US009339235B2

a2 United States Patent (10) Patent No.: US 9,339,235 B2
Rodriguez-Llorente et al. 45) Date of Patent: May 17, 2016
(54) METHODS AND SYSTEMS FOR 6,519,486 B1  2/2003 Edgar, Jr. etal.
DETERMINING SIGNAL-TO-NOISE 6675031 BI 112004 Porges ctal.
) ) 1¢tal
INFORMATION FROM A PHYSIOLOGICAL 6699199 B2 32004 Asada et al.
SIGNAL 6,725074 Bl 4/2004 Kastle
6,879,850 B2 4/2005 Kimball
(75) Inventors: Fernando Rodriguez-Llorente, [.ondon 7,018,338 B2 3/2006 Veter et al.
(GB); Pirow Engelbrecht, Royston Zg;g’ég‘s‘ g% ggggg ;V:fer ?t al.
CN 7,392, er, Ir.
(GB); Nicholas James Wooder, Royston 77499740 B2 32009 Nordstrom et al.
(GB) 7,530,055 B2 5/2009 Diab et al.
7534212 B2 5/2009 Baker, Jr.
(73) Assignee: Covidien LP, Mansfield, MA (US) 7,922,665 B2 4/2011 Baker, Jr.
8,007,441 B2 82011 Baker, Jr.
(*) Notice:  Subject to any disclaimer, the term of this 8,050,730 B2 117201 i Zhang et al.
patent is extended or adjusted under 35 200 423/’020815(5?2% 321 1(1);3(0)52 vAvddlson etal.
1 £ asserman
U.S.C. 154(b) by 658 days. 2004/0097797 Al 5/2004 Porges et al.
2004/0138538 Al 7/2004 Stetson
(21)  Appl. No.: 13/609,348 2004/0138540 Al 7/2004 Baker et al.
2006/0030764 Al 2/2006 Porges et al.
(22) Filed: Sep. 11, 2012 2007/0032706 Al 2/2007 Kamath et al.
2007/0149872 Al 6/2007 Zhang et al.
. s . 2009/0043179 Al 2/2009 Melker et al.
(65) Prior Publication Data 2009/0324033 AL* 12/2009 Addison etal .......... 382/128
/i 2010/0087720 Al 4/2010 Addison
US 2014/0073932A1 - Mar. 13, 2014 2011/0098933 AL* 42011 OChS oo 702/19
2011/0237914 Al 9/2011 Lamego et al.
(1 IG110t-6£1-7/00 2006.01) 2012/0071774 Al 3/2012 Osorio et al.
A6IB 5/00 (2006:01) OTHER PUBLICATIONS
gg;g ;;;)‘Zé 5 888288 International Search Report and Written Opinion of the International
(32) US.Cl ’ Searching Authority for application No. PCT/US2013/059296,
CPC .. AGIB 5/7203 (2013.01); AGIB 5/02416 ~ ™ailed on Dec. 26,2013,
(2013.01); A61B 5/14551 (2013.01); A61B * cited by examiner
/725 (2013.01)
O e g a6, AsIB 5r7ans; asg  Frimery Exaniner —Mary Zeman
"""""" '5/7225. (/}06K 9;0053. GO6K 9’/00496' (74) Attorney, Agent, or Firm — Shvarts & Leiz LLP
GO6K 9/00543; GO6F 19/3406 (57) ABSTRACT
See application file for complete search history.
physiological monitoring system may determine physi-
A shysiological . 4 e ohysi
(56) References Cited ological information, such as physiological rate information,
and other information, such as signal-to-noise information,
U.S. PATENT DOCUMENTS from a physiological signal. The system may generate at least
4911167 A /1090 Corenman of al one difference signal based on the physiological signal and
4038208 A 7/1990 Righter et al. ' sort the at least one difference signal to generate at least one
4:9 3 5:379 A 9/1990 Hail sorted difference signal. The system may analyze the at least
5,188,108 A 2/1993  Secker one sorted difference signal to determine at least two values
2,853,364 A 12/1998 Baker, Jr. et al. indicative of noise. The system may determine a value indica-
é’ggg’éz; i I%ggg g[i(:l;[zet al tive of a signal-to-noise ratio based on the two or more values
6.178343 Bl 1/2001 Bindszus et al. indicative of noise.
6,339,715 Bl 1/2002 Bahr et al.
6,463,311 Bl 10/2002 Diab 24 Claims, 105 Drawing Sheets



US 9,339,235 B2

Sheet 1 of 105

May 17, 2016

U.S. Patent

L Old
gl w__‘

AT e T
mmﬂvo wm

/ . \xQ.. r.ﬂ:...//
4 e g v
zt \ 0z pm e D )

S

N e e et e o

e

oL




US 9,339,235 B2

Sheet 2 of 105

, 2016

o

May 17

U.S. Patent

< Did
ssssssssssssssssssssssssssssssssssssssssssss _
SORLBI] "
WO |
05 |
Aejdsig "
0z ieveadg "
% : |
2z 09~ | gt~ b~ ¥
syduy Jesn - ori] " AT T AT T
, Mz; izall It ISR <= STV SN W
95 ./ | — -
e 8% ! o a3 P8 | a
b e o |
T b WSO | @Y |t 403 ] AW bt YOI | Jalpdiuy - sopsieq L |
- i ) T Ji 7 | ; ) I Mo }
. g2 oL’ g9/ w9 vaS L zo gy ,
" Jjaposudg :
Ty sepooeq | | T
BIgEACUIIEY e G /i0KeReg || M 2 m
; 7 : J05US
oG - nwﬂ /.\@,,nwnm vl " | S A
B ey IOHUON L
iiiiiiiiiiiiiiiiiiiiiiiiiiiii lvly:ll.«l.!iad!!.!.-ll..l.l_ .qw« 4/
# z8 01

S0IABC] UCHRIGHED

08

jusfied

N

4}




U.S. Patent May 17,2016  Sheet 3 of 105 US 9,339,235 B2

300
"/"' 31 O
I
o s . o o o e s o o o oo o o o
312 5 input Signal Generator ;
I/ E
L E i
-316 | |
//
Processor L E Pre- Sensor |
i DFOCESSOr |
i \\ 3
‘ ~ 318 i
: < 320 3
| |
e 314
{
Qutput

FIG. 3



U.S. Patent May 17,2016  Sheet 4 of 105 US 9,339,235 B2

400 402
initialize Algorithm
v - 404
Manage Status Flags
406
Add Current Sample o Buffer
NO ﬂﬂﬂ,ﬂw mmmm - 408
4 < Calculation Interval >
" Reached? "
vEs 77 410
Manage Algorithm Setlings
412
Perform Signal Conditioning
- 414
Perform Correlation
-~ 416
Determine Correlation Lag
-~ 418
Qualify Correlation Lag
NO e T 420
o o,
W"'"».,_. ,w""ﬂ
\.%“"*mmﬁ M,.ﬂ’ﬂwm
YES 422
Calculate Rate
- 424
B Manage Rate Posting
v 426
Prepare for Next lteration of
Algorithm

FIG. 4



U.S. Patent May 17,2016  Sheet 5 of 105 US 9,339,235 B2

0d

RECEIVE ONE OR MORE SAMPLES OF
PHYSIOLOGICAL DATA
202

l

DETERMINE ONE OR MORE INITIALIZATION
VALUES BASED ON THE ONE OR MORE
SAMPLES (E.G., SELECT ONE OF THE ONE
OR MORE SAMPLES AND ADD NCISE (E.G,,
RANDOM VALUES) TO DETERMINE THE ONE
OR MORE INITIALIZATION VALUES)

504

l

GENERATE A WINDOW OF DATA THAT
INCLUDES THE ONE OR MORE
INITIALIZATION VALUES AND ONE OR MORE
SAMPLES OF THE PHYSICLOGICAL DATA
536

i

PROCEED WITH PROCESSING THE WINDOW
OF DATA TO DETERMINE A PHYSIOLOGICAL
PARAMETER
508

FIG. 5



U.S. Patent

FIG. 7

May 17, 2016 Sheet 6 of 105 US 9,339,235 B2
800
FLAG TYFE DESCRIPTION
PULSE LOST No pulse defected
SENSOR OFF No sensor detected
GAIN CHANGE Change in amplifier gain and/or LED power
NGO VALID SATURATION Unable to calculata Sp02 valus
INITIALIZATION Start of algorithm, Re-start of aigorithm
DROPOUT Stop calculation and re;i:ari or change algorithm
seding
MODE Algorithm settings applied based on Mode
FIG. 6
700 MEMORY (T
! 0
7104 { STATUS FLAGDATA [ — - — g
!
720§ { ALGORITHM SETTINGS @ ! 1
bl
730§ { ALGORITHM ROUTINES @ ; 1
i 1
7404 | BUFFER i v 1o
5
750 8§ PREVIDUSDATA  {
R 712
760~ 4. { OTHERINFORMATION @



U.S. Patent May 17,2016  Sheet 7 of 105 US 9,339,235 B2

Qo

RECEIVE PHYSIOLOGICAL DATA
802

l

STORE THE PHYSIOLOGICAL DATAAS A
WINDOW OF DATA
804

l

RECEIVE A STATUS INDICATOR
806

l

SET A PERIOD OF TIME DURING WHICH
PHYSIOLOGICAL DATA ARE NOT ADDED TO
THE WINDOW OF DATA
808

l

PROCEED WITH PROCESSING THE WINDOW
OF DATA TO DETERMINE A PHYSIOLOGICAL
PARAMETER
810

FIG. 8



U.S. Patent

May 17, 2016 Sheet 8 of 105
410 MANAGE ALGORITHM SETTINGS
MODE 1
MODE 2
SELECT ALGORITHM
MODE MODE 3
904
MODE N
NEONATE
SELECT SIGNAL
CLASSIFICATION PHCROTIC NOTCH
206
PULSE WAVE SHAPE

DETERMINE SIGNAL
CONDITIONING METRIC
808

DETREND METRIC

NOISE METRIC

SELECT RATE FILTER
SETTINGS
810

FIR

HR

SELECT OTHER
SETTING(S)
812

FIG. 9

US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 9 of 105 US 9,339,235 B2

1000

RECEIVE PHYSIOLOGICAL
DATA
1002

i

DETERMINE ONE OR MORE
METRICS
1004

i

CLASSIFY THE
PHYSIOLOGICAL DATA
1006

i

DETERMINE ALGORITHM
SETTINGS
1008

FIG. 10



US 9,339,235 B2

1110

U.S. Patent May 17,2016  Sheet 10 of 105
110
RECEIVE PHYSIOLOGICAL
DATA
1102
APPLY FILTER
1104
DETERMINE LF
NOISE METRIC |
1106 LE HF
COMPONENT  COMPONENT
CALCULATE KURTOSIS CALCULATE KURTOSIS
1108 1412
CALCULATE CALCULATE
STANDARD DEVIATION STANDARD DEVIATION

1114

Y

PERFORM COMPARISON
ANALYSIS
1118

Y

CHOOSE LF OR HF SIGNAL
1118

FIG. 11



U.S. Patent May 17,2016  Sheet 11 of 105 US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 12 of 105 US 9,339,235 B2

1300
RECEIVE PHYSIOLOGICAL DATA
1302
GENERATE A DIFFERENCE SIGNAL (E.G., A DERIVATIVE SIGNAL)
1304
SORT THE DIFFERENCE SIGNAL
1306
E
¥ ¥
DETERMINE A MIDPOINT VALUE OF DETERMINE A MIDPOINT OF THE
THE POSITIVE VALUES OF THE NEGATIVE VALUES OF THE
DIFFERENCE SIGNAL DIFFERENCE SIGNAL
1308 1314
DETERMINE AN OFFSET VALUE OF | | DETERMINE AN OFFSET VALUE OF
THE POSITIVE VALUES OF THE THE NEGATIVE VALUES OF THE
DIFFERENCE SIGNAL DIFFERENCE SIGNAL
1310 1316
DETERMINE A DIFFERENCE DETERMINE A DIFFERENCE
oE i BETWEEN THE NEGATIVE
BETWEEN THE POSITIVE MIDPOINT MIDPOINT VALLE AND OFFSET
VALUE AND OFFSET VALUE )
VALUE
iz 1318

