Main Loop Processing system (FIG. 9F, at 3600). Its first

task is to maintain the ECG related counters/timers, such as
ecg block and phase-delay, at 3300. Next, at 3310, it checks
whether or not the ECG leads from patient module 200 are
present, and if not, it checks at 3320 for the presence of an
external R-wave event trigger from external ECG circuit
500. If no R-wave event is detected, then the ECG routine
is exited at 3370.

At this point in the processing, the main line processing
system is receiving R-wave events, either from external
circuits 500 or from patient module 200 and ECG BOX.
Regardless of the source of the R-wave event, the subse-
quent processing of the R-wave event is the same.

When an external R-wave event is detected or the ECG
leads are present, the ECG routine calls the ECG LV3
routine, shown in FIG. 9D. ECG LV3 runs through a similar
patient module 200 lead checking at 3410 or external circuit
500 trigger at 3420 at the ECG routine and if no R-wave
event has occurred the routine is exited at 3480. If an
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R-wave event is detected, it is first checked at 3425 to
determine whether or not it is a new R-wave event, and if it
is not, the ECG LV 3 routine is exited. If it is a new R-wave
event, 3430 uses the false R-wave flag (set by the R-WAVE
CHECKING routine) to determine whether or not it was a
true or false R-wave event. False R-waves will cause the
routine to be exited at this point.

If the R-wave event is determined not to be a false

R-wave, then the ECG-LV3 routine builds up a history of

R-wave events based on the R-wave to R-wave interval at
3435. The criteria for accepting an R-wave includes the R-R
period and the amplitude of the R-wave. For external ECG
circuit $00 triggers, the R-wave even is a uniform pulse
resulting from a comparison of the R-wave amplitude to a
determined threshold signal.

After computing the R-R interval (or R-R delta) and
history, the ECG LV3 routine checks to see if the ECG is
synchronized at 3440. The ECG is synchronized after
receiving the predetermined number, preferably five, accept-
able R-wave triggers. For example, the ECG synch counter
is initialized at five. The routine tests the ECG synch counter
3440 so that if it is greater than zero, the ECG is determined
to be not synched, and then the ECG synch counter is
decreased by one at 3455. Thus, when the ECG synch
counter is at zero at 3440, indicating that the required prior
five acceptable R-wave event have successively occurred,
then it is determined that there is ECG synchronization and
the device will proceed through MUNCH to calculate oxy-
gen saturation based on the enhanced composite slider buffer
calculations. Whether or not there is EC synchronization,
any R-wave event is checked again at 3450 against the
history and R-R interval, if any, to determine whether there
I$ an error in synchronization. If there is an error, the ECG
LV3 routine is exited. If there is no synchronization error, a
routine is called at 3460 to compute the maximum length of
time after which data in the slider buffer (SLIDEBUF) is
disregarded. For example, if there is no prior R-R interval or
history, then there will be no error for the first R-wave event.
Subsequent true R-wave events will be compared to the
prior R-R interval and history and if it appears to be a valid
true pulse, then a routine is called to reset slider buffer
pointers. However, the saturation calculation will be based
upon the slider buffer data only after five R-waves have
passed in synch and the synchronization flag is raised. Loss
of synchronization resets the ECG synch counter to five.

The ECG LV3 routine also calculates the maximum
length of the slider buffer based on the heart rate, which
length is preferably 3 seconds or 2.5 times the determined
R-R interval, whichever is the smaller. The ECG IV3
routine also maintains the slider pointers and counters,
resctting them or clearing them as necessary, resets the ecg
umeout and bad R-wave counter, computes and displays
heart rate based on the R-R interval at 3465, updates the
history buffers and sets the trigger for the MUNCH routine
to calculate pulse data for determining oxygen saturation
based on the updated slider buffer data at 3470, sets and
computes windows for selecting the portion of detected
optical signal 10 be processed for each heartbeat, based on
the history and the most recent data at 3475. In the preferred
embodiment, the windows are set to open by the R-WAVE
CHECKING routine phase-dclay counter/timer 40 ms after
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the R-wave occurs and before the maximum optical pulse
wave has occurred at the detection site, and set to close by
the MUNCH routine after a maximum and minimum pair
has been found.

Upon exiting ECG LV3, the program returns to the ECG
routine and checks the threshold of the derivative buffer of
the ECG BOX. If the maximum derivative value is changes
substantially, which indicates that the R-wave slope is
changing, then the threshold is adjusted.

Referring to FIGS. 10, 10A, 10B, 10C, 10D, 10E and the
sofiware appendix B, the flow chart for the software opera-
tion of the frequency domain embodiment of the present
invention are shown. Software appendix B is written is the
Asyst computer language which is a commercially available
language.

The routine begins at 4000 with the acquisition of 512
data points for each of the digitized red and infrared optical
signals, which are shown graphically at FIG. 10A. At 4010,
the complex data set, f(t)=Red(t)}+IR(1), is formed. At 4020,
the “D.C.” component is formed by summing all of the data
points, and the “D.C.” component is then removed from the
complex data set by subtraction at 4030, which is graphi-
cally shown at FIG. 10B. The resulting data is then deci-
mated in time to 64 samples at 4040, which is illustrated in
FI1G. 10C, and the time decimated data is then processed by
the Hamming Window function at 4050, which result is
illustrated in FIG. 10D. Thereafter, the Fourier Transform is
taken at 4060. The spectral components of the transform are
shown in FIG. 10E. The Fourier Transforms of the red and
infrared components are then calculated at 4070 in accor-
dance with the aforementioned equations, and at 4080 the
maximum value at the fundamental heart rate and the
mimimum value at the zero frequency are determined for
cach of the red and infrared transforms. The saturation ratio
R 1s calculated as:

_peak at heartrate for red
Rﬂ{iln*ctl'l]

for infrared
peak at heartrate Im(*"D.C.™)

&=

The minimum values for the red and infrared waveforms are
taken from the respective real and imaginary components of
the “D.C.” component. Thereafter, the pulse data is declared
ready and saturation is calculated in accordance with the
foregoing saturation formula, With each occurrence of the
heartbeat, new data is acquired, the 512 data point set is
updated and the routine operates to determine the saturation
ratio R.

In the preferred embodiment, the blood constituent mea-
sured 1s the oxygen saturaton of the blood of a patient. The
calculation of the oxygen saturation is made based on the
ratio of the pulse seen by the red light compared to the pulse
seen by the infrared light in accordance with the following
equation:

BR2-R(BR1)
“R(BO1 - BR1) + BR2 - BO2

Saturation = 100% X

wherein

BO1 is the extinction coefficient for oxygenated hemo-
globin at light wavelength 1 (Infrared)
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BO2 is the extinction efficient for oxygenated hemogliobin wherein
at light wavelengths 2 (red) [, is the maximum light transmitted at light wave-
BR1 is the extinction coefficient for reduced hemoglobin length 2
at light wavelength 1 . . . . :
[ . .isthe minimum light transmitted at light wavelength
BR2 is the extinction coefficient for reduced hemoglobin . '”’;2 mum T 5 veletle

at light wavelength 2

light wavelength 1 is infrared light I .. is the maximum light transmitted at light wave-

light wavelength 2 is red light lcn.gth 1 o | | | |
and R is the ratio of the optical density of wavelength 2 10 l'"fi” is the minimum light transmitted at light waveguide

to wavelength 1 and is calculated as: _ o _ _
The various extinction coefficients are determinable by

empirical study as is well known to those of skill in the art.
In (Inax/Imin2l For convenience of calculation, the natural log of the ratios

In [Tnax1/Imint | 15 may be calculated by use of the Taylor expansion series for
the natural log.

