US 20190082979A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2019/0082979 A1l

Al-Ali et al,

43) Pub. Date: Mar. 21, 2019

(54) PLETHYSMOGRAPH VARIABILITY Publication Classification
PROCESSOR (51) Tnt. CL
Lo . . . A61B 5/0295 (2006.01)
(71) Applicant: Masimo Corporation, Irvine, CA (US) A6IB 3/1455 (2006.01)
(72) Inventors: Ammar Al-Ali, San Juan Capistrano, jzg Zzg p %8828})
CA (US); Walter M. Weber, Laguna ( 01)
Hills, CA (US); Anmol B. Majmudar, A61B 5/024 (2006.01)
Trvine, CA (US) (52) US. ClL
CPC ... A6IB 5/0295 (2013.01); A61B 5/14551
(2013.01); A61B 502416 (2013.01); 4618
(21) Appl. No.: 16/126,523 5/0261 (2013.01); A61B 5/7278 (2013.01)
. (57) ABSTRACT
(22)  Filed: Sep- 10, 2018 A plethysmograph variability processor inputs a plethysmo-
graph waveform having pulses corresponding to pulsatile
Related U.S. Application Data blood flow within a tissue site. The processor derives
(63) Continuation of application No. 13/858,249, filed on plethysmograph values based upon selected plethysmograph
Apr. 8, 2013, now Pat. No. 1 0 092 20(’) WiliCh s a features, determines variability values, and calculates a
contim’lation ’0 f application No ’11/9’52 9’ 40. filed on plethysmograph variability parameter. The variability values
Dec. 7. 2007. now Pat. No. 8 41 4 499.’ ’ indicate the Variabili.ty of the plethysmqgraph feature;. The
’ ’ T plethysmograph variability parameter is representative of
(60) Provisional application No. 60/998,782, filed on Oct. the variability values and provides a useful indication of
12, 2007, provisional application No. 60/873,663, various physiological conditions and the efficacy of treat-
filed on Dec. 9, 2006. ment for those conditions.
( 100
106 SENSOR | 102 PATIENT MONITCR
w | w
|
122 124 {
-~ 180
Al e | 1% oo 182 4
1 .
h{l N . E | 132.C42 - ‘1%;1‘ E;‘:TFJ:,V’"‘” L 194
RE NN | 05F | ar WSTRUMENT - G0 - 186
L ]y <
R :
; 144 ,
® TISSUE i ; 10 Lo 0
T SHE | PV 188
i 1 DRIVERS PROCESS
i

k 130




US 2019/0082979 A1

Mar. 21,2019 Sheet 1 of 4

Patent Application Publication

I "©ld

gel l/
|
281l mmwm%% w SHIANGA
. oLt
QVdASA | e O allqy -
STOHINOD e 89t A4
: — |
B rone 081 | HIOUNVW | 1
o8l SWAUYTY | e Ekm_mdxhzmiampwzw ) dsd qazm#zomm -
. lenug P91 W
\
<. zgi FAES
ogl (\ asi .\\

HOLINOW LNILvd ﬁ zol

00t

J

Jiis
SOSSIL
o S
Olge of = L o
L 3
O S
=3 R R L
i3 |
B T
3 W

<
o8
=
o
™

HJOSNIS ﬁl a0l



Patent Application Publication  Mar. 21,2019 Sheet 2 of 4 US 2019/0082979 A1

intensity
A

o2
cC

202

BN

0 Time

FIG. 2



Patent Application Publication

( START >
% 310

IDENTIFY APLETH

320
-

CALCULATE P1 OF PLETH

' /‘ 330

SAVE P VALUE
IN AFIRST BUFFER

NO

BUFFER

Mar. 21,2019 Sheet 3 of 4

( 300

US 2019/0082979 A1

CRITERIAMET 7

340
f‘

SORTAND TRIM
THE FIRST BUFFER

. [‘ 350

CALCULATE PVI

v r 360

STORE PVI VALUES
IN A SECOND BUFFER

370
v [

CALCULATE MEDIAN OF
PVis IN SECOND BUFFER

\ // 380

DISPLAY MEDIAN PV

¥

v f 380

DISPLAY LAST
CALCULATED MEDIAN P

UK

FIG. 3



US 2019/0082979 A1

Mar. 21,2019 Sheet 4 of 4

Patent Application Publication

Z0v

oov&\w,

YISO VIME LED
200 ONISSRDONI-LSDd NOILDNASY
> va.\w Nm%x\%
L0% NEFE TN
ual mmmwo% am& - ALTNBYRIWA |-
LOC Ad ILCINOTIYO
O@V}\x ow¢s\\
Y HINSO WYIHMILIHD YIHILIHD
AOANIAA ALINEVINYA NOISHZdSHT ALHEVLIIOOV MOTNIA
94% ‘\“ Ziy \M zov \& (214 ory #
8LV TTSBRAVA | YAV FRITEVIEGA | 79V [NOSEaasi 8P [EEATA
« ALIHEVREYA | HITld | Viva M Wi -
3V INNOO0Y IINTTYD FonazH JIVINANOOY
Siy _/ iy - 09¥ -/ o5y Sy ~/
SIUNLYIS VINZLIND VIIWHOL TINNTHD
w.m” H1Td I8INd ONISSIDOMI T 109138
oy 4% \& qukw Ev& N:\Kﬁ
Yy e 6iy iy
S BT y %mwmmmmﬁ T 7| ssacoma |, | LN
IUNSYIN b -add ~ _
ALINIC SHLT I
I
Oby omwx\. m:T\\ oz.\\