E |

¥

DETERMINE A RATIO OF THE POSITIVE TO THE NEGATIVE
DIFFERENCES
1320

v

DETERMINE AN ALGORITHM SETTING BASED ON THE RATIO
1322

FIG. 13




U.S. Patent May 17,2016  Sheet 13 of 105 US 9,339,235 B2

140
____________ - 1404
5 ey « 1406
{){— /L"{ ‘ 4§ 1408
" ""Jf __‘ w1410
. je 1412
SN A g YA R 3
mwm.:.__,,,,,..____.e“_..___u_...m- wwwwwww «- 1480
1450 - 1452
“ o 1454
L A v 1 s DL
TR -
d
w1462
~~~~~ o e e T T e e 1484
1470 1480
/‘maz
/ O




U.S. Patent May 17,2016  Sheet 14 of 105 US 9,339,235 B2

15600

RECEIVE PHYSIOLOGICAL DATA
1502

GENERATE A DIFFERENCE SIGNAL {E.G., A DERIVATIVE SIGNAL)
1804

SORT THE DIFFERENCE SIGNAL
1506

v

DETERMINE REFERENCE INDICES OF THE SORTED DIFFERENCE
SIGNAL (E.G., THE 0,16, 0.5, and 0.84 INDICES)
1508

'

GENERATE AT LEAST ONE HISTOGRAM BASED ON THE REFERENCE
INDICES, AND THE POSTIVE AND NEGATIVE VALUES OF THE SORTED
DIFFERENCE SIGNAL
1510

¥

DETERMINE AN ALGORITHM SETTING BASED ON THE AT LEAST ONE
HISTOGRAM
1512

FIG. 15



U.S. Patent

May 17, 2016

Sheet 15 of 105

US 9,339,235 B2

{
0 200

400

Ty

fen]

1622

. S




U.S. Patent May 17,2016  Sheet 16 of 105 US 9,339,235 B2

1700

RECEIVE PHYSIOLOGICAL DATA
1702

l

GENERATE A DIFFERENCE SIGNAL
1704

DETERMINE VALUES INDICATIVE OF AREA
FOR POSITIVE AND NEGATIVE REGIONS OF

THE DIFFERENCE SIGNAL
1706

l

DETERMINE AREA RATIOS OF ADJACENT
POSITIVE AND NEGATIVE REGIONS
1708

l

DETERMINE AN ALGORITHM GETTING BASED

ON THE AREA RATIOS (E.G., BASED ON THE

25% VALUE OF NORMALIZED AREA RATIOS)
1710

FIG. 17



U.S. Patent May 17,2016  Sheet 17 of 105 US 9,339,235 B2

3
. & ) ég <1804
! /{\ 4 i i d '
Sy E ¥Tod vy .
?g?ggggtﬁé 1806
Py

1860
2 N @ B é | g,.»{ssz
-I . ‘S & ‘ % li N »
g@ ‘\‘1% %\: Yﬁ‘& § Rf 33% Qi 1854
Y 7 R PRT:
g 5
1862
* 1872 Mg

FIG. 18



U.S. Patent

May 17, 2016

1900

RECEIVE PHYSIOLOGICAL
DATA
1802

¥

GENERATE AFIRST
DIFFERENCE SIGNAL
1904

¥

SORT THE FIRST
DIFFERENCE SIGNAL
19806

k4

GENERATE A SECOND
DIFFERENCE SIGNAL(EG., A
DERIVATIVE SIGNAL) FROM
THE SORTED FIRST
DIFFERENCE SIGNAL
1908

kA

DETERMINE AN ALGORITHM
SETTING BASED ON THE
SECOND DIFFERENCE
SIGNAL
1810

e e wewe rewe wwe v e ew wews

o eve e wwew e

Sheet 18 of 105

| DETERMINE THE MEAN OF LEFT
I AND RIGHT PORTIONS OF THE |
| SECOND DIFFERENCE SIGNAL
8 (E.G., QUARTER LENGTH i
I PORTIONS ON EfTHER SIDE OF
P THE MIDDLE OF THE SECOND |
§ DIFFERENCE SIGNAL) ;

DETERMINE A RATIO OF THE LEFT
MEAN AND RIGHT MEAN (E.G., A |
NORMALIZED RATIO) i

!

I DETERMINE AN ALGORITHM

| SETTING BASED ON THE RATIO
§

US 9,339,235 B2



U.S. Patent May 17,2016  Sheet 19 of 105 US 9,339,235 B2

FIG. 20



U.S. Patent May 17,2016  Sheet 20 of 105 US 9,339,235 B2

160

RECEIVE PHYSIOLOGICAL DATA
2102

¥

DETERMINE A SKEWNESS VALUE
2104

v

DETERMINE ALGORITHM SETTING BASED ON THE
SKEWNESS VALUE
2106

FIG. 21

N
N
oo
o

22022204

mzfﬂ K
T, ] ]
) Sy P T g e

FIG. 22



U.S. Patent May 17,2016  Sheet 21 of 105 US 9,339,235 B2

2300

RECEIVE PHYSIOLOGICAL DATA
2302

'

GENERATE A DIFFERENCE SIGNAL (£E.G., ADERIVATIVE SIGNAL)
2304

v

SORT THE DIFFERENCE SIGNAL
2306

v

DETERMINE AT LEAST ONE METRIC BASED ON THE SORTED
DIFFERENCE SIGNAL
2308

¥

DETERMINE A SKEWNESS VALUE
2310

!

DETERMINE AN ALGORITHM SETTING BASED ON THE AT LEAST ONE
METRIC AND BASED ON THE SKEWNESS VALUE
2312

FIG. 23

SKEW METRIC

FIG. 24



U.S. Patent May 17,2016  Sheet 22 of 105 US 9,339,235 B2
2500
DETERMINE DETERMINE DETERMINE
METRIC 1 METRIC 2 ans METRIC N
2502 2504 2506

¥

DETERMINE AN ALGORITHM SETTING BASED
ON METRICS 1 THROUGH N
2508

FIG. 25



U.S. Patent May 17,2016  Sheet 23 of 105 US 9,339,235 B2

2694

100




U.S. Patent May 17,2016  Sheet 24 of 105 US 9,339,235 B2

2702

041
2712~ a7k

2722 n

0040203 04 050607 0809 1
FIG. 27




U.S. Patent May 17,2016  Sheet 25 of 105 US 9,339,235 B2

e
[}
L

RECEWVE A PHYSIOLOGICAL SIGNAL OVER TIME

DETERMINE A SEQUENCE OF METRIC VALUES
2804

v

DETERMINE A TEMPORAL CHANGE IN THE METRIC VALUES
2506

v

ADJUST ONE OR MORE ALGORITHM SETTINGS BASED ON THE
TEMPORAL CHANGE
2808

FIG. 28



U.S. Patent May 17,2016  Sheet 26 of 105 US 9,339,235 B2

M U




U.S. Patent May 17,2016  Sheet 27 of 105 US 9,339,235 B2

RECEIVE A PHYSIOLOGICAL SIGNAL
3002

v

GENERATE A DIFFERENCE SIGNAL (E.G., A
DERIVATIVE SIGNAL)

2004
'
SORT THE DIFFERENCE SIGNAL Faludptpipiptpiuied
A9 || DETERMINEFA |
. {1 DICROTICNOTCH |
- || KNEE IS PRESENT | !
FIT A LINE TO SORTED DIFFERENCE SIGNAL | o o e
(E.G., USING ALL OR A CENTER PORTION OF |,/ a !
THE SIGNAL) - |
3008 e fnttal I
““““““ || DETERMINELINE | |
v |1 FITS ONEITHER ||
L] SIDE OF THE KNEE
CALCULATE UPPER AND LOWER Ve et e e e P
THRESHOLDS FOR THE LINE FIT(S)(E.G,, | ~———— "~~~ ’
BASED ON A STANDARD DEVIATION OF THE
FIT(ES)
!

IDENTIFY POINTS OF THE SORTED
DIFFERENCE SIGNAL THAT ARE QUTSIDE OF
THE THRESHOLDS
Jo1d

)

DETERMINE NOISE METRIC BASED ON THE
IDENTIFIED POINTS (E.G., DETERMINE A
RATIO OF THE NUMBER OF QUTSIDE POINTS
TO THE TOTAL NUMBER OF POINTS
3014

FIG. 30



U.S. Patent May 17,2016  Sheet 28 of 105 US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 29 of 105 US 9,339,235 B2

3200

RECEIVE PHYSIOLOGICAL DATA
3202

i

GENERATE A DIFFERENCE SIGNAL (E.G., A DERIVATIVE SIGNAL)
3204

:

SORT THE DIFFERENCE SIGNAL
23206

.

OIVIDE THE SORTED DIFFERENCE SIGNAL INTO N SEGMENTS
3208

v

DETERMINE THE AVERAGE SLOPE OF EACH SEGMENT
3210

!

GROUP ADJACENT SEGMENTS WiTH SIMILAR SLOPES (E.G., SLOPES
WITHIN 0.6X OR 2X GF SLOPES OF ADJACENT SEGMENTS)
3212

v

DETERMINE UPPZR AND LOWER THRESHOLDS FOR THE FIRST AND
LAST GROUPS
2214

v

IDENTIFY NOISE POINTS OF AT LEAST ONE END OF THE SORTED
OIFFERENCE SIGNAL (E.G., A POINT (AND ALL SUBSEQUENT POINTS)
MAY BE DETERMINED TO BE A NOISE POINT WHEN IT DIFFERS FROM

THE PREVIOUS POINT BY MORE THAN THE THRESHOLD)
3218

¥

DETERMINE NOISE METRIC BASED ON THE IDENTIFIED NOISE POINTS
3218

FIG. 32




U.S. Patent May 17,2016  Sheet 30 of 105 US 9,339,235 B2

P\ 38530

A

FIG. 34 FIG. 35




U.S. Patent

May 17, 2016

3600

IDENTIFY NOISE POINTS IN
THE FIRST AND LAST
GROUPS

NO ™
IDENTIFIED NOISE
POINTS?
36802

YES

IDENTIFIED
FOSITIVE AND
NEGATIVE NOIBE

POINTS?

P IDENTIFIED "~
< ONLY POSITIVE NOISE
. POINTS? ]

IDENTIFIED
ONLY NEGATIVE NOISE
POINTS? '

N YES

VES,

Sheet 31 of 105

US 9,339,235 B2

SET NOISE METRIC = ¢

3604

SET NOISE METRIC = 1-SQRT(S/N)
S = POSITIVE - NEGATIVE SIGNAL
AMPLITUDES
N = 2xMAX VALUE]

SET NOISE METRIC = 1-SORT(S/N)
S = POSITIVE SIGNAL AMPLITUDE
N = 2xLAST VALUE]

3612

SET NOISE METRIC = 1-8QRT{S/N)
$ = NEGATIVE SIGNAL AMPLITUDE
N = 2x|FIRST VALUE]

€16

FIG. 36



U.S. Patent May 17,2016  Sheet 32 of 105 US 9,339,235 B2

3700
RECEIVE PHYSIOLOGICAL DATA
3702
GENERATE A FIRST GENERATE A SECOND
DIFFERENCE SIGNAL (E.G., A DIFFERENCE SIGNAL (E.G., A
DERIVATIVE SIGNAL) BASED ON DERIVATIVE SIGNAL) BASED ON
A FIRST PORTION (E.G., LEFT A SECOND PORTION (E.G.,
PORTION) OF THE RIGHT PORTION) OF THE
PHEYIOLOGICAL SIGNAL PHSYIOLOGICAL SIGNAL
SORT THE FIRST DIFFERENCE SORT THE SECOND
SIGNAL DHFFERENCE SIGNAL
3706 312
DETERMINE ALINEFIT(E.G. A DETERMINE ALINEFIT(EG., A
LEAST SQUARES FIT) FOR THE LEAST SQUARES FIT) FOR THE
FIRST DIFFERENCE SIGNAL SECOND DIFFERENCE SIGNAL
3708 3714

DETERMINE DIFFERENCE BETWEEN SLOPES
OF THE LINE FITS
3718

v

DETERMINE A GOODNESS OF FIT AND/CR
NOISE METRIC FOR THE FIRST AND SECOND
SORTED DIFFERENCE SIGNALS
3718

FIG. 37



U.S. Patent May 17,2016  Sheet 33 of 105 US 9,339,235 B2

Tt

P P2

(%]
<
<

FIG. 38



U.S. Patent May 17,2016  Sheet 34 of 105 US 9,339,235 B2

3804

RECEIVE PHYSIOLOGICAL DATA

GENERATE A DIFFERENCE SIGNAL (£.G., A DERIVATIVE SIGNAL}
3904

¥

SORT THE DIFFERENCE SIGNAL
3906

¥

DETERMINE VALUES INDICATIVE OF NOISE BASED ON SORTED
DIFFERENCE SIGNAL
3908

v

DETERMINE SIGNAL TO NOISE RATIO ESTIMATE BASED ON VALUES
INDICATIVE OF NOISE
3910

FIG. 39

34

1
<
L]

ﬁ i

FIG. 40




U.S. Patent May 17,2016  Sheet 35 of 105 US 9,339,235 B2
4100
DETERMINE DETERMINE DETERMINE
NOISE METRIC 1 NOISE METRIC2| sxa |NOISE METRIC N
4102 4104 4106

v

DETERMINE A NOISE METRIC BASED ON
NOISE METRICS 1 THROUGH N

4108

FIG. 41



U.S. Patent May 17,2016  Sheet 36 of 105 US 9,339,235 B2

BUFFER A WINDOW OF

PHYSIOLOGICAL DATA ol

4202 PooF
|

¥

f

GENERATE AN ENVELOPE i
BASED ON THE N
PHYSIOLOGICAL DATA -
4204

A
MODIFY THE PHYSIOLOGICAL
DATA BASED ON THE 4222 4200
ENVELOPE Je— A
(E.G., SUBTRACT THE LOWER iy | {
PORTION OF THE ENVLOPE L L
FROM THE PHYSIOLOGICAL | 7 |
DATA, THENSCALETHE |, | ||
PHYSIOLOGICAL DATA ' ol i |
BASED ON THE DISTANCE T
BETWEEN THE LOWER AND L
UPPER PORTIONS OF THE ¥ f } ;

e
e e,

ENVELOPE, AND THEN i
SUBTRACT THE MEAN OF A4 0
THE RESULTING DATA) :

e
econs

ez

s T T

FIG. 42



U.S. Patent May 17,2016  Sheet 37 of 105 US 9,339,235 B2

B
BN
o
<

4300 4402 -

BUFFER A WINDOW OF
PHYSICLOGICAL DATA
4302 .

¥

GENERATE A SIGNAL BASED
ON THE PHYSIOLOGICAL
DATA (E.G., AMOVING MEAN,
A LINEAR FIT, A QUADRATIC
FIT, A POLYNOMIAL FIT, ETC.
4304

k

SUBTRACT THE SIGNAL
FROM THE PHYSICLOGICAL
DATA
4306

FIG. 43

FIG. 46



U.S. Patent May 17,2016  Sheet 38 of 105 US 9,339,235 B2

- 4902 -




U.S. Patent May 17,2016  Sheet 39 of 105 US 9,339,235 B2

5000

RECEIVE PHYSIOLOGICAL DATA
S002

l

CALCULATE DIFFERENCES BETWEEN ARJACENT VALUES
OF THE PHYSIOLOGICAL DATA
5004

A

DETERMINE UPPER AND LOWER THRESHOLDS FOR THE
FIRST DIFFERENCES (E.G., CALCULATE A STANDARD
DEVIATION OF THE FIRST DIFFERENCES AND DETERMINE
THE THRESHOLDS AS A FUNCTION OF THE STANDARD
DEVIATION)

2006

¥

IDENTIFY DIFFERENCES THAT EXCEED THE THRESHOLDS
2008

ki

DETERMINING ONE OR MORE OFFSET VALUES BASED ON
THE DIFFERENCES THAT EXCEED THE THRESHOLDS
5010

l

MODIFY THE PHYSIOLOGICAL DATA BASED ON THE ONE OR
MORE OFFSET VALUES
2012

FIG. 50



U.S. Patent May 17,2016  Sheet 40 of 105 US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 41 of 105 US 9,339,235 B2

520

RECEIVE PHYSIOLOGICAL DATA
2202

i

GENERATE A STABILITY SIGNAL BASED ON
THE PHYSIOLOGICAL DATA
2404

i

GENERATE A DERIVATIVE OF THE STABILITY
SIGNAL
5206

i

COMPARE THE DERIVATIVE WITH A
THRESHCLD
5208

i

{DENTIFY NOISY PORTIONS OF THE
PHYSIOLOGICAL DATA BASED ON THE
COMPARISON
5210

l

MODIFY THE PHYSIOLOGICAL DATA BASED
ON THE {DENTIFIED NOISY PORTIONS
5212

FIG. 52



U.S. Patent May 17,2016  Sheet 42 of 105 US 9,339,235 B2

0 100 200 300

0 100 200 300

FIG. 53



U.S. Patent May 17,2016  Sheet 43 of 105 US 9,339,235 B2

5460

RECEIVE PHYSIOLOGICAL DATA
5402

'

GENERATE A DIFFERENCE SIGNAL (E.G., A DERIVATIVE SIGNAL)
5404

SORT THE DIFFERENCE SIGNAL WHILE KEEPING TRACK OF THE
ORIGINAL POSITIONS OF THE DIFFERENCE SIGNAL VALUES
5406

v

FIT ONE OR MORE UNES TO ONE OR MORE PORTIONS OF THE
SORTED DIFFERENCE SIGNAL
5408

v

CALCULATE UPPER AND LOWER THRESHOLDS FOR THE LINE FIT(S)
(E.G., BASED ON A STANDARD DEVIATION OF THE FIT(S)
3410

v

IDENTIFY POINTS OF THz SORTED DIFFERENCE SIGNAL THAT ARE
QUTSIDE OF THE THRESHOLDS
5412

'

MODIFY THE POINTS OQUTSIDE CF THE THRESHOLDS (E.G., MAKE
THEM EQUAL TO THE THRESHOLD)
5414

v

RE-ORDER THE SORTED DIFFERENCE SIGNAL BASED OGN THE
ORIGINAL POSITIONS OF THE DIFFERENCE SIGNAL VALUES
5416

'

INTEGRATE THE REORDERED DIFFERENCE SIGNAL TO OBTAIN A
FILTERED PHYSIOLOGICAL SIGNAL
5418

FIG. 54




U.S. Patent May 17,2016  Sheet 44 of 105 US 9,339,235 B2

FIG. 55



U.S. Patent

May 17, 2016

Sheet 45 of 105

US 9,339,235 B2

RECEIVE PHYSIOLOGICAL DATA

l

l

GENERATE A GENERATE A
POSITIVE SIGNAL NEGATIVE SIGNAL
5604 5608
FILTER POSITIVE FILTER NEGATIVE
SIGNAL SIGNAL
2608 2610

l

l

COMBINE THE FILTERED SIGNALS
2612

l

MODIFY THE PHYSIOLOGICAL DATA BASED
ON THE COMBINED SIGNAL
5614

FIG. 56



U.S. Patent May 17,2016  Sheet 46 of 105 US 9,339,235 B2

y .




U.S. Patent May 17,2016  Sheet 47 of 105 US 9,339,235 B2

580

RECEIVE PHYSIOLOGICAL DATA
5802

i

CALCULATE ABSOLUTE VALUES OF THE
PHYSIOLOGICAL DATA
5804

L

FILTER THE ABSOLUTE VALUES (E.G., USING
A LOW PASS FILTER)
5806

l

MODIFY THE FILTERED VALUES (EG.,
SUBTRACT THE MINIMUM OF THE FILTERED
VALUES AND ADD A GAIN COEFFICIENT)
5808

l

DIVIDE THE RECEIVED PHYSIOLOGICAL
DATA BY THE MODIFIED FILTERED VALUES
5810

FIG. 58



U.S. Patent May 17,2016  Sheet 48 of 105 US 9,339,235 B2

OEAAA/\/\A@K/\/\/\M

OVVVUVUUVUM

FIG. 59



U.S. Patent May 17,2016  Sheet 49 of 105 US 9,339,235 B2

000

RECEIVE PHYSIOLOGICAL DATA
6002

l

DETERMINING A METRIC BASED ON THE
PHYSIOLOGICAL DATA
6004

l

SELECTIVELY APPLYING A DIGITAL FILTER,
HAVING AT LEAST TWO COEFFICIENTS, TO
THE PHYSIOLOGICAL DATA BASED ON THE
METRIC
6006

FIG. 60



U.S. Patent May 17,2016  Sheet 50 of 105 US 9,339,235 B2

100

RECEIVE PHYSIOLOGICAL DATA
6102

i

DETERMINE A VALUE INDICATIVE OF
PHYSICLOGICAL RATE BASED ON THE
PHYSIOLOGICAL DATA
0104

l

DETERMINE A METRIC BASED ON THE
PHYSIOLOGICAL SIGNAL
6106

l

SELECTING AT LEAST ONE BANDPAGSS
FILTER SETTING BASED ON THE
PHYSIOLOGICAL RATE AND THE METRIC
6108

i

APPLYING THE BANDPASS FILTER TO THE
PHYSIOLOGICAL DATA TO GENERATE
FILTERED DATA
6110

FIG. 61



U.S. Patent May 17,2016  Sheet 51 of 105 US 9,339,235 B2

8200
RECEIVE PHYSIOLOGICAL DATA
6202
SELECT A PORTION OF PHYSICLQGICAL DATA AS TEMPLATE
6204
GENERATE A CORRELATION SEQUENCE BASED ON THE TEMPLATE
AND THE PHYSIOLOGICAL DATA
6206
FIG. 62
6300
RECENVE PHYSIOLOGICAL DATA
6302

SELECT A PORTION OF PHYSIOLOGICAL
DATA AS TEMPLATE
5304

v

NORMALIZE THE TEMPLATE
£306

|
h 4

SELECT A PORTION OF THE PHYSICLOGICAL
DATA BASED ON THE LAG
6308

UPDATE LAG IF é
APPROPRIATE NORMALIZE THE PORTION OF DATA
8at4 6310

v

PERFORM CORRELATION CALCULATION
8312
i

FIG. 63




U.S. Patent May 17,2016  Sheet 52 of 105 US 9,339,235 B2

6410
6420
| 1SEC | 15EC | 18EC TSEC | 1SEC | 1SEC |
E E | [LAG =0
oo
] | | | LAG=1
Q....._........_..
{ { ] | LAG=2
nrmnnmnnsmnnsns
| | E § LAG = N-M
FiG. 64
1 T T T I T
6500 .
0 k- -
i 6502 ]
-1 J | H ] ; i
0 180

FIG. 65



U.S. Patent

May 17, 2016

Sheet 53 of 105 US 9,339,235 B2

6600

RECEIVE CORRELATION QUTPUT
6602

¥

IDENTIFY A PEAK IN THE CORRELATION
OUTPUT
5604

FIG. 66

Pt

ELATION QUTRUT
702

5
{aiv)

RECEIVE COR

o 0

¥

SET INDEX CORRESFONDING TO

HIGHEST PHYSIOLOGICAL RATE
(EG.,1=X)

ABVANCE IN
{i=i+1)

6704

DEX

6714

YE

< UINDEX? (i <

“ ADVANCE

~_ 6712 -

~CORRE) > T
<7 THRESHOLD()?

S )
- 6708

Y7y

1S A SUFFICIENT

NO ~~_PEAK PRESENT? _~
; I ves
NO PEAK IDENTIEIED IDENTIEY LAG OF PEAK
6716 6710

HIG. 67



U.S. Patent

May 17, 2016 Sheet 54 of 105 US 9,339,235 B2

8800

SET INDEX CORRESPONDING TO HIGHEST PHYSIOLOGICAL
RATE(EG. i= X}
6704

{i=i+1)
6714

o
ki
ADVANCE INDEX J DETERMINE CORRELATION BASED

ON CURRENT INDEX
6720

ADVANCE

N 6712

INDEX (i<Y)?

~ EORR(T 5™
........ -l THRESHOLD()?

& YES
~ — IS A S
-------- : _ SUFF!C!ENT FEAK PRESENT’? _' T

NO g
NO PEAK 6708 .
IDENTIFIED } YES
6716 IDENTIFY LAG OF PEAK
6710

~F 6912

1
€900




U.S. Patent May 17,2016  Sheet 55 of 105 US 9,339,235 B2

7000

RECEIVE PHYSIOLOGICAL DATA
7002

l

GENERATE LAG MATRIX (A) BASED ON
THE PHYSIOLOGICAL DATA
7004

l

GENERATE CORRELATION MATRIX (E.G.,
BY CALCULATING A'A")
7006

l

PROCESS THE CORRELATION MATRIX TO
GENERATE PROCESSED CORRELATION
DATA
7008

l

IDENTIFY PEAK(S) OF THE PROCESSED
CORRELATION DATA
7010

FIG. 70



US 9,339,235 B2

Sheet 56 of 105

,2016

o

May 17

U.S. Patent

L4 Old

N

I-0OFNY= DY

N S+ {0
[= oy
N L (AN
(= 5Y7
N L+{IA-N)
¥ = 5

N

93 L 03T L D3S L DIT | D3S 1L OIS L

i J

v
AW
N
'd
OLis




U.S. Patent

May 17, 2016 Sheet 57 of 105 US 9,339,235 B2
N NMP2 see Nt N
(NM) (M1 mes N2 N TETC
A = x ¢ R x
2 Mo M
1 M- M
NP (NMD wer 3y
(N-My2  (N-M+T 3 2
‘ o T220
A= . . S|
N-1 N-2 Mo M-1
N N-1 CEL T Y FE R
FAT v 1 o 7230
A A - {Ck,j] - ?
Ca Ci -1 Connt -yt Onengin)
Cy 4 Cio vtz ONaM-N-my+1
0, { .
CO,(NMMM CL(N_M)Q e C(NM)-?,G CN—M,-1
Coneny Crgmyt Cpen-t.1 Crimo N

FIG.

72



U.S. Patent May 17,2016  Sheet 58 of 105 US 9,339,235 B2

S
160 3::}:» N

7400 {
i?zioz
- 7404 % % ﬁ ”'i’
(IS G IV P
b g AT
A % %\‘{{\;/’j /% z ;
ik
X AU




U.S. Patent May 17,2016  Sheet 59 of 105 US 9,339,235 B2

0 | 100

FIG. 75



U.S. Patent May 17,2016  Sheet 60 of 105 US 9,339,235 B2




U.S. Patent

May 17, 2016 Sheet 61 of 105

7700

SELECT A FIRST SEGMENT FROM A WINDOW
QF PHYSIOLOGICAL DATA
77g2

4

SELECT A SECOND SEGMENT, SHIFTED IN
TIME (E.G., A SHIFTED IN SAMPLE LAGS),
FROM A WINDOW OF PHYSICLOGICAL DATA
7704

k4

ANALYZE THE FIRST AND SECOND
SEGMENTS
7708

¥

DETERMINE A METRIC (E.G., A STATISTICAL
METRIC) BASED ON THE ANALYSIS OF THE
FIRST AND SECOND SEGMENTS
7708

¥

MODIFY THE CORRELATION QUTPUT OR
IDENTIFY CORRELATION PEAK BASED ON
THE METRIC
1719

FIG. 77

US 9,339,235 B2



U.S. Patent May 17,2016  Sheet 62 of 105 US 9,339,235 B2

t i 1 I P i ¥ i l 3
B a1 0 ® ® evey 7512
R St T aRL
®
o PO 8y s ®
- O® s 8 84 oY 6714
o O Ry &
s O O o O @ © (’{V S o O
O . 5 g e NG .
0HOEe 088 e o (7 ©-0-G00g, ~Grn 5.5 2
R Le - Co 28
" 0o Vogo® ]
® Sg
7818
e i P
f i i i ? i I I i i
. : 0 1 2

FIG. 78



U.S. Patent May 17, 2016 Sheet 63 of 105
7900
SELECT A FIRST SEGMENT FROM A
PHYSIOLOGICAL SIGNAL
7902
SELECT A SECOND SEGMENT,
SHIFTED IN TIME (E.G., A SHIFTED
f§ SAMPLE LAGS), FROM THE
PHYSIOLOGICAL SIGNAL
7904
GENERATE A MATRIX BASED ON
THE TWO SEGMENTS AND
OPTIONALLY PERFORM A
TRANSFORMATION .
7 ————————
2808 L DETERMINE THE |
1 b NUMBEROF |
by VERTICAL
ANALYZE THE VERTICAL | \POINTS BELOW A|
DISTRIBUTION OF POINTS INTHE _j | THRESHOLD |
MATRIX | (E.G., BETWEEN |
7908 b OXANDX)
I P

DETERMINE AMETRIC (E.G. A

e X
FOETERMINE A1

CORRELATION PEAK BASED ON
THE METRIC
7912

|
STATISTICAL METRIC) BASED ON :?ﬁggfﬁégg g;’;
THE ANALYSIS OF THE FIRSTAND | | \epmical

SECOND SEGMENTS EPOINTS BELOW Al
910 FTHRESHOLD AND!

\; { THE TOTAL

I NUMBER OF
MODIFY THE CORRELATION b oveERTIcAL
OUTPUT OR IDENTIFY | POINTS |

FIG. 79

US 9,339,235 B2

[ R I ——

| GENERATEA |
i HISTOGRAM |
i BASED ON THE |
| DISTRIBUTION |
I OFTHE  §
| VERTICAL |
i POINTS |

| GENERATE A
| METRIC BASED |
{ON AN ANALYSIS
OF THE |
HISTOGRAM
| TOGETHER WITH
A
E PREDETEMINED ;
| PROFLE



US 9,339,235 B2

Sheet 64 of 105

,2016

o

May 17

U.S. Patent

0

G-

jap]

[ b 0 b= Z-
t 12 ) k] Ll : H L] ] T
)
iiiiiiiii W@i USSR - - U
8i84-

i o “e 2 .
o Omw o LS00,
LROL W06 Do d o o0 SRR SO0 o

O OB 5 O o .85, 0 00 o°
18 of o © e o =
o e @ mvmw G g
o o B 400
 zigL. o ees
§ 3
L
v
&@ @ &
- @EEEE
o
. llizi@!lla?!l:!alo.:lﬂiilllik‘v.husiii;i
Y084
Q08s
. 2084
3




U.S. Patent May 17,2016  Sheet 65 of 105 US 9,339,235 B2

ANALYZE THE VERTICAL COMPARE THE VERTICAL
DISTRIBUTION OF POINTS DISTRIBUTION OF POINTS IN THE
N THE MATRIX T MATRIX WITH A NORMAL
7008 DISTRIBUTION
"""""" 8102
uBE
/ .

PERFORM A JARQUE-BERA TEST ON
THE VERTICAL DISTRIBUTION OF
POINTS IN THE MATRIX
8104

M :%{SI LE3) )

4

AN

PERFORM A LILLIEFORS TEST ON THE
VERTICAL DISTRIBUTION OF POINTS
N THE MATRIX
8104




U.S. Patent May 17,2016  Sheet 66 of 105 US 9,339,235 B2

SELECT A FIRST SEGMENT FROM A
PHYSIOLOGICAL SIGNAL

SELECT A SECOND SEGMENT,
SHIFTED IN TIME (E.G., ASHIFTED IN
SAMPLE LAGS), FROM THE
PHYSIOLOGICAL SIGNAL
8204

v

GENERATE A MATRIX BASED ON THE
TWO SEGMENTS AND OPTIONALLY
PERFORM A TRANSFORMATION

8206
¢ L
ANALYZE THE HORIZONTAL i & mmmmmm
DISTRIBUTION OF POINTS INTHE |} | DETERMINE DISTRIBUTION
MATRIX | OF VERTICAL VALUES !
e28 . TTmTmTmTT oo TeT T -
mmmmmm | A
i | COMPARE THE !
i DISTRIBUTION OF THE E
DETERMINE AMETRIC(E.G., A {HORIZONTAL POINTS IN THE §
STATISTICAL METRIC) BASED ON THE { MATRIX AND THE
ANALYSIS OF THE FIRST AND SECOND |-t o | DISTRIBUTION OF VERTICAL !
SEGMENTS i VALUES
8210 e e .

¥

MODIFY OR QUALIFY A CORRELATION
LAG BASED ON THE METRIC
8212

FIG. 82



US 9,339,235 B2

Sheet 67 of 105

,2016

o

May 17

U.S. Patent




U.S. Patent May 17,2016  Sheet 68 of 105 US 9,339,235 B2

!
vl

|

FIG. 84



U.S. Patent May 17,2016  Sheet 69 of 105 US 9,339,235 B2

8500

RECEIVE PHYSIOLOGICAL DATA
8502

i

GENERATE A CORRELATION SEQUENCE
BASED ON THE PHYSIOLOGICAL DATA
8504

|

IDENTIFY A PEAK IN THE CORRELATION
SEQUENCE
8506

i

DETERMINE ONE OR MORE METRICS
BASED ON THE PHYSIOLOGICAL DATA
8508

i

EVALUATE THE ONE OR MORE METRICS
8610

i

QUALIFY OR DISQUALIFY A PEAK BASED
ON THE EVALUATION
8512

FIG. 85



U.S. Patent May 17,2016  Sheet 70 of 105 US 9,339,235 B2

8600

RECEIVE CORRELATION LAG VALUE
(*“QUALIFICATION INFORMATION")
8602

|

SCALE ONE OR MORE PREDEFINED TEMPLATES BASED
ON THE QUALIFICATION INFORMATION
8604

\ 4

PERFORM A CROSS-CORRELATION OF THE SCALED
TEMPLATE(S) WITH THE PHYSIOLOGICAL SIGNAL
8606

|

ANALYZE THE CROSS-CORRELATION OUTPUT(S) TO
QUALIFY OR DISQUALIFY THE CORRELATION LAG
VALUE
8608

FIG. 86



U.S. Patent May 17,2016  Sheet 71 of 105 US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 72 of 105 US 9,339,235 B2

8100

RECEIVE CROSS CORRELATION
SIGNAL AS AN INPUT
8102

k4
SELECT TWO SEGMENTS FROM 8200
THE CROSS CORRELATION SIGNAL
(E.G., SEGMENTS ON EITHER SIDE
OF A PEAK OR VALLEY)
a104

9216 9218,

A

¥

ANALYZE THE TWO SEGMENTS
(£.G., DETERMINE SYMMETRY

BETWEEN THE TWO SEGMENTS,

GENERATE A CORRELATION
COEFFICIENT, ETC)
2106 9220
1 FIG. 92
GUALIFY OR BISQUALIFY THE

CORRELATION LAG VALUE BASED
ON THE ANALYSIS

9108
FIG. 91
{ l { t ¥ il
9300 G300
, L
i P 7
V O ™ //f’/:;;// ™
s i
/" ggoi/’/;fﬂ:/
-3 ,., %Cf/ - .
=
i } i { § i
-2 -4 ] 2 3



U.S. Patent May 17, 2016 Sheet 73 of 105

2400

RECEIVE CROSS CORRELATION SIGNAL AS AN
INPUT
9492

¥

SELECT TWO SEGMENTS FROM THE CROSS
CORRELATION SIGNAL, IN WHICH THE SEGMENTS
ARE OFFSET BY 1/4 OF THE PERIOD
2404

¥

¥

CALCULATE THE RADIUS FOR
EACH SAMPLE IN THE SEGMENTS
USING, FOR EXAMPLE, THE
FOLLOWING EQUATION:

. [ N S , 7 . i
Radius, = (Segmenti § o ASegment2 §

IDENTIFY THE MAXIMUM AND
MINIMUM RADH AND CALCULATE A
RATIO OF THE MAXIMUM OVER THE
MINIMUM

Radius_,_
Rndzu&m
9408

COMPARE THE RATIO TO ONE OR
MORE THRESHOLDS
2410

i

Ratio=

CALCULATE THE ANGLE FOR
EACH SAMPLE IN THE
SEGMENTS USING, FOR
EXAMPLE, THE FOLLOWING

EQUAT EON
chmwle
Anv*le =tan "’
éegmmﬂ
’§
k4
CALCULATE THE SUM OF THE

DIFFERENCES BETWEEN EACH
ADJACENT Angle;
(PHASE UNWRAPPING)

ol

41

N

T

COMPARE THE ANGLE SUM TO
ONE OR MORE THRESHOLDS
9416

|

¥

QUALIFY OR DISQUALIFY THE CORRELATION LAG
VALUE BASED ON THE COMPARISONS
2418

FIG. 94

US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 74 of 105 US 9,339,235 B2

i I o fes! 3 0! i o,
] 4. 1 8 B &
CLIE T . { I BN - - o PO &
! | ; ! 5 /
// ‘,/' ! E. /\
A r A g b SN " b 2 1
\\\ | L ,/"QO - L R LD Lol ) 4 i
A i PR % h " N {
Y ; o /
| % 0'; m/ | l\ /
T e S a e STTe ¢ o T8
Q [ o 8 o o N [
w) Yol Yol T ] ) o
[ ¥ oty - .t.;.
t

FIG. 95




U.S. Patent May 17,2016  Sheet 75 of 105 US 9,339,235 B2

9654
' o856 ‘
9600 R iy ———
b 9650 9652
RECEIVE PHYSIOLOGICAL DATA]  —— W J/‘/\m
9602 ; (
‘L SN P R |
SELECT PAIRS OF POINTS OF
SPACED APART IN THE DATA 4——————/ CA’*\%‘{J"S ED /
9604
] 9670
ST CRITERIA
DETERMINE A STATE FOR EACH : VIRV,
FAIR OF POINTS - , T
9606 L2 X>0, Y>0, X<,
3 K<0, Y0, iXi<Y,
4 4 X<0, Y0, >V,
5 i<, Y=<, 1X|¥>Y,
DETERMINE ONE OR MORE 15 X0, Vet Ko
STATE TRANSITIONS - Y BT
9608 7 XPQ, Y;‘\O, Xi<i\?’i1
8 X::’O, YK‘:C’, Xj}i\fﬁi
QUALIFY OR DISQUALIFY THE
CORRELATION LAG VALUE
BASED ON THE STATE
TRANSITIONS
9610

FIG. 96



U.S. Patent May 17,2016  Sheet 76 of 105 US 9,339,235 B2

9700

RECEIVE PHYSIOLOGICAL DATA
8704

¥
DETERMINE A SKEWNESS METRIC VALUE
9704

¥

QUALIFY OR DISQUALIFY THE CORRELATION LAG VALUE BASED ON
THE SKEWNESS METRIC




U.S. Patent May 17,2016  Sheet 77 of 105 US 9,339,235 B2

800

RECEIVE CROSS CORRELATION SIGNAL AS AN INPUT
9802

v

SELECT A FIRST SEGMENT FROM THE CROSS
CORRELATION SIGNAL AND A SECOND SEGMENT
THAT IS TWICE THE SIZE OF THE FIRST SEGMENT

Q804

¥
CALCULATE THE POSITIVE AND NEGATIVE AREAS OF
BOTH SEGMENTS
9806

¥

DETERMINE THE ABSOLUTE VALUE OF THE
DIFFERENCES BETWEEN THE POSITIVE AND
NEGATIVE AREAS OF EACH SEGMENT
2808

v

REPEAT STEPS 8404-8408 FOR SHIFTED SEGMENT(S)
8810

!

IDENTIFY THE MAXIMUM OR MINIMUM DIFFERENCE OF
THE FIRST SEGMENTS AND THE SECOND SEGMENTS
9812

¥

QUALIFY OR DISQUALIFY THE CORRELATION LAG
VALUE BASED ON THE IDENTIFIED DIFFERENCES
9814

FIG. 98



U.S. Patent

May 17, 2016

Sheet 78 of 105 US 9,339,235 B2

02

FiG. 99

VAV

FIG. 100

fi
/i
|

i

)

i

|

¥

i 2P

FIG. 101



U.S. Patent May 17,2016  Sheet 79 of 105 US 9,339,235 B2

0 160 200 300 400 500 600

10

301,

60}

40
201

] 100 200 300 400 500 600 |

FIG. 102



U.S. Patent May 17,2016  Sheet 80 of 105 US 9,339,235 B2

10300

RECEIVE AT LEAST ONE PHYSIOLOGICAL
SIGNAL
10302

l

DETERMINE ONE OR MORE SIGNAL METRICS
FOR THE PHYSIOLOGICAL SIGNAL
10304

l.

FILTER THE PHYSIOLOGICAL SIGNAL
10306

!

DETERMINE ONE OR MORE SIGNAL METRICS
FOR THE FILTERED SIGNAL
10308

l

COMPARE THE SIGNALS METRICS
10310

l

QUALIFY OR DISQUALIFY THE CORRELATION
LAG VALUE BASED ON THE COMPARISON
10312

FIG. 103



U.S. Patent

May 17, 2016

Sheet 81 of 105

RECEIVE CROSS CORRELATION
SIGNAL AS AN INPUT
10402

A4

RECENVE CROSS
CORRELATION SIGNAL AS AN
INPUT

SELECT TWO SEGMENTS FROM
THE CROSS CORRELATION
SIGNAL (E.G., PARTITION A

WINDOW OF THE SIGNAL INTO

TWO EQUAL SIZE SEGMENTS —

A LEFT SEGMENT AND A RIGHT

SEGMENT)
10404

¥

SELECT THE POSITIVE
VALUES OF THE CROSS-
CORRELATION SHINAL AND
SELECT THE NEGATIVE
VALUES OF THE CROSS
CORRELATION SIGNAL
10504

¥

¥

CALCULATE THE AREA OF THE
TWO SEGMENTS
10408

CALCULATE A STATISTICAL
PROPERTY (E.G., STANDARD
DEVIATION OR VARIANCE) OF
THE POSITIVE VALUES AND
OF THE NEGATIVE VALUES
10506

¥

¥

QUALIFY OR DISQUALIFY THE
CORRELATION LAG VALUE
BASED ON A COMPARISON OF
THE TWO AREAS
10408

FIG. 104

QUALIFY OR DISQUALIFY THE
CORRELATION LAG VALUE
BASED ON A COMPARISON

OF THE STATISTICAL
PROPERTIES
10508

FIG. 105

US 9,339,235 B2




U.S. Patent May 17,2016  Sheet 82 of 105 US 9,339,235 B2

10800

RECEIVE PHYSIOLOGICAL DATA
10602

v

RECENVE A CALCULATED VALUE INDICATIVE OF A PHYSIOLOGICAL RATE
10804

¥

DETERMINE A SEQUENCE OF DIFFERENCE VALUES BETWEEN SAMPLE
POINTS AND CORRESPONDING SAMPLE POINTS SPACED APART BASED
ON THE CALCULATED VALUE
10806

'

DETERMINING A SUM BASED ON THE DIFFERENCE VALUES
10808

v

QUALIFY OR DISQUALIFY THE CALCULATED VALUE BASED ONTHE
COMPARISON
10640

FIG. 106

10700
RECEIVE PHYSIOLOGICAL DATA
16702
¥
DETERMINE A CORRELATION LAG VALUE
10704

k4
DETERMINE A CORRELATION VALUE AT SUBSTANTIALLY HALF OF THE
CORRELATION LAG VALUE
10706
¥

QUALIFY OR DISQUALIFY THE CORRELATION LAG VALUE BASED ON
CORRELATION VALUE AT SUBSTANTIALLY HALF OF THE CORRELATION
LAG VALUE
10708

FIG. 107




U.S. Patent May 17,2016  Sheet 83 of 105 US 9,339,235 B2

RECEIVE PHYSIOLOGICAL DATA
10802
RECEIVE A CALCULATED VALUE INDICATIVE OF A PHYSIOLOGICAL RATE
10804
t
¥ ¥ ¥ ¥
IDENTIFY A it IDENTIFY A g
FIRSTSEGMENT || SLeOND |l THRD sEaMenT || ORI
OF THE e OF THE HEN
FHYSIOLOGICAL | oiveioLoaicad || PHYSIOLOGICAL b vsioLosicaL
DATA DATA
10806 DATA 10810 DATA
e 10808 0810 10812
GENERATEA || GENERATEA || GENERATEA || GENERATE A
FIRST SECOND THIRD FOURTH
DIFFERENCE || DIFFERENCE || DIFFERENCE || DIFFERENCE
SIGNAL SIGNAL SIGNAL SIGNAL
10814 10816 10818 10820
sORTTHE FIRST || SORTTHE  Hoorr the THirp|]  SORTTHE
DIFFERENCE SECOND DIFFERENCE FOURTH
. DIFFERENCE DIFFERENCE
SIGNAL SIGNAL
o SIGNAL I SIGNAL
S 10824 B 10828
ANALYZE THE FIRST AND ANALYZE THE THIRD AND
SECOND SORTED DIFFERENCE FOURTH SORTED DIFFERENCE
SIGNALS TO DETERMINE ONE SIGNALS TO DETERMINE ONE
OR MORE FIRST METRICS OR MORE SECOND METRICS
10830 10832
QUALIFY OR DISQUALIFY THE CALCULATED VALUE BASED ON THE FIRST
AND SECOND METRICS
10834

FIG. 108



U.S. Patent May 17,2016  Sheet 84 of 105 US 9,339,235 B2

10804 - g 10906 .
/\‘ Ny /\/‘ 2 4,r\\ a ; . A 2 /-\
\t/\/%/,\\'\,”f f\.f/\/\\f\/\[/\/\\;
A Vou oy
10808 4 10810 -
'f\//\ f-\/*\
I y
i]f \
FIG. 108
11006
{}i- ?1002\ Or /
11008 .
11004 . _~ T
0 e b
0 9]
11014 -
04 .
Motz =" 1016 7
O ) J\,a-
-
sad. < -
0 0

FIG. 110



U.S. Patent

May 17, 2016

Sheet 85 of 105

RECEIVE PHYSICLOGICAL BATA

13182

¥

RECEIVE A CALCULATED VALUE IND

ICATIVE OF A PHYSIOLOGICAL RATE

14412

11144

11104
¥ ¥ ¥
GENERATE A SECOND GENERATE A THIRD
D?FE?EEé{;\?ngA%E;i‘RE\?gL DIFFERENCE SIGNAL DIFFERENCE SIGNAL
BASED O?\; A\FE;?ST BASED ON A SECOND BASED ON A THIRD
SEGMENT OF THE SEGMENT OF THE SEGMENT OF THE
PHYSIOLOGICAL DATA PHYSIOLOGICAL DATA PHYSIOLOGICAL DATA
HAVING A SIZE EQUAL HAVING A SIZE EQUAL HAVING A SIZE EQUAL
TO A PERIOD TOAFRACTION OF A TOAMULTIPLE OF A
ASSOCIATED WITH A PERIOD ASSOCIATED PERIOD ASSOCIATED
g ) WITH A PHYSIOLOGICAL | | WITH A PHYSIOLOGICAL
PHYSIOLOGICAL RATE
11106 RATE RATE
T 11408 11110
¥ ¥ k
SORT THE FIRST SORT THE SECOND SORT THE THIRD
DIFFERENCE SIGNAL DIFFERENCE SIGNAL DIFFERENCE SIGNAL

i111g

¥

ANALYZE THE FIRST, SECOND, AND THIRD SORTED DIFFERENCE SIGNALS

11143

h 4

QUALIFY OR DISQUALIFY THE CALCULATED VALUE BASED ON ANALYZING
THE FIRST, SECOND, AND THIRD SORTED EMFFERENCE SIGNALS

11120

FIG. 111

US 9,339,235 B2




U.S. Patent

US 9,339,235 B2

FIG. 112

1000

May 17, 2016 Sheet 86 of 105
T S T ¥ ¥ 0
<
I~
8y
v
i
] [ i H i (&) 1
) ] [en]
Q (=]
[} -
o N
< o]
T Ay \ 7 ¥ f N
=
=
o
]
A i 3 i ]
Q2 he]
Q
fw]
[
! t ) L
[l
N
<«
T
i ¢ $ ) i
3




U.S. Patent May 17,2016  Sheet 87 of 105 US 9,339,235 B2
11306
11300 11302
0 \}\/ W 11304
11308
0 350

OUTPUT VALUE

FIG. 113

20

10 70
FIG. 114




U.S. Patent May 17,2016  Sheet 88 of 105 US 9,339,235 B2

11500
RECEIVE PHYSIDLOGICAL DATA
11502
DETERMINE A FIRST VALUE INDICATIVE OF A BASELINE OF THE DATA
11504
DETERMINE A SECOND VALUE INDICATIVE OF A DEVIATION FROM THE
BASELINE OF THE DATA
11508
QUALIFY OR DISQUALIFY A CORRELATION LAG VALUE BASED ON THE
FIRST AND SECOND VALUES
11508
FIG. 115
DETERMINE SDR VALUE 11600 SOR VALUE
11602 BUFFER
11612
NO

SDRy > X 7 k)

11604

14808

YES

QUALIFY LAG

DISQUALIFY LAG

VALUE o VALUE
11614 11608
ADD SUR VALUE I
»  TO BUFFER

14610
i

FIG. 116




US 9,339,235 B2

Sheet 89 of 105

,2016

o

May 17

L 9id
3000L 00n0e 0000t 0
' f M I S B Y ] T 0
: AR ¥ L
; P4 b 4 Pt by
- B P m W ; (! Poih —
§ P oo b ) Pl
' S m : 1 “ M_m" ZZLLL 0ZITT
R ST o ‘..,..itMH\SIIw.IL R r:!l..&JS:.:. R . i
0000 00002 00001 0
b

~ “ | | | | OLZIT
O000¢ 00007z GGO0tL G
1 i 4
ZoLLL -
| m i | ; | Uoiit

U.S. Patent

&G




U.S. Patent May 17,2016  Sheet 90 of 105 US 9,339,235 B2

11800

RECEIVE PHYSIOLOGICAL DATA
11802

v

DETERMINE A FIRST VALUE INDICATIVE OF A DEVIATION OF THE DATA
FROM A BASELINE OF THE DATA
11804

¥

PERFORM SIGNAL CONDITIONING ON THE PHYSIOLOGICAL DATA
11806

:

DETERMINE A SECOND VALUE INDICATIVE OF A DEVIATION OF THE
CONDITIONED DATA FROM A BASELINE OF THE DATA
11808

Y

QUALIFY OR DISQUALIFY A CORRELATION LAG VALUE BASED ON THE
FIRST AND SECOND VALUES
11810

FIG. 118



U.S. Patent May 17,2016  Sheet 91 of 105 US 9,339,235 B2

11900 11852

4 |
RECEIVE A PHYSIOLOGICAL 11900

SIGNAL oo o e o
11802 jo

¥

RECEIVE A CALCULATED VALUE
11804

¥

GENERATE PAIRS OF POINTS OF
SPACED APART IN THE DATA =
11808

¥

|
|
DETERMINE A BEST HIT LINE |
BASED ON THE PAIRS OF |
POINTS

11908

!

DETERMINE A STATISTICAL e ]
METRIC (e.g., p-VALUE) BASED 0
ON THE BEST FIT LINE AND THE |-
PAIRS OF POINTS

11910

!

QUALIFY OR DISQUALIFY THE —
CORRELATION LAG VALUE
BASED ON THE STATISTICAL
METRIC
11812

Poa

O 11064 , %

wooen e owoe oewe owon ool

11974 11076

FIG. 119



U.S. Patent May 17,2016  Sheet 92 of 105 US 9,339,235 B2

RECEIVE PHYSIOLOGICAL DATA
12002

v

GENERATE A CORRELATION SEQUENCE BASED ON THE
PHYSIOLOGICAL BATA
12004

v

IDENTIFY A CORRELATION LAG VALUE OF A MAXIMUM IN THE
CORRELATION SEQUENCE, CORRESPONDING TO A PEAK
12006

y

IDENTIFY A MINIMUM AT A RELATIVELY LESSER LAG VALUE,
CORRESPONDING TO ATROUGH
12008

¥

QUALIFY OR DISQUALIFY A CORRELATION LAG VALUE BASED ON THE
MAXIMUM AND MINIMUM
12010

FIG. 120



U.S. Patent May 17,2016  Sheet 93 of 105 US 9,339,235 B2

12100

RECEIVE FHYSIOLOGICAL DATA
12102

v

RECEIVE A CALCULATED VALUE INDICATIVE OF A
POTENTIAL PHYSIOLOGICAL RATE
12104

¥
DETERMINE A VALUE INDICATIVE OF NOISE BASED ON
THE PHYSIOLOGICAL DATA

12106 | ADJUST |
i I TITHRESHOLD
; mmmmm -l
ADJUSTING AT LEAST ONE QUALIFICATION CRITERION |} ~ ==
BASED ON THE VALUE INDICATIVE OF NOISE 4
P { SETTING |
12108 P T -
[ o o s s s s
, { | ADJUST |
QUALIFY OR DISQUALIFY THE CALCULATED VALUE { o TEST
USING THE ADJUSTED AT LEASTONECRITERION | 77777 -
12410
FIG. 121
12200
RECEIVE PHYSIOLOGICAL DATA
12202
RECEIVE A CALCULATED VALUE INDICATIVE OF A
POTENTIAL PHYSIOLOGICAL RATE o o
19904 | ADJUST
“T P THRESHOLD
; mmmmm d
ADJUSTING AT LEAST ONE QUALIFICATION CRITERION | =, ™ =™
BASED ON THE CALCULATED VALUE L 4 A
{ SETTING |
12206 Poosl -
[ o e o o o s
v { | ADJUST |
QUALIFY OR DISQUALIFY THE CALCULATED VALUE " OTEST |
USING THE ADJUSTED AT LEAST ONE CRITERION | = = = o -
12208

FIG. 122



U.S. Patent May 17,2016  Sheet 94 of 105
12300
RECEIVE PHYSIOLOGICAL DATA AND QUALIFICATION
INFORMATION
12302
|
\:d ¥ i ¥
PERFORM PERFORM PERFORM
QUALIFICATION GQUALIFICATION . QUALIMCATION

TEST 1 TEST 2 TESTN
12304 12308 12308

US 9,339,235 B2

i | ! |

¥

QUALIFY OR DISQUALIFY A CORRELATION LAG VALUE BASED ON
THE QUALIFICATION TESTS

12310
FIG. 123A
12350
12362 .
12352~ g
12354

INPUT ~af HIDDEN

12356

4 HIDDEN
M

FIG. 1238



U.S. Patent May 17,2016  Sheet 95 of 105 US 9,339,235 B2

12400

RECEIVE PHYSIOLOGICAL DATA AND
QUALIFICATION INFORMATION
12402

'

PERFORM QUALIFICATION TEST 1
12404

v

PERFORM QUALIFICATION TEST 2
124006

PERFORM QUALIFICATION TEST N
12408

v

QUALIFY OR DISQUALIFY A CORRELATION LAG
VALUE BASED ON THE QUALIFICATION TESTS
12410

FIG. 124



U.S. Patent May 17,2016  Sheet 96 of 105 US 9,339,235 B2

12500
RECEIVE QUALIFICATION INFORMATION
12502
E
¥ ¥
COMPUTE QUALIFICATION COMPUTE QUALIFICATION
METRICS BASED ON A METRICS BASED ON A
TEMPLATE SCALED TO " ks TEMPLATE SCALED TO
LENGTH(T) LENGTH(N)
12504 12506
i |
¥
ANALYZE QUALIFICATION METRICS TO DETERMINE WHETHER TO
QUALIFY OR DISQUALIFY THE CORRELATION LAG VALUE
FIG. 125
12600

RECEIVE QUALIFICATION INFORMATION

SELECT ONE OR MORE TEMPLATES BASED ON THE
QUALIFICATION INFORMATION

12604
v | '

SCALE TEMPLATE(1) AND SCALE TEMPLATE(N) AND
COMPUTE QUALIFCATION COMPUTE QUALIFCATION
METRICS BASED ON SCALED | **° | METRICS BASED ON SCALED
TEMPLATE(1) TEMPLATE(N)

12606 12608
s !

¥

ANALYZE QUALIFICATION METRICS TO DETERMINE WHETHER
TO QUALIFY OR DISQUALIFY THE CORRELATION LAG VALUE

FIG. 146




U.S. Patent May 17,2016  Sheet 97 of 105 US 9,339,235 B2

1270C

RECEIVE PHYSIOLOGICAL DATA
12702

¥
FILTER THE PHYSIOLOGICAL DATA WITH AN ADJUSTABLE FILTER TO
GENERATE FILTERED DATA
12704

¥

FERFORM CALCULATIONS OVER TIME ON THE FILTERED DATATO
DETERMINE A VALUE INDICATIVE OF A PHYSIOLOGICAL PARAMETER,
WHERE SOME CALCULATIONS ARE QUALIFIED AND SOME
CALCULATIONS ARE DISQUALIFIED
12708

¥

DETERMINING A METRIC BASED ON THE PHYSIOLOGICAL DATA,
WHERE THE METRIC 1S USED TO DETERMINE WHETHER 70O QUTPUT
A VALUE
12708

¥

CQUTPUTTING A VALUE BASED ON ONE OR MORE PREVIOUGLY
CALCULATED VALUES WHEN A CURRENT CALCULATION I3
DISQUALIFIED AND WHEN A CRITERION IS SATISFIED
12710

FIG. 127



US 9,339,235 B2

Sheet 98 of 105

,2016

o

May 17

U.S. Patent

8¢l Old

N-{1+X) SOIRY pPRIBINoRYD LJelid oley

N-{L+X) seiRy poRinoEd 1S0d

BANNDES
MOLBN (SIISINUD0D Jolid S8R pURY @

X-7 STy POIBNOIED o4 91y

sa1y paIRINDien -] 8912y PBIRINOIET 11504

U X uclisuRl g |

ONILESOd - & A0ONW NHLIHODTV

. PBONG 'SJUSIND0D SOl ssedpueg

ONILSOd - | SAON INHLIKHODTY

& F Y
- gogz1 N\ L+X B2 paygenbun 2 SpogEy
N-(Z4%0) N, WO eAz uEn )

e payyenbun 72 WUBAT WD ON 2 uonisuRs g
O Wesg uigg | Ny iesueied
HORIsURL L ‘ssjey peleinseD Be peygenbun 2 pusieQ
UOHISURL L MO UeAg uBS 4 jo Bupes
h 4 RE TSN BORISURL |

SElL Gl PIOH LSl 9ieY
v

VBN PRISOH SNONSId IS0d

MOIIEN [SIUBIOIE0 JBYi4 858y pueg

ioBlIBIEd USR] 198

DONILSOd
Q0OH OGNV 39DV - € 300W WHLOODTY

i

0871

>

sBe payenbun NOLLVZITVILING WHLIHOD Y

SANOBSUCD A '}

uocisuel i
S Z0RZL




U.S. Patent May 17,2016  Sheet 99 of 105 US 9,339,235 B2

12602 12900

Inilialize algorithm, including initializing buffer and setting Dropout Flag = True

¥
i = Add Current Sampile of Data to Buffer 420904 |
12810 - X ' 12908,
' T e o 1z808 T
Y Gain Ghangs, . ' Bain Charge, |
e Change, Pulse <« Pulselostor e Pulselost and |

Lost, and/or . Sensor Off | Sensor OF Status |
Sensor Off “ o |
~= True?s |

;

s

;

| o

v N E
j

;

|

Manage Gain

R 74 3 2
- One Second "

Passed’?

42914 -1 Pre-Processing Stage 1| Per Second Pracessing

12816 v

) (//‘” Mode Flag Value \\‘\\'
T Changed or Dropout Flag = 12928
T True? |Clear Rate Filter, and Buffer(s}|
¥
12918~ Maintain Previous Switch Settings | [ Datermine Detrending and
Quatification Settings

v

19929 ] Calculats Regression Correlation | | [ Sat Switches Based on Switch
922 5

7904 -1 Delermine Correlation Lag | Setling Flags

¥ 12932

12926, 1 Quatify Correlation Lag § 129307

1
12020 1 Pre-Frocessing Siage 2 e

LA 12934
— \\\ Y
e e e N
o 7 Qualifications ™ PO
12938 © g ‘-<\\ Passed? y 12936
Manage posting and S 7 Caloulate Instantaneous rate,
prepare for the next manage posting, and prepare for the

iteration of algorithm next ieration of algorithm

FIG. 129



U.S. Patent May 17,2016  Sheet 100 of 105 US 9,339,235 B2

e e e e s i
{13000 Determine Detrending and
E Qualification Seftings |
t | - 13002 ’
N N i
| < Dropout Flag = |
| o Trug? e |
f - i
* |
{
f y - o0 13008 :
E Calculate Noise Metrics from I
: Detrend Metric Separata Module I
E
f a
f |
| 13008 - a
E N i
! Detrend Metric > i
‘ a
f !
{ -
E 13012~ y 100
‘ a
f Set Detrend Fiag = High | {Set Detrend Flag = Low i
f a
| !
! * i
i k4 |
i Set Dropout Flag = False ;
{ Set Qualification Threshold = Setting 1 |
‘ a
| !
f ¥ E
E Set Rate Mistory | 5
| Counter = 0 13016 a
|
} 2 i
f ® E
et i it i i i e e tae e e ama Amas e e M e aae Ak Amas Maeh Gas Am ams dmm Ams asma taa tams ad

FIG. 130



U.S. Patent May 17,2016  Sheet 101 of 105 US 9,339,235 B2

; 13200 Pre-Processing ;

| ¥ Stage 2 |

| Derivative limiter [~ 13202 |

i Quadratic Detrend | i

_________ i . 13204 ’

r T and Cubic Detrend |

113100 Pre-Processing ¢ |

| Stage 1 t | [ Broad bandpass | !

| P fiter - 13206 |

4 P ’

i l (13102 P Geometrical | f

| | Quadratic { | |_detrend Typel | 13208 |

f Detrend and {1 ¥ i

Gubic Detrend (o Geometnical | !

i 3104 | i detrend Type |l -13210 i

R g ¥

! T P Geomelrical | :

; DszOt?;e_trr;cai : ; : detrend Typa! | - 13212 i

JR o B , 132 |

i l, L] / Sefinga Mode Flag=1 1|

i : ; 2 by = Sefing b Mode Fiag = 207 3 ;
b o e o o ' ;

] ¥ ST

FIG. 131 ; Tracking bandpass filter| | BP Filter | |

| and mean subtraction | | Cosfficients | !

| N L

! 13216 13218 |

; Clear tracking |

; cosfficients |

; } T 13222 i

] ¥ JE— Setting a | Detrend Flag = Low |

| as bT N Setting b | Detrend Flag = High :

| S

| !

i Apply FiR filter and | i

| mean sublraction | 13224 ;

] _*I__J |

| !

FIG. 132



U.S. Patent May 17,2016  Sheet 102 of 105 US 9,339,235 B2

A mam aan aa aAn GaAn Aaar AAa daa AR A MAR MAR AAR A A MAe W A SRR AR MM AR AAt WAL AR SAAe MAAR Aaan aean maa wan aan

Qualify Correlation Lag

Lag identfied? 43302

| Determine Lag Metrics | 13304

¥
| Calculate Drop Out Limit E’“\...13306

Setling & | Qualification Thrashold = Selting 1
Setting b Qualification Thrasheld = Seiting 2 :D y —13308
Setting ¢ |Qualification Threshold = Setling 3

Qual.

Z_Test 1 (sefting 3 >

N Qual, , | Qua% I
N Test N (satting 2) _ Test N (setting 3)
133147 Passed? ~ Passed?,

: Fa Y
e
16330 - Pass Qualfications | ;3109
#  Fail Qualifications :;

FIG. 133



U.S. Patent

May 17, 2016

Sheet 103 of 105 US 9,339,235 B2

Lag Qualifications Failed

Do Net Post
Rate

¥

Set Dmpout
Flag = True

i

T
!
{
f
P
f
f
f
f
!
f

P 13408
~ Mode=20r3?

- 13404

Rate hastory =
o tory?

-13406

13424
a
Do Mot Post
Rate

13420

Fost
Previous
Rate

Post
Previous
Rata

b 13422

A2
increment
drop cut

oounter

¥

Increment
.} rate history
counter

l

¥

Set Dropout} | Set Dropout
Flag = True Flag = True

i 13426 i

Drop out

13416

13418 .-

FIG. 134



U.S. Patent

May 17, 2016

Sheet 104 of 105

US 9,339,235 B2

w e e e e wwn e e e e W . awn oo oo o wen wew ww moen oo eooe weer wem oo owon oo exwe e e o oo oeey

Lag Qualifications Passed |

Caiculate Instantanecus Rate

{ 13502

¥

Increment rate history counter

[

Do Not Post Rate

13510,

F

¥

! Filter and post rate

| iss20 ]

113532~ ¥

Rate history ™

Decrament drop oul
counter by 2 (but not

Set drop out
counter = §

less than 0)

13512~ ]

4

Counter Limit

13514~ |

4

" Rate histor '
~Counter > X7

13624 [ Y

Setti

Set Mode Flag = 2
and Qualification
Threshold =

ng 2

]
]
i
]
}
i
}
]
i
}
{ Claar Dropout
|
]
!
i
i
{
]
i
]

Clear Dropout
Counter Limit

=
133287\,\ ¢

Set Mode Flag= 3
and Qualification
Threshold = Setting 3

13528 |

Select BP filter
coefiicients based on
the posted rata

FIG. 135

counter = Y?_

_ -13534
N Fost
instantaneous
Rata and do
not add to filter
113536 - |

Filter and post rate

M

Decrement drop out
counter by 2 (but noti~_ 43539

jess than )

¥

Select BP fiter
cuefficients based [
on the posted rale

:



U.S. Patent May 17,2016  Sheet 105 of 105 US 9,339,235 B2

13600
DETERMINE DETERMINE DETERMINE
PHYSIOLOGICAL PHYSIOLOGICAL | .. PHYSIOLOGICAL
PARAMETER USING PARAMETER USING PARAMETER USING
ALGORITHM MODE 1] JALGORITHM MODE 2 ALGORITHM MODE N
13602 13604 13606

¥

DETERMINE A PHYSIOLOGICAL
PARAMETER FOR QUTPUT
BASED ON ONE OR MORE OF
ALGORITHM MODES 1-N
13608

FIG. 136



US 9,339,235 B2

1
METHODS AND SYSTEMS FOR
DETERMINING SIGNAL-TO-NOISE
INFORMATION FROM A PHYSIOLOGICAL
SIGNAL

The present disclosure relates to processing physiological
information. More particularly, the present disclosure relates
to determining signal-to-noise information from a physi-
ological signal.

SUMMARY

A physiological monitor may determine one or more
physiological parameters such as, for example, a physiologi-
cal rate based on signals received from one or more physi-
ological sensors. The physiological monitor may analyze
physiological signals (e.g., photoplethysmographic (PPG)
signals) for oscillometric behavior characterized by a pulse
rate, a respiration rate, or both. Physiological signals may
include one or more noise components, which may include
the effects of ambient light, electromagnetic radiation from
powered devices (e.g., at 60 Hz or 50 HZ), subject movement,
and/or other non-physiological or undesired physiological
signal components. In some circumstances, the determina-
tion of a pulse rate from photoplethysmographic information
may present challenges. Factors such as, for example, noise,
subject movement, the shape of physiological pulses, sub-
jects having low perfusion with small physiological pulses,
and/or other factors may present challenges in determining
pulse rate.

The physiological monitor in accordance with the present
disclosure may include a sensor, having a detector, which
may generate an intensity signal (e.g., a PPG signal) based on
light attenuated by the subject. Processing equipment of the
monitor, a processing module, and/or other suitable process-
ing equipment may determine a value indicative of a physi-
ological rate based on the intensity signal. For example, the
processing equipment may determine a pulse rate based on
analysis of the intensity signal.

In some embodiments, the processing equipment may use
one or more operating modes to determine a physiological
parameter of a subject. An operating mode may be used to
determine the physiological parameter (e.g., pulse rate) based
on a particular criterion. A first mode may use, for example,
relatively strict criteria to determine the physiological param-
eter, but may not be required to post a rate as output. Another
mode may implement a relatively narrow, adjustable band-
pass filter on the physiological data (e.g., time series data),
which is good at rejecting noise when it is tuned to the correct
rate. The various modes may include qualification techniques
to qualify calculated values and physiological parameters
determined thereof. The qualification techniques can provide
an accurate assessment of whether a calculated parameter is
indicative of a physiological parameter, and can also prevent
the band-pass filter from being initially tuned to noise and
deviating away from the correct physiological rate. In addi-
tion, in the event that the band-pass is tuned incorrectly, the
processing equipment may drop out of a current operating
mode and return to an initialization mode based on qualifica-
tion failure information. Accordingly, physiological param-
eters (e.g., pulse rate) may be reliably determined in the
presence of noise.

In some embodiments, the processing equipment may
determine one or more algorithm settings based on the inten-
sity signal, and determine a value indicative of a physiologi-
cal rate of the subject based on the intensity signal and based
on the algorithm setting. Determining the value indicative of
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the physiological rate may include performing a correlation
calculation such as a correlation, and/or filtering a signal
(e.g., a signal derived from an intensity signal) based on the
algorithm setting. The filtering may include applying a band-
pass filter, a finite impulse response filter, or any other suit-
able filter, based on the algorithm settings. In some embodi-
ments, the processing equipment may generate a correlation
sequence based on segments of the physiological signal to
determine a likely period of a periodic physiological behavior
(e.g., heart rate). For example, the processing equipment may
generate the correlation sequence, determine a peak in the
sequence having a lag value (e.g., relative lag in sample
number or time between correlated segments) indicative of a
period, and then qualify the lag value based on the algorithm
settings. Algorithm settings may also be used to apply signal
conditioning to the physiological signal prior to processing.

In some embodiments, the processing equipment may fill a
buffer with generated values when a full window of data isnot
available. In some embodiments, the processing equipment
may determine one or more initialization values based on the
physiological data, and generate a window of data based on
the one or more initialization values and one or more samples
of the physiological data. The initialization values may be
based on random numbers, values based on noise values, a
sample value, a scaled sample value (e.g., scaled by signal
noise), any other values, or any combination thereof.

In some embodiments, the processing equipment manages
one or more status flags such as a gain change status flag. In
some embodiments, a status indicator (e.g., a gain change
indicator or high noise indicator) may be received while the
physiological data is being received. For example, a gain
change indicator may be a change in gain in an analog ampli-
fier. The processing equipment may set a period of time
during which received values of the physiological data are not
added to the window of data in response to receiving the status
indicator. The period of time may be, for example, a multiple
of a period associated with a physiological rate of the subject.
Artifacts associated with, for example, a gain change may be
mitigated by omitting that data from the buffer. In some
embodiments, the processing equipment may use a window
of data having values taken before and after the period of time.
In some such embodiments, the processing equipment may
modify some of the values in the window of data to smooth
the transition between values of the physiological data
received prior to receiving the status indicator and values of
the physiological data received after the period of time is over.

In some embodiments, the processing equipment may
determine one or more metrics based on the physiological
data, which may then be used to classify the data, determine
an algorithm setting, or both. In some embodiments, the
algorithm setting affects the amount of filtering applied to the
physiological data. In some embodiments, the processing
equipment may generate a difference signal, generate a sorted
difference signal (e.g., sorted by value), partition a window of
data, perform any other data manipulation or calculation, or
any combination thereof. In some embodiments, the process-
ing equipment may monitor the temporal history of a metric,
and adjust an algorithm setting if the metric exhibits temporal
changes greater than a threshold. Some techniques for deter-
mining algorithm settings are discussed below.

In some embodiments, the processing equipment may gen-
erate a sorted difference signal, and identify two midpoints of
two respected segments of the sorted difference signal. The
processing equipment may determine a first offset associated
with one segment (e.g.. a value of the segment at a particular
location), and determine a second offset associated with the
other segment (e.g., a value of the segment at a particular
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location). In some embodiments, the processing equipment
may determine a first difference between the first midpoint
and the first offset, and determine a second difference
between the second midpoint and the second offset. The
processing equipment may determine a ratio based on the first
difference and the second difference, which may be used to
classify the physiological data, determine an algorithm set-
ting, or both. In some embodiments, the algorithm setting
affects the amount of filtering applied to the physiological
data. In some embodiments, the first segment may include the
positive values and the second segment may include the nega-
tive values of the sorted difference signal.

In some embodiments, the processing equipment may gen-
erate a difference signal based on the physiological signal.
The processing equipment may determine positive areas
associated with positive regions of the difference signal, and
determine negative areas associated with negative regions of
the difference signal. The processing equipment may then
classify the physiological data, determine an algorithm set-
ting, or both, based on area ratios of adjacent positive and
negative areas of the difference signal. In some embodiments,
the algorithm setting affects the amount of filtering applied to
the physiological data. The area ratios may be sorted and one
or more ratios may be identified. For example, the area ratios
may be normalized and the processing equipment may iden-
tify approximately the twenty-fifth percentile normalized
area ratio, which may be indicative of whether the data exhib-
its a dicrotic notch.

In some embodiments, the processing equipment may gen-
erate a sorted difference signal based on the physiological
signal, and then generate a second difference signal based on
the first sorted difference signal. In some embodiments, the
second difference signal may be generated based on the nega-
tive values of the sorted difference signal. The processing
equipment may analyze a first segment and a second segment
ofthe second difference signal. For example, the first segment
may be in the left half of the second difference signal and the
second segment may be in the right half of the second differ-
ence signal. The analysis may include, for example, deter-
mining a mean value of the first segment and determining a
mean value of the second segment, and then determining a
ratio of the mean values.

In some embodiments, the processing equipment may
determining a skew metric based on the physiological signal,
and determine an algorithm setting based on a reference rela-
tionship between the determined skew metric and a value
indicative of a physiological rate. The reference relationship
may include, for example, a look-up table, and the processing
equipment may reference the look-up table using the skew
metric as an input, and determine the value indicative of
physiological rate based on the look-up table. In a further
example, the reference relationship may include a function,
and the processing equipment may reference the function
using the skew metric as an input, and determine the value
indicative of physiological rate based on the function. Insome
embodiments, the processing equipment may determine
whether to apply a filter, such as a finite impulse response
filter, based on the skew metric. In some embodiments, the
processing equipment may determine the central frequency
of a band pass filter that may be applied to the data to be
substantially equal to the value indicative of the physiological
rate. In some embodiments, the processing equipment may
determine the cutoff frequency of a lowpass filter or highpass
filter, based on the value indicative of the physiological rate.

In some embodiments, the processing equipment may
determine one or more algorithm settings, and adjust the one
or more algorithm settings in response to one or more metric
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values. For example, the processing equipment may receive
physiological data, and determine a metric value indicative of
a physiological classification. The physiological classifica-
tion may be based on the presence of a dicrotic notch, mag-
nitude of a calculated physiological rate, pulse shape, any
physiological classification, or any combination thereof. In
some instances, subsequent to determining the algorithm set-
ting, the processing equipment may determine a second met-
ric value indicative of a different physiological classification
than determined previously based on subsequent physiologi-
cal data. The second metric value may be the same metric
above having an updated value, or a different metric, which
indicates the different physiological classification. The pro-
cessing equipment may then determine an algorithm setting
based on the different physiological classification. Accord-
ingly, the processing equipment may update algorithm set-
tings as changes occur in the physiological data, in the state of
the rate algorithm, or both.

In some embodiments, the processing equipment may gen-
erate a sorted difference signal based on the physiological
signal, and identify one or more data points at one or both
ends of the sorted difference signal as being associated with
noise. The processing equipment may determine a value
indicative of noise based on the one or more identified data
points. In some embodiments, the processing equipment may
fit a line to a segment of the sorted difference signal, deter-
mine at least one threshold based on the line fit, and identify
the one or more data points associated with noise as lying
outside of the atleast one threshold. The segment may include
samples of the sorted difference signal having similar slopes.
In some embodiments, the processing equipment may fit
multiple lines to multiple segments of the sorted difference
signal, determine multiple thresholds based on the line fits,
and identify the one or more data points comprises identify-
ing one or more data points that are outside of the at least one
threshold. In some such embodiments, the processing equip-
ment may identify the one or more data points by determining
when a difference between two adjacent data points in the
sorted difference signal is greater than a threshold. In some
such embodiments, the processing equipment may determine
the value indicative of noise based on a ratio of the number of
data points associated with noise and a total number of data
points in the sorted difference signal.

In some embodiments, the processing equipment may
determine a value indicative of noise using multiple segments
of a sorted difference signal. The processing equipmernt may
identify a first end group of the multiple segments and a
second end group of the multiple segments at opposite ends of
the sorted difference signal. The processing equipment may
then determine at least one threshold based on the first end
group and the second end group, and identify one or more
data points of one or both ends of the sorted difference signal
as being associated with noise. The processing equipment
may determine a number of data points at one or both ends of
the sorted difference signal as being associated with noise,
and determine a value indicative of noise based on the one or
more data points. In some embodiments, the processing
equipment may determine a ratio of the number of number of
data points associated with noise and a total number of points
of the physiological signal. The processing equipment may
determine an algorithm setting based on the value indicative
of noise.

In some embodiments, the processing equipment may gen-
erate a first sorted difference signal based on a first segment of
the physiological signal, and generate a second sorted differ-
ence signal based on a second segment of the physiological
signal. The processing equipment may analyze the first sorted
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difference signal and the second sorted difference signal, and
determine a value indicative of noise based on the analysis of
the first sorted difference signal and the second sorted differ-
ence signal. In some embodiments, the processing equipment
may determine a first line fit having a first slope for the first
sorted difference signal, determine a second line fit having a
second slope for the second sorted difference signal, and
determine a difference between the first slope and the second
slope. In some embodiments, the processing equipment may
determine a first line fit for the first sorted difference signal,
determine a second line fit for the second sorted difference
signal, determine a goodness of fit associated with the first
line fit, and determine a goodness of fit associated with the
second line fit. In some embodiments, the processing equip-
ment may determine a goodness of fit between the first sorted
difference signal and the second sorted difference signal. In
some embodiments, the processing equipment may deter-
mine a value indicative of differences between the first sorted
difference signal and the second sorted difference signal.

In some embodiments, the processing equipment may gen-
erate at least one sorted difference signal based on the physi-
ological signal, analyze the at least one sorted difference
signal to determine at least two values indicative of noise, and
determine a value indicative of a signal-to-noise ratio based
on the two or more values indicative of noise. In some
embodiments, the processing equipment may use a reference
of associated values indicative of noise and values indicative
of signal-to-noise ratios. In some embodiments, the process-
ing equipment may analyze the at least one sorted difference
signal to determine three values indicative of noise, select the
maximum value of the three values, and determine the signal-
to-noise ratio based on the maximum value. In some embodi-
ments, the processing equipment may determine a best fit line
based on the at least one sorted difference signal, generate at
least one threshold based on the best fit line, and determine a
number of points of the sorted difference signal that exceeds
the at least one threshold. At least one value of the at least two
values indicative of noise may be based on the number of
points. In some embodiments, the processing equipment may
generate at least one second sorted difference signal based on
the physiological signal, determine a first best fit line based on
the sorted difference signal, determine a second best fit line
based on the second sorted difference signal, and compare the
first best fit line and the second best fit line to determine at
least one value of the at least two values indicative of noise.

In some embodiments, the processing equipment may
apply signal conditioning to received physiological data. Sig-
nal conditioning may include filtering, normalization, base-
line subtraction, derivative limiting, any other suitable signal
conditioning, or any combination thereof. The following dis-
cussion provides further details regarding signal conditioning
techniques.

In some embodiments, the processing equipment may cal-
culate differences based on the physiological data, identify
one or more differences that exceed a threshold, and modify
the physiological data based on the one or more differences.
In some embodiments, the processing equipment may deter-
mine the threshold based on the differences. In some embodi-
ments, the processing equipment may perform a standard
deviation calculation based on the differences, and determine
the threshold based on the standard deviation calculation. In
some embodiments, one of the one or more differences may
be calculated based on two adjacent values, and the physi-
ological data may be modified by reducing a difference
between the two adjacent values. Reducing the difference
between the two adjacent values may include determining an
offset based on the two adjacent values, and the offset may be
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applied to one of the two adjacent values. In some embodi-
ments, the processing equipment may determine one or more
offsets based on the one or more differences, and perform
subtractions based on the one or more offsets to modify the
data.

In some embodiments, the processing equipment may gen-
erate a first signal based on a stability function such as, a
Lyapunov function for example, applied to the physiological
signal, generate a difference signal based on the first signal,
and generate a modified physiological signal based on the
difference signal. The processing equipment may identify
one or more points of the difference signal that exceed a
threshold, and generate the modified physiological signal by
modifying one or more points in the physiological signal that
correspond to the one or more points of the difference signal.
In some embodiments, the processing equipment may deter-
mine a standard deviation of the difference signal, and the
threshold may be based on the standard deviation of the
difference signal. In some embodiments, the threshold may
be a predetermined value. In some embodiments, the process-
ing equipment may modify the physiological signal by
removing portions of the physiological signal associated with
the one or more points of the difference signal that exceed the
threshold. In some embodiments, the processing equipment
may identify the one or more points of the difference signal
that exceed the threshold by identifying a pair of two thresh-
old crossings and intermediate points between the two thresh-
old crossings of the difference signal.

In some embodiments, the processing equipment may gen-
erate a sorted difference signal based on the physiological
signal, identify one or more points in the sorted difference
signal that exceed a threshold, and generate a modified physi-
ological signal based on the one or more points. In some
embodiments, the processing equipment may determine the
threshold based on the sorted difference signal. In some
embodiments, the processing equipment may determine a
line fit based on the sorted difference signal, and determine
the threshold based on the line fit. In some embodiments, the
processing equipment may modify the one or more points in
the sorted difference signal to generate a modified sorted
difference signal, and generate a modified physiological sig-
nal by reordering the modified sorted difference signal to
generate a reordered signal, and integrating the reordered
signal. In some embodiments, the processing equipment may
modify the one or more points in the sorted difference signal
to be equal to the threshold.

In some embodiments, the processing equipment may gen-
erate a positive signal based on positive values of the physi-
ological signal and generate a negative signal based on nega-
tive values of the physiological signal. The processing
equipment may filter the positive signal to generate a filtered
positive signal and filter the negative signal to generate a
filtered negative signal. The processing equipment may com-
bine the filtered positive signal and the filtered negative signal
to generate a combined signal, and modify the physiological
signal based on the combined signal. In some embodiments,
the processing equipment may generate the positive signal by
extracting the positive values of the physiological signal and
inserting zeros corresponding to the negative values of the
physiological signal, and generate the negative signal by
extracting the negative values of the physiological signal and
inserting zeros corresponding to the positive values of the
physiological signal. Filtering the positive signal and the
negative signal may include low pass filtering the respective
signals. In some embodiments, combining the filtered posi-
tive signal and the filtered negative signal may include aver-
aging the filtered positive signal and the filtered negative
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signal. In some embodiments, the processing equipment may
scale the combined signal prior to modifying the physiologi-
cal signal based on the combined signal. Scaling the com-
bined signal may include, for example, scaling the combined
signal based on a standard deviation of the combined signal.
In some embodiments, the processing equipment may modify
the physiological signal by subtracting the combined signal
from the physiological signal.

In some embodiments, the processing equipment may cal-
culate absolute values based on the physiological signal,
which may include positive and negative values, filter the
absolute values to generate a filtered signal, and modify the
physiological signal based on the filtered signal. Filtering the
absolute values may include, for example, low pass filtering
the absolute values. In some embodiments, the processing
equipment may modify the filtered signal prior to modifying
the physiological signal based on the filtered signal. In some
embodiments, modifying the filtered signal may include, for
example, performing a subtraction of a minimum value of the
filtered signal from the filtered signal. In some embodiments,
modifying the filtered signal may include, for example, add-
ing a gain value to the filtered signal. In some embodiments,
modifying the physiological signal may include, for example,
dividing the physiological signal by the filtered signal.

In some embodiments, the processing equipment may
determine a metric based on the physiological signal, and
selectively apply, based on the metric, a digital filter to the
physiological signal to generate a filtered signal based on two
or more filter coefficients. The filtered signal may correspond
to aweighted sum ofthe physiological signal and a difference
signal corresponding to the physiological signal. For
example, the digital filter may include a finite impulse
response filter. In some embodiments, the metric may include
a de-trending metric indicative of the likely magnitude of a
physiological parameter, where the two or more filter coeffi-
cients may be adjusted based on the de-trending metric. The
two or more coefficients may be adjusted to increase the
weight of the physiological signal relative to the difference
signal if the de-trending metric is below a threshold, and may
be adjusted to increase the weight of the difference signal
relative to the physiological signal if the de-trending metric is
above a threshold. In some embodiments, the metric may be
indicative of the presence of a dicrotic notch in the physi-
ological signal. In some embodiments, the processing equip-
ment may receive a calculated value indicative of a physi-
ological rate of the subject, and the two or more filter
coefficients may be adjustable based on a calculated value.

In some embodiments, the processing equipment may
determine a value indicative of a physiological rate based on
the physiological signal, determine a metric based on the
physiological signal, select one or more bandpass filter set-
tings of a bandpass filter based on the physiological rate and
based on the metric, and apply the bandpass filter having the
selected settings to the physiological signal to generate a
filtered signal. In some embodiments, the metric may be
indicative of noise in the physiological signal. The one or
more bandpass filter settings may include, for example, a
spectral band, and the one or more selected bandpass filter
settings may include a narrow spectral band when the metric
exceeds a threshold. The one or more bandpass filter settings
may include, for example, a spectral band, and the one or
more selected bandpass filter settings may include a wide
spectral band when the metric is below a threshold. In some
embodiments, the one or more bandpass filter settings may
include a center frequency that corresponds to the physiologi-
cal rate.
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In some embodiments, the processing equipment may per-
form a correlation calculation to analyze periodic compo-
nents of a physiological signal such as, for example, the
component attributable to a physiological rate. The correla-
tion calculation may include, for example, generating a cor-
relation sequence, generating a correlation matrix, perform-
ing a statistical regression analysis, or a combination thereof.

In some embodiments, the processing equipment may cal-
culate a correlation sequence corresponding to multiple lag
values based on the physiological signal. For at least one lag
value of the multiple lag values, the processing equipment
may compare the correlation sequence value corresponding
to the at least one lag value to a threshold. The threshold may
be predetermined, and may vary as a function of lag. For
example, the threshold may be a predetermined square root
function of lag value. The processing equipment may deter-
mine whether the correlation sequence value exceeds the
threshold, determine whether the correlation sequence value
corresponds to a peak, and identify a particular lag value of
the multiple lag values when the correlation sequence value
corresponding to the particular lag value exceeds the thresh-
old and corresponds to a peak. In some embodiments, the
processing equipment may sequentially compare the correla-
tion sequence values corresponding to multiple lag values to
the threshold in ascending order of lag value until the particu-
lar lag value is identified. Calculating the correlation
sequence may include, for example, calculating one value of
the correlation sequence at a time, where the most current lag
value of the multiple lag values is analyzed. In some embodi-
ments, the processing equipment may determine whether the
correlation sequence value corresponds to a peak by deter-
mining that correlation sequence values adjacent to the cor-
relation sequence value and corresponding to smaller lag
values are increasing with lag value, and that correlation
sequence values adjacent to the correlation sequence value
and corresponding to larger lag values are decreasing with lag
value. In some embodiments, the processing equipment may
normalize the correlation sequence values, a portion of the
physiological signal, or both.

In some embodiments, the processing equipment may gen-
erate a lag matrix including multiple segments of the physi-
ological signal. Each of the multiple segments may include
the same number of samples of the physiological signal. The
processing equipment may generate a correlation matrix,
which includes a set of correlation values, based on the lag
matrix, and identify one or more lag values based on the
correlation matrix. The correlation matrix may be generated,
for example, by performing a matrix multiplication of the lag
matrix with a transpose of the lag matrix. In some embodi-
ments, the processing equipment may process the correlation
matrix to generate a processed correlation matrix, and iden-
tify at least one peak based on the processed correlation
matrix. For example, the processing equipment may apply a
matrix rotation to the correlation matrix, average correlation
values along a direction of the correlation matrix to generate
an array of averaged correlation values, and identify a peak in
the array of the averaged correlation values. The matrix rota-
tion may be, for example, a substantially 45 degree matrix
rotation to align peak values along a row or column of the
correlation matrix. In some embodiments, the processing
equipment may identify one or more regions of the correla-
tion matrix corresponding to noise, and avoid identifying a
correlation lag value in those regions.

In some embodiments, the processing equipment may
select a first segment and a second segment of the physiologi-
cal signal comprising a plurality of values, in which the sec-
ond segment is shifted in time from the first segment. The
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processing equipment may determine a correlation value
between the first segment and the second segment, analyze
the first segment and the second segment to determine a
metri¢, and determine correlation information based on the
correlation value and based on the metric. Determining the
correlation information may include, for example, modifying
the correlation value based on the metric. In some embodi-
ments, the processing equipment may select multiple seg-
ments of the physiological signal each shifted in time from the
first segment by a unique lag, determine multiple correlation
values between the first segment and the multiple segments,
and determine that the correlation value corresponds to a peak
in the multiple correlation values. In some embodiments, the
processing equipment may generate multiple value pairs each
including a value of the first segment and a corresponding
value of the second segment. The processing equipment may
determine a metric based on the plurality of value pairs and a
reference relationship. For example, the processing equip-
ment may apply a transform to the value pairs to generate
transformed value pairs that include a first value and a second
value, and analyze the distribution across the plurality of first
values of each transformed value pairs. In some embodi-
ments, the metric may be a confidence value, and the process-
ing equipment may generate a modified confidence value by
multiplying the correlation value and the metric.

In some embodiments, the processing equipment may
qualify or disqualify a calculated value such as, for example,
a correlation lag value associated with a peak. One or more
qualification tests may be applied to the physiological signal,
or processed data arising thereof, to determine if the value is
qualified or not. In some embodiments, the processing equip-
ment may use a calculated value in determining whether the
physiological signal is qualified.

In some embodiments, the processing equipment may
select pairs of sample points of the physiological signal
spaced by a particular spacing based on the calculated value,
determine a state for each of the pairs based on a set of criteria,
determine a number of state transitions based on the deter-
mined states, and qualify or disqualify the calculated value
based on the number of state transitions. The set of criteria
may include, for example, a relative magnitude of sample
points ina pair to each other, a relative magnitude of a sample
point to a product of the other sample point in a pair and a
coefficient, and a sign of each sample point in a pair. In some
embodiments, the processing equipment may compare the
number of state transitions to one or more thresholds which
may include, for example, an upper threshold and a lower
threshold. The number of states from which the state may be
determined may be equal to a power of two greater than or
equal to 2. In some embodiments, the calculated value may be
a correlation lag value corresponding to a peak, and the par-
ticular spacing is substantially one quarter of the calculated
value.

In some embodiments, the processing equipment may
determine a skew metric value based on the physiological
signal, determine a correlation lag value corresponding to a
peak in a correlation sequence, and qualifying or disqualify-
ing the correlation lag value based on the skew metric. In
some embodiments, the processing equipment may compare
the skew metric and the correlation lag value to a reference set
of skew metric values and correlation lag values. For
example, the reference set of skew metric values and corre-
lation lag values may be arranged in a look-up table. In a
further example, the processing equipment may identify a
particular skew value of the reference set that most closely
matches the determined skew metric value, determine a dif-
ference value indicative of a difference between the deter-
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mined correlation lag vale and the correlation lag value of the
reference set corresponding to the particular skew value, and
compare the difference value to a threshold. The threshold
may be, for example, predetermined or based on the deter-
mined correlation lag value.

In some embodiments, the processing equipment may
determine a difference value between a set of sample points
and a corresponding set of sample points of the physiological
signal each spaced apart by a particular spacing based on a
calculated value. The processing equipment may compute a
sum based on the determined difference values, and qualify or
disqualify the calculated value based on the sum. Qualifying
or disqualifying the calculated value may include, for
example, comparing the sum to a threshold. In some embodi-
ments, the processing equipment may determine an absolute
value of the difference between each sample point and corre-
sponding sample point. In some embodiments, the calculated
value may be indicative of a period associated with the physi-
ological rate, and the particular spacing between correspond-
ing sample points may be substantially equal to the period.

In some embodiments, the processing equipment may gen-
erate value pairs each including a first sample point of the
physiological signal and a second point of the physiological
signal spaced apart by a particular spacing based on a calcu-
lated value. The processing equipment may determine a best
fit linear relationship based on the plurality of value pairs,
determine at least one statistical metric based on the linear
relationship and the value pairs, and qualify or disqualify the
calculated value based on the at least one statistical metric. In
some embodiments, the statistical metric may include a stan-
dard error between the value pairs and the linear relationship,
as well as a slope of the linear relationship. In some embodi-
ments, qualifying or disqualifying the calculated value may
include determining a value indicative of the probability,
relative to a predetermined probability distribution function,
of the at least one statistical metric being outside of a set of
bounding values. In some embodiments, the processing
equipment may determine at least one additional spacing
other than the particular spacing. For each of the at least one
additional spacing, the processing equipment may generate
value pairs each including a first sample point and a second
point of the physiological signal spaced apart by the respec-
tive spacing, determine a best fit linear relationship based on
the respective plurality of value pairs, and determine at least
one statistical metric based on the respective linear relation-
ship and the respective plurality of value pairs. The process-
ing equipment may determine a value indicative of the prob-
ability, relative to a predetermined probability distribution
function, of the respective at least one statistical metric being
outside of the set of bounding values, and calculate a sum
based on the values indicative of the probability of the respec-
tive at least one statistical metric being outside of the set of
bounding values for the at least one additional lag value and
the value indicative of the probability of the at least one
statistical metric being outside of the set of bounding values
for the particular spacing. Qualifying or disqualifying the
calculated value may be, for example, based on the sum. In
some embodiments, determining the probability of the statis-
tical metric being outside of the set of bounding values may
include using a reference look-up table comprising a set of
probability values.

In some embodiments, the processing equipment may gen-
erate four sorted difference signals based on four respective
segments of the physiological signal. The processing equip-
ment may analyze first and second sorted difference signals to
determine at least one first metric, analyze third and fourth
sorted difference signals to determine at least one second



US 9,339,235 B2

11

metric, and qualify or disqualify a calculated value based on
the at least one first metric and the at least one second metric.
A calculated value, for example, indicative of a period asso-
ciated with a physiological rate may be received. In some
embodiments, the third segment may be a subset of the first
segment cortesponding to the period associated with the
physiological rate, and the fourth segment may be a subset of
the second segment corresponding to the period associated
with the physiological rate. The at least one first metric may
include, for example, a correlation coefficient between the
first segment and the second segment based on a set of value
pairs including a value of the first sorted difference signal and
a corresponding value of the second sorted difference signal,
a value indicative of slope based on a set of value pairs
including a value of the first sorted difference signal and a
corresponding value of the second sorted difference signal, a
value indicative of a curve length of the first sorted difference
signal, a value indicative of a curve length of the second
sorted difference signal, a value of the first sorted difference
signal corresponding to a terminal end of the first sorted
difference signal, a value of the second sorted difference
signal corresponding to a terminal end of the second sorted
difference signal, and a combination thereof. In some
embodiments, the at least one first metric may include at least
two metrics, and the processing equipment may qualify or
disqualify the calculated value by comparing a first metric of
the at least two metrics to a second metric of the at least two
metrics. In some embodiments, qualifying or disqualifying
the calculated value may include comparing the at least one
first metric to a threshold. In some embodiments, qualifying
or disqualifying the calculated value may include comparing
the at least one first metric to the at least one second metric.

In some embodiments, the processing equipment may
determine a correlation lag value corresponding to a peak in a
correlation sequence, determine a correlation value at a sec-
ond lag value equal to a fraction of the correlation lag value,
and qualify or disqualify the correlation lag value based on
the correlation value at the second lag value. The second lag
value may be, for example, equal to substantially one half of
the correlation lag value. In some embodiments, qualifying or
disqualifying the correlation lag value may include compar-
ing the correlation value at the second lag value to a threshold.
In some embodiments, qualifying or disqualifying the corre-
lation lag value may include comparing the correlation value
at the second lag value to the correlation sequence value at the
correlation lag value.

In some embodiments, the processing equipment may
determine a first value indicative of a baseline of the physi-
ological signal, determine a second value indicative of a
deviation of the physiological signal from the baseline, and
qualify or disqualify a calculated value based on the first value
and the second value. The first value may be, for example,
selected from a median value of the physiological signal, an
average of the physiological signal, a coefficient correspond-
ing to a best fit curve of the physiological signal, and a
combination thereof. The second value may be, for example,
selected from a standard deviation value based on the physi-
ological signal, a standard error between the physiological
signal and the first value, a root mean square value based on
the physiological signal, and a combination thereof. In some
embodiments, the processing equipment may perform signal
conditioning on the physiological signal based on the calcu-
lated value to generate a conditioned signal, and the second
value may be indicative of a deviation of the conditioned
signal from the baseline. In some embodiments, qualifying or
disqualifying the calculated value may be based on a ratio of
the second value to the first value. For example, the ratio may
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be multiplied by a coefficient and compared to a threshold to
determine whether to qualify or disqualify the calculated
value. In some embodiments, the processing equipment may
qualify or disqualify the calculated value based on comparing
ametric derived from the first and second values to a history
of metric values calculated at respective previous times.

In some embodiments, the processing equipment may gen-
erate a first sorted difference signal based on a first segment of
the physiological signal having a size corresponding to a
period associated with a potential physiological rate of a
subject, generate a second sorted difference signal based on a
second segment of the physiological signal having a size
corresponding to a fraction of'the period, and generate a third
difference signal based on a third segment of the physiologi-
cal signal having a size corresponding to a multiple of the
period. The processing equipment may analyze the first, sec-
ond, and third sorted difference signals, and qualify or dis-
qualify a calculated value based on the analysis. The period
may be, for example, derived from the calculated value. In
some embodiments, qualifying or disqualifying the calcu-
lated value may include comparing at least two of the first,
second, third sorted difference signals to each other. In some
embodiments, the processing equipment may compare at
least one of the first, second, and third sorted difference
signals to areference distribution. For example the processing
equipment may use a look-up table to determine one or more
reference values, and qualify or disqualify the calculated
value based on the one or more reference values. In some
embodiments, the processing equipment may identify the
second segment by determining a standard deviation value for
each of a plurality of different segments within the physi-
ological signal, having respective sizes corresponding to the
fraction of the period, and identifying the segment having the
maximum standard deviation value of the plurality of stan-
dard deviation values. In some embodiments, qualifying or
disqualifying the calculated value may include determining
whether the calculated value is likely a harmonic of an actual
period associated with a physiological rate of the subject
based on analyzing the first, second, and third sorted differ-
ence signals.

In some embodiments, the processing equipment may
determine a value indicative of noise in the physiological
signal, adjust at least one criterion for qualifying or disquali-
fying a calculated value based on the value indicative ofnoise,
and qualify or disqualify the calculated value based on the at
least one adjusted criterion. Adjusting the at least one crite-
rion may include, for example, loosening the criterion when
the value indicative of noise exceeds a threshold. In a further
example, adjusting the at least one criterion may include
tightening the criterion when the value indicative of noise is
below a threshold. In a further example, adjusting the at least
one criterion may include adjusting a type of the criterion. In
some embodiments, the at least one criterion may include a
threshold, and the processing equipment may qualify or dis-
qualify the calculated value by determining a metric based on
the physiological signal, and comparing the metric to the
threshold.

In some embodiments, the processing equipment may filter
aphysiological signal based on an adjustable filter to generate
a filtered physiological signal, and perform calculations over
time based on the filtered physiological signal to determine
values indicative of a physiological parameter. The adjustable
filter may be, for example, adjusted based on the values
indicative of the physiological parameter. Some of the calcu-
lations performed over time are qualified, while some are
disqualified. The processing equipment may determine a met-
ric based on the physiological signal, where the metric is used
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to determine whether to output a value based on one or more
previously calculated values when a current calculation is
disqualified. The processing equipment may output a value
based on one or more previously calculated values when a
current calculation is disqualified and a criterion based on the
metric is satisfied. Performing the calculations over time may
include, for example, determining a sequence of correlation
lag values. The processing equipment may maintain a counter
that adjusts a counter value based on whether calculations are
qualified or disqualified and the criterion may be further
based on the counter value. In some embodiments, the metric
may be a noise metric based on the physiological signal, and
the processing equipment may maintain a counter that aug-
ments a counter value when a calculation is disqualified,
determine a threshold based on the noise metric, and output
the value based on one or more previously calculated values
value of the physiological parameter based on a comparison
of the counter value to the threshold. In some embodiments,
the threshold increases when the noise metric increases. In
some embodiments, the filter may include a bandpass filter
having at least one adjustable setting, and the processing
equipment may adjust the at least one setting based on the
metric.

BRIEF DESCRIPTION OF THE FIGURES

The above and other features of the present disclosure, its
nature and various advantages will be more apparent upon
consideration of the following detailed description, taken in
conjunction with the accompanying drawings in which:

FIG. 1 shows an illustrative physiological monitoring sys-
tem, in accordance with some embodiments of the present
disclosure;

FIG. 2 is a block diagram of the illustrative physiological
monitoring system of FIG. 1, which may be coupled to a
subject, in accordance with some embodiments of the present
disclosure;

FIG. 3 is an illustrative signal processing system in accor-
dance with some embodiments of the present disclosure;

FIG. 4 is a flow diagram of illustrative steps for determin-
ing physiological information of a subject, in accordance with
some embodiments of the present disclosure;

FIG. 5 is a flow diagram of illustrative steps for initializing
a technique for determining physiological information, in
accordance with some embodiments of the present disclo-
sure;

FIG. 6 is a table of illustrative status flags, in accordance
with some embodiments of the present disclosure;

FIG. 7 is a block diagram of illustrative memory including
rate algorithm information, in accordance with some embodi-
ments of the present disclosure.

FIG. 8 is a flow diagram of illustrative steps for managing
a status indicator, in accordance with some embodiments of
the present disclosure;

FIG. 9 is a block diagram of illustrative techniques for
managing algorithm settings, in accordance with some
embodiments of the present disclosure;

FIG. 10 s a flow diagram of illustrative steps for managing
algorithm settings using a classification, in accordance with
some embodiments of the present disclosure;

FIG. 11 is a flow diagram of illustrative steps for classify-
ing physiological data, in accordance with some embodi-
ments of the present disclosure;

FIG. 12 is a panel showing two plots of illustrative physi-
ological signals, one of which exhibits a dicrotic notch, in
accordance with some embodiments of the present disclo-
sure;
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FIG. 13 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on an offset of positive and
negative values of a difference signal, in accordance with
some embodiments of the present disclosure;

FIG. 14 is a panel showing two illustrative difference sig-
nals derived from physiological signals, one of which exhibits
a dicrotic notch, along with sorted positive and negative val-
ues, in accordance with some embodiments of the present
disclosure;

FIG. 15 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on a sorted difference signal, in
accordance with some embodiments of the present disclo-
sure;

FIG. 16 is a panel showing a sorted difference signal and
two histograms, inaccordance with some embodiments of the
present disclosure;

FIG. 17 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on area ratios of positive and
negative regions of a difference signal, in accordance with
some embodiments of the present disclosure;