R =
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U2
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NATIONAL
SEMICONDUCTOR
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NATIONAL
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NATIONAL
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DESCRIPTION OF CHIP

DUAL LOW POWER QP AMP
INSTRUMENTATION AMP
DUAL LOW POWER OP AMP
QUAD JTET OP AMP

QUAD VOLTAGE COMPARATOR
QUAD JFET OP AMP

o
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330
330

330
313
340
340
340
340
330
360
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340

u27
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Ul3
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NATIONAL
SEMICONDUCTOR
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QUAD JFET OP AMP

3-BIT DAC
QUAD JFET OP AMP

QUAD

QUAD VOLTAGE CCMPARATOR

JFET OP AMP

QUAD JFET OP AMP

ANALOG SWITCH

QUAD
QUAD
QUAD
QUAD
QUAD
QUAD

0SS

CMOS

QUAD

QUAD

SWITCHED CAPACITOR FILTER

QUAD
QUAD
CMOS
QUAD

QUAD

JFET OP AMP
JFET OP AMP
JEET 0P AMP

JFET OP° AMP

JFET OP AMP
JFET OP AMP

ANALOG SWITCH

ANALOG SWITCH

JFET OP AMP

JFET OP aAMP

JEET OP AMP
JFET OP aMP
ANALOG SWITCH
JFET OP AMP

JEET OP AMP
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HIGH SPEED CMOS
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B82C84A-2
T4HC74
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INSTRUMENTS
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INSTRUMENTS
ANALOG DEVICES
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NATIONAL
SEMICONDUCTOR
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INCORPORATED
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NATIONAL
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OCTAL ANALOG SWITCH
QUAD JFET OP AMP
QUAD JFET OP AMP

DAC
RIGH SPEED CMOS

LOW POWER OP AMP
SAMPLE & HOLD OP AMP

LOW OFFSET VOLTAGE COMPARATOR

CMOS 12-BIT DAC
LOW OFFSET OP AMP

QUAD JFET OP AMP
OCTAL ANALOG SWITCH
QUAD JFET OP AMP
QUAD JFET OP AMP

CMOS 8 MHZ CLOUX GENERATOR
HIGH SPEED CMOS

HIGH SPEED CMOS

CPU 8MHZ. K 125ns
HIGH SPEED CMOS

HIGH SPEED CMOS

HIGH SPEED CMQOS
HIGH SPEED CMOS
HIGH SPEED CMOS
HIGH SPEED CMOS
HIGH SPEED CMOS

CM0S
LH0S

64K X 8 ROM
32K X 8 RaAM

HIGH SPEED CMOS
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Ulé6
u22
2050 U34
2030 U38
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2050 u39
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*1G. 8
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530 U2
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T
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15T
JN7
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C e
N
Al L
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CRALL
cCail
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RET
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Cp
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gL
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r SUBTTL
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s COMFUTE HEART

31

/4HC138
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7/4HCO0

82C51A
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INSTRUMENTS
TEXAS
INSTRUMENTS
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INSTRUMENTS
TEXAS
INSTRUMENTS
ORI ELECTRIC
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MSM82C53-2
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D2732A
T4HC374

J4HC374

LF&44

LE4L4

LF&a&4

LM311IN

illlbcg_iri
ol ral
short acgl

wig € lock .
LEADS Cie
SHORT ELCGL

32

—

HIGH SPEED CMQS
BIGH SPEED CMOS

HIGH SPEED CMOS

CMOS UART
CMOS INTERRUPT CONTROLLER

OK1 ELECTRIC CMOS TRIPLE TIMER
OKI ELECTRIC CMOS TRIPLE TIMER
TEXAS HIGH SPEED CMOS
INSTRUMENTS
TEXAS HIGH SPEED CHOS
INSTRUMENTS
INTEL 4096 X 8 ROM
CORPORATION
TEXAS HIGH SPEED CMOS
INSTRUMENTS
TEXLAS i HIGH SPEED CMOS
INSTRUMENTS
NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR ’ -
NATIONAL QUAD JFET OP AMPD
SEMICONDUCTOR
NATIONAL QUAD JFET OP AMP
SEMICONDUCTOR
NATIONAL VOLTAGE COMPARATOR W/STRORBE
SEMICONDUCTOR

sChech 1f 'o 00 any €004
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'USING EXTERNAL TRIGGER [F SE!

SHORT ECAI
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short ecqV
shoet scgv
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agt _thresh
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> S,
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ecdoldx., f-'il

acg_Sync. i
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RATE FROM ECG R WAVE THIS ROUTINE FIGURES NULI WHETHER EKG
THEN DO CONFIDENCE CHECK ING ON
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i DEGIN CHECK ING R—WaWVE
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TEST
JNT
JHF

TEST
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ECGI VL

ELal. VIS
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Joe

wms
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C g
ie
Cmp
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ne
RC Qe ] g
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aab 77/
v
v
BOY
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rdab /S
ROV
% ub
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ﬂuv
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J8

] mp
®CY_1ia_sync;
cap
K 4
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XOQR
MOV
BUv
M
CRLL
MOy
CAl.L
call
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@cglvlla

FCYIByn:

acgaynB:
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nchog
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calil
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CALL
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I NC
CALL
DEL
J M
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{ NC
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ChALL,
[EC
eCqQesynlll
AT

LT R
cCall

call

V3 RET'

D
RET
ECG_naot _sync:
ecgnesynd:

ECG NMODE LEADS OFF
SHORT ECoLvl -
SHORT ECRiLVvaT

LVI_RET

ECG MUNE.ECG FLAG
SHORT ECGLVIZT
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ecgadly. &
*CY_LI8_sSync
acy_not _sync

acg _syndgly. ¢
SCgEynd
acg_syndly
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sCcg_SYNC. AL
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CL.ECGLOST
CLRLITS
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SETLITZ
®CY_SYyNC _ar - _Ch
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BCH_Wync _wr

e AN
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Calc _wslice_teo
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SEND SAT
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SHORT 95&5) nie
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ALMFLG. 1| R ECETMOF 0K
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idisa:los ecg_lv3d tO be sntered

iread nc? counter and resset

1 It at the same time

i1 this the #irst rwave seen
isince power up/ timedut?

iyes. acgperiod is Nnot yet valia
NG save escygperind in r-r pariod

K
C HEART RATE dab ~ use rravyg not o per

7L F



Re. 35,122
35 36

sConeynia;
a0V first _rw_seen., 9 :
call ecCH _NBYynt _err_Ck |
je acg _ndt _sync_#x lan error oCcurred
aec ecpgedly iecgecdly will now bOe )= @
Chp synt+lg. @ isynced on sat =) alresagy displaying a pulse //
;-ngv mﬂuﬁync ~ox :EET“MPFEE?EE.EEHF:PEN.C BAGEL INE
* ; HR
MOV CX. RRPE
MOV AX. ECGRATEFACTOR
CARLL COMRATS 1ICALLC BUT DON'T DISPLAY YET
BCg_nNnut _sync_exl
teat sCgnotsyncerer,: ecg_amp _eorr 1d0n’'t update history if failad
ing ecyg_nat _sync_exl 1peak-paak voltage test
call ecg_hup iupcates ecg history
-cg_nut_;nac_pnl:
J LVI_RET
2CY_aync_mrr!
AoV AL, » BRADECG
DEC AL
Jns scgserr!l tnot yet out of coupons
X Or &M, aN i got -:? count
Mehg eCgper10d.: ax 1 and clear |t at the same time
"oV reper«s M iupdate r-r period
call ecyg_hup iout af coupona., store it and get aut
j wp short ecgserr?2 '
ecgsereri.
MOV DADECG, AL
mOv Y rrav? iIclear n:gp-rind i{ it's too large
add am:. diflim + 10 llast worg in ditlim {s tha
gl ffarance lisit $or r—-» period
Cmp AN -:gsnrlod !
) Aw eCQgEerr irravg + e di¢d lam ) ecgperi100 - Ok
noV scgperiod. o '
ecC gearrl. .
} mp vl ret :
@CH_Syn_err_Cch:
NAYV bl. & Ibl containe arror Codes
teat ecg_wode.ext _trig 11f axternal triggm o0 nol chech
jnz sCcQaarrikl iain ampl i tude
L ax. &CH_aellta i
Cp Ax.BIN pp Icheck min asplitude vequirement
ja scgeerrki 14all through | f Fassed
O Bl, ecg_amp _arr :
scygsarrkl: -
ush DN ;
AL E:§ D_CrHx tCHECK UIF CODES -
gEET CURDIF,b1tS teLisp)T .. CHELR 1P PFAILED PEQIOD
31 IF N2. FRILED,..DON'T CALC HK
Ji ECGserrk? 10T OF BOUNDARY JUMP SOLVED
or blis rr_per _err :
AC geerrihld:;
nev scgsyncerr., bl b
cCap ascgayncarr., B '
in scCcgserrkid ljumpg | § ecgesyncerr = i
stc ireturn carry =) bl '= @
rCgeerrikl:
ret

*Cg_hesync_err _ck:

nQv bl @ bl contains error (odes

tast sCcg_mode,axt _trig (11§ external trigger 00 not check
jnez scgaerrkl imin amplitude

NGV " amy @Cg_Oalta ' '

o aualln_Ft ichack siln i itude rlnulrtment
ja eC gneerr | . tfall thero i+ pasas

or &l, 8Cg_amp err i

PrCgnerrikl;

Cop e4sdly., ! tonly call escg_v_chhk just before
tabout to sync

jne scgnsarrikd '

wuah Ox !

ol ECG_V_M ICHECK DIF CODES

%
%E T CURvar.bit3 1ECGBIT.. .CHECK IF FAILED PER1IOD
1IF NZ, FAILED...DON'T CALLC WK

JI ECGneserrk 2 tOUT OF BOUNDARY JUMP SOLVED

or bl rr_per_aerr :
ecgneerryl;

MOV scognotsyncerr,. bl :

Cmp eCcgnoteyncerr. @

} & mcgnserrk’ rjumeg 1 ¢ ecognotsyncerr = @

stc ireturn Carry =) D1 '= @
acgnserrkl:

ret

do_slider_studé:
E#F note = oetween here and the naxt zet of stars. al contains slida_moda