mmﬁu

LOY

AJ

LOv

LoV

</



US 2019/0082979 A1l

PLETHYSMOGRAPH VARIABILITY
PROCESSOR

PRIORITY APPLICATIONS

[0001] This application is a continuation of U.S. patent
application Ser. No. 13/858,249, entitled “Plethysmograph
Variability Processor,” filed Apr. 8, 2013, which is a con-
tinuation of U.S. patent application Ser. No. 11/952,940,
entitled “Plethysmograph Variability Processor,” filed Dec.
7, 2007, which claims priority to U.S. Provisional Patent
Application No. 60/873,663, entitled “Plethysmograph Vari-
ability Index,” filed Dec. 9, 2006, and U.S. Provisional
Patent Application No. 60/998,782, entitled “Plethysmo-
graph Variability Index,” filed Oct. 12, 2007, each of which
is hereby incorporated by reference in its entirety.

BACKGROUND

[0002] Pulse oximetry utilizes a noninvasive sensor to
measure oxygen saturation (SpO,) and pulse rate of a
person. The sensor has light emitting diodes (LEDs) that
transmit optical radiation of red and infrared wavelengths
into a tissue site and a detector that responds to the intensity
of the optical radiation after attenuation by pulsatile arterial
blood flowing within the tissue site. Furthermore, the sensor
may be attached to a patient’s finger, foot, ear lobe, digit or
other portion of the body where blood flows close to the
skin. Pulse oximeters have gained rapid acceptance in a wide
variety of medical applications, including surgical wards,
intensive care and neonatal units, general wards, home care,
physical training, and virtually all type of monitoring sce-
narios.

[0003] Pulse oximeters capable of reading through motion
induced noise are disclosed in at least U.S. Pat. Nos.
6,770,028, 6,658,276, 6,584,336, 6,263,222, 6,157,850,
5,769,785, and 5,632,272, which are assigned to Masimo
Corporation (“Masimo™) of Irvine, Calif. and are incorpo-
rated by reference herein. Low noise pulse oximetry sensors
are disclosed in one or more of U.S. Pat. Nos. 7,027,849,
6,985,764, 6,934,570 6,760,607 6,377,829 6,285,896 5,782,
757 5,638,818, which are also assigned to Masimo and
incorporated by reference herein. Moreover, pulse oximeters
capable of reading through motion induced noise and low
noise optical sensors including LNOP® disposable, reusable
and/or multi-site sensors and Radical®, Rad-5™, Rad-8™,
Rad-9™, PPO+™ monitors are also available from Masimo.
[0004] Multiple parameter monitors and multiple wave-
length sensors are described in U.S. patent application Ser.
No. 11/367,033 entitled Noninvasive Multiple Parameter
Patient Monitor filed Mar. 1, 2006 and U.S. patent applica-
tion Ser. No. 11/367,013 entitled Multiple Wavelength Sen-
sor Emitters filed Mar. 1, 2006, incorporated by reference
herein. Moreover, multiple parameter monitors and multiple
wavelength sensors including Rad-57™ and Radical-7™
monitors and Rainbow™ Rainbow™-brand adhesive and
reusable sensors are available from Masimo. MS-brand
processor boards incorporating SHARC® DSPs from Ana-
log Devices, Inc. are also available from Masimo.

SUMMARY

[0005] An aspect of a plethysmograph variability proces-
sor inputs a plethysmograph waveform, derives perfusion
values, determines variability values, and calculates a
plethysmograph (pleth) variability index. The plethysmo-
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graph waveform has pulses corresponding to pulsatile blood
flow within a tissue site. The perfusion values correspond to
the pulses. The variability values are each indicative of the
variability of a series of the perfusion values. The plethys-
mograph variability index is representative of the variability
values. The plethysmograph variability index is displayed.
[0006] In various embodiments, the perfusion values are
derived by identifying peaks and valleys for the pulses,
calculating AC values for the pulses from the peaks and the
valleys, calculating DC values for the pulses, and normal-
izing the AC values with the DC values. Variability values
are determined by accumulating the perfusion values in
buffers and calculating one of the variability values for each
of the buffers. As an example, variability values are deter-
mined by sorting the perfusion values within each of the
buffers from the largest of the perfusion values to the
smallest of the perfusion values and trimming at least one of
the largest perfusion values and at least one of the smallest
perfusion values from each of the buffers.

[0007] Plethysmograph variability indexes (PVIs) are
determined from a percentage difference between a maxi-
mum perfusion value and a minimum perfusion value for
each of the buffers. A median value of the PVIs is calculated.
In an embodiment, physiologically acceptable pulses are
identified and a minimum amount of time’s worth of accept-
able data for each buffer is determined. An IR channel is
input for the plethysmograph waveform and a red channel is
used to verify acceptable pulses.

[0008] An aspect of a plethysmograph variability process-
ing system is an optical sensor that transmits multiple
wavelengths of optical radiation into a tissue site, detects the
optical radiation after attenuation by pulsatile blood flowing
within the tissue site, and generates a sensor signal respon-
sive to the detected optical radiation. A patient monitor
demodulates the sensor signal so as to generate a plethys-
mograph channels. A digital signal processor (DSP) within
the patient monitor inputs at least one of the plethysmograph
channels and outputs a plethysmograph variability (PV)
parameter accordingly. APV process executes on the DSP so
as to process the plethysmograph channel and derive the PV
parameter. A patient monitor output is responsive to the PV
parameter.

[0009] In various embodiments, the PV process has a
plethysmograph input corresponding to the at least one
plethysmograph channel. The pleth has pleth features. A
measure pleth process extracts the pleth values from the
plethysmograph according to the pleth features. A