FIG. 18 is a panel showing two illustrative plots of respec-
tive difference signals having positive and negative regions,
in accordance with some embodiments of the present disclo-
sure;

FIG. 19 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on first and second difference
signals, in accordance with some embodiments of the present
disclosure;

FIG. 20 is a panel showing illustrative PPG signals with
and without a dicrotic notch, and corresponding first and
second difference signals for each, in accordance with some
embodiments of the present disclosure;

FIG. 21 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on a skewness value of a
physiological signal, in accordance with some embodiments
of the present disclosure;

FIG. 22 is a panel showing an illustrative contour plot of
instances of skewness value and correlation lag value, in
accordance with some embodiments of the present disclo-
sure;

FIG. 23 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on a skewness value and a
difference signal of the physiological signal, in accordance
with some embodiments of the present disclosure;

FIG. 24 is a panel showing an illustrative plot of classifier
data based on a skewness value and a sorted difference signal,
in accordance with some embodiments of the present disclo-
sure;

FIG. 25 is a flow diagram of illustrative steps for determin-
ing an algorithm setting based on a combination of metrics, in
accordance with some embodiments of the present disclo-
sure;

FIG. 26 is a panel showing an illustrative set of de-trending
metric values and illustrative contours for an illustrative com-
bination of de-trending metrics, in accordance with some
embodiments of the present disclosure;

FIG. 27 is a panel showing three illustrative sets of de-
trending metric values, taken for different window sizes, in
accordance with some embodiments of the present disclo-
sure;

FIG. 28 is a flow diagram of illustrative steps for tempo-
rally monitoring metrics, in accordance with some embodi-
ments of the present disclosure;

FIG. 29 is a panel showing illustrative PPG signals with
and without a dicrotic notch, corresponding difference sig-
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nals for each, and corresponding sorted difference signals for
each in accordance with some embodiments of the present
disclosure;

FIG. 30 is a flow diagram of illustrative steps for determin-
ing a noise metric from a line fit of a sorted difference signal,
in accordance with some embodiments of the present disclo-
sure;

FIG. 31 is a panel showing illustrative PPG signals with
and without a dicrotic notch, corresponding difference sig-
nals for each, corresponding sorted difference signals for
each, and corresponding line fits for each, in accordance with
some embodiments of the present disclosure;

FIG. 32 is a flow diagram of illustrative steps for determin-
ing a noise metric from a segmented line fit of a sorted
difference signal, in accordance with some embodiments of
the present disclosure;

FIG. 33 is a panel showing an illustrative difference signal
derived from a PPG signal, a sorted difference signal, and
corresponding segmented line fits, in accordance with some
embodiments of the present disclosure;

FIG. 34 is a partial view of the sorted difference signal of
FIG. 33, taken from circle 3400, showing portions of two
groups, in accordance with some embodiments of the present
disclosure;

FIG. 35 is a plot of an illustrative first segment of a sorted
difference signal, and corresponding thresholds, in accor-
dance with some embodiments of the present disclosure;

FIG. 36 is a flow diagram of illustrative steps for determin-
ing a noise metric based on identified noise points, in accor-
dance with some embodiments of the present disclosure;

FIG. 37 is a flow diagram of illustrative steps for determin-
ing a noise metric based on two portions of physiological
data, in accordance with some embodiments of the present
disclosure;

FIG. 38 is a panel showing an illustrative PPG signal,
difference signals derived from the PPG signal, and corre-
sponding sorted difference signals, in accordance with some
embodiments of the present disclosure;

FIG. 39 15 a flow diagram ofillustrative steps for estimating
signal-to-noise ratio based on a sorted difference signal, in
accordance with some embodiments of the present disclo-
sure;

FIG. 40 is a panel showing an illustrative contour plot of
instances of signal-to-noise ratio values and ordered statistic
noise metric values, in accordance with some embodiments
of the present disclosure;

FIG. 41 is a flow diagram of illustrative steps for determin-
ing a resultant noise metric based on a combination of noise
metrics, in accordance with some embodiments of the present
disclosure;

FIG. 42 1s a flow diagram ofillustrative steps for modifying
physiological data using an envelope, in accordance with
some embodiments of the present disclosure;

FIG. 43 is a flow diagram of'illustrative steps for modifying
physiological data by subtracting a trend, in accordance with
some embodiments of the present disclosure;

FIG. 44 is a plot of an illustrative window of data with the
mean removed, in accordance with some embodiments of the
present disclosure;

FIG. 45 is a plot of an illustrative window of data and a
quadratic fit, in accordance with some embodiments of the
present disclosure;

FIG. 46 is a plot of the illustrative window of data of FIG.
45 with the quadratic fit subtracted, in accordance with some
embodiments of the present disclosure;
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FIG. 47 is a plot of an illustrative modified window of data
derived from an original window of data with the mean sub-
tracted, in accordance with some embodiments of the present
disclosure;

FIG. 48 is a plot of an illustrative modified window of data
derived from the same original window of data as FIG. 47
with a linear baseline subtracted, in accordance with some
embodiments of the present disclosure;

FIG. 49 is a plot of an illustrative modified window of data
derived from the same original windows of data as FIGS. 47
and 48 with a quadratic baseline subtracted, in accordance
with some embodiments of the present disclosure;

FIG.501s a flow diagram of illustrative steps formodifying
physiological data using a derivative limiter, in accordance
with some embodiments of the present disclosure;

FIG. 51 is a panel of three plots showing an illustrative
window of data having a baseline shift, a first derivative of the
window of data, and a modified window of data, in accor-
dance with some embodiments of the present disclosure;

FIG. 521s a flow diagram of illustrative steps for modifying
physiological data using a stability function, in accordance
with some embodiments of the present disclosure;

FIG. 53 is a panel of three plots showing an illustrative
window of data, a stability function, and a derivative of the
stability function, in accordance with some embodiments of
the present disclosure;

FIG. 54 1s a flow diagram of illustrative steps for modifying
physiological data using a corrected difference signal, in
accordance with some embodiments of the present disclo-
sure;

FIG. 55 1s a panel of plots showing an illustrative difference
signal, a sorted difference signal, a corrected difference sig-
nal, and a corrected difference signal, in accordance with
some embodiments of the present disclosure;

FIG.561s a flow diagram of illustrative steps for modifying
physiological data using a positive signal and a negative sig-
nal, in accordance with some embodiments of the present
disclosure;

FIG. 57 is a panel of five plots showing an illustrative
window of physiological data having varying amplitude, fil-
tered signals, combined signals, and a modified window of
data, in accordance with some embodiments of the present
disclosure;

FIG. 581s a flow diagram of illustrative steps for modifying
physiological data using a filtered signal, in accordance with
some embodiments of the present disclosure;

FIG. 59 is a panel of six plots showing an illustrative
window of physiological data, an absolute value signal, a
filtered signal, a shifted signal, and a modified window of
data, in accordance with some embodiments of the present
disclosure;

FIG. 60 1s a flow diagram of llustrative steps for selectively
applying a filter to physiological data, in accordance with
some embodiments of the present disclosure;

FIG. 61 is a flow diagram of illustrative steps for applying
a bandpass filter having adjustable settings to physiological
data, in accordance with some embodiments of the present
disclosure;

FIG. 62 is a flow diagram of illustrative steps for perform-
ing a correlation using a window of physiological data, in
accordance with some embodiments of the present disclo-
sure;

FIG. 63 is aflow diagram of illustrative steps for generating
a correlation sequence using a window of physiological data,
in accordance with some embodiments of the present disclo-
sure;
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FIG. 64 is a diagram showing an illustrative window of
physiological data and a template at several lags, in accor-
dance with some embodiments of the present disclosure;

FIG. 65 is a plot showing an illustrative correlation
sequence for a window of physiological data, in accordance
with some embodiments of the present disclosure;

FIG. 66 is a flow diagram of illustrative steps for identify-
ing a peak of a correlation output greater than a threshold, in
accordance with some embodiments of the present disclo-
sure;

FIG. 67 is a flow diagram of further illustrative steps for
identifying a peak of a correlation output greater than a
threshold, in accordance with some embodiments of the
present disclosure;

FIG. 68 is a flow diagram of illustrative steps for identify-
ing a peak of a correlation output as the correlation output is
generated, in accordance with some embodiments of the
present disclosure;

FIG. 69 is a plot showing an illustrative correlation
sequence for a window of physiological data, and several
thresholds, in accordance with some embodiments of the
present disclosure;

FIG. 70 is a flow diagram of illustrative steps for perform-
ing a correlation calculation using a correlation matrix, in
accordance with some embodiments of the present disclo-
sure;

FIG. 71 is a block diagram showing an illustrative window
of physiological data with generalized templates and lags, in
accordance with some embodiments of the present disclo-
sure;

FIG. 72 is a diagram showing an illustrative lag matrix and
correlation matrix, in accordance with some embodiments of
the present disclosure;

FIG. 73 is a plot showing a graphical representation of an
illustrative correlation matrix, in accordance with some
embodiments of the present disclosure;

FIG. 74 is a plot showing a graphical representation of the
illustrative correlation matrix of FIG. 73 facing a primary
direction, in accordance with some embodiments of the
present disclosure;

FIG. 75 is a panel of three plots showing an illustrative
window of data, and two sets of two segments of physiologi-
cal data having a relative lag, in accordance with some
embodiments of the present disclosure;

FIG. 76 is a panel of two illustrative plots each showing a
set of a template and corresponding data of FIG. 75 plotted
against each other, in accordance with some embodiments of
the present disclosure;

FIG. 77 is a flow diagram of illustrative steps for determin-
ing a metric from two segments of physiological data, and
using the metric to modify correlation output or identify a
correlation peak, in accordance with some embodiments of
the present disclosure;

FIG. 78 is a panel of two plots corresponding to the plots of
FIG. 76 after an illustrative transformation of the data, in
accordance with some embodiments of the present disclo-
sure;

FIG. 79 is a flow diagram of illustrative steps for determin-
ing a metric from a vertical distribution, and using the metric
to modify correlation output or identify a correlation peak, in
accordance with some embodiments of the present disclo-
sure;

FIG. 80 is a panel of the two plots of FIG. 78 and two
respective plots of corresponding vertical distributions, in
accordance with some embodiments of the present disclo-
sure;
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FIG. 81 is a flow diagram of illustrative steps analyzing a
vertical distribution, in accordance with some embodiments
of the present disclosure;

FIG. 82 is a flow diagram of illustrative steps for determin-
ing a metric from a horizontal distribution, and using the
metric to modify correlation output or identify a correlation
peak, in accordance with some embodiments of the present
disclosure;

FIG. 83 is a panel of the two plots of FIG. 76 and two
respective plots of corresponding horizontal distributions, in
accordance with some embodiments of the present disclo-
sure;

FIG. 84 is a panel of the two plots of illustrative cumulative
distributions of horizontal values, in accordance with some
embodiments of the present disclosure;

FIG. 85 is a flow diagram of illustrative steps for applying
statistical regression analysis, in accordance with some
embodiments of the present disclosure;

FIG. 86 is a flow diagram ofillustrative steps for qualifying
or disqualifying a value that may be indicative of a physi-
ological rate using a cross-correlation, in accordance with
some embodiments of the present disclosure;

FIG. 87 is a plot of an illustrative PPG signal showing one
pulse of a subject, in accordance with some embodiments of
the present disclosure;

FIG. 88 is a plot of an illustrative template derived from the
PPG signal of FIG. 87 with baseline removed, in accordance
with some embodiments of the present disclosure;

FIG. 89 is a plot of the illustrative template of FIG. 88
scaled to different sizes for use as templates in performing a
cross-correlation, in accordance with some embodiments of
the present disclosure;

FIG. 90 is a plot of output of an illustrative cross-correla-
tion between a photoplethysmograph signal or a signal
derived thereofand a predefined template, in accordance with
some embodiments of the present disclosure;

FIG. 91 is a flow diagram ofillustrative steps for qualifying
or disqualifying a value that may be indicative of a physi-
ological rate based on an analysis of two segments of a cross-
correlation output, in accordance with some embodiments of
the present disclosure;

FIG. 92 is a plot of an illustrative cross-correlation output,
showing several reference points for selecting two segments
and generating a symmetry curve, in accordance with some
embodiments of the present disclosure;

FIG. 93 is a plot of an illustrative symmetry curve gener-
ated using two segments of a cross-correlation, in accordance
with some embodiments of the present disclosure;

FIG. 94 is a flow diagram ofillustrative steps for qualifying
or disqualifying one or more values that may be indicative of
aphysiological rate based on an analysis of offset segments of
a cross-correlation signal, in accordance with some embodi-
ments of the present disclosure;

FIG. 95 shows four sets of plots of illustrative cross-corre-
lation signals and corresponding symmetry curves, radial
curves, radius calculations, and angle calculations, in accor-
dance with some embodiments of the present disclosure;

FIG. 96 is a flow diagram ofillustrative steps for qualifying
or disqualifying a value that may be indicative of a physi-
ological rate based on a state transition, in accordance with
some embodiments of the present disclosure;

FIG. 97 is a flow diagram ofillustrative steps for qualifying
or disqualifying a value that may be indicative of a physi-
ological rate based on a skew value, in accordance with some
embodiments of the present disclosure;

FIG. 98 is a flow diagram ofillustrative steps for qualifying
or disqualifying one or more values that may be indicative of
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aphysiological rate based on an areas of positive and negative
portions of segments of a cross-correlation output, in accot-
dance with some embodiments of the present disclosure;

FIG. 99 is a plot of an illustrative cross-correlation output,
centered about zero with a correctly determined correlation
lag value, in accordance with some embodiments of the
present disclosure;

FIG. 100 is a plot of an illustrative cross-correlation output
with a correlation lag value incorrectly determined to be
double the correct rate, in accordance with some embodi-
ments of the present disclosure;

FIG. 101 is a plot of an illustrative cross-correlation output
with the correlation lag value incorrectly determined to be
half the correct rate, in accordance with some embodiments
of the present disclosure;

FIG. 102 is a plot of illustrative difference calculations of
the Area Test, and a plot of illustrative calculated rates indica-
tive of an actual physiological heart rate, in accordance with
some embodiments of the present disclosure;

FIG. 103 is a flow diagram of illustrative steps for qualify-
ing or disqualifying one or more values that may be indicative
of a physiological rate based on a filtered physiological sig-
nal, in accordance with some embodiments of the present
disclosure;

FIG. 104 is a flow diagram of illustrative steps for qualify-
ing or disqualifying one or more values that may be indicative
of a physiological rate based on a comparison of areas of two
segments of a cross-correlation signal, in accordance with
some embodiments of the present disclosure;

FIG. 105 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on statistical properties of a cross-corre-
lation output, in accordance with some embodiments of the
present disclosure;

FIG. 106 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on differences of a physiological signal, in
accordance with some embodiments of the present disclo-
sure;

FIG. 107 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a half lag analysis, in accordance with
some embodiments of the present disclosure;

FIG. 108 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a sorted difference signal, in accor-
dance with some embodiments of the present disclosure;

FIG. 109 is a block diagram of illustrative physiological
data and four identified segments, in accordance with some
embodiments of the present disclosure;

FIG. 110 is a panel of illustrative plots showing paired
sorted difference signals, in accordance with some embodi-
ments of the present disclosure;

FIG. 111 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on analyzing harmonic sorted difference
signals, in accordance with some embodiments of the present
disclosure;

FIG. 112 is a panel of illustrative plots showing sorted
difference signals for a lag, half lag, and double lag segment
of physiological data, in accordance with some embodiments
of the present disclosure;

FIG. 113 is a panel of illustrative plots showing physiologi-
cal data and three selected segments, in accordance with some
embodiments of the present disclosure;

FIG. 114 is an illustrative plot showing a contour plot
representation of a look-up table for qualifying or disquali-
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fying a correlation lag value based on analyzing harmonic
sorted difference signals, in accordance with some embodi-
ments of the present disclosure;

FIG. 115 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a standard deviation ratio (SDR) met-
ric, in accordance with some embodiments of the present
disclosure;

FIG. 116 is a flow diagram of illustrative steps for imple-
menting a standard deviation ratio (SDR) technique, in accor-
dance with some embodiments of the present disclosure;

FIG. 117 is a panel of illustrative plots showing a physi-
ological signal, an SDR signal, an SDR threshold, and a test
outcome signal, in accordance with some embodiments ofthe
present disclosure;

FIG. 118 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a standard deviation ratio (SDR) met-
ric, in accordance with some embodiments of the present
disclosure;

FIG. 119 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a p-value, in accordance with some
embodiments of the present disclosure;

FIG. 120 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a maximum and minimum of a corre-
lation sequence, in accordance with some embodiments of the
present disclosure;

FIG. 121 is a flow diagram of illustrative steps for adjusting
qualification or disqualification criteria based on noise, in
accordance with some embodiments of the present disclo-
sure;

FIG. 122 is a flow diagram of illustrative steps for adjusting
a qualification or disqualification criterion based on a value
indicative of a physiological rate, in accordance with some
embodiments of the present disclosure;

FIG. 123A is a flow diagram of illustrative steps for com-
bining qualification tests, in accordance with some embodi-
ments of the present disclosure;

FIG. 123B is a block diagram of an illustrative neural
network that may receive a combination of inputs, in accor-
dance with some embodiments of the present disclosure;

FIG. 124 is a flow diagram of illustrative steps for combin-
ing qualification tests, in accordance with some embodiments
of the present disclosure;

FIG. 125 is a flow diagram of illustrative steps for analyz-
ing qualification metrics based on scaled templates of differ-
ent lengths, in accordance with some embodiments of the
present disclosure;

FIG. 126 is a flow diagram of illustrative steps for selecting
one or more templates, and analyzing qualification metrics
based on scaled templates, in accordance with some embodi-
ments of the present disclosure;

FIG. 127 is a flow diagram of illustrative steps for manag-
ing posting a value indicative of a physiological parameter, in
accordance with some embodiments of the present disclo-
sure;

FIG. 128 is a flow diagram of illustrative modes of a rate
algorithm, in accordance with some embodiments of the
present disclosure;

FIG. 129 is a flow diagram of illustrative steps for calcu-
lating and posting a physiological rate, in accordance with
some embodiments of the present disclosure;
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FIG. 130 is a flow diagram of illustrative steps for deter-
mining de-trending settings and qualification settings, in
accordance with some embodiments of the present disclo-
sure;

FIG. 131 is a flow diagram of illustrative steps for pre-
processing physiological data, in accordance with some
embodiments of the present disclosure;

FIG. 132 is a flow diagram of illustrative steps for further
pre-processing physiological data, in accordance with some
embodiments of the present disclosure;

FIG. 133 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a correlation lag value, in accordance
with some embodiments of the present disclosure;

FIG. 134 is a flow diagram of illustrative steps for manag-
ing algorithm settings when a correlation lag value is dis-
qualified, in accordance with some embodiments of the
present disclosure;

FIG. 135 is a flow diagram of illustrative steps for manag-
ing algorithm settings when a correlation lag value is quali-
fied, in accordance with some embodiments of the present
disclosure; and

FIG. 136 is a flow diagram of illustrative steps for deter-
mining a physiological parameter using more than one algo-
rithm mode in parallel, in accordance with some embodi-
ments of the present disclosure.

DETAILED DESCRIPTION OF THE FIGURES

The present disclosure is directed towards determining
physiological information including physiological rate infor-
mation. A physiological monitor may determine one or more
physiological parameters such as, for example, pulse rate,
respiration rate, blood oxygen saturation, blood pressure, or
any other suitable parameters, based on one or more signals
received from one or more sensors. For example, a physi-
ological monitor may analyze a photoplethysmographic
(PPG) signal for oscillometric behavior associated with a
pulse rate, a respiration rate, or both. Physiological signals
may include desired and undesired signal components. For
example, physiological signals may include one or more
noise components, which may include the effects of ambient
light, electromagnetic radiation from powered devices (e.g.,
at 50 Hz or 60 Hz), subject movement, any other non-physi-
ological signal component or undesired physiological signal
component, or any combination thereof.

In some circumstances, the determination of a pulse rate
from PPG information may present challenges. Typical pulse
rates range from about 20 to 300 BM for human subjects. For
example, the pulse rate of a neonate may be relatively high
(e.g., 130-180 BPM) compared to that of a resting adult (e.g,.,
50-80 BPM). Various sources of noise may obscure the pulse
rate. For example, motion artifacts from subject movement
may occur over time scales similar to those of the pulse rate of
the subject (e.g., on the order of 1 Hertz). Subject movement
can prove especially troublesome in measuring pulse rates of
neonates, who tend to exhibit significant movement at times
during measurements. Significant movement can cause the
noise component of the PPG signal to be larger and in some
cases significantly larger than the desired physiological pulse
component.

Other factors may also present challenges in determining
pulse rate. For example, the shape of physiological pulses can
vary significantly not only between subjects, but also over
time for subjects. Moreover, certain pulse shapes in particular
may make it difficult to determine the correct pulse rate. As an
example, deep dicrotic notches may cause a single pulse to
appear similar to two consecutive pulses and thus it may cause
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the determined pulse rate to be double the actual rate. Low
perfusion is another factor that can present challenges. A
subject with low perfusion typically has low-amplitude
physiological pulses and therefore PPG signals derived from
such subjects may be more susceptible to noise than PPG
signals derived from other subjects.

A physiological signal, a signal derived thereof, ora metric
derived thereof may be analyzed to determine whether the
physiological signal is indicative of a desired physiological
activity. Varying levels of rigor, types of qualifications, types
of de-trending, or other processing characteristics may be
used during the analysis, based on characteristics of the signal
or one or more derived metrics. For example, signals exhib-
iting relatively large amounts of noise may be analyzed dif-
ferently than signals exhibiting relatively less noise. In a
further example, PPG signals exhibiting a dicrotic notch may
be analyzed differently than PPG signals exhibiting no
dicrotic notch.

The present disclosure discloses techniques for reliably
determining rate information from a physiological signal and
in particular to determining pulse rate from photoplethysmo-
graphic information. The present disclosure also discloses
techniques for determining noise information from a physi-
ological signal. The present disclosure also discloses tech-
niques for conditioning physiological signals. The present
disclosure also discloses techniques for qualifying physi-
ological information. While the disclosed techniques are
described in some embodiments as being implemented in the
context of oximeters, it will be understood that any suitable
processing device may be used in accordance with the present
disclosure.

An oximeter is a medical device that may determine the
oxygen saturation of the blood. One common type of oxime-
ter is a pulse oximeter, which may indirectly measure the
oxygen saturation of a subject’s blood (as opposed to mea-
suring oxygen saturation directly by analyzing a blood
sample taken from the subject). Pulse oximeters may be
included in physiological monitoring systems that measure
and display various blood flow characteristics including, but
not limited to, the oxygen saturation of hemoglobin in arterial
blood. Such physiological monitoring systems may also mea-
sure and display additional physiological parameters, such as
a subject’s pulse rate, respiration rate, and blood pressure.

An oximeter may include a light sensor that is placed at a
site on a subject, typically a fingertip, toe, forehead or earlobe,
or in the case of a neonate, across a foot. The oximeter may
use a light source to pass light through blood perfused tissue
and photoelectrically sense the transmission of the light in the
tissue. In addition, locations which are not typically under-
stood to be optimal for pulse oximetry may be used in some
embodiments. For example, additional suitable sensor loca-
tions include, without limitation, the neck to monitor carotid
artery pulsatile flow, the wrist to monitor radial artery pulsa-
tile flow, the inside of a subject’s thigh to monitor femoral
artery pulsatile flow, the ankle to monitor tibial artery pulsa-
tile flow, and around or in front of the ear. Suitable sensors for
these locations may include sensors for sensing attenuated
light based on detecting reflected light. In all suitable loca-
tions, for example, the oximeter may measure the intensity of
light that is received at the light sensor as a function of time.
The oximeter may also include sensors at multiple locations.
A signal representing light intensity versus time or a math-
ematical manipulation of this signal (e.g., a scaled version
thereof, a log taken thereof, a scaled version of a log taken
thereof, etc.) may be referred to as a photoplethysmograph
(PPG) signal. In addition, the term “PPG signal,” as used
herein, may also refer to an absorption signal (i.e., represent-
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ing the amount of light absorbed by the tissue) or any suitable
mathematical manipulation thereof. The light intensity or the
amount of light absorbed may then be used to calculate any of
a number of physiological parameters, including an amount
of ablood constituent (e.g., oxyhemoglobin) being measured
as well as a pulse rate and when each individual pulse occurs.

In some applications, the light passed through the tissue is
selected to be of one or more wavelengths that are absorbed
by the blood in an amount representative of the amount of the
blood constituent present in the blood. The amount of light
passed through the tissue varies in accordance with the chang-
ing amount of blood constituent in the tissue and the related
light absorption. Red and infrared (TR) wavelengths may be
used because it has been observed that highly oxygenated
blood will absorb relatively less Red light and more IR light
than blood with a lower oxygen saturation. By comparing the
intensities of two wavelengths at different points in the pulse
cycle, it is possible to estimate the blood oxygen saturation of
hemoglobin in arterial blood.

When the measured blood parameter is the oxygen satura-
tion of hemoglobin, a convenient starting point assumes a
saturation calculation based on Lambert-Beer’s law. The fol-
lowing notation will be used herein:

10)=Io(Merp(=(sPo(M)+{1-5)B,(NI@)-

where:
A=wavelength;
t=time;
I=intensity of light detected;
I =intensity of light transmitted;
s=oxygen saturation;
[o.p,=absorption coefficients (e.g., empirically derived); and
I(t)=a combination of concentration and path length from

emitter to detector as a function of time.

In some embodiments, a physiological system may mea-
sure light absorption at two wavelengths (e.g., Red and IR),
and then calculates saturation by solving for the “ratio of
ratios” as follows.

1. The natural logarithm of Eq. 1 is taken (“log” will be used
to represent the natural logarithm) for IR and Red to yield:

M

log I=log I~ (sPo+{1-5)B,)(2))- @

2. Hq. 2 is then differentiated with respect to time to yield the
following:

dlogl
dr

dl
==(sfe+(1 -S)ﬁr)dT[-

3.Eq.3, evaluated at the Red wavelength A, is divided by Eq.
3 evaluated at the IR wavelength A, in accordance with the
following:

—(sBo(Ar) + (L =5)B.(Az))
—(sPo(Ar) + (1 =5)B,(Ap))"

dloglAg)/dt )

dlogi(AR)jd1 ~

4. Solving for s yields the following:

dlogl(r)
di

(Bo(Air) = BrAsr)) —

dlogl (A,
W)

dl Ogl AIR)

ﬁr /IR -

dlog[ ) (Ba(Agr) = B(Ap))
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5. Note that, in discrete time, the following approximation
can be made:

dlogi(A, 1)
dt

= logl(A, ) —logl(A, 11).
6. Rewriting Eq. 6 yields the following:

dlogi(A, 1)
dr

1A, )
> log(l(/\, 11))'

7. Thus, Eq. 4 can be expressed as follows:

®

dlogl(\g) (I(AR [1))
dr 1(Ag, 1)
dlogl /\!R,l) ( AIRJI))
1R, 12)

where R represents the “ratio of ratios.”
8. Solving Eq. 4 for s using the relationship of Eq. 5 yields:

_ BrAg) = RBAr)
R(Bo(Aig) = Brldip)) — Bog) + BrAg)”

©

9.From Eq. 8, R can be calculated using two points (e.g., PPG
maximum and minimum), or a family of points. One
method applies a family of points to a modified version of
Eq. 8. Using the following relationship:

dlogl di/di
i ~ 1
Eq. 8 becomes

(10)

dlogl(Ag) 1{Ag, ) = I(Ag, 11) (1D
di N I(Ag, 11)
dlogAp, 1) ~ I4g. )= 1. 1)
dt IR, 1)

_ U, )= 1g, i1, 1)
(AR, 22) = I(Agr, W (Ag, 1)
=R

which defines a cluster of points whose slope of y versus x
will give R when

=g 1) ~L (g, 1 ) p 1)
and
Y=g 1) ~d(hg, 1)y 1) (13)

Once R is determined or estimated, for example, using the
techniques described above, the blood oxygen saturation can
be determined or estimated using any suitable technique for
relating a blood oxygen saturation value to R. For example,
blood oxygen saturation can be determined from empirical
data that may be indexed by values of R, and/or it may be
determined from curve fitting and/or other interpolative tech-
niques.

Pulse rate can be determined from the IR light signal, the
Red light signal, any other suitable wavelength light signal, or
a combination of light signals.

FIG. 1 is a perspective view of an embodiment of a physi-
ological monitoring system 10, which may be used to imple-

(12)
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ment a rate algorithm, for example. System 10 may include
sensor unit 12 and monitor 14. In some embodiments, sensor
unit 12 may be part of an oximeter. Sensor unit 12 may
include an emitter 16 for emitting light at one or more wave-
lengths into a subject’s tissue. A detector 18 may also be
provided in sensor 12 for detecting the light originally from
emitter 16 that emanates from the subject’s tissue after pass-
ing through the tissue. Any suitable physical configuration of
emitter 16 and detector 18 may be used. In an embodiment,
sensor unit 12 may include multiple emitters and/or detectors,
which may be spaced apart. System 10 may also include one
or more additional sensor units (not shown) which may take
the form of any of the embodiments described herein with
reference to sensor unit 12. An additional sensor unit may be
the same type of sensor unit as sensor unit 12, or a different
sensor unit type than sensor unit 12. Multiple sensor units
may be capable of being positioned at two different locations
on a subject’s body; for example, a first sensor unit may be
positioned on a subject’s forehead, while a second sensor unit
may be positioned at a subject’s fingertip.

Sensor units may each detect any signal that carries infor-
mation about a subject’s physiological state, such as arterial
line measurements or the pulsatile force exerted on the walls
of an artery using, for example, oscillometric methods with a
piezoelectric transducer. According to another embodiment,
system 10 may include a plurality of sensors forming a sensor
array in lieu of either or both of the sensor units. Each of the
sensors of a sensor array may be a complementary metal
oxide semiconductor (CMOS) sensor. Alternatively, each
sensor of an array may be a charged coupled device (CCD)
sensor. In some embodiments, a sensor array may be made up
of a combination of CMOS and CCD sensors. The CCD
sensor may comprise a photoactive region and a transmission
region for receiving and transmitting data whereas the CMOS
sensor may be made up of an integrated circuit having an
array of pixel sensors. In some embodiments, each pixel may
have a photodetector and an active amplifier. In some embodi-
ments, a group of pixels may share an amplifier. It will be
understood that any type of sensor, including any type of
physiological sensor, may be used in one or more sensor units
in accordance with the systems and techniques disclosed
herein. It is understood that any number of sensors measuring
any number of physiological signals may be used to deter-
mine physiological information in accordance with the tech-
niques described herein.

In some embodiments, emitter 16 and detector 18 may be
on opposite sides of a digit such as a finger or toe, in which
case the light that is emanating from the tissue has passed
completely through the digit. In an embodiment, emitter 16
and detector 18 may be arranged so that light from emitter 16
penetrates the tissue and is attenuated by the tissue and trans-
mitted to detector 18, such as in a sensor designed to obtain
pulse oximetry data from a subject’s forehead.

In some embodiments, sensor unit 12 may be connected to
and draw its power from monitor 14 as shown. In another
embodiment, the sensor may be wirelessly connected to
monitor 14 and include its own battery or similar power
supply (not shown). Monitor 14 may be configured to calcu-
late physiological parameters (e.g., pulse rate, blood pres-
sure, blood oxygen saturation) based on data relating to light
emission and detection received from one or more sensor
units such as sensor unit 12. In an alternative embodiment, the
calculations may be performed on the sensor units or an
intermediate device and the result of the calculations may be
passed to monitor 14. Further, monitor 14 may include a
display 20 configured to display the physiological parameters
or other information about the system. In the embodiment
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shown, monitor 14 may also include a speaker 22 to provide
an audible sound that may be used in various other embodi-
ments, such as for example, sounding an audible alarm in the
event that a subject’s physiological parameters are not within
a predefined normal range. In some embodiments, the moni-
tor 14 includes a blood pressure monitor. In some embodi-
ments, the system 10 includes a stand-alone blood pressure
monitor in communication with the monitor 14 via a cable or
a wireless network link.

In some embodiments, sensor unit 12 may be communica-
tively coupled to monitor 14 via a cable 24. In some embodi-
ments, a wireless transmission device (not shown) or the like
may be used instead of or in addition to cable 24.

In the illustrated embodiment, system 10 includes a multi-
parameter physiological monitor 26. The monitor 26 may
include a cathode ray tube display, a flat panel display (as
shown by display 28) such as a liquid crystal display (LCD) or
a plasma display, or may include any other type of monitor
now known or later developed. Multi-parameter physiologi-
cal monitor 26 may be configured to calculate physiological
parameters and to provide a display 28 for information from
monitor 14 and from other medical monitoring devices or
systems (not shown). For example, multi-parameter physi-
ological monitor 26 may be configured to display pulse rate
information from monitor 14, an estimate of a subject’s blood
oxygen saturation generated by monitor 14 (referred to as an
“SpO,” measurement), and blood pressure from monitor 14
on display 28. Multi-parameter physiological monitor 26
may include a speaker 30.

Monitor 14 may be communicatively coupled to multi-
parameter physiological monitor 26 via a cable 32 or 34 that
is coupled to a sensor input port or a digital communications
port, respectively and/or may communicate wirelessly (not
shown). In addition, monitor 14 and/or multi-parameter
physiological monitor 26 may be coupled to a network to
enable the sharing of information with servers or other work-
stations (not shown). Monitor 14 and/or multi-parameter
physiological monitor 26 may be powered by a battery (not
shown) or by a conventional power source such as a wall
outlet. In some embodiments, monitor 14, monitor 26, or
both, may include one or more communications ports (not
shown in FIG. 1) such as, for example, universal serial bus
(USB) ports, ethernet ports, WIFI transmitters/receivers,
RS232 ports, any other suitable communications ports, or any
combination thereof. In some embodiments, monitor 14,
monitor 26, or both, may include memory (not shown in FIG.
1) such as, for example, a hard disk, flash memory (e.g., a
multimedia card (MMC), a Secure Digital (SD) card), read
only memory, any other suitable memory, any suitable com-
munications ports for communicating with memory (e.g., a
USB port for excepting flash memory drives, an Ethernet port
for communicating with a remote server), or any combination
thereof.

FIG. 2 is a block diagram of a physiological monitoring
system, such as physiological monitoring system 10 of FIG.
1, which may be coupled to a subject 40 in accordance with
some embodiments. Certain illustrative components of sen-
sor unit 12 and monitor 14 are illustrated in FIG. 2.

Sensor unit 12 may include emitter 16, detector 18, and
encoder 42. In the embodiment shown, emitter 16 may be
configured to emit at least two wavelengths of light (e.g., Red
and IR) into a subject’s tissue 40. Hence, emitter 16 may
include a Red light emitting light source such as Red light
emitting diode (LED) 44 and an IR light emitting light source
such as IR LED 46 for emitting light into the subject’s tissue
40 at the wavelengths used to calculate the subject’s physi-
ological parameters. In some embodiments, the Red wave-
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length may be between about 600 nm and about 700 nm, and
the IR wavelength may be between about 800 nm and about
1000 nm. In some embodiments, in which a sensor array is
used in place of a single sensor, each sensor may be config-
ured to emit a single wavelength. For example, a first sensor
emits only a Red light while a second emits only an IR light.
In another example, the wavelengths of light used are selected
based on the specific location of the sensor.

It will be understood that, as used herein, the term “light”
may refer to energy produced by radiation sources and may
include one or more of radio, microwave, millimeter wave,
infrared, visible, ultraviolet, gamma ray or X-ray electromag-
netic radiation. As used herein, light may also include elec-
tromagnetic radiation having any wavelength within the
radio, microwave, infrared, visible, ultraviolet, or X-ray spec-
tra, and that any suitable wavelength of electromagnetic
radiation may be appropriate for use with the present tech-
niques. Detector 18 may be chosen to be specifically sensitive
to the chosen targeted energy spectrum of the emitter 16, the
hemoglobin absorption profile, or both.

In some embodiments, detector 18 may be configured to
detect the intensity of light at the Red and IR wavelengths.
Alternatively, each sensor in the array may be configured to
detectintensity at a single wavelength. In operation, light may
enter detector 18 after being attenuated (e.g., absorbed, scat-
tered) by the subject’s tissue 40. Detector 18 may convert the
intensity of the received light into an electrical signal. The
light intensity is related to the absorption and/or reflection of
light in the tissue 40. That is, when more light at a certain
wavelength is absorbed or reflected, less or more light of that
wavelength is received from the tissue by the detector 18.
After converting the received light to an electrical signal,
detector 18 may send the signal to monitor 14, where physi-
ological parameters may be calculated based on the absorp-
tion of the Red and IR wavelengths in the subject’s tissue 40.

In some embodiments, encoder 42 may contain informa-
tion about sensor 12, such as sensor type (e.g., whether the
sensor is intended for placement on a forehead or digit), the
wavelengths of light emitted by emitter 16, power require-
ments or limitations of emitter 16, or other suitable informa-
tion. This information may be used by monitor 14 to select
appropriate algorithms, lookup tables and/or calibration coef-
ficients stored in monitor 14 for calculating the subject’s
physiological parameters.

In some embodiments, encoder 42 may contain informa-
tion specific to subject 40, such as, for example, the subject’s
age, weight, and diagnosis. Information regarding a subject’s
characteristics may allow monitor 14 to determine, for
example, subject-specific threshold ranges in which the sub-
ject’s physiological parameter measurements should fall and
to enable or disable additional physiological parameter algo-
rithms. This information may also be used to select and pro-
vide coefficients for equations from which, for example,
pulse rate, blood pressure, and other measurements may be
determined based on the signal or signals received at sensor
unit 12. For example, some pulse oximetry sensors rely on
equations to relate an area under a portion of a PPG signal
corresponding to a physiological pulse to determine blood
pressure. These equations may contain coefficients that
depend upon a subject’s physiological characteristics as
storedinencoder 42. Encoder 42 may, for instance, be acoded
resistor which stores values corresponding to the type of
sensor unit 12 or the type of each sensor in the sensor array,
the wavelengths of light emitted by emitter 16 on each sensor
of the sensor array, and/or the subject’s characteristics. In
some embodiments, encoder 42 may include a memory on
which one or more of the following information may be
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stored for communication to monitor 14: the type of the
sensor unit 12; the wavelengths of light emitted by emitter 16;
the particular wavelength each sensor in the sensor array is
monitoring; a signal threshold for each sensor in the sensor
array; any other suitable information; or any combination
thereof. In some embodiments, encoder 42 may include an
identifying component such as, for example, a radio-fre-
quency identification (RFID) tag that may be read by decoder
74.

In some embodiments, signals from detector 18 and
encoder 42 may be transmitted to monitor 14. In the embodi-
ment shown, monitor 14 may include a general-purpose
microprocessor 48, FPGA 49, or both, connected to an inter-
nal bus 50. In some embodiments, monitor 14 may include
one or more microprocessors, digital signal processors
(DSPs), or both. Microprocessor 48 may be adapted to
execute software, which may include an operating system and
one or more applications, as part of performing the functions
described herein. Also connected to bus 50 may be a read-
only memory (ROM) 52, a random access memory (RAM)
54, removable memory 53, user inputs 56, display 20, and
speaker 22.

RAM 54, ROM 52, and removable memory 53 are illus-
trated by way of example (e.g., communications interface 90,
flash memory, digital logic array, field programmable gate
array (FPGA), or any other suitable memory), and not limi-
tation. Any suitable computer-readable media may be used in
the system for data storage. Computer-readable media are
capable of storing information that can be interpreted by
microprocessor 48, FPGA 49, or both. This information may
be data or may take the form of computer-executable instruc-
tions, such as software applications, that cause the micropro-
cessor to perform certain functions and/or computer-imple-
mented methods. Depending on the embodiment, such
computer-readable media may include computer storage
media and communication media. Computer storage media
may include volatile and non-volatile, writable and non-writ-
able, and removable and non-removable media implemented
in any method or technology for storage of information such
as computer-readable instructions, data structures, program
modules or other data. Computer storage media may include,
but is not limited to, RAM, ROM, EPROM, EEPROM, flash
memory or other solid state memory technology, CD-ROM,
DVD, or other optical storage, magnetic cassettes, magnetic
tape, magnetic disk storage or other magnetic storage devices,
or any other medium which can be used to store the desired
information and which can be accessed by components of the
system.

In the embodiment shown, a time processing unit (TPU) 58
may provide timing control signals to light drive circuitry 60,
which may control when emitter 16 is illuminated and mul-
tiplexed timing for Red LED 44 and IR LED 46. TPU 58 may
also control the gating-in of signals from detector 18 through
amplifier 62 and switching circuit 64. These signals are
sampled at the proper time, depending upon which light
source is illuminated. In some embodiments, microprocessor
48, FPGA 49, or both, may de-multiplex the signal from
detector 18 using de-multiplexing techniques such as time-
division, frequency-division, code division, or any other suit-
able de-multiplexing technique. In some embodiments,
microprocessor 48, FPGA 49, or both, may perform the func-
tions of TPU 58 using suitable timing signals and multiplex-
ing/de-multiplexing algorithms, and accordingly TPU 58
need not be included. The received signal from detector 18
may be passed through amplifier 66, low pass filter 68, and
analog-to-digital converter 70. The digital data may then be
stored in a queued serial module (QSM) 72 (or buffer such as
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a first in first out (FIFO) buffer) for later downloading to
RAM 54 as QSM 72 fills up. A window of data may be
selected from the data stored in the buffer for further process-
ing. In some embodiments, there may be multiple separate
parallel paths having components equivalent to amplifier 62,
switching circuit 64, amplifier 66, filter 68, and/or A/D con-
verter 70 for multiple light wavelengths or spectra received.
In some embodiments, a filter (e.g., an analog filter) may be
included (not shown) between amplifier 62 and switching
circuit 64.

In an embodiment, microprocessor 48 may determine the
subject’s physiological parameters, such as pulse rate, SpO,,
and/or blood pressure, using various algorithms and/or look-
up tables based on the value of the received signals and/or
data corresponding to the light received by detector 18. Sig-
nals corresponding to information about subject 40, and par-
ticularly about the intensity of attenuated light emanating
from a subject’s tissue over time, may be transmitted from
encoder 42 to decoder 74. These signals may include, for
example, encoded information relating to subject charactet-
istics. Decoder 74 may translate these signals to enable the
microprocessor to determine the thresholds based on algo-
rithms or look-up tables stored in ROM 52. In some embodi-
ments, user inputs 56 may be used enter information, select
one or more options, provide a response, input settings, any
other suitable inputting function, or any combination thereof.
User inputs 56 may be used to enter information about the
subject, such as age, weight, height, diagnosis, medications,
treatments, and so forth. In some embodiments, display 20
may exhibit a list of values which may generally apply to the
subject, such as, for example, age ranges or medication fami-
lies, which the user may select using user inputs 56.

Calibration device 80, which may be powered by monitor
14 via a coupling 82, a battery, or by a conventional power
source such as a wall outlet, may include any suitable signal
calibration device. Calibration device 80 may be communi-
catively coupled to monitor 14 via communicative coupling
82, and/or may communicate wirelessly (not shown). In some
embodiments, calibration device 80 is completely integrated
within monitor 14. In some embodiments, calibration device
80 may include a manual input device (not shown) used by an
operator to manually input reference signal measurements
obtained from some other source (e.g., an external invasive or
non-invasive physiological measurement system). Calibra-
tion device 80 may be coupled to one or more components of
monitor 14 to calibrate monitor 14.

Communications (“Comm”) interface 90 may include any
suitable hardware, software, or both, which may allow physi-
ological monitoring system 10 (e.g., monitor 14, monitor 26)
to communicate with electronic circuitry, a device, a network,
or any combinations thereof. Communications interface 90
may include one or more receivers, transmitters, transceivers,
antennas, plug-in connectors, ports, communications buses,
communications protocols, device identification protocols,
any other suitable hardware or software, or any combination
thereof. Communications interface 90 may be configured to
allow wired communication (e.g., using USB, RS-232 or
other standards), wireless communication (e.g., using WiFi,
IR, WiMax, BLUETOOTH, UWB, or other standards), or
both. For example, communications interface 90 may be con-
figured using a universal serial bus (USB) protocol (e.g., USB
1.0, USB 2.0, USB 3.0), and may be configured to couple to
other devices (e.g., remote memory devices storing tem-
plates) using a four-pin USB standard Type-A connector
(e.g., plug and/or socket) and cable. In a further example,
communications interface 90 may be configured to access a
database server, which may contain a template database. In
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some embodiments, communications interface 90 may
include an internal bus such as, for example, one or more slots
for insertion of expansion cards (e.g., to expand the capabili-
ties of monitor 14, monitor 26, or both).

As described above, the optical signal attenuated by the
tissue can be degraded by noise, among other sources, and an
electrical signal derived thereof can also be degraded by
noise. One source of noise is ambient light that reaches the
light detector. Another source of noise in an intensity signal is
electromagnetic coupling from other electronic instruments.
Movement of the subject also introduces noise and affects the
signal. For example, the contact between the detector and the
skin, or the emitter and the skin, can be temporarily disrupted
when movement causes either to move away from the skin. In
addition, because blood is a fluid, it responds differently than
the surrounding tissue to inertial effects, thus resulting in
momentary changes in volume at the point to which the
oximeter probe is attached.

Noise (e.g., from subject movement) can degrade a sensor
signal relied upon by a care provider, without the care pro-
vider’s awareness. This is especially true if the monitoring of
the subject is remote, the motion is too small to be observed,
or the care provider is watching the instrument or other parts
of the subject, and not the sensor site. Analog and/or digital
processing of sensor signals (e.g., PPG signals) may involve
operations that reduce the amount of noise present in the
signals or otherwise identify noise components in order to
prevent them from affecting measurements of physiological
parameters derived from the sensor signals.

It will be understood that the present disclosure is appli-
cable to any suitable signal and that PPG signals are used
merely for illustrative purposes. Those skilled in the art will
recognize that the present disclosure has wide applicability to
other signals including, but not limited to, other biosignals
(e.g., electrocardiograms, electroencephalograms, electro-
gastrograms, electromyograms, pulse rate signals, pathologi-
cal signals, ultrasound signals, any other suitable biosignals),
or any combination thereof.

FIG. 3 is an illustrative signal processing system 300 in
accordance with some embodiments that may implement the
signal processing techniques described herein. In some
embodiments, signal processing system 300 may be included
in a physiological monitoring system (e.g., physiological
monitoring system 10 of FIGS. 1-2). In the illustrated
embodiment, input signal generator 310 generates an input
signal 316. As illustrated, input signal generator 310 may
include pre-processor 320 coupled to sensor 318, which may
provide input signal 316. In some embodiments, input signal
316 may include one or more intensity signals based on a
detector output. In some embodiments, pre-processor 320
may be an oximeter and input signal 316 may be a PPG signal.
In an embodiment, pre-processor 320 may be any suitable
signal processing device and input signal 316 may include
PPG signals and one or more other physiological signals,
such as an electrocardiogram (ECG) signal. It will be under-
stood that input signal generator 310 may include any suitable
signal source, signal generating data, signal generating equip-
ment, or any combination thereof to produce signal 316.
Signal 316 may be a single signal, or may be multiple signals
transmitted over a single pathway or multiple pathways.

Pre-processor 320 may apply one or more signal process-
ing operations to the signal generated by sensor 318. For
example, pre-processor 320 may apply a pre-determined set
of processing operations to the signal provided by sensor 318
to produce input signal 316 that can be appropriately inter-
preted by processor 312, such as performing A/D conversion.
In some embodiments, A/D conversion may be performed by
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processor 312. Pre-processor 320 may also perform any of the
following operations on the signal provided by sensor 318:
reshaping the signal for transmission, multiplexing the signal,
modulating the signal onto carrier signals, compressing the
signal, encoding the signal, and filtering the signal. In some
embodiments, pre-processor 320 may include a current-to-
voltage converter (e.g., to convert a photocurrent into a volt-
age), an amplifier, a filter, and A/D converter, a de-multi-
plexer, any other suitable pre-processing components, or any
combination thereof.

In some embodiments, signal 316 may include PPG signals
corresponding to one or more light frequencies, such as an IR
PPG signal and a Red PPG signal. In some embodiments,
signal 316 may include signals measured at one or more sites
on a subject’s body, for example, a subject’s finger, toe, ear,
arm, or any other body site. In some embodiments, signal 316
may include multiple types of signals (e.g., one or more of an
ECG signal, an EEG signal, an acoustic signal, an optical
signal, a signal representing a blood pressure, and a signal
representing a heart rate). Signal 316 may be any suitable
biosignal or any other suitable signal.

In some embodiments, signal 316 may be coupled to pro-
cessor 312. Processor 312 may be any suitable software,
firmware, hardware, or combination thereof for processing
signal 316. For example, processor 312 may include one or
more hardware processors (e.g., integrated circuits), one or
more software modules, computer-readable media such as
memory, firmware, or any combination thereof. Processor
312 may, for example, be a computer or may be one or more
chips (i.e., integrated circuits). Processor 312 may, for
example, include an assembly of analog electronic compo-
nents. Processor 312 may calculate physiological informa-
tion. For example, processor 312 may compute one or more of
a pulse rate, respiration rate, blood pressure, oxygen satura-
tion, or any other suitable physiological parameter. Processor
312 may perform any suitable signal processing of signal 316
to filter signal 316, such as any suitable band-pass filtering,
adaptive filtering, closed-loop filtering, any of the filtering
disclosed herein, any other suitable filtering, and/or any com-
bination thereof. Processor 312 may also receive input signals
from additional sources (not shown). For example, processor
312 may receive an input signal containing information about
treatments provided to the subject. Additional input signals
may be used by processor 312 in any of the calculations or
operations it performs in accordance with processing system
300.

In some embodiments, all or some of pre-processor 320,
processor 312, or both, may be referred to collectively as
processing equipment. In some embodiments, any of the pro-
cessing components and/or circuits, or portions thereof, of
FIGS. 1-3 may be referred to collectively as processing equip-
ment. For example, processing equipment may be configured
to amplify, filter, sample and digitize input signal 316 (e.g.,
using an analog to digital converter), and calculate physi-
ological information from the digitized signal. Accordingly,
system 300 may be used to implement a rate algorithm. In
some embodiments, all or some of the components of the
processing equipment may referred to as a processing mod-
ule.

Processor 312 may be coupled to one or more memory
devices (not shown) or incorporate one or more memory
devices such as any suitable volatile memory device (e.g.,
RAM. registers, etc.), non-volatile memory device (e.g.,
ROM, EPROM, magnetic storage device, optical storage
device, flash memory, etc.), or both. The memory may be used
by processor 312 to, for example, store fiducial information or
initialization information corresponding to physiological
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monitoring. In some embodiments, processor 312 may store
physiological measurements or previously received data from
signal 316 in a memory device for later retrieval. In some
embodiments, processor 312 may store calculated values,
such as a pulse rate, a blood pressure, a blood oxygen satu-
ration, a fiducial point location or characteristic, an initializa-
tion parameter, or any other calculated values, in a memory
device for later retrieval.

Processor 312 may be coupled to output 314. Output 314
may be any suitable output device such as one or more medi-
cal devices (e.g., a medical monitor that displays various
physiological parameters, a medical alarm, or any other suit-
able medical device that either displays physiological param-
eters or uses the output of processor 312 as an input), one or
more display devices (e.g., monitor, PDA, mobile phone, any
other suitable display device, or any combination thereof),
one or more audio devices, one or more memory devices (e.g.,
hard disk drive, flash memory, RAM, optical disk, any other
suitable memory device, or any combination thereof), one or
more printing devices, any other suitable output device, or
any combination thereof.

It will be understood that system 300 may be incorporated
into system 10 (FIGS. 1 and 2) in which, for example, input
signal generator 310 may be implemented as part of sensor
unit 12 (of FIGS. 1 and 2) and monitor 14 (of FIGS. 1 and 2)
and processor 312 may be implemented as part of monitor 14
(FIGS. 1 and 2). In some embodiments, portions of system
300 may be configured to be portable. For example, all or part
of system 300 may be embedded in a small, compact object
carried with or attached to the subject (e.g., a watch, other
piece of jewelry, or a smart phone). In some embodiments, a
wireless transceiver (not shown) may also be included in
system 300 to enable wireless communication with other
components of system 10 (FIGS. 1 and 2). As such, system 10
(FIGS. 1 and 2) may be part of a fully portable and continuous
subject monitoring solution. In some embodiments, a wire-
less transceiver (not shown) may also be included in system
300 to enable wireless communication with other compo-
nents of system 10. For example, pre-processor 320 may
output signal 316 over BLUETOOTH, 802.11, WiFi, WiMax,
cable, satellite, Infrared, or any other suitable transmission
scheme. In some embodiments, a wireless transmission
scheme may be used between any communicating compo-
nents of system 300. In some embodiments, system 300 may
include one or more communicatively coupled modules con-
figured to perform particular tasks. In some embodiments,
system 300 may be included as a module communicatively
coupled to one or more other modules.

Pre-processor 320 or processor 312 may determine rate
based on a periodicity within physiological signal 316 (e.g., a
PPG signal) that is associated with a subject’s pulse rate using
one or more processing techniques. For ease of illustration,
the following rate determination techniques will be described
as performed by processor 312, but any suitable processing
device (e.g., pre-processor 320, microprocessor 48, any other
suitable components of system 10 and/or system 300, or any
combination thereof) may be used to implement any of the
techniques described herein.

Physiological information such as pulse rate may be deter-
mined based on signals received from a physiological sensor.
FIG. 4 is a flow diagram 400 of illustrative steps for deter-
mining physiological information of a subject, in accordance
with some embodiments of the present disclosure. In accor-
dance with flow diagram 400, an algorithm may be used to
condition and analyze a window of data buffered from a
physiological signal, and by determine a physiological rate
when one or more qualification tests are passed. One or more
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settings of the algorithm may be managed using, for example,
amode selection that may be used to define the signal condi-
tioning, qualification, and rate posting management. The
illustrative steps of flow diagram 400, or suitable portions
thereof, will be referred to as the “rate algorithm” herein.

The steps of flow diagram 400, and all subsequent flow
diagrams of this disclosure, may be performed using the
physiological monitoring system 10 of FIGS. 1-2, system 300
of FIG. 3, any other suitable system, or any combination
thereof. For example, in some embodiments, the steps may be
performed by a particular central processing unit (CPU) of
physiological monitoring system 10 (e.g., including micro-
processor 48, bus 50, and any or all components coupled to
bus 50). In a further example (not shown), physiological
monitoring system 10 may be a modular system, including
one or more functional modules (i.e., software, hardware, or
a combination of both) configured to perform particular tasks
or portions of tasks thereof. Any suitable arrangement of
physiological monitoring system 10, any other suitable sys-
tem, or any combination thereof, may be used in accordance
with the present disclosure. For illustrative purposes, the flow
diagrams of the present disclosure will be discussed in refer-
ence to processing equipment, which may include physi-
ological monitoring system 10, system 300 of FIG. 3, any
other suitable system, any suitable components thereof, or
any combination thereof.

Step 402 may include processing equipment initializing
the algorithm for determining physiological information. In
some embodiments, step 402 may include beginning to fill the
buffer with physiological data from the physiological signal.
In some embodiments, step 402 may include initializing one
or more status flags or other algorithm settings.

Step 404 may include processing equipment managing one
or more status flags. In some embodiments, the processing
equipment may initialize one or more status flags, determine
whether to change the value of one or more status flags,
change the value of one or more status flags, update one or
more status flags, receive information regarding one or more
status flags, perform any other status flag management func-
tions, or any combination thereof. Status flags may include a
pulse lost flag, a sensor off flag, a gain change flag, a no valid
saturation flag, an initialization flag, a dropout flag, a mode
flag, any other suitable status flag, or any combination
thereof. Status flags may assume any suitable indicator value
such as, for example, a number (e.g., one or zero, or a positive
integer), a letter (e.g., A, B, C), a text string (e.g., “pulse
detected” or “pulse not detected”), any other suitable indica-
tor, or any combination thereof. For example, the processing
equipment may determine that no sensor is detected, and
accordingly may set the value of a sensor lost flag to one. If the
processing equipment subsequently detects the sensor, the
processing equipment may set the value of the sensor off flag
to zero.

Step 406 may include processing equipment adding a cur-
rent sample from the physiological signal to a memory buffer
(a “buffer” such as QSM 72 of system 10). In some embodi-
ments the current sample may replace a sample previously
stored in the buffer, replace a place-holder value in the buffer
(e.g., a padding zero), add to a set of other stored values, or
otherwise be stored in the memory buffer. In some embodi-
ments, the processing equipment may add the current sample
to the buffer, and if the buffer is not filled, the processing
equipment may add one or more placeholder values to the
buffer. For example, in some embodiments, the processing
equipment may pad the buffer with zeros so the buffer does
not have a reduced number of samples. In a further example,
the processing equipment may pad the buffer with initializa-
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tion values such as suitably scaled random values so the
buffer does not have a reduced number of samples.

Step 408 may include processing equipment determining
whether a calculation interval has been reached. In some
embodiments, the calculation interval may include a prede-
termined number of samples, or corresponding time interval
(e.g., 1 second corresponding to 57 samples at a sampling rate
of 57 Hz). For example, when the buffer has been filled with
aparticular number of samples from the physiological signal,
the calculation interval may be reached and the algorithm
may accordingly proceed to step 410. In some embodiments,
the processing equipment may determine the elapsed time
since the last rate calculation, or determine the number of
additional samples added to the buffer since the last rate
calculation, and then determine whether to proceed to step
410, or repeat steps 404 and 406 before proceeding to step
410.

Step 410 may include processing equipment managing one
or more algorithm settings. In some embodiments, algorithm
settings may include an operating mode, a flag setting, a
threshold setting, a posting setting, a filter setting, any other
suitable setting, or any combination thereof. In some embodi-
ments, step 410 may include determining a signal classifica-
tion, determining a signal metric such as a de-trend metric or
noise metric, performing any other classification or determi-
nation that may be used to affect the rate algorithm process-
ing, or any combination thereof. For example, the processing
equipment may manage the algorithm settings based on the
value of a mode flag.

Step 412 may include processing equipment performing
signal conditioning on the window of data stored in the buffer.
Signal conditioning may include applying a filter (e.g., a low
pass, high pass, band pass, notch, or any other suitable analog
or digital filter), amplifying, performing an operation on the
received signal (e.g., taking a derivative, averaging), applying
a derivative limiter, performing normalization, performing a
geometrical de-trending (e.g., of any suitable type), applying
a finite impulse response (FIR) filter, performing any other
suitable signal conditioning, or any combination thereof. For
example, in some embodiments, step 406 may include remov-
ing a DC offset, removing low frequency components,
removing high frequency components, performing a mean
subtraction or other baseline subtraction, performing any
other suitable signal conditioning, or any combination
thereof. In a further example, step 406 may include smooth-
ing the received physiological signal (e.g., using a moving
average or other smoothing technique). In some embodi-
ments, the type of signal conditioning performed at step 412
may depend on one or more algorithm settings (e.g., managed
at step 410).

Step 414 may include processing equipment performing a
correlation using the conditioned data of step 412. The cor-
relation may include an autocorrelation, partial autocorrela-
tion, cross-correlation, any other suitable correlation, or any
combination thereof. In some embodiments, the correlation
may include a discrete correlation, as shown in Eq. 14:

N-1

Ax(f) = Z XnXn—j

n=

14

in which a discrete correlation coefficient A . may be com-
puted for N samples x,, for a range of lag values indexed by j,
respectively. The correlation output may include a sequence
of points, and may be referred to as a correlation sequence.
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The term autocorrelation, as used herein, shall also refer to a
partial autocorrelation. For example, the term autocorrelation
may be used to describe a correlation between segments of a
given window of data, whether or not the segments share any
data points. Accordingly, as used herein, the term autocorre-
lation may be used to describe a correlation between seg-
ments of a window of data sharing zero points, all points, or
some points. The term cross-correlation, as used herein, shall
refer to a correlation between two sets of data points not
included in the same window of data. In some embodiments,
the first portion of data, the second portion of data, or both,
may be padded with zeros (e.g., at either or both ends of the
portion) to equate the lengths of the first and second portions
to aid in performing an autocorrelation.

In some embodiments, the correlation of step 414 may
include correlating a first segment of the window of data with
a second segment of the window of data. The first and second
segments may be exclusive of one another, may share one or
more samples, or may be selected by any other suitable par-
tition of the window of data. For example, referencing a six
second window, the most recent three seconds of data may be
correlated with the entire six seconds of data to produce a
correlation sequence. In a further example, referencing a six
second window, the most recent three seconds of data may be
correlated with the previous three seconds of data, so that the
segments do not overlap. In some embodiments, there may be
a time gap between the first and second segments. For
example, the most recent one second of data may be corre-
lated with previous data not immediately preceding the one
second of data.

The correlation output of step 414 may include a sequence
of data points, indexed by lag values, and may exhibit one or
more peaks, troughs, or both. Peaks may be associated with
relatively high correlation, zeros may be associated with rela-
tively low correlation, and troughs may be associated with
relatively high anti-correlation. Lag values corresponding to
peaks may indicate time intervals corresponding to a period
of a physiological pulse rate, or a multiple thereof (e.g., when
the subject’s pulse rate is relatively constant).

Step 416 may include processing equipment determining a
correlation lag based on the correlation output of step 414. In
some embodiments, the processing equipment may identify
one or more peaks of the correlation output of step 414, and
accordingly determine one or more lag values associated with
each of the one or more peaks. For example, in some embodi-
ments, the processing equipment may generate one or more
thresholds, and may determine the correlation lag corre-
sponding to any threshold crossings. In a further example, the
processing equipment may identify a maximum value in the
correlation output, and determine the lag corresponding to the
maximum. The correlation lag may be determined in units of
sample point shifis (e.g., a lag of 10 points), time interval
(e.g., a lag of 1 second), any other suitable lag units, or any
combination thereof.

Step 418 may include processing equipment qualifying a
determined correlation lag of step 416 by applying one or
more qualification tests. Step 418 may include calculating
one or more qualification metrics indicative of an estimated
quality of the determined correlation lag value. For example,
one or more correlation lag values may be determined at step
416, using any suitable technique of the present disclosure.
Some illustrative techniques of step 418, referred to as
“Qualification Techniques”, will be described in further detail
herein during the discussion of FIGS. 86-126 of the present
disclosure.

Step 420 may include processing equipment determining
whether the one or more qualification tests of step 418 have
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passed. If the correlation lag value of step 416 is determined
to be qualified, then the processing equipment may proceed to
calculate a rate at step 422. If the correlation lag value of step
416 is determined to be disqualified (e.g., exhibit a low con-
fidence value), then the processing equipment may skip step
422 and proceed directly to step 424 to manage rate posting.
In some embodiments, if the correlation lag value of step 416
is determined to be disqualified, then the processing equip-
ment may update one or more counters (e.g., a dropout
counter) and/or one or more status flags (e.g., a Dropout
Status Flag) at step 404. In some embodiments, the process-
ing equipment may determine whether one or more qualifi-
cation tests have passed based on a qualification metric, a
threshold value, a look-up table, any other suitable informa-
tion, or any combination thereof.

In some situations, the processing equipment may not be
able to determine a lag in step 416. For example, when there
is a large amount of noise in the physiological signal, there
may not be a peak in the correlation that exceeds the thresh-
old. When a lag is not determined, the processing equipment
may treat it as though the lag qualifications failed and proceed
to step 424 to manage rate posting.

Step 422 may include processing equipment calculating a
physiological rate. In some embodiments, the processing
equipment may determine a physiological rate by identifying
the correlation lag value and determining the rate having a
characteristic period equal to the correlation lag value.

Step 424 may include processing equipment managing
posting of the calculated rate of step 422. In some embodi-
ments, the processing equipment may filter the calculated
rate, and may output the filtered rate for display (e.g., on
display 20 of physiological monitoring system 10) at step
424. For example, step 424 may include low pass filtering of
the calculated rate to limit the rate of change ofthe outputted
rate to physiological ranges. In a further example, step 424
may include applying an infinite impulse response (IIR) filter
to the calculated rate of step 422. In a further example, step
424 may include applying a finite impulse response (FIR)
filter to the calculated rate of step 422. In some embodiments,
step 424 may include storing the filtered rate values in
memory such as, for example, RAM 54 or other suitable
memory of physiological monitoring system 10. If the quali-
fication was not passed at step 420, the processing equipment
may continue to post the previous rate, or no rate, at step 424.

Step 426 may include processing equipment preparing for
a subsequent iteration of the algorithm. In some embodi-
ments, step 426 may include adjusting one or more algorithm
settings, setting one or more status flags, or both.

In an illustrative example, the processing equipment may
implement the techniques of flow diagram 400 using three
operating modes, which may be designated using a Mode
Status Flag. During startup, or in the event of a dropout, the
rate algorithm may operate in Mode 1. While in Mode 1, the
processing equipment may perform rate calculations, yet may
not post a rate at all. However, Mode 1 operation may include
relatively strict qualification criteria to prevent noise tracking.
When a particular number oflags have been qualified, the rate
algorithm may set the Mode Status Flag to Mode 2, and begin
posting rates. If calculated rates are disqualified, the rate
algorithm may return to Mode 1, while if a sufficient number
of calculated rates are qualified, the rate algorithm may pro-
ceed to Mode 3 and apply a bandpass filter to the physiologi-
cal data.

Further details and implementations of the present disclo-
sure, including further details and implementations of flow
diagram 400, are discussed below.
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FIG. 5 is a flow diagram 500 of illustrative steps for ini-
tializing a technique for determining physiological informa-
tion, in accordance with some embodiments of the present
disclosure. Initialization techniques may be desired in cit-
cumstances where a limited amount of physiological data
may be available and/or desired (e.g., during the start of data
collection). In some embodiments, Initialization allows sys-
tem 300 or system 10 to start processing a physiological
signal before an entire buffer (e.g., 6 or 7 seconds of data) is
obtained from the physiological signal. An entire buffer of
physiological data (e.g., 6 seconds in this example, although
an entire buffer may be any suitable length), for example, is
typically only needed to accurately determine rates down to
20 BPM. At 20 BPM, a 6 second buffer will include 2 periods
worth of data. Since most rates are 50 BPM or higher, it is
possible for system 300 or system 10 to begin processing
physiological data before 6 seconds of data have been
obtained and still accurately determine rate. In some embodi-
ments, a fixed buffer size may be used and this may not
require any modification of the algorithm. For example, Ini-
tialization may allow subsequent processing such as, for
example, a correlation calculation to be performed without
adjusting a template size. In a further example, a 3 second
window of data may still be used in the correlation calcula-
tion, and the portions of the window not yet filled with physi-
ological data may be filled with initialization data (e.g.,
noise). The initialization data may be expected to roughly
cancel out. The illustrative techniques may be performed as
part of steps 402, 404, 406, 408, any other suitable processing
steps of flow diagram 400 or other suitable steps, or any
combination thereof. In some embodiments, Initialization
may be only used once and the initialization values may work
their way out of the buffer as new physiological data is
received. In some embodiments, Initialization may be used
until sufficient physiological data is received to fill the buffer,
and then the algorithm may perform steps 404-426 as needed,
without repeating step 402. In some embodiments, Initializa-
tion (e.g., step 402 of flow diagram 400 and as described by
the illustrative technique of flow diagram 500) may be fol-
lowed by step 410. In some embodiments, an Initialization
Flag may be set to one when sufficient samples of physiologi-
cal data are not available, indicating that initialization tech-
niques are to used (e.g., as described in the context of flow
diagram 500).

Step 502 may include the processing equipment receiving
one or more samples of physiological data, derived from a
physiological signal. Step 502 may include pre-processing
(e.g., using pre-processor 320) the output of a physiological
sensor, and then storing a window of the processed data in any
suitable memory or buffer (e.g., QSM 72 of system 10), for
further processing by the processing equipment. In some
embodiments, the window of data may be recalled from data
stored in memory (e.g., RAM 54 of FIG. 2 or other suitable
memory) for subsequent processing. The number of samples
of physiological data received during Initialization may be
relatively smaller than the preferred buffer size of physiologi-
cal data during normal operation.

Step 504 may include processing equipment determining
one or more initialization values based on the one or more
received samples. Step 506 may include processing equip-
ment generating a window of data that includes the one or
more initialization values, the one or more received samples
of physiological samples, or any suitable combination
thereof. Initialization values may be used to fill the buffer
when sufficient physiological data is not available (e.g.,
allowing a fixed buffer size to be used regardless of the
amount of physiological data available). In some embodi-
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ments, the one or more initialization values may be generated
by adding random values (e.g., noise) to the one or more
received samples. For example, if a single sample of physi-
ological data is available, the remaining buffer may be filled
with samples generated by adding random values, scaled and
shifted according to the received sample. As shown in the
following Eq. 15a:

[values]=sample* (1 +K([RAND]-0.5}) (15a)

an array of N initialization values [values] may be generated
by generating an array of N random numbers [RAND]
between zero and one, subtraction 0.5 to set the expected
mean to zero, scaling by a factor K (e.g., such as 0.01 or other
suitable number), and adding to the received sample. Note
that the subtraction of 0.5 may cause some initialization val-
ues to be greater than the value of the received sample, and
some initialization values to be less than the value of the
received sample. In a further example, where multiple
samples of physiological data are received, Eq. 15a may be
used, with the sample value replaced by an average value (or
other suitable representative value derived from the multiple
samples), and the factor K replaced with a standard deviation
(or other variation metric derived from the multiple samples).
In a further example, where multiple samples of physiologi-
cal data are received, initialization values may be generated
using Eq. 15a for each of the received samples, in which the
sample value and the factor K are taken from one or more
received samples and used to generate one or more initializa-
tion values. In some embodiments, the random numbers may
be generated in real-time or may be predetermined random
numbers to minimize unpredictability. In a further example,
the processing equipment may apply Eq. 15b:

[values]=F*(1+C*N) (15b)

to generate one or more initialization values [values] from a
value V based on at least one sample (e.g., a sample value, a
sample value average), a coefficient C, and a noise value N
(e.g., a standard deviation value derived from a physiological
signal, anoise metric). Any suitable technique may be used to
fill the remaining buffer with determined initialization values
based on one or more received samples of physiological data.
The portion of the buffer filled with random numbers may
roughly cancel or may have a relatively small impact during
subsequent correlation calculations.

Step 508 may include the processing equipment proceed-
ing with processing the window of data of step 506. In some
embodiments, the window of data of step 506 may be ana-
lyzed using any of the techniques of steps 410-426 of flow
diagram 400 of FIG. 4. For example, the window of data,
which may include one or more initialization values, may be
conditioned (e.g., using any suitable Signal Conditioning
Technique).

In an illustrative example, the algorithm may require at
least a second of physiological data to determine a physi-
ological rate, and accordingly the first second’s worth of data
may be used to determine how to fill the remaining portion of
the buffer with initialization values. Referencing a six second
buffer, once the first second of physiological data is obtained
during Initialization, the processing equipment may fill the
buffer with the one second of physiological data and five
seconds of initialization values. For example, one or more
suitable properties of the first second of data (e.g., average,
standard deviation, maximum, minimum) may be used to
determine initialization values for the remaining portion of
the buffer. The algorithm may proceed to step 404 (e.g., where
the status flags may set to skip step 406), and then to steps
410-426, until another second of physiological data is avail-
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able. As more physiological data becomes available, it may
displace the initialization values from the buffer, until the
buffer is filled completely with physiological data and no
initialization values. In some embodiments, Initialization is
completed afterthe initialization values are determined based
on a first portion of the physiological data. In some embodi-
ments, Initialization continues until the buffer is completed
filled with physiological data. For example, the processing
equipment may perform steps 404-426 and then obtain addi-
tional physiological data and determine updated initialization
values based on the additional data. Once the buffer is com-
pletely filled with physiological data, the processing equip-
ment may perform steps 404-426 without performing another
Initialization at step 402. In any of the embodiments, suitable
steps of the algorithm of flow diagram 400 may be performed
multiple times during Initialization, until a full window of
physiological data is available to fill the buffer. For example,
a rate may be calculated at step 422 each second while the
buffer is partially filled with initialization values.

In some embodiments, the algorithm may use a relatively
smaller buffer during startup. For example, the algorithm may
use a buffer size of 4 seconds during startup rather than six
seconds. Further, the algorithm may use a template size of 2
seconds to generate an correlation sequence at step 414. In
some embodiments, the algorithm may, for example, transi-
tion to a six second buffer after the first rate has posted. Some
such techniques, described as Fast Start are described below.
Fast Start may be used in circumstances where a reduced-size
window of data may be available and/or desired. In some
embodiments, Fast Start allows system 300 or system 10 to
start processing a physiological signal before an entire buffer
(e.g., 6 or 7 seconds of data) is obtained. Fast Start may be
especially useful during start-up, and/or start of data collec-
tion. An entire buffer of data (e.g., 6 seconds in this example,
although an entire buffer may be any suitable length), for
example, is typically only needed to accurately compute rates
down to 20 BPM. Since most rates are 60 BPM or higher, the
rate algorithm can begin determining information sooner.
Fast start parameters may include buffer sizes of a physiologi-
cal signal, templates sizes, an increment of increase in buffer
size and/or template size, a time and/or available buffer size to
end Fast Start, correlation analysis parameters, signal condi-
tioning parameters, qualification parameters, any other suit-
able parameters, or any combination thereof. For example,
the processing equipment may determine a starting buffer and
correlation template size (e.g., a two second buffer and a one
second template). In a further example, the processing equip-
ment may determine how to increment the buffer and tem-
plate size as more data is available and/or desired (e.g.,
increase the buffer size by one second for each calculation
with the correlation template being a fixed proportion of the
buffer). In a further example, the processing equipment may
determine that when a six second buffer of data is available,
the rate algorithm may transition out of Fast Start mode and
begin normal operation. In a further example, the processing
equipment may determine signal conditioning parameters
such as curve fit subtraction parameters. In some embodi-
ments, the processing equipment may determine whether to
operate in Fast Start mode.

FIG. 6 is a table 600 of illustrative status flags, in accor-
dance with some embodiments of the present disclosure.
Status flags may include a pulse lost flag, a sensor lost flag, a
gain change flag, a no valid saturation flag, an initialization
flag, a dropout flag, a mode flag, any other suitable status flag,
or any combination thereof. Status flags may assume any
suitable indicator value such as, for example, a number (e.g.,
one or zero, or a positive integer), a letter (e.g., A, B, C), atext
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string (e.g., “pulse detected” or “pulse not detected”), any
other suitable indicator, or any combination thereof. The rate
algorithm may use status flags, for example, to aid in deter-
mining or otherwise managing algorithm settings. FIG. 7isa
block diagram of illustrative memory 700 including rate algo-
rithm information, in accordance with some embodiments of
the present disclosure. Memory 700 may store status flag data