OV 4l slide_ msode 1for alider — (§¥ passad all checks, ///
mov . elapse_hb, & I ’77
MmOV alapse _sec. @ 1 i
MOV bl. daftrig iskilp the next faw sa.sples i+
cCmp dopidu. bl idopidn 18 lagging where diplo:x
@ daoaliv iwas when the rwave occursd
danl) e o al. shld_skip iset shld_skip and use®_ecg to true. ///
as .
tout ale skip_next _rwv iskip this r wave” ’/
1z short douljl ! nO N
and al, not (wkip nant_rwv) Iyes /S
mOV slion_wmode:. al ==

} mp short dosl) 4
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doslfi:?
or al. uii_p:? ¢
teat d1: +irst time : £ Fr
iz thort dosly2 : Fr7
and al, noat (#irst_tine) : Lr7
ROV slioe_mode. al {firat time:. have clr _newuf cliesar
MOV an. B ientire newbuf
} mp short aoulil H
coslj2:
i sliges_sooe: al ROt the first time. have Cir nawh ¢
~ WOv axs NEwWi i ox freset lst 4 2nd newbuf pltrs
r«Lvw Nl idxz.ax i Copy n-uh?i poOosition aof niv)l 1o ptel
OV NewildN.id lrssat prrl tg wf art
ROV newilidwl _on.li iturn on ptr2
j ap short daslji s and oone
dasli 3!
1ee
call clr _neawh{ ' /77
mOV nawlidx. @ ' - /27
nOYv newlidu2 on.d 1turn off4 newbuf ptrl AP S/ /
aosli s
et |
RWAVE CHN:

IR-WAVE “ INTERRUPT" -— CALLED BY THE ACTUAL !.S.R. (ABOVE) OR BY 2.5 m8 ROUTINE

Al

»av AlreCg_uw ichech {4 ok to continue
o Al+al
jna2 short intr_ret .
KWvl:
test flrat _rewv_flg.@8¢én
12 rwvl2 llu-p i¥ It iw not the firat r~wave
O v $1rsat _rwv_fig.p tthis s the {irst one so resst flag
inc tind _max re 190 and search fOr man deriv value
mov $1nﬂ_;ntTTI;Ezilﬂ fset 2 sac timer
} ap intr_ret
rwv il
ing Dlock fig ir-wave block is active
e EChoDon F S TIMER 1§ ZIERD
oy S: AL 1L ELCK IF 200 i
JE rwv & PIF I. Y280 M8 SGINCE LAST R~WAVE., CONTINUE
IELBE. RATE I8 TOOD FABYT AND/OR TRIGGERED ON
IBOMETHING OTHER THAN AN R-WAVE
lng ftals rwv lfalse R-wave countsse
4 ] mp short intr_ret
LY .
MOV ECG200ME, TIME200 {SET 2800 ME COUNTER
"o v Phase_dJdly.TIMEAS 1start 43 maec delay Naving snough
ttime ta put Min Iin slider Dufim:
INTR_RET:
:g: ;:v_tini_uutiTlﬂEﬂﬂﬂﬁ tstart 5 sec r-wave wmatch gog
RET
CH "RIG:
CALLED FROM 2.3 mS INTERRUPT TO CHMECK STATUS OF EX1ERNAL THIGGER FLAG
:;E front _ecg tmout .9
J SHORT TRIG X17T 11F LEADS ARE ON
ggv &.ET_EEH_TRN tGET BTATLE OF TRIGGER
L 4
I3 SHORT CHMKTRIG X177 INOT BET
XDR AL« Al
MOV EXT_£CO3 TRIG.AL
€ mp Ext_wCg bDlk.& tchech ext. rwave-tloch countsr
} ne chhltrig xit iprobably a false trigger B0 jump
DOV ext_@Cq blk.t imeSHBe tinit +or 1PP maec
no oot me T aat t Dack panel ti ¢
g & r* tmr: ext tri Mo it e F L= -» meO L
CALL RuﬁﬂE_ﬁﬂf - -
CHKTRIG _X17:

“RET

>
;ITLE: ECGATOD

UNCTION. store the ecg signal value 1n the ecy ring buffer. 1§ froni
panel sc input flag 1s 69T, s8NJ ®Cg data to the powarbase.

[nCramant ths scgspmr 109 anc fiva_ms countars. Aleo seats U 1gnge:
rewave flag in ecqg _ mode 1§ the ecg value 1SN'T within allowabile limits.

i REES CHANGED. ax,ba, dx

e T TR L

iCALLS:
: adcvt. sand_ecy, SCQhGH.s Cchutmrs
ECGATOD:
inc n:gs;riuﬂ 1
MOV BX.OFFSET DGROUP: ECGTEL t
CALL ADCVT Iget 12 Dit dc voltage in dx
MmOV BX.ECD1I1DX isave ingex into ecp _bufé
ush D 1o jater
M - DX.OFFFH Irailmng voltage ?
jne atogld i NO, continue to adjust vultage offust
o dxs OX ' yes. no odfamt to adjust
} mp short atoog ! i 2 go Oon
atood;
OR DX.DX fia dC valtage = @ 7
JE SHORT ATOD 1 iyes: QG nothing
ATOD 1- ADD DX . GNDV IR0, Geal with p-~gain offust
MOV DFFSET DSROWFP: ECG_BUF TBX1.DX 1load dc voltage
i1 into ths ecg buffer
cCmp INit _max_m-n, 1 itime-to initialize ecg max and min °
} 2 datod_la fyos. g0 oo it

InDy som 1f we Nave Naw 8CH Sxtreones
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CBp dx. BCORANM J1t14 a new dCc max in f0ouno
jbe atoa_1b i
ROV aCgmdn. On 1 update eCgmax
] mp atod_lc t
atod _ib:
Lap dx. eCpmin 'ales 1f a naw o min 1s found
} am Atod_lc !
ROV ecogmin. dx !  upoate scgmin
) mp atodg_l1c !
-t0d_1la: t1if wa are in a initializing maoe
ROV SCogmMaN. dx load the new max
BO v ecogmin. dx i angd main
rod 1 nOY init_max_min.® ! L clear the request tO initialize
ato C.
{ : } 4 lpoint ecdlidx
N5 Becosrex | i bhe oeaeoit
v n 8 8G ¥
ECDI I DY, BX i ring buffeF
FIVE_MS icount one aore tiene runnln? this routine
AM+s BCQHZIV Iget the absolute =cCg signa
amg'o ! {.8. Vacg = acg NOins gate + ground voltage
aie O ; gewita is Vecg — Vecgrero
atadll '
an l
aix, 41 tis the ecg signal less than 188 =V
atodll iyes. then (t's inside noise range
tront _ecqg_teout . TMISSEC 1nD. re—=trig +ront fantl eCq9 timsout
] mp short atadld 1 and 90 sand out the data
at0dl 22 lecq signal insid, nolsse
Cap front _ecg_tmout . P tany éront panel ecg input 7
1. atod T2 ino:. then nothing to send out
atodi3: AX.DX lsend ecg data
CALL SEND_ECG 1 TO POWER PASE
atod_1i%5:
POop bx iretrieve index of value just converted
Ithat pointegd to scg_bufé
MoV g4« OFFSET DGROUP: ECG_BUF (BX) 31t+4 ecg value
e dus max ecq lev 1 ia not wathin
) @ short atod TSa { the max and main
Cop dues min _ecg lev i af the allowadle
be ihnr: nfbd_{ﬂ; { wcg levels
o short atod 15 :
1t 04 _1Sa: -
(= .l:g_m&.- I?‘Iﬂr‘" rwy 3 NNt rwave
Log 1 bmv ignore_rwvy_tmr,. lgnore_rwy_time 1 for a limited time
atod_13b:
call 8C gbox Inake watry Into parallsl butier ///
call chiktars :
RET
cECG_INIT:
mQv ext ccg_plh-ﬂ t1iNntt extern. rwave block countes
PC9indas;
OV ECBOFV. @
MOV ECBCTR, 2 'sampling intrvs3d ms.
AND £ PAT - SAV, ECGDSABL
H v D
MOV DECTAV.DELTA_MIN
ROV front _ecy_tmout . TN I6EC iinit front panal timsout
lcounter with 13 sec
ecg_1nitl:
1 MOV acg_BYNC, )
e T S S —— A W - T . e S e e W G S A W N M S A NS S . mm ami gl g v Sy gl U G A M A i W S A A i e R S e e A S e —
i TITLE: ECG_THO
IFUNCTION: ecg time out
tCG_TMD:
ECG:THOL%;P -
8C YNC., 1
JE SHORY TRO 1
TEST ECG MODE. TMO_FLG
JT SHORT TMO_4
Jre THMO_1
THO 43
OR ECG_MODE. TMC_FLG
TMO 3@
RO bl.aC dl
o T -cgid?..ﬂy
yne short teso_la
ROV ecglsecalarm. ]
tmO_ Ja:
MGV ECGBDLY. 4
tmo_ Jad:?
MoV WINDDFAC. 3 tSTART OUT AT 12.3%
MOV MCH_FLG. ! tENABLE MUNCH ON TIMEOUT
MOV ac-g ayndly. 4 tgad /7/7

teince chktmrs will incresesnt winterl and 2 a8 long as winflgl and 2 ars
e, and since you don't want wintari or 2 to Oegian count ing

funtil]l you're synced on acyg. initialize these variables to something
lNnon zero. dab ///

nOovV wintlgl, 2 t

MOV wintlgd 2 ¢

nOvV wintmel, 9 i

»nOv wmintmead, & !

call clrpdbérs 3

call clr_rr_hist ;

BnOv first _rww_seoen. | 1 for- wcg Ivl dab //7/

Crp latmr, 30 icheck pPpulse timeout counter
Jbe mo 33

nOV Pilabtmer ., A0
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41 42
tmo _33:
A pdnd AlL.ELCS_MDE
AND AL NOT (EXT_TRIG)
OR tSET IDLE MODE
MOV
XOR
MOV ECGPERIOD.AX -
noV RRPER.AX
DO ecg _twmrsal
OR AL L3-S
JMT '
e
JE
IOR
MOV
tmo_J3a:
MOV
11 tupdat 1 /7anb
Cl & ANaiog output an
TMO_@: » 9 P
OR
?ﬁg OR ECABTMF OR PLETMOF
CALL
DEC ECGAL MO
Cﬂl_l.m CL.LOWRATE GR HIRATE
chP ALIC*H
JE THO I |
MOV ALMILY» )
MO _1:.
ROV als l!lﬂl_pnﬂ- téor slider ~ ¢ use_wceg. ///
test al, tuss_acyp (= falee: and 747
j2 -hnrt tao ?a tcilaiis aunch's parassters ///
and als notiuse_ecy) ! It
|V slide_moda, al i LA
nov | p?rcgra @ :jutt forr fun., resst perctr 77/
ROv ai»
MoV BX. OFFBET mOHMOD tREGET MUNCH'S PARAMETERS ///
MOV Cx-»11 $ 147
tm_ihu
MOV OYTE PTR (BX).AL $ 71/
1NC BX X ’ 74
LOOP tmo_1b ; Iy
tmo i a2
call rewv_lost
ret
rwv_loat:
ROV runsus. @ tfor scpghon /77
nOv ecgboxgnt ., A I ditto F77
nOv an. thresh
MmO Y max_three au tamt threahald +Jor ain. tewmp.
nOV Ty ﬁ-rlv.au }
ROV flret _rwv_+10.1 iwait for 4first r-wave
BOWV intt_max_min. | inext call to ecpatod shauid
i initialize scgmnax,. sCoain
»Ov lsast _rwv_lvli. 233 1tha naxt call tO ecg_lvl shouid
! update this value
RET
ceADS OHK .
.CHECE’FggﬂEﬂﬁ LE?B&SGFF...SET CARRY 1Ff LEADS ARE OFF
¥
TERT STATUS.LEADS _PIT
MOV CLR LEADS.,AL ICLEAR LEADE BIT FOR NEXT TIME
JT SHORT LCL 11F I.LEADE ARE OK
OR ECO FIOIIE-CEMB OFF 1SET LEADS OFF FLAG
OR COSTA.ECGOFF
g¥g SH_PAT_Sav, ECGDSABL IDISABLE ECG INPUT 10 COMPARATOR
RETYT
Lgt_l:
L g
AVD L6 oot NoT (ua’.gs of§ Y QEAR BIY
AND COSTA.NOT EC
OR SH_PAT_SaAv. HOT ECGDRABL
CLC
RET
¢ Checking and adjusting threshold for scgboxcar mogul

Chk _thresn,

teat .$5 h%ucu-ﬂ§fifh fmalt t1]l] TP me 1is over
na ct_re

ast hlock _#1g,1 tagjuat fust one tine aftar every r-wave
K ct_reot

gsc Dlock _+¢19 icisar BIOCK active flag

BV ax,old_oderiv Itake 731 OF Old man

a0 v D AN

aov Cl.2

shr bn-cl

auh AMs DN

»oV Disadx_deriv tand 20X of new max

shr Dxsc) :

adg ax:Du Inanw avarage sax value

nOY old_deriv.ax

mov bxs AN land take V3L of this value

she hx.cl

SUb AXy DX {new threshold

} m@ ct2Ll fjumpt itgneore the reast



st l:

a2t _ret:

ret
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l:;yr“h_lin 14 threshold ( ain
ax. thresh_min tsat min value
san_thresh.ax isat threshold
find_max_req.04fh
st 1return ¥ NO sax deriv saarch sode
find _cnt.0¢¢4¢n
st_rat ireturn {f Iinsida 2 sec time interval
find_max_req.P i1resst flag
AN BAN_tariyV iCalcuvlate 73X of mau deriv value
Old_deriv.axs Isave average max_deriv
DXN. AN
Cl.2
Dx.e)
anrbx
Bax_thresh.ax inaw threshold value
set_+flg tcheck ¥ any r-wave in the next 2 sec
- smt_+{flag cnt. TIMEZS00»3 .
ain_chk
sat_+{]1g:.04¢4n tinside the next 2 sec interval
st _ret l‘u-p i¥ no
seft_flag cnt.0¢6¢¥n
st _ret fjump (f ( 2 samc
salt_+{1g.0 Ireset flag
ecgedly. P |
ft_ret 1{fumg mcyg is synced
Ax.aax_thresh
Dxean
Dxel
Dx.1
Dae ]
axX»Hx
max_thresh,aws {load min value
Sot _¢tlg 1look for max again
find_cnt, TINCLOGE 1S
ax.thresh min ‘check threshald value against sin_thresh
A¥r»Ean_thresh
lt_{'f' *
man_thresn.ax 1load sinisus threshald value

icalc slide_tmo calculates how lnn?‘an interval may slapae since

ithe Tast

11t uses 2

caicl:

calc:

tclr_rr _hist
cir_rr_Riet:

nov
nov
shil
}e

shr
adg

| me
BOY

»nOYv
ret

nov
oV

Pwean

pOop
X O
cldg

rep
ret

Ecg boxcar

*CHDOX:

eCcagbi:

eC bbb

ROV
mL)

Cap

AS:

DOV
ROV

} mp

| U
and
MOV

Sy
N

e
UB

nQv
ada
MOV
Cmp
| X

aec

a:no: R wave batore the s
calC_sliom_tmo:

der buffer should be clsared.

1/2 times the average R-R period. ///7

aK. reavg

filter.

H
DX» a&x i
axs 1 12 ¢ rravyg
calcl lover €| Ow
bDxs | 13/2 ¢ rravyg
anx, bx }
Calc) taver ¢ ] ow
calc? )
ane P¥E4EN Isat t0o maximum
slide_tmo. ax $
}
Cloares the r—r history buféer dab ///
Cx. B iclear B words 4rom es:dl
di,. offsst das:rrper
Jds
o
&M» &M
BTOosw
dx., Dx lsave «Cgdiiodx
di, Défeet duiechg buf 18 cata?
wor-d ptr (bu+dil. D 1
ac ghd 1noD
runsun. @ Tyef. INnitializa the sum. sat cCount down
PCpboxcnt, 4 s
Cx, O ' )
ecgbl liniltialization compiste. lsave
bx. B Ihave bx index escg_buflecgltiax-4]
bx. scomask J
AX. runsyum 1
aCcqgboNcnt. @& tsafe to subrtract oldest value”?
scgbhd - tno
AX,»WORD PTR [BX + D11 | you
Du, dn - lretrieve ascgdi idn
an. WORD PTR [(BX + DI) ladd in nawmest value
AgY 23 7" P¥:) - tAX cantatins runsum
FCgboxcnt . 4 sume valid yet?
ecgbd I ves

SC gboxcnt tPD
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Cap PCOOORENE . D lsuna valid yet to compute entry?
o ecaghl 1yes
?nv =5 ™ : | :
scon2: hp short ecgbi
SHRA AX.1} fget 1/2 running sum
St B, 2 :
and Oxs eCgmank o indens scgbhuflecgtidu-~1)
:::2 gm unr-: d ptr [bhux + di) ::n contains ecgbuélecgul ion—-1)
My
and ODx: oC ol tox indexes ecghuflecadiidu-2)
add :a:mﬂ PTR [(BX + D1) ICN contains n= of middle two points
Hallmln? code datarsines whether sidesum ) 1/2 running sum
‘cx to point tao larger valus. &x 1o ssalier,

IPurpos® is to compute (mideus - i/72 running suml,’
10N entry ax containe 172 ruwmning sums, v