710, algorithm settings 720, algorithm routines 730, buffer
740, physiological data 750, any other suitable information
760, or any combination thereof. In the illustrated embodi-
ment, status flag data 710 includes status flag data structure
712, which includes an array of flag indicators (e.g., numeri-
cal values, letters, text strings), although any other suitable
data structure, or any combination thereof may be used in
accordance with the present disclosure. Any suitable number
of status flags may be stored in memory, and accordingly, the
processing equipment may update any of the status flags as
desired. Algorithm settings 720 may include threshold val-
ues, switch settings, parameter values, any other suitable
settings, or any combination thereof. Algorithm routines 730
may include sets of computer readable instructions, execut-
able functions, any other computer code, or any combination
thereof. Buffer 740 may include a current interval of physi-
ological data from a physiological signal, an interval of
sequentially calculated values, any other suitable set or sets of
values, or any combination thereof. Previous data 750 may
include historical physiological data, historical calculated
values, any other suitable information determined or received
previously, or any combination thereof. Other information
760 may include references such as look-up tables, databases,
any other suitable information that may be used by the rate
algorithm, or any combination thereof.

In some embodiments, a Pulse Lost Status Flag and/or
Sensor Off Status Flag may be used. If either of these flags are
received, the rate algorithm may be stopped (e.g., rate calcu-
lation may stop), although data may continue to be added to
the buffer, optionally. The algorithm may be restarted when a
flag is received indicating that either or both of these flags
have been cleared. In some embodiments, the processing
equipment may set a Pulse Lost Status Flag based on a cal-
culated rate (e.g., the rate is outside of an expected physi-
ological range), a signal conditioning metric (e.g., a deter-
mined noise metric based on the physiological signal), a
result of a Qualification test (e.g., a disqualified rate), an
output of a separate module configured to detect when the
pulse is lost, any other suitable information, or any combina-
tion thereof.

In some embodiments, a Gain Change Status Flag may be
used. When a gain change occurs, an artifact may be intro-
duced into the physiological signal. The artifact may include,
for example, a baseline change, damped oscillations that dis-
sipate out after a few seconds, or other features. For example,
during servoing, when LED power and/or amplifier gain set-
tings are adjusted, the physiological signal may exhibit gain
changes. The rate algorithm may continue to add the data to
the buffer, but not calculate a rate for a predetermined time
interval (or corresponding sample interval). For example, the
rate algorithm may be paused until the artifact has passed
through the buffer (e.g., displaced by physiological data
received after the artifact). In a further example, the buffer
may be reinitialized once the artifact is over (e.g., using any
suitable Initialization Technique), and the baseline has
settled. In a further example, the rate algorithm may freeze the
buffer until the artifact is over and then continue filling the
buffer. To minimize potential discontinuities in the data, the
rate algorithm may smooth or filter the signal from before and
after the artifact, freeze the buffer for a period of time that is
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an integer multiple of the period of a previously calculated
rate, perform any other suitable processing to minimize the
potential discontinuities, or perform any combination
thereof.

In some embodiments, a No Valid Saturation Status Flag
may be used. In some circumstances, where an oxygen satu-
ration module is not able to calculate a valid oxygen satura-
tion value, the processing equipment may set the No Valid
Saturation Status Flag. In some embodiments, during these
flagged conditions, the rate algorithm may continue unaf-
fected. However, the No Valid Saturation Status Flag may
indicate that the rate is wrong (e.g., when rate information
feeds into a saturation calculation for filtering or any other
purpose). In some embodiments, the rate algorithm may be
reinitialized (e.g.. using any suitable Initialization Tech-
nique), or may perform other suitable checks (e.g., using any
suitable Qualification Technique) to confirm the correct rate
is being calculated. In some embodiments, rate may continue
to be calculated during a No Valid Saturation Status Flag, but
not posted.

In some embodiments, an Initialization Status Flag may be
used. In some embodiments, the processing equipment may
set the Initialization Status Flag during startup of the rate
algorithm. For example, as the buffer is filled with physiologi-
cal data, the Initialization Status Flag may be set. In a further
example, the processing equipment may set the Initialization
Status Flag prior to a rate calculation being performed. In
some embodiments, the rate algorithm may set the Initializa-
tion Status Flag if the Dropout Status Flag is set. In some
embodiments, the rate algorithm may release the Initializa-
tion Status Flag when a rate has been calculated, qualified, or
both.

In some embodiments, a Dropout Status Flag may be used.
In some embodiments, the processing equipment may set the
Dropout Status Flag when one or more calculated rates are
disqualified. The rate algorithm may use the Dropout Status
Flag, for example, to prevent locking on to noise in the physi-
ological signal. When the Dropout Status Flag is set, the rate
algorithm may clear all buffers and settings, and transition to
a particular Mode.

In some embodiments, a Mode Status Flag may be used. In
some embodiments, the processing equipment may set the
Mode Status Flag depending upon which mode the rate algo-
rithm is currently operating in, or is to operate in. The rate
algorithm may, for example, change the Mode Status Flag
value based on any other suitable flag value, based on whether
acalculated rate is qualified or disqualified, based on a history
of qualifications or disqualifications, based on predetermined
time intervals, based on any other suitable criterion, or based
on any combination thereof.

FIG. 8 is a flow diagram 800 of illustrative steps for man-
aging a status indicator, in accordance with some embodi-
ments of the present disclosure.

Step 802 may include the processing equipment receiving
physiological data, derived from a physiological signal. Step
802 may include pre-processing (e.g., using pre-processor
320) the output of a physiological sensor, and then, at step
804, storing a window of the physiological data in any suit-
able memory or buffer (e.g., QSM 72 of system 10), for
further processing by the processing equipment. In some
embodiments, the window of data may be recalled from data
stored in memory (e.g., RAM 54 of FIG. 2 or other suitable
memory) for subsequent processing.

Step 806 may include the processing equipment receiving
or generating a status indicator. In some embodiments, for
example, the status indicator may be a gain change indicator
or Gain Change flag, set based on hardware gain changes. For
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example, a gain change indicator may be set by the processing
equipment based on a controlled change in amplification
(e.g., switching from 1x gain to 4x gain) of the photodetector
signal, a change in LED power (e.g., an increase or decrease
in supplied current to a RED and/or IR LED), or both. In some
embodiments, the status indicator may be a Pulse Lost or
Sensor Off status indicator. For example, if a PPG sensor
becomes unplugged or otherwise inoperative, a Sensor Off
status indicator may be set. The status indicator may include
any suitable numerical value, letter, text string, symbol, or
any combination thereof.

Step 808 may include the processing equipment setting a
period of time during which physiological data are not added
to the window of data. In some embodiments, physiological
data may be added to the window of data, but rate is not
calculated for a predetermined time interval (e.g., number of
seconds, number of samples). For example, in response to a
status indicator, the processing equipment may cease from
rate calculation for a time interval equal to or greater than the
length of the buffer, to allow any large signal changes to
substantially pass through the buffer. In some embodiments,
the buffer may be re-initialized after a status indicator (e.g., an
initialization flag is activated), and the algorithm may proceed
with a partial buffer similar to start-up. In some embodiments,
the portion of data corresponding to a transient change due to,
for example, a gain change or sensor off condition, may be
excluded from the window of data. For example, the buffer
may be frozen (i.e., no new data is added) until the transient
change artifact has passed, and the physiological data before
and after the artifact may be joined (e.g., concatenated).
Smoothing or other suitable processing techniques may be
applied in some such instances.

Step 810 may include the processing equipment proceed-
ing with processing the window of data of step 804 to deter-
mine a physiological parameter. In some embodiments, after
the status indicator has been received and the processing
equipment has omitted physiological data corresponding to
the gain change artifact, the processing equipment may per-
form a Rate Calculation.

FIG. 9 is a block diagram of illustrative techniques for
managing algorithm settings, in accordance with some
embodiments of the present disclosure. The techniques may
be implemented as part of manage algorithm settings step 410
of FIG. 4. The techniques may include selecting an algorithm
mode 904, selecting a signal classification 906, determining a
signal conditioning metric 908, selecting rate filter settings
910, selecting other settings 912, or any combination thereof.
Selecting an algorithm mode 904 may include selecting the
mode from multiple modes based on one or more status flags,
or other information. For example, upon startup, the process-
ing equipment may select Mode 1. After one or more lags
have been qualified, the processing equipment may select
Mode 2. If, for example, the rate algorithm wants to turn on a
bandpass filter, which may be indicative of higher confidence
in the rate calculation, the processing equipment may transi-
tion to Mode 3. This is merely illustrative. Any suitable num-
ber of modes and mode transitions may be used. Selecting a
signal classification 906 may include selecting a signal clas-
sification from multiple classifications. For example, classi-
fications may be based on subject age (e.g., neonate, adult),
presence of a dicrotic notch, pulse wave shape, any other
suitable classifications, or any combination thereof. The sig-
nal classification may be selected based on user input, one or
more determined metrics, any other suitable information, or
any combination thereof. Determining a signal conditioning
metric 908 may include determining a de-trend metric, a
noise metric, any other suitable signal metric, or any combi-
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nation thereof. In some embodiments, the processing equip-
ment may determine a signal conditioning metric to apply
de-trending, reduce noise, reduce artifacts, reject a window of
data, or other signal conditioning function. Selecting rate
filter settings 910 may include selecting a type of rate filter, a
filter parameter or coefficient value, any other rate filter type
or rate filter setting, or any combination thereof. For example,
the processing equipment may select a low pass filter, a high
pass filter, a band pass filter, a finite impulse response (FIR)
filter, an infinite impulse response (IIR filter), any other suit-
able filter type, or any combination thereof. Further, the pro-
cessing equipment may select the amount of filtering that may
be applied to physiological data. For example, the processing
equipment may select a FIR filter to filter the posted rate
value, and a corresponding set of filter coefficients (e.g., to
weight the previous input values for generating an output
value). Selecting other settings 912 may include selecting
threshold values, count threshold values (e.g., for activating a
Dropout status flag), posting settings (e.g., whether to post
rate values or not), qualification tests, any other suitable set-
tings, or any combination thereof.

FIG. 10 is a flow diagram 1000 of illustrative steps for
managing algorithm settings using a classification, in accor-
dance with some embodiments of the present disclosure.
Classification of physiological data may aid in determining
algorithm settings and/or calculating a rate, by further direct-
ing the analysis of the physiological data. For example, filter
settings and amount of filtering, expected pulse rate range,
subject classification (e.g., neonate or adult), the presence of
a dicrotic notch, pulse shape (e.g., skew), and/or any other
suitable classification may be used to determine the type of
analysis to perform on physiological data from a physiologi-
cal signal.

Step 1002 may include the processing equipment receiving
physiological data, derived from a physiological signal. Step
1002 may include pre-processing (e.g., using pre-processor
320) the output of a physiological sensor, and then storing a
window of the physiological data in any suitable memory or
buffer (e.g., QSM 72 of system 10), for further processing by
the processing equipment. In some embodiments, the win-
dow of data may be recalled from data stored in memory (e.g.,
RAM 54 of FIG. 2 or other suitable memory) for subsequent
processing. For example, referring to system 300 of FIG. 3,
the processing equipment may receive a physiological signal
from input signal generator 310. Sensor 318 of input signal
generator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., memory of
system 10 of FIGS. 1-2) after being pre-processed by pre-
processor 320. In such cases, step 1002 may include recalling
the signals from the memory for further processing.

The physiological signal of step 1002 may include a PPG
signal, which may include a sequence of pulse waves and may
exhibit motion artifacts, noise from ambient light, electronic
noise, system noise, any other suitable signal component, or
any combination thereof. Step 1002 may include receiving a
particular time interval or corresponding number of samples
of the physiological signal. In some embodiments, step 1002
may include receiving a digitized, sampled, and pre-pro-
cessed physiological signal.

Step 1004 may include the processing equipment deter-
mining one or more metrics based on the physiological data of
step 1002. The one or more metrics may include de-trend
metrics, noise metrics, any other suitable metrics, or any
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combination thereof. For example, any of the metrics
described in the context of FIGS. 11-41 may be determined at
step 1004.

Step 1006 may include the processing equipment classify-
ing the physiological data of step 1002 based on the one or
more metrics of step 1004. The processing equipment may
perform the classification using any suitable set of classes,
which may be based on signal quality, signal properties, sub-
ject properties, any other suitable types of classes having any
suitable number of classes, or combination thereof. Illustra-
tive classifications may include, for example, subject age
(e.g., neonate/child/adult), high/low motion artifact (e.g.,
motion of a subjects limbs), dicrotic notch/no dicrotic notch,
high/low pulse skewness, likely pulse rate range, signal noisi-
ness, any other suitable classification having any suitable
number of classes, or any combination thereof. In some
embodiments, step 1006 may include the processing equip-
ment receiving user input (e.g., to user inputs 56 of system
10). For example, a user may indicate that the received physi-
ological data is from a neonate, does not have a dicrotic notch,
and/or likely includes a pulse rate in a particular range. In a
further example, the skewness S of n samples (e.g., corre-
sponding to one or more pulse waves) may be determined
using Eq. 16:

(16)

where |t is the sample mean, and x; is sample i. In some
embodiments, in which the processing equipment is unable to
classify a physiological signal and/or no user indication is
received, the processing equipment need not classify the
physiological signal and may proceed using any of the tech-
niques disclosed herein.

Step 1008 may include the processing equipment deter-
mining one or more algorithm settings based on the classifi-
cation of step 1006. In some embodiments, the processing
equipment may use the classification to determine which
Operating Mode to operate in. For example, if a PPG signal is
classified as a neonate PPG signal, the signal may be high
passed or band-passed to reduce or eliminate frequencies less
than about 85 BPM because neonates typically have rate
higher than 100 BPM. In a further example, qualification tests
to be performed may be changed, or the thresholds may be
changed, based on the classification. For example, if a PPG
signal is classified as having a dicrotic notch, additional or
relatively more stringent tests may be applied to make sure the
dicrotic notch is not causing the rate to be calculated as double
the true rate. If double the true rate is detected, then the
calculated rate may be halved and provided as an output. In
some embodiments, algorithm settings such as, for example,
indexes for inputting into a look-up table, filter settings, and/
or templates may be determined. In some embodiments, one
or more settings of a band pass filter such as, for example, a
high and low frequency cutoff value (e.g., a frequency range),
a representative frequency value, a set of one or more coeffi-
cients, any other suitable parameters, or any combination
thereof may be determined. Physiological monitoring system
10 may use determined algorithm settings to improve data
processing (e.g., reduce computational requirements,
improve accuracy, reduce the effects of noise) to extract
physiological information in the presence of noise. This may
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be accomplished by effectively limiting the bandwidth of data
to be analyzed, performing a rough calculation to estimate a
physiological rate or pulse, or otherwise mathematically
manipulating physiological data. In some embodiments, fol-
lowing a change in classification, the processing equipment
may determine that algorithm settings are to be reset. In some
embodiments, in which more than two classes exist, the pro-
cessing equipment may determine whether algorithm settings
are to be reset based on the relative change in classification.
For example, a physiological signal may be classified by
noise level, and the processing equipment may determine
whether algorithm settings are to be adjusted depending on
the change in noise level. In some embodiments, step 1008
may be independent of the classification of step 1006.

In an illustrative example, a window of physiological data
may be classified as having a dicrotic notch. The processing
equipment may, accordingly, determine that a calculated
value (e.g., a correlation lag value, or value derived thereof)
corresponds to a harmonic of the physiological rate. In some
such circumstances, the processing equipment may modify
the calculated value to obtain the physiological rate when the
classification of the physiological data is a dicrotic notch
classification. For example, if physiological data is classified
as having a dicrotic notch, the processing equipment may
determine that one half of the calculated value corresponds to
the physiological rate.

Classification of the physiological data may be imple-
mented by the processing equipment with the use of one or
more metrics. The metrics and techniques discussed in the
context of FIGS. 11-41 may be used to classify physiological
data based on a metric value, and set one or more algorithm
settings based on the classification. For example, if the rate
algorithm determines that the physiological data likely has a
dicrotic notch, then the rate algorithm may determine not to
apply an FIR filter based on a weighted sum of the data and a
difference signal derived thereof (more details of such a filter
are provided in the description of FIG. 60). In a further
example, if the rate algorithm cannot determine satisfactorily
whether the physiological data likely has a dicrotic notch,
then the rate algorithm may also determine not to apply an
FIR filter based on a weighted sum of the data and a difference
signal derived thereof. In a further example, an algorithm
setting may affect the amount of filtering that is applied to the
physiological data. In some embodiments, particular metrics
may be used to perform a particular classification by the rate
algorithm. For example, the rate algorithm may use the met-
rics discussed in the context of FIGS. 13-28 to classify physi-
ological data as having a dicrotic notch or not. In a further
example, the rate algorithm may use the metrics discussed in
the context of FIGS. 30-41 to classify physiological data
based on a determined level of noise. In a further example, the
rate algorithm may use the metrics discussed in the context of
FIGS. 11-41 to set one or more algorithm settings such quali-
fication tests performed, qualification requirements, filter set-
tings, any other suitable settings, or any combination thereof.

FIG. 11 is a flow diagram of illustrative steps for classify-
ing physiological data, in accordance with some embodi-
ments of the present disclosure. The steps of illustrative flow
diagram 1100 may provide an exemplary embodiment of
steps 1004 and 1006 of flow diagram 1000 of FIG. 10. The
steps of illustrative flow diagram 1100 may beused by the rate
algorithm, for example, to classify the physiological data
based on the rate (e.g., low rate, high rate), which may be used
to determine one or more algorithm settings (e.g., filter set-
tings, de-trend settings).

Step 1102 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
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other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2 or other suitable memory) after being pre-processed by
pre-processor 320. In such cases, step 1102 may include
recalling data from the memory for further processing.

Step 1104 may include the processing equipment applying
afilter such as a low-pass filter (LPF) or high-pass filter (HPF)
to the received physiological data of step 1102. In some
embodiments, applying the filter may include separating the
physiological datainto a low frequency component and a high
frequency component (i.e., relatively higher frequency activ-
ity), as shown in FIG. 11. The processing equipment may
apply a filter having any suitable spectral character (e.g., the
LPF may be a Bessel filter, Chebyshev filter, elliptic filter,
Butterworth filter, or other suitable low-pass filter, having any
suitable spectral cutoff). For example, the processing equip-
ment may apply a LPF having a 75 BPM cut-off at step 1104
(e.g., which attenuates frequencies greater than approxi-
mately 75 BPM). In a further example, the processing equip-
ment may apply a HPF having a 75 BPM cut-off at step 1104
(e.g., which attenuates frequencies less than approximately
75 BPM). The 75 BPM cut-off is exemplary and any other
suitable BPM cutoff can be used to separate the window of
physiological data into high and low frequency components.

Step 1106 may include the processing equipment deter-
mining a noise metric based on the low frequency component
outputted at step 1104. In some embodiments, the processing
equipment may apply a LPF (separate from the filter of step
1104) to the LF component, and then compare the input and
output signals to the second LPF. For example, step 1104 may
include applying a LPF with a cutoff of 75 BPM, and step
1106 may include the processing equipment applying a sec-
ond LPF with a cutoff of 6 BPM. The processing equipment
may determine the difference between the input and output of
the 6 BPM LPF, and then determine a root mean square value
of the difference as the noise metric.

Step 1108 may include the processing equipment calculat-
ing a kurtosis (e.g., the fourth standardized moment of a
signal or corrected value thereof) of the LF component out-
putted at step 1104. In some embodiments, for example, the
processing equipment may calculate the kurtosis K forn data
points using Eq. 17:
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where 1 is the sample mean, and x, is sample i. The kurtosis
may provide an indication of a relative measure of sharpness
of a distribution (e.g., high kurtosis indicates a relatively
sharp peak and relatively large tails).

Step 1110 may include the processing equipment calculat-
ing a standard deviation of the LF component outputted at
step 1104. In some embodiments, the processing equipment
may calculate the standard deviation ofor n data points using
Eq. 18:
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where 1 is the sample mean, and x, is sample i. The standard
deviation may provide an indication of sample variability
about a mean value.

Step 1112 may include the processing equipment calculat-
ing a kurtosis of the HF component outputted at step 1104. In
some embodiments, the processing equipment may calculate
the kurtosis K for n data points using Eq. 17, in which the
samples and mean are based on the HF component. Step 1114
may include the processing equipment calculating a standard
deviation of the HF component outputted at step 1104. In
some embodiments, the processing equipment may calculate
the standard deviation ofor n data points using Eq. 18, in
which the samples and mean are based on the HF component.

Ttwill be understood that steps 1106, 1108, 1110, 1112, and
1114 may be performed in any suitable order between steps
1104 and 1116.

Step 1116 may include the processing equipment perform-
ing comparison analysis between the LF component and the
HF component outputted at step 1104. In some embodiments,
step 1116 may include the processing equipment comparing
one or more signal metrics from the LF component and HF
component outputted at step 1104. In some embodiments, at
step 1116, the processing equipment may compare the kur-
tosis (e.g., from steps 1108 and 1112), standard deviation
(e.g., from steps 1110 and 1114), any other suitable metric, or
any combination thereof. For example, the processing equip-
ment may determine which of the LF component and the HF
component has a larger kurtosis, standard deviation, and/or
other metric value. In some embodiments, step 1116 may
include the processing equipment performing independent
component analysis (ICA) using the LF component, the HF
component, the physiological data of step 1102, or any com-
bination thereof. For example, ICA analysis may be used to
separate the component of physiological data associated with
a physiological rate from noise components or other un-
desired component of the data.

Step 1118 may include the processing equipment selecting
either the LF component or the HF component outputted at
step 1104. In some embodiments, the processing equipment
may select one component and disregard the other, non-se-
lected component. For example, the processing equipment
may determine at step 1116 that the LF component has a
higher kurtosis and/or standard deviation than the HF com-
ponent, and accordingly may select the LF component for
further processing by the rate algorithm.

FIG. 12 is a panel showing two plots of illustrative physi-
ological signals, one of which exhibits a dicrotic notch, in
accordance with some embodiments of the present disclo-
sure. Plots 1200 and 1250 show respective difference signals
1202 and 1252 (e.g., differences or derivatives of adjacent
samples suitably scaled) derived from respective PPG signals
(not shown, but detected as transmitted light so absorption
peak upstroke is negative). Note that the difference signal
1202 is derived from a PPG signal of a neonate and exhibits
no dicrotic notch, while difference signal 1252 is derived
from a PPG signal of an adult and exhibits a dicrotic notch.
Difference signal 1202 exhibits a series of peak/troughs of
relatively similar size and shape, while difference signal 1252
exhibits a series of peak/troughs of alternating size and shape.
The presence of the dicrotic notch in the PPG signal associ-
ated with difference signal 1252 causes a large negative
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trough associated with the absorption upstroke, and a smaller
negative trough associated with the upstroke immediately
following the dicrotic notch. The metrics discussed in the
context of FIGS. 13-28 may be used to quantify the differ-
ences between difference signals such as 1202 and 1252, and
accordingly classify physiological data. Accordingly, the pro-
cessing equipment may use one or more metrics to distin-
guish physiological data having a dicrotic notch from physi-
ological data that is either from a neonate or otherwise
exhibits no dicrotic notch. In some embodiments, the classi-
fication of whether physiological data has a dicrotic notch
may be used to determine the type of de-trending applied to
the physiological data and the metrics may be referred to as
de-trending metrics.

In some embodiments, one or more metrics may be used to
determine one or more algorithm settings. In some embodi-
ments, de-trending metrics may be used to classify physi-
ological data. For example, a de-trending metric may be
sensitive to the presence of a dicrotic notch in physiological
data, and the value of the de-trending metric may be used to
classify the physiological data. In some embodiments, a dif-
ference signal such as, for example, a first derivative signal
may be generated from physiological data. In some embodi-
ments, the difference signal may be sorted, and characteristics
of the sorted difference signal may be analyzed.

FIG. 13 is a flow diagram 1300 of illustrative steps for
determining an algorithm setting based on an offset of posi-
tive and negative difference values, in accordance with some
embodiments of the present disclosure. FIG. 14 is a panel
showing two illustrative difference signals 1402 and 1452
derived from respective physiological signals, one of which
exhibits a dicrotic notch, along with sorted positive and nega-
tive values 1472 and 1474, in accordance with some embodi-
ments of the present disclosure. FIG. 14 will be referred to
below during the discussion of the illustrative steps of flow
diagram 1300.

Step 1302 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 1302
may include recalling data from the memory for further pro-
cessing.

Step 1304 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.
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Step 1306 may include processing equipment sorting the
difference values of step 1304. The processing equipment
may sort the values in ascending or descending order, either
of which causes the negative and positive values to be sepa-
rated. Referencing sorted values in ascending order, the most
negative values come first followed by less negative values,
positive values, and finally larger positive values. Accord-
ingly the sorted values can be separated into positive values
and negative values, and the two sets of values may be pro-
cessed separately.

Step 1308 may include processing equipment determining
amidpoint value of the positive values of the sorted difference
signal. In some embodiments, the processing equipment may
determine a median value of the sorted positive values. For
example, referencing a vector of 101 sorted positive values,
the processing equipment may select the 51 data point as the
midpoint. For vectors having an even number data points,
either of the two middle points may be selected, or a combi-
nation (e.g., an average of the two points) may be used.

Step 1310 may include processing equipment determining
an offset value of the positive values of the sorted difference
signal. In some embodiments, the processing equipment may
locate the offset value at a particular relative location in the
sorted positive values. For example, the processing equip-
ment may select a data point at a particular location such as
16% from the end of the vector corresponding to the largest
positive values. In an illustrative example, referencing a vec-
tor of 100 positive values sorted in ascending order, the offset
value may be selected as the 84” value (e.g., 16% from the
end corresponding to the largest values). Any suitable vector
location, absolute or relative, may be used to select the offset
value, and the 16% value is used merely for illustration.

Step 1312 may include processing equipment determining
a difference between the positive midpoint value of step 1308
and the positive offset value of step 1310. In some embodi-
ments, the absolute value of the difference may be deter-
mined. Alternatively, instead of or in addition to performing
steps 1308-1312, the processing equipment may determine a
standard deviation value of the positive values, and use the
standard deviation value as the difference value. Any suitable
metric may be used to represent the difference in the positive
values.

Step 1314 may include processing equipment determining
a midpoint value of the negative values of the sorted differ-
ence signal. In some embodiments, the processing equipment
may determine a median value of the sorted negative values.
Step 1316 may include processing equipment determining an
offset value of the negative values of the sorted difference
signal. In an illustrative example, referencing a vector of 100
negative values sorted in ascending order, the offset value
may be selected as the 16” value (e.g., 16% from the end
corresponding to the most negative values). Any suitable
vector location, absolute or relative, may be used to select the
offset value, and the 16% value is used merely for illustration.
Step 1318 may include processing equipment determining a
difference between the negative midpoint value of step 1314
and the negative offset value of step 1316. In some embodi-
ments, the absolute value of the difference may be deter-
mined. Alternatively, instead of or in addition to performing
steps 1314-1318, the processing equipment may determine a
standard deviation value of the negative values, and use the
standard deviation value as the difference value. Any suitable
metric may be used to represent the difference in the negative
values.

Step 1320 may include processing equipment determining
a ratio of the positive and negative differences of respective
steps 1312 and 1318. In some embodiments, the processing
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equipment may determine the ratio in a fixed manner such as
positive over negative, or negative over positive. In some
embodiments, the processing equipment may determine the
ratio as the smaller value over the larger value, which normal-
izes the ratio to between zero and one. In some embodiments,
the ratio may be determined as a positive number, and accord-
ingly the processing equipment may determine suitable abso-
lute values.

Step 1322 may include processing equipment determining
an algorithm setting based on the determined ratio of step
1320. In some embodiments, the ratio may be compared with
a threshold value. For example, referencing a ratio normal-
ized to between zero and one, if the ratio is above 0.75, then
the processing equipment may determine that no dicrotic
notch is present, and if the ratio is below 0.5, the processing
equipment may determine that a dicrotic notch is likely
present. Further, if the ratio is between 0.5 and 0.75, the
processing equipment can refrain from classifying the data.
Alternatively, the processing equipment may use a single
threshold rather than two thresholds, and all data may be
classified as having a dicrotic notch or not. Accordingly,
depending on the comparison of the ratio to the threshold, the
processing equipment may classify the physiological data of
step 1302, and set one or more algorithm settings. In some
embodiments, the processing equipment may bias the classi-
fication towards one or the other (e.g., dicrotic notch or no
dicrotic notch) depending on what algorithm setting is being
set based on the metric. In an illustrative example, if the
physiological data is classified as having a dicrotic notch,
then the processing equipment may turn off or modify a FIR
filter that weights the data and a difference signal derived
thereof to prevent a double rate calculation. The presence of a
dicrotic notch can cause the difference signal to appear as a
double rate condition, with peaks before and after each notch
appearing similar to separate pulses.

Referencing FIG. 14, plot 1400 shows difference signal
1402, derived from a PPG signal having no dicrotic notch.
Solid line 1406 corresponds to the median for the positive
values of difference signal 1402, while dashed lines 1404 and
1408 correspond to a +1 standard deviation band (based on
the positive values). Solid line 1412 corresponds to the
median for the negative values of difference signal 1402,
while dashed lines 1410 and 1414 correspond to a 1 standard
deviation band (based on the negative values). Note that the
+1 standard deviation bands for the positive and negative
values are roughly equal. Plot 1450 shows difference signal
1452, derived from a PPG signal having a dicrotic notch.
Solid line 1456 corresponds to the median for the positive
values of difference signal 1452, while dashed lines 1454 and
1458 correspond to a +1 standard deviation band (based on
the positive values). Solid line 1462 corresponds the median
for the negative values of difference signal 1452, while
dashed lines 1460 and 1464 correspond to a *1 standard
deviation band (based on the negative values). Note that the
+1 standard deviation bands for the positive and negative
values are significantly different. The difference in positive
and negative standard deviation bands for difference signals
1402 and 1452 illustrates some aspects of flow diagram 1300,
and the quantification of the difference. For example, the
differences between the midpoint value and the offset value in
steps 1312 and 1328 may be considered to be a rough approxi-
mation of the standard deviation of the positive and negative
values. Plot 1400 illustrates that for a PPG signal having no
dicrotic notch, the ratio determined in step 1320 may be
expected to be close to one (e.g., because the positive and
negative standard deviations bands are of similar size). Plot
1450 illustrates that for a PPG signal having a dicrotic notch,
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the ratio determined in step 1320 may be expected to be
significantly less than one (e.g., because the positive and
negative standard deviation bands are significantly different).

Plot 1470 shows illustrative sorted difference signal 1472,
derived from a difference signal corresponding to physiologi-
cal data exhibiting a dicrotic notch. Plot 1480 shows illustra-
tive sorted difference signal 1482, derived from a difference
signal corresponding to physiological data of a neonate. Dif-
ferences between the sorted positive and negative values are
apparent between difference signals 1472 and 1482. For
example, the sorted negative values take different shapes for
sorted difference signals 1472 and 1482, due to the presence
of the two-tier negative peaks resulting from the dicrotic
notch. Sorted difference signal 1472 exhibits a “knee” (e.g., a
bend in a curve between regions having two different charac-
teristic slopes) in the negative value portion, indicative of a
dicrotic notch. The knee arises from the presence of two sets
of troughs, shallow and deep, in a difference signal (e.g., as
shown in plot 1450) which give rise to substantially two sets
of negative slope values on either side of the knee. Sorted
difference signal 1482 does not exhibit a knee in the negative
value portion, as there is not expected to be two distinct sets of
troughs when no dicrotic notch is present.

FIG. 15 is a flow diagram 1500 of illustrative steps for
determining an algorithm setting based on a sorted difference
signal, in accordance with some embodiments of the present
disclosure. FIG. 16 is a panel showing a sorted difference
signal and two histograms, in accordance with some embodi-
ments of the present disclosure. FIG. 16 will be referred to
below during the discussion of the illustrative steps of flow
diagram 1500.

Step 1502 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 1502
may include recalling data from the memory for further pro-
cessing.

Step 1504 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.

Step 1506 may include processing equipment sorting the
difference values of step 1504. The processing equipment
may sort the values in ascending or descending order, either
of which causes the negative and positive values to be sepa-
rated. Referencing sorted values in ascending order, the most
negative values come first followed by less negative values,
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positive values, and finally larger positive values. Accord-
ingly the sorted values can be separated into positive values
and negative values, and the two sets of values may be pro-
cessed separately. Steps 1508-1514 will refer to the “positive
values” and the “negative values” of the sorted difference
signal separately, although separation of the positive and
negative values into separate arrays is not necessarily
required. Additionally, the positive values and the negative
values will be referred to as vectors (e.g., 1-D collections of
values), although any suitable data structure and representa-
tion thereof may be used in accordance with the present
disclosure. In some embodiments, the negative values may be
multiplied by -1, and the resulting values may be re-sorted in
ascending order, for example.

Step 1508 may include processing equipment determining
a set of reference indices of the sorted difference signal. In
some embodiments, the processing equipment may deter-
mine a median value of the sorted positive values. For
example, referencing a vector of 101 sorted positive values,
the processing equipment may select the 51* data point at the
midpoint. For vectors having an even number data points,
either of the two middle points may be selected, or a combi-
nation (e.g., an average of the two points) may be used. In
some embodiments, the processing equipment may deter-
mine an offset value at a particular relative location ofa vector
of sorted positive values or negative values. For example, for
a vector of the positive values, the processing equipment may
select a data point at a particular location such as 16% from
the end (i.e., index 1) of the vector corresponding to the
largest positive values. In anillustrative example, referencing
a vector of 100 positive values sorted in ascending order, the
offset value may be selected as the 847 value (e.g., 16% from
the end corresponding to the largest values at index 100). Any
suitable vector location, absolute or relative, may be used to
select the offset value, and the 16% value is used merely for
illustration. The set of reference indices may include median
values, offset values, or any combination thereof.

Step 1510 may include processing equipment generating at
least one histogram based on the reference indices and the
positive and negative values of the sorted difference signal. In
some embodiments, the processing equipment may use the
reference indices to identify segments of the positive value
vector and the negative value vector from which to generate a
histogram. For example, the processing equipment select the
segment of the positive value vector between first and second
reference indices, and the segment of the negative value vec-
tor between the first and second reference indices. The pro-
cessing equipment may generate a histogram by determining
the ratio of each value of positive value vector with the cor-
responding value (e.g., having the same index) of the negative
value vector, to generate a vector of ratio values. The process-
ing equipment may generate a histogram based on the ratio
values. In some embodiments, a second histogram may be
generated similar to the first histogram, albeit using at least
one different index of the reference indices than that used to
generate the first histogram. For example, considering the
example of the previous paragraph, the processing equipment
may select the segment of the positive value vector between
second and third reference indices, and the segment of the
negative value vector between the second and third reference
indices, to generate the second histogram. Any suitable num-
ber of segments, and corresponding histograms, may be used
in accordance with the present disclosure.

Step 1512 may include processing equipment determining
an algorithm setting based on the at least one histogram of
step 1510. In some embodiments, for example, the processing
equipment may generate two histograms at step 1510, deter-
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mine the respective maximum values of the two histograms,
and determine the algorithm setting based on the maximum
values. In an illustrative example, the processing equipment
may receive physiological data and generate a sorted differ-
ence signal. The processing equipment may partition the
sorted difference signal into the set of positive values (e.g., the
positive value vector) and the set of negative values (e.g., the
negative value vector). The processing equipment may then
multiply the negative values by -1, and re-sort, although the
set of values will still be referred to here as the “negative
values.” The processing equipment may then determine ref-
erence indices of 16%, 50%, and 84% of the length of the
shorter of the two vectors. The processing equipment may
then generate a set of ratio values (e.g., aratio value vector) of
the ratio of each positive value to the corresponding (e.g., the
i” value of the positive value vector by the i” value of the
negative value vector) negative value between the 16% and
50% indices. The processing equipment may then generate a
histogram of the ratio values and select the maximum value
and the corresponding index (e.g., indexed relative to the
segment between the 16% and 50% indices). The processing
equipment may then generate a second set of ratio values
(e.g., aratio value vector) of the ratio of each positive value to
the corresponding (e.g., the i value of the positive value
vector by the i” value of the negative value vector) negative
value between the 50% and 84% indices. The processing
equipment may then generate a second histogram of'the ratio
values and select the maximum value and the corresponding
index (e.g.. indexed relative to the segment between the 50%
and 84% indices). Based on the maximum values, the pro-
cessing equipment may classify the physiological data of step
1502, set one or more algorithm settings, determine a value
indicative of noise, or any combination thereof.

FIG. 16 is a panel showing a sorted difference signal and
two histograms, inaccordance with some embodiments of the
present disclosure. Plot 1600 shows sorted difference signal
1602. Plot 1610 shows a histogram 1612 of values based on
sorted difference signal 1602, while plot 1620 shows a mag-
nified view of plot 1610. Based on likely behavior, region
1614 of plot 1610 corresponds to values indicative of a physi-
ological signal, while region 1616 corresponds to values
indicative of noise. Accordingly, the rate algorithm may clas-
sify the physiological data with respect to noise based on a
histogram. For example, if a particular fraction of a histogram
lies in region 1616, then the rate algorithm may classify the
data as being noisy. Further based on likely behavior, region
1622 of plot 1620 may correspond to values indicative of a
physiological signal exhibiting a dicrotic notch and a rela-
tively sharp pulse, while region 1624 may correspond to
values indicative of a neonate, and region 1626 may corre-
sponds to values indicative of a distorted signal. Accordingly,
the rate algorithm may classify the physiological data with
respect to the presence of a dicrotic notch based on a histo-
gram. For example, if a particular fraction of a histogram lies
in region 1622 or 1624, then the rate algorithm may classify
the data as having a dicrotic notch or arising from a neonate,
respectively.

FIG. 17 is a flow diagram 1700 of illustrative steps for
determining an algorithm setting based on area ratios of posi-
tive and negative regions of a difference signal, in accordance
with some embodiments of the present disclosure. FIG. 18 is
a panel showing two illustrative plots 1800 and 1850 of
respective difference signals 1802 and 1852 having positive
and negative regions, in accordance with some embodiments
of the present disclosure. FIG. 18 will be referred to below
during the discussion of the illustrative steps of flow diagram
1700.
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Step 1702 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 1702
may include recalling data from the memory for further pro-
cessing.

Step 1704 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.

Step 1706 may include processing equipment determining
values indicative of area for positive and negative regions of
the difference signal. The difference signal of 1704 may
include a sequence of peaks and troughs corresponding to
physiological pulse, along with other components such as
noise, and may have exhibit oscillatory character. The peaks
may include positive values of the difference signal, while the
troughs may include negative values of the difference signal.
Accordingly, the peaks (along with the zero line) define a
positive region having an area above the ordinate axis, while
the troughs (along with the zero line) define a negative region
having an area below the ordinate axis. Referencing plot 1800
of FIG. 18, difference signal 1802, derived from a PPG signal
exhibiting no dicrotic notch, exhibits a sequence of positive
regions 1804 and negative regions 1806. Difference signal
1852 of plot 1850, derived from a PPG signal exhibiting a
dicrotic notch, exhibits a sequence of positive regions 1854
and negative regions 1856. Values indicative of area may be
determined for each positive and negative region, as indicated
by the hatching in FIG. 18. The values indicative of an area of
a region may include a numerical integral (e.g., any suitable
quadrature such as the Trapezoid rule or Simpson’s Rule),
analytic integral (e.g., integral ofa function fit of aregion and
the zero line), a summation of values of the region, a rectan-
gular area corresponding to the width and height of each
region, any other area metric, or any combination thereof.

Step 1708 may include processing equipment determining
area ratios of adjacent positive and negative regions. In some
embodiments, the processing equipment may determine an
area ratio of each positive region to the immediately follow-
ing negative region, generating a sequence of ratio values. In
some embodiments, the processing equipment may deter-
mine an area ratio of each negative region to the immediately
following positive region, generating a sequence of ratio val-
ues. Any suitable technique may be used to determine area
ratios between adjacent positive and negative regions. For
example, referencing plot 1800, the ratio of the area of posi-
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tive region 1820 and the area of negative region 1822 may be
determined. It can be seen from plot 1800 that the ratio of
areas of positive regions to adjacent negative regions is
roughly similar, although some deviation is present. Refer-
encing plot 1850, the ratio of the area of positive region 1860
and the area of negative region 1862 may be determined, and
the ratio of the area of positive region 1870 and the area of
negative region 1872 may be determined. It can be seen from
plot 1850 that the ratio of areas of positive regions to adjacent
negative regions will result in a two-tiered set of values,
caused by the alternating small and large areas of the negative
regions. The output of step 1708 may be a vector of area ratio
values derived from the difference signal of step 1704. In
some embodiments, the processing equipment may normal-
ize the ratios to span a predetermined range, such 0-1, for
example. In some embodiments, the processing equipment
may determine the ratio of negative regions to positive
regions, in which case the analysis may be altered.

Step 1710 may include processing equipment determining
an algorithm setting based on the area ratios of step 1708. In
some embodiments, the processing equipment may analyze a
sequence of ratio values to determine a metric. For example,
the 25% largest value (e.g., larger than about 75% of ratio
values and smaller than about 25% of ratio values) of a
sequence of ratio values of positive areas to adjacent negative
areas may be compared to a threshold. In a further example,
the ratio corresponding to the largest 25% of a sequence of
ratio values of positive areas to adjacent negative areas may
be compared to a threshold value. In a further example, the
average of the largest 25% of a sequence of ratio values of
positive areas to adjacent negative areas may be compared to
a threshold value. The ratio is expected to be near 1 for data
not exhibiting dicrotic notches. For data exhibiting dicrotic
notches, the ratios may exhibit two tiers due to the two-tiered
shaped of troughs in the difference signal. A first tier will be
somewhat close to 1, while the second tier will be signifi-
cantly larger than 1. By picking the 25% value, the processing
equipment will likely pick a value in the middle of second tier
for dicrotic notches and therefore be high when dicrotic
notches are present. However, when dicrotic notches are not
present, the selected value is likely close to 1 because the
areas ratios are all generally close to | (provided noise is
sufficiently low). In some embodiments, the processing
equipment may normalize the determined ratios, sort the nor-
malized ratios into a sorted array, and select the value at one
fourth of the length of the array of sorted ratios. In some
embodiments, the processing equipment may compare the
25% value to the 75% value. For data exhibiting a dicrotic
notch the 25% and 75% values should each lie in the middle
of the two tiers, while for data not exhibiting a dicrotic notch,
the values may be expected to be relatively similar.

FIG. 19 is a flow diagram 1900 of illustrative steps for
determining an algorithm setting based on first and second
difference signals, in accordance with some embodiments of
the present disclosure. FIG. 20 is a panel showing illustrative
PPG signals with and without a dicrotic notch, and corre-
sponding first and second difference signals for each, in
accordance with some embodiments of the present disclo-
sure. FIG. 20 will be referred to below during the discussion
of the illustrative steps of flow diagram 1900.

Step 1902 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
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physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 1902
may include recalling data from the memory for further pro-
cessing.

Step 1904 may include processing equipment generating a
first difference signal (e.g., by calculating a sequence of dif-
ference values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a first difference signal. In a further example, the pro-
cessing equipment may compute a numerical derivative at
each point in the data, generating a first difference signal. Any
suitable difference technique may be used by the processing
equipment to generate the first difference signal.

Step 1906 may include processing equipment sorting the
difference values of step 1904. The processing equipment
may sort the values in ascending or descending order. Refer-
encing sorted values in ascending order, the most negative
values come first followed by less negative values, positive
values, and finally larger positive values.

Step 1908 may include processing equipment generating a
second difference signal by calculating a sequence of differ-
ence values between adjacent samples of the negative values
of the sorted first difference signal of step 1906. In some
embodiments, the processing equipment may perform a sub-
traction between values of adjacent data points of the negative
values of the sorted first difference signal. In some embodi-
ments, the processing equipment may calculate the differ-
ences by calculating a first derivative of the sorted first dif-
ference signal. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points of the
sorted first difference signal to generate a second difference
signal. In a further example, the processing equipment may
compute a numerical derivative at each point of the negative
values of the sorted first difference signal, generating a sec-
ond difference signal. Any suitable difference technique may
be used by the processing equipment to generate the second
difference signal based on the negative values of the sorted
first difference signal of step 1906.

Referencing FIG. 20, plot 2000 shows PPG signal 2002
(taken using an IR LED), which does not exhibit a dicrotic
notch. Plot 2010 shows a sorted first difference signal 2012
derived from PPG signal 2002, including only the negative
values. Plot 2020 shows a second difference signal 2022
derived from sorted difference signal 2012. Plot 2050 shows
PPG signal 2052 (taken using an IR LED), exhibiting a
dicrotic notch. Plot 2060 shows a sorted first difference signal
2062 derived from PPG signal 2052, including only the nega-
tive values. Plot 2070 shows a second difference signal 2072
derived from sorted difference signal 2062. Sorted first dif-
ference signal 2012 exhibits an initially steep slope which
levels out relatively quickly. In contrast, sorted first difference
signal 2062 exhibits a relatively steadier slope, which levels
out relatively later than that of sorted first difference signal
2012. Accordingly, second difference signal 2022 exhibits
activity early, which declines relatively quickly, while second
difference signal 2072 exhibits activity further along, declin-
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ing relatively later than second difference signal 2022. The
processing equipment may be configured to quantify the
behavior of the second difference signal, which may allow the
processing equipment to distinguish differences in character
between, for example, illustrative second difference signals
2022 and 2072. Quantification of behavior may be used to
classify physiological data as having a dicrotic notch or not
having a dicrotic notch.

Step 1910 may include processing equipment determining
an algorithm setting based on the second difference signal of
step 1908. In some embodiments, portions of the second
difference may be compared to determine a metric. For
example, referencing plot 2020 of FIG. 20, the ratio (or the
difference) of the averages of the second and third quartiles of
second difference signal 2022 may be determined and com-
pared to a threshold. The ratio of the averages of the second
and third quartiles of second difference signal 2022 is likely
near one and the difference of the averages of the second and
third quartiles of second difference signal 2022 is likely near
zero. The processing equipment may compare the ratio to a
threshold, compare the difference to a threshold, or both, to
classify the data. In some embodiments, the ratio and differ-
ence may be combined into a single metric, which may be
compared to a threshold. In a further example, referencing
plot 2070 of FIG. 20, the ratio (or the difference) of the
averages of the second and third quartiles of second differ-
ence signal 2072 may be determined and compared to a
threshold. The ratio of the averages of the second and third
quartiles of second difference signal 2072 is likely not near
one (and relatively further from one than the ratio for second
difference signal 2022) and the difference of the averages of
the second and third quartiles of second difference signal
2072 is likely nonzero (and relatively further from zero than
the difference for second difference signal 2022). Accord-
ingly, the processing equipment may detect the presence of a
dicrotic notch (and optionally classify the physiological data)
using a metric based on the second difference signal.

FIG. 21 is a flow diagram 2100 of illustrative steps for
determining an algorithm setting based on a skewness value
of a physiological signal, in accordance with some embodi-
ments of the present disclosure. FIG. 22 is a panel showing an
illustrative contour plot 2200 of instances of skewness value
and correlation lag value, in accordance with some embodi-
ments of the present disclosure. FIG. 22 will be referred to
below during the discussion of the illustrative steps of flow
diagram 2100.

Step 2102 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 2102
may include recalling data from the memory for further pro-
cessing.

Step 2104 may include processing equipment determining
a skewness value based on the received physiological data of
step 2102. In some embodiments, the processing equipment
may use an expression such as Eq. 16 to determine the skew-
ness value. In some embodiments, the processing equipment
may perform one or more signal conditioning operations
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prior to determining the skewness value. For example, in
some embodiments, the processing equipment may subtract
the mean value of the physiological data to center the data
about zero.

Step 2106 may include processing equipment determining
an algorithm setting based on a reference relationship
between the determined skewness metric and a value indica-
tive of a physiological rate. In some embodiments, the refer-
ence relationship may be represented by a function, a look-up
table, a mapping, any other suitable representation, or any
combination thereof. For example, the processing equipment
may determine whether to apply a FIR filter to the physiologi-
cal data based on the skew metric. In a further example, the
processing equipment may determine an amount of filtering
to apply to the physiological data based on the skew metric.

FIG. 22 is a panel showing an illustrative contour plot 2200
of instances of skewness value and correlation lag value, in
accordance with some embodiments of the present disclo-
sure. The abscissa of plot 2200 represents the correlation lag
values, and the ordinate represents the values indicative of
skewness in arbitrary units. Region 2202 corresponds to rela-
tively higher number instances. while region 2204 corre-
sponds to an intermediate number of instances, while the
remaining two-dimensional space of plot 2200 corresponds
to relatively lower number of instances. Regions 2202 and
2204 show that as lag value increases, the skew values gen-
erally become more negative. Therefore, the skew of physi-
ological data may be indicative of the lag value or rate corre-
sponding to the physiological signal. In some embodiments,
a look-up table, data structure, or other reference including
data relating a skewness value and a value indicative of cor-
relation lag (e.g., such as that represented by plot 2200) may
be stored in memory. For example, in some implementations,
the processing equipment may determine a skewness value
based on a physiological signal, and refer to alook-up table to
determine a lag value estimate based on the skewness value.
In a further example, a function (e.g., piecewise or continu-
ous) or other relationship may be derived to approximately
describe the relationship shown in plot 2200. The skew value
or lag value estimate may be used to classify the physiological
data. For example, a skew value below a threshold may be
indicative of physiological data of an adult or a person who
may have a dicrotic notch. As another example, a skew value
above a threshold may be indicative of physiological data of
aneonate or a person who may not have a dicrotic notch. The
skew value, lag value estimate, and/or classification may be
used to determine an algorithm setting as described in con-
nection with step 2106 of FIG. 21.

FIG. 23 is a flow diagram 2300 of illustrative steps for
determining an algorithm setting based on a skewness value
and a difference signal of the physiological signal, in accor-
dance with some embodiments of the present disclosure. FIG.
24 is a panel showing an illustrative plot 2400 of classifier
reference data based on a skewness value and a sorted differ-
ence signal, in accordance with some embodiments of the
present disclosure. FIG. 24 will be referred to below during
the discussion of the illustrative steps of flow diagram 2300.

Step 2302 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
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nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 2302
may include recalling data from the memory for further pro-
cessing.

Step 2304 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.

Step 2306 may include processing equipment sorting the
difference values of step 2304. The processing equipment
may sort the values in ascending or descending order, either
of which causes the negative and positive values to be sepa-
rated. Referencing sorted values in ascending order, the most
negative values come first followed by less negative values,
positive values, and finally larger positive values. Accord-
ingly the sorted values can be separated into positive values
and negative values, and the two sets of values may be pro-
cessed separately.

Step 2308 may include processing equipment determining
at least one metric based on the sorted difference signal of
step 2306. In some embodiments, the processing equipment
may determine the at least one metric using the illustrative
techniques described in the context of FIGS. 11-22, or below
in the context of FIGS. 25-41, or a combination thereof.

Step 2310 may include processing equipment determining
a skewness value based on the received physiological data of
step 2302. In some embodiments, the processing equipment
may use an expression such as Eq. 16 to determine the skew-
ness value. In some embodiments, the processing equipment
may perform one or more signal conditioning operations
prior to determining the skewness value. For example, in
some embodiments, the processing equipment may subtract
the mean value of the physiological data to center the data
about zero.

Step 2312 may include processing equipment determining
an algorithm setting based on the determined skewness value
and the at least one metric. In some embodiments, the algo-
rithm setting may be based on a reference relationship
between the skewness value and the at least one metric that be
represented by a function, a look-up table, a mapping, a
neural network, any other suitable representation, or any
combination thereof.

FIG. 24 is a panel showing an illustrative plot 2400 of
classifier reference data based on a skewness value and two
metrics derived from a sorted difference signal, in accordance
with some embodiments of the present disclosure. Plot 2400
shows the classification of physiological data based on a
skewness value, a first metric value calculated using the illus-
trative techniques of flow diagram 1300, and a second metric
value calculated using the illustrative techniques of flow dia-
gram 1500. Region 2402 corresponds to data for neonates,
while region 2404 corresponds to data exhibiting a dicrotic
notch. The relatively clean grouping shown in plot 2400 may
be used to classify physiological data. In some embodiments,
the data in plot 2400 may be filtered data to improve the
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distinct grouping of the data. Data, such as that represented by
plot 2400 may be used as a reference to classify physiological
data, and accordingly may be stored in suitable memory in
any suitable format (e.g., a data table, a set of data tables, a
function, or any other suitable format). In some embodi-
ments, data of instances such as that shown in plot 2400 may
be inputted into a nearest-neighbor probability calculation to
determine, for each value triple (i.e., each set of three values
that can be represented by a point in the 3-D space of plot
2400), a probability that the data belongs to a classification.
The regions of high probability may align substantially with
respective regions 2402 and 2404, albeit with some smooth-
ing from the nearest-neighbor calculation. In some embodi-
ments,

The foregoing techniques for determining an algorithm
setting may be used alone or in combination to determine an
algorithm setting. FIG. 25 is a flow diagram 2500 of illustra-
tive steps for determining an algorithm setting based on a
combination of metrics, in accordance with some embodi-
ments of the present disclosure.

Step 2502 may include processing equipment determining
a first metric, using any suitable technique in accordance with
the present disclosure. For example, the processing equip-
ment may determine the first metric using any of the tech-
niques described in the context of FIGS. 11-24, or below in
the context of FIGS. 26-41. Step 2504 may include process-
ing equipment determining a second metric, using any suit-
able technique in accordance with the present disclosure. For
example, the processing equipment may determine the sec-
ond metric using any of the techniques described in the con-
text of FIGS. 11-24, or below in the context of FIGS. 26-41.
Step 2506 may include processing equipment determining an
Nth metric, using any suitable technique in accordance with
the present disclosure. For example, the processing equip-
ment may determine the Nth metric using any of the tech-
niques described in the context of FIGS. 11-24, or below in
the context of FIGS. 26-41. In some embodiments, each met-
ric of steps 2502-2506 may be of a different type (e.g., deter-
mined using a different technique). In some embodiments,
each metric of steps 2502-2506 may be of the same type,
although different settings may be used (e.g., determined
using the same technique but using different thresholds, off-
sets, or other settings).

Step 2508 may include processing equipment determining
an algorithm setting based on the metrics of steps 2502-2506.
In some embodiments, two or more of metrics may be com-
bined by, for example, averaging, summing, multiplying, per-
forming any other suitable combination technique, or any
combination of techniques thereof. In some embodiments,
the processing equipment may select a metric from among the
metrics. For example, the processing equipment may select
the largest metric, or the smallest metric. In some embodi-
ments, the processing equipment may exclude a metric from
a combination of the metrics. For example, the processing
equipment may exclude the largest metric, the smallest met-
ric, or both, when determining a combined metric value such
as, for example, an average, a sum, a product, any other
suitable combined metric value, or any combination thereof.

FIG. 26 is a panel showing an illustrative set of de-trending
metric values and illustrative contours for an illustrative com-
bination of de-trending metrics, in accordance with some
embodiments of the present disclosure. Plot 2600 shows sets
of points 2602 and 2604, corresponding to dicrotic notch and
neonate data, respectively, derived by generating coordinate
pairs of two de-trending metric values for multiple data sets.
The abscissa and ordinate of plot 2600 ranges from zero to
one, indicating normalized de-trending metric values. Plot
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2650 shows an illustrative contour plot generated by using a
nearest-neighbor probability classifier (e.g., 10-point tech-
nique as shown in FIG. 26) based on sets of points 2602 and
2604 of plot 2600. The abscissa and ordinate of plot 2650
ranges from zero to one hundred, indicating one hundred
times the de-trending metric values of plot 2600 (i.e., a simple
multiplicative scaling). The contour plot includes two regions
2652 and 2654, corresponding to a high probability of a
dicrotic notch and a high probability of a neonate, respec-
tively. Note that the region between regions 2652 and 2654
corresponds to relatively lower probabilities of either a
dicrotic notch or neonate signal type.

FIG. 27 is a panel showing three illustrative sets of de-
trending metric values, taken for different window sizes, in
accordance with some embodiments of the present disclo-
sure. The abscissa and ordinate of plots 2700,2710, and 2720
both range from zero to one, indicating normalized de-trend-
ing metric values. Plot 2700 shows sets of points 2702 and
2704, corresponding to dicrotic notch and neonate data,
respectively, derived by generating coordinate pairs of two
de-trending metric values for multiple data sets using six-
second windows. Plot 2710 shows sets of points 2712 and
2714, corresponding to dicrotic notch and neonate data,
respectively, derived by generating coordinate pairs of two
de-trending metric values for multiple data sets using eigh-
teen-second windows. Plot 2720 shows sets of points 2722
and 2724, corresponding to dicrotic notch and neonate data,
respectively, derived by generating coordinate pairs of two
de-trending metric values for multiple data sets using thirty-
second windows. As the window size increases from the
six-second window, it can be seen that the sets partition more
cleanly, indicating that a classification may be performed
more accurately.

In some embodiments, empirical data may be used to set an
algorithm setting. For example, processing equipment may
map two metrics to a particular classification. The mapping
may include a look-up table, a function describing the clas-
sification boundary, a nearest neighbor classifier, a neural
network, or any other linear or non-linear mapping, or any
combination thereof. Referencing FIG. 26, the processing
equipment may, for example, fit a function to the boundary
between regions 2602 and 2604. Note that any suitable com-
bination of any suitable number of metrics may be mapped to
a classification. In some embodiments

FIG. 28 is a flow diagram 2800 of illustrative steps for
temporally monitoring metrics, in accordance with some
embodiments of the present disclosure.

Step 2802 may include processing equipment receiving
physiological data over time from a physiological sensor,
memory, any other suitable source, or any combination
thereof. For example, referring to system 300 of FIG. 3, the
processing equipment may receive a window of physiological
data from input signal generator 310. Sensor 318 of input
signal generator 310 may be coupled to a subject, and may
detect physiological activity such as, for example, RED and/
or IR light attenuation by tissue, using a photodetector. In
some embodiments, physiological signals generated by input
signal generator 310 may be stored in memory (e.g., RAM 54
of FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 2802
may include recalling data from the memory for further pro-
cessing.

Step 2804 may include processing equipment determining
asequence of metric values over time. In some embodiments,
for example, the processing equipment may determine a met-
ric value or a noise metric value every second based on the
most recent window of physiological data.
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Step 2806 may include processing equipment determining
a temporal change in the sequence of metric values of step
2804. In some embodiments, the processing equipment may
determine a difference between consecutive metric values,
and if the difference exceeds a threshold, the processing
equipment may determine that a temporal change has
occurred. In some embodiments, the processing equipment
may determine a difference between each metric value and a
reference value (e.g., an initial metric value), and if the dif-
ference exceeds a threshold, the processing equipment may
determine that a temporal change has occurred. In some
embodiments, the processing equipment may determine that
a temporal change has occurred when the difference exceeds
a threshold for a certain amount of time.

Step 2808 may include processing equipment adjusting
one or more algorithm settings based on the metric values. For
example, if a temporal change exceeds a threshold, the pro-
cessing equipment may perform any of the techniques
described in the context of FIGS. 11-28, or below in the
context of FIGS. 30-41 to classify the physiological signal
again.

In some embodiments, the processing equipment may
determine one or more algorithm settings, and adjust the one
or more algorithm settings in response to one or more metric
values. For example, the processing equipment may receive
physiological data, and determine a metric value indicative of
a physiological classification. The physiological classifica-
tion may be based on the presence of a dicrotic notch (e.g,,
dicrotic notch, no dicrotic notch, neonate), physiological rate
(e.g., large or small heart rate), pulse shape, any physiological
classification, or any combination thereof. The processing
equipment may determine an algorithm setting based on the
physiological classification such as, for example, a mode, a
qualification test, a qualification criterion, a threshold value,
a signal conditioning setting, any other suitable algorithm
setting, or any combination thereof. In some instances, sub-
sequent to determining the algorithm setting, the processing
equipment may determine a second metric value indicative of
a different physiological classification than determined pre-
viously based on subsequent physiological data. The second
metric value may be the same metric above having an updated
value, or a different metric, which indicates the different
physiological classification. The processing equipment may
then determine an algorithm setting based on the different
physiological classification such as, for example, a mode, a
qualification test, a qualification criterion, a threshold value,
a signal conditioning setting, any other suitable algorithm
setting different from the previous algorithm setting, or any
combination thereof. Accordingly, the processing equipment
may update algorithm settings as changes occur in the physi-
ological data, in the state of the rate algorithm, or both.

In some embodiments, one or more metrics indicative of
noise (e.g.. a noise metric) in the physiological data may be
used to determine one or more algorithm settings. A noise
metric may provide an indication of the relative noise level,
absolute noise level, type of noise, any other noise property,
or any combination thereof. For example, physiological data
corresponding to a physiological rate may be expected to
exhibit substantially oscillatory behavior. Differences, such
as a first derivative, in the physiological data may also be
expected to exhibit oscillatory behavior and occur in an
expected range. FIG. 29 is a panel showing illustrative PPG
signals with and without a dicrotic notch, corresponding dif-
ference signals for each, and corresponding sorted difference
signals for each in accordance with some embodiments of the
present disclosure. The abscissas of the plots of FIG. 29 are in
units of sample number, while the ordinates are shown in
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arbitrary units. Plot 2900 shows PPG signal 2902 (indicative
of transmitted intensity) having a dicrotic notch. Plot 2910
shows difference signal 2912 derived by calculating differ-
ences (e.g., forward difference, backward differences, central
difference, derivatives, or any other suitable difference) at
each point of PPG signal 2902. Plot 2920 shows sorted dif-
ference signal 2922, generated by sorting the values of dif-
ference signal 2912 in ascending order by value. Plot 2950
shows PPG signal 2952 (indicative of transmitted intensity),
which does not exhibit a dicrotic notch. Plot 2960 shows
difference signal 2962 derived by calculating differences at
each point of PPG signal 2952. Plot 2970 shows sorted dif-
ference signal 2972, generated by sorting the values of dif-
ference signal 2262 in ascending order by value. Sorted dif-
ference signals 2922 and 2972 exhibit different shapes, which
may be taken into account by the processing equipment when
determining a noise metric. The illustrative techniques dis-
cussed in the context of FIGS. 30, 32, 36, 37, 39 and 41 may
applied to any suitable physiological data such as, for
example, those shown in FIG. 29 to classify the data, set an
algorithm setting, or both.

FIG. 30 is a flow diagram 3000 of illustrative steps for
determining a noise metric from a line fit of a sorted differ-
ence signal, in accordance with some embodiments of the
present disclosure. FIG. 31 is a panel showing illustrative
PPG signals with and without a dicrotic notch, corresponding
difference signals for each, corresponding sorted difference
signals for each, and corresponding line fits for each, in accor-
dance with some embodiments of the present disclosure. FIG.
31 will be referred to below during the discussion of the
illustrative steps of flow diagram 3000.

Step 3002 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 3002
may include recalling data from the memory for further pro-
cessing.

Step 3004 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.

Step 3006 may include processing equipment sorting the
difference values of step 3004. The processing equipment
may sort the values in ascending or descending order, either
of which causes the negative and positive values to be sepa-
rated. Referencing sorted values in ascending order, the most
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negative values come first followed by less negative values,
positive values, and finally larger positive values.

Step 3008 may include processing equipment fitting a line
to at least a portion of the sorted difference signal of step
3006. In some embodiments, the processing equipment may
perform a linear regression (e.g., a least-squares regression or
aweighted least-squares regression) using at least a portion of
the sorted difference signal. In some embodiments, the pro-
cessing equipment may fit a line using every point of the
sorted difference signal. In some embodiments, the process-
ing equipment may fit a line using a portion of the sorted
difference signal. For example, the processing equipment
may omit one or more points at one or both ends of the sorted
difference signal when determine the line fit. In some
embodiments, the line fit may include a slope value and an
ordinate intercept value (e.g., using a y=mx+b linear form
where m is the slope and b is the intercept). In some embodi-
ments, the processing equipment may determine if a dicrotic
notch is present (e.g., based on a de-trending metric), and
determine line fits on either side of the knee in the sorted
difference signal. For example, plot 2920 of FIG. 29 shows
sorted difference signal 3122 (e.g., derived from a PPG signal
having adicrotic notch), exhibiting a knee at an abscissa value
of about 50.

Step 3010 may include processing equipment calculating
upper and lower thresholds for the line fit of step 3008. In
some embodiments, the upper and lower thresholds may be
lines parallel to the line fit (i.e., having the same slope) with
the vertical-intercept (or other reference point) at a fixed
difference from the line fit (e.g., the thresholds may be given
by y=mx+bzC where C is the fixed difference). In some
embodiments, the upper and lower thresholds may be lines
with slopes other than the slope of the line fit (e.g., the thresh-
olds may be given by y=nx+b, and y=px+b, where n and p are
the upper and lower threshold slopes). The upper and lower
thresholds may be generated by the processing equipment
using any suitable function.

Step 3012 may include processing equipment identifying
points of the sorted difference signal that are outside of the
thresholds calculated at step 3010. Plot 3100 of FIG. 31
shows PPG signal 3102 (indicative of transmitted intensity)
having a dicrotic notch. Plot 3110 shows difference signal
3112 derived by calculating differences (e.g., forward differ-
ence, backward differences, central difference, derivatives, or
any other suitable difference) at each point of PPG signal
3102. Plot 3120 shows sorted difference signal 3122, gener-
ated by sorting the values of difference signal 3112 in ascend-
ing order by value. Plot 3150 shows PPG signal 3152 (from a
neonate), which does not exhibit a dicrotic notch. Plot 3160
shows difference signal 3162 derived by calculating differ-
ences at each point of PPG signal 3152. Plot 3170 shows
sorted difference signal 3172, generated by sorting the values
of difference signal 3162 in ascending order by value. The
dashed lines in plots 3120 and 3170 represent line fits (a
piecewise line fit in plot 3120), while the dashed-dotted lines
represent upper and lower thresholds for each line fit.

Step 3014 may include processing equipment determining
a noise metric based on the identified points of step 3012. In
some embodiments, the processing equipment may calculate
the ratio of points identified at step 3012 to the total number
of points of the sorted difference signal. For example, the
noise metric may be set equal to the ratio of points identified
at step 3012 to the total number of points (e.g., relatively low
numbers of noise points result in a noise metric relatively
nearer to zero).

Referencing FIG. 31, PPG signal 3102 and corresponding
difference signal 3112 exhibit relatively low noise in the



US 9,339,235 B2

65

signal, with the pulses being relatively consistently spaced
and having a relatively consistent shape. Accordingly. as
expected, no noise points are identified. PPG signal 3152 and
corresponding difference signal 3162 exhibit distortion based
on the baseline shifts and the varying shape of the pulses.
Accordingly, as expected, noise points are identified at the
ends of sorted difference signal 3172. Typically a low noise
PPG signal will have a relatively smooth corresponding
sorted difference signal because the differences are expected
to fall within a certain distribution. With increasing levels of
noise, the number of extreme (e.g., outside of the certain
distribution) positive difference values and extreme negative
difference values increases. As a result, the negative end of the
sorted difference signal will typically begin to significantly
bend downwards and the positive end of the sorted difference
signal will start to bend upwards. This effect of noise can be
seen in plot 3170, particularly at the positive end.

FIG. 32 is a flow diagram 3200 of illustrative steps for
determining a noise metric from a segmented line fit of a
sorted difference signal, in accordance with some embodi-
ments of the present disclosure. FIG. 33 is a panel showing an
illustrative difference signal derived from a PPG signal, a
sorted difference signal, and corresponding segmented line
fits, in accordance with some embodiments of the present
disclosure. Additionally, FIG. 34 is a partial view of the sorted
difference signal of FIG. 33, taken from circle 3400, showing
portions of two groups, in accordance with some embodi-
ments of the present disclosure. FIGS. 33-35 will be referred
to below during the discussion of the illustrative steps of flow
diagram 3200.

Step 3202 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 3202
may include recalling data from the memory for further pro-
cessing.

Step 3204 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal. As an illustrative example,
plot 3300 of FIG. 33 shows difference signal 3302, which is
a calculated first derivative signal of a PPG signal.

Step 3206 may include processing equipment sorting the
values of the difference signal of step 3204. The processing
equipment may sort the values in ascending or descending
order. Referencing sorted values in ascending order, the most
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negative values come first followed by less negative values,
positive values, and finally larger positive values.

Step 3208 may include processing equipment dividing the
sorted difference signal of step 3206 into N segments. In some
embodiments, the N segments may be of equal length (e.g.,
each may include the same number of samples). In some
embodiments, the N segments may have different lengths.
The value N may be any suitable positive integer, greater than
orequal to one. In some embodiments, step 3208 may include
the processing equipment determining a beginning and end-
ing data point number corresponding to each segment, a
length of each segment (e.g., number of data points), any
other suitable metric for dividing a signal into one or more
segments, or any combination thereof. In some embodiments,
the processing equipment may generate N new signals, each
corresponding to one of the N segments.

Step 3210 may include processing equipment determining
the average slope of each segment of the N segments of step
3208. In some embodiments, the processing equipment may
perform a linear regression (e.g., a least-squares regression or
a weighted least-squares regression) for each segment to
determine the slope. In some embodiments, the processing
equipment may determine the average slope of a segment as
the slope of the line coincident with the endpoints of that
segment. The processing equipment may use any suitable
technique to determine an average slope of each segment.

Step 3212 may include processing equipment grouping
adjacent segments with similar slopes. Based on the average
slopes of each segment, as determined at step 3210, the pro-
cessing equipment may group segments into collective, larger
segments if the slopes are sufficiently similar. In some
embodiments, the slopes of each adjacent pair of segments
may be compared, and if the slopes are sufficiently similar,
the segments may be grouped. For example, the ratio of the
slopes of each adjacent pair of segments may be determined,
and if the ratio is between 0.5 and 2 then the segments may be
grouped. Any suitable range of ratios may be used to group
segments, in accordance with the present disclosure. The
resulting number of groups may be less than or equal to the
initial number of segments N. As an illustrative example, plot
3350 of FIG. 33 shows sorted difference signal 3352, which
includes sorted data points of difference signal 3302. Sorted
difference signal 3352 is illustratively grouped into four
groups, G1, G2, G3 and G4, as shown by the vertical dotted
lines in FIG. 33. The ends of the sorted difference signal are
referred to herein as terminal ends.

Step 3214 may include processing equipment determining
upper and lower thresholds of the first and last groups of steps
3212. The resulting one or more groups of step 3212 may
include a first group (e.g., the leftmost group, using the
abscissa of plot 3310 of FIG. 33 as a reference) and a last
group (e.g., the rightmost group, using the abscissa of plot
3310 of FIG. 33 as a reference). The first group may be
associated with relatively more negative, or smaller, values of
the sorted difference signal. The last group may be associated
with relatively more positive, or larger, values of the sorted
difference signal. As an illustrative example, plot 3350 of
FIG. 33 shows upper and lower thresholds for the four groups,
G1, G2, G3 and G4 by each pair of dashed-dotted lines
corresponding to each group. The partial view of FIG. 34,
taken from circle 3400 in FIG. 33, shows a magnified view of
portions of groups G1 and G2. The line including the average
slope is shown by dashed line 3354. The upper and lower
thresholds are shown by dashed-dotted lines 3356 and 3358,
respectively. In some embodiments, the upper and lower
thresholds of the firstand last groups may extend to respective
terminal ends of the sorted difference signal. Relative to the
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line fit, the threshold may be offset a fixed amount, offset a
function of the slope of the line fit, offset a function of the
goodness of the line fit, or a combination thereof.