Cap CHe AN 1
j an scCgbia 1
({47 Cxe: AN 1
ecgbla:
aub SR &N ’
scgbl?
»OV bDx» odx ‘retrisve ecygdi idx
a0V di,» Offset duiecgbaxbuyé 3
agv word ptr (bx ¢ dil. cx tenter anmwer
cCap g Lidock. B ' id be finding manimnum?
i scpgblh '
Cp CXe Bax_deriv fdata ) man_deariv?
jbe ecgbil NG auxit
ROV Ran_deriv. cx | yos
} mp ecgbil IRON exit
ecgila:
Cap Cxs Max_thresh | Sata ) sax_thresh?
jbe short acgbl2 ! DO
Cap ecglbasg, ivadte to block™ /77
j ne scghlic 1NO _ 177
ecgnl BOV oCg biotk.TIMELDD tyesRy sat block_out timer
*C ce
tesr 8C §_8oge . ig'mrc_ruv lshould ignore reave because signal railed?
i: Short scgbl I NG
abld mp short scgbl2 i you
ec .
cCap Firat _rewv $flp. | 1¢irst rewave ssen?
{ @ short ecgbica lyes:. ogon't update msan_deriv
BOv MRAxN_dariv. cx
sCcgblca:
call rwidve chi '
acgbl2;
ret '
Silder!
Push D s
80V 4l. sllide _msade '
taet 4. use_acg 1are we using ecg?
;nt siided ! yltm
e no_=NCcg tno
] lded: juasing ecg
Ao al.al I anbd
Cap fROOw. 2 1i{ moode? (beat-Dest)
|® sligel ¥ this waight = §
|1 Gel DOV al. weipght 1alse this_weight = welight
«lidel?
BDOV this_weight. al ;
loa bx. datbus Icheck (¢ ir » rapdg = @
ROV al: Qopidx }
of Or &N ah '
add DM: ax t
nov cus {bxl 3 Cn (- datbuéidopicax) {IR)
ROV ans [bxe+2) t ax (- datbufldopidn+) (Red]
o CX: AM i = rag = $7
inz short s)ildeds tno
v 4l. mlioe_mode itr = rgaga = @
and Als nNot (use et g t reesst u-ln? acy fll? tOo no
or &l, suip_next riwy 1 % ship next r wave interrupt
ary ﬂ‘h-—“.&,‘l ;'
Lmp ey arMods. 4  Ehange sator medd 4
] ne short slice? i
a0V nEteradde. 3 1 to 3
} mp short =lidel |
slide2 '
Cap natarsode. 4 Ichangs metarsaode b
} nm short silide) !
C T mEtersooe,. S ! to 3
slidal: |
OV ax, @ y
call clir_nawh+ Iclaar antire nawbuf
ROV nawiiax2 on.d 14 turn otf 2ng newtiuf ptr
| mp alion L we're dona
21ices; fir and red have data not sgual to ©
al. do:ldn ihas dopldx Caught up to dattriy?
al, dattriyg ¢ 1.8. tD where the acg occcurred
als 8lice sods }
short slideS tno
al, not (shld skip) lyes. than don’t skip putting data
s]licoe » atl t into the slider
g 0 tant per dab insistence '
short slide? }
s]ided: al+ ohld_skip tuhauld we skip

| guttlng data into
Bl ider bBufier

short siide?

ROV alenOwiionZ on iyes skippin

o nl:nl - ,""1. nl?tﬂrpl ptrd active?
nz slioed vy 4 1 X

ap 811cax i nOTt ons lesave rout ine
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tlides: Iskip 008 — we advance slider’s ptr2 alons
lea hux,datbuy+é \
abDwv Al»d0peldu !
®x D" ah . ah |
add Dt ax i
A ane Lbul - iget 1ir data 4rom datbut
qu-n DX |save datbué pointer
aa Dy« Nn@awbud | .
add Dusnewi L ON2 I
MOV Cxe LOX] tget 1ir data at slidarts 2nd pointer
Push B 1 and save ptrd
call Now_aveg {avearage the two ir values ang
I return Nnew weighted ave In ax
s DX irestore sliderts 2nd ptr
nOVv {Oxnleax 1 and store new ir average
! NON t waightad average far ths red
inc 3 iratriove Cthe red
inc b u ! valus ¥fros=s
::: Eu-tth i sliiderts 2nd painter
» j
push bx isave slidert's 2nd pointer
ROV bxe Ox iput datbud paintar in bx
inc bx iretrisve the red
inc bx ' wvalue fros
a0V axs Lbx] i datbuf
call new_avy taverage ths two red valuass
POp Dx fand atore the weighted ave
ROV Chxl.an 1 &ft slider's 2nd pointer
. 1mp sligxn iand wo'ra done
slide?: Inot in skip acde — bath slider ptra advanced
lsa Dy NOwbyf 1¢¥8nd slicder's luat pointer
adv Axe NOW] §On '
add DxX. ax i
push b lsave it 4or later
wov Cue {(Dx) Ipet gdata it points to
or CXs CN tis (t zer0?
jnz short 8lided ino: leave weight ilons
xor ‘;:- &l 1 yaus,
™ o : . .
el 13a8. u_wugkt- ,u\ ) <legr \H‘\Q\'\"(’
lpa Du: datbu+ tpoint to data in datbuft
) v al. dapildax {
O ah. ah |
add Dx: ax !
op cx irestore slicder’s 18t tr
a4 dx: NOwDU¢ igat slicer's Z2nd painter
a0V AxesNOWL {dx2 |
add dxy &N }
call put _Nnewd f jadd new data to &l i0erm
1D points to catbufloopidsl,
Itx pointe to newbuflnewi idx]
1du points t0 newbutlinewt idxll
} mp short u)idx Iwe're done
no_wcg. 1
ROV al slioe_mode !
test al, fierst_time !
jnx short alidx tfirst_tise flag already sat
ROV an: eolapas_ssc tget number Of esScCcONde KINCE time out
Cmp ax: slioe _¥two |
} am short sat_+flg lelight seconds or aOore have plapeed. set +lag
B0V ai- ;Ilpll_hh tgat_number of heart Deaats since time out
Cmp ale i
a@ short sat_+flg 13 o mare heart beats since time out
mp short slidx teverything's ok
set _+149: :
B0V sl Slide_mode !
or Al fireat_time taet the first_tise
mov siiow _mods:, al '
51idn: ) |
'
)

I

:gut_nruhi noves entries from datbuf to newbuf using the follbwing

| formula;s

inewbuilnewiidx]l (- ((this waight-1)/this _weight)nesbuilnawiidx) + (
: 1/7this_weipght)datbu¥Fldopidul

1 This proCeoure aBSuUMes bx points to datbuéfldopioxl., cx points to

inmwbufinewi \oxl. Resessber . LOth 1R and red values must bDe placed.
tdx pointe to newbutfinew! idx2)

put _Nnewbf:
P ush dx isave newbufCnewiidxll ANp//l/
P uah D i
pPush Cu H
mOov Axr, [bxu) tax = gatbuft(dopidxnl] IR
pOp Dw ¢
P ush D x }
MmOV cxs, [Dx] tcx = nawbuflnewliogxl IR
call New_Aavg ' .
POQ 3w !
oY Cbhitl, ax 1
inc D i
ing M }
PuUshn D 1
no v Cus [bBul 1cu = nawbuflinewiidal red
POP e} '
pOp D !
push dx '
iNnG D H
ing bx :
»OV arns [Dx] lax = datbufldopidx]) cred
call New_avy :
pOp bx '
MmOV (bx): ax T T
APl ‘ox = nawijide forr the r*ed data
mOYv di.oewiidx. On 118 InD nawduf pointer active’
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or 3101 ’
poOp dn 1 impanwhi ja.get 2nd nawbuf pointer to )
). . shart putnawd InD:. Newiidxl inactive
oec b Iyen.Copy ir.red érom ist to 200 newbuf ptr
dec bx } backh up to Ist ir |
ROV ::..ggn: : . r:.tcuifl:":'
' x» n D "
ROV (bx)Cx $ ::py 1nto 2ng ir
inc bx ! adgvancs to Indg reo
S a3 : d into 2nd red
gy x)ean & nto re
Ut Nl . ) copy
re |

ght is 4. return dathufldopidnl in’ ax.
alss, rsturn {u:?nt-niﬂtwt nawbudinaewi iodx) + )/meight datbuf{dopianl in ax.