Step 3216 may include processing equipment identifying
noise points of at least one end of the sorted difference signal
of step 3206. In some embodiments, the processing equip-
ment may identify noise points in the sorted difference signal
as lying outside of the upper and lower thresholds of step
3214. For example, steep changes in slope may cause a por-
tion of the sorted difference signal to lie outside a set of
thresholds fora group. Points identified as lying outside of the
thresholds may be identified as noise points. In some embodi-
ments, points lying outside of the upper and lower thresholds,
and all points from the first excursion to the terminal end of
the group may be identified as noise, regardless of whether
some or all lie within the thresholds. In some embodiments,
the processing equipment may start at the interior end of the
first and last groups, away from the terminal ends, and
progress outward towards to the terminal ends. For example
referencing group G1 of FIG. 33, the processing equipment
may begin at the point at or near the junction of groups G1 and
G2, and progress leftward to the end of the sorted difference
signal.

As anillustrative example, sorted difference signal 3352 of
plot 3350 of F1G. 33 lies within the upper and lower thresh-
olds for all of the four groups, G1, G2, G3 and G4. Accord-
ingly, the processing equipment would not necessarily iden-
tify any noise points in this circumstance. As a further
illustrative example, FIG. 35 is a plot of a portion of a first
group of an illustrative sorted difference signal 3502, and
corresponding thresholds, in accordance with some embodi-
ments of the present disclosure. Sorted difference signal 3502
is shown to cross lower threshold 3508 at point 3520. Accord-
ingly, in this circumstance, the processing equipment may
identify noise points as all points between (and possibly
including) point 3520 and the group endpoint 3530 at the
terminal end of the first group.

In some embodiments, the segments do not extend to the
end of the sorted difference signal, as fitting the lines to noise
points may be undesirable. The thresholds associated with the
first and last groups may, however, extend to the end of the
sorted difference signal to locate noise points at each respec-
tive end. In some embodiments, the processing equipment
need not determine both maximum and minimum thresholds
for each line. For example, the processing equipment may
only calculate a minimum threshold for the negative end of
the sorted difference signal and a maximum threshold for the
positive end, because noise points would be expected to
diverge accordingly at the ends rather than flatten out.

Step 3218 may include processing equipment determining
a noise metric based on the identified noise points of step
3216. In some embodiments, the ratio of the number of noise
points to total points may be determined (e.g., using the
illustrative techniques of flow diagram 3000). For example,
the noise metric may be set equal to the ratio of noise points
to total points (e.g., relatively low numbers of noise points
result in a noise metric relatively nearer to zero). In some
embodiments, a noise metric may be determined at step 3218
based on a signal-to-noise type comparison. For example,
FIG. 36 is a flow diagram 3600 of illustrative steps for deter-
mining a noise metric based on identified noise points, using
a signal-to-noise type comparison, in accordance with some
embodiments of the present disclosure. The processing
equipment may determine the noise metric based on the noise
points identified at step 3216, if any. Step 3602 may include
determining whether no noise points were identified, in which
case the processing equipment may set the noise metric equal
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to zero at step 3604. Step 3606 may include determining
whether both positive and negative noise points were identi-
fied, in which case at step 3608 the processing equipment may
determine the noise metric M based on Eq. 19:

19

in which S is the difference between the positive and negative
signal amplitudes, and N is equal to two times the maxinum
of the last signal value and the first signal value of the sorted
difference signal. Step 3610 may include determining
whether only a positive noise point was identified, in which
case at step 3612 the processing equipment may determine
the noise metric M based on Eq. 19 in which S is the positive
signal amplitude, and N is equal to two times the maximum of
the last value of the sorted difference signal. Step 3614 may
include determining whether only a negative noise point was
identified, in which case at step 3616 the processing equip-
ment may determine the noise metric M based on Eq. 19 in
which S is the negative signal amplitude, and N is equal to two
times the maximum of the first value of the sorted difference
signal. Flow diagram 3600 is merely illustrative, and the
processing equipment may determine any suitable metric
indicative of noise. For example, the processing equipment
may determine the difference between the maximum and
minimum values of the sorted difference signal as a metric. In
further example, the processing equipment may determine
the difference between the positive and negative signal ampli-
tudes as a metric.

FIG. 37 is a flow diagram 3700 of illustrative steps for
determining a noise metric based on two portions of physi-
ological data, in accordance with some embodiments of the
present disclosure. FIG. 38 is a panel showing an illustrative
PPG signal, a difference signal derived from the PPG signal,
and corresponding sorted difference signals, in accordance
with some embodiments of the present disclosure. FIG. 38
will be referred to below during the discussion of the illustra-
tive steps of flow diagram 3700. The analysis of two portions
of the physiological signal may aid in identifying noise, quan-
tifying noise, determining an onset of or reduction in noise, or
a combination thereof. For example, when noise is low, adja-
cent portions of physiological data having sufficient size (e.g,,
a multiple of the period, or otherwise large size compared to
the period of a physiological rate) should have similar sorted
difference signals. As noise appears the buffer, the shape and
distribution of points in the sorted difference signal contain-
ing the noise are expected to be different than the portion that
does not contain the noise. Further, if both portions include
noise, consistency between the two sorted difference signals
is not necessarily expected. Accordingly, the illustrative tech-
niques of flow diagram 3700 may provide a convenient noise
metric especially with intermittent noise and identifying
when noise begins.

Step 3702 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
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FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 3702
may include recalling data from the memory for further pro-
cessing.

Step 3704 may include processing equipment generating a
first difference signal based on a first portion of the physi-
ological data of step 3702 (e.g., by calculating a sequence of
difference values between adjacent samples of the physi-
ological data). In some embodiments, the processing equip-
ment may perform a subtraction between values of adjacent
samples. In some embodiments, the processing equipment
may calculate the differences by calculating a first derivative
of the physiological data. For example, the processing equip-
ment may compute forward differences, backward differ-
ences, or central differences between each pair of adjacent
points of a portion of the physiological data to generate a first
difference signal. In a further example, the processing equip-
ment may compute a numerical derivative at each point of a
portion of the physiological data, generating a first difference
signal. Any suitable difference technique may be used by the
processing equipment to generate the first difference signal.

Step 3706 may include processing equipment sorting the
values of the first difference signal of step 3704. The process-
ing equipment may sort the values of the first difference signal
in ascending or descending order. Referencing sorted values
in ascending order, the most negative values come first fol-
lowed by less negative values, positive values, and finally
larger positive values.

Step 3708 may include processing equipment determining
a line fit of the sorted first difference signal of step 3706. In
some embodiments, the processing equipment may performa
linear regression (e.g., a least-squares regression or a
weighted least-squares regression) using at least a portion of
the sorted first difference signal. In some embodiments, the
processing equipment may fit a line using every point of the
sorted difference signal. In some embodiments, the process-
ing equipment may fit a line using a portion of the sorted
difference signal. For example, the processing equipment
may omit one or more points at one or both ends of the sorted
difference signal when determining the line fit. In some
embodiments, the line fit may include a slope value and an
ordinate intercept value (e.g., using the y=mx+b linear form
where m is the slope and b is the intercept).

Similar to performing steps 3704-3708, the processing
equipment may perform steps 3710-3714 using a second
portion of physiological data. Step 3710 may include process-
ing equipment generating a second difference signal based on
a second portion of the physiological data of step 3702. Step
3712 may include processing equipment sorting the values of
the second difference signal. Step 3714 may include process-
ing equipment determining a line fit of the sorted second
difference signal. The first and second portions of the physi-
ological data may be, but need not be, exclusive of each other.
The physiological data may be partitioned into two portions
using any suitable technique. In some embodiments, the first
and second portions may be of equal length (e.g., each may
include the same number of samples or time interval). Insome
embodiments, the first and second portions may have differ-
ent lengths (e.g., each may include the same number of
samples or time interval).

In an illustrative example, six seconds of data, captured at
a sampling rate of 57 Hz, may be received (i.e., about 342
samples). The first 171 samples (i.e., samples 1-171) may be
included in the first portion, and the second 171 samples (i.e.,
samples 172-342) may be included in the second portion. Plot
3800 of F1G. 38 shows PPG signal 3802 having about 342
samples, while plot 3810 of FIG. 38 shows difference signal
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3812, which is a calculated first derivative signal of PPG
signal 3802. First and second portions are denoted by “P1”
and “P2” in FIG. 38, corresponding to first and second dif-
ference signals, respectively, each having about 171 samples.
In some embodiments, the processing equipment may deter-
mine the first and second difference signals as portions of a
single difference signal, as shown in plot 3810 where the first
portion “P1” of difference signal 3812 may be considered the
first difference signal, and the second portion “P2” of differ-
ence signal 3812 may be considered the second difference
signal. Alternatively, PPG signal 3802 could be partitioned
into portions and two separate corresponding difference sig-
nals could be calculated and sorted. Plot 3820 of FIG. 38
shows sorted first difference signal 3822 and sorted second
difference signal 3832. Although shown as having offset
sample numbers for illustration (e.g., allowing slopes of the
line fits to be directly compared but not necessarily the inter-
cepts), the sorted difference signals 3822 and 3832 could each
be numbered about 1-171 samples (e.g., allowing both the
slopes and intercepts of the line fits to be compared). Sorted
first difference signal 3822 includes the sorted data points of
first portion “P1” of difference signal 3812, while sorted
second difference signal 3832 includes the sorted data points
of second portion “P2” of difference signal 3812. Note that
difference signal 3812 may have a different length than PPG
signal 3802 due to the difference calculation technique. For
example, using a forward difference, a difference signal may
include one less point than the corresponding physiological
data from which it was derived.

Step 3716 may include processing equipment determining
adifference between slopes of the line fits determined at steps
3708 and 3714. The line fits may be expected to provide
similar slopes if the physiological data does not include rela-
tively large amounts of noise. Differences in the slopes of the
line fits may indicate that either or both of the first and second
portions of the physiological data include appreciable noise.
In some embodiments, the difference in slopes may include
calculating a difference between the slopes, a normalized
difference between the slopes, a bounded difference of the
slopes, a ratio of the slopes, any other suitable comparison
metric, or any combination thereof. In some embodiments,
the use of portions of equal length may allow a direct com-
parison of slopes of corresponding line fits, because each
sorted difference signal will have equivalent domain lengths
along an abscissa, as well as an equivalent range of expected
difference values. Plot 3820 of FIG. 38 shows line fit 3824
corresponding to sorted first difference signal 3822, and line
fit 3834 corresponding to sorted first difference signal 3832,
with each line fit generated using a least squares regression. In
the illustrated example, the calculated slopes, in arbitrary
units, for line fit 3824 and 3834 are 0.2048 and 0.1952,
respectively. Using these illustrative numbers, the processing
equipment may, for example, determine a normalized ratio of
0.95 (i.e., minimum divided by maximum), a percent differ-
ence of 5% (i.e., normalizing by the average value), a differ-
ence of 0.0096 (i.e., subtracting minimum from maximum),
along with any other suitable comparison metric.

Step 3718 may include processing equipment determining
a goodness of fit, a noise metric, or both, for the first and
second sorted difference signals. In some embodiments, the
processing equipment may compare a comparison metric
from step 3816 with one or more thresholds to determine the
goodness of fit, a noise metric, or both. For example, the
processing equipment may compare the normalized ratio of
the slopes with a threshold such as 0.8, and if the ratio is
between 0.8 and 1.0, then the fit is considered good. In some
embodiments, the comparison metric itself, or calculation



US 9,339,235 B2

71
derived thereof, may be used as a goodness of fit value. For

example, any or all of Egs. 20-22 may be used to determine
the goodness of fit and/or a noise metric:

. ‘ Slope,, 0
Noise Metric =1 - ke
Slope,,...
Noise Metric = Slope,, . — Slope, .. 2h
Noise Metric = Slopeye, = Stopeyy, @2
Slope ,,
where Slope,,,,, is the less of the slope values, Slope,, .. is the

greater of the slope values, and Slope ,,, is the average of the
slope values.

In some embodiments, the processing equipment may pet-
form step 3718 without performing steps 3708, 3714, and
3716. For example, the processing equipment need not fit a
line to the either of the difference signals to determine a noise
metric based on the first and second portions. In a further
example, referencing portions of equal length, the sorted
values of the first and second portions may be plotted against
each other (e.g., if plotted, the values of the first portion may
correspond to the abscissa and the values of the second por-
tion may correspond to the ordinate), and a correlation coef-
ficient may be determined. The set of points need not be
plotted, and may be generated using Eq. 23, as shown below:

P, %)) (23)

in which P, is the point for index i, and X, ; and X, , are the
values of the first and second portions, respectively. In a
further example, a set of points may be generated using Eq.
23, and the normalized difference between the generated set
of points and a set of points having the same abscissa value
and ordinate value (e.g., if plotted, the points would lie on a
line through the origin having a slope of one).

In some embodiments, the processing equipment may
apply any suitable statistical technique to the two sorted dif-
ference signals. For example, the processing equipment may
apply a KS Test to the first and second portions by comparing
the sorted difference signals to a predetermined distribution.
In a further example, the processing equipment may use a
function other than a line as a fitting reference. For example,
the processing equipment may fita polynomial of any order to
the first and second difference signals, or any other suitable
function, and compare the fitted functions to each other or to
a reference function.

In some embodiments, the illustrative techniques of flow
diagram 3700 may be applied to more than two portions of
physiological data. For example, a window of physiological
data may be partitioned into three portions, and three differ-
ence signals may be determined and sorted to yield three line
fits which may be compared. Any suitable number of portions
may be used to determine a goodness of fit, noise metric, or
both, in accordance with the illustrative techniques of flow
diagram 3700.

FIG. 39 is a flow diagram 3900 of illustrative steps for
estimating signal-to-noise ratio based on a sorted difference
signal, in accordance with some embodiments of the present
disclosure.

Step 3902 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
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erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 3902
may include recalling data from the memory for further pro-
cessing.

Step 3904 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal.

Step 3906 may include processing equipment sorting the
difference values of step 3904. The processing equipment
may sort the values in ascending or descending order. Refer-
encing sorted values in ascending order, the most negative
values come first followed by less negative values, positive
values, and finally larger positive values.

Step 3908 may include processing equipment determining
at least two values indicative of noise (e.g., a noise metric)
using any of the techniques described in the context of FIGS.
30-41, along with any metrics determined using the tech-
niques described in the context of FIGS. 11-28, or any com-
bination thereof. For example, the processing equipment may
determine noise metric values using the techniques described
in the context of FIGS. 30-41, along with any metrics deter-
mined using the techniques described in the context of FIGS.
11-28, and then select the maximum noise metric value (e.g,,
with higher noise metric values corresponding to noisier
physiological data) using Eq. 24:

Noise Metric=MAX(V, V5, V3) (24

in which V|, V,, and V, are the noise values from the three
techniques. In some embodiments, the processing equipment
may select a single value, generate a combined value using a
suitable technique (e.g., an average, a weighted average, a
product, or some other combination), determine a noise met-
ric based on alookup table using one or more noise metrics as
an input, perform any other suitable calculation of a noise
metric, or any combination thereof.

Step 3910 may include processing equipment determining
a signal-to-noise ratio estimate based on the values indicative
of noise, or a metric derived thereof, from step 3908. In some
embodiments, the reference relationship between the signal-
to-noise ratio and the values indicative of noise may be rep-
resented by a function, a look-up table, a mapping, any other
suitable representation, or any combination thereof. In some
embodiments, the reference relationship may be stored in
memory, and accessed by the processing equipment.

FIG. 40 is a panel showing an illustrative contour plot 4000
of instances of signal-to-noise ratio values and ordered sta-
tistic noise metric values, in accordance with some embodi-
ments of the present disclosure. The abscissa of plot 4000
represents the noise metric values, and the ordinate represents
the values indicative of signal-to-noise ratio in units of deci-
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bels (dB). Region 4002 corresponds to relatively higher num-
ber instances, while region 4004 corresponds to an interme-
diate number of instances, while the remaining two-
dimensional space of plot 4000 corresponds to relatively
lower number of instances. In some embodiments, a look-up
table, data structure, or other reference including data relating
a noise metric and a value indicative of signal-to-noise ratio
(e.g., such as that represented by plot 4000) may be stored in
memory. Forexample, in some implementations, the process-
ing equipment may determine a noise metric value based on
physiological signal, and refer to a look-up table to determine
a signal-to-noise estimate based on the noise metric value. In
a further example, a function (e.g., piecewise or continuous)
or other relationship may be derived to approximately
describe the relationship shown in plot 4000.

FIG. 41 is a flow diagram 4100 of illustrative steps for
determining a resultant noise metric based on a combination
of noise metrics, in accordance with some embodiments of
the present disclosure.

Step 4102 may include processing equipment determining
a first noise metric, using any suitable technique in accor-
dance with the present disclosure. For example, the process-
ing equipment determine the first noise metric using any of
the techniques described in the context of FIGS. 30-41, along
with any metrics determined using the techniques described
in the context of FIGS. 11-28. Step 4104 may include pro-
cessing equipment determining a second noise metric, using
any suitable technique in accordance with the present disclo-
sure. For example, the processing equipment may determine
the second noise metric using any of the techniques described
in the context of FIGS. 30-41, along with any metrics detet-
mined using the techniques described in the context of FIGS.
11-28. Step 4106 may include processing equipment deter-
mining an Nth noise metric, using any suitable technique in
accordance with the present disclosure. For example, the
processing equipment may determine the N noise metric,
where N can be 2 or greater, using any of the techniques
described in the context of FIGS. 30-41, along with any
metrics determined using the techniques described in the
context of FIGS. 11-28. In some embodiments, each metric of
steps 4102-4106 may be of a different type (e.g., determined
using a different technique). In some embodiments, each
noise metric of steps 4102-4106 may be of the same type,
although different settings may be used (e.g., determined
using the same technique but using different thresholds, off-
sets, or other settings).

Step 4108 may include processing equipment determining
an algorithm setting based on the noise metrics of steps 4102-
4106. In some embodiments, the processing equipment may
combine the noise metrics into a single noise metric. For
example, the processing equipment may sum, average, mul-
tiply, divide, subtract, or otherwise condense the noise met-
rics to determine a resulting metric value indicative of noise.
In some embodiments, the processing equipment may use the
noise metrics a an input to a look-up table, reference function,
or other reference to determine a resultant noise metric. For
example, the processing equipment may access a N-dimen-
sional look-up table, with each of the N dimensions corre-
sponding to values of a particular noise metric (e.g., a 3-D
look-up table indexed by values of three metrics). Such a table
may be generated, for example, from historical data or an
analytical model. In some embodiments, the processing
equipment may consider multiple metrics of steps 4102-4106
accordingly to conditional logic. For example, the processing
equipment may increase the amount of signal processing if
the value of a particular noise metric exceeds a threshold,
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even if another metric suggests that the signal contains a
dicrotic notch the value of a particular noise metric.

In some embodiments, signal conditioning may be applied
to aphysiological signal to aid in processing the signal for rate
information. Signal conditioning may include filtering, de-
trending, smoothing, normalizing, derivative limiting, any
other suitable conditioning, or any combination thereof.
Physiological pulse rates may generally fall into a particular
range (e.g., 20-300 BPM for humans), and accordingly signal
conditioning may be used to reduce the presence or effects of
signal components outside of this particular range. Further, a
narrower pulse range may be expected for a subject, based on
previous data for example, and a signal may be conditioned
accordingly. The presence of noise may also be addressed
using signal conditioning. For example, ambient radiation
(e.g., from artificial lighting, monitors, or sunlight) may
impart a noise component in a physiological signal. In a
further example, electronic noise (e.g., system noise) may
also impart a noise component in a physiological signal. In a
further example, motion or other subject activity may alter a
physiological signal, possibly obscuring signal components
of interest for extracting rate information. In some embodi-
ments, the Signal Conditioning techniques discussed herein
may apply to operation in any Mode, or while performing any
other suitable task that may be performed by the processing
equipment that may involve a physiological signal. Any of the
signal conditioned technique disclosed herein, alone orin any
combination, may be applied, for example, in the context of
step 412 of flow diagram 400 of FIG. 4.

FIG. 42 is a flow diagram 4200 of illustrative steps for
modifying physiological data (e.g., a segment of an intensity
signal) using an envelope, in accordance with some embodi-
ments of the present disclosure. In some embodiments, the
illustrative steps of flow diagram 4200 may aid in condition-
ing a physiological signal by adjusting a baseline, scaling at
least some peaks, or both. In some embodiments, the illustra-
tive steps of flow diagram 4200 may aid in reducing the
effects of low frequency components (e.g., a constant or drift-
ing baseline, peak amplitude changes) during subsequent
processing of the window of data.

Step 4202 may include processing equipment receiving a
window of data, derived from a physiological signal. In some
embodiments, the window may include a particular time
interval (e.g., the most recent six seconds of a processed
physiological signal). Step 4202 may include pre-processing
(e.g., using pre-processor 320) the output of a physiological
sensor, and then storing a window of the processed datain any
suitable memory or buffer (e.g., QSM 72 of FIG. 2), for
further processing by the processing equipment. In some
embodiments, the window of data may be recalled from data
stored in memory (e.g., RAM 54 of FIG. 2 or other suitable
memory) for subsequent processing. In some embodiments,
the window size (e.g., the number of samples or time interval
of data to be buffered) of data is selected to capture multiple
periods of oscillatory physiological activity. Panel 4210
shows an illustrative window of data 42 derived from a physi-
ological signal.

Step 4204 may include the processing equipment generat-
ing an envelope (e.g., varying upper and lower limits) based
on the window of data of step 4202. The envelope may
include an upper trace, which may be an outline of the peak
data values, and a lower trace, which may be an outline of the
valley data values. Insome embodiments, the upper and lower
traces may be generated using a mathematical formalism
such as, for example, a linear or spline fit through the data
points. The upper and lower traces may coincide with all,
some, or no data points, depending on the enveloping tech-
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nique used. Any suitable technique may be used to generate
an envelope of the window of data. Panel 4210 shows an
illustrative envelope 4214 generated for window ofdata4212.

Step 4206 may include the processing equipment modify-
ing the physiological data of step 4202 based on the envelope
of step 4204. In some embodiments, step 4206 may include
generating a new window of data. For example, the midpoint
of the difference between the lower and upper trace at each
location may be set as a new origin (e.g., a baseline). The
upper and lower traces may then be scaled to respective
desired values at each point (e.g., 1 and 0, respectively, or 1
and -1, respectively) and the window of data may be similarly
amplitude scaled at each point. Ina further example, the lower
trace may be subtracted from the window of data. The win-
dow of data may then be scaled to respective desired values at
each point (e.g., to between 2 and 0) based on the difference
between the lower and upper traces. The mean may then be
subtracted, centering the window of data about zero. Refer-
encing Eq. 25 below, either of the two previous examples
gives amodified window of data M_, , (x;) for each data point
iatdata point location x,, ranging from -1 to 1, in which f(x,)
is the initial window of data, g(x,) is the lower trace, and h(x,)
is the upper trace. Referencing Eq. 26 below, either of the two
previous examples gives a modified window of data M, ,(x,)
for each data point i at data point location x,, ranging from 0
to 1, in which f(x,) is the initial window of data, g(x,) is the
lower trace, and h(x,) is the upper trace. Any suitable math-
ematical formula, such as Eqgs. 25 or 26, or any other suitable
equation, may be used to modify a window of data based on
an envelope.

200 - g 25
o= T e

) - gl (26)
Mo = ) =gt

In some embodiments, the processing equipment may down-
weight outlier points in the buffered window of data. In some
embodiments, the processing equipment may down-weight
oneormore points at each end of the buffered window of data.

Panel 4220 shows an illustrative modified window of data
4222, scaled to range from -1 to 1, centered about zero. Note
that the lower and upper traces have been scaled to lie hori-
zontal at —1 and 1, respectively, and window of data 4222 has
been scaled accordingly. As compared to window of data
4212, modified window of data 4222 is shown to have a
baseline of zero (rather than the trending baseline of window
of data 4212), and a more consistent range of peak and valley
values. Modified window of data 4222 may be used in any of
the disclosed operation Modes, or any other suitable pro-
cesses accepting a window of data derived from a physiologi-
cal signal as an input.

FIG. 43 is a flow diagram 4300 of illustrative steps for
modifying physiological data by subtracting a trend, in accor-
dance with some embodiments of the present disclosure. In
some embodiments, the illustrative steps of flow diagram
4300 may aid in conditioning a physiological signal by modi-
fying a baseline. In some embodiments, the illustrative steps
of flow diagram 4300 may aid in reducing the effects of low
frequency components (e.g., a constant or drifting baseline)
during subsequent processing of the window of data.

Step 4302 may include processing equipment buffering a
window of data, derived from a physiological signal. In some
embodiments, the window may include a particular time
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interval (e.g., the most recent six seconds of a processed
physiological signal). Step 4302 may include pre-processing
(e.g., using pre-processor 320) the output of a physiological
sensor, and then storing a window of the processed data in any
suitable memory or buffer (e.g., queue serial module 72 of
FIG. 2), for further processing by the processing equipment.
In some embodiments, the window of data may be recalled
from data stored in memory (e.g., RAM 54 of FIG. 2 or other
suitable memory) for subsequent processing. In some
embodiments, the window size (e.g., the number of samples
or time interval of data to be buffered) of data is selected to
capture multiple periods of oscillatory physiological activity.

Step 4304 may include the processing equipment generat-
ing a signal based on the window of data of step 4302. The
generated signal may represent a baseline or otherwise a trend
in the window of data of step 4302. In some embodiments, the
signal generated at step 4304 may include a moving mean, a
linear fit (e.g., from a linear regression), a quadratic fit, any
other suitable polynomial fit (e.g., using a “least-squares”
regression), any other suitable functional fit (e.g., exponen-
tial, logarithmic, sinusoidal), any piecewise combination
thereof, or any other combination thereof. Any suitable tech-
nique for generating a signal indicative of a trend may be used
at step 4304. In some embodiments, each data point within the
window of data may be given equal weighting. In some
embodiments the processing equipment may down-weight
outlier points orone or more points at each end of the buffered
window of data.

Step 4306 may include the processing equipment subtract-
ing the generated signal of step 4304 from the window of data
of step 4302. In some embodiments, step 4306 may include
generating a new window of data (e.g., the window data of
step 4302 with the signal of step 4304 removed), which may
be further processed, stored in any suitable memory, or both.
Subtraction of the signal of step 4304 from the window of
data of step 4302 may aid in processing the data for rate
information by removing low frequency components. Further
illustration of the signal subtraction of flow diagram 4300 is
provided by FIGS. 44-46.

FIG. 44 is a plot 4400 of an illustrative window of data
4402 with the mean removed, in accordance with some
embodiments of the present disclosure. The abscissa of plot
4400 is presented in units proportional to sample number,
while the ordinate is presented in arbitrary units, with zero
notated. Window of data 4402 is shown to include an increas-
ing baseline, even with the mean value of the data removed.
Accordingly, subtraction of the mean may provide unsatis-
factory results when used with data having a changing base-
line. In some such circumstances, a linear baseline, or other
suitable trending baseline, may be subtracted from the win-
dow of data rather than a mean value. In some cases, in which
the baseline of a window of data may be relatively constant, a
mean subtraction may be preferred to a more complex base-
line fit.

FIG. 45 is a plot 4500 of an illustrative window of data
4502 and a quadratic fit 4504, in accordance with some
embodiments of the present disclosure. The abscissa of plot
4500 is presented in units proportional to sample number,
while the ordinate is presented in arbitrary units. As compared
to FIG. 44, quadratic fit 4504 follows the trending baseline of
window of data 4502 more closely than a mean subtraction
would be capable of FIG. 46 shows a plot 4600 of modified
window of data 4602 derived from illustrative window of data
4502 of FIG. 45 with quadratic fit 4504 subtracted, in accor-
dance with some embodiments of the present disclosure. The
abscissa of plot 4600 is presented in units proportional to
sample number, while the ordinate is presented in arbitrary
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units, with zero notated. Modified window of data 4602 is
substantially centered about zero, with a relatively constant
baseline of zero.

FIG. 47 is a plot 4700 of an illustrative modified window of
data 4702 derived from an original window of data with the
mean subtracted, in accordance with some embodiments of
the present disclosure. The abscissa of plots 4700, 4800, and
4900 of FIGS. 47-49 are presented in units proportion to time
(or sample number), while the ordinate is presented in arbi-
trary units, with zero notated. Modified window of data 4702
exhibits significant low frequency activity that is not substan-
tially reduced nor eliminated by mean subtraction. Accord-
ingly, modified window of data 4702 may present challenges
for some techniques for extracting rate information. Note that
modified window of data 4702 spans seven tick marks along
the ordinate, in arbitrary units.

FIG. 48 is a plot 4800 of an illustrative modified window of
data 4802 derived from the same original window of data as
FIG. 47 with a linear baseline subtracted, in accordance with
some embodiments of the present disclosure. Note that modi-
fied window of data 4802 spans almost six tick marks along
the ordinate, in similar units of plot 4700, and accordingly
exhibits relatively less (e.g., smaller amplitude) low fre-
quency activity than modified window of data 3802.

FIG. 49 1s a plot 4900 of an illustrative modified window of
data 4902 derived from the same original windows of data as
FIGS. 47 and 48 with a quadratic baseline subtracted, in
accordance with some embodiments of the present disclo-
sure. Note that modified window of data 4902 spans almost
four tick marks along the ordinate, in similar units of plots
4700 and 4800, and accordingly exhibits relatively less (e.g.,
smaller amplitude) low frequency activity than either of
modified windows of data 4702 and 4802. In some circum-
stances, the subtraction of a quadratic fit may provide better
results than a mean subtraction or linear subtraction. In some
circumstances, the subtraction of a higher order polynomial
fit, or any other suitable fit, may provide better results than a
mean subtraction, linear subtraction, or quadratic subtraction.
In some circumstances, a relatively simpler baseline fit may
be preferred to a more complex baseline fit.

In some embodiments, processing equipment may apply a
derivative limiter to a window of data, or signal derived
thereof. A physiological pulse may be expected to exhibit
oscillatory behavior, while baseline shifts or other non-oscil-
latory behavior may likely be attributable to noise (e.g., sub-
ject movement, electromagnetic interference). Further, the
first derivative of a primarily oscillatory signal may also
exhibit oscillatory behavior. Relatively large baseline shifts
may be accompanied by a corresponding increase in the value
of the derivative of the data. The baseline shift may be observ-
able as a relatively larger peak (positive or negative) in the
first derivative as compared to other peaks in the first deriva-
tive corresponding to purely oscillatory activity of the signal.
In some embodiments, a comparison of the differences or
derivatives of physiological data against a suitable threshold
may be used as a noise metric. For example, values of the
physiological data falling below a suitable threshold value
may be considered to exhibit low noise. Similarly, values of
the physiological data above a suitable threshold value may
be considered to exhibit high noise. In some embodiments, a
stability function such as, for example, a Lyapunov function
that relates to oscillator stability, may be used to identify
noise in physiological data. In some embodiments, the iden-
tification of high positive or negative slopes or noise can be
used to limit derivative values in the window of data. The
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following discussion in the context of FIGS. 50-55 provides
some illustrative techniques for applying a derivative limiter
to physiological data.

FIG. 50 is a flow diagram 5000 of illustrative steps for
modifying physiological data using a derivative limitet, in
accordance with some embodiments of the present disclo-
sure. The illustrative techniques of flow diagram 5000 may be
used to modify localized sections of a buffer of data. When
there is a high slope or baseline shift in the buffer of data,
bandpass filters and polynomial de-trending, for example,
may not adequately remove the artifact without distorting the
surrounding data. In some circumstances, a relatively noise-
free PPG signal likely has a certain range of slopes or differ-
ences. If there are slopes or differences outside of the
expected range, then under some circumstances it may be
assumed that they are due to noise, and the physiological data
may be modified accordingly. FIG. 51 is a panel of three plots
showing an illustrative window of data having a baseline
shift, a first derivative of the window of data, and a modified
window of data, in accordance with some embodiments ofthe
present disclosure. FIG. 51 will be referred to below during
the discussion of the illustrative steps of flow diagram 5000.

Step 5002 may include processing equipment receiving
physiological data, for example, by buffering a window of
data derived from a physiological signal. In some embodi-
ments, the physiological data may include a particular time
interval of samples (e.g., the most recent six seconds of a
processed physiological signal). Step 5002 may include pre-
processing (e.g., using pre-processor 320) the output of a
physiological sensor, and then storing a window of the pro-
cessed data in any suitable memory or buffer (e.g., queue
serial module 72 of FIG. 2), for further processing by the
processing equipment. In some embodiments, the window of
data may be recalled from data stored in memory (e.g., RAM
54 of FIG. 2 or other suitable memory) for subsequent pro-
cessing. In some embodiments, the window size (e.g., the
number of samples or time interval of data to be buffered) of
data is selected to capture multiple periods of oscillatory
physiological activity. In some embodiments, the received
physiological data may have previously undergone de-trend-
ing (e.g., polynomial de-trending using any suitable order
polynomial) or other signal conditioning. Plot 5100 of FIG.
51 shows an illustrative window of data 5102 exhibiting a
baseline shift.

Step 5004 may include processing equipment calculating
differences between adjacent samples of the physiological
data. In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. The processing equipment may calculate a
series of differences between each adjacent pair of samples,
and may accordingly generate a difference signal using the
calculated differences. For example, the processing equip-
ment may compute forward differences, backward differ-
ences, or central differences between each pair of adjacent
points to generate a difference signal. In a further example,
the processing equipment may compute a numerical deriva-
tive at each point in the data, generating a difference signal.
Any suitable difference technique may be used by the pro-
cessing equipment.

Step 5006 may include processing equipment determining
upper and lower thresholds for the differences calculated at
step 5004. The upper and lower thresholds may be determined
based on the difference values themselves. For example, a
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threshold may be determined using the standard deviation of
the physiological data, difference signal, or both. As shown in
Eq.27:

thresholds=tKo 27

upper and lower thresholds may be proportional by propot-
tionality constant K to the standard deviation o of the differ-
ences. The upper and lower thresholds need not be symmetri-
cal nor constant, and may each have unique K values. For
example, pulses in a PPG signal are typically asymmetrical
and the upper and lower K values may be different to reflect
the different expected positive and negative differences. Plot
5110 of F1IG. 51 shows difference signal 5112 (i.e., a calcu-
lated derivative of the illustrative window of data 5102),
computed using a forward difference (although any suitable
numerical difference or differentiation may be used). In some
embodiments, thresholds may be determined based on one or
more peaks in the difference signal. For example, in some
embodiments, an upper threshold may be determined based
on the height of all peaks excluding the highest peak (e.g., the
threshold may be 1.5 times the average of the peaks heights
excluding the highest peak). Any suitable upper and lower
threshold may be used in accordance with the present disclo-
sure. In some embodiments, a threshold may be based on
algorithm settings. For example, if stronger de-trending is
selected, the threshold values may be tightened (e.g., thresh-
olds become relatively closer which makes exceeding them
more likely).

Step 5008 may include processing equipment identifying
differences of step 5004 that exceed the thresholds of step
5006. The difference signal may be compared to the upper
and lower thresholds, and values exceeding the threshold
range may be identified. Plot 5110 of FIG. 51 shows the
difference signal 5112 of the data of plot 5100 along with
upper and lower threshold values, T+ and T-, respectively).
The highest peak in the difference signal corresponds to the
baseline offset shown in plot 5100. The points of intersection
of the highest peak with the upper threshold are shown by the
vertical dashed lines. The difference signal crosses the upper
threshold T+ due to the positive baseline shift. A similar
negative baseline shift would result in a negative peak (a
trough) which would cross the lower threshold. The process-
ing equipment may identify a sample number, time value,
coordinate pair, any other suitable description of a point, or
any combination thereof for samples that exceed a threshold.
In some embodiments, the processing equipment may iden-
tify the start and end of when the difference signal first
exceeds a threshold.

Step 5010 may include processing equipment determining
one or more offset values based on the identified differences
of step 5008. Step 5012 may include processing equipment
modifying the physiological data based on the one or more
offset values determined at step 5010. In some embodiments,
once the offset is subtracted, the processing equipment may
bandpass filter the resulting signal, de-trend the resulting
signal (e.g., polynomial de-trending using any suitable order
polynomial), or both. Plot 5120 of FIG. 51 shows modified
data 5122, derived from the physiological data of panel 5100,
and modified using the threshold crossings of plot 5110. In
the illustrated example of plot 5120 of FI1G. 51, values are
held constant for points corresponding to difference values
exceeding the threshold, and an offset is applied at the right-
most threshold crossing to make the modified data continu-
ous. It can be seen from a comparison of plots 5100 and 5120
of FIG. 51 that the illustrative techniques of flow diagram
5000 aid in reducing the baseline shift of the physiological
data, and accordingly aid in subsequent processing.
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The processing equipment may use any suitable offset and
modification in the context of flow diagram 5000 of FIG. 50.
In an illustrative example, the processing equipment may
make adjacent values whose corresponding difference
exceeds a threshold equal to each other (i.e., made to have a
difference of 0). In a further illustrative example, the process-
ing equipment may remove one or more of the values and shift
remaining left or right portion of the data up or down. In a
further illustrative example, the processing equipment may
shift the left or right portion up or down to decrease the
difference between the adjacent values (the difference can be
a difference corresponding to the threshold or determined
based on adjacent differences). In a further illustrative
example, the processing equipment may add hysteresis to the
modifications (e.g., confirm x number of subsequent differ-
ences are below threshold and if not, continue holding the
previous value or continue current modification being used).
In a further illustrative example, the processing equipment
may smooth out the difference that exceeds a threshold by
modifying not only the difference that exceeded the thresh-
old, but also adjacent differences to smooth out the modifi-
cation (e.g., the values and the first derivatives may be
matched at each threshold crossing to smooth the resulting
transitions).

FIG. 52 is a flow diagram 5200 of illustrative steps for
modifying physiological data using a stability function, in
accordance with some embodiments of the present disclo-
sure. In some embodiments, the stability function may be
used to scale physiological data for which the baseline varies
over time (e.g., at a characteristic time scale larger than the
period of the physiological pulse). In some embodiments, the
first derivative of the stability function may be analyzed rather
than a difference signal (e.g., as discussed in the context of
flow diagram 5000 of FIG. 50) to identify and/or modify
noisy portions of physiological data. FIG. 53 is a panel of
three plots 5300, 5310, and 5320 showing an illustrative
window of data 5302, a stability function 5312, and a deriva-
tive of the stability function 5322, respectively, in accordance
with some embodiments of the present disclosure. FIG. 53
will be referred to below during the discussion of the illustra-
tive steps of flow diagram 5200.

Step 5202 may include processing equipment receiving
physiological data, for example, by buffering a window of
data derived from a physiological signal. In some embodi-
ments, the physiological data may include a particular time
interval of samples (e.g., the most recent six seconds of a
processed physiological signal). Step 5202 may include pre-
processing (e.g., using pre-processor 320) the output of a
physiological sensor, and then storing a window of the pro-
cessed data in any suitable memory or buffer (e.g., queue
serial module 72 of FIG. 2), for further processing by the
processing equipment. In some embodiments, the window of
data may be recalled from data stored in memory (e.g., RAM
54 of FIG. 2 or other suitable memory) for subsequent pro-
cessing. In some embodiments, the window size (e.g., the
number of samples or time interval of data to be buffered) of
data is selected to capture multiple periods of oscillatory
physiological activity. In some embodiments, the received
physiological data may have previously undergone de-trend-
ing (e.g., polynomial de-trending using any suitable order
polynomial) or other signal conditioning. Panel 5300 shows
an illustrative window of physiological data exhibiting a
varying baseline.

Step 5204 may include processing equipment generating a
stability signal based on the physiological data. In some
embodiments, the stability signal may be a Lyapunov func-
tion, for example, generated using the following Eq. 28:
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where x are the sample values, dx/dt are the derivative values
(calculated using any suitable numerical or analytical
method), and L is the Lyapunov function. Panel 5310 shows
a Lyapunov function generated from the physiological data
using Eq. 28. Step 5206 may include processing equipment
generating a derivative of the stability signal. Panel 5320
shows a first derivative of the Lyapunov function of panel
5310. Typically, Lyapunov functions are used to analyze the
stability ofa linear or non-linear dynamic system. The system
under test is considered stable when the time derivative of the
Lyapunov function is zero. In the context of a physiological
signal, the time derivative of a Lyapunov function may pro-
vide an indication of the noise level in the physiological data.

Step 5208 may include processing equipment comparing
the derivative of the stability function of step 5206 with a
threshold. The derivative of the stability function may provide
an indication of the noise level in the physiological data. In
some embodiments, the processing equipment may generate
the threshold at step 5208. For example, the threshold may
include one or more predetermined values, which may be
constant or variable. In a further example, the processing
equipment may determine the threshold based on the standard
deviation of the derivative of the stability function (e.g., the
threshold may be equal to a multiple of the standard devia-
tion). In some embodiments, the processing equipment may
identify threshold crossings of the derivative of the stability
function, if any.

Step 5210 may include processing equipment identifying
relatively noisy portions of the physiological data based on
the comparison of step 5208. Portions of the derivative of the
stability signal may be identified based on one or more thresh-
old crossings. For example, the portion of the derivative of the
stability function between a pair of threshold crossings may
be identified as relatively noisy. In a further example, every
point of the derivative of the stability function exceeding the
threshold may be identified as relatively noisy.

Step 5212 may include processing equipment modifying
the physiological data based on the noisy portions identified
at step 5210. In some embodiments, the processing equip-
ment may determine portions of the derivative of the stability
signal outside of threshold values (e.g., between a pair of
threshold crossings) and limit the derivative values of the
physiological data to one or more threshold value(s) in those
portions.

FIG. 54 is a flow diagram 5400 of illustrative steps for
modifying physiological data using a corrected difference
signal, in accordance with some embodiments of the present
disclosure. FIG. 55 is a panel of plots showing an illustrative
difference signal, a sorted difference signal, a corrected
sorted difference signal, and a corrected difference signal, in
accordance with some embodiments of the present disclo-
sure. FIG. 55 will be referred to below during the discussion
of the illustrative steps of flow diagram 5400.

Step 5402 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
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embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 5402
may include recalling data from the memory for further pro-
cessing.

Step 5404 may include processing equipment generating a
difference signal (e.g., by calculating a sequence of differ-
ence values between adjacent samples of the physiological
data). In some embodiments, the processing equipment may
perform a subtraction between values of adjacent samples. In
some embodiments, the processing equipment may calculate
the differences by calculating a first derivative of the physi-
ological data. For example, the processing equipment may
compute forward differences, backward differences, or cen-
tral differences between each pair of adjacent points to gen-
erate a difference signal. In a further example, the processing
equipment may compute a numerical derivative at each point
in the data, generating a difference signal. Any suitable dif-
ference technique may be used by the processing equipment
to generate the difference signal. Panel 5500 shows an illus-
trative difference signal 5502 generated from a window of
physiological data. Note that region 5504 exhibits a relatively
large peak and trough, typically indicative of noise.

Step 5406 may include processing equipment sorting the
difference values of step 5404, while keeping track of the
original position of each sorted point. In some embodiments,
an index or other identifier may be used to retain the original
position information of the sorted difference values. The pro-
cessing equipment may sort the values in ascending or
descending order. Referencing sorted values in ascending
order, the most negative values come first followed by less
negative values, positive values, and finally larger positive
values.

Step 5408 may include processing equipment fitting one or
more lines to one or more portions of the sorted difference
signal of step 5406. In some embodiments, the processing
equipment may perform a linear regression (e.g., a least-
squares regression or a weighted least-squares regression)
using at least a portion of the sorted difference signal. In some
embodiments, the processing equipment may fit a line using
every point of the sorted difference signal. In some embodi-
ments, the processing equipment may fit a line using a portion
of the sorted difference signal. For example, the processing
equipment may omit one or more points at one or both ends of
the sorted difference signal when determine the line fit. In
some embodiments, the line fit may include a slope value and
an ordinate intercept value (e.g., using the y=mx+b linear
form where m is the slope and b is the intercept).

Step 5410 may include processing equipment determining
upper and lower thresholds for the sorted difference signal of
step 5406. The upper and lower thresholds may be determined
based on the difference values themselves. For example, a
threshold may be determined using the standard deviation of
the physiological data, difference signal, or both. In an illus-
trative example, Eq. 27 may be applied, in which the upper
and lower thresholds may be proportional by proportionality
constant K to the standard deviation o of the difference signal.
The upper and lower thresholds need not be symmetrical nor
constant, and may each have unique K values.

Step 5412 may include processing equipment identifying
points of the sorted difference signal of step 5406 that exceed
the thresholds of step 5410. The difference signal may be
compared to the upper and lower thresholds, and values
exceeding the threshold range may be identified. Panel 5510
of FIG. 55 shows a sorted difference signal 5512 derived from
difference signal 5502 of panel 5500, along with line fit 5518,
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and respective upper and lower thresholds 5514 and 5516.
The points associated with the peak and trough in region 5504
of difference signal 5502 are evident as the relatively large
positive values and large negative values at the ends of sorted
difference signal 5512. Sorted difference signal 5512 is
shown to exceed thresholds 5514 and 5516, and accordingly
points outside of the thresholds may be identified. The pro-
cessing equipment may identify a sample number, time value,
coordinate pair, any other suitable description of a point, or
any combination thereof that correspond to points exceeding
the upper or lower thresholds.

It will be understood that the steps 5408, 5410, and 5412
are merely illustrative, and any suitable technique for identi-
fying points may be used. For example, any of the illustrative
techniques described in the context of FIGS. 30 and 32 may
be used.

Step 5414 may include processing equipment modifying
the points of the sorted difference signal identified at step
5412. In some embodiments, the processing equipment may
set each sorted difference value outside of the thresholds
equal to the threshold, thus limiting large difference value
excursions. In some embodiments, the processing equipment
may apply a transition function to force the sorted difference
signal to the nearest threshold asymptotically. Any suitable
technique may be used by the processing equipment to
modify one or more points to reduce excursions of the sorted
difference signal outside of the thresholds. For example, in
some embodiments, the processing equipment may modify
the one or more values by setting them equal to the same value
as the last point that was within the threshold. In a further
example, the processing equipment may modify the one or
more values by setting them equal to a predetermined value
such as zero or any other suitable value less than the thresh-
old. Panel 5520 of FIG. 55 shows a modified sorted difference
signal 5522 derived from sorted difference signal 5512 of
panel 5510. In order to generate modified sorted difference
signal 5522, the values of sorted difference signal 5512
exceeding the thresholds, as shown in panel 5510, have been
set equal to the appropriate threshold values. The ends of
modified sorted difference signal 5522 are shown to be sub-
stantially linear (e.g., similar to thresholds 5514 and 5516),
and exhibit relatively smaller difference values.

Step 5416 may include processing equipment reordering
the modified sorted difference signal of step 5414 based on
the original positions of each data point. The output from
performing step 5416 may be a modified difference signal,
with the largest difference values (positive and/or negative)
modified to relatively smaller values. Panel 5530 of F1G. 55
shows a modified difference signal 5532 derived from modi-
fied sorted difference signal 5522 of panel 5520. As compared
to difference signal 5502 of panel 5500, modified difference
signal 5532 exhibits, for example, a relatively smaller peak
and trough in region 5534, which corresponds to region 5504
of panel 5500.

Step 5418 may include processing equipment integrating
the modified difference signal of step 5416 to generate a
filtered physiological signal. In some embodiments, the pro-
cessing equipment may use any suitable analytic integral
(e.g., using a functional fit to a modified difference signal),
numerical integral (e.g., Fuler’s method, Runge-Kutta
method, a predictor-corrector method, or any other suitable
technique of any suitable order), any other suitable technique,
or any combination thereof. For example, the processing
equipment may use a first value of zero, and generate each
subsequent value by adding the corresponding difference
value to the preceding value, and then apply a baseline offset
equivalent to the mean of the original physiological data. Ina
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further example, the processing equipment may use an Euler-
trapezoid predictor-corrector technique to perform the inte-
gral of step 5418.

In some embodiments, processing equipment may apply a
normalization to a window of data, or signal derived thereof.
A physiological pulse may be expected to exhibit oscillatory
behavior, while baseline shifts or other non-oscillatory
behavior may likely be attributable to noise (e.g., subject
movement, electromagnetic interference). Further, changes
in the amplitude of oscillatory activity may be undesirable. In
some embodiments, a window of physiological data may be
partitioned into a positive signal and a negative signal, which
may each be further processed and combined to modify the
physiological data. In some embodiments, a filtered signal
may be used to modify the physiological data. The following
discussion in the context of FIGS. 56-39 provides some illus-
trative techniques for normalizing to physiological data.

FIG. 56 is a flow diagram 5600 of illustrative steps for
modifying physiological data using a positive signal and a
negative signal, in accordance with some embodiments of the
present disclosure. FIG. 57 is a panel of five plots showing an
illustrative window of physiological data having varying
amplitude, filtered signals, combined signals, and a modified
window of data, in accordance with some embodiments of the
present disclosure. FIG. 57 will be referred to below during
the discussion of the illustrative steps of flow diagram 5600.

Step 5602 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 5602
may include recalling data from the memory for further pro-
cessing.

Step 5604 may include processing equipment generating a
positive signal based on the physiological data of step 5602.
In some embodiments, the processing equipment may genet-
ate the positive signal from the positive values of the physi-
ological data of step 5602. In some embodiments, the pro-
cessing equipment may insert zeros in the positive signal
where the physiological data is negative. Step 5608 may
include processing equipment generating a negative signal
based on the physiological data of step 5602. In some
embodiments, the processing equipment may generate the
negative signal from the negative values of the physiological
data of step 5602. In some embodiments, the processing
equipment may insert zeros in the negative signal where the
physiological data is positive. For example, plot 5700 of FIG.
57 shows positive signal 5702 and negative signal 5704 gen-
erated from the same physiological data. The physiological
data exhibits arelatively large peak and trough in region 5706.
Further processing of such physiological data may benefit
from normalization techniques, which may aid in reducing
relatively large excursions in the physiological data.

Step 5606 may include processing equipment filtering the
positive signal of step 5604. In some embodiments, the pro-
cessing equipment may apply a low pass filter to the positive
signal. Any suitable LPF, having any suitable cutoff and spec-
tral character (e.g., Butterworth filters, Chebyshev filters,
Bessel filters, RC filters, or other suitable filter), may be used
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at step 5606. Step 5610 may include processing equipment
filtering the negative signal of step 5608. In some embodi-
ments, the processing equipment may apply a low pass filter
to the negative signal. Any suitable LPF, having any suitable
cutoff and spectral character (e.g., Butterworth filters, Che-
byshev filters, Bessel filters, RC filters, or other suitable fil-
ter), may be used at step 5610. For example, plot 5710 of FIG.
57 shows illustrative filtered positive signal 5712 and filtered
negative signal 5714.

Step 5612 may include processing equipment combining
the filtered positive signal and the filtered negative signal of
respective steps 5606 and 5610. In some embodiments, the
processing equipment may sum the filtered positive signal
and the filtered negative signal of respective steps 5606 and
5610. In some embodiments, the processing equipment may
sum the filtered positive signal and the filtered negative signal
of respective steps 5606 and 5610 using weights. The pro-
cessing equipment may apply any suitable combination tech-
nique at step 5612 to combine the filtered positive signal and
the filtered negative signal of respective steps 5606 and 5610.
For example, plot 5720 of FIG. 57 shows illustrative com-
bined signal 5722, generated by adding filtered positive sig-
nal 5712 and filtered negative signal 5714 of plot 5710.

Step 5614 may include processing equipment modifying
the physiological data of step 5602 based on the combined
signal of step 5612. In some embodiments, the combined
signal may be subtracted from the physiological data, which
may aid in reducing relatively large excursions in the physi-
ological data. In some embodiments, the combined signal
may be further modified and then subtracted from the physi-
ological data. For example, plot 5720 of FIG. 57 shows illus-
trative combined signal 5722, along with thresholds 5726 and
5728 generated by the processing equipment. The thresholds
may be constant values, variable values, based on the prop-
erties of the physiological data (e.g., the positive and negative
thresholds may be equal to the standard deviation of the
physiological data), a signal derived thereof (e.g., the positive
and negative thresholds may be equal to the averages of the
respective positive and negative signals), any other suitable
information, or any combination thereof. Plot 5730 of FIG. 57
shows illustrative combined signal 5722, and scaled com-
bined signal 5732, generated from scaling combined signal
5722 based on thresholds 5726 and 5728. The scaling may be
linear, polynomial of order two or greater, exponential, loga-
rithmic, any other function scaling, any other suitable scaling,
or any combination thereof. For example, the processing
equipment may apply any of illustrative Eqs. 29-30 shown
below:

M= KC-( Gi ] @)
= i TJ
M, = KC;e"67T) (30

to the combined signal (having values C, for index 1) to gen-
erate a modified combined signal (having values M, for index
i) at step 5614. Note that in Egs. 29-30, T, represents an
appropriate threshold value (e.g., positive threshold for posi-
tive values, negative threshold for negative values), while K,
A, and n each represent an adjustable constant. For example,
referencing Eqs. 29-30, the constant K may be set to a value
of one, so that the combined signal and modified combined
signal are equal at the threshold crossings (e.g., as shown in
plot 5730). Plot 5740 shows the original physiological data
5744 and modified physiological data 5742, generated by
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subtracting modified combined signal 5732 from original
physiological data 5744. Modified physiological data 5742
exhibits relatively reduced excursions inregion 5706 as com-
pared to original physiological data 5744.

FIG. 58 is a flow diagram 5800 of illustrative steps for
modifying physiological data using a filtered signal, in accor-
dance with some embodiments of the present disclosure. FIG.
59 is a panel of six plots showing an illustrative window of
physiological data, an absolute value signal, a filtered signal,
ashifted signal, and a modified window of data, in accordance
with some embodiments of the present disclosure. FIG. 59
will be referred to below during the discussion of the illustra-
tive steps of flow diagram 5800.

Step 5802 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 5802
may include recalling data from the memory for further pro-
cessing. For example, plot 5900 of FIG. 59 shows illustrative
data 5902 exhibiting a significant change in amplitude.

Step 5804 may include processing equipment calculating
absolute values of the physiological data of step 5802. The
result of step 5804 may be a sequence of absolute values,
having only positive values (and possibly zeros). For
example, plot 5910 of FIG. 59 shows absolute values 5912
derived from illustrative data 5902.

Step 5806 may include processing equipment filtering the
absolute values of step 5804. In some embodiments, the pro-
cessing equipment may apply a low pass filter to the absolute
values of step 5804. Any suitable LPF, having any suitable
cutoff and spectral character (e.g., Butterworth filters, Che-
byshev filters, Bessel filters, RC filters, or other suitable fil-
ter), may be used at step 5806. For example, plot 5920 of FIG.
59 shows filtered values 5922 derived from absolute values
5912. The illustrative LPF used to generate filtered values has
the form of Egs. 31-32:

Fi=Z, (31)

F=aZ#b7, | (32)

in which Z, is the unfiltered signal (i.e., the absolute values),
F, is the filtered signal, using index i, and filter coefficients a
and b (which may sum to one). It will be understood that any
suitable LPF technique (e.g., a direct form II transpose struc-
ture) may be applied by the processing equipment to generate
filtered values at step 5806.

Step 5808 may include processing equipment modifying
the filtered values of step 5806. In some embodiments, the
processing equipment may modify the filtered values by scal-
ing, shifting, or both. For example, plot 5930 of FIG. 59
shows subtracted values 5932 derived from filtered values
5922. Subtracted values 5932 are derived from filtered values
5922 by subtracting the minimum value of filtered values
5922, excluding end portions, from all values of filtered val-
ues 5922. Accordingly, subtracted values 5932 are down-
shifted values of filtered values 5922. Further, plot 5940 of
FIG. 59 shows modified values 5942 derived from subtracted
values 5932 by adding a constant gain value to each of sub-
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tracted values 5932. In some embodiments, a subtraction and
a gain value addition may be performed, although these
operations may be condensed into a single value shift. Modi-
fied values, such as modified values 5942, may be used to
modify physiological data exhibiting significant amplitude
changes.

Step 5810 may include processing equipment dividing the
received physiological data of step 5802 by the modified
filtered values of step 5808. For example, the processing
equipment may modify filter values as shown in Eq. 33, and
modify the physiological data of step 5802 using Eq. 34:

M;=F; - K +Ky (33)
X; (34)
Y=g

in which F, are the filtered values, K, and K, are the shifts, M,
are the modified filtered values, X, are the physiological data
values (as received at step 5802), and Y, are the modified
physiological data values, all for index i that may range from
1 to N for N data points. Plot 5950 of FIG. 59 shows modified
data 5952 derived from data 5902 and modified filter values
5942 using Eq. 34. The amplitude variation in modified data
5952 is relatively less than the amplitude variation in data
5002, and exhibits normalization indicative of the illustrative
techniques of flow diagram 5800.

FIG. 60 is a flow diagram 6000 of illustrative steps for
selectively applying a filter to physiological data, in accor-
dance with some embodiments of the present disclosure.

Step 6002 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 6002
may include recalling data from the memory for further pro-
cessing.

Step 6004 may include processing equipment determining
a metric based on the received physiological signal of step
6002. For example, the processing equipment may determine
the metric in accordance with any of the techniques discussed
in the context of FIGS. 11-41, any other suitable techniques,
or any combination thereof. The determined metric may be
indicative of de-trending, noise, a physiological classification
(e.g., presence of a dicrotic notch) any other value indicative
of the physiological data, any other signal conditioning prop-
erty derived based on the physiological data, or any combi-
nation thereof.

Step 6006 may include processing equipment selectively
applying a digital filter, having at least two filter coefficients,
to the physiological data of step 6002 based on the metric of
step 6004. The filter coefficients may correspond to a
weighted sum of the physiological signal and a difference
signal that corresponds to the physiological signal. For
example, the digital filter may output filter data F, calculated
using Eq. 35:

Fi=C XA Cy(X- X ) =aX+bX, (3%)
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where X, is a sample point of the physiological data, X,_, is
the previous sample point ofthe physiological data, C; and C,
are coefficients, and a and b are the filter coefficients, which
may assume any suitable value. Any suitable difference cal-
culation, or other numerical derivative calculation, may be
used such as, for example, a backward difference, a forward
difference, or a central difference. The digital filter may be
implemented as, for example, a finite impulse response (FIR)
filter having at least two coefficients. Selectively applying the
digital filter based on the metric may provide a technique to
reduce the effects of noise in the physiological data. For
example, physiological data from a neonate may exhibit a
relatively high frequency component corresponding to a
physiological rate, and a relatively low frequency component
corresponding to noise. Application of the digital filter of step
6006 may reduce the low frequency noise component in the
filtered data, as the derivative of the low frequency noise
would be expected to be relatively less than the derivative
associated with the higher frequency component. In some
embodiments, the processing equipment may adjust the filter
coeflicients based on a noise metric, calculated rate, or both.
For example, at relatively greater levels of noise and at rela-
tively higher rates (e.g., where there is a lower probability of
adicrotic notch), the processing equipment may more heavily
weight the derivative (e.g., increase C,). In some embodi-
ments, for example, the digital filter of step 6006 may not be
applied when the physiological data is classified as having a
dicrotic notch. The derivative of physiological data having a
dicrotic notch may make the dicrotic notch appear as an
additional pulse. In a further example, at lower physiological
rates, the processing equipment may more heavily weight the
physiological signal relative to the derivative.

FIG. 61 is a flow diagram 6100 of illustrative steps for
applying a bandpass filter having adjustable settings to physi-
ological data, in accordance with some embodiments of the
present disclosure. In some circumstances, the processing
equipment may apply a bandpass filter to physiological data
received over time. In order to reduce the likelihood that the
bandpass filter is tuned to noise (as opposed to the correct
rate), the processing equipment may determine one or more
metrics indicative of the level of noise in the physiological
data. Accordingly, under some circumstances, one or more
settings of the bandpass filter may be adjusted based on the
one or more metrics, a calculated rate, or both.

Step 6102 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 6102
may include recalling data from the memory for further pro-
cessing.

Step 6104 may include processing equipment determining
a value indicative of physiological rate based on the physi-
ological data of step 6102. In some embodiments, the pro-
cessing equipment may use any of the techniques disclosed
herein to calculate a physiological rate (e.g., a heart rate)
derived from the physiological data, a correlation lag value
derived from the physiological data, any other suitable value
indicative of a physiological rate or period thereof, or any
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combination thereof. In some embodiments, different pro-
cessing modules may determine the value indicative of physi-
ological rate and apply the bandpass filter, in which case the
processing modules may communicate information to one
another.

Step 6106 may include processing equipment determining
a metric based on the received physiological signal of step
6102. For example, the processing equipment may determine
the metric in accordance with any of the techniques discussed
in the context of FIGS. 11-41, any other suitable techniques,
or any combination thereof. The determined metric may be
indicative of de-trending, noise, any other value indicative of
the physiological data, any other signal conditioning property
derived based on the physiological data, or any combination
thereof.

Step 6108 may include processing equipment selecting at
least one bandpass filter setting based on the determined value
indicative of physiological rate of step 6104 and based on the
metric of step 6106. The at least one bandpass filter setting
may include a center frequency, a bandwidth, a lower cutoff
and an upper cutoff frequency, a shape parameter, a type of
bandpass filter, any other suitable parameter affecting the
spectral character of the filter (e.g., in units of frequency,
angular frequency, wavenumber, period, or other suitable
units), any other suitable setting, or any combination thereof.
The selection of the bandpass filter may be based on a com-
parison of the metric of step 6106 to a threshold that may
depend on the value indicative of physiological rate.

Step 6110 may include processing equipment applying the
bandpass filter, having the selected at least one setting of step
6108, to the physiological data. The processing equipment
may apply the bandpass filter to the physiological data to
generate a filtered signal. The processing equipment may
apply any suitable type of analog or digital bandpass filter
having, for example, any suitable passband characteristics
and any suitable roll-off characteristics. In some embodi-
ments, the bandpass filter may be implemented as a combi-
nation of a lowpass filter and a highpass filter, having suitable
cutoff characteristics. In some embodiments, the bandpass
filter may be centered about a frequency value corresponding
to the physiological rate, and have a bandwidth determined
based on the metric of step 6106.

In an illustrative example, the processing equipment may
determine a noise metric based on the physiological data. The
processing equipment may compare the noise metric to a
threshold value. If the noise metric is determined to be below
the threshold value (e.g., the signal is relatively less noisy),
which may be based on physiological rate, the processing
equipment may increase the bandwidth of the bandpass filter,
or cease bandpass filtering altogether to prevent the data
components corresponding to desired physiological rate from
being filtered out of the physiological data. For example, if
the rate calculation is incorrectly calculating rate based on
noise (e.g., because the bandpass filter is being tuned to the
frequency of the noise), this technique will enable the rate
calculation to correct itself and lock onto the desired rate.
Conversely, if the noise metric is determined to exceed a
threshold value (e.g., the signal is relatively more noisy),
which may be based on physiological rate, the processing
equipment may decrease the bandwidth of the bandpass filter,
or begin bandpass filtering to reduce the noise components in
the processed physiological data.

In some embodiments, processing equipment may perform
a correlation calculation using conditioned physiological
data. The correlation calculation may include selecting a tem-
plate from the physiological data, and correlating the tem-
plate with the physiological data at a sequence of lag values.
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The correlation may include an autocorrelation (e.g., the
same set of data is correlated against itself), a cross-correla-
tion with other data points or a reference (e.g., a set of data is
correlated against another set of data or reference not sharing
any data points), or a combination thereof. The correlation
calculation may provide several desirable benefits such as, for
example, providing a normalized output, providing an indi-
cation of periodicity. providing relatively sharper peaks than
otherwise present in the physiological data, and/or providing
a metric of how much periodic character the physiological
data exhibits. Any of the techniques discussed in the context
of FIGS. 62-85 may be applied, for example, at step 414 of
flow diagram 400 of FIG. 4.

FIG. 62 is a flow diagram of illustrative steps for perform-
ing a correlation using a window of physiological data, in
accordance with some embodiments of the present disclo-
sure.

FIG. 64 is a diagram showing an illustrative window of
physiological data and a template at several lags, in accor-
dance with some embodiments of the present disclosure. FIG.
65 is a plot showing an illustrative correlation sequence for a
window of physiological data, in accordance with some
embodiments of the present disclosure. FIGS. 64-65 will be
referred to below during the discussion of the illustrative steps
of flow diagram 6200.

Step 6202 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 6202
may include recalling data from the memory for further pro-
cessing.

Step 6204 may include processing equipment selecting a
portion of the physiological data as a template. In some
embodiments, the template may include a predetermined
number of samples of the physiological data. For example,
referencing a six second window of data, the processing
equipment may select the most recent three seconds of the
data as the template. In some embodiments, the template size
may be constant (e.g., a three second template). In some
embodiments, the template size may depend on a previously
calculated rate (e.g., larger templates may be used for lower
rates). In some embodiments, the template size may depend
on one or more algorithm settings (e.g., the window of data
and template may be larger while operating inan initialization
mode or fast start mode).

Step 6206 may include processing equipment generating a
correlation sequence based on the physiological data of step
6202 and template of step 6204. In some embodiments, the
processing equipment may generate the correlation sequence
by multiplying the template values by corresponding values
of an equal size of the physiological data at a particular lag.
Step 6206 may include the processing equipment normaliz-
ing the physiological data of step 6202 and the selected por-
tion of step 6204. In some embodiments, the processing
equipment may use any suitable signal conditioning tech-
nique on the physiological data (e.g., de-trending and/or nor-
malization techniques, scaling, shifting, or any other suitable
operation). For example, the processing equipment may not-
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malize the physiological data, the template, or both, to vary
between zero and one, negative one and positive one, or any
other predetermined range. In a further example, the process-
ing equipment may first apply the techniques of any of signal
conditioning techniques discussed in the context of FIGS.
42-61 at step 6206. In a further example, the processing
equipment may normalize the physiological data, template,
or both, by dividing by the norm of the array of values to be
normalized. In some embodiments, normalized data may
have a mean value of zero (i.e., be centered about zero).

For example, referencing window of data of N points and a
template of the most recent M data points, the processing
equipment may use Eq. 36 as shown below:

(36)

to generate each value of the correlation sequence C,; for lag j,
in which template S includes template values S, for index 1
(which ranges from 1 to M), and X is the physiological data
value at index i, ata lag of j. For a template of the most recent
M values of the physiological data, the set of values of the
physiological data used at any lag j may be determined from
the set of N values of physiological data as shown in FEq. 37:

‘_X;‘:[XijM)fj+IJ‘X(NfM)fj+2x‘X(N—M)—j+3: e X

O+, XNyt 37
which results in a set of M values of the physiological data.
FIG. 64 shows an illustrative window of data 6410, which is
roughly six seconds long. A template 6420 is shown, corre-
sponding to the most recent three seconds of the physiologi-
cal data. A correlation sequence may be generated after the
physiological data and template are normalized. The physi-
ological data and the template may be, for example, normal-
ized by subtracting their respective mean values and dividing
by their respective standard deviation values. Further, the
correlation value may be normalized based on the number of
sample points in the template, resulting in a correlation value
that varies between -1 and 1. As the lag increases from zero
to (N-M), the template is correlated with values of the physi-
ological data increasingly to the left, as indicated by the
direction of the arrows in FIG. 64. Note that the complete
correlation sequence will include (N-M)+1) values. FIG. 65
shows a plot 6500 of illustrative correlation sequence 6502
derived from six seconds of physiological data using a three
second template (at a sampling rate of about 57 Hz). The
abscissa of plot 6500 is in units of point lag (e.g., a lag of 10
corresponds to a shift of 10 points to the left, referencing FIG.
64). The physiological data and template used to generate
correlation sequence 6502 were normalized, and accordingly
correlation sequence 6502 was normalized to be bounded by
negative one and positive one.

FIG. 63 is a flow diagram 6300 of illustrative steps for
generating a correlation sequence using a window of physi-
ological data, in accordance with some embodiments of the
present disclosure.

Step 6302 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
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embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 6302
may include recalling data from the memory for further pro-
cessing.

Step 6304 may include processing equipment selecting a
portion of the physiological data as a template. In some
embodiments, the template may include a predetermined
number of samples of the physiological data. For example,
referencing a six second window of data, the processing
equipment may select the most recent three seconds of the
data as the template. In some embodiments, the template size
may be constant (e.g., a three second template). In some
embodiments, the template size may depend on a previously
calculated rate (e.g., larger templates may be used for lower
rates). In some embodiments, the template size may depend
on one or more algorithm settings (e.g., the window of data
and template may be larger while operating inan initialization
mode or fast start mode).

Step 6306 may include the processing equipment normal-
izing the physiological data of step 6302 and the selected
portion of step 6304. In some embodiments, the processing
equipment may use any suitable signal conditioning tech-
nique (e.g., de-trending and/or normalization techniques,
scaling, shifting, or any other suitable operation). For
example, the processing equipment may normalize the physi-
ological data, the template, or both, to vary between zero and
one, negative one and positive one, or any other predeter-
mined range. In a further example, the processing equipment
may apply the techniques of any of the signal conditioning
techniques discussed in the context of FIGS. 42-61. In a
further example, the processing equipment may normalize
the physiological data, template, or both, by dividing by the
norm of the array of values to be normalized. In some embodi-
ments, normalized data may have a mean value of zero (i.e.,
be centered about zero).

Step 6308 may include processing equipment selecting a
portion of the physiological data based on a lag and the size of
the template of step 6304. Step 6310 may include normalizing
the selected portion of data of step 6308 (e.g., using the same
of step 6306 or a different technique). Step 6312 may include
performing a correlation calculation using the template and
the selected portion of data of step 6308. Step 6314 may
include updating the lag value if appropriate. In some
embodiments, steps 6308-6314 may be performed using a
loop for a range of lag values. A first lag value may be used to
perform step 6308 during the first iteration, and the lag value
may be updated (e.g., incremented) at step 6314 for each
subsequent iteration to some final value. For example, the first
lag value may be zero, and the processing equipment may
select the same data points of the physiological data as the
template to perform the correlation (e.g., giving a correlation
value of one for suitably normalized data and template). After
performing the correlation calculation, the processing equip-
ment may increment the lag value by one at step 6314 and
repeat steps 6308-6312 to generate another point of the cor-
relation sequence. In reference to FIG. 64, the final lag value
may be equal to (N-M), and the loop of flow diagram 6300
may be ceased when the processing equipment determines
that the final lag value has been reached (e.g., at step 6314). It
will be understood that the illustrative correlation calcula-
tions discussed in the context of FIGS. 62-65 are examples,
and any suitable correlation calculation may be used, with a
template of any suitable size and including any suitable data
points (e.g., the most recent data, or any other suitable data),
to generate a correlation sequence. It will also be understood
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that the processing equipment may calculate correlation
sequence values for any suitable set of one or more lag values.
For example, in some embodiments, the processing equip-
ment may only calculate correlation sequence values for lag
values corresponding to relevant physiological rates (e.g., 20
to 300 BPM corresponding to lag values ranging from 3t0 0.2
seconds, respectively)

FIG. 66 is a flow diagram 6600 of illustrative steps for
identifying a peak of a correlation output greater than a
threshold, in accordance with some embodiments of the
present disclosure. FIG. 69 is a plot 6900 showing an illus-
trative correlation sequence 6902 for a window of physiologi-
cal data, and several thresholds, in accordance with some
embodiments of the present disclosure. FIG. 69 will be
referred to below during the discussion ofthe illustrative steps
of flow diagrams 6600 and the illustrative steps of flow dia-
grams 6700 and 6800 of FIGS. 67 and 68, respectively, which
are discussed further below. A correlation output may include
one or more peaks corresponding to relatively high correla-
tion between two sets of data points. The illustrative steps of
6600, 6700, and 6800 may be used to identify a particular
peak, corresponding to a period (e.g., in lag value, time or
sample number) of a physiological rate.

Step 6602 may include processing equipment receiving
correlation output (e.g., a correlation sequence). In some
embodiments, the correlation output may have been gener-
ated using the illustrative techniques of flow diagram 6200 of
FIG. 62. In some embodiments, step 6602 may include recall-