Rout ine assumes an:= datbuiflanpildxl. cx = naubuileither newiids or newiidu2l
lmprovesant — round division returns rather than truncat ing

new_avg ~ 1§ wei

ov_avyl :
Cmp Cxe® Izero Iin nawdiyd?
j = short newsx fyem, than return 1081 boxcar
NV Ohne B |
BOv Bi. this_waeight 1
or Dxe b 3
iz short Amwx 1
DO ans @ s
div Du 10xan/bx = ax rem du = dathuffidopidx]/welght
push ax tsave resuit
)y aAns CN 1
a0V Ixs B 1
div bx 1dxa/bx = ax rem dx = neowbuf(nawi idx ]/ weight
oac bx lgat weight - )
ma ) DN fédx ¢ bBx = man = {(weight=1) (inpwbufinewiidxl/weight)
or du. oOn 1result too big?
PDp ax yea. Claar stack
aov - axs BPE$ENn i anned et urn
| mp NN 1
Pl
BOV Lx. &% lsave result
pPOP A X H
adg Ax: BON Irssult too bLiLIg?
jne NOwN 1N
B3V ax: D¢§$in yes.,. retun
N
ret '

clr _newbé - routine to clear nawbuf. Amsuma ax contains the ndex

INto ngulOué from which to clear (t1 (.8.: Clear newbud from whare
ax points tao til the sna.
1 _Nawdt.
laa Dxe DawbuUf
aod Drs & ibn points ta address #ros which to clear
nOv Cxe Nawlian }
sub) Cx:s AN ICx contains nuabar of hytes to slear
O~ CX: CX t
1: shaort clr2 iIero i a probliew
L short Clr is0 1l& & negative number
Cog Cx. &858 !
ja cirl 180 Is too large a nuaba
she Cu, 1 ineed t0 kNOw NDWw many mwords tD Clear
RO i b 1
pPush de t
pop ®%
:?; &M & tlonogp counter is fine
. rep STO8W 1
b
ret

X

Software
.opendix B
3 D/A.TEMPLATE CHNLQ

2 A/O0.TEMPLATE CHNLS.Z3
2 A/0.TEMPLATE CHNLS.CAL

4 STRING FILE.NAME

NTEGER OIML 512 , 2 1 ARRAY RAW,DAT.!]
DIML 512 , 2 1 ARRAY RAW.DAT.Z
DIML 1 ] ARRAY [SAT

QIM{ ZB48 , 8 1 ARRAY DAT.BUF

SCALAR PTR SCALAR CTR SCALAR HOW.LONG SCALAR PTR.MAX
SCALAR PTR.MIN SCALAR RCAL SCALAR MINI SCALAR MIN2Z
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COMPLEX

BINC 128 ] ARRAY SHORT.DAT
DIMNL 1208 1 ARRAY SCONJ.DAT

DIML Si12 ] ARRAY FOR.DAT
SCALAR FOR.OC

REAL

DIML S12 3 ARRAY HAMMING.DAT
OIMC 1024 J ARRAY.SAT.DAT
SCALAR RED.MAX SCALAR IR.MAX SCALAR RNEW

SCALAR SAT SCALAR BO! SCALAR B02 SCALAR BR1 SCALAR BRZ SCALAR SLOPE
SCALAR INTERCEPT SCALAR QUAL

: 36t.up
HAMMING .DAT [ JRAMP
HAMMING.DAT 2. » Pl « 512. / CGS -f45 e .Sd + HAMMING.DAT :=
O MINY := @ MINZ = 4985 ISAT e
! set.8.0nptima
5 set.%.points

: SET.TEMPLATE
CHNLS .23 -

RAW.DAT.! RAW.DAT.2 CYCLIC DOUBLE.TEMPLATE.BUFFERS
.8 CONVERSION.OELAY

CHNLO ISAT CYCLIC TEMPLATE.BUFFER

: WAIT.FOR.USER
SCREEN.CLEAR
18 18 6QTO.XY
INTEN.ON
.* SET LOCATION 24 TO0 @ ... THEN: °
.* STRIKE ANY KEY TO BEGIN. = CR
INTEN.OFF
PCKEY 70ROP OROP
: OPEN.OATA.FILE
NORMAL .DISPLAY
_* MOW LONG A DATA SET IN MINUTES 7 ° SINPUT 7 » HOW.LONE =
CR
.* ENTER THE FILE NAME XXXXXXXX.DAT * "INPUT FILE.NAME °:@=

CR .* PLEASE WAIT WHILE THE DATA FILE IS CREATED... °

COMPLEX DIMt 12 1 SUBFILE

HOW . LONG6 TIMES

END
FILE .NAME DEFERD FILE.CREATE

- START .ACQ

0AS.INIT

CLEAR.TASKS
CHNLQ | TASK ARRAY>D/A.QUT

CHNLS.23 2 TASK A/D. IN>ARRAY
17 TASK.PERIQO

PRIME.TASKS

TRIGGER. TASKS
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: STOP.ACQ
STOP.TASKS
CLEAR . TASKS
NORMAL .DISPLAY

: FIND.BETAS \ GET BETAS FOR SAT CALC
RCAL \ PLACE RCAL ON THE STACK

CASE
\ RCAL " BO BR! BOZ 8RZ SLOPE INTERCEPT

OF 19563 27960 s@ss S1763 ~15743 9237 ENDOF
ENDCASE

INTERCEPT =
SLOPE ' =

8BRZ2 ¢
80 =
BR]1 :=
BO1 :im
]

: SHORT.FLIP
128 2 00
13@ I - PTR : =
SHORT.DAT ( I ] SCONJ.DAT [ PTR ] :=
LOQP
SHORT.DAT ( 1 1 SCONJ.DAT [ | ] :=
SCONJ.DAT CONJ SCONJ.DAT :=

\ sseee TOMPUTE SATURATI. .
QuUAL .2 > IF

BRZ RNEW BR! ¢ -~ 80! 8R! - RNEW » B02 - BR2 + / 10Q.
SAT = '

SAT 7@, < ¢

RNEW 4. / SLOPE INTERCERPT + 4, o 295. /
SAT = '

elsa
THEN

AT 102. > IF 1Q2. SAT := ELSE THEN
SAT @. < IF 3. SAT := ELSE THEN

SAT SAT.DAT [ CTR ] :=

SAT 1@@. > IF 108. SAT := ELSE THEN
SAT 49.895 » FIX ISAT :=

CR ." SAT = " CR SAT . CR CTR .

l CTR + CTR :=

.25 .51 YUPORT.ORIG

.75 .99 VUPORT.SIZE

SHORT.DAT IMAG SUBL | . 4@ 1 Y.AUTO.PLOT PTR.MIN S + CR .
STACK .CLEAR

ELSE

THEN
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: SHORT.PROCESS
nome scresen.clear -

FOR.DAT ([ ISUM S12. / QUP FOR.OC := FOR.DAT SWAP ~ FOR.DAT :e
FOR.DC ZREAL 200. > IF

FOR.DAT ZREAL [ IMAX FOR.DAT IREAL [Jmin - for.dc zreal 7
dupg .2 <. IF
. > it

FOR.DAT HAMMING.DAT » FOR.DAT :=

FOR.OAT SUBL ' , 128 , 4 ] FOR.DAT SUBL 2 . 128 . 4 ]
¢ 1

FOR.OAT SUBL 3 , 128 , 4 ] FOR.DAT SUBL &4 . 128 .
SHORT .DAT FFT SHORT.DAT :=

SHORT.FLIP
SHORT.DAT SCONJ.DAT + IMAG

SUBL 4 | 30 ] OUP LOCAL.MAXIMA ORGP | = PTR.MIN :m
SUBL PTR.MIN ., 3 1 CISUM IR.MAX :=
SHORT .DAT SCONJ.DAT - ZMAG

SUBL 4 , 3@ 1 SUBL PTR.MIN ., 3 1 [1SUM RED.MAX :w=

RED.MAX FOR.DC ZIMAG / dug 2586, / . ¢r

IR.MAX FOR.DC IREAL / dup 2568. 7/ . cr QUP QUAL := /
" Rma * 7 e RNEW :=

sat.comp

THEN

THEN

ELSE ." TOO sMAaLL -

THEN

STACK .CLEAR
t beT.1l]

HOW.LONG 1 + 1 00
BEGIN Tt
T8UFFER.SWITCH
UNTIL

TBUEFER.A/B
IF

RAW.DAT.! XSECTL 1 ., 1 ] MINI -
.45 .@) VUPORT.QR16

-7S .5@ VUPORT.S12E

OUP Y.AUTO.PLQOT

* + + SHORT.DAT : =

RAW.DAT.1 XSECTL ' . 2 ] MINZ -
ELSE
RAW.DAT.Z XSECTL | _ | ] MIN! -

.43 .Q1 VUPORT.QRIG
.73 .58 VUPORT.SIZE
NO.LABELS

DUP Y.AUTO.PLOT

RAW.DAT.2 XSECTT ' , 2 ] MINZ -
THEN

{=X+]lY FOR.DAT :=
FOR.OAT CTR SUBFILE ARRAY)IFILE

SHORT .PROCESS
LOQP

: IDLE.IT
| CTR :=
SEGIN
BEGIN
’BUFFER.SWITCH
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UNTIL

7BUFFER.A/B
IF -

RAW.DAT.1 XSECTL ' . 1 1-MIN) -
.25 .@! VUPORT.ORIS. !