ing the correlation output from memory. In some embodi-
ments, the same processing equipment (e.g., the same module
or integrated circuit) may generate the correlation output and
perform the steps of flow diagram 6600, and accordingly, step
6602 need not be performed.

Step 6604 may include processing equipment identifying a
peak in the correlation output of step 6602. In some embodi-
ments, step 6604 may include generating a threshold. The
threshold may be generated using a predetermined value, a
predetermined function, a value based on a previously calcu-
lated rate, a value based on the current operating Mode, a
value based one or more metrics derived from the physiologi-
cal data (e.g., de-trending metrics, noise metrics), using any
other suitable technique, or any combination thereof. The
processing equipment may identify threshold crossings by
comparing all or some of the correlation output to the thresh-
old. The processing equipment may use any suitable peak
finding techniques to identify the peak such as, for example,
identifying a maximum, identifying an upstroke (i.e., positive
slope) and downstroke (i.e., negative slope), applying a
threshold, comparing one or more peaks to identify a particu-
lar peak (e.g., a largest peak, a peak occurring first in terms of
lag), any other suitable peak finding technique, or any com-
bination thereof.

FIG. 67 is a flow diagram 6700 of further illustrative steps
for identifying a peak of a correlation output greater than a
threshold, in accordance with some embodiments of the
present disclosure.

Step 6702 may include processing equipment receiving
correlation output (e.g., a correlation sequence). In some
embodiments, the correlation output may have been gener-
ated using the illustrative techniques of flow diagram 6200 of
FIG. 62. In some embodiments, step 6702 may include recall-
ing the correlation output from memory. In some embodi-
ments, the same processing equipment (e.g., the same module
or integrated circuit) may generate the correlation output and
perform the steps of flow diagram 6700, and accordingly, step
6702 need not be performed.
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Step 6704 may include processing equipment setting an
index corresponding to a highest expected physiological rate.
The processing equipment may use the index to indicate the
data point of the correlation sequence under test. In some
embodiments, the expected range of heart rates may range
from 20to 300 BPM, with the highest expected rate being 300
BPM. At a correlation lag of zero, the correlation sequence
value for normalized data and template may have a value of
one. The next peak in the correlation may be expected roughly
at a lag equal to the period associated with the physiological
rate associated with the physiological data. Accordingly, lags
relatively smaller than the period associated with the highest
expected rate need not be analyzed in some such circum-
stances. Step 6704 may include setting an index, in units of
lag, to the minimum lag still expected to correspond to a
physiological rate (e.g., the highest expected physiological
rate), as shown by “X” in step 6704. For example, for a
maximum expected rate of 300 BPM (i.e., 5 Hz ora period of
0.2 seconds), and a sampling rate of 50 Hz (e.g., the interval
between lag points is 0.02 seconds), the minimum expected
lag may be about 0.2 seconds, or about 11 lag points (i.e., an
index of 11 if the zero lag point has index 1).

Step 6706 may include processing equipment determining
whether the correlation sequence point corresponding to the
current index is larger than (or equal to) a threshold. In some
embodiments, the processing equipment may directly com-
pare the threshold value and the correlation sequence point. In
some embodiments, the processing equipment may deter-
mine a difference, a ratio, any other suitable comparison
metric, or any combination thereof, to determine the relative
magnitudes of the correlation sequence point and the thresh-
old.

In some embodiments, step 6706 may include generating
the threshold against which the correlation sequence point is
compared. The threshold may be a constant value, a line, a
polynomial of higher order than one, any other suitable value
or function, or any combination thereof. For example, a
sequence of threshold values T, may be generated using Eq.
38:

TRV (38)

in whichindex i corresponds to the lag value of the correlation
sequence and K is a coefficient that may be constant, but need
not be. In a further example, the sequence of threshold values
may be generated using a shifted (along any suitable direc-
tion) square root function. In a further example, the sequence
of threshold values may be generated using a function that
asymptotes or substantially trends toward a square root func-
tion. Plot 6900 of FIG. 69 shows three sets of threshold values
6910, 6912, and 6914 generated using Eq. 38, having K
values of about 1.5/20, 1.3/20, and 1.1/20, respectively. In
some embodiments, the threshold type, or adjustable con-
stants thereof, may be determined depending on the operating
Mode. For example, more stringent thresholds (e.g., larger
threshold values) may be used in Mode 1, to ensure higher
confidence in the physiological rate before progressing to
other Modes. In some embodiments, the processing equip-
ment may search for two crossings of the correlation
sequence and threshold, corresponding to an upstroke and
downstroke. In some embodiments, the processing equip-
ment may only identify the first point (i.e., the point having
the lowest lag value) that crosses the threshold. In some
embodiments, the threshold may depend on whether the sub-
jectis a neonate, and accordingly may depend on the proper-
ties of the physiological data.

If, at step 6706, the processing equipment determines that
the correlation sequence point corresponding to the current
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index is larger than the threshold, then the processing equip-
ment may proceed to step 6708. Step 6708 may include
processing equipment determining whether a sufficient peak
is present. In some embodiments, the processing equipment
may identify a peak based on the peak width. For example, the
processing equipment may determine a full-width at half
maximum (FWHM) value, or other suitable width metric to
identify a peak as sufficient. In some embodiments, the pro-
cessing equipment may require that a peak have a particular
number of points with positive slope before the maximum
value, and a particular number of negative points with nega-
tive slope after the maximum to be a peak. For example, the
processing equipment may require that a peak have 4 points
with positive slope and 4 points with negative slope for a peak
to be sufficient. In a further example, referencing FIG. 69, the
point determined to cross the threshold may depend on the
threshold value. For the three thresholds 6910, 6912, and
6914, correlation sequence 6902 exhibits different threshold
crossing points. The first peak, not including the peak at a lag
value of zero, is shown to cross thresholds 6912 and 6914, but
not threshold 6910. The second peak, not including the peak
at alag value of zero, is shown to the cross all three thresholds
6910, 6912, and 6914.

If, at step 6708, the processing equipment determines that
a sufficient peak is present, then the processing equipment
may proceed to step 6710. Step 6710 may include processing
equipment identifying the first peak qualified at step 6708 as
a peak of the correlation output. In some embodiments, the
processing equipment may identify one or more lag values
associated with the peak. For example, the processing equip-
ment may identify the maximum value of the first peak. If the
processing equipment starts at the lowest relevant lag value
(e.g., corresponding to the highest expected rate), once the
first peak is identified the processing equipment need not
search further, which may save computing resources. In some
embodiments, the processing equipment may analyze subse-
quent points to determine that the peak is sufficient, and need
not analyze any further points.

If, at either of steps 6706 or 6708, the processing equip-
ment determines that a criteria has not been met at the current
index (e.g., the correlation sequence value does not exceed
the threshold, or the peak is not sufficient), the processing
equipment may then proceed to step 6712. Step 6712 may
include the processing equipment determining whether to
advance the index to the next value. In some embodiments,
there may be an upper limit on the index, and the processing
equipment may determine that the index is not to be advanced
when the upper limit is reached. For example, an expected
range of heart rates may range from 20 to 300 BPM, with the
lowest expected rate being 20 BPM. Accordingly, lags rela-
tively larger than the period associated with the lowest
expected rate (e.g., 3 seconds for a rate of 20 BPM) need not
be analyzed in some such circumstances, as shown by “Y” in
step 6712. If the processing equipment determines that the
index is not to be advanced at step 6712, then the processing
equipment may proceed to step 6716, and determine that no
peak has been identified. If the processing equipment deter-
mines that the index is to be advanced at step 6712, then the
processing equipment may proceed to step 6714 (e.g., incre-
ment the index), and then perform at least one of steps 6706-
6710 again.

FIG. 68 is a flow diagram 6800 of illustrative steps for
identifying a peak of a correlation output as the correlation
output is generated, in accordance with some embodiments of
the present disclosure. Flow diagram 6800 is a modified ver-
sion of flow diagram 6700 of FIG. 67, in which correlation
sequence values are analyzed as they are generated rather
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than after generation the entire set of correlation sequence
values. Similarly numbered steps in flow diagram 6800 may
operate similarly as described in the discussion of flow dia-
gram 6700. As shown in FIG. 69, the first threshold crossings,
and corresponding identified peaks may occur at relatively
small 1ag values, and the correlation sequence for higher lag
values, shown illustratively by region 6904, need not be gen-
erated. The processing equipment may therefore save signifi-
cant computing resources by generating only a portion of the
correlation sequence.

Step 6720 of flow diagram 6800 may include processing
equipment determining a correlation based on the current
index. Accordingly, points in the correlation sequence are
generated one at a time, compared against a threshold, and if
a sufficient peak is present, a peak may be identified without
generating the entire correlation sequence. The illustrative
steps of flow diagram 6800 may use relatively less computing
resources than the illustrative steps of flow diagram 6700
under some circumstances. In some embodiments, step 6720
may include performing any of the illustrative steps of, for
example, flow diagrams 6200 and 6300 of FIGS. 62 and 63,
respectively.

FIG. 70 is a flow diagram 7000 of illustrative steps for
performing a correlation calculation using a correlation
matrix, in accordance with some embodiments of the present
disclosure. The correlation matrix technique may use mul-
tiple templates selected from the physiological data, and may
be used to generate multiple correlation sequences. The cor-
relation matrix technique may be especially desirable when
the physiological data includes noisy portions, because at
least some of the templates and resulting correlations may
avoid the noisy portion. FIG. 71 is a block diagram showing
an illustrative window of physiological data with generalized
templates and lags, in accordance with some embodiments of
the present disclosure. FIG. 72 is a diagram showing an
illustrative lag matrix and correlation matrix, in accordance
with some embodiments of the present disclosure. FIGS.
71-72 will be referred to below during the discussion of the
illustrative steps of flow diagram 7000.

Step 7002 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 7002
may include recalling data from the memory for further pro-
cessing.

Step 7004 may include processing equipment generating a
lag matrix based on the received physiological data of step
7002. The lag matrix may include multiple sets of data points,
each having the same length as a desired correlation template.
In some embodiments, each row of the lag matrix may cor-
respond to a set of data points, offset by one sample from
adjacent rows. For example, FIG. 71 shows a window of
physiological data 7110, which has an illustrative length of
about six seconds and N data points. FIG. 71 also shows
illustrative template 7120, having a length of M data points,
corresponding to data points (N-k)-M)+1 through (N-k) of
physiological data 7110, where k is an index of the number of
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data points that template 7120 is offset from the right end of
physiological data 7110. Accordingly, for lag j, Eq. 39 shown
below:

‘_){/':[)(((ka)—M)fji»IX((N—k)—}\l)—j+2xX((N—k)fl\/l)—ji»?n s
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may be used to determine the corresponding data points of
physiological data 7110 to be used in the correlation calcula-
tion. Note that Eq. 39 may be used as a generalized version of
Eq.37, for atemplate selected from any suitable portion of the
physiological data (e.g., using index k). The indices shown in
FIG. 71 correspond to Eq. 39, although some indices have
been simplified algebraically for convenience. The lag matrix
may include multiple collections of data points that corre-
spond to the selected template at different lag values. For
example, referencing FIG. 72, the processing equipment may
apply, for example, Eq. 40:

A KW are— 1) (40)

to generate lag matrix A, in which A, is the matrix value a row
rand column ¢, N is the total number of data points, M is the
template size, and X n._ap4.(_1) 15 the sample value at the
given index. Accordingly, lag matrix A has a size of (N-M)+1
rows by M columns. Each row of the lag matrix A may be a
collection of M data points corresponding to a particular lag
value. Each successive row has a lag of one more data point
than the previous row, as shown by lag matrix 7210 of FIG.
72. Note that the entries of lag matrix 7210 as shown in FIG.
72 are index values, while an actual lag matrix includes the
sample values at the respective indices. The indices are pre-
sented for clarity, rather than the sample values themselves.

Step 7006 may include processing equipment generating a
correlation matrix based on the lag matrix of step 7004. In
some embodiments, the processing equipment may generate
a correlation matrix C using Eq. 41:

Cc=4%4' 1)

in which A is the lag matrix and A' is the transpose of the lag
matrix. Accordingly, correlation matrix C may be square, and
may have a size of (N-M)+1 rows by (N-M)+1 columns. In
an illustrative example, the rows of lag matrix A may be
considered collections of data corresponding to lag values j,
and the columns of the transposed lag matrix A' may be
considered templates, each having a particular offset index k
(e.g., as described in F1G. 71). Accordingly, the values of the
correlation matrix C, ; for a particular offset k and lag j may be
arranged as shown by correlation matrix 7230 of FIG. 72. The
correlation matrix may include correlation values for each M
point template (e.g., indexed by k) at each lag value j. For
example, each column of the correlation matrix may repre-
sent a correlation sequence generated using a template of a
particular index k, for all lag values j. As shown by correlation
matric 7230, each successive column corresponds to a differ-
ent template, at a value of index k greater by one point than the
template of the previous column. Note that positive lag values
correspond to the template shifted left from the zero lag value,
and negative values correspond to the template shifted right
from the zero lag value. Alternatively, the rows of lag matrix
A may be considered templates, and the columns of the trans-
posed lag matrix A' may be considered as collections of data
corresponding to lag values j, in which case the values of the
correlation matrix may be arranged as C, ;. In some embodi-
ments, the processing equipment may normalize the tem-
plate, the corresponding data to be correlated with the tem-
plate, and/or the correlation value itself, for each correlation
calculation (i.e., each value in the correlation matrix C).
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Step 7008 may include processing equipment processing
the correlation matrix of step 7006 to generate processed
correlation data. In some embodiments, using normalized
templates and corresponding data, the values on the diagonal
(e.g., row index=column index) of the square correlation
matrix C may be one, corresponding to a lag of zero (e.g., see
correlation matrix 7230 of FIG. 72 with j values of zero on the
diagonal) for each template. In some such embodiments, step
7008 may include applying a rotation operation to rotate the
diagonal values 45° to be vertically or horizontally oriented in
the processed correlation matrix. The size of the rotated
matrix may be larger than the original correlation matrix. In
some embodiments, processing the correlation matrix may
include averaging values of the correlation matrix along one
or more directions, therefore generating a one dimensional
array values rather than a two dimensional matrix. For
example, following a rotation, peak values in the processed
correlation matrix may substantially align along a row or
column, and the values along the row or column may be
averaged, depending on the rotation. In a further example, the
processing equipment may average values of a correlation
matrix along a direction of fixed lag value.

Step 7010 may include processing equipment identifying
one or more peaks of the processed correlation data of step
7008. In some embodiments, step 7010 may include gener-
ating the threshold. The threshold may be generated using a
predetermined value, a predetermined function, using any
other suitable technique, or any combination thereof. The
processing equipment may identify threshold crossings by
comparing all or some of the correlation output to the thresh-
old. The processing equipment may use any suitable peak
finding techniques to identify the peak such as, for example,
identifying a maximum, identifying an upstroke (i.e., positive
slope) and downstroke (i.e., negative slope), applying a
threshold, comparing one or more peaks to identify a particu-
lar peak (e.g., a largest peak, a peak occurring first in terms of
lag value), any other suitable peak finding technique, or any
combination thereof.

FIG. 73 is a plot 7300 showing a graphical representation
7302 of an illustrative correlation matrix, in accordance with
some embodiments of the present disclosure. Graphical rep-
resentation 7302 of the correlation matrix includes a series of
peaks normal to the coordinate axes (i.e., into and out of the
page), indicated by the shaded diagonal regions. Graphical
representation 7302 of the correlation matrix has a primary
direction shown by arrow 7304 along which the lag is zero, or
amultiple of the period associated with the physiological rate.
FIG. 74 is a plot 7400 showing graphical representation 7302
of the illustrative correlation matrix of FIG. 73 facing a pri-
mary direction (i.e., the direction of arrow 7304, directed into
the page in FIG. 74) to show the range of correlation matrix
values, in accordance with some embodiments of the present
disclosure. The relatively largest peak shown in FIG. 74 cor-
responds to alag value of zero, with additional peaks on either
side corresponding to multiples of the period associated with
the physiological rate. In some embodiments, the processing
equipment may apply a matrix operation such as, for
example, a 45° CW rotation to a correlation matrix, so that a
primary direction substantially aligns along a row or a col-
umn. The units of plot 7400 are not the same as the units of
plot 7300 due to the direction and orientation of view. In some
embodiments, the processing equipment may use one or more
properties of the correlation matrix to aid in identifying a
peak, determining a lag value, or both. For example, using a
processed correlation matrix generated by a 45° CW rotation
and averaging of the columns (e.g., to give a one-dimensional
array ), the processing equipment may use a lag value of zero
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as areference, as shown by dashed line 7402 in FIG. 74. From
the reference, which is associated with a maxinum peak, the
processing equipment may analyze lag values incrementally
outward in each direction to identify a first peak. The pro-
cessing equipment may use threshold 7404, which may be
similar to the thresholds of plot 6900, referenced to the zero
lag position and extending symmetrically in each direction, to
identify the first peak. The processing equipment may accord-
ingly determine the lag value associated with the peak, in
which the lag value may be indicative of a period associated
with a physiological rate. In some embodiments, the process-
ing equipment may identify a peak in each direction and
average the associated lag values. In some embodiments, the
processing equipment may identify a peak in each direction
and identify the peak as the peak having the lesser associated
lag value.

As discussed above, a correlation calculation provides a
single correlation value for each lag value between two seg-
ments of physiological data (e.g., a template and correspond-
ing portion of data at a lag value). The segments of physi-
ological data may include a relatively large amount of
information, which is not necessarily fully represented by the
single correlation value. In some embodiments, statistical
regression analysis (SRA) may be used to, for example, aid in
performing a correlation calculation, modify a correlation
calculation, identify a peak in a correlation sequence, or a
combination thereof, by analyzing information additional to
the correlation value of the two segments of physiological
data. For example, SRA may be used to determine a metric
based on the two segments, and the metric may be used to
weight the correlation values of a correlation calculation
using the two segments. In a further example, SRA may be
used to determine a metric, which may be used to identify a
peak in a correlation output. The SRA techniques disclosed
herein may be especially useful when, for example, applied to
lag values correspond to peaks that just exceed or just do not
exceed a threshold (e.g., are very near a threshold), where
peak identification may be sensitive to variations in data and
more information on the correlation may be desired. FIGS.
75-85 are included as illustrative examples, although it will be
understood that the illustrative SRA techniques disclosed
herein do not necessarily require generating any plots.

FIG. 75 is a panel of three plots 7500, 7510, and 7520,
respectively showing an illustrative window of data 7502, and
two sets of two segments of physiological data having a
relative lag, in accordance with some embodiments of the
present disclosure. The abscissa of plots 7500, 7510, and
7520 is shown in units of sample number (at a sampling grate
of about 57 Hz), while the ordinates are shown in arbitrary
units. [lustrative window of data 7502, including about 342
data points, exhibits six full peaks of de-trended physiologi-
cal data. The physiological rate associated with window of
data 7502 (and segments 7512, 7514, 7522 and 7524 thereof)
is near 1 Hz (e.g., having a period of about 1 second), with
some variation. Physiological data 7502 is roughly periodic,
having a series of peaks and troughs spaces by a period
corresponding to a physiological rate (e.g., the period is the
reciprocal of the rate in suitable units). A correlation calcu-
lation of'a segment of data 7502 with another segment of data
7502 at a lag of zero or an integer multiple of the period will
give a relatively large value (e.g., a correlation coefficient of
near one, or “correlated”) because the peaks and troughs of
one segment will substantially line up with the respective
peaks and troughs of the other segment. Alternatively, a cor-
relation calculation of a segment of data 7502 with another
segment of data 7502 at a lag of a half period or a half period
plus an integer multiple of the period will give a relatively
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large negative value (e.g., a correlation coefficient of near
negative one, or “anti-correlated”) because the peaks and
troughs of one segment will substantially line up with the
respective troughs and peaks of the other segment. Lags val-
ues between half and full periods are expected to result in
intermediate correlation values. Plot 7510 shows segment
7512 and segment 7514, each including about 171 points,
having a relative lag of 28 samples (e.g., about a half period).
Plot 7520 shows segment 7522 and segment 7524, each
including about 171 points, having a relative lag of 55
samples (e.g., about a full period). Segments 7512 and 7514
result in a relatively large negative correlation value (e.g., a
negative correlation value for de-trended segments), while
segments 7522 and 7524 result in relatively high correlation
(e.g., apositive correlation value for de-trended segments). In
some embodiments, SRA may be used to extract further infor-
mation than just a correlation value between two segments.
For example, correlation calculations performed at two dif-
ferent lag values may result in similar correlation values, but
the data may of the data segments may line up more closely in
at one of the lag values, indicating the likely true period. It
will be understood that any suitably sized window of data, and
segment thereof, may be used in accordance with the present
disclosure, and that a window size of 342 samples is used for
illustration. It will also be understood that any suitable sam-
pling rate may be used in accordance with the present disclo-
sure, and that roughly 57 Hz is used for illustration.

In some embodiments, a first and second segment of physi-
ological data may be paired to generate a set of value pairs,
thus reducing the two segments to a single set of value pairs
that may be analyzed. Each value pair may include a value of
the first segment, and a corresponding value of the second
segment (e.g., graphically, this can be represented by points in
two-dimensional space, where each axis represents values
from a respective segment). Using such a construct in a
graphical example, value pairs corresponding to highly cor-
related segments will tend towards a line of slope one,
through the origin (e.g., the line y=-x). Using the same con-
struct in this graphical example, value pairs corresponding to
highly anti-correlated segments will tend towards a line of
slope negative one, through the origin (e.g., the line y=-x).
Further, using the same construct in a graphical example,
value pairs corresponding to non-correlated segments would
be expected to be randomly distributed in the two-dimen-
sional plane about the origin (e.g., in a Gaussian distribution).
FIG. 76 is a panel of two illustrative plots 7600 and 7610 each
showing a set of a template and corresponding data of FIG. 75
plotted against each other, in accordance with some embodi-
ments of the present disclosure. Plot 7600 shows value pairs
7602 corresponding to segments 7512 and 7514, in which for
each sample value shown in plot 7510, the values of segments
7512 and 7514 are combined as a coordinate pair in plot 7600.
The value pairs 7602 may be generated using Eq. 42, as
shown below:

P(S165,) (42

in which P; is a value of value pairs 7602 for index i, and S,
are the values of segments 7512 and 7514 of FIG. 75 (either
order may be used) for index j (e.g., ranging from 1 to 2
corresponding to a first and second segment in either order).
Plot 7610 shows a value pairs 7612 corresponding to seg-
ments 7522 and 7524 of FI1G. 75, in which for each sample
value shown in plot 7520, the values of segments 7522 and
7524 are combined as a coordinate pair in plot 7610 (e.g.,
using Eq. 42). Value pairs 7602 are indicative of the relatively
high anti-correlation of segments 7512 and 7514 of FIG. 75,
exhibited by the relatively large deviation of value pairs 7602
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from line 7604 having unit slope and passing through the
origin of plot 7600 (e.g., the slope of the trend line of value
pairs 7602 is much closer to —1). Value pairs 7612 are indica-
tive of the relatively high correlation of segments 7522 and
7524 of FIG. 75, exhibited by the relative agreement of value
pairs 7612 with line 7614 having unit slope and passing
through the origin of'plot 7610. While a correlation value may
provide a single representative value of each of sets of points
7602 and 7612, additional information is available if desired,
as discussed below in the context of FIG. 77, for example. For
example, correlation values calculated at two different lag
values may have similar correlation values which may indi-
cate a peak, but their distribution of value pairs (e.g., gener-
ated using Eq. 42) may differ. A lag value truly corresponding
to the period of a physiological rate is expected to result in
value pairs that line up well with a line such as line 7614. A lag
value that does not correspond to the period ofa physiological
rate is expected to result in value pairs that do not line up well
with a line such as line 7614. Accordingly, SRA may aid in
discerning a true peak from an artifact peak in a correlation
calculation based on physiological data.

The distribution of value pairs in plots 7600 and 7610 of
FIG. 76 also provide insight into how well the original seg-
ments are correlated. Segments of physiological data cen-
tered about zero exhibiting peaks and troughs will typically
have larger slopes near value so of zero and small slopes near
the maximum and minimum values (e.g., the slope at the
zenith of a peak or the bottom of a trough is substantially
zero). Accordingly, upstrokes and downstrokes typically
include fewer data points, while there are relatively more data
points near the maximums and minimums (e.g., at the peaks
and troughs). Value pairs 7602 show relatively large group-
ings of points in the upper left and lower right corners, sub-
stantially corresponding to pairings of peak values with
trough values from the two segments. Alternatively, value
pairs 7612 show relatively large groupings of points in the
lower left and upper right corners, substantially correspond-
ing to pairings of peak values with peak values, and trough
values with trough values from the two segments. The group-
ings of value pairs 7602 and 7612 are oriented in different
directions, essentially normal to one another. While a hori-
zontal or vertical distribution of value pairs 7602 and 7612
may respectively appear similar, for example, a 45° rotation
of the value pairs aligns the point groupings in sometimes
more convenient directions (e.g., horizontal or vertical). Flow
diagrams 7700,7900, 8100, and 8200 of F1GS. 77,79, 81, and
82 discussed below provide some description of techniques
for analyzing distributions of value pairs.

FIG. 77 is a flow diagram 7700 of illustrative steps for
determining a metric from two segments of physiological
data, and using the metric to modify correlation output or
identify a correlation peak, in accordance with some embodi-
ments of the present disclosure. In some embodiments, the
processing equipment may generate a correlation sequence
based on the first and second segments using a sequence of lag
values. The illustrative techniques of flow diagram 6600 may
be used to determine further information regarding the two
segments.

Step 7702 may include processing equipment selecting a
first segment from a window of physiological data. In some
embodiments, the first segment may have a predetermined
length in time or number of samples. For example, referenc-
ing FIG. 75, segment 7514 includes about 171 samples of
roughly 342 samples of a full window of data. In some
embodiments, the length of the first segment may depend on
a previously calculated rate (e.g., relatively longer segments
may be used for relatively lower rates).
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Step 7704 may include processing equipment selecting a
second segment from the window of physiological data,
shifted in time (e.g., lag in sample number) relative to the first
segment of step 7702. In some embodiments, the second
segment may have the same length as the first segment (e.g,,
the same total number of samples). In some embodiments, the
lag may be determined based on a previously calculated rate.
Forexample, the processing equipment may select a lag equal
to the period associated with a previously calculated rate. In
some embodiments, multiple lags may be selected, and
accordingly, multiple second segments may be selected, cre-
ating multiple pair of the first segment and second segments.

Step 7706 may include processing equipment analyzing
the first and second segments of steps 7702 and 7704. In some
embodiments, step 7706 may include determining a correla-
tion value between the first and second segments. In some
embodiments, step 7706 may include generating new value
pairs from the first and second segments using, for example,
Eq.42.

Step 7708 may include processing equipment determining
ametric based on the analysis of step 7706. In some embodi-
ments, the metric may indicate how well the first and second
segments are correlated. In some embodiments, the metric
may indicate a comparison between new value pairs gener-
ated from the first and second segments and reference value
pairs (e.g., a reference distribution or other function). The
metric may be normalized to range from zero to one, or scaled
to any other suitable range. In some embodiments, the metric
may be based on a statistical calculation.

Step 7710 may include processing equipment modifying a
correlation output, identifying a peak in a correlation output,
or both, based on the metric of step 7708. In some embodi-
ments, the processing equipment may use the metric of step
7708 to weight one or more points of a correlation sequence
between the first and second segments. For example, if the
determined metric indicates poor correlation between the first
and second segments, then the processing equipment may
down-weight the corresponding point of a correlation
sequence between the first and second segments. In some
embodiments, the processing equipment may implement the
illustrative techniques of flow diagram 7700 to identify a peak
in a correlation sequence. For example, the illustrative tech-
niques of flow diagram 7700 may be used with step 6604 of
flow diagram 6600 of FIG. 66 or step 6706 of flow diagrams
6700-6800 of FIGS. 67-68.

FIG. 78 is a panel of two plots corresponding to the plots of
FIG. 76 after an illustrative transformation of the data, in
accordance with some embodiments of the present disclo-
sure. The illustrated transformation in FIG. 78 includes a 45°
clockwise (CW) rotation of the value pairs, orienting lines
7604 and 7614 of FIG. 76 horizontal in plots 7800 and 7810,
respectively. It will be understood that this transformation is
illustrated for clarity, and that any suitable transformation, or
no transformation, may be performed on value pairs gener-
ated from a first and second segment. The techniques dis-
cussed below in the context of FIGS. 79-85 may be applied to
untransformed or transformed data. In some circumstances,
the 45° CW rotation may simplify further calculations
because the correlation axis is rotated to horizontal, allowing
convenient partitioning of horizontal and vertical properties
of a set of data points. The 45° CW rotation may be generated
for a value pair, for example, using Eq. 43:
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in which original points (x,, y,) are rotated by an angle 0 of
—45°, resulting in corresponding rotated points (X, ., y, ).
Value pairs 7802 of plot 7800 were generated by performing
the 45° CW rotation of value pairs 7602 of FIG. 76. Value
pairs 7812 of plot 7810 were generated similarly from value
pairs 7612 of FIG. 76. In some embodiments, the data used to
generate value pairs 7802 and 7812 may have undergone a
mean subtraction and normalization based on the standard
deviation of the data. In each of plots 7800 and 7810, points
between -0.5 and 0.5 are not filled, points between 0.5/-0.5
and 1/-1 are hatched, and points outside of -1 and 1 are filled
black. References lines 7806 and 7808 indicate the ordinate
value of one, while reference lines 7816 and 7818 indicate the
ordinate value of negative one. Value pairs 7802 exhibit rela-
tively more points outside of -1 and 1 (i.e., filled black in FIG.
78) than value pairs 7812, indicating relatively more points of
value pairs 7802 deviating from the line 7804 than points of
value pairs 7812 deviating from the line 7814. Accordingly,
one or more metrics may be determined which may quantify
such differences, which may indicate how well the original
segments are correlated.

FIG. 79 is a flow diagram 7900 of illustrative steps for
determining a metric from a vertical distribution, and using
the metric to modify correlation output or identify a correla-
tion peak, in accordance with some embodiments of the
present disclosure. In some embodiments, referencing plots
7800 and 7810 of FIG. 78, analysis of the vertical distribution
of rotated value pairs (e.g., of a matrix following a 45° CW
rotation) may provide correlation information. For example,
value pairs 7802 of plot 7800 have a relatively broad vertical
distribution as compared to value pairs 7812 of plot 7810.
Further, value pairs 7802 of plot 7800 have a double-peaked
vertical distribution as compared to value pairs 7812 of plot
7810 which exhibit substantially a single peak. For correlated
segments, the vertical distribution is expected to exhibit sub-
stantially a single peak near zero, while the vertical distribu-
tion for anti-correlated segments is expected to exhibit two
peaks spaced on both sides of zero. It will be understood the
value pairs need not be rotated, and that the illustrative tech-
niques described below may be applied in any suitable direc-
tion. Rotation of the value pairs by -45° merely provides a
convenient illustrative example.

Step 7902 may include processing equipment selecting a
first segment from a window of physiological data. In some
embodiments, the first segment may have a predetermined
length in time or number of samples. For example, referenc-
ing FIG. 75, segment 7514 includes about 171 samples of the
roughly 342 samples of a full window of data. In some
embodiments, the length of the first segment may depend on
a previously calculated rate (e.g., relatively longer segments
may be used for relatively lower rates).

Step 7904 may include processing equipment selecting a
second segment from the window of physiological data,
shifted in time (e.g., lag in sample number) relative to the first
segment of step 7902. In some embodiments, the second
segment may have the same length as the first segment (e.g.,
the same total number of samples). In some embodiments, the
lag may be determined based on a previously calculated rate.
For example, the processing equipment may select a lag equal
to the period associated with a previously calculated rate. In
some embodiments, multiple lags may be selected, and
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accordingly, multiple second segments may be selected, cre-
ating multiple pair of the first segment and second segments.

Step 7906 may include processing equipment generating a
matrix based on the first and second segments of steps 7902
and 7904. In some embodiments, the matrix may be genet-
ated using, for example, Eq. 42 to generate a set of value pairs
(e.g., a 2xN matrix of N value pairs) based on the segments.
In some embodiments, a transform may be optionally per-
formed on the matrix (e.g., mean subtraction, normalization,
rotation). For example, the value pairs may be rotated by -4 5°
using Eq. 43. In such examples following the rotation, refer-
encing a geometric interpretation, the value pairs may each
include a horizontal value (e.g., the “x” value” in typical
Cartesian coordinates), and a vertical value (e.g., the “y”
value” in typical Cartesian coordinates). It will be understood
that horizontal and vertical are referenced to rotated value
pairs, although any suitable directional axes may be used as
references. For example, referencing un-rotated value pairs,
the directional axes given by “y=x" and “y=-x" may be used
as references.

Step 7908 may include processing equipment analyzing
the vertical distribution of points in the matrix of step 7906. In
some embodiments, step 7908 may include processing equip-
ment analyzing points in a direction substantially perpendicu-
lar to a correlation axis (e.g., perpendicular to lines 7604 and
7614 of FIG. 76, and lines 7804 and 7814 of FIG. 78). For
example, referencing FIG. 76, step 7908 may include analyz-
ing the distribution of value pairs 7602 relative to line 7604,
although the data points need not be plotted to perform step
7908. In a further example, referencing FIG. 78, step 7908
may include analyzing the distribution of value pairs 7802
relative to line 7804, although the data points need not be
plotted to perform step 7908. As discussed above, segments
having a lag value of an integer multiple of the period asso-
ciated with the physiological rate are expected to have vertical
distributions exhibiting a single peak at zero. For example,
highly correlated segments (i.e., a correlation coefficient of
near one) would all lie on the horizontal axis after a —-45°
rotation, and therefore the vertical distribution would
resemble a Delta function (e.g., the distribution is nearly
single valued, with the instance of all other values being
substantially zero). The Delta function is sharper than a Gaus-
sian, with a much smaller spread, and serves as a theoretical
limit in this example, although physiological data will have
some variation and will likely not achieve a Delta function.

Step 7910 may include processing equipment determining
a metric base on the analysis of step 7908. In some embodi-
ments, the metric may be indicative of the shape in the vertical
distribution. For example, the metric may be indicative of the
distribution peak, spread, or both. In some embodiments, the
metric may be a value normalized between zero and one. In
some embodiments, the analysis may include determining a
number of value pairs having a vertical value within two
threshold values (e.g., between -1 and 1, between -0.5 and
0.5, between -1 and 1 excluding points between -0.5 and 0.5,
or any other suitable threshold range). In some embodiments,
the ratio of value pairs having a vertical value in a particular
threshold range to the total number of pairs may be used as a
metric. For example, the number of value pairs having a
vertical value outside of -1 and 1 may be divided by the total
number of value pairs to give a metric. In some embodiments,
the analysis may include determining a distribution of vertical
values of the value pairs. For example, the processing equip-
ment may generate a histogram of the vertical values of the
value pairs. In a further example, the processing equipment
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may generate a cumulative distribution (e.g., an integral or
sum of the histogram), and analyze the cumulative distribu-
tion of vertical values.

In some embodiments, the analysis may include a normal-
ity test or other statistical test. In some embodiments, the
analysis may include generating a reference distribution (a
histogram or cumulative distribution derived thereof), and
comparing the distribution of vertical values with the refer-
ence distribution. For example, the processing equipment
may determine a mean and standard deviation of the vertical
values, generate a normal distribution with the same standard
deviation and mean, and determine a difference (e.g.,a sum of
squared differences between each value and the correspond-
ing value of the normal distribution) between the distribution
of vertical values and the normal distribution. In a further
example, the processing equipment may determine a skew-
ness value, kurtosis value, or both, based on the vertical
values and compare this value(s) with a threshold or reference
values. In a further example, the processing equipment may

perform a Jarque-Bera (IB) Test using, for example. Eq. 44:
N(, (K-3F @4)
M= E(S T3 ]

in which test metric M is based on number of points N, sample
skewness S, and sample kurtosis K. The test metric M is zero
for a normal distribution and increase as the vertical values
deviate from a normal distribution. In some embodiments, for
example, the test metric M may be compared to a threshold to
determine whether to modify a correlation value, or scaled
and used as a confidence value directly to modify a correla-
tion value. In a further example, the processing equipment
may perform a Kolmogorov-Smirnoff test such as, for
example, a Lilliefors Test based on the cumulative distribu-
tion of vertical values, with the metric being the maximum
discrepancy, a sum of differences, or any other suitable value
indicative of the difference. In some embodiments, for
example, the value indicative of the difference may be com-
pared to a threshold to determine whether to modify a corre-
lation value, or scaled and used as a confidence value directly
to modify a correlation value. FIG. 81 is a flow diagram 8100
of illustrative steps for analyzing a vertical distribution, in
accordance with some embodiments of the present disclo-
sure. In some embodiments, the analysis of step 7908 of flow
diagram 7900 may include comparing the distribution of
points in the vertical direction with a reference distribution.
For example, in some embodiments, the processing equip-
ment may compare the vertical distribution of points (e.g,,
generated using a histogram) with a normal distribution, as
shown by step 8102. The processing equipment may, for
example, determine the square root of the sum of squared
differences between the distribution of vertical values and the
reference distribution, and use the difference as a confidence
metric (e.g., where larger differences correspond to reduced
confidence in correlation between the segments). In a further
example, in some embodiments, the processing equipment
may perform a Jarque-Bera test (e.g., using Eq. 44) on statis-
tical metrics derived from the vertical distribution of points,
as shown by step 8104. The processing equipment may, for
example, determine the Jarque-Bera metric, and use the dif-
ference as a confidence metric (e.g., where larger differences
correspond to reduced confidence in correlation between the
segments). In a further example, in some embodiments, the
processing equipment may perform a Lilliefors test on the
vertical distribution of points, or a cumulative distribution
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derived thereof, as shown by step 8104. The processing
equipment may, for example, determine the maximum differ-
ence between the cumulative distribution of vertical values
and a reference cumulative distribution, and use the differ-
ence as a confidence metric (e.g., where a larger difference
correspond to reduced confidence in correlation between the
segments).

Step 7912 may include processing equipment modifying a
correlation output, identifying a peak in a correlation output,
or both, based on the metric of step 7910. In some embodi-
ments, the processing equipment may use the metric of step
7910 to weight one or more points of a correlation sequence
between the first and second segments. For example, if the
determined metrics indicates poor correlation between the
first and second segments, then the processing equipment
may down-weight the corresponding point of a correlation
sequence between the first and second segments. In some
embodiments, the processing equipment may implement the
illustrative techniques of flow diagram 7900 to identify a peak
in a correlation sequence. For example, the illustrative tech-
niques of flow diagram 7900 may be used with step 6604 of
flow diagram 6600 of FIG. 66 or step 6706 of flow diagrams
6700-6800 of FIGS. 67-68.

FIG. 80 is a panel of the two plots 7800 and 7810 of FIG.
78 and two respective plots of corresponding vertical distri-
butions, in accordance with some embodiments of the present
disclosure. Plot 8000 shows vertical distribution 8002 corre-
sponding to value pairs 7802, along with Gaussian profile
8004 for reference. Plot 8010 shows vertical distribution 8012
corresponding to value pairs 7812, along with Gaussian pro-
file 8014 for reference. Vertical distributions 8002 and 8012
are generated from histograms of respective value pairs 7802
and 7812, normalized to an area under the curve of one.
Gaussian profiles 8004 and 8014 are also scaled to an area
under the curve of one, for reference. Vertical distribution
8002 exhibits two primary peaks, indicative of the relatively
large number of value pairs 7802 outside of the -1 to 1
threshold (i.e., points filled black in plot 7800 of FIG. 80).
Vertical distribution 8012 exhibits a single primary peaks,
indicative of the relatively large number of value pairs 7812
near zero. Accordingly, comparison of a vertical distribution
with a reference profile may indicate information about the
correlation calculation. For example, the relatively high cor-
relation associated with value pairs 7812 may correspond to a
single primary peak in vertical distribution 8012. While the
distribution of vertical values of value pairs 7812 do not
exactly follow Gaussian profile 8014, they do exhibita central
peak. The distribution of vertical values of value pairs 7802
follow Gaussian profile 8004 even less closely, and exhibit
two peaks rather than one. Accordingly, the metric discussed
in the context of step 7910 of flow diagram 7900 of FIG. 79
may indicate that the distribution of vertical values of value
pairs 7812 are relatively closer to a Gaussian profile, and the
corresponding segments of physiological data are likely cor-
related. Also accordingly, the metric discussed in the context
of step 7910 of flow diagram 7900 of FIG. 79 may indicate
that the distribution of vertical values of value pairs 7802 are
relatively different from a Gaussian profile, and the corre-
sponding segments of physiological data are likely anti-cor-
related. The coarseness of the histogram generated from the
vertical values may impact the shape of the histogram. For
example, in some circumstances, as the histogram “bins” are
made coarser, tall peaks in the distribution may be smoothed
laterally. In an illustrative example, the relatively large peak
in vertical distribution 8012 may be smoothed laterally with
coarser histogram bins, thus lessening the difference between
vertical distribution 8012 and Gaussian profile 8014. Any
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suitable level of coarseness may be used in generating a
histogram and corresponding cumulative distribution, and
determining a difference between a distribution and a refer-
ence distribution.

FIG. 82 is a flow diagram 8200 of illustrative steps for
determining a metric from a horizontal distribution, and using
the metric to modify correlation output or identify a correla-
tion peak, in accordance with some embodiments of the
present disclosure. For correlated segments, the horizontal
distribution is expected to exhibit two peaks on either side of
zero, while the horizontal distribution for anti-correlated seg-
ments is expected to exhibit a single peak near zero. This is
due to the grouping of value pairs and their orientation along
a particular direction, as discussed above in the context of
FIG. 76. Value pairs generated from correlated segments will
include peak-peak value pairs and trough-trough value pairs,
with value pairs including smaller values being less numerous
due to the high slopes of the data at those regions. Accord-
ingly, aftera -45° rotation the groupings substantially lie near
the horizontal axis, on opposite sides of zero resulting in a
substantially two peaked distribution in the horizontal values.
Value pairs generated from anti-correlated segments will
include peak-trough value pairs and trough-peak value pairs,
with value pairs including smaller values being less numerous
due to the high slopes of the data at those regions. Accord-
ingly, aftera -45° rotation the groupings substantially lie near
the vertical axis, on opposite sides of zero resulting in a
substantially single peaked distribution in the horizontal val-
ues. It will be understood the value pairs need not be rotated,
and that the illustrative techniques described below may be
applied in any suitable direction. Rotation of the value pairs
by -45° merely provides a convenient illustrative example.

Step 8202 may include processing equipment selecting a
first segment from a window of physiological data. In some
embodiments, the first segment may have a predetermined
length in time or number of samples. In some embodiments,
the length of the first segment may depend on a previously
calculated rate (e.g., relatively longer segments may be used
for relatively smaller rates).

Step 8204 may include processing equipment selecting a
second segment from the window of physiological data,
shifted in time relative (e.g., lag in sample number) to the first
segment of step 8202. In some embodiments, the second
segment may have the same length as the first segment (e.g.,
the same total number of samples). In some embodiments, the
lag may be determined based on a previously calculated rate.
For example, the processing equipment may select a lag equal
to the period associated with a previously calculated rate. In
some embodiments, multiple lags may be selected, and
accordingly, multiple second segments may be selected, cre-
ating multiple pair of the first segment and second segments.

Step 8206 may include processing equipment generating a
matrix based on the first and second segments of steps 8202
and 8204. In some embodiments, the matrix may be gener-
ated using, for example, Eq. 42 to generate a set of coordinate
pairs (e.g., a 2xN matrix of N coordinate pairs) based on the
segments. In some embodiments, a transform may be option-
ally performed on the matrix (e.g., mean subtraction, normal-
ization, rotation). For example, a 45° C.W rotation may be
performed on the matrix using Eq. 43, for example, which
may simplify subsequent calculations.

Step 8208 may include processing equipment analyzing
the horizontal distribution of points in the matrix of step 8206.
In some embodiments, step 8208 may include processing
equipment analyzing points in a direction substantially par-
allel to a correlation axis (e.g., parallel to lines 7604 and 7614
of FIG. 76, and lines 7804 and 7814 of FIG. 78). For example,
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referencing FIG. 76, step 8208 may include analyzing the
distribution of value pairs 7602 along line 7604, although the
data points need not be plotted to perform step 8208. In a
further example, referencing F1G. 78, step 8208 may include
analyzing the distribution of value pairs 7802 along line 7804,
although the data points need not be plotted to perform step
8208. Step 8210 may include processing equipment deter-
mining a metric base on the analysis of step 8208.

Step 8212 may include processing equipment modifying a
correlation output, identifying a peak in a correlation output,
or both, based on the metric of step 8210. In some embodi-
ments, the processing equipment may use the metric of step
8210 to weight one or more points of a correlation sequence
between the first and second segments. For example, if the
determined metric indicates poor correlation, or anti-correla-
tion between the first and second segments, then the process-
ing equipment may down-weight the corresponding point of
acorrelation sequence between the first and second segments.
In a further example, if the determined metric indicates good
correlation (e.g., the existence of two peaks in the distribution
of horizontal values) between the first and second segments,
then the processing equipment may down-weight the corre-
sponding point ofa correlation sequence between the first and
second segments. In some embodiments, the processing
equipment may implement the illustrative techniques of flow
diagram 8200 to identify a peak in a correlation sequence. For
example, the illustrative techniques of flow diagram 8200
may be used with step 6604 of flow diagram 6600 of FIG. 66
or step 6706 of flow diagrams 6700-6800 of FIGS. 67-68.

For example, FIG. 83 is a panel of the two plots of FIG. 78
and two respective plots 8300 and 8310 of corresponding
horizontal distributions, in accordance with some embodi-
ments of the present disclosure. Referencing plots 8300 and
7800, horizontal values 8302 are the horizontal distribution
derived from value pairs 7802. Horizontal values 8304 are the
horizontal distribution derived by generating a coordinate
pair using Eq. 42, using segment 7512 of FIG. 75 as both
segments (i.e., a lag of zero), and then rotating the value pairs
CW 45°. As shown in plot 8300, rotated value pairs generated
from correlated segments (in this example, at a lag of zero)
exhibit two peaks, while rotated value pairs from substan-
tially anti-correlated segments exhibit a single peak centered
at zero. Referencing plots 8310 and 7810, horizontal distri-
bution 8312 is the horizontal distribution derived from value
pairs 7812. Horizontal distribution 8314 is generated based
on Eq. 42, using segment 7522 of FI1G. 75 as both segments
(i.e., alag of zero), and then rotating the value pairs CW 45°.
As shown in plot 8310, rotated value pairs generated from
well correlated segments such as segments spaced by a lag
value of zero, or a substantially integer multiple of the period
associated with the physiological rate, exhibit two peaks in
their horizontal distribution.

FIG. 84 is a panel of the two plots of illustrative cumulative
distributions of horizontal values, in accordance with some
embodiments of the present disclosure. Plot 8400 shows
cumulative distribution functions (CDF) 8402, 8404, and
8406. Plot 8410 shows cumulative distribution functions
(CDF) 8412, 8414, and 8416. CDFs 8406 and 8416 each
correspond to original physiological data (e.g., paired with
itself as both the first and second segment with a lag of zero),
and exhibit a bimodal shape (e.g., as seen by the two regions
of relatively higher slope). This shape of the CDF indicates
that the histogram of horizontal values exhibits two peaks,
indicative of good correlation. CDFs 8402 and 8404 shown in
plot 8400 each correspond to transformed data at a particular
lag value, which is likely not indicative of a period associated
with a physiological rate. In some embodiments, CDFs 8402
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and 8404 may correspond to a subset of the transformed data.
For example, when the transformed data is centered at zero,
CDF 8402 may correspond to the data within plus and minus
one half of a standard deviation and CDF 8404 may corre-
spond to the data within plus and minus one standard devia-
tion. In some circumstances, using a subset of the trans-
formed data may provide a better cumulative distribution.
CDF's 8402 and 8404 exhibit a shape indicative of histograms
of horizontal values exhibiting a single peak, which is not
indicative of good correlation between the corresponding
segments. CDFs 8412 and 8414 of plot 8410 each correspond
to transformed data at a particular lag value, which is likely
indicative of a physiological rate. CDFs 8412 and 8414
exhibit a shape indicative of histograms of horizontal values
exhibiting two peaks, which is indicative of good correlation
between the corresponding segments. In some embodiments,
CDFs 8412 and 8414 may correspond to a subset of the
transformed data. For example, when the transformed data is
centered at zero, CDF 8412 may correspond to the data within
plus and minus one halfofa standard deviation and CDF 8414
may correspond to the data within plus and minus one stan-
dard deviation. Accordingly, if a CDF such as either of CDFs
8406 and 8416 corresponding to original physiological data is
used as a reference CDF, the processing equipment may
determine a difference metric between the reference CDF and
the cumulative distribution of horizontal values at the lag
value other than zero. The processing equipment may use the
difference value to qualify or disqualify a peak, modify a
correlation value (e.g., decrease a value if the difference is
large, and increase the correlation value if the difference is
small), determine a confidence value, or a combination
thereof.

FIG. 85 is a flow diagram 8500 of illustrative steps for
applying statistical regression analysis, in accordance with
some embodiments of the present disclosure.

Step 8502 may include processing equipment receiving
physiological data, or conditioned data derived thereof, from
a physiological sensor, memory, any other suitable source, or
any combination thereof. In some embodiments, physiologi-
cal signals generated by input signal generator 310 of FIG. 3
may be stored in memory (e.g., RAM 54 of FIG. 2, QSM 72
and/or other suitable memory), conditioned, or both, after
being pre-processed by pre-processor 320 of FIG. 3. In such
cases, step 8502 may include recalling data from the memory
for further processing.

Step 8504 may include processing equipment generating a
correlation sequence based on segments of the physiological
data of step 8502. The correlation sequence may include a
sequence of correlation values corresponding to different lag
values. In some embodiments, the processing equipment may
generate the correlation sequence by multiplying and sum-
ming values of a first segment of the physiological segment
with corresponding values of a second segment of the physi-
ological data, shifted in time by a particular lag, for multiple
lag values. Step 8504 may include the processing equipment
normalizing the physiological data, or segments thereof, of
step 8502. In some embodiments, the processing equipment
may use any suitable signal conditioning technique (e.g.,
de-trending and/or normalization techniques, scaling, shift-
ing, or any other suitable operation). For example, the pro-
cessing equipment may normalize segments of physiological
data to vary between zero and one, negative one and positive
one, or any other predetermined range. In an illustrative
example, the processing equipment may receive physiologi-
cal data at step 8502, select a segment of the data (e.g., the
most recent data of a predetermined size), and generate a
correlation sequence for all lag values between the segment
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and second segments of the physiological data (e.g.. lag val-
ues ranging from zero to N where N is the number of samples
of the segment) at step 8504.

Step 8506 may include processing equipment identifying a
peak in the correlation sequence. In some embodiments, the
processing equipment may use a threshold to determine if a
peak is sufficient. If the correlation sequence includes one or
more points exceeding the threshold. the processing equip-
ment may proceed to step 8508. The threshold may include
any suitable value or values such as, for example, a fixed
value, a function, a piece-wise function, or other set of values.
If the correlation sequence does not include one or more
points exceeding the threshold, the processing equipment
may determine that no valid lag was identified, in which case
the processing equipment may generate a new correlation
sequence with more recent data, repeating steps 8502-8506.
In some embodiments, the processing equipment may iden-
tify a value of the correlation sequence that exceeds the
threshold. In some embodiments, the processing equipment
may identify a peak by identifying a maximum value in the
correlation sequence, and determining that a predetermined
number of correlation sequence values at adjacent smaller
lags have positive slope (e.g., an upstroke), and that a prede-
termined number of correlation sequence values at adjacent
larger lags have negative slope (e.g., a downstroke).

Step 8508 may include processing equipment determining
one or more metrics based on the physiological data. In some
embodiments, step 8508 may include the processing equip-
ment performing one or more SRA techniques, such as those
described in the context of FIGS. 77, 79, 81 and 82, to detet-
mine the one or more metrics. For example, the processing
equipment may perform a Lilliefors Test, a Jarque-Bera (JB)
Test, a Kolmogorov Smirnov (KS) Test, any other suitable
test, or any combination thereof, to determine the one or more
metrics. For example, for each of the lag value corresponding
to an identified peak, a predetermined number of previous lag
values, and a predetermined number of subsequent lag values,
the processing equipment may generate a matrix of value
pairs between the segment and respective second segment
and perform a 45° CW rotation of the data (e.g., as described
in the context of flow diagram 7700 of FIG. 77). The process-
ing equipment may then normalize the data accordingly. The
processing equipment may then calculate one or more of a
Lilliefors metric, a JB metric, a KS metric, and the fraction of
the residual within an amount (e.g., one half) of a standard
deviation of the transformed data (e.g., the number of value
pairs between references lines 7806 and 7808 in plot 7800 of
FIG. 83 divided by the total number of value pairs in plot
7800). The processing equipment may combine the metrics
for the lag values (e.g., identified lag, previous lags, and
subsequent lags).

Step 8510 may include processing equipment evaluating
the one or more metrics determined at step 8508. In some
embodiments, the processing equipment may perform one or
more tests at step 8508, and evaluate the outcome of the one
ormore tests at step 8510. For example, the processing equip-
ment may perform a Jarque-Bera Test at step 8508, and then
evaluate the JB metric against a look-up table to determine
whether the JB Test has passed. In a further example, the
processing equipment may perform a Lilliefors Test, a
Jarque-Bera Test, a Kolmogorov Smirnov Test, and deter-
mine a metric value at step 8508, and then evaluate the results
of the four tests at step 8510. For example, if the Lilliefors
Test, JB Test, and KS Test are determined to have been passed,
the processing equipment may accordingly increase the cor-
relation value corresponding to the identified lag value rela-
tive to the remaining values of the correlation sequence. If
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only some of the Tests are determined to have been passed, the
processing equipment may maintain the correlation value
corresponding to the identified lag value. If none of the Tests
are determined to have been passed, the processing equip-
ment may decrease the correlation value corresponding to the
identified lag value. In some embodiments, the processing
equipment may compare the correlation value corresponding
to the identified lag value to a threshold, and if the correlation
value exceeds the threshold, the processing equipment may
then evaluate the test results (e.g., metrics) from step 8508.

Step 8512 may include processing equipment qualifying or
disqualifying a peak based on the evaluation of step 8510. In
some embodiments, if the processing equipment evaluates
the results of or more tests at step 8510, and determines that
the one or more tests has passed, the processing equipment
may qualify an identified peak. In some embodiments, if the
processing equipment evaluates the results of or more tests at
step 8510, and determines that the one or more tests have not
passed, the processing equipment may disqualify an identi-
fied peak. In some embodiments, the processing equipment
may modify a correlation value based on the one or more
evaluated metrics. For example, an evaluated metric may
include a Jarque-Bera metric which is used to up-weight or
down-weight the corresponding correlation value. In some
embodiments, the processing equipment may modify one or
more values of the correlation sequence based on the evalu-
ated one or more metrics, and qualify or disqualify a peak
based on the modified correlation sequence.

In some embodiments, the processing equipment may pet-
form a qualification of one or more correlation lag values
(e.g., as shown by step 418 of flow diagram 400 of FIG. 4).
Qualification of the determined one or more correlation lag
values may provide a more robust operation, and reduce the
misidentification of noise activity as a physiological rate. For
example, Qualification Techniques may be used to detect
instances in which the system has locked on to one half,
double, or other multiple of the actual physiological rate.
Qualification may provide an indication of how consistent the
lag value is, and how well the lag value characterizes the
period of a physiological rate.

FIG. 86 is a flow diagram 8600 of illustrative steps for
qualifying or disqualifying value that may be indicative of a
physiological rate using a cross-correlation, in accordance
with some embodiments of the present disclosure.

Step 8602 may include processing equipment receiving
qualification information. Qualification information may
include a correlation lag value, a qualification metric, any
other suitable information used in qualifying a correlation lag
value, or any combination thereof. In some embodiments the
qualification information may be generated at an earlier time,
and stored in suitable memory (e.g., RAM 54, ROM 52, or
other memory of physiological monitoring system 10 of
FIGS. 1-2). Accordingly, in some embodiments, step 8602
may include recalling the qualification information from
memory. In some embodiments, a single processor, module,
or system may determine, store or otherwise process the
qualification information and perform steps 8604-8608, and
accordingly, step 8602 need not be performed.

Step 8604 may include the processing equipment scaling
one or more predefined templates based on the qualification
information. The predefined templates may include asym-
metrical pulses without a dicrotic notch, asymmetrical pulses
with a dicrotic notch, approximately symmetrical pulses
without a dicrotic notch, pulses of any other classification,
any other suitable type of template, or any combination
thereof. In some embodiments, the predefined templates may
be derived from a subject’s PPG signals. In some embodi-
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ments, the predefined templates may be mathematical func-
tions, mathematical approximations to a PPG signal, any
other suitable mathematical formulation, or any combination
thereof. In some embodiments, scaling a predefined template
may include stretching or compressing the template in the
time domain (or corresponding sample number domain) to
match a characteristic time scale of the template to that asso-
ciated with the qualification information. For example, if an
correlation lag value corresponds to a physiological rate of 1
Hz, a predefined template may be scaled to correspond to 1
Hz. The period associated with the lag will be referred to
herein as “P”, and may be used for qualification. Scaled
templates may be referred to herein as “reference wave-
forms.”

Step 8606 may include the processing equipment perform-
ing a cross-correlation of the scaled template(s) of step 8604
and the physiological signal. The physiological signal may be
conditioned before being used in the cross-correlation. The
signal conditioning may include removing DC components,
low frequency components, or both, from the signal. In some
embodiments, a varying baseline may be removed from the
signal (i.e., de-trending) to constrain the data average to zero.
The signal may also be normalized so that the amplitude of
the signal is one. The cross-correlation may be performed
using any suitable algorithm. The output of step 8606 may be
a cross-correlation output, which may include a series of
cross-correlation values taken for a corresponding series of
time lags (or sample number lags) between the predefined
template and the physiological signal.

Step 8608 may include the processing equipment analyz-
ing the cross-correlation output(s) of step 8606 to qualify or
disqualify the correlation lag value. A conditioned cross-
correlation output of step 8606 may include one or more
peaks, indicative of high correlation between the physiologi-
cal signal and a predefined template. In some embodiments,
step 8608 may include analyzing one or more peaks. In some
embodiments, step 8608 may include analyzing one or more
segments of the cross-correlation output. For example, tests
described herein below such as the Symmetry Test, Radius
Test, Angle Test, Area Test, Area Similarity Test, and Statis-
tical Property Test, or any other suitable test, or combination
thereof, may be performed at step 8608 to analyze the one or
more cross-correlation outputs of step 8606. The processing
equipment may perform any suitable analysis at step 8608 to
qualify or disqualify lag values associated with the one or
more cross-correlation outputs. In some embodiments, when
a value is disqualified, the value may still be used although a
rate filter may be modified. For example, a filter weight asso-
ciated with the disqualified value may be reduced as a result
of disqualification.

FIG. 87 is a plot 8700 of an illustrative PPG signal 8702
showing one pulse of a subject, in accordance with some
embodiments of the present disclosure. The abscissa of plot
8700 is presented in arbitrary units, while the ordinate is also
presented in arbitrary units. PPG signal 8702 exhibits non-
zero baseline 8704, which may be, but need not be, a straight
line. While PPG signal 8702 is relatively free of noise, sloped
baseline 8704 indicates a relatively low frequency noise com-
ponent. In some embodiments, PPG signal 8702 may be a raw
PPG signal, a smoothed PPG signal, an ensemble averaged
PPG signal, a filtered PPG signal, any other raw or processed
PPG signal, or any combination thereof. In some embodi-
ments, PPG signal 8702 may be approximated by a math-
ematical representation for further processing (e.g., step
8606, step 8608, or both, of flow diagram 8600).

FIG. 88 is a plot 8800 of a template 8802 derived from
illustrative PPG signal 8702 of FIG. 87 with baseline 8704
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removed (i.e., de-trended), in accordance with some embodi-
ments of the present disclosure. The abscissa of plot 8800 is
presented in arbitrary units, while the ordinate is also pre-
sented in arbitrary units. The conditioned signal derived from
PPG signal 8702 is referred to as template 8802. De-trending,
or other suitable conditioning, may be performed as part of
step 8604 of flow diagram 8600. Although the ordinate of
FIG. 88 is not numerated, template 8802 may be normalized
or otherwise scaled along the ordinate of plot 8800 to range
from [-1,0], [-1,1], [0,1], or any other suitable range. For
example, the mean of template 8802 may be set to zero.

FIG. 89 is a plot 8900 of illustrative template 8802 of FIG.
88 scaled to different sizes for use as templates in performing
cross-correlations, in accordance with some embodiments of
the present disclosure. The abscissa of plot 8900 is presented
in arbitrary units, while the ordinate is also presented in
arbitrary units. Illustrative scaled templates 8904, 8906, and
8908 are generated by scaling template 8802 by respective
scale factors. In the illustrated example, with the abscissa
beginning at zero, the pulse period is scaled by one-half,
one-fourth, and one-eighth, to generate scaled templates
8904, 8906, and 8908, respectively.

The plots of FIGS. 87-89 illustrate one technique for cre-
ating templates for use in qualifying a correlation lag value.
The starting pulse in FIG. 87 may be selected from the subject
being monitored or may be selected offline from a library of
stored PPG signals from subjects. In some embodiments, the
starting pulse may be generated mathematically (e.g., based
on one or more functions) or manually. In some embodi-
ments, the processing equipment may generate the one or
more templates for each qualification calculation. In some
embodiments, a library of templates for one or more pulse
shapes may be pre-generated and/or pre-stored in memory
and the processing equipment may select the appropriate
template or templates for use in the qualification based on the
received qualification information. For example, 281 tem-
plates may be stored for each pulse shape, one for each BPM
in the range of 20-300 BPM. This is merely illustrative and
any suitable number of templates may be stored of any suit-
able BPM resolution and covering any suitable range of
BPMs. The processing equipment may select an appropriate
template based on rate information in the qualification infor-
mation. In some embodiments, the pulse shape of the tem-
plates may vary as a function of BPM. For example, at low
BPM values (e.g., less than about 60 BPM) the pulse shape
may be asymmetrical with a dicrotic notch. However, as the
BPM value increases, the pulse shape may become more
symmetrical and the dicrotic notch may become relatively
smaller and eventually not included in the pulse shape.

FIG. 90 is a plot 9000 of output 9002 of an illustrative
cross-correlation between a PPG signal or a signal derived
thereof and a predefined template, in accordance with some
embodiments of the present disclosure. The abscissa of plot
9000 is presented in units of cross-correlation lag, while the
ordinate is presented in arbitrary units, with zero notated. The
shape of cross-correlation output 9002 indicates a relatively
close match between the template and the PPG signal. In
some embodiments, more than one cross-correlation output
may be generated by using more than one scaled template.
Accordingly, in some embodiments, cross-correlation out-
puts corresponding to multiple templates may be evaluated
(e.g., using any of the cross-correlation analyses of the
present disclosure) to determine which template most closely
matches the PPG signal.

FIG. 91 is a flow diagram 9100 of illustrative steps for
qualifying or disqualifying a value that may be indicative of a
physiological rate based on an analysis of two segments of a
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cross-correlation, in accordance with some embodiments of
the present disclosure. The illustrative steps of flow diagram
7900 may be referred to as the “Symmetry Test.”

Step 9102 may include processing equipment receiving a
cross-correlation signal (e.g., generated according to step
8606 of FIG. 86) as an input. In some embodiments, a cross-
correlation signal may be a cross-correlation output (e.g,.,
output of step 8606 of flow diagram 8600 of FIG. 86). In some
embodiments, the cross-correlation signal may be generated
by a cross-correlation module. In some embodiments the
cross-correlation signal may be generated at an earlier time,
and stored in suitable memory. Accordingly, in some embodi-
ments, step 9102 may include recalling the stored cross-
correlation signal from the memory. In some embodiments, a
single processor, module, or system may perform the cross-
correlation and steps 9104-9108, and accordingly, step 9102
need not be performed.

Step 9104 may include the processing equipment selecting
any two suitable segments, having any suitable length (e.g.,
one full period, or more, or less), of the cross-correlation
signal of step 9102. Period here refers to a period associated
with a correlation lag value. The cross-correlation signal may
include a series of data points exhibiting peaks and valleys.
The two segments may be selected on either side of a peak or
valley, in symmetric locations (e.g., see FIGS. 9293 for a
more detailed discussion of the segments’ symmetry). For
example, the segments may share a single point at the zenith
ofapeak or the nadir of a valley, and the segments may extend
in opposite directions. In a further example, the segments
need not share any points, and a gap may exist between the
segments.

FIG. 92 is a plot 9200 of an illustrative cross-correlation
signal 9202, showing several reference points for selecting
two segments and generating a symmetry curve, in accor-
dance with some embodiments of step 9104 of the present
disclosure. As shown by Egs. 45 and 46:

1) 5)

vj:f(XOO_ij)

the reference points may be used to generate a series of points
(w, v)) in a Cartesian plane (or other suitable coordinate
system), termed a “symmetry curve.” Reference points x, and
Xoo may be the same point located at a peak or valley (i.e.,
X=X @ shown by point 9204 or point 9214), or points X,
and x,, may be different points, for example, symmetrical
abouta peak (or valley) of cross-correlation signal values f (x)
(e.g., as shown by points 9206 and 9208, or points 9210 and
9212). Note that x may include discrete values associated
with a sampled signal. Shift Ax; may range from zero to any
suitable number, generating two segments (i.e., the first and
second segments, or vice versa) with data points at (X,+Ax;)
and (xq,-Ax;) for a suitable span of index j values. If the
cross-correlation signal is symmetric (about the midpoint of
X, and Xu0), as shifi Ax; increases, u; and v, will be equal
numerically. The series of points (u,, v,) will accordingly
generate a straight line of unity slope through the origin. Any
deviation between u,and v, may be attributed to asymmetry of
the cross-correlation output, and will accordingly cause the
series of points (u;, v;) to not fall in a straight line of unity
slope through the origin.

Step 9104 may include the processing equipment selecting
any two suitable segments, of any suitable length (e.g., one
full period, or more, or less), of a cross-correlation output
(e.g., cross-correlation signal 9202). For example, the portion
of cross-correlation signal 9202 between points 9208 and
9210 may be a first segment, with the second segment extend-

(46)
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ing leftward from point 9206 to point 9220. In a further
example, the portion of cross-correlation signal 9202
between points 9208 and 9210 may be a first segment, with a
second segment extending rightward from point 9212 to point
9218. In a further example, the portion of cross-correlation
signal 9202 between points 9204 and 9214 may be a first
segment, and a second segment may extend from point 9214
to points 9216.

Step 9106 may include the processing equipment analyz-
ing the two segments of step 9104. In some embodiments,
step 9106 may include analyzing the symmetry of the two
segments. For example, step 9106 may include the processing
equipment generating a symmetry curve to analyze the sym-
metry between the first and second segments. FIG. 93 is a plot
9300 of an illustrative symmetry curve 9302 generated using
two segments of a cross-correlation signal, in accordance
with some embodiments of the present disclosure. The
demarcations of the abscissa and ordinate of plot 9300 are
scaled in arbitrary, but similar, units. Symmetry curve 9302
may be generated, for example, by tracing out a series of
points (u;, v;) in a Cartesian plane (or other suitable coordi-
nate system), as shown by Egs. 45 and 46. Symmetry curve
9302 1s observed to pass roughly through the origin at (0,0)
and have a slope of roughly one, with some relatively small
deviation. Line 9304 shows the line through the origin with a
slope of unity, for reference. In some circumstances, symme-
try curve 9302 may be determined to be shaped sufficiently
well (e.g., based on the analysis of step 9106 of flow diagram
9100), and a correlation lag value may be qualified.

In some embodiments, step 9106 may include comparing a
symmetry curve to a reference curve (e.g., a line through the
origin with a slope of unity). For example, a variability metric
such as V; may be computed according to Eq. 47:

Y]

Vi= ) (Sx) - )

e

i

in which S(x,) is a symmetry curve value (e.g., a value of
symmetry curve 9302) at point i of M data points, and y(x;)
corresponds to a reference curve (e.g., line 9304 in which
v(x,)=X;). Any suitable variability metric may be used to
evaluate the symmetry curve, or otherwise the symmetry of
the two segments.

In some embodiments, step 9106 may include comparing
the two segments without first generating a symmetry curve
or using a reference curve. For example, a variability metric
such as V, may be computed according to Eq. 48:

48)
(uj—v )

As a further example, a correlation coefficient between the
two segments may be computed. Any suitable correlation
coefficient computation may be used including, for example,
Pearson’s correlation coefficient.

In some embodiments, multiple pairs of first and second
segments may be selected at step 9104 and analyzed at step
9106. For example, a first pair of segments sharing a single
common point may each extend for a full pulse period, while
a second pair of segments sharing the same common point
may extend for a half pulse period. In a further example,
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different pairs of segments may be selected each referenced to
different peaks or valleys of the cross-correlation signal.

Step 9108 may include the processing equipment qualify-
ing, or disqualifying, one or more correlation lag values based
on the analysis of step 9106. In some embodiments, one or
more metric may be inputted into a classifier (e.g., a neural
network). In some embodiments, qualification (or disqualifi-
cation) may depend on a comparison between one or metrics
computed at step 9106 and one or more threshold values. For
example, a variability metric (e.g., V;of Eq. 47 or any other
suitable metric) may be compared with a threshold, and if the
variability metric does not exceed the threshold value, the
associated correlation lag value may be qualified. Accord-
ingly, if the variability metric exceeds the threshold value, the
associated correlation lag value may be disqualified (and vice
versa). In some embodiments, a disqualification at step 9108
may trigger steps 9104-9108 to repeat (i.e., two different
segments may be selected from the same cross-correlation
signal for analysis). In some embodiments, a disqualification
at step 9108 may trigger steps 9102-9108 to repeat (i.e., two
segments are selected from a different cross-correlation sig-
nal for analysis). In some embodiments, a disqualification at
step 9108 may trigger an analysis different than that of flow
diagram 9100 to be performed to either qualify or disqualify
the correlation lag value associated with the cross-correlation
signal.

FIG. 94 is a flow diagram 9400 of illustrative steps for
qualifying or disqualifying one or more values that may be
indicative of a physiological rate based on an analysis of
offset segments of a cross-correlation signal, in accordance
with some embodiments of the present disclosure. In some
embodiments, the illustrative steps of flow diagram 9400 aid
in preventing a double-rate/half-period condition, or other
condition in which period P is not indicative of a physiologi-
cal rate.

Step 9402 may include processing equipment receiving a
cross-correlation signal (e.g., generated according to step
8606 of FIG. 86) as an input. In some embodiments, the
cross-correlation signal may be generated by a cross-correla-
tion module. In some embodiments the cross-correlation sig-
nal may be generated at an earlier time, and stored in suitable
memory. Accordingly, in some embodiments, step 9402 may
include recalling the stored cross-correlation signal from the
memory. In some embodiments, a single processor, module,
or system may perform the cross-correlation and steps 9404-
9418, and accordingly, step 9402 need not be performed.

Step 9404 may include the processing equipment selecting
two segments of the cross-correlation signal of step 9402. The
cross-correlation signal may include a series of data points
exhibiting peaks and valleys. The two segments may be of
equal length, offset by a quarter length of the period P asso-
ciated with the correlation lag value. In some embodiments,
the first and second segments may each have a length equal to
period P, although they may be any suitable length as long as
the segments are of approximately equal length. The two
segments may be selected from any suitable portion of the
cross-correlation signal. Note that the two segments will be
referred to as Segmentl and Segment2, or the first segment
and the second segment, although the designations are arbi-
trarily chosen for illustration purposes (e.g., the first and
second segments may be interchanged in accordance with the
present disclosure).

Following step 9404, the processing equipment may per-
form step 9406, 9412, or both (e.g., simultaneously or
sequentially) in accordance with some embodiments of the
present disclosure. In some embodiments, the “Radius Test”
(i.e., steps 9406-9410) may be performed, and the “Angle
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Test” (i.e., steps 9412-9416) need not be performed. In some
embodiments, the “Angle Test” may be performed, and the
“Radius Test” need not be performed. In some embodiments,
one of the “Radius Test” and the “Angle Test” may be pet-
formed initially, and depending upon the outcome of the test
(e.g., qualify, disqualify) the other test may be performed.

step 9406 may include the processing equipment calculat-
ing the radius based on the two segments of step 9404, using
Eg. 49. In Eq. 49, Segmentl, and Segment2, are the cross-
correlation output f(x) values of the first and second seg-
ments, respectively, evaluated for index j, which ranges from
zero to N-1 for segments with N data points. Note that x may
include discrete values associated with a sampled signal.
With reference to Eqs. 50 and 51, Segment] originates at
point x, and extends rightward with index j in the Cartesian
plane, and the origin of Segment2 is offset by a quarter period
P relative to the first segment. Also note that Ax; may increase
linearly with j. For example, Ax; may be given by Eq. 52, in
which Ax is the data point spacing in the domain.

Radius; = Segmentlf + SegmentZ:‘: “49)
Segmentl ; = f(xp +Ax)) (50)

P (5D
Segment?; = f(xo + 7 +ij)

Ax; = jAx (52)

The radius of step 9406, as computed using Eq. 49, will be
aconstant if the period P identically matches the period of the
cross-correlation output f(x), and has strictly sinusoidal char-
acter. Variations in the radius with index j may be attributed to
the shape of the cross-correlation output, deviations between
period P and the characteristic period of the cross-correlation
signal, any other suitable characteristic of the cross-correla-
tion signal, or any combination thereof.

Step 9408 may include the processing equipment identify-
ing the maximum and minimum radii from step 9406, and
calculating a ratio as shown, for example, by Eq. 53.

Radiusyzax (53)

Ratio =

RadiusM,N

The ratio of the maximum (Radius,,, ) and minimum (Radi-
Us, ) radii provides a variability metric, indicating variabil-
ity in the calculated radii values. Note that if the radii values
have low variability (i.e., are all substantially the same value),
the ratio is near one. The presence of variability will neces-
sarily cause the ratio to assume a value greater than one. In
some embodiments, variability metrics other than the ratio of
Eq. 53 may be calculated from the radii values. Any suitable
variability metric may be used in accordance with the present
disclosure.

Step 9410 may include the processing equipment compar-
ing the ratio of step 9408 to one or more threshold values. In
some embodiments, a fixed threshold may be used for com-
parison. In some embodiments, a variable threshold may be
used. For example, threshold value(s) may be based on the
value of the period P, subject information (e.g., subject his-
tory, medical history, medical procedure), segment length,
any other suitable information, or any combination thereof. In
some embodiments, the threshold value(s) may be stricter in