.75 .50 VUPORT.SIZE

DUP Y.AUTO.PLOT

RAW.DAT.1 XSECTL | » 2 1 MIN2 ~
ELSE

- RAM.DAT.2 XSECTL | . 1 1 MINY -
.25 .91 VUPORT.ORI6
.75 .SQ VUPORT.SIZE
OUP Y.AUTQ.PLOT

RAW.DAT.2 XSECTL | , 2 1 mMIN? -
THEN

I=X+1Y FOR.DAT :=
SHORT .PROCESS
TKEY

UNTIL

PCXEY ORQP

: SHOW.IT
STOP.ACQ

NORMAL .DISPLAY

homea .* 1 STARTS A OISPLAY ONLY OXIMETER. "

CR CR ." 2 DOES OXIMETRY ANO STORES DATA FILES."
CR CR < CHECKS OFFSET CALIBRATION. "
CR CR 4 READS RED AND IR VOLTAGES. -

CR CR .° S REPLAYS RECORDED DATA FILES °
»~ B RETURNS T0 0pS., °
." 7 CLOSES DATA FILES ON ERRORS.

cr cr ." B PRINT INSTRUCTIONS ON SCREEN. *
cr ¢r .° ENTER A SELECTION.®

SET.TEMPLATE

"V CTR :=

OPEN.DATA.FILE CR

FILE.NAME DEFER) FILE.QPEN

.~ ENTER RCAL VALUE CODE ¢ B3 - 84 ) ° BINPUT RCAL :=

FINO.BETAS

START.ACQ

GRAPHICS.DISPLAY

6RID.OFF

6eT . IT

STQP.ACQ

FILE.CLOSE

NORMAL .DISPLAY

SHOUW.IT

CR

[DLE
SET.TEMPLATE
! CTR :w

.~ ENTER RCAL VALUE COOE ( g3 - 84 ) " ZINPUT RCAL :»
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FIND.BETAS
START.ACQ
ORAPHICS.DISPLAY
GRID.OFF

TIOLE.IT

STOP.ACQ

NORMAL .DISPLAY
SHOW.IT

CR

: CAL.CMECK

SET.TEMPLATE

NORMAL .DISPLAY

SCREEN.CLEAR

WAIT.FOR.USER

START.ACQ

SEOIN

BUFFER.SUWITCH

UNTIL

ST0P . ACQ

RAW.DAT.1 XSECTL ! , 1 1 [IMIN DUP MINI := FLDAT 40S.5 /
.© IR Zero 13 ° . cr :

RAW.DAT.! XSECTL ' , 2 1 (IMIN DUP MIN2 := FLOAT a@%8.5 /
. Red zereo is -~

3000 MSEC.CELAY
SHOW, T

: READ.VOLTS

cr
CHNLS.CAL
A/D.INIT

A/0.IN 408.5. 7/ ." red volts = ° . 409.S / .° IR volts = *
«HNL@ D/A. INIT

1. CTR =

NORMAL .0ISPLAY DIR +.DAT

CR ." ENTER THE FILE TO REPLAY ° °INPUT FILE.NAME “:=
CR FILE.NAME QOEFER> 1TFILE

CR .® ENTER RCAL VALUE " 2INPUT RCAL :=
FINC.BETAS

CR ." WHICH FILE TO SEGIN REPLAY ? * SINPUT

OUP 1 + CR .° HOW MANY FILES TO REPLAY “ 2INPUT + SUAP
graphics.display DO

[ .SUBFILE FOR.DAT FILE>ARRAY
.25 .91 VUPORT.QORIG
.75 .5@ VUPORT.SIZE

for.dat zreal y.auto.plot
SHORT.PROCESS |

ISAT [ 1 ) D/A.0UT
2000@ msec.delay
LOOP

FILE.CLOSE

SHOW.IT
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: main.loop
38t .UD

show.it

begin
SEZIN
2input
Tdup not (f

¢r ." Invalid number, re-enter: °
then
UNTIL

case
! of idle endof

Z of doit endof
3 of cal.chack endof
4 of read.volts endof
S of replay.dat sndof
8 of bye endof |
7 of file.close endof
8 of print.inst endof
andcase
agailn
CNERR:
Kay. drop
MYSELF

: -

bannear: my.banner

CR

. NELLCOR PULSE OXIMETER-
CR CR CR

. FOR EXPERIMENTAL USE ONLY"
R CR CR

- COPYRIGHT 1388°

CP CR ~

° PROPRIETARY INFORMATION-
CR CR

. ALL RIGHTS RESERVED®

CR CR

. Weitten by: R. T. Stone, Ph.D.
_{BANNER
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We claim:

1. A method for calculating [the] an amount of a blood
constituent from the blood flow characteristics of a patient
comprising:

detecting an absorption signal corresponding to [the]

absorption of light measured at two or more wave-
lengths in the patient’s tissue including penodic
changes caused by periodic arterial pulses in the blood
flow characteristics and aperiodic changes unrelated to
the patient’s heartbeat;

detecting an ECG signal corresponding to the patient’s
ECG waveform corresponding to the periodic electrical
heart activity of the patient,

selecting a first time-measure of the absorption signal
including a maximum and minimum amplitude change
in absorption;

selecting a second time-measure of the ECG signal
including components corresponding to the occurrence
of the heartbeat;

correlating the ECG signal and the absorption signal by
multiplying the first time-measure of the absorption
signal and the second time-measure of the ECG signal
together to form a waveform product and thereafter
shifting the time-measure of the absorption signal back-
wards in time relative to the time-measure of the ECG
signal and multiplying the shifted and unshifted wave-
forms together to identify a maximum waveform prod-
uct corresponding to the product of the ECG signal
corresponding to the occurrence of the heartbeat and
the maximum amplitude of the absorption signal;

processing the absorption signal and the determined cor-
relation to identify the periodic changes in the absorp-
tion signal associated with the determined maximum
waveform product likely to correspond to artenal
pulses in the patient’s blood flow characteristics; and

caiculating the amount of the blood constituent from the

identified periodic changes in the absorption signal.

2. The method of claim 1 wherein the ECG signal further
comprises the R-wave component of the ECG signal so that
the maximum waveform product corresponds to the product
of the R-wave component and the maximum of the absorp-
tion signal.

3. The method of claim 2 wherein the first time-measure
is shorter in length than the second time-measure so that as
the absorption signal time-measure is shifted backward
relative to the ECG time-measure the latest maximum
waveform product corresponds to the most recent heartbeat
activity in the first and second time-measures.

4. The method of claim 3 wherein the first ime-measure
includes a first plurality of maximum amplitudes and the
second time-measure includes a second plurality of R-wave
signals so that the maximum waveform product further
comprises an array of maximum waveform product.

5. Apparatus for calculating [the] an amount of a blood
constituent from the blood flow characteristics of a patient
comprising:

means for photoelectrically detecting an absorption signal

corresponding to [the] absorption of light measured at
two or more wavelengths in the patient’s tissue includ-
ing periodic changes caused by periodic arterial pulses
in the blood flow characteristics and aperiodic changes
unrelated to the patient’s heartbeat;

means for electrically detecting an ECG signal corre-
sponding to the patient’s ECG waveform correspond-
ing to the periodic electrical heart activity of the
patient;

10

15

20

23

30

35

40

45

50

35

60

65

64

means for selecting a first time-measure of the absorption
signal including a maximum and minimum amplitude
change in absorption;

means for selecting a second time-measuring of the ECG
signal including components corresponding to the
occurrence of the heartbeat;

means for correlating the ECG signal and the absorption
signal by multiplying the first time-measure of the
absorption and the second time-measure of the ECG
signal together to form a waveform product and there-
after shifting the time-measure of the absorption signal
backwards in time relative to the time-measure of the
ECG signal and multiplying the shifted and unshifted
waveforms together to identify a maximum waveform
product corresponding to the product of the ECG signal
corresponding to the occurrence of the heartbeat and

the maximum amplitude of the absorption signal,

means for processing the absorption signal and the deter-
mined correlation to identify the periodic changes in
the absorption signal associated with the determined
maximum waveform product likely to correspond to
arterial pulses in the patient’s blood flow characteris-
tics; and

means for calculating the amount of the blood constituent
from the identified periodic changes in the absorption
signal.

6. The apparatus of claim 5 wherein the means for
electrically detecting an ECG signal further comprises
means for detecting the R-wave component of the ECG
signal so that the maximum waveform product corresponds
to the product of the R-wave component and the maximum
of the absorption signal.

7. The apparatus of claim 6 wherein the first time-measure
is shorter in length and later in time than the second
time-measure so that as the absorption signal time-measure
is shifted backwards relative to the ECG time-measure, the
latest maximum waveform product corresponds to the most
recent heartbeat activity in the first and second time-mea-
SUres.