an initial mode versus a subsequent mode. The stricter thresh-
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old(s) may prevent the algorithm from locking onto the wrong
rate. Steps 9412-9416 may be performed in concert with, orin
lieu of] steps 9406-9410, in accordance with some embodi-
ments of the present disclosure.

Step 9412 may include the processing equipment calculat-
ing the angle for each index j of the two segments of step
9404, using Eq. 54. Each angle value, per index j, is the
arctangent of the ratio of the first and second segment values,
given by Eqgs. 50 and 51, respectively.

(54

S 2 ;
o = [ 22092

Segmentl ;

Step 9414 may include the processing equipment calculat-
ing the sum of the differences between each adjacent angle of
step 9412, also referred to as “phase unwrapping”, as shown
by Eq. 55:

Nl (5%)
Z (Angle; - Angle;_;).

=1

Sun]angle =

The sum may be approximately proportional to the length of
the segments. Segments of length equal to period P should
give a sum of roughly 360°, the period P is approximately
equal to the characteristic period of the cross-correlation sig-
nal. If the cross-correlation exhibits a period half that of
period P, then the sum may tend towards 720° for segment
lengths equal to period P. The sum will depend, however, on
the length of the segments. For example, longer segments (in
terms of period P) tend to provide larger sums.

Step 9416 may include the processing equipment compat-
ing the sum of step 9414 to one or more threshold values, or
range thereof. In some embodiments, the one or more thresh-
olds may include an upper and lower limit. In some embodi-
ments, a threshold value may be based on the segment length.
For example, a sum may be compared to a threshold range of
300-420°, for segments having a length equal to period P. In
a further example, larger threshold values may be used with
segments having a length longer than period P. In some
embodiments, for a given segment length, a threshold value
may vary. For example, threshold value(s) may be based on
the value of the period P, subject information (e.g., subject
history, medical history, medical procedure). whether corre-
lation lag values are being qualified, any other suitable infor-
mation, or any combination thereof. In some embodiments,
the threshold value(s) may be stricter in a particular Mode
(e.g., Initialization Mode) versus another Mode (e.g., using a
bandpass filter).

Step 9418 may include the processing equipment qualify-
ing or disqualifying the associated correlation lag value based
on the comparison of step 9410, the comparison of step 9416,
or both. If the ratio, angle sum, or both, exceed the respective
threshold value, the correlation lag value may be disqualified.
If the ratio, angle sum, or both, do not exceed the threshold
value, the correlation lag value may be qualified.

In some embodiments, the processing equipment may gen-
erate a metric based on a history of angle sum values stored in
abuffer (e.g., angle sum values calculated using Eq. 55 forthe
previous 12 seconds, or any other suitable time interval). For
example, the processing equipment may determine a metric
M using an expression such as Eq. 56:

M~Y(SOM,,,.~SUM,,, J(SUM,,.,,,)* 25 Mmeon

(36)
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where SUM,,, . is the maximum angle sum value stored in the
buffer, SUM,, .. is the minimum angle sum value stored in the
buffer,and SUM, ., is the mean angle sum value stored in the

buffer. All of the SUM values shown in Eq. 56 are normalized
by subtraction 360°, and then dividing by 360° to generate a
non-dimensional angle sum variable. In some embodiments,
the buffer may store normalized angle sum values in non-
dimensional form. This metric analyzes the variability of the
angle sum metric over time. In some situations, the angle
metric may indicate a good angle even though the correlation
lag value does not correspond to the physiological rate. How-
ever, in these situations, the angle metric may vary over time.
Accordingly, metric M may be determined and compared to
one more thresholds to qualify or disqualify a correlation lag
value. Metric M may be used in addition to or in place of the
Angle Test. It will be understood that Eq. 56 is merely illus-
trative and any suitable variation metric may be used. In some
embodiments, the processing equipment may apply a vari-
ability metric such as an expression similar to Eq. 56 to any
other suitable noise metric, de-trending metric, qualification
metric, or other metric, to determine a variation over time of
the metric.

FIG. 95 shows four sets of plots, arranged by row, of (from
left to right) illustrative cross-correlation signals and corre-
sponding symmetry curves, radial curves, radius calculations
(top), and angle calculations (bottom), in accordance with
some embodiments of the present disclosure.

Plots 9500, 9510, 9520, and 9530 show four respective,
illustrative cross-correlation signals, in accordance with
some embodiments of the present disclosure. The top two
cross-correlation signals, of plots 9500 and 9510, do not
exhibit notches and show relatively consistent periodic char-
acter. Plots 9502 and 9512 each show a symmetry curve, with
lengths equal to 1.6 times period P, which corresponds to the
cross-correlation signal of plots 9500 and 9510, respectively.
The symmetry curves of plots 9502 and 9512 show substan-
tially linear character, with respective slopes of nearly one,
passing roughly through the origin. Accordingly, the peaks of
the cross-correlation signals of plots 9500 and 9510 may be
determined to be relatively symmetric, and an associated
correlation lag value may be qualified based on the symmetry.
Plots 9504 and 9514 each show a radial curve, using segment
lengths equal to period P, which corresponds to the cross-
correlation signal of plots 9500 and 9510, respectively. Plots
9506 and 9508 show respective radius and angle calculations
based on the radial curve of plot 9504, while plots 9516 and
9518 show respective radius and angle calculations based on
the radial curve of plot 9514. The radial curves of plots 9504
and 9514 are roughly circular, including a single loop. The
radius calculations of plots 9506 and 9516 show some varia-
tion, with radius ratios (e.g., calculated using Eq. 53) of 1.18
and 1.54, respectively. The angle calculations of plots 9508
and 9518 give angle sums (e.g., calculated using Eq. 55) of
343.4° and 333.7°, respectively. The symmetry curves and
radial curves associated with the cross-correlation results of
plots 9500 and 9510, and calculations thereof, may indicate
that the period P provides a relatively good estimate of the
actual physiological period. Accordingly, under some cir-
cumstances, the correlation lag value associated with period P
may be qualified.

The bottom two cross-correlation signals of FIG. 95, of
plots 9520 and 9530, do not exhibit notches and show rela-
tively consistent periodic character. Plots 9522 and 9532 each
show a symmetry curve, with lengths equal to 1.6 times
period P, which corresponds to the cross-correlation output of
plots 9520 and 9530, respectively. The symmetry curves of
plots 9522 and 9532 show substantially non-linear character,
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with varying slopes, and deviating relatively far from the
origin. The peaks of the cross-correlation output of plot 9520
show varying amplitude, while the peaks of the cross-corre-
lation signal of plot 9530 show an additional inflection likely
caused by a dicrotic notch in the original physiological data.
Accordingly, the peaks of the cross-correlation signals of
plots 9520 and 9530 may be determined to be relatively
asymmetric, and an associated correlation lag value may be
disqualified based on the symmetry. Plots 9524 and 9534 each
show a radial curve, using segment lengths equal to period P,
which correspond to the cross-correlation signal of plots 9520
and 9530, respectively. Plots 9526 and 9528 show respective
radius and angle calculations based on the radial curve of plot
9524, while plots 9536 and 9538 show respective radius and
angle calculations based on the radial curve of plot 9534. The
radial curve of plot 9524 shows two loops of substantially
different radii, indicating that the period P may be roughly
twice as long as the actual period of cross-correlation signal
9520. The radial curve of plot 9534 shows two non-circular
loops, of varying radii, indicating that the period P may be
roughly twice as long as the actual period of cross-correlation
signal 9530. The radius calculations of plots 9526 and 9536
show significant variation, with radius ratios (e.g., calculated
using Eq. 53) of 3.58 and 6.69, respectively. The angle cal-
culations of plots 9528 and 9538 give angle sums (e.g., cal-
culated using Eq. 55) of 757.6° and 703.9°, respectively. The
symmetry curves and radial curves associated with the cross-
correlation results of plots 9520 and 9530, and calculations
thereof, may indicate that the period P provides a relatively
poor estimate of the actual physiological period. In some
embodiments, this may occur when the rate is locked onto low
frequency noise or half the physiological rate or when corre-
lation lag value identifies low frequency noise or half the
physiological rate. Accordingly, under some circumstances,
the correlation lag value associated with period P may be
disqualified.

In some embodiments, flow diagram 9100 of FIG. 91 and
flow diagram 9400 if FIG. 94 may operate directly on the
physiological data (e.g., a de-trended physiological signal)
instead of on a cross-correlation signal derived from the
physiological signal.

In some embodiments, geometric propetties or states of the
physiological data (e.g., de-trended physiological data) may
be analyzed to qualify or disqualify a correlation lag value.
For example, states can be determined by analyzing the rela-
tionship of a sequence of paired values spaced apart in the
physiological data and state transitions can be identified when
the states change. FIG. 96 is a flow diagram 9600 of illustra-
tive steps for qualifying or disqualifying a value that may be
indicative of a physiological rate based on a state transition, in
accordance with some embodiments of the present disclo-
sure. The illustrative steps of flow diagram 9600 may be
referred to as the “State Transition Test.”

Step 9602 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
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pre-processed by pre-processor 320. In such cases, step 9602
may include recalling data from the memory for further pro-
cessing.

Step 9604 may include the processing equipment selecting
pairs of sample points of the physiological data, spaced apart
in the physiological data. The spacing may be based on a
calculated value indicative of a physiological rate of the sub-
ject. For example, the calculated value may be based on a
correlation lag value, a rate corresponding to the correlation
lag value, or any other calculated value indicative of a physi-
ological rate of the subject. In some embodiments, a first
portion of physiological data, including a particular number
of sample points, may be point-wise paired with a second
portion of the physiological data, including the same number
of samples points as the first portion albeit shifted in time
relative to the first portion. For example, as shown by panel
9650, the pairs may be generated by selecting corresponding
points of portion 9654 and portion 9656 of physiological
signal 9652. In some embodiments, selecting the pairs of
points may include specifying indices of the points in the
physiological data for reference.

Step 9606 may include the processing equipment deter-
mining a state for each pair of points of the plurality of pairs
of step 9604. The state may be defined by a set of criteria such
as, for example, logical operations, inequalities, and equali-
ties. For example, referencing table 9670, for each pair of
values X, andY, an eight-state calculation may be performed
using the inequality criteria in the second column of table
9670. The inequality criteria used in table 9670 include com-
parisons of the pair values each with zero and with each other.
In a further example, a sixteen-state calculation can be per-
formed by addition of one or more criteria such as that shown
in Eq. 57:

CX>Y, or CX<Y; ()]

where C s a coefficient used to compare each pair of values X,
andY;. The value, sign, or both of coefficient C can depend on
other criteria such as the inequality criteria. Note that
although illustrative Eq. 57 and illustrative table 9670 shows
criteria including “greater than” and “less than” inequalities,
the criteria may include “greater than or equal,” or “less than
orequal” inequalities. For example, inthe case that X =Y, the
“greater than or equal,” or “less than or equal” inequalities
still yield a state value. Any suitable number of states may be
specified using any suitable number and type of criteria, in
accordance with the present disclosure.

Step 9608 may include the processing equipment deter-
mining one or more state transitions based on the determined
states of step 9606. In some embodiments, the processing
equipment may index through the plurality of value pairs, in
order (e.g., in the order ofthe data points in the first segment),
determining the number of instances the state changes. For
example, for a first segment size of 10 values, corresponding
to 10 pairs, the states may be 1-1-1-2-2-3-4-5-5-5, for which
there are five states, and four state transitions among states.
As another example, for a segment size of 2 values, corre-
sponding to 2 pairs, the states may be 1-3, for which there are
two states, but the transition skipped a state. In this example,
because state “2”” was skipped, this may be counted as two
state transitions. Step 9608 may include the processing equip-
ment determining the total number of state transitions exhib-
ited by the plurality of pairs. The total number of state tran-
sitions may be the total number of state transitions in one
direction. For example, if there were eleven state transitions
where the state increased and three state transitions where the
state decreased, then the total number of state transitions may
be determined to be eight. In some embodiments, step 9606
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and 9608 may be performed sequentially. In some embodi-
ments, step 9606 and 9608 may be performed substantially at
the same time. Forexample, as each state determined for each
point, the processing equipment may determine whether a
state transition has occurred.

Step 9610 may include the processing equipment qualify-
ing or disqualifying a correlation lag value, based on the
determined state transitions of step 9608. In some embodi-
ments, the processing equipment may determine the number
of state transitions and compare the number of state transi-
tions to one or more threshold values. For example, if the
determined number of state transitions is between a lower
threshold and an upper threshold, then the processing equip-
ment may qualify the correlation lag value.

In an illustrative example, the processing equipment may
receive physiological data, and select pairs of points in the
data spaced by one fourth of the calculated value, which may
be a previously calculated correlation lag value. The process-
ing equipment may determine a state for each pair of points,
and determine the number of state transitions. Referencing an
eight-state calculation, if the processing equipment deter-
mines that seven, eight, or nine transitions have occurred,
then the processing equipment may qualify the correlation lag
value. If the processing equipment determines that less than
six, or more than nine, transitions have occurred then the
processing equipment may disqualify the correlation lag
value. It will be understood that the illustrative numbers and
thresholds described in this example are used to describe the
technique, although any suitable number of states, and state
transitions may be specified to qualify or disqualify a corre-
lation lag value. In some embodiments, the processing equip-
ment may output aone for a passed State Transition Test (e.g,,
qualified), and a zero for a failed State Transition Test (e.g.,
disqualified).

In some embodiments, the processing equipment may gen-
erate a metric based on a history of state transition values
stored in a buffer (e.g., 12 number of state transitions values,
calculated each second, for the previous 12 seconds). For
example, the processing equipment may determine a metric
M using an expression such as Eq. 58:

M=/(NST, .~ NST,,.,)(NST,,.,, ) &5 Tmean

where NST,,, is the maximum number of state transitions
value stored in the buffer, NST,,,,, is the minimum number of
state transitions value stored in the buffer, K is a constant, and
NST,,... is the mean number of state transitions value stored
in the buffer. In some embodiments, the processing equip-
ment may normalize the stored NST values to a predeter-
mined range. This metric analyzes the variability of the num-
ber of state transitions metric over time. In some situations,
the number of state transitions metric may indicate a good
number of state transitions even though the correlation lag
value does not correspond to the physiological rate. However,
in these situations, the number of state transitions metric may
vary over time. Accordingly, metric M may be determined
and compared to one more thresholds to qualify or disqualify
a correlation lag value. Metric M may be used in addition to
or in place of the State Transition Test. It will be understood
that Eq. 56 is merely illustrative and any suitable variability
metric may be used. In some embodiments, the processing
equipment may apply a variability metric such as an expres-
sion similar to Eq. 58 to any other suitable noise metric,
de-trending metric, qualification metric, or other metric, to
determine a variation over time of the metric.

FIG. 97 is a flow diagram 9700 of illustrative steps for
qualifying or disqualifying a value that may be indicative ofa
physiological rate based on a skewness value, in accordance

(58)
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with some embodiments of the present disclosure. The illus-
trative steps of flow diagram 9700 may be referred to as the
“Skewness Test.”

Step 9702 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step 9702
may include recalling data from the memory for further pro-
cessing.

Step 9704 may include the processing equipment deter-
mining a skewness metric value based on the physiological
data of step 9702. For example, the processing equipment
may use an expression such as that shown in Eq. 16 to deter-
mine a skewness value. In a further example, the processing
equipment may determine a skewness metric other than a
third central moment of the data, such as an empirical skew-
ness metric indicative of asymmetry of the a distribution of
values of the physiological data.

Step 9706 may include processing equipment qualifying or
disqualifying a correlation lag value, based on the skewness
metric value of step 9704. For example, referencing F1G. 22,
the processing equipment may determine an expected corre-
lationlag value, or range thereof, based on the skewness value
and a reference look-up table, function, or other reference of
related skewness values and expected correlation lag values.
The processing equipment may compare the expected corre-
lation lag value determined based on the skewness value of
step 9704 to a correlation lag value calculated based on the
physiological data. The comparison may include comparing
the difference in determined and expected correlation lag
values to a threshold. In a further example, the processing
equipment may determine probabilities of particular correla-
tion lag values, or ranges thereof, based on the determined
skewness value and a reference relationship. If the deter-
mined correlation lag value corresponds to a relatively low
probability (e.g., based on a predetermined threshold), the
processing equipment may disqualify the determined corre-
lation lag value. Alternatively, if the determined correlation
lag value corresponds to a relatively high probability (e.g.,
based on a predetermined threshold), the processing equip-
ment may qualify the determined correlation lag value. Simi-
larly, in some embodiments, the processing equipment may
determine an expected skewness value based on a correlation
lag value calculated based on the physiological data, and
compare the expected skewness value to the determined
skewness value of step 9704. In some embodiments, the pro-
cessing equipment may output a one for a passed Skewness
Test (e.g., qualified), and a zero for a failed Skewness Test
(e.g., disqualified). Typically, a particular sign of skewness
value is expected for a PPG signal (depending on the signal
conditioning and pre-processing), and the processing equip-
ment may determine the sign of the skew as a Qualification
Technique. For example, if the sign of the skewness metric
value of step 9704 agrees with the expected sign the process-
ing equipment may qualify a calculated correlation lag value,
and if the sign of the skewness metric value does not agree
with the expected sign the processing equipment may dis-
qualify the calculated correlation lag value
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FIG. 98 is a flow diagram 9800 of illustrative steps for
qualifying or disqualifying one or more values that may be
indicative of a physiological rate based on areas of positive
and negative portions of segments of a cross-correlation sig-
nal, in accordance with some embodiments of the present
disclosure. In some embodiments, the illustrative steps of
flow diagram 9800 aid in preventing a double-rate (half-
period) condition, half-rate (double-period) condition, or
other conditions in which period P is not indicative of a
physiological rate. The illustrative steps of flow diagram 9800
may be referred to as the “Area Test.”

Step 9802 may include processing equipment receiving a
cross-correlation signal (e.g., generated according to step
8606 of FIG. 86) as an input. In some embodiments, the
cross-correlation signal may be generated by a cross-correla-
tion module. In some embodiments the cross-correlation sig-
nal may be generated at an earlier time, and stored in suitable
memory. Accordingly, in some embodiments, step 9802 may
include recalling the stored cross-correlation signal from the
memory. In some embodiments, a single processor, module,
or system may perform the cross-correlation and steps 9804-
9814, and accordingly, step 9802 need not be performed.

Step 9804 may include the processing equipment selecting
two signal segments of the cross-correlation signal of step
9802. The first segment may be half as large as the second
segment. For example, the second segment may have a length
equal to period P, while the first segment has a length equal to
one half of period P and is included in the second segment. In
a further example, the second segment may have a length
equal to period 2P, while the first segment has a length equal
to period P. The two segments may be selected from any
suitable portion of the cross-correlation output.

Step 9806 may include the processing equipment calculat-
ing the positive and negative areas of both the first and second
segments. Each segment may include one or more oscilla-
tions, or portions thereof, and accordingly may include posi-
tive and negative portions (e.g., FIGS. 99-101 provides fur-
ther illustration). In some embodiments, step 9806 may
include performing a summation of the positive data points,
and a summation of the negative data points for each segment.
In some embodiments, step 9806 may include performing a
piecewise discrete integration (e.g., a piecewise numerical
quadrature or any other suitable analytical or numerical tech-
nique) of the positive and negative portions of each of the two
segments of the cross-correlation signal. In some embodi-
ments, the area values of step 9806 may both be positive
values, with the areas of a negative portion of a segment
calculated by taking the absolute value of the integral of the
negative portion. In some embodiments, either or both areas
may be normalized by the associated segment length. This
normalization may allow for a particular threshold to be used
for segments having different lengths. For example, the areas
of a segment of length P may both be divided by P or one. In
a further example, the areas of a segment of length 2P may
both be divided by 2P or two.

Step 9808 may include the processing equipment deter-
mining the absolute value of the difference between the posi-
tive and negative areas (which may both be positive values)
for each segment. In some embodiments, the processing
equipment may calculate the difference between the areas of
the positive and negative portions of each segment by sub-
tracting the area of the negative portion, which may be a
positive value, from the area of the positive portion (or vice
versa), and then calculating the absolute value of the differ-
ence.

Step 9810 may include the processing equipment repeating
steps 9804-9808, for various shifts in the segments relative to
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one another, relative to a varying origin point with the seg-
ments’ relative positions fixed, or any other suitable shift. In
some embodiments, the first and second segments may
always originate at the same point, which may be shifted
along the cross-correlation output at step 9810 to define the
different pairs of segments. In some embodiments, the first
segment may remain fixed and the second segment may be
shifted at step 9810. For example, the first segment, with a
length equal to P/2, may remain fixed and the second seg-
ment, with a length equal to P, may be shifted by one or more
degree measures and the difference may be calculated at each
degree measure. In a further example, the second segment,
with a length equal to P, may remain fixed and the first
segment, with a length equal to P/2, may be shifted by one
quarter of the period P, and the difference may be calculated
at this new segment location. Either or both of the first and
second segments may be shifted any suitable amount to gen-
erate one or more pairs of first and second segments. In some
embodiments, step 9808, step 9810, or both, may include
storing the one or more respective difference values of steps
9808 and 9810 in any suitable memory, using any suitable
data-basing or filing protocol.

Step 9812 may include the processing equipment identify-
ing maximum values, minimum values, or both, of the differ-
ences among both the first segments and the second segments.
For example, in some embodiments, the processing equip-
ment may identify the maximum difference of the first seg-
ment(s) and the minimum difference of the second segment
(s). In some embodiments, the processing equipment may
identify the maximum difference of the first segment(s) and
the minimum difference of the second segment(s). Any suit-
able technique may be used to identify the respective maxi-
mum and minimum values. In some embodiments, step 9812
may be performed concurrent with steps 9808 and 9810. For
example, initial maximum and minimum difference values
may be calculated at step 9808 and stored. As subsequent
difference values are calculated at step 9810, the stored values
may be replaced as larger or smaller values, as appropriate,
are calculated.

Step 9814 may include the processing equipment qualify-
ing or disqualifying the correlation lag values, based on the
identified maximum and minimum differences of step 9812.
In some embodiments, the processing equipment may calcu-
latea difference between the maximum difference for the first
segments and the minimum difference for the second seg-
ments. For example, one or more thresholds may be set based
on the value of the minimum difference for the second seg-
ments (e.g., the threshold value may be equal to the minimum
difference value or a scaling thereof). The maximum differ-
ence for the first segment may then be compared to the thresh-
old. If the maximum difference is greater than the threshold,
the processing equipment may qualify the correlation lag
value. If the maximum difference is less than the threshold,
the processing equipment may disqualify the correlation lag
value. In some embodiments, the processing equipment may
calculate a ratio of the maximum difference for the first seg-
ment to the minimum difference for the second segment. For
example, one or more thresholds, which may be predeter-
mined or may depend upon the difference values, may be set.
The ratio may then be compared to the threshold. If the ratio
is greater than the threshold, the processing equipment may
qualify the correlation lag value. If the ratio is less than the
threshold, the processing equipment may disqualify the cor-
relation lag value. In some embodiments, the ratio may be
calculated for each pair of first and second segments, and a
maximum ratio value may be selected to be compared with
one or more threshold values. In some embodiments, the
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areas, differences, or ratios may be normalized by dividing by
avalue corresponding to the segment length. In some embodi-
ments, the thresholds may be scaled based on the segment
lengths of the period P. In some embodiments, one or more
metrics may inputted into a classifier.

In some embodiments, the illustrative steps of flow dia-
gram 9800 may be performed using segments of length P/2
and P, which may provide particular benefits under some
circumstances. In some embodiments, the illustrative steps of
flow diagram 9800 may be performed using segments of
length P and 2P, which may provide particular benefits under
some circumstances. Any suitable first and second segments
may be used to perform the Area Test. The following discus-
sion, referencing FIGS. 99-101, provides further detail
regarding flow diagram 9800, in accordance with some
embodiments of the present disclosure. The abscissa of each
of plots 9900, 10000, and 10100 of FIGS. 99-101, respec-
tively, are presented in units proportional to cross-correlation
lag, while the ordinate is presented in arbitrary units, with
zero notated.

FIG. 99 is a plot 9900 of an illustrative cross-correlation
output 9902, centered about zero with a correctly determined
correlation lag value, in accordance with some embodiments
of the present disclosure. The period P is close to the period
exhibited by cross-correlation signal 9902. As shown in plot
9900, cross-correlation signal 9902 may include portions
above the baseline (i.e., values greater than zero), and por-
tions below the baseline (i.e., values less than zero). Depend-
ing on a how a segment of cross-correlation signal 9902 is
selected, the areas of the positive and negative portions may
change relative to one another.

Three illustrative segment lengths are shown in FIG. 99,
including period P, one half of period P, and double period P.
The difference in the areas of the positive and negative por-
tions of segments of length P or 2P may be expected to be
relatively small for any suitable shift because the segments
approximately cover a complete period or double period
exhibited by cross-correlation output 9902. The difference
between the areas of the positive and negative portions of
segments of length P/2 may be expected to range from small
values (e.g., when a segment is centered near a zero of cross-
correlation signal 9902) to relatively larger values (e.g., when
the segment lies substantially between zeros of cross-corre-
lation signal 9902).

In some cases, in which the correlation lag value is cor-
rectly determined, a first segment may have a length equal to
P/2 and the second segment may have a length equal to period
P. Differences in areas of positive and negative portions of
cross-correlation signal 9902 may be calculated for multiple
first and second segments, having constant respective lengths
but varying shift. In some such cases, the maximum differ-
ence among first segments may be compared to the minimum
difference among second segments, or a threshold derived
thereof. For example, the maximum difference among first
segments may be compared to a threshold equal to four times
the minimum difference of the second segments. If the maxi-
mum difference among first segments is larger than the
threshold, then the correlation lag value may be qualified.

In some cases, in which the correlation lag value is cor-
rectly determined, a first segment may have a length equal to
P and the second segment may have a length equal to period
2P. Unlike the previously discussed cases, in which first and
second segments had respective lengths of P/2 and P, the
differences of the present cases are now both expected to be
small values. Accordingly, in some such cases, the maximum
difference among first segments may be compared to the
minimum difference among second segments, or a threshold
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derived thereof. For example, the maximum difference
among first segments may be compared to a threshold equal to
two times the minimum difference of the second segments. If
the maximum difference among first segments is smaller than
the threshold, then the correlation lag value may be qualified.

FIG. 100 is a plot 10000 of an illustrative cross-correlation
output 10002 with a correlation lag value incorrectly deter-
mined to be double the correct rate, in accordance with some
embodiments of the present disclosure. The period P is close
to one half of the period exhibited by cross-correlation signal
10002. Three illustrative segment lengths are shown in FIG.
100, including period P, one half of period P, and double
period P. As illustrated, the difference in the areas of the
positive and negative portions of segments of length 2P may
be expected to be relatively small for any suitable shift. The
difference in the areas of the positive and negative portions of
segments of lengths P/2 or P may be expected to range from
small values (e.g., when a segment is centered near a zero of
cross-correlation signal 10002) to relatively larger values
(e.g., when the segment lies substantially between zeros of
cross-correlation signal 10002).

In some cases, in which the correlation lag value is incor-
rectly determined, a first segment may have a length equal to
P/2 and the second segment may have a length equal to period
P. Differences in areas of positive and negative portions of
cross-correlation signal 10002 may be calculated for multiple
first and second segments, having constant respective lengths
but varying shift. In some such cases, the maximum differ-
ence among first ssgments may be relatively large compared
to the minimum difference among second segments. Accord-
ingly, under some circumstances, the use of first and second
segments with respective lengths P/2 and P may allow a
double-rate condition to qualify if similar threshold condi-
tions are used as when the correlation lag value is correctly
determined.

In some cases, in which the correlation lag value is incor-
rectly determined, a first segment may have a length equal to
period P and the second segment may have a length equal to
period 2P. In some such cases, the maximum difference of the
first segment may be compared to the minimum difference of
the second segment, or a threshold derived thereof. If the
maximum difference among first segments is larger than a
suitable threshold (e.g., the same threshold condition as used
when the correlation lag value is correctly determined), as
may be expected, then the correlation lag value may be dis-
qualified. Accordingly, in some embodiments, the Area Test
may provide techniques to disqualify a double-rate condition.

FIG. 101 is a plot 10100 of an illustrative cross-correlation
signal 10102 with the correlation lag value incorrectly deter-
mined to be half the correct rate, in accordance with some
embodiments of the present disclosure. The period P is close
to twice the period exhibited by cross-correlation signal
10102. Three illustrative segment lengths are shown in FIG.
101, including period P, one half of period P, and double
period P. As illustrated, the difference in the areas of the
positive and negative portions of segments of length P/2, P,
and 2P may be expected to be relatively small for any suitable
shift. In some cases, any full period of cross-correlation signal
10102 may provide a relatively low difference value, regard-
less of shift.

In some cases, in which the correlation lag value is incor-
rectly determined to be one half the correct rate, a first seg-
ment may have a length equal to P/2 and the second segment
may have a length equal to period P. Differences in areas of
positive and negative portions of cross-correlation signal
10102 may be calculated for multiple first and second seg-
ments, having constant respective lengths but varying shift. In
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some such cases, the maximum difference among first seg-
ments may be comparable to the minimum difference among
second segments. If the maximum difference among first
segments is smaller than the threshold (e.g., the same thresh-
old condition as used when the correlation lag value is cor-
rectly determined), then the correlation lag value may be
disqualified. Accordingly, the Area Test may provide tech-
niques to disqualify a half-rate condition.

In some cases, in which the correlation lag value is incor-
rectly determined to be one half the correct rate, a first seg-
ment may have a length equal to period P and the second
segment may have a length equal to period 2P. In some such
cases, the maximum difference of the first segment may be
compared to the minimum difference of the second segment,
or threshold derived thereof. If the maximum difference
among first segments is smaller than a suitable threshold (e.g,,
the same threshold condition as used when the correlation lag
value is correctly determined), as may be expected, then the
correlation lag value may be qualified. Accordingly, under
some circumstances, the use of first and second segments
with respective lengths P and 2P may allow a half-rate con-
dition to qualify if similar threshold conditions are used as
when the correlation lag value is correctly determined.

In view of the foregoing, first and second segments with
respective lengths P/2 and P may prevent qualification of a
half-rate condition and first and second segment lengths of P
and 2P may prevent qualification of a double-rate condition.
Accordingly, in some embodiments, the Area Test may pro-
vide techniques to prevent qualification of double-rate, half-
rate, or any other rate condition that is not indicative of a
physiological rate.

FIG. 102 is a plot 10200 of illustrative difference calcula-
tions of the Area Test with a correctly determined correlation
lag value, and a plot 10250 of illustrative calculated rates
indicative of an actual physiological heart rate, in accordance
with some embodiments of the present disclosure. The
abscissa of plot 10200 is presented in units of seconds, while
the ordinate is presented in arbitrary units, with zero notated.
Series 10202 is the maximum difference in first segments,
with lengths equal to one half of period P. Series 10204 is the
minimum difference in second segments, with lengths equal
to period P. Threshold 10206 is an illustrative threshold equal
to four times series 10204 (i.e., scaled from series 10204 by a
multiplicative factor of four). As shown in FIG. 102, series
10202 lies above threshold 10206, indicating that the corre-
lation lag value may be qualified. Plot 10250 illustrates cal-
culated rates indicative of an actual physiological rate, in
accordance with some embodiments of the present disclo-
sure. The abscissa of plot 10250 is presented in units of
seconds, while the ordinate is presented in units of BPM.
Time series 10252 is the pulse rate (i.e., BPM) as calculated
by a subject monitoring system tracking the actual rate,
shown by time series 10254.

FIG. 103 is a flow diagram of illustrative steps for qualify-
ing or disqualifying one or more values that may be indicative
of a physiological rate based on a filtered physiological sig-
nal, in accordance with some embodiments of the present
disclosure. In some embodiments, performance of the illus-
trative steps of flow diagram 10300 may providean indication
of the relative energy in a high frequency component of a
physiological signal. Accordingly, in some circumstances,
relatively large amounts of energy at rates much larger than
the rate associated with the correlation lag value may indicate
that low-frequency noise has been locked onto. The illustra-
tive steps of flow diagram 10300 may be referred to as the
“High Frequency Residual Test.”
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Step 10302 may include processing equipment receiving at
least one physiological signal from a physiological sensor,
memory, any other suitable source, or any combination
thereof. For example, referring to system 300 of FIG. 3,
processor 312 may receive a physiological signal from input
signal generator 310. Sensor 318 of input signal generator
310 may be coupled to a subject, and may detect physiologi-
cal activity such as, for example, RED and IR light attenua-
tion by tissue, using a photodetector. In some embodiments,
for example, physiological signals generated by input signal
generator 310 may be stored in memory (e.g., memory of
system 10 of FIGS. 1-2) after being pre-processed by pre-
processor 320. In such cases, step 10302 may include recall-
ing the signals from the memory for further processing. The
physiological signal of step 10302 may include a PPG signal,
which may include a sequence of pulse waves and may
exhibit motion artifacts, noise from ambient light, electronic
noise, system noise, any other suitable signal component, or
any combination thereof. Step 10302 may include receiving a
particular time interval or corresponding number of samples
ofthe physiological signal. In some embodiments, step 10302
may include receiving a digitized, sampled, and pre-pro-
cessed physiological signal.

Step 10304 may include the processing equipment deter-
mining one or more signal metrics for the physiological sig-
nal of step 10302. Signal metrics may include a standard
deviation of the physiological signal, an RMS of the physi-
ological signal, an amplitude of the physiological signal, a
sum or integral of the physiological signal over time or
samples, any other suitable metric indicative of a magnitude
of a signal or change thereof, or any combination thereof. In
some embodiments, the processing equipment may compute
the standard deviation of the physiological signal, which may
indicate the relative amplitude of excursions in the signal
about the mean. In a further example, the processing equip-
ment may take an absolute value of a physiological signal
with zero mean, and then integrate the resulting signal over
time or sample number to provide an indication of the mag-
nitude of signal excursions about the mean (e.g., zero).

Step 10306 may include the processing equipment filtering
the physiological signal of step 10302. In some embodiments,
the processing equipment may apply a high-pass filter to the
physiological signal of step 10302. For example, the process-
ing equipment may apply a high-pass filter (e.g., having any
suitable order and spectral characteristics) having a cutoff at
double the rate associated with the one or more correlation lag
values. In some embodiments, the processing equipment may
apply a notch filter to the physiological signal of step 10302.
For example, the processing equipment may apply a notch
filter (e.g., having any suitable spectral characteristics) hav-
ing a notch centered at double the rate associated with the one
or more correlation lag values. In some embodiments, the
processing equipment may apply a high-pass filter and a
notch filter to the physiological signal of step 10302. For
example, the processing equipment may apply a high-pass
filter having a cutoff at double the rate associated with the
correlation lag value, and a notch filter having a notch cen-
tered at double the rate associated with the one or more
correlation lag values. The resulting high frequency (HF)
signal may be further analyzed at step 10308. It will be
understood that the physiological signal may undergo addi-
tional filtering before or after step 10306. Accordingly, the
“filtered signal” of step 10306 refers to the filtering per-
formed at step 10306, and not any previous or subsequent
filtering.

Step 10308 may include the processing equipment deter-
mining one or more signal metrics for the filtered signal of
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step 10306. Signal metrics may include a standard deviation
of the filtered signal, an RMS of the filtered signal, an ampli-
tude of the filtered signal, a sum or integral of the filtered
signal over time or samples, any other suitable metric indica-
tive of a magnitude of a signal or change thereof, or any
combination thereof. In some embodiments, the processing
equipment may compute the standard deviation of the filtered
signal, which may indicate the relative amplitude of excur-
sions in the signal about the mean. In a further example, the
processing equipment may take an absolute value of a filtered
signal with zero mean, and then integrate the resulting signal
over time or sample number to provide an indication of the
magnitude of signal excursions about the mean (e.g., zero).

Step 10310 may include the processing equipment com-
paring the one or more signal metrics for the physiological
signal of step 10302 with the one or more signal metrics for
the filtered signal of step 10306. In some embodiments, the
processing equipment may determine a comparison metric.
In some embodiments, the processing equipment may detet-
mine the ratio of the signal metric(s) for the filtered signal to
the signal metric(s) for the physiological signal. For example,
the processing equipment may calculate the ratio of standard
deviations of'the filtered signal to the physiological signal. In
some embodiments, the processing equipment may deter-
mine the difference between the signal metric(s) for the fil-
tered signal and the signal metric(s) for the physiological
signal.

Step 10312 may include the processing equipment quali-
fying or disqualifying correlation lag values based on the
comparison of step 10310. In some embodiments, the pro-
cessing equipment may compare the comparison metric of
step 10310 with one or more threshold values. For example,
the processing equipment may compare the ratio of standard
deviations of the filtered signal to the physiological signal to
a ratio threshold. The ratio threshold may be any suitable
fixed or adjustable value. For example, the ratio threshold
may depend on the correlation lag value. If the ratio is larger
than the ratio threshold, the processing equipment may dis-
qualify the correlation lag value. If the ratio is smaller than the
ratio threshold, the processing equipment may qualify the
correlation lag value. Accordingly, the processing equipment
may use the High Frequency Residual Test to determine con-
ditions having relatively large amounts of signal energy at
rates significantly larger than the rate associated with one or
more correlation lag values.

FIGS. 104 and 105 are illustrative flow diagrams of tech-
niques that may also be used to qualify or disqualify one or
more correlation lag values. In some embodiments, the illus-
trative steps of flow diagrams 10400 and 10500 of FIGS. 104
and 105, respectively, may be performed based on a correla-
tion lag value. In some embodiments, the illustrative steps of
flow diagrams 10400 and 10500 of FIGS. 104 and 105,
respectively, may be performed independent of a correlation
lag value (e.g., to quantify noise and/or consistency in a
buffered signal).

FIG. 104 is a flow diagram 10400 of illustrative steps for
qualifying or disqualifying one or more values that may be
indicative of a physiological rate based on a comparison of
areas of two segments of a cross-correlation signal, in accor-
dance with some embodiments of the present disclosure. In
some embodiments, performance of the illustrative steps of
flow diagram 10400 may provide an indication of the simi-
larity between different segments of a cross-correlation sig-
nal. The illustrative steps of flow diagram 10400 may be
referred to as the “Area Similarity Test.”

Step 10402 may include processing equipment receiving a
cross-correlation signal (e.g., generated according to step
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8606 of FIG. 86) as an input. In some embodiments, the
cross-correlation signal may be generated by a cross-correla-
tion module. In some embodiments the cross-correlation sig-
nal may be generated at an earlier time, and stored in suitable
memory. Accordingly, in some embodiments, step 10402
may include recalling the stored cross-correlation signal from
the memory. In some embodiments, a single processor, mod-
ule, or system may perform the cross-correlation and steps
10404-10408, and accordingly, step 10402 need not be per-
formed.

Step 10404 may include the processing equipment select-
ing two segments of the cross-correlation signal of step
10402. In some embodiments, the two segments may be of
equal length. In some such embodiments, the cross-correla-
tion signal may be equi-partitioned into a right segment and a
left segment. For example, if the cross-correlation signal is
six seconds in length, the left segment may be the left three
seconds and the right segment may be adjacent right three
seconds of the signal. In a further example, the first and
second segments may each have a length equal to period P.
Any suitable segments may be selected in accordance with
the present disclosure. Note that the two segments will be
referred to as Segmentl and Segment2, or the first segment
and the second segment, although the designations are arbi-
trarily assigned for illustration purposes (e.g., the first and
second segments may be interchanged in accordance with the
present disclosure).

Step 10406 may include the processing equipment calcu-
lating the area of each of the first and second segments of step
10404. In some embodiments, step 10406 may include cal-
culating an integral (e.g., a quadrature or any other suitable
analytical or numerical technique), sum, or both, of the first
and second segments. In some embodiments, the calculated
area may be additive among the positive and negative areas.
For example, the area of positive portions and the absolute
value of the area of negative portions may be summed, result-
ing in a positive result. In some embodiments, the calculated
area may be subtractive, in which the area of positive portions
and negative portions of each segment are respective positive
and negative numbers (e.g., integral of the segment values in
which negative portions contribute negative integrals), and a
resulting sum may be positive or negative.

Step 10408 may include the processing equipment quali-
fying or disqualifying a correlation lag value based on a
comparison of the calculated areas of step 10406. Any suit-
able comparison technique, including the calculation of any
suitable comparison metric (e.g., difference, ratio), may be
used to compare the areas of the two segments. In some
embodiments, the processing equipment may calculate a dif-
ference between the area of the first segment and the area of
the second segment (or vice versa). In some embodiments, the
processing equipment may calculate a ratio of the area of the
first segment to the area of the second segment (or vice versa).
In some embodiments, qualification or disqualification may
include comparing a comparison metric to a threshold value.
For example, the difference between (or ratio of) the areas of
the two segments may be calculated and if above a threshold
value, the correlation lag value may be disqualified. Using
suitable segment selection, the areas of the two segments may
be expected to be similar, if period P provides a relatively
accurate indication of a physiological pulse period.

In some embodiments, step 10408 need not be performed
with steps 10402-10406. In some embodiments, steps 10402-
10406 may be performed independent of a correlation lag
value. For example, a cross-correlation signal of a buffered
window of data may be analyzed using steps 10402-10406.
The areas of two segments (e.g., fixed length segments) of the
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cross-correlation signal may be compared using a compari-
son metric, and under some circumstances the buffered data
may be qualified or disqualified (e.g., based on a comparison
of the comparison metric with a threshold). This may be
particularly useful when the physiological signal is relatively
noise free and then noise suddenly appears in the signal. This
may also be particularly useful when strong non-periodic
noise is present in the signal.

FIG. 105 is a flow diagram 10500 of illustrative steps for
qualifying or disqualifying a value that may be indicative ofa
physiological rate based on statistical properties of a cross-
correlation signal, in accordance with some embodiments of
the present disclosure. In some embodiments, performance of
the illustrative steps of flow diagram 10500 may provide an
indication of the similarity between positive and negative
portions of a cross-correlation signal. The illustrative steps of
flow diagram 10500 may be referred to as the “Statistical
Property Test.”

Step 10502 may include processing equipment receiving a
cross-correlation signal (e.g., generated according to step
8606 of FIG. 86) as an input. In some embodiments, the
cross-correlation signal may be generated by a cross-correla-
tion module. In some embodiments the cross-correlation sig-
nal may be generated at an earlier time, and stored in suitable
memory. Accordingly, in some embodiments, step 10502
may include recalling the stored cross-correlation signal from
the memory. In some embodiments, a single processor, mod-
ule, or system may perform the cross-correlation and steps
10504-10508, and accordingly, step 10502 need not be per-
formed.

Step 10504 may include the processing equipment select-
ing the positive values of the cross-correlation signal, and
selecting the negative values of the cross-correlation signal.
For example, the processing equipment may compare each
value of the cross-correlation signal to zero, and use the
comparison to select positive and/or negative values.

Step 10506 may include the processing equipment calcu-
lating a statistical property of the positive values and of the
negative values of step 10504. The statistical property may
include a mean, standard deviation, variance, root-mean-
square (RMS) deviation (e.g., relative to zero), any other
suitable statistical property, or any combination thereof. In
some embodiments, the positive values and negative values
may be processed separately at step 10506.

Step 10508 may include the processing equipment quali-
fying or disqualifying the one or more correlation lag values
based on a comparison of the statistical properties of step
10506. Any suitable comparison technique, including the
calculation of any suitable comparison metric (e.g., differ-
ence, ratio), may be used to compare the statistical properties
ofthe positive and negative values. In some embodiments, the
processing equipment may calculate a difference between the
statistical properties of the positive and negative values (or
vice versa). In some embodiments, the processing equipment
may calculate a ratio of the statistical properties of the posi-
tive and negative values (or vice versa). In some embodi-
ments, qualification or disqualification may include compar-
ing a comparison metric to a threshold value. For example, the
difference between (or ratio of) the statistical properties of the
positive and negative values may be calculated and if above a
threshold value, the correlation lag value may be disqualified.

In some embodiments, step 10508 need not be performed
with steps 10502-10506. In some embodiments, steps 10502-
10506 may be performed independent of a correlation lag
value. For example, a cross-correlation signal of a buffered
window of data may be analyzed using steps 10502-10506.
The statistical properties of the positive and negative values of
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the cross-correlation output may be compared using a com-
parison metric, and under some circumstances the buffered
data may be qualified or disqualified (e.g., based on a com-
parison of the comparison metric with a threshold).

FIG. 106 is a flow diagram 10600 of illustrative steps for
qualifying or disqualifying a value that may be indicative of a
physiological rate based on differences of a physiological
signal, in accordance with some embodiments of the present
disclosure. The illustrative steps of flow diagram 10600 may
be referred to as the “Integral Test.”

Step 10602 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
10602 may include recalling data from the memory for fur-
ther processing.

Step 10604 may include the processing equipment receiv-
ing a calculated value indicative of a physiological rate of the
subject. For example, the calculated value may be based on a
correlation lag value, a rate corresponding to the correlation
lag value, or any other calculated value indicative of a physi-
ological rate of the subject. In some embodiments, step 10604
may include recalling the calculated value from memory for
further processing.

Step 10606 may include the processing equipment deter-
mining a sequence of difference values between samples
points and corresponding sample points spaced apart based
on the calculated value of step 10604. For example, the pro-
cessing equipment may specify a segment of the physiologi-
cal data, and determine the difference between each value of
the segment and a corresponding sample point of the physi-
ological data spaced by a shift. The calculated value may be a
calculated correlation lag value, and the shift may be equal to
the correlation lag value. The processing equipment may use
an expression such as, for example, Eq. 59:

D=X-X,_ (59)

to determine the sequence of difference values D,, indexed by
i, where X, is asample pointand X;_,,is a sample point spaced
by N points (e.g., where N corresponds to the correlation lag
value). In some embodiments, the processing equipment may
determine absolute values of the sequence of differences, thus
resulting in positive values of the differences.

Step 10608 may include the processing equipment deter-
mining a sum based on the sequence of differences of step
10606. In some embodiments, the processing equipment may
sum the sequence of difference values to obtain a single
summation value. In some embodiments, the processing
equipment may perform steps 10606 and 10608 by determin-
ing a root-mean-square (RMS) difference between the
sample values and corresponding sample values. The sum
may include any suitable mathematical combination of the
collective differences of the sample points and corresponding
sample points, and may be optionally normalized (e.g., by the
number of sample points).

Step 10610 may include processing equipment qualifying
or disqualifying the correlation lag value of step 10606, based
onthe sum of'step 10608. In some embodiments, the sum may
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be compared to a threshold. If the sum is greater than the
threshold, the processing equipment may disqualify the cor-
relation lag value, while if the sum is less than the threshold,
the processing equipment may qualify the correlation lag
value. Accordingly, the sum may be expected to be relatively
low when the physiological data is relatively more periodic,
typically indicating a segment of data is relatively more simi-
lar to a segment spaced by a period corresponding to a physi-
ological rate.

FIG. 107 is a flow diagram 10700 of illustrative steps for
qualifying or disqualifying a value that may be indicative ofa
physiological rate based on a half lag analysis, in accordance
with some embodiments of the present disclosure. The illus-
trative steps of flow diagram 10700 may be referred to as the
“Half Lag Test.”

Step 10702 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
10702 may include recalling data from the memory for fur-
ther processing.

Step 10704 may include the processing equipment deter-
mining a correlation lag value of the physiological data of
step 10702. In some embodiments, the processing equipment
may generate a correlation sequence. The correlation
sequence may include a sequence of correlation values cor-
responding to different lag values. In some embodiments, the
processing equipment may generate the correlation sequence
by multiplying values of a first segment of the physiological
segment with corresponding values of a second segment of
the physiological data, shifted in time by a particular lag, for
multiple lag values. Any suitable technique in may be used to
determine the correlation lag value such as, for example, the
illustrative techniques discussed in the context of FIGS.
62-85, or any other suitable technique or combination of
techniques thereof. For example, the processing equipment
may identify a peak in the correlation sequence, and may
determine the correlation lag value based on the identified
peak.

Step 10706 may include the processing equipment deter-
mining a correlation value at a lag of substantially one half of
the determined correlation lag value of step 10704. In some
embodiments, the processing equipment may generate a cor-
relation sequence at step 10704, and select the half lag value
at step 10706. In some embodiments, the processing equip-
ment may perform a correlation calculation at the half lag
value to determine the correlation value.

Step 10708 may include processing equipment qualifying
or disqualifying the correlation lag value of step 10706, based
on thecorrelation value ata lag of substantially one halfof the
determined correlation lag value of step 10704. In some
embodiments the correlation at the half lag value may be
compared with a threshold, and if the correlation at lag
exceeds the threshold, the correlation lag value is disquali-
fied. In some embodiments, the correlation at the half lag
value may be compared with the correlation value at the
correlation lag value, and if the difference is greater than a
threshold, the correlation lag value may be qualified. The
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correlation at the half lag value may be expected to be rela-
tively less than the correlation value at the correlation lag
value, and may be expected to be less than zero in some
circumstances.

FIG. 108 is a flow diagram 10800 of illustrative steps for
qualifying or disqualifying a value that may be indicative of a
physiological rate based on a sorted difference signal, in
accordance with some embodiments of the present disclo-
sure. The illustrative steps of flow diagram 10800 may be
referred to as the “Ordered Statistic Test.” The Ordered Sta-
tistic Test (OS Test) uses up to four segments of physiological
data to determine whether to qualify a correlation lag value.
The OS Test compares segments of data to determine if the
correlation lag value is correct, if the window of physiological
data is valid, or both. For example, the OS Test may analyze
aleft half and a right half of a window of data. Further to this
example, the OS Test may analyze a segment of the left halfof
asize equal to a calculated correlation lag value and a segment
of the right half of a size equal to a calculated correlation lag
value. Each analysis may include determining one or more
metrics based on the physiological data, generating a sorted
difference signals and determining one or metrics based on
the sorted difference signals, pairing the sorted difference
signals and determining one or more metrics based on the
value pairs, or any other suitable analyses. If the calculated
correlation lag value substantially corresponds to a period of
the physiological rate, and the physiological data does not
exhibit significant noise or artifacts, the analysis of the left
and right halves and the analysis of the two segments should
produce similar results (e.g., metric values) when the OS Test
is applied. Analysis of the left and right halves may provide an
indication of the noise level in the physiological data (e.g., as
described in the discussion of F1G. 37), for example. Analysis
of the two segments of size equal to the period associated with
the physiological rate, and/or comparison to the analysis of
the halves, may provide an indication of whether the calcu-
lated correlation lag value is correct, for example.

Step 10802 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
10802 may include recalling data from the memory for fur-
ther processing.

Step 10804 may include the processing equipment receiv-
ing a calculated value indicative of a physiological rate of the
subject. For example, the calculated value may be based on a
correlation lag value, a rate corresponding to the correlation
lag value, or any other calculated value indicative of a physi-
ological rate of the subject. In some embodiments, step 10804
may include recalling the calculated value from memory for
further processing.

Steps 10806, 10808, 10810, and 10812 may include the
processing equipment identifying a first segment of the physi-
ological data, a second segment of the physiological data, a
third segment of the physiological data, and a fourth segment
of the physiological data, respectively. The first and second
segments may be the same size (e.g., the same number of
sample points), and the third and fourth segments may be the
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same size (e.g., the same number of sample points), not nec-
essarily the same as the size of the first and second segments.
In some embodiments, the processing equipment may iden-
tify a segment by identify indices ofa sequence of physiologi-
cal data points. In some embodiments, the processing equip-
ment may identify the first segment, and then identify the
second, third, and fourth segments relative to the first seg-
ment. In some embodiments, the processing equipment may
identify the first segment and the third segment, and then
identify the second segment and the fourth segment relative to
the first segment and the second segment, respectively. For
example, the processing equipment may receive a six second
window of data at step 10802, and partition the data into two
three-second segments as the first and second segments. Fur-
ther to this example, the processing equipment may identify a
smaller segment (e.g., having a size corresponding to the
calculated value of step 10804) from the first segment as the
third segment, identify a smaller segment (e.g., having a size
corresponding to the calculated value of step 10804) from the
second segment as the fourth segment. To illustrate the pre-
vious example, FIG. 109 is a block diagram of illustrative
physiological data 10902 (e.g., from a PPG signal) and four
identified segments 10904, 10906, 10908, and 10910, in
accordance with some embodiments of the present disclo-
sure. Segments 10904 and 10906 are the first and second
segments, while segments 10908 and 10910 are the third and
fourth segments.

Steps 10814, 10816, 10818, and 10820 may include the
processing equipment generating a first difference signal
based on the first segment, a second difference signal based
on the second segment, a third difference signal based on the
third segment, and a fourth difference signal based on the
fourth segment, respectively. In some embodiments, the pro-
cessing equipment may perform a subtraction between values
of adjacent samples of a segment to generate the respective
difference signal. In some embodiments, the processing
equipment may calculate differences by calculating a first
derivative of the respective segment. For example, the pro-
cessing equipment may compute forward differences, back-
ward differences, or central differences between each pair of
adjacent points to generate a difference signal. In a further
example, the processing equipment may compute a nunierical
derivative at each point in the segment, generating a differ-
ence signal. Any suitable difference technique may be used by
the processing equipment to generate the difference signals.

Steps 10822, 10824, 10826, and 10828 may include pro-
cessing equipment sorting the difference values of each dif-
ference signal of steps 10814, 10816, 10818, and 10820,
respectively. The processing equipment may sort the values in
ascending or descending order, either of which causes the
negative and positive values to be separated. Referencing
sorted values in ascending order, the most negative values
come first followed by less negative values, positive values,
and finally larger positive values. The output of steps 10822,
10824, 10826, and 10828 may be a first sorted difference
signal, a second sorted difference signal, a third sorted differ-
ence signal, and a fourth sorted difference signal, respec-
tively.

In an illustrative example ofthe sorted difference signals of
steps 10822, 10824, 10826, and 10828, FIG. 110 is a panel of
illustrative plots showing paired sorted difference signals
11002, 11004, 11006, 11008, 11010, 11012, 11014, and
11016, in accordance with some embodiments of the present
disclosure. Paired sorted difference signals 11002 and 11004
represent value pairs of first and second sorted difference
signals, and value pairs third and fourth sorted difference
signals, respectively. derived from physiological data exhib-
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iting a dicrotic notch. The value pairs are generated by pairing
corresponding points of the respective segments of the same
size. First and second segment size of 3 seconds, and third and
fourth segment sizes of 1 second (e.g., a correlation lag value
corresponding to a physiological rate of 60 BPM) are used to
generate paired sorted difference signals 11002 and 11004.
Paired sorted difference signals 11006 and 11008 represent
value pairs of first and second sorted difference signals, and
value pairs third and fourth sorted difference signals, respec-
tively, derived from physiological data exhibiting a dicrotic
notch. First and second segment size of 3 seconds, and third
and fourth segment sizes of one halfa correlation lag value are
used to generate paired sorted difference signals 11006 and
11008. It can be seen that if the processing equipment mis-
takenly posts a half lag, the paired sorted difference signals
for the first and second segments, and the third and fourth
segments, may have different characteristics. For example,
the endpoints and curve lengths of paired sorted difference
signals 11006 and 11008 are distinguishable. Paired sorted
difference signals 11010 and 11012 represent value pairs of
first and second sorted difference signals, and value pairs
third and fourth sorted difference signals, respectively,
derived from physiological data of a neonate. First and second
segment size of 3 seconds, and third and fourth segment sizes
of 1 second (e.g., a correlation lag value corresponding to a
physiological rate of 60 BPM) are used to generate paired
sorted difference signals 11010 and 11012. Paired sorted
difference signals 11014 and 11016 represent value pairs of
first and second sorted difference signals, and value pairs
third and fourth sorted difference signals, respectively,
derived from relatively noisier physiological data of a neo-
nate. First and second segment size of 3 seconds, and third
and fourth segment sizes of one halfa correlation lag value are
used to generate paired sorted difference signals 11014 and
11016. It can be seen that if the processing equipment mis-
takenly posts a half lag, the paired sorted difference signals
for the first and second segments, and the third and fourth
segments, may have different characteristics. For example,
the endpoints and curve lengths of paired sorted difference
signals 11014 and 11016 are distinguishable.

Step 10830 may include the processing equipment analyz-
ing the first and second sorted difference signals to determine
one or more first metrics. The one or more first metrics may
include a correlation coefficient between the first and second
sorted difference signals, slopes of'the first and second sorted
difference signals, lengths of the first and second sorted dif-
ference signals, corresponding values of the first and second
difference signals, any other suitable metrics, any differences
between metrics of the first and second segments thereof, or
any combination thereof.

Step 10832 may include the processing equipment analyz-
ing the third and fourth sorted difference signals to determine
one or more second metrics. The one or more second metrics
may include a correlation coefficient between the third and
fourth sorted difference signals, slopes of the third and fourth
sorted difference signals, lengths of the third and fourth
sorted difference signals, corresponding values of the third
and fourth difference signals, any other suitable metrics, any
differences between metrics of the third and fourth segments
thereof, or any combination thereof.

In an illustrative example, the processing equipment may
determine any of the metrics shown in Eqs. 60-67 as the first
and second metrics:
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where:

X, and Y, are the first and second sorted difference signal
values, or the third and fourth sorted difference signal
values (sorted in ascending order for illustration);

AX, and AY, are difference values of the first and second
sorted difference signal values, or the third and fourth
sorted difference signal values, where AX,=X.-X, |, for
example;

X is a Nx2 matrix in which the first column is ones and the

_ second column are the X, values;

X% is a transpose of matrix X;

¥ is a Nx1 matrix of the Y, values;

b is a 2x2 matrix;

M, , is M, evaluated for the third and fourth sorted difference
signal;

M, , is M, evaluated for the first and second sorted difference
signal;

M , is M, evaluated for the third and fourth sorted difference
signal; and

M , is M, evaluated for the first and second sorted difference
signal.

In some embodiments, metric M, may be calculated for the
first and second sorted difference signals, the third and fourth
sorted difference signals, or both. Metric M, which is a
correlation coefficient, is indicative of how well the sorted
difference signals are correlated with each other. A value near
one indicates good correlation, while a value near negative
one indicates anti-correlation, with values near zero indicat-
ing no correlation. In some embodiments, the processing
equipment may compare metric M, to a threshold as a quali-
fication test.

In some embodiments, metric M, may be calculated for the
first and second sorted difference signals, the third and fourth
sorted difference signals, or both. Metric M, may be indica-
tive of the slope of the value pairs generated from the two
segments. A value near one may indicate good correlation,
while a value near negative one may indicate anti-correlation.
In some embodiments, the processing equipment may com-
pare metric M, to a threshold, or to the same metric generated
for the other two segments, as a qualification test. For pairs of
segments exhibiting good correlation, metric M, values for
the first/second segments, and third/fourth segments, are
expected to be similar.
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In some embodiments, metric M; may be calculated for the
first and second sorted difference signals, the third and fourth
difference signals, or both. Metric M, may be indicative of the
combined slope and correlation of the value pairs generated
from the two segments. In some embodiments, the processing
equipment may compare metric M, to a threshold, or to the
same metric generated for the other two segments, as a quali-
fication test. For pairs of segment exhibiting good correlation,
metric M, values for the first/second segments, and third/
fourth segments, are expected to be similar and near zero.
This is because, for good correlation, the slope and correla-
tion coefficient are expected to each have a value of near one.

In some embodiments, metric M, may be calculated for the
first and second sorted difference signals, the third and fourth
difference signals, or both. Metric M, is a logarithmic scaling
of metric M, which may be indicative of the combined slope
and correlation of the value pairs generated from the two
segments.

In some embodiments, metric M may be calculated for the
first and second sorted difference signals, the third and fourth
difference signals, or both. Metric M; is indicative of the
length of a particular paired sorted difference signal gener-
ated. For example, value pairs may be generated from corre-
sponding values of the first and second, or third and fourth,
sorted difference signals and in a graphical interpretation,
metric M represents the length of the resulting curve. In
some embodiments, the processing equipment may compare
metric Mj to a threshold, or to the same metric generated for
the other two segments, as a qualification test. For pairs of
segments exhibiting good correlation, metric My values for
the first/second segments, and third/fourth segments, are
expected to be similar. This is because, for good correlation,
the four sorted difference signals are all expected to exhibit a
similar shape.

In some embodiments, metric M, may be calculated for the
first, second, third and fourth difference signals. Metric M is
anormalized comparison of slope of the value pairs of the first
and second segments with the slope of the value pairs of the
third and fourth segments. In some embodiments, the pro-
cessing equipment may compare metric M to a threshold as
a qualification test. For pairs of segments exhibiting good
correlation, the metric M, value is expected to be near zero
because the slopes should have similar values near one.

In some embodiments, metric M, may be calculated for the
first, second, third and fourth difference signals. Metric M, is
anormalized comparison of curve length of the value pairs of
the first and second segments with the curve length of the
value pairs of the third and fourth segments. In some embodi-
ments, the processing equipment may compare metric M, to
athreshold asa qualification test. For pairs of segments exhib-
iting good correlation, the metric M, value is expected to be
near zero because the curve lengths should be similar.

In some embodiments, metric Mg may be calculated for the
first and second sorted difference signals, the third and fourth
difference signals, or both. Metric My includes two values
(e.g., averaged endpoint coordinates in a geometrical inter-
pretation), indicative of the endpoint values of a set of value
pairs generated from paired sorted difference signals. For
example, value pairs may be generated from corresponding
values of the first and second, or third and fourth, sorted
difference signals and in a graphical interpretation, metric Mg
represents how well the endpoints of the sorted difference
signals agree. In some embodiments, the processing equip-
ment may compare the values of metric M to a threshold, or
to the same metric generated for the other two segments, as a
qualification test. For pairs of segments exhibiting good cor-
relation, metric Mg values for the first/second segments, and
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third/fourth segments, are expected to be similar. This is
because, for good correlation, the four sorted difference sig-
nals are all expected to exhibit a similar shape with similar
endpoints. If any of the segments included large amounts of
noise, for example, the corresponding sorted difference sig-
nal may have more extreme endpoints due to the noise. In a
further example, if the endpoints of the sorted difference
signals in a pair to not agree with the other pair, the calculated
correlation lag value may be incorrect (e.g., a shown by paired
sorted difference signals 11014 and 11016 of FIG. 110.

The illustrative metrics shown in Egs. 60-67 and described
above are provided as examples, and any suitable metrics, or
combinations thereof, may be used to analyze two or more
segments.

Step 10834 may include processing equipment qualifying
or disqualifying the correlation lag value of step 10804, based
on the first metrics of step 10830, the second metrics of step
10832, or both. In some embodiments, the processing equip-
ment may compare a metric value to a threshold to determine
whether to qualify or disqualify the correlation lag value. In
some embodiments, the processing equipment may compare
metric values to one another to determine whether to qualify
or disqualify the correlation lag value. For example, the pro-
cessing equipment may determine a percent difference
between metric values calculated for the first and second
sorted differences signals, and the third and fourth sorted
difference signals.

FIG. 111 is a flow diagram 11100 of illustrative steps for
qualifying or disqualifying a value that may be indicative ofa
physiological rate based on analyzing harmonic sorted differ-
ence signals, in accordance with some embodiments of the
present disclosure. The illustrative steps of flow diagram
11100 may be referred to as a “Harmonic Rejection Test.”
FIGS. 112-114 are discussed in the context of flow diagram
11100.

Step 11102 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
11102 may include recalling data from the memory for fur-
ther processing.

Step 11104 may include the processing equipment receiv-
ing a calculated value indicative of a physiological rate of the
subject. For example, the calculated value may be based on a
correlation lag value (e.g., a period associated with a physi-
ological rate), a rate corresponding to the correlation lag
value, or any other calculated value indicative of a physiologi-
cal rate of the subject. In some embodiments, step 11104 may
include recalling the calculated value from memory for fur-
ther processing.

Steps 11106, 11116, 11108, and 11110 may include the
processing equipment generating a first difference signal
based on the first segment of physiological data having a size
equal to the correlation lag value, a second difference signal
based on the second segment of physiological data having a
size equal to a fraction of the correlation lag value, and a third
difference signal based on the third segment of physiological
data having a size equal to an integer multiple of the correla-
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tion lag value, respectively. In some embodiments, the pro-
cessing equipment may perform a subtraction between values
of adjacent samples of a segment to generate the respective
difference signal. In some embodiments, the processing
equipment may calculate differences by calculating a first
derivative of the respective segment. For example, the pro-
cessing equipment may compute forward differences, back-
ward differences, or central differences between each pair of
adjacent points to generate a difference signal. In a further
example, the processing equipment may compute a numerical
derivative at each point in the segment, generating a differ-
ence signal. Any suitable difference technique may be used by
the processing equipment to generate the difference signals.
In some embodiments, the fraction of the period of step 11108
may be one half, and the integer multiple of step 11110 may
be two.

Steps 11112,11114, and 11116 may include the processing
equipment sorting the difference values of each difference
signal of steps 11106, 11108, and 11110, respectively. The
processing equipment may sort the values in ascending or
descending order, either of which causes the negative and
positive values to be separated. Referencing sorted values in
ascending order, the most negative values come first followed
by less negative values, positive values, and finally larger
positive values. The output of steps 11112, 11114, and 11116
may be a first sorted difference signal, a second sorted differ-
ence signal, and a third sorted difference signal, respectively.

To illustrate aspects of steps 11102, 11106, 11116, 11108,
11110, 11112, 11114, and 11116, FIG. 113 is a panel of
illustrative plots showing physiological data and three
selected segments, in accordance with some embodiments of
the present disclosure. In some embodiments, the processing
equipment may select the first, second and third segments
from physiological data 11302 as shown in plot 11300. For
example, first segment 11304 may be selected as the most
recent data having a size equal to a calculated correlation lag
value (e.g., indicative of a period associated with a physi-
ological rate). In a further example, third segment 11308 may
be selected as the most recent data having a size equal to twice
a calculated correlation lag value (e.g., indicative of twice a
period associated with a physiological rate). Selection of the
second segment 11306 may include determining, within third
segment 11308, the segment having a size equal to one half of
a calculated correlation lag value (e.g., indicative of half a
period associated with a physiological rate) having particular
properties. For example, the segment of size equal to one half
of a calculated correlation lag value having a minimum stan-
dard deviation may correspond to a relatively flat portion of
physiological data (e.g., not substantially including the most
extreme difference values), increasing the probability that the
second segment differs from the first segment in shape. Plot
11310 shows a sorted difference signal corresponding to first
segment 11304. Plot 11320 shows a sorted difference signal
corresponding to second segment 11306. Plot 11330 shows a
sorted difference signal corresponding to third segment
11308.

Step 11118 may include the processing equipment analyz-
ing the first sorted difference signal, the second sorted differ-
ence signal, and the third sorted difference signal to deter-
mine one or more first metrics. In some embodiments, the
analysis may include determining and comparing shape met-
rics for the sorted difference signals. Shape metrics may
include a best fit slope, end points of a sorted difference
signal, length of a sorted difference signal, any other suitable
shape or geometrical metric, or any combination thereof. In
some embodiments, the processing equipment may perform a
KS test, comparing the sorted difference signal to a predeter-
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mined function. In some embodiments, the analysis may
include determining a standard error between any two sorted
difference signals of the three sorted difference signals. For
example, FIG. 112 is a panel of illustrative plots showing
sorted difference signals for a lag, half lag, and double lag
segment of physiological data, in accordance with some
embodiments of the present disclosure. Plots 11200, 11210,
and 11220 show three sorted difference signals, correspond-
ing to one lag, one half lag, and double lag segments (e.g.,
where the lag is a calculated value), respectively, for which
the lag is indicative of a period of a physiological rate. Plots
11230, 11240, and 11250 show three sorted difference sig-
nals, corresponding to one lag, one half lag, and double lag
segments (e.g., where the lag is a calculated value), respec-
tively, for which the lag is indicative of double a period of a
physiological rate. Plots 11260, 11270, and 11280 show three
sorted difference signals, corresponding to one lag, one half
lag, and double lag segments (e.g., where the lag is a calcu-
lated value), respectively, for which the lag is indicative of
one half of a period of a physiological rate. Accordingly, the
processing equipment may distinguish between conditions
when a calculated lag value is a harmonic of the lag value
associated with a physiological rate. For example, when the
correct lag value is calculated, the lag and double lag sorted
difference signals are similar in shape, while the half lag
sorted difference signal has a different profile because it
includes only a portion of a period of physiological data. Ina
further example, when double the correct lag value is calcu-
lated, the lag, double lag, and half lag sorted difference sig-
nals are all similar in shape, because all include at least one
full period of physiological data. In a further example, when
one half of the correct lag value is calculated, the lag, double
lag, and half lag sorted difference signals are all different in
shape, because they include a half period, a full period, and a
quarter period, respectively of physiological data.

Step 11120 may include processing equipment qualifying
or disqualifying the correlation lag value of step 11104, based
on the analysis of step 11118. For example, if the processing
equipment determines that the first and second sorted differ-
ence signals are not similar, the processing equipment may
qualify the correlation lag value, while if the first and second
sorted difference signals are determined to be similar, the
processing equipment may disqualify the correlation lag
value. In a further example, if the processing equipment deter-
mines that the first and third sorted difference signals are not
similar, the processing equipment may disqualify the corre-
lation lag value, while if the first and third sorted difference
signals are determined to be similar, the processing equip-
ment may qualify the correlation lag value.

FIG. 114 is an illustrative plot 11400 showing a contour
11402 representing a look-up table for qualifying or disquali-
fying a correlation lag value based on analyzing harmonic
sorted difference signals, in accordance with some embodi-
ments of the present disclosure. Contour 11402 shows table
output values for input values of a half-lag KS Test metric and
the log of a double-lag KS Test metric. The KS Test may
include comparing the respective sorted difference signal to a
reference distribution, and determining a KS metric value.
The KS metric indicates how well the sorted difference signal
and reference distribution match, assuming a value of one for
a perfect match and a relatively lower value if the values are
less well matched. In some embodiments, the look-up table
represented by contour 11402 may be generated using a neu-
ral network classifier technique. For example, the look-up
table may be generated prior to physiological monitoring
(e.g., generated “offline”), based on a reference set of physi-
ological data, and may then be used in lieu of a neural network
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calculation during physiological monitoring. While contour
11402 is indicative of data calculated using a KS Test, any
suitable test may be used to generate a look-up table for
qualifying or disqualifying a correlation lag value as part of
the Harmonic Rejection Test.

FIG. 115 is a flow diagram 11500 of illustrative steps for
qualifying or disqualifying a value that may be indicative of a
physiological rate based on a standard deviation ratio (SDR)
metric, in accordance with some embodiments of the present
disclosure. The illustrative steps of flow diagram 11500 may
be referred to as a “SDR Test.” FIG. 117, which illustrates a
SDR signal, is discussed in the context of flow diagram
11500. The SDR test determines a standard deviation, or a
metric indicative of standard deviation, and normalized the
deviation to a baseline value of the physiological data to
generate an SDR metric. The SDR metric may be compared to
an expected range that corresponds to physiological activity,
and accordingly if the SDR metric is outside of that range the
correlation lag value may be disqualified.

Step 11502 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
11502 may include recalling data from the memory for fur-
ther processing.

Step 11504 may include the processing equipment deter-
mining a first value indicative of a baseline of the physiologi-
cal data. The first value may include a minimum value, mean
value, median value, any other suitable value indicative of a
baseline, or any combination thereof. In some embodiments,