8. The apparatus of claim 7 wherein the first time-measure
includes a first plurality of maximum amplitudes and the
second time-measure includes a second plurality of R-wave
signals so that the maximum waveform product further
comprises an array of maximum waveform products.

9. A method for calculating [the] an amount of a blood
constituent from a patient’s blood flow charactenstics
including aperiodic information corresponding to artifacts
and periodic information corresponding to artenial pulses,
comprising:

directing light of two or more wavelengths toward the

patient's tissue;

detecting a set of first signals representing [the] absorp-
tion of light measured at said two or more wavelengths
[of light] in the patient’s tissue including detected
information corresponding 1o changes in absorption as
a result of changes in the blood fiow charactenstics;

detecting a second signal representing the occurrences of
a selected portion of [the] an ECG waveform of the
patient;

processing the first and second signals to enhance [the]
periodic information contained in each individual sig-
nal whereby the first signals are processed in a repeti-
tive manner, one discrete portion at a time, and the
occurrence of a selected portion of the patient’s ECG
waveform in the second signal initiates processing of a
discrete portion of the first signals; and
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calculating the amount of said blood constituent using the correlating the synchronized discrete portions of the [firs]
enhanced periodic information in the processed por- Jirst signals and the R wave portions.
tions of the first signals. 20. Apparatus for calculating [the] an amount of a blood
10. The method of claim 9 wherein processing the first constituent from a patient’s blood flow characteristics
and second signals further comprises correlating the discrete § including arterial pulses and artifacts COMprising:
portions of ﬂl_e first signals %ﬂd the occurrences of [a] said means for photoelectrically detecting a set of first signals
selected ‘poriion of the patient’s ECG waveform in the representing the absorption of light measured at two or
second signals. more wavelengths in the patient’s tissue including
11. The method of claim 10 wherein detecting the second detected information corresponding to changes in
signal further comprises detecting a signal representing the 1o absorption as a result of changes in the blood flow
occurrences of the R wave portion of the ECG waveform of characteristics:

the patient.
12. The method of claim 11 wherein processing the first
and second signals further comprises determining whether

or not the detected information in the discrete portions of the _ _
first signals are likely to be arterial pulses by using the 15 means for processing the first and second signals to

means for detecting a second signal representing the
occurrences of a selected portion of [the patient’s] an

ECG waveform of the patient;

determined correlation and preferentially processing enhance the periodic information contained in each
detected information determined likely to be arterial pulses individual signal whereby each occurrence of [a] said
for use in calculating the amount of said blood [constituents] selected portion in the second signal initiates process-
constituent. ing of [a] discrete portions of the first signals so that the

13. The method of claim 12 wherein preferentially pro- 20 information in the first signals are processed in a
cessing detected information further comprises rejecting repetitive manner; and
detected information determined not likely to be arterial means for calculating the amount of said blood constitu-
pulses so that rejected information is not used in calculating ent using the enhanced information in the processed
the blood constituent. portions of the first signals.

14. The method of claim 12 wherein processing the first 25 21 The apparatus of claim 20 wherein the means for
and second signals further comprises determining whether  processing the first and second signals further comprises
or not detected information in a discrete portion of the first means for correlating the discrete portions of the first signals
signals is likely to be an arterial pulse by using the deter- with the occurrences of [a] said selected portion of the
mined correlation after each occurrence of an R wave patient’s ECG waveform in the second signal.
portion in the second signal. 30 22, The apparatus of claim 21 wherein the means for

15. The method of claim 11 wherein Cﬁﬂ'ﬂlﬂtiﬂg the first detecting 1 second 5151131 further {;gmpﬁses means for
and second signals further comprises: detecting a signal corresponding to the occurrences of the R

determining a period of time after the occurrence of [an] wave portion of the patient’s ECG waveform.

said R wave in which detected information in the 23. The apparatus of claimm 21 wherein the processing

discrete portions of the first signals corresponding to 35 means further comprises:

blood flow characteristic changes caused by arterial means for determining whether or not the detected infor-

pulses are likely to be detected; mation in the discrete portions of the first signals are
determining that detected signal information in the dis- likely to be arterial pulses using the determined corre-

crete portions of the first signals are likely to be arterial lation; and

pulses when detected in the determined period of time 0 means for preferentially processing detected information

after the occurrence of [an] said R wave; and determined likely to be arterial pulses for use in cal-
calculating the amount of said blood [constituents] con- culating the amount of said blood [constituents] con-

stituent further comprises preferentially processing any stituent.

determined detected information for use in calculating a5 24. The apparatus of claim 23 wherein the means for

the amount of said blood [constituents] constituent. preferentially processing detected information further com-

16. The method of claim 15 wherein preferentially pro- prises means for rejecting detected information determined
cessing detected information further comprises rejecting not likely to be arterial pulses so that rejected information is
detected information detected other than in the determined not used in calculating the amount of said blood [constitu-
period of time after the R wave occurs so that rejected sg ©nts] constituent.
information is not used in the calculation of the amount of 25. The apparatus of claim 23 wherein the processing
said blood [constituents] constituent. means further determines whether or not detected informa-

17. The method of claim 15 wherein determining whether tion in a discrete portion of the first signals is likely to be an
or not detected information in a discrete portion of the first artertal pulse using the determined correlation after each
signals is acceptable for preferential processing as corre- ss occurrence of an R wave portion in the second signal.
sponding to an arterial pulse by using the determined 26. The apparatus of claim 21 wherein the means for
correlation after each occurrence of an R wave portion in the correlating the first and second signals further comprises:
second signal. first determining means for determining a time period

18. The method of claim 11 wherein calculating the after the occurrence of an R wave in which detected
amount of said blood constituent further comprises calcu- 60 information in the first signals corresponding to blood
lating oxygen saturation of hemoglobin in arterial blood. flow characteristic changes caused by arterial pulses are

19. The method of claim 10 wherein correlating the first likely to be detected;
and second signals further comprises: second determining means for determining that detected

synchronizing the occurrence of a plurality of discrete information in the discrete portions of the first signals

portions of the first signals; 65 are likely to be arterial pulses when detected in the
synchromzing the occurrence of a plurality of occurrences determined period of time after the occurrence of fan]

of the R wave portion in the second signal; and said R wave; and
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wherein the means for calculating the amount of said
blood constituent further comprises means for prefer-
entially processing detected information for use in
calculating the amount of said blood [constituents]
constituent.

27. The apparatus of claim 26 wherein the second deter-
mining means further comprises means for rejecting
detected information detected other than in the determined
period of time after the R wave occurs so that rejected
information is not used in calculating the amount of said
blood [constituents] constituent.

28. The apparatus of claim 26 wherein the second deter-
mining means further comprises means for determining
whether or not detected information in a discrete portion of
the first signals is likely to be an arterial pulse using the
determined correlation after each occurrence of an R wave.

29 The apparatus of claim 21 wherein the means for
calculating further comprises calculating the amount of
oxygen saturation of hemoglobin in arterial blood.

30. A method of calculating an amount of a blood con-
stituent from the blood flow characteristics of a patient
comprising:

subjecting the patient’s tissue to electromagnelic energy,

thereby facilitating the transformation of arterial blood
flow in the patient’s tissue into a blood flow signal, the
blood flow signal corresponding to the arterial blood
flow including periodic changes caused by periodic
arterial pulses in the blood flow characteristics and
changes caused by artifact,

detecting the blood flow signal;
detecting the occurrence of a heartbeat of the patient;

correlating the detected blood flow signal and the occur-
rence of a heartbeat;

processing the blood flow signal and the determined
correlation to identify the periodic changes in the blood
flow signal likely to correspond to arterial pulses in the
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patient’s blood flow characteristics; and

calculating the amount of the blood constituent from the
identified periodic changes in the blood flow signal.

31. The method of claim 30 wherein said blood constitu-
ent is the oxygen saturation of hemoglobin in arterial blood

32. The method of claim 31 wherein said step of detecting
the blood flow signal comprises detecting an absorption
signal corresponding to the absorption of the electromag-
netic energy measured at two or more wavelengths in the
patient’s tissue.

33. The method of claim 31 wherein said correlating step
comprises the steps of:

synchronizing the occurrence of a plurality of changes in
the blood flow signal;

synchronizing the occurrences of a plurality of selected
portions of the heartbeat; and

correlating the synchronized changes in the blood flow
signal with the synchronized portions of the heartbeat.

34. The method of claim 30 wherein said blood constitu-
ent is the oxygen saturation of hemoglobin in arterial blood;

said step of detecting the blood flow signal comprises
detecting an absorption signal corresponding to the
absorption of the eleciromagnetic energy measured at
two or more wavelengths in the patient’s tissue; and

said correlating step comprises the steps of

synchronizing the occurrence of a plurality of changes
in the blood flow signal,

synchronizing the occurrences of a plurality of selected
portions of the heartbeat, and

correlating the synchronized changes in the blood flow
signal with the synchronized portions of the heart-
beat.
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