the processing equipment may determine a trend-line or other
varying baseline, defined for each sample point of the physi-
ological data. For example, in some embodiments, the base-
line may be a best fit line or a best fit parabola, having a
defined value corresponding to each sample point. In some
embodiments, the processing equipment may subtract the
determined baseline from the physiological data, resulting in
modified data having a baseline value of zero.

Step 11506 may include the processing equipment deter-
mining a second value indicative of a deviation from the
baseline of the physiological data determined at step 11504.
The second value may include a standard deviation, an RMS
value, a maximum value minus minimum value calculation,
any other suitable value indicative of deviation from a base-
line, or any combination thereof. In some embodiments, the
processing equipment may perform signal conditioning on
the physiological data prior to determining the second value.
For example, the processing equipment may determine the
first value of the physiological data, de-trend the physiologi-
cal data, and then determine the second value based on the
de-trended physiological data.

Step 11508 may include processing equipment qualifying
or disqualifying a correlation lag value, based on the first
value and the second value. In some embodiments, the pro-
cessing equipment may determine an SDR metric using an
expression such as Eq. 68:
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§ (68)
SDR = —
M

where S is a standard deviation value determined at step
11506, and M is a baseline value determined at step 11504,
equal to the median value of the physiological data, for
example. Changes in the SDR value over time may, for
example, indicate a change in the noise level, a change in a
physiological rate of the subject, or both. In some embodi-
ments, the processing equipment may determine an SDR
metric, using Eq. 68 or some other formulation (e.g., a scaled
version), and compare the SDR metric with a threshold to
determine whether to qualify or disqualify the correlation lag
value.

In an illustrative example, FIG. 116 is a flow diagram of
illustrative steps for implementing a standard deviation ratio
(SDR) technique, in accordance with some embodiments of
the present disclosure. Step 11602 may include determining
an SDR metric value at current time T based on physiological
data. Step 11604 may include comparing the SDR metric
value to a threshold X, which may be any suitable value (e.g.,
X may be 0.28 in some embodiments). If the SDR metric
value exceeds the threshold, the processing equipment may
disqualify the currently calculated correlation lag value at
step 11614. If the SDR metric value does not exceed the
threshold, the processing equipment may then compare the
SDR metric value with the minimum SDR metric value of a
set of previous SDR values at step 11606. As illustrated, the
SDR metric is compared with five times the minimum SDR
metric value in a time interval from T, to T,. which may be,
for example, the last 30 seconds worth of calculated SDR
values stored in a buffer 11612. This threshold is exemplary.
The threshold may be any suitable fixed or variable value.
Typically, the SDR metric is not expected to increase signifi-
cantly over relatively short time scales (e.g., 30 seconds). The
presence of noise typically increases the SDR metric value.
Accordingly, by comparing the current SDR metric with the
minimum SDR metric value from the history of values, the
processing equipment may determine if the current physi-
ological data is relatively noisy. If the SDR metric value
exceeds the threshold of step 11606, the processing equip-
ment may disqualify the currently calculated correlation lag
value at step 11614. If the SDR metric value does not exceed
the threshold of step 11606, the processing equipment may
qualify the SDR metric value at step 11608. Whether quali-
fied or disqualified, the current SDR metric value is added to
buffer 11612 at step 11610, and the processing equipment
may return to step 11602.

FIG. 117 is a panel of illustrative plots showing a physi-
ological signal, an SDR signal, an SDR threshold, and a test
outcome signal, in accordance with some embodiments of the
present disclosure. The abscissa of plots 11700, 11710, and
11720 are in units of sample number, while the ordinates are
shown in arbitrary units. Plot 11700 shows IR intensity signal
11702. Plot 11710 shows a calculated SDR signal 11712, and
a threshold signal 11714 calculated as five times the mini-
mum SDR value of the previous 30 seconds of IR intensity
signal 11702. Plot 11720 shows SDR test outcome signal
11722 which assumes a value of one when SDR signal 11712
does not exceed threshold signal 11714, and a value of zero
when SDR signal 11712 exceeds threshold signal 11714.
Accordingly, the presence of significant noise (e.g., illus-
trated by IR intensity signal 11702 between abscissa values of
25000 and 30000 in plot 11700) may cause the SDR Test to
fail.
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FIG. 118 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a different standard deviation ratio
(SDR ;) metric, in accordance with some embodiments of the
present disclosure. The illustrative steps of flow diagram
11800 may be referred to as a “SDR II Test” In some
instances, physiological data may include multiple compo-
nents, which may include the desired physiological compo-
nent and an undesired component. The SDR;; metric may be
indicative of signal energy before and after signal condition-
ing (e.g., aratio of standard deviation values before and after
conditioning), which may be indicative of the amount of
signal content removed during conditioning. For example, if
the SDR,, metric indicates that a large percentage of signal
energy was removed during signal conditioning, then the
processing equipment may determine the remaining signal
energy is likely noise. Ifthe level of noise in the physiological
data is relatively low, the SDR;, metric is expected to be
within a particular range. In some embodiments, the SDR,,
metric may be compared to a threshold. For example, if the
metric exceeds the threshold, the processing equipment may
disqualify the correlation lag value, and if the metric does not
exceed the threshold, the processing equipment may qualify
the correlation lag value.

Step 11802 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
11802 may include recalling data from the memory for fur-
ther processing.

Step 11804 may include the processing equipment deter-
mining a first value indicative of a deviation from a baseline
of the physiological data determined at step 11802. The first
value may include a standard deviation, an RMS value, any
other suitable value indicative of deviation from a baseline, or
any combination thereof.

Step 11806 may include the processing equipment per-
forming signal conditioning on the physiological data of step
11802. Any suitable Signal Conditioning Technique may be
applied to the physiological data such as, for example, appli-
cation of a bandpass filter, de-trending, or other techniques.
The output of step 11806 may be conditioned data, which
may be stored in a buffer or other memory allocation.

Step 11808 may include the processing equipment deter-
mining a second value indicative of a deviation from a base-
line of the conditioned data of step 11806. The second value
may include a standard deviation, an RMS value, any other
suitable value indicative of a deviation from a baseline in the
conditioned data, or any combination thereof.

Step 11810 may include processing equipment qualifying
or disqualifying a correlation lag value, based on the first
value and the second value. In some embodiments, the pro-
cessing equipment may determine an SDR,, metric using an
expression such as Eq. 69:
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Sy (69)

where S, is a standard deviation value determined at step
11804, and S, is a standard deviation value determined at step
11808, for example. Changes in the SDR,; value over time
may, for example, indicate a change in the noise level, a
change in a physiological rate of the subject, or both. In some
embodiments, the processing equipment may determine an
SDR; metric, using Eq. 69 or some other formulation, and
compare the SDR;, metric with a threshold to determine
whether to qualify or disqualify the correlation lag value.

FIG. 119 is a flow diagram 11900 of illustrative steps for
qualifying or disqualifying a value that may be indicative ofa
physiological rate based on a statistical metric such as a
p-value, in accordance with some embodiments of the present
disclosure. The illustrative steps of flow diagram 11900 may
be referred to as the “p-Value Test.” The statistical metric may
be indicative ofthe probability that a property of a set of value
pairs would be obtained due to chance.

Step 11902 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
11902 may include recalling data from the memory for fur-
ther processing.

Step 11904 may include the processing equipment receiv-
ing a calculated value indicative of a potential physiological
rate of the subject. For example, the calculated value may be
based on a correlation lag value, a rate corresponding to the
correlation lag value, or any other calculated value indicative
of a physiological rate of the subject. In some embodiments,
step 11904 may include recalling the calculated value from
memory for further processing.

Step 11906 may include the processing equipment gener-
ating pairs of sample points of the physiological data, spaced
apart in the physiological data. The spacing may be based on
the calculated value indicative of a physiological rate of the
subject. For example, the calculated value may be based on a
correlation lag value, a rate corresponding to the correlation
lag value, or any other calculated value indicative of a physi-
ological rate of the subject. In some embodiments, as illus-
trated by panel 11950, a first portion of physiological data
11952, including a particular number of sample points, may
be point-wise paired with a second portion of the physiologi-
cal data 11954, including the same number of samples points
as the first portion albeit shifted in time relative to the first
portion. In some embodiments, generating the pairs of points
may include specifying indices of the points in the physi-
ological data for reference.

Step 11908 may include the processing equipment deter-
mining a best fit line based on the pairs of points of step
11906. In some embodiments, the processing equipment may
apply a linear regression to the pairs of points. In some
embodiments, the processing equipment may apply a con-
strained best line fit to the pairs of points such as, for example,
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constraining the best fit line to include the point (0,0). Panel
11960 graphically illustrates pairs of points 11962, and cor-
responding best fit line 11964. In some embodiments, the
output of step 11908 may be a slope value (e.g., correspond-
ing to a line including point 0,0), or an intercept and slope
value (e.g., corresponding to a y=mx+b formulation).

Step 11910 may include the processing equipment deter-
mining a statistical metric based on the best fit line and the
pairs of points. In some embodiments, the processing equip-
ment may use an expression such as that shown in Eq. 70:

1 (70)

a2
N_ ZZ(% =y

SE =
I(x - %)?

to determine a standard error value SE, where N is the number
of pairs, x; are the first values of the pairs, y, are the second
values of the pairs, X is the average of the first values, and ¥,
is the best {it line value corresponding to x,. In some embodi-
ments, the processing equipment may determine a t-statistic
metric t based on the standard error SE and the best fit line
using Eq. 71:

m an

where m is the slope of the best fit line of step 11908. The
processing equipment may then access a look-up table of
one-sided or two-sided probabilities that a t-statistic greater
than or equal to the determined value would be obtained due
to chance (e.g., the p-value). To illustrate, panel 11970 shows
an illustrative probability distribution 11972, with regions
11974 and 11976 indicating the two-sided probabilities of
more extreme t-statistic values. The degrees of freedom of the
calculation may be calculated as N-1, and a standard look-up
table of Student-t distribution probabilities may be used. In
some embodiments, the processing equipment may calculate
probabilities (e.g., p-values) based on t-statistics for a series
of correlation lag values. For example, the processing equip-
ment may calculate probabilities for the correlation lag value
indicative of the physiological rate, and the three adjacent
smaller lags values, and three adjacent larger lag values.

Step 11912 may include processing equipment qualifying
or disqualifying the calculated value of step 11904, based on
the determined statistical metric of step 11910. In some
embodiments, the processing equipment may use an inequal-
ity as a qualifying or a disqualifying criterion. For example,
the processing equipment may calculate probabilities for the
correlation lag value indicative of the physiological rate, and
the three adjacent smaller lags values, and three adjacent
larger lag values. Further, the processing equipment may use
an expression such as Eq. 72:

3 (72)
Z Pl + 1) <4003
3

where 1is the correlation lag value indicative of a physiologi-
cal rate, 1 is an index, and p(l+i) is the probability value
determined based on Eq. 71 and the look-up table of p-values
for the indexed correlation lag value 1+i. If the inequality of
Eq. 72 is true, the processing equipment may qualify the
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correlation lag value of step 11904, while if the inequality is
false, the processing equipment may disqualify the correla-
tion lag value of step 11904. In a further example, the pro-
cessing equipment may determine a p-value for the correla-
tion lag value of step 11904, and compare the p-value with a
threshold. If the p-value exceeds the threshold, the processing
equipment may disqualify the correlation lag value, and if the
p-value does not exceed the threshold, the processing equip-
ment may qualify the correlation lag value.

FIG. 120 is a flow diagram of illustrative steps for qualify-
ing or disqualifying a value that may be indicative of a physi-
ological rate based on a maximum and minimum of a corre-
lation sequence, in accordance with some embodiments of the
present disclosure. The illustrative steps of flow diagram
12000 may be referred to as a “Correlation Max-Min Test.”

Step 12002 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12002 may include recalling data from the memory for fur-
ther processing.

Step 12004 may include processing equipment generating
a correlation sequence based on the physiological data. In
some embodiments, the processing equipment may generate
the correlation sequence by multiplying corresponding val-
ues of two segments of the physiological data at a particular
lag, for a sequence of lag values. Step 12004 may include the
processing equipment normalizing the physiological data of
step 12002. In some embodiments, the processing equipment
may use any suitable signal conditioning technique (e.g.,
de-trending and/or normalization techniques, scaling, shift-
ing, or any other suitable operation) to condition the physi-
ological data before generating the correlation sequence.

Step 12006 may include processing equipment identifying
a correlation lag value of a maximum in the correlation
sequence, corresponding to a peak in the correlation sequence
of step 12004. The identified correlation lag value may be
identified using any of'the illustrative techniques described in
FIGS. 66, 67, 68, and 70. In some embodiments, step 12006
may include generating the threshold. The threshold may be
generated using a predetermined value, a predetermined
function, a value based ona previously calculated rate, a value
based on the current operating Mode, a value based one or
more metrics derived from the physiological data (e.g., de-
trending metrics, noise metrics), using any other suitable
technique, orany combination thereof. The processing equip-
ment may identify threshold crossings by comparing all or
some of the correlation output to the threshold. The process-
ing equipment may use any suitable peak finding techniques
to identify the peak such as, for example, identifying a maxi-
mum, identifying an upstroke (i.e., positive slope) and down-
stroke (i.e., negative slope), applying a threshold, comparing
one or more peaks to identify a particular peak (e.g., a largest
peak, a peak occurring first in terms of lag), any other suitable
peak finding technique, or any combination thereof. The pro-
cessing equipment may identify the correlation lag value of
the maximum value, lag values associated with the peak, or a
combination thereof.
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Step 12008 may include processing equipment identifying
a relatively lesser lag value of a minimum in the correlation
sequence, corresponding to a trough in the correlation
sequence of step 12004. In some embodiments, the minimum
corresponds to the nearest adjacent trough having a relatively
lesser lag value than the peak. For example, referencing plot
6500 of FIG. 65, the processing equipment may identify the
maximum associated with the peak located at a lag value of
approximately 70 in units of sample point, and identify the
minimum associated with the trough at a lag value of approxi-
mately 35 in units of sample point. In some embodiments, the
processing equipment may only identify a lesser lag value at
least a particular number of samples from the maximum
value. For example, the processing equipment may only con-
sider lesser lag values at least 10 samples before the lag value
corresponding to the maximum. In a further example, the
particular number of samples may be a function of a calcu-
lated physiological rate or a calculated correlation lag value
(e.g., atlarger calculated correlation lag values, the number of
samples between the min and max may be larger).

Step 12010 may include processing equipment qualifying
or disqualifying the correlation lag value of step 12006, based
on the maximum and minimum of steps 12006 and 12008,
respectively. In some embodiments, the processing equip-
ment may determine a difference between the maximum cor-
relation value of step 12006 and the minimum correlation
value from step 12008 in order to determine whether to
qualify the correlation lag value. For example, the processing
equipment may determine the difference between a maxi-
mum correlation value and a minimum correlation value, and
compare the difference to a threshold. If the difference is
above the threshold, the processing equipment may qualify
the correlation lag value associated with the maximum. If the
normalized difference is below the threshold, the processing
equipment may disqualify the correlation lag value associ-
ated with the maximum.

FIG. 121 is a flow diagram 12100 of illustrative steps for
adjusting a qualification or disqualification criterion based on
noise, in accordance with some embodiments of the present
disclosure.

Step 12102 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12102 may include recalling data from the memory for fur-
ther processing.

Step 12104 may include the processing equipment receiv-
ing a calculated value indicative of a potential physiological
rate of the subject. For example, the calculated value may be
based on a correlation lag value, a rate corresponding to the
correlation lag value, or any other calculated value indicative
of a physiological rate of the subject. In some embodiments,
step 12104 may include recalling the calculated value from
memory for further processing.

Step 12106 may include processing equipment determin-
ing a value indicative of noise (e.g., a noise metric) using any
of the techniques disclosed herein, or any combination
thereof. For example, the processing equipment may deter-
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mine a metric value using any of the techniques discussed in
the context of FIGS. 11-41. In some embodiments, the pro-
cessing equipment may determine multiple noise metric val-
ues, and then select a single value, generate a combined value
using a suitable technique (e.g., an average, a weighted aver-
age, a product, or some other combination), determine a noise
metric based on a lookup table using one or more noise
metrics as an input, perform any other suitable calculation of
a noise metric, or any combination thereof.

Step 12108 may include processing equipment adjusting at
least one qualification criterion based on the value indicative
of noise of step 12106. Adjusting the at least one criterion
may include, for example, adjusting a threshold used in a
qualification test, adjusting a metric calculated in a qualifica-
tion test, adjusting a setting of a qualification test, adjusting
which qualification test or combination of tests are used, or
any combination thereof. For example, in some embodi-
ments, the processing equipment may loosen one or more
thresholds to lessen the probability of disqualification under
relatively noisy conditions. Further, in some embodiments,
the processing equipment may tighten one or more thresholds
to increase the probability of disqualification under relatively
less noisy conditions. Accordingly, when physiological data
exhibits less noise, the processing equipment may apply more
strict qualification tests, or settings of tests, to increase the
confidence in qualified values.

Step 12110 may include processing equipment qualifying
or disqualifying the calculated value of step 12104, based on
the adjusted qualification criterion of step 12108. In some
embodiments, the processing equipment may apply the
adjusted qualification criterion to the physiological data to
determine whether to qualify or disqualify the calculated
value.

FIG. 122 is a flow diagram 12200 of illustrative steps for
adjusting a qualification or disqualification criterion based on
a value indicative of a physiological rate, in accordance with
some embodiments of the present disclosure.

Step 12202 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12202 may include recalling data from the memory for fur-
ther processing.

Step 12204 may include the processing equipment receiv-
ing a calculated value indicative of a potential physiological
rate of the subject. For example, the calculated value may be
based on a correlation lag value, a rate corresponding to the
correlation lag value, or any other calculated value indicative
of a physiological rate of the subject. In some embodiments,
step 12204 may include recalling the calculated value from
memory for further processing.

Step 12206 may include processing equipment adjusting at
least one qualification criterion based on the value indicative
of a physiological rate of step 12206. Adjusting the at least
one criterion may include, for example, adjusting a threshold
used in a qualification test, adjusting a metric calculated in a
qualification test, adjusting a setting of a qualification test,
adjusting which qualification test or combination of tests are
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used, or any combination thereof. In some embodiments, for
example, the processing equipment may determine not to
perform qualification tests that are directed to identifying a
lock on a double rate when the calculated rate is lower than a
predetermined value. For example, at calculated rates of 50
BPM or less, the processing equipment may refrain from
perform qualifications tests that indicate a double rate lock
condition. In a further example, when the rate is relatively low
(e.g., 40 BPM or less), the processing equipment may per-
form qualification tests that indicate whether the rate algo-
rithm is tracking low frequency noise.

Step 12208 may include processing equipment qualifying
or disqualifying the calculated value of step 12204, based on
the adjusted qualification criterion of step 12208. In some
embodiments, the processing equipment may apply the
adjusted qualification criterion to the physiological data to
determine whether to qualify or disqualify the calculated
value.

FIG. 123 A is a flow diagram 12300 of illustrative steps for
combining qualification tests, in accordance with some
embodiments of the present disclosure.

Step 12302 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12302 may include recalling data from the memory for fur-
ther processing. Step 12302 may include processing equip-
ment receiving qualification information such as a calculated
correlation lag value, a calculated rate, any suitable algorithm
settings used for qualification, any other suitable information,
or any combination thereof.

Steps 12304, 12306, and 12308 may include processing
equipment performing a first qualification test, a second
qualification test, through an N* qualification test, respec-
tively to qualify or disqualify a calculated correlation lag
value based on the physiological data and the qualification
information. Any suitable number of qualification tests may
be performed, for example, using any of the illustrative Quali-
fication Techniques discussed in the context of FIGS. 86-122.
The qualification tests may be performed in parallel, in series,
or a combination thereof.

Step 12310 may include processing equipment qualifying
or disqualifying the correlation lag value based on the quali-
fication tests of steps 12304, 12306, and 12308. In some
embodiments, the processing equipment may average, sum,
or otherwise combine one or more qualification metrics from
the qualification tests. In some embodiments, the processing
equipment may qualify the correlation lag value if all of the
qualification tests are passed. In some embodiments, the pro-
cessing equipment may qualify the correlation lag value if at
least a particular percentage of the qualification tests are
passed. For example, referencing flow diagram 12300, the
processing equipment may sequentially apply qualification
tests and disqualify the correlation lag value when a qualifi-
cation test fails. In a further example, the processing equip-
ment may pass the results of the qualification tests to a neural
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network calculation, to determine one or more output values
(e.g., qualification pass or fail), as described below in the
context of FIG. 123B.

FIG. 123B is a block diagram of an illustrative neural
network 12350 that may receive a combination of inputs, in
accordance with some embodiments of the present disclo-
sure. Neural network 12350 is an interconnected group of
nodes graphically representing a calculation technique. In
some embodiments, neural network 12350 may be trained
using a set of training data to determine coefficients or other
parameters, and then apply the coefficient or other parameters
to current physiological data. In some embodiments, neural
network 12350 may be adaptive, where the coefficients or
other parameters are updated (e.g., neural network learning)
as new physiological data is analyzed. For example, in some
circumstances an electrocardiographic (EKG) probe may be
used to provide accurate rate information of a subject, and the
processing equipment may further train an adaptive neural
network using recent physiological data and the EKG probe
information. The interconnections between the nodes repre-
sent information flows. For example, the processing equip-
ment may perform one or more qualification tests, using the
same physiological data, as described in flow diagram 12300
of FIG. 123 A. The results of each, such as a metric value (e.g,,
a number) or pass/fail value (e.g., zero or one, “pass” or
“fail”), for example. may be used as inputs to input nodes
12352, 12354, and 12356 test (e.g., N input nodes where N is
any suitable integer greater than or equal to two) of neural
network 12350. In some embodiments, one or more metrics,
such as those described in the context of FIGS. 11-41, may
also be used as an input. In some embodiments, a calculated
correlation lag value may also be used as an input. The input
values (e.g., metric values or pass/fail values) may be passed
to hidden nodes 12362, 12364, and 12366 (e.g., M hidden
nodes where M is any suitable integer greater than or equal to
two) of neural network 12350. The processing equipment
may perform calculations at hidden nodes 12362, 12364, and
12366 on the input values from input nodes 12352, 12354,
and 12356, using predetermined functions or other predeter-
mined calculations. The outputs from hidden nodes 12362,
12364, and 12366 may be passed to output node 12372. The
processing equipment may perform calculations at output
node 12372 on the outputs from hidden nodes 12362, 12364,
and 12366, using predetermined functions or other predeter-
mined calculations. Output node 12372 may output informa-
tion that may be used to qualify or disqualify a value that may
be indicative of a physiological rate. For example, the output
information may be a number (e.g., a number between 0 and
1, where a number greater than or equal to 0.5 may cause the
value to be qualified), a text string such as “pass” or “fail,” or
both. In some embodiments, the number between 0 and 1 may
be indicative of the probability or confidence that the value
correctly indicates the physiological rate. For example, a low
number may indicate low confidence and a high number may
indicate high confidence. The processing equipment may
qualify or disqualify a value, such as a correlation lag value,
based on the output information of neural network 12350. For
example, the processing equipment may compare the number
to athreshold to determine whether or not to qualify the value

FIG. 124 is a flow diagram 12400 of illustrative steps for
combining qualification tests, in accordance with some
embodiments of the present disclosure.

Step 12402 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
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input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12402 may include recalling data from the memory for fur-
ther processing. Step 12402 may include processing equip-
ment receiving qualification information such as a calculated
correlation lag value, a calculated rate, any suitable algorithm
settings used for qualification, any other suitable information,
or any combination thereof.

Steps 12404, 12406, and 12408 may include processing
equipment performing a first qualification test, a second
qualification test, through an N” qualification test, in
sequence to qualify or disqualify a calculated correlation lag
value based on the physiological data and the qualification
information. Any suitable number of qualification tests may
be performed, for example, using any of the illustrative Quali-
fication Techniques discussed in the context of FIGS. 86-122.
The qualification tests may be performed in series, for
example, and if a disqualification occurs at any qualification
test, the processing equipment may skip any remaining quali-
fication tests and proceed to disqualification at step 12410.

Step 12410 may include processing equipment qualifying
or disqualifying the correlation lag value based on the quali-
fication tests of steps 12404, 12406, and 12408. In some
embodiments, the processing equipment may qualify the cor-
relation lag value if all of the qualification tests are passed.
For example, referencing flow diagram 12400, the processing
equipment may sequentially apply qualification tests and dis-
qualify the correlation lag value when a qualification test
fails.

In some embodiments, the illustrative steps of flow dia-
grams 12500 and 12600 of FIGS. 125 and 126, respectively,
may be performed to qualify or disqualify one or more cor-
relation lag values based on a cross-correlation calculation
using a cross-correlation template. In some embodiments, the
illustrative analyses of flow diagrams 12500 and 12600 of
FIGS. 125 and 126, respectively, may be performed to
increase confidence in a qualified rate. In some embodiments,
flow diagrams 12500 and 12600 of FIGS. 125 and 126,
respectively, may use a combination of any or all of the
previously discussed qualification techniques. For example,
the steps of flow diagrams 12500 and 12600 of FIGS. 125 and
126 may be performed to further investigate whether corre-
lation lag values correspond to a physiological rate of interest
(e.g., pulse rate) by using multiple types of templates, mul-
tiple lengths of templates, or both.

FIG. 125 is a flow diagram 12500 of illustrative steps for
analyzing qualification metrics based on scaled templates of
different lengths, in accordance with some embodiments of
the present disclosure. In some embodiments, performance of
the illustrative steps of flow diagram 12500 may provide an
evaluation of the qualification, or disqualification, of a corre-
lation lag value. The illustrative steps of flow diagram 12500
may be referred to as “Qualification Analysis.”

Step 12502 may include processing equipment receiving a
correlation lag value, any other suitable qualification infor-
mation, or any combination thereof. In some embodiments,
step 12502 may include recalling the stored correlation lag
value from suitable memory. In some embodiments, a single
processor, module, or system may calculate, store, or both,
the correlation lag value and perform steps 12504-12508, and
accordingly, step 12502 need not be performed.
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Step 12504 may include the processing equipment com-
puting one or more qualification metrics based on a template
scaled to a first length. In some embodiments, the scaled
template may be used to generate a cross-correlation signal
(e.g., using any suitable steps of flow diagram 8600 of FIG.
86), which may be analyzed according to any of the Qualifi-
cation Techniques. In some embodiments, step 12504 may
include performing a Symmetry Test, performing a Radius
Test, performing an Angle Test, performing an Area Test,
performing an Area Similarity Test, performing a Statistical
Property Test, performing a High Frequency Residual Test,
performing any other suitable test, performing any portions
thereof, or any combination thereof. For example, a qualifi-
cation metric may include a variability metric (e.g., calcu-
lated using Eq. 47 or 48), a radius value (e.g., calculated using
Eq. 49), and angle sum value (e.g., calculated using Eq. 55),
an area of a segment, a statistical property, any other suitable
metric, any metric derived thereof, or any combination
thereof.

Step 12506 may include the processing equipment com-
puting one or more qualification metrics based on a template
scaled to a particular length different than the length of step
12504. In some embodiments, step 12506 may include per-
forming a Symmetry Test, performing a Radius Test, per-
forming an Angle Test, performing an Area Test, performing
an Area Similarity Test, performing a Statistical Property
Test, performing a High Frequency Residual Test, performing
any other suitable test, performing any portions thereof, or
any combination thereof. Step 12506 may be performed any
suitable number of times with templates of different lengths,
as indicated by the ellipsis of flow diagram 12500.

In some embodiments, using templates scaled to different
lengths at steps 12504-12506 may aid in determining whether
the correlation lag value is the true physiological rate. In some
embodiments, atemplate may be scaled to a first length, based
on the correlation lag value or associated period (e.g., scaled
to one half, one third, or double the rate). In some embodi-
ments, the scaling used may be based on the correlation lag
value. Ina further example, a template may be scaled based on
expected noise and physiological ranges. For example, if the
calculated rate is 50 BPM, a template need not be scaled to the
half-rate because 25 BPM is an unlikely physiological pulse
rate. For relatively lower rates, templates scaled to higher
rates may be used to determine if the correlation lag value is
indicative of low-frequency noise. In a further example, for
higher rates (e.g., 90 BPM and above) a template may be
scaled to one half, one third, or other fraction of the calculated
rate to determine if the correlation lag value corresponds to a
harmonic of the physiological rate.

Step 12508 may include the processing equipment analyz-
ing the qualification metrics of steps 12504 and 12506 to
determine whether to qualify or disqualify the correlation lag
value of step 12502. For example, the Angle Test may give a
calculated angle sum of about 700° when a template is scaled
to the calculated rate. If the Angle Test gives a calculated
angle sum of about 360° when a template is scaled to one half
of the period corresponding to the calculated rate, then the
processing equipment may determine that there is a half-rate
condition, and accordingly may qualify the half-rate and/or
disqualify the correlation lag value. In a further example, two
templates of the same length may be used at steps 12504 and
12506, one having a dicrotic notch and the other having no
dicrotic notch. If the processing equipment qualifies at least
one of the two templates, then correlation lag value may be
qualified.

FIG. 126 is a flow diagram 12600 of illustrative steps for
selecting one or more templates, and analyzing qualification
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metrics based on scaled templates, in accordance with some
embodiments of the present disclosure. In some embodi-
ments, performance of the illustrative steps of flow diagram
12600 may provide an evaluation of the qualification, or
disqualification, of one or more correlation lag values.

Step 12602 may include processing equipment receiving a
correlation lag value, any other suitable qualification infor-
mation, or any combination thereof. In some embodiments,
step 12602 may include recalling the stored correlation lag
value from suitable memory. In some embodiments, a single
processor, module, or system may calculate, store, or both,
the correlation lag value and perform steps 12604-12610, and
accordingly, step 12602 need not be performed.

Step 12604 may include the processing equipment select-
ing one or more templates based on the qualification infor-
mation of step 12602. In some embodiments, a variety of
template shapes may be available to the processing equip-
ment (e.g., stored in suitable memory accessible to the pro-
cessing equipment). For example, some templates may
exhibit a dicrotic notch while others do not exhibit a dicrotic
notch. In a further example, some templates may exhibit
symmetric peaks, while others do not exhibit symmetric
peaks. In some embodiments, the template type may depend
on a representative rate or period, which may be associated
with a correlation lag value. For example, in some embodi-
ments, the processing equipment may select the one or more
templates depending on the value of period P. For example, at
relatively lower values of period P, a relatively more sym-
metrical template, without a dicrotic notch, may be selected.
In some embodiments, a predefined number of templates may
be used (e.g., all templates are always used), and accordingly,
the selection of step 12604 need not be performed.

Step 12606 may include the processing equipment scaling
a first template, of the one or more templates of step 12604,
and calculating one or more qualification metrics based on the
scaled first template. In some embodiments, the scaled first
template may be used to generate a cross-correlation signal
(e.g., using any suitable steps of flow diagram 8600 of FIG.
86), which may be analyzed according to any of the Qualifi-
cation Techniques. In some embodiments, step 12606 may
include performing a Symmetry Test, performing a Radius
Test, performing an Angle Test, performing an Area Test,
performing an Area Similarity Test, performing a Statistical
Property Test, performing a High Frequency Residual Test,
performing any other suitable test, performing any portions
thereof, or any combination thereof.

Step 12608 may include the processing equipment scaling
asecond template, of the one or more templates of step 12604,
and calculating one or more qualification metrics based on the
scaled second template. In some embodiments, the scaled
second template may be used to generate a cross-correlation
signal (e.g., using any suitable steps of flow diagram 8600 of
FIG. 86), which may be analyzed according to any of the
Qualification Techniques. In some embodiments, step 12608
may include performing a Symmetry Test, performing a
Radius Test, performing an Angle Test, performing an Area
Test, performing an Area Similarity Test, performing a Sta-
tistical Property Test, performing a High Frequency Residual
Test, performing any other suitable test, performing any por-
tions thereof, or any combination thereof. Step 12608 may be
performed any suitable number of times with different tem-
plate shapes, as indicated by the ellipsis of flow diagram
12600.

Step 12610 may include the processing equipment analyz-
ing the quantification metrics of steps 12606 and 12608 to
determine whether to qualify or disqualify a correlation lag
value. The use of templates having different shapes may allow
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for more confidence in the results of a qualification. For
example, if a calculated rate is 120 BPM or higher, then a
symmetric template may be used. Further, if the calculated
rateis below 120 BPM, then four templates may be used (e.g.,
symmetric and asymmetric, both with and without a dicrotic
notch) to determine which template provides the best results
during qualification.

In some embodiments, any or all of the illustrative steps of
flow diagrams 12500 and 12600 of FIGS. 125 and 126 may be
suitably combined. The illustrative steps of flow diagrams
12500 and 12600 may be performed sequentially, simulta-
neously, alternately, or any other suitable combination. In
some embodiments, variation in both the length and shape of
a template may be used to aid in qualifying or disqualifying a
correlation lag value. In some embodiments, the shape of a
template may depend on the length of the template. For
example, templates of shorter length (i.e., shorter period),
may exhibit more symmetry than templates of longer length.
In some embodiments, a set of templates may be used, which
each may have a particular length and shape. For example, a
coarse set of templates (e.g., spanning a relatively large range
of lengths, shapes, or both) may be used initially to determine
aregion of interest among the lengths and shapes (e.g., which
templates provide the best result). A more refined set of tem-
plates, selected based on the region of interest, may then be
used to calculate the rate with more accuracy, confidence, or
both.

In some embodiments, the processing equipment may use
data interpolation to implement any of the Qualification Tech-
niques disclosed herein (e.g., discussed in the context of
FIGS. 86-126). At higher physiological rates, a single period
of physiological data (e.g., a segment of data having a size
equal to a correlation lag value corresponding to an identified
peak) may include relatively less data points. For example, at
aphysiological rate of 240 BPM, the associated period is 0.25
seconds. For a sample rate of 57 Hz, this corresponds to about
14 sample points, which may be coarser than desired for
analysis. In some such circumstances, the processing equip-
ment may interpolate the data to generate additional data
points in between the sampled data points. The interpolation
may be linear, spline, or any other suitable interpolation tech-
nique. The interpolated data may include an increased num-
ber of data points, having a reduced spacing interval. Inter-
polation may, in some instances, aid implementation of one or
more Qualification Techniques. In some embodiments, inter-
polation may be applied during signal conditioning. For
example, interpolation may be applied before or after apply-
ing any of the techniques described in the context of FIGS.
42-61.

It will be understood that the Qualification Techniques
disclosed herein are merely illustrative and any suitable varia-
tions may be implemented in accordance with the present
disclosure. In some embodiments, the Qualification Tech-
niques may be performed on signals other than cross-corre-
lation signals. For example, the Qualification Techniques
may be performed on any suitable physiological signal or any
suitable signal derived thereof, such as a raw intensity signal,
a conditioned intensity signal, and an autocorrelation signal.
In some embodiments, it may be desired that the signal used
in the Qualification Techniques includes a periodic compo-
nent that corresponds to a physiological rate. It will also be
understood that although plots of graphical representations of
data are shown for illustration, the disclosed techniques need
not require plotting data or generating graphical representa-
tions.

It will be understood that the templates used in the Quali-
fication Techniques need not be scaled. In some embodi-
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ments, a library of templates may be stored in memory and
accessible by the processing equipment. For each template,
the library may store a complete range of desired template
lengths (e.g., lengths corresponding to the range of 20-300
BPM, with a resolution of 1 BPM). Therefore, instead of
scaling a template, the processing equipment may select a
template with a desired length from the library. Regardless of
how the template is selected or generated, the template may
be referred to herein as a “reference waveform.”

In some embodiments, the processing equipment may cal-
culate a physiological rate based on a correlation lag value
(e.g., as shown by steps 422 and 424 of flow diagram 400 of
FIG. 4), and manage posting of the calculated rate. For
example, a physiological rate may be calculated by qualifying
a correlation lag value, and determining the rate that has a
period corresponding to the calculated lag value (e.g., for a
calculated correlation lag value of 1 second, the associated
physiological rate would be 60 BPM). The processing equip-
ment may also manage posting when a correlation lag value is
not identified or when a correlation lag value is disqualified.
Posting the rate may include storing the calculated value,
displaying the calculated value to a user, any other suitable
output functions, or any combination thereof. Some aspects
of managing rate calculation and posting are described in the
context of FIGS. 127-128, for example.

FIG. 127 is a flow diagram 12700 of illustrative steps for
managing posting a value indicative of a physiological
parameter, in accordance with some embodiments of the
present disclosure.

Step 12702 may include processing equipment receiving
physiological data from a physiological sensor, memory, any
other suitable source, or any combination thereof. For
example, referring to system 300 of FIG. 3, the processing
equipment may receive a window of physiological data from
input signal generator 310. Sensor 318 of input signal gen-
erator 310 may be coupled to a subject, and may detect
physiological activity such as, for example, RED and/or IR
light attenuation by tissue, using a photodetector. In some
embodiments, physiological signals generated by input sig-
nal generator 310 may be stored in memory (e.g., RAM 54 of
FIG. 2, QSM 72 and/or other suitable memory) after being
pre-processed by pre-processor 320. In such cases, step
12702 may include recalling data from the memory for fur-
ther processing.

Step 12704 may include processing equipment filtering the
physiological data of step 12702 with an adjustable filter to
generate filtered data. The adjustable filter may include one or
more adjustable settings. For example, the filter may be a
bandpass filter having an adjustable center frequency and an
adjustable passband. In a further example, the filter may be
either a lowpass filter or ahighpass filter, having an adjustable
cutoff frequency. In some embodiments, the filter may be
adjusted based on a previously calculated metric of step
12708.

Step 12706 may include processing equipment performing
calculations over time on the filtered data to determine a value
indicative of a physiological parameter, where some of the
calculations are qualified and some calculations are disquali-
fied. For example, the processing equipment may perform a
rate calculation over time based on the physiological data, for
which some rate values may be qualified and posted while
others are disqualified and accordingly not posted.

Step 12708 may include processing equipment determin-
ing a dropout metric based on the physiological data, where
the dropout metric is used to determine whether to output a
value indicative of a physiological parameter when a suffi-
cient value is not determined at step 12706. The metric may
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be based on one or more noise metrics, one or more noise
qualification metrics, calculation history (e.g., the number of
consecutive calculations that did not result in sufficient val-
ues), current algorithm mode, or a combination thereof.

Step 12710 may include processing equipment outputting
a value based on one or more previously calculated values
when a current calculation is disqualified and a criterion is
satisfied. In some embodiments, the processing equipment
may maintain one or more counters. For example, the pro-
cessing equipment may maintain a dropout counter that
counts the number of dropout events (e.g., rate disqualifica-
tions) of the rate algorithm. The processing equipment may
compare the dropout counter value to a predetermined thresh-
old, or an adjustable threshold which may depend on a metric
value (e.g., the metric value determined at step 12708). For
example, the processing equipment may determine a thresh-
old based on the noise metric, and output a calculated rate
value based on one or more previously calculated rate values
based on a comparison of the dropout counter value to the
threshold.

In some embodiments, the processing equipment may
manage rate posting to mitigate disruptions in the posted rate
value due to noise. For example, when the noise level in the
physiological data is relatively high and sufficient values are
not being calculated, the rate algorithm may continue posting
previous values to disregard the noise. However, when the
noise level in the physiological is relatively low, the rate
algorithm may dropout more quickly because the rate algo-
rithm should be able to calculate a rate with higher accuracy.
This behavior by the rate algorithm may be especially useful
when the bandpass filter is filtering at the wrong rate (e.g., the
central frequency is tuned to noise), and it is desirable to drop
out and start posting values again corresponding to the correct
rate. In some embodiments, this behavior may be imple-
mented by using a dropout counter that counts up each time an
insufficient value is calculated (and cleared or decremented
every time a sufficient value is calculated). The counter can,
for example, be compared against a threshold that is based on
the dropout metric. Alternatively, the threshold may be fixed
and the dropout metric may be used to scale or otherwise
modify the dropout counter value.

FIG. 128 is a block diagram 12800 of illustrative modes of
a rate algorithm, in accordance with some embodiments of
the present disclosure. Modes 12802, 12804, 12806, and
12808 may be implemented using hardware modules, soft-
ware modules, modes of a single software algorithm, a single
processing unit, or any combination thereof. In some embodi-
ments, for example, the rate algorithm may implement any of
the techniques described in the context of FIG. 127 as part of
one or more modes.

Mode 12802 is an algorithm initialization mode. Mode
12802 may be performed during, for example, startup whena
rate has not yet been calculated or after the rate algorithm
starts over after failing to calculate a rate. Mode 12802 may
set a de-trend parameter based on a predetermined setting or
a de-trend metric determined based on physiological data.
When the de-trend parameter has been set, the rate algorithm
may transition from mode 12802 to mode 12804.

Mode 12804 is a first rate posting mode of the rate algo-
rithm. Mode 12804 may be performed as long as there is no
unqualified lag value or gain change event. Mode 12804 may
use a broadly set bandpass filter to filter physiological data, or
no bandpass filter. Mode 12804 may calculate rates for quali-
fied lag values, including the first qualified lag value. Mode
12804 may post each of the calculated rates. In some embodi-
ments, each of the calculated rates may be added to a rate filter
to smooth the displayed rate, except for the first rate. If a
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disqualification occurs, or a gain change event occurs, mode
12804 may transition back to mode 12802. After “X” con-
secutive qualified lags, and no gain change event, mode
12804 may transition to mode 12806. “X” may be a fixed
number or it may be adjustable based on one or more criteria
or metrics. The transition to block 12806 may include select-
ing and storing narrowly set bandpass filter coeflicients based
on thelast qualified lag value, posting the rate associated with
the last qualified lag, and clearing the rate filter and any rate
value buffers.

Mode 12806 is a second rate posting mode. Mode 12806
may be performed as long as there is no unqualified lag value,
other than the first calculated value, or gain change event.
Mode 12806 may use a narrowly set bandpass filter to filter
physiological data. Mode 12806 may use a rate filter based on
the qualified lag values. Mode 12806 may calculate rates for
qualified lag values, including the first qualified lag value, and
post the filtered rate. If the first lag value calculated by mode
12806 is disqualified, or if a gain change event occurs, mode
12806 may transition to mode 12802 to reinitialize. If a dis-
qualification occurs after the first rate calculation of mode
12806, or a gain change event occurs, mode 12804 may
transition to mode 12808 and post the previously posted rate.
In some embodiments, the previous rate information may be
retained when the rate algorithm transitions from mode
12804 to mode 12806. If the rate information is retained, the
rate algorithm need not reinitialize when the first lag value is
disqualified in mode 12806. Instead, the rate algorithm may
transition to mode 12808 and post the previously posted rate.

Mode 12808 is a third rate posting mode. Mode 12808 may
be performed until a lag value is qualified, and no gain change
event occurs. Mode 12808 may use a narrowly set bandpass
filter to filter physiological data. Mode 12808 may hold the
rate filter based on the settings and values from mode 12806.
Mode 12808 attempts to identify and qualify lag values, but
posts the last rate from mode 12806, until a new lag value is
identified and qualified. If “Y” consecutive lag values are
disqualified by mode 12808, mode 12808 may transition to
mode 12802 to reinitialize. “Y”” may be a fixed number or it
may be adjustable based on one or more criteria or metrics.
The transition back to block 12802 may include posting the
previously posted rate, clearing the rate filter, clearing any
rate value buffers, and clearing the current de-trend param-
eter. If alag value calculated by mode 12808 is qualified, and
no gain change eventoccurs, mode 12808 may transition back
to mode 12806. The transition back to mode 12806 may
include adding the rate associated with the qualified lag value
to the rate filter, and posting the rate associated with the
qualified lag value.

FIG. 129 is a flow diagram 12900 of illustrative steps for
calculating and posting a physiological rate, in accordance
with some embodiments of the present disclosure.

Step 12902 may include processing equipment initializing
the rate algorithm. Initialization may include initializing the
buffer (e.g., padding the buffer with initialization values),
setting a Dropout Status Flag to “True,” any other suitable
processing functions, or any combination thereof. In some
embodiments, the processing equipment may implement any
of the illustrative techniques of step 402 of flow diagram 400
of FIG. 4, the illustrative techniques of flow diagram 500 of
FIG. 5, the illustrative techniques of flow diagram 900 of FIG.
9, or any combination thereof.

After initialization at step 12902, the rate algorithm may
perform “per sample processing” at steps 12904-12912, to fill
the buffer with data samples from a physiological signal. Step
12904 may include processing equipment adding a current
data sample to the buffer. Step 12906 may include determin-
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ing whether a gain change event, pulse lost, or sensor off
event, has occurred based on status flags 12908. If an event
has occurred, the processing equipment may manage the
event at step 12910. For example, managing the event may
include holding a current state of the buffer, and not adding
new data until the event has passes. In a further example,
managing the event may include stopping the rate algorithm,
and restarting when a sensor off event has ended. In a further
example, managing the event may include performing any of
the illustrative steps of flow diagram 800 of F1G. 8. Ifno event
has occurred, the processing equipment may determine
whether one second has passed since initialization or the last
rate calculation. If one second has not passed, as determined
atstep 12912, the processing equipment may continue adding
data samples to the buffer until a second has passed. If one
second has passed, as determined at step 12912, the process-
ing equipment may transition to “per second processing” at
steps 12914-12938. It will be understood that the one second
check in step 12912 is merely illustrative and any suitable
calculation interval may be used.

Step 12914 may include processing equipment performing
a first pre-processing of the physiological data (e.g., see FIG.
131 for further details). The first pre-processing may include
de-trending, smoothing, any other suitable signal condition-
ing, or any combination thereof. For example, any of the
illustrative techniques described in the context of FIGS.
42-61 may be used at step 12914.

Step 12916 may include processing equipment determin-
ing whether a Mode Status Flag value has changed, a Dropout
Status Flag value has changed, orboth. If either status flag has
avalue of “True,” the processing equipment may clear the rate
filter and databuffer at step 12928. The processing equipment
may then determine de-trending settings at step 12930 (e.g.,
see F1G. 130 for further details), and set switches based on
switch setting flags at step 12932, before proceeding to step
12920. If neither status flag has a value of “True,” the pro-
cessing equipment may maintain the previous switch settings
at step 12918.

Step 12920 may include processing equipment performing
a second pre-processing of the physiological data (e.g., see
FIG. 132 for further details). The second pre-processing may
include de-trending, applying a derivative limiter, applying a
bandpass filter, performing mean subtraction, applying an
FIR filter, any other suitable signal conditioning, or any com-
bination thereof. For example, any of the illustrative tech-
niques described in the context of FIGS. 42-61 may be used at
step 12920.

Step 12922 may include processing equipment calculating
a regression correlation using the pre-processed window of
data of the buffer. The processing equipment may determine
acorrelation sequence at step 12922. Step 12924 may include
the processing equipment determining a correlation lag value
corresponding to a peak or maximum in the correlation
sequence of step 12922. The processing equipment may, for
example, apply any of the illustrative techniques described in
the context of FIGS. 62-85, to calculate the regression corre-
lation and determine the correlation lag value.

Step 12926 may include processing equipment applying
one or more Qualification Techniques (e.g., see FIG. 133 for
further details) to the correlation lag value of step 12924. The
processing equipment may determine whether the one or
more qualification tests are passed (e.g., the correlation lag
value is qualified) at step 12934. If the correlation lag value is
disqualified, the processing equipment may manage rate
posting and prepare for the next iteration of the rate algorithm
at step 12938 (e.g., see F1G. 134 for further details). If the
correlation lag value is qualified, the processing equipment
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may calculate the instantaneous rate, manage posting, and
prepare for the next iteration of the rate algorithm at step
12936 (e.g., see FIG. 135 for further details). The processing
equipment may then continue to add data samples to the
buffer and repeat per sample processing and per second pro-
cessing as appropriate.

FIG. 130 is a flow diagram of illustrative steps for deter-
mining de-trending settings and qualification settings, corre-
sponding to step 12930 of flow diagram 12900 of FIG. 129, in
accordance with some embodiments of the present disclo-
sure. Step 13002 may include processing equipment deter-
mining whether a Dropout Status Flag value is “True.” If the
Dropout Status Flag value is not “True,” the processing equip-
ment may proceed to step 12932 of flow diagram 12900 of
FIG. 129. If the Dropout Status Flag value is “True,” the
processing equipment may calculate a de-trend metric at step
13004 based on one or more noise metrics 13006 (e.g., which
may be calculated in a separate module). If the de-trend
metric is greater than a predetermined value “X,” as deter-
mined at step 13008, the processing equipment may set the
De-trend Status Flag to “High,” while if the de-trend metric
less than “X,” the processing equipment may set the De-trend
Status Flag to “Low,” as shown respectively by steps 13012
and 13010. Step 13014 may include the processing equip-
ment setting the Dropout Status Flag to “False,” setting the
Mode Status Flag to “Mode 1,” and setting a qualification
threshold to “setting 17 (e.g., see FIG. 133 for further details).
Step 13016 may include the processing equipment setting a
Rate History counter to zero. The processing equipment may
proceed to step 12932 of flow diagram 12900 of FIG. 129.

FIG. 131 is a flow diagram 13100 of illustrative steps for
pre-processing physiological data, corresponding to step
12914 of flow diagram 12900 of FIG. 129, in accordance with
some embodiments of the present disclosure. Step 3102 may
include processing equipment applying quadratic and cubic
de-trending to the physiological data as described, for
example, in flow diagram 4300 of FIG. 43. Step 13104 may
include the processing equipment applying a normalization
technique to the pre-processed data from step 13102 such as,
for examiple, that described in flow diagram 5600 of FIG. 56.

FIG. 132 is a flow diagram 13200 of illustrative steps for
further pre-processing physiological data, corresponding to
step 12920 of flow diagram 12900 of FIG. 129, in accordance
with some embodiments of the present disclosure. Step 13202
may include processing equipment applying a derivative lim-
iterto the physiological data from step 12918 of flow diagram
12900 of FIG. 129. The processing equipment may apply the
derivative limiter using, for example, any of the illustrative
techniques discussed in the context of FIGS. 50-55. Step
13204 may include processing equipment applying quadratic
and cubic de-trending to the derivative limited physiological
data as described, for example, in flow diagram 4300 of FIG.
43. Step 13206 may include processing equipment applying a
broadly-set bandpass filter to the physiological data from step
13204. The bandpass filter may be set to pass the expected
frequency range of physiological rates. Step 13208 may
include the processing equipment applying a normalization
technique to the bandpass filtered data from step 13206 such
as, for example, that described in flow diagram 5600 of FIG.
56. Step 13210 may include the processing equipment apply-
ing a normalization technique to the data from step 13208
such as, for example, that described in flow diagram 5800 of
FIG. 58. Step 13212 may include the processing equipment
applying a normalization technique to the data from step
13210 such as, for example, that described in flow diagram
5600 of FIG. 56. The three normalization techniques applied
at steps 13208, 13210, and 13212 may aid in further process-
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ing of the data by reducing baseline shifts and amplitude
variations in the physiological data. The processing equip-
ment may apply a filter switch at step 13214, in which “setting
a” corresponds to no bandpass filter application, and “setting
b” corresponds to application of a bandpass filter and mean
subtraction. The bandpass filter may have one or more filter
coefficients 13218, which may be based on a calculated rate,
anoise metric, an operating mode, any other criterion, or any
combination thereof. Whether the tracking bandpass filter is
applied or not, the processing equipment may then proceed to
step 13220, and clear the tracking bandpass filter coefficients
from memory (e.g., future filter coefficients may be deter-
mined on subsequent calculated rates). The processing equip-
ment may apply a de-trending switch at step 13222, in which
“setting a” corresponds to a De-trend Status Flag value of
“Low,” and “setting b” corresponds to a De-trend Status Flag
value of “High.” If the processing equipment selects setting b
at step 13222, the processing equipment may then proceed to
step 13224. Step 13224 may include the processing equip-
ment applying a FIR filter such as that described in flow
diagram 6000 of FIG. 60 (e.g., using a weighted sum of the
physiological data and a difference signal derived thereof),
and also applying a mean subtraction. The processing equip-
ment may then proceed to step 12922 of flow diagram 12900
of FIG. 129.

FIG. 133 is a flow diagram 13300 of illustrative steps for
qualifying or disqualifying a correlation lag value, corre-
sponding to step 12926 of flow diagram 12900 of FIG. 129, in
accordance with some embodiments of the present disclo-
sure. Step 13302 may include processing equipment deter-
mining whether a correlation lag value was identified at step
12924 of flow diagram 12900 of FIG. 129. If no correlation
lag value was identified, the processing equipment may detet-
mine that qualification has failed at step 13330. If a correla-
tion lag value was identified, the processing equipment may
proceed to step 13304 and determine one or more lag metrics.
Step 13306 may include the processing equipment calculat-
ing a dropout limit using, for example, a single equation, one
or more lag metrics, one or more noise metrics, a correlation
lag value, any other suitable information, or any combination
thereof. In some embodiments, the lag metrics and drop out
limit may be determined by processing one or more versions
of the processed data. For example, the processed data can be
the data at the end of preprocessing stage 1, before the first
switch in preprocessing stage 2, at the end of stage 2, at any
other intermediate stage or after any other suitable prepro-
cessing. In some embodiments, the processing equipment
may determine different metrics using different processed
data. The processing equipment may apply a qualification
switch at step 13308, in which “setting a” corresponds to a
first qualification threshold, “setting b” corresponds to a sec-
ond qualification threshold, through “setting ¢’ which corre-
sponds to a third qualification threshold, although any suit-
able number of settings may be used. For “setting a,” the
processing equipment may perform a sequence of qualifica-
tion tests at steps 13310, 13312, through 13314. If any of the
qualifications tests for “setting a” fail, the processing equip-
ment may determine that qualification has failed at step
13330. For “setting b,” the processing equipment may per-
form a sequence of qualification tests at steps 13316, 13318,
through 13320. Ifany of the qualifications tests for “setting b”
fail, the processing equipment may determine that qualifica-
tion has failed at step 13330. For “setting c,” the processing
equipment may perform a sequence of qualification tests at
steps 133122, 13324, through 13326. If any of the qualifica-
tions tests for “setting ¢” fail, the processing equipment may
determine that qualification has failed at step 13330. For any
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setting, if each qualification test is passed, the processing
equipment may determine that qualification has passed at step
13328. Steps 13310-13326 may include any suitable Quali-
fication Techniques, having any suitable qualification set-
tings. The processing equipment may proceed to step 12934
of flow diagram 12900 of FIG. 129 when the qualification
tests are complete. The techniques of flow diagram 13300 are
merely illustrative, and any single qualification test, or com-
bination of qualification tests, may be applied using a calcu-
lated correlation lag value. In some embodiments, different
qualification tests may be performed for each switch setting.
For example, in some embodiments, one or more qualifica-
tion tests may be run in parallel, series, or a combination
thereof. In a further example, one or more neural network
techniques, based on one or more metric values or other
qualification results, may be used.

FIG. 134 is a flow diagram 13400 of illustrative steps for
managing algorithm settings when a correlation lag value is
disqualified, corresponding to step 12938 of flow diagram
12900 of FIG. 129, in accordance with some embodiments of
the present disclosure. The processing equipment may deter-
mine which Mode the rate algorithm is operating in (e.g., the
Mode Status Flag value) at steps 13402 and 13408. If the rate
algorithm is operating in Mode 1, the processing equipment
does not post a rate value, as shown by step 13404. The
processing equipment may then set the Dropout Status Flag to
“True” at step 13406. If the rate algorithm is operating in
either of Modes 2 or 3, the processing equipment may deter-
mine whether the rate history (e.g., the iteration value with 1
being the first calculated rate in Mode 2, and Y being the first
calculated rate in Mode 3) is either 1 orY, which may indicate
that the current rate is the first calculated rate in Mode 2 or
Mode 3, respectively. For example, the value Y may be 9
seconds (i.e., 9 iterations for per second processing) in some
implementations. If the rate history is 1 or Y, then the pro-
cessing equipment may proceed to dropout, by not posting the
rate at step 13424, and setting the Dropout Status Flag to
“True” at step 13426. If the rate history is not 1 or Y, the
processing equipment may compare a dropout counter to a
dropout limit at step 13412. Ifthe dropout counter exceeds the
dropout limit, the processing equipment may proceed to drop-
out, by posting the previous rate at step 13420, and setting the
Dropout Status Flag to “True” at step 13422. If the dropout
counter does not exceed the dropout limit, the processing
equipment may proceed to age and hold, by posting the pre-
vious rate at step 13414, incrementing the dropout counter
(e.g., to indicate the qualification failure) at step 13416, and
incrementing the rate history counter at step 13418. The pro-
cessing equipment may proceed to per sample processing
after completing the relevant illustrative steps of flow dia-
gram 12900 of FIG. 129.

FIG. 135 is a flow diagram 13500 of illustrative steps for
managing algorithm settings when a correlation lag value is
qualified, corresponding to step 12936 of flow diagram 12900
of FIG. 129, in accordance with some embodiments of the
present disclosure. Step 13502 may include processing
equipment calculating an instantaneous rate value based on
the qualified correlation lag value. For example, the rate may
be determined as having a period equal to the qualified cor-
relation lag value. Step 13504 may include processing equip-
ment incrementing the rate history counter. The processing
equipment may determine which Mode the rate algorithm is
operating in (e.g., the Mode Status Flag value) at steps 13506,
13516, and 13530. If the rate algorithm is operating in Mode
1, as determined at step 13506, the processing equipment
does not post a new rate value, as shown by step 13508. The
processing equipment may then set the dropout counter value
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to zero at step 13510, clear the dropout counter limit at step
13512, and set the Mode Status Flag value to “Mode 2 and
the qualification threshold to “setting 2 at step 13514. If the
rate algorithm is operating in Mode 2, as determined at step
13516, the processing equipment may filter and post the
calculated rate at step 13518. In some embodiments, the
processing equipment may not add the first calculated rate to
the filter. The processing equipment may then decrement the
dropout counter value by 2, but not below zero, at step 13520.
The processing equipment may determine at step 13522 ifthe
rate history counter is greater than or equal to a value “X.”
which is the rate counter limit to transition to Mode 3. If the
rate history counter is less than “X,” the processing equip-
ment may proceed to per sample processing of flow diagram
12900 of FI1G. 129. If the rate history counter is greater than
or equal to “X;” the processing equipment may clear the
dropout counter limit at step 13524, set the Mode Status Flag
value to “Mode 3” and set the qualification threshold to “set-
ting 3" at step 13526, and select bandpass filter coefficients
based on the posted rate at step 13528 before proceeding to
per sample processing of flow diagram 12900 of FIG. 129. If
the rate algorithm is operating in Mode 3, as determined at
step 13530, the processing equipment may determine if the
rate history counter is equal to a value “Y,” which is the first
rate calculation performed in Mode 3, at step 13532. If the
rate history counter is equal to *Y,” the processing equipment
may post the instantaneous rate but not add the rate to the rate
filter, as shown by step 13534. If the rate history counter is not
equal to “Y,” the processing equipment may filter and post the
calculated rate at step 13536. The processing equipment may
then decrement the dropout counter value by 2, but not below
zero, at step 13538. The processing equipment may then
select bandpass filter coefficients based on the posted rate at
step 13540 before proceeding to per sample processing of
flow diagram 12900 of FIG. 129.

FIG. 136 is a flow diagram 13600 of illustrative steps for
determining a physiological parameter using more than one
algorithm mode in parallel, in accordance with some embodi-
ments of the present disclosure.

Step 13602 may include processing equipment determin-
ing a physiological parameter using rate algorithm Mode 1.
Step 13604 may include processing equipment determining a
physiological parameter using rate algorithm Mode 2. Step
13606 may include processing equipment determining a
physiological parameter using rate algorithm Mode N, which
may be any suitable integer greater than one. Step 13608 may
include determining a physiological parameter for outputting
based on one or more of the rate algorithm Modes 1-N. The
foregoing illustrative embodiments, shown in FIGS. 128-
135, show a sequential transition between Modes over time
based on rate qualifications and algorithm settings. In some
embodiments, one or more Modes of the rate algorithm may
be operated in parallel (e.g., simultaneously or sequentially
on the same physiological data). For example, the rate algo-
rithm may operate in Model for the first iteration, and once a
correlation lag value is qualified, the rate algorithm may
operate in Modes 1 and 2 in parallel. Further, once sufficient
confidence is obtained, Mode 3 operation can beinitiated, and
the rate algorithm may operate in Modes 1, 2, and 3 in paral-
lel. In some embodiments, more than three Modes may be
used. For example, the rate algorithm may operate in two
variations of Mode 3, using both high and low de-trending,
respectively, or other setting variations. In some embodi-
ments, the history of metric values (e.g., noise metrics, de-
trending metrics, qualification metrics, or other metrics) and
physiological parameter values from operation in the differ-
ent Modes may be stored in memory and analyzed to deter-
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mine which physiological parameter value should be output-
ted. For example, operation in a particular Mode using a
tracking bandpass filter may start to track noise in the physi-
ological data rather than the signal component corresponding
to the true physiological rate. By analyzing the physiological
data using multiple Modes (e.g., including Modes that do not
use the tracking bandpass filter), the processing equipment
may determine that the tracking filter mode is likely wrong.
For example, if a calculated noise metric value is low and a
majority of Modes indicate a calculated rate different than the
calculated rate of the tracking bandpass filter Mode, then the
processing equipment may ignore or reset the tracking band-
pass filter Mode.

The foregoing is merely illustrative of the principles of this
disclosure and various modifications may be made by those
skilled in the art without departing from the scope of this
disclosure. The above described embodiments are presented
for purposes of illustration and not of limitation. The present
disclosure also can take many forms other than those explic-
itly described herein. Accordingly, it is emphasized that this
disclosure is not limited to the explicitly disclosed methods,
systems, and apparatuses, but is intended to include variations
to and modifications thereof which are within the spirit of the
following claims.

What is claimed is:

1. A subject monitoring pulse oximetry system for deter-
mining physiological information of a subject, comprising:

a pulse oximetry sensor configured to detect light attenu-

ated by the subject and generate a photoplethysmo-
graphic (PPG) signal based on the detected attenuated
light; and

a pulse oximeter coupled to the pulse oximetry sensor,

wherein the pulse oximeter is configured to:

store a rate algorithm;

generate at least one difference signal based on the PPG
signal;

sort the at least one difference signal in an order based on
the values of the difference signal to generate at least
one sorted difference signal;

analyze the at least one sorted difference signal to deter-
mine at least two values indicative of noise;

determine a value indicative of a signal-to-noise ratio
based on the two or more values indicative of noise;

determine an algorithm setting based on the value
indicative of a signal-to-noise ratio;

apply the algorithm setting to the rate algorithm stored
by the pulse oximeter; and

determine the physiological information of the subject
using the rate algorithm and the PPG signal, wherein
the physiological information comprises pulse rate of
the subject.

2. The system of claim 1, wherein the pulse oximeter is
configured to determine the value indicative of a signal-to-
noise ratio using a reference of associated values indicative of
noise and values indicative of signal-to-noise ratios.

3. The system of claim 1, wherein the pulse oximeter is
further configured to:

analyze the at least one sorted difference signal to deter-

mine three values indicative of noise;

select the maximum value of the three values; and

determine the value indicative of a signal-to-noise ratio

based on the maximum value.

4. The system of claim 1, wherein the pulse oximeter is
further configured to:

determine a best fit line based on the at least one sorted

difference signal;

generate at least one threshold based on the best fit line; and
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determine a number of points of the at least one sorted
difference signal that exceed the at least one threshold,
wherein at least one value of the at least two values
indicative of noise is based on the number of points.

5. The system of claim 1, wherein the pulse oximeter is
farther configured to:

generate at least one second difference signal based on the

PPG signal,
sort the at least one second difference signal in an order
based on the values of the second difference signal to
generate at least one second sorted difference signal;
determine a first best fit line based on the sorted difference
signal;

determine a second best fit line based on the second sorted

difference signal; and

compare the first best fit line and the second best fit line to

determine at least one value of the at least two values
indicative of noise.
6. A pulse oximetry processing module for determining
physiological information of a subject, wherein the pulse
oximetry processing module is configured to:
store a rate algorithm;
receive a photoplethysmographic (PPG) signal from a
pulse oximetry sensor, wherein the pulse oximetry sen-
sor detects light attenuated by the subject and generates
the PPG signal based on the detected attenuated light;

generate at least one difference signal based on the PPG
signal,

sort the at least one difference signal to generate at least one

sorted difference signal;

analyze the at least one sorted difference signal to deter-

mine at least two values indicative of noise;

determine a value indicative of a signal-to-noise ratio

based on the two or more values indicative of noises;
determine an algorithm setting based on the value indica-
tive of a signal-to-noise ratio;

apply the algorithm setting to the rate algorithm stored by

the pulse oximetry processing module; and

determine the physiological information of the subject

using the rate algorithm and the PPG signal, wherein the
physiological information comprises pulse rate of the
subject.

7. The pulse oximetry processing module of claim 6, fur-
ther configured to determine the value indicative of a signal-
to-noiseratio using areference ofassociated values indicative
of noise and values indicative of signal-to-noise ratios.

8. The pulse oximetry processing module of claim 6, fur-
ther configured to:

analyze the at least one sorted difference signal to deter-

mine three values indicative of noise;

select the maximum value of the three values; and

determine the value indicative of a signal-to-noise ratio

based on the maximum value.

9. The pulse oximetry processing module of claim 6, fur-
ther configured to:

determine a best fit line based on the at least one sorted

difference signal;

generate atleast one threshold based on the best fit line; and

determine a number of points of the at least one sorted

difference signal that exceed the at least one threshold,
wherein at least one value of the at least two values
indicative of noise is based on the number of points.

10. The pulse oximetry processing module of claim 6,
further configured to:

generate at least one second difference signal based on the

PPG signal,
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sort the at least one second difference signal in an order
based on the values of the second difference signal to
generate at least one second sorted difference signal;

determine a first best fit line based on the sorted difference
signal,

determine a second best fit line based on the second sorted

difference signal; and

compare the first best fit line and the second best fit line to

determine at least one value of the at least two values
indicative of noise.
11. A method for determining physiological information of
a subject, comprising:
storing, using a pulse oximeter, a rate algorithm;
receiving, using the pulse oximeter, a photoplethysmo-
graphic (PPG) signal derived from a pulse oximetry
sensor output, wherein the pulse oximetry sensor detects
light attenuated by the subject and generates the PPG
signal based on the detected attenuated light;

generating, using the pulse oximeter, at least one difference
signal based on the PPG signal,
sorting, using the pulse oximeter, the at least one difference
signal in an order based on the values of the difference
signal to generate at least one sorted difference signal;

analyzing, using the pulse oximeter, the at least one sorted
difference signal to determine at least two values indica-
tive of noise;

determining, using the pulse oximeter, a value indicative of

a signal-to-noise ratio based on the two or more values
indicative of noise;

determining, using the pulse oximeter, an algorithm setting

based on the value indicative of a signal-to-noise ratio;
applying, using the pulse oximeter, the algorithm setting to
the rate algorithm stored by the pulse oximeter; and
determining, using the pulse oximeter, the physiological
information of the subject using the rate algorithm and
the PPG signal, wherein the physiological information
comprises pulse rate of the subject.

12. The method of claim 11, wherein determining the value
indicative of a signal-to-nois ratio comprises using a refer-
ence of associated values indicative of noise and values
indicative of signal-to-noise ratios.

13. The method of claim 11, wherein analyzing the at least
one sorted difference signal to determine the at least two
values indicative of noise comprises analyzing the at least one
sorted difference signal to determine three values indicative
of noise, wherein determining a value indicative of a signal-
to-noise ratio comprises:

selecting the maximum value of the three values; and

determining the signal to noise ratio based on the maxi-

mum value.

14. The method of claim 11, wherein analyzing the at least
one sorted difference signal to determine the at least two
values indicative of noise comprises:

determining a best fit line based on the at least one sorted

difference signal;

generating at least one threshold based on the best fit line;

and

determining a number of points of the at least one sorted

difference signal that exceed the at least one threshold,
wherein at least one value of the at least two values
indicative of noise is based on the number of points.

15. The method of claim 11, further comprising:

generating at least one second difference signal based on

the PPG signal;

sorting the at least one second difference signal in an order

based on the values of the second difference signal to
generate at least one second sorted difference signal,
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wherein analyzing the at least one sorted difference sig-

nal to determine at least two values indicative of noise

comprises:

determining a first best fit line based on the sorted dif-
ference signal,

determining a second best fit line based on the second
sorted difference signal; and

comparing the first best fit line and the second best fit
line to determine at least one value of the at least two
values indicative of noise.

16. A computer-readable medium for use in determining
physiological information of a subject, the computer-read-
able medium comprising:

computer program instructions recorded thereon for caus-

ing a pulse oximeter storing a rate algorithm to:

receive a photoplethysmographic (PPG) signal derived
from a pulse oximetry sensor output, wherein the
pulse oximetry sensor detects light attenuated by the
subject and generates the PPG signal based on the
detected attenuated light;

generate at least one difference signal based on the PPG
signal;

sort the at least one difference signal in an order based on
the values of the difference signal to generate at least
one sorted difference signal;

analyze the at least one sorted difference signal to deter-
mine at least two values indicative of noise;

determine a value indicative of a signal-to-noise ratio
based on the two or more values indicative of noise;

determine an algorithm setting based on the value
indicative of a signal-to-noise ratio;

apply the algorithm setting to the rate algorithm stored
by the pulse oximeter; and

determine the physiological information of the subject
using the rate algorithm and the PPG signal, wherein
the physiological information comprises pulse rate of
the subject.

17. The computer-readable medium of claim 16, further
comprising computer program instructions recorded thereon
for causing the pulse oximeter to determine the value indica-
tive of a signal-to-noise ratio using a reference of associated
values indicative of noise and values indicative of signal-to-
noise ratios.

18. The computer-readable medium of claim 16, further
comprising computer program instructions recorded thereon
for causing the pulse oximeter to:

analyze the at least one sorted difference signal to deter-

mine three values indicative of noise;

select the maximum value of the three values; and

determine the value indicative of a signal-to-noise ratio

based on the maximum value.

19. The computer-readable medium of claim 16, further
comprising computer program instructions recorded thereon
for causing the pulse oximeter to:

determine a best fit line based on the at least one sorted

difference signal;

generate atleast one threshold based on the best fit line; and

determine a number of points of the at least one sorted

difference signal that exceed the at least one threshold,
wherein at least one value of the at least two values
indicative of noise is based on the number of points.

20. The computer-readable medium of claim 16, further
comprising computer program instructions recorded thereon
for causing the pulse oximeter to:

generate at least one second difference signal based on the

PPG signal,



US 9,339,235 B2

169

sort the at least one second difference signal in an order
based on the values of the second difference signal to
generate at least one second sorted difference signal;

determine a first best fit line based on the sorted difference
signal,

determine second best fit line based on the second sorted

difference signal; and

compare the first best fit line and the second best fit line to

determine at least one value of the at least two values
indicative of noise.

21. The system of claim 1, wherein the algorithm setting
affects the amount of filtering applied to the PPG signal prior
to determining the physiological information of the subject.

22. The system of claim 21, wherein the amount of filtering
applied to the PPG signal prior to determining the physiologi-
cal information of the subject increases when the value
indicative of a signal-to-noise ratio is greater than a threshold
value.

23. The method of claim 11, wherein the algorithm setting
affects the signal conditioning applied to the PPG signal prior
to determining the physiological information of the subject.

24. The method of claim 23, wherein the amount of filter-
ing applied to the PPG signal prior to determining the physi-
ological information of the subject increases when the value
indicative of a signal-to-noise ratio is greater than a threshold
value.

10

15

20

25

170



THMBW(EF)

[ i (S RIR) A ()

RIB(ERR)AGE)

HERB(ERR)AE)

LL-EEPN

RBA

IPCH %S
CPCH(S
H AN FF S0k
NS

BEG®)

SEBENREAUMNEEREESHELERFE  SINEBEERES , UK
HtpfZ 8 , fINEREER. REATUETEEESEREL —INER
B85 ARNEL NP ERFEHTIRUEREDL —NDTRNERE
Fo REAUGMEL NI RKNERESUBEETREFENEDLHAD
B, RETUETERRFENRIRES MERBEE RERLEHOE,

ATMNERESHEGRLESNG ENMRLE

US9339235
US13/609348

Llorente Fernando Rodriguez
ENGELBRECHTZ &
WOODER NICHOLAS JAMES

TEBRE - B804 , FERNANDO
ENGELBRECHT , £ %
WOODER , NICHOLAS JAMES

COVIDIEN LP

RODRIGUEZ LLORENTE FERNANDO
ENGELBRECHT PIROW
WOODER NICHOLAS JAMES

RODRIGUEZ-LLORENTE, FERNANDO
ENGELBRECHT, PIROW
WOODER, NICHOLAS JAMES

GO6F7/00 A61B5/024 A61B5/1455 A61B5/00

A61B5/7203 A61B5/02416 A61B5/14551 A61B5/725

US20140073932A1

Espacenet  USPTO

2016-05-17

2012-09-11

patsnap


https://share-analytics.zhihuiya.com/view/164c0296-8f36-403c-a8a9-f2d790762df7
https://worldwide.espacenet.com/patent/search/family/050233975/publication/US9339235B2?q=US9339235B2
http://patft.uspto.gov/netacgi/nph-Parser?Sect1=PTO1&Sect2=HITOFF&d=PALL&p=1&u=%2Fnetahtml%2FPTO%2Fsrchnum.htm&r=1&f=G&l=50&s1=9339235.PN.&OS=PN/9339235&RS=PN/9339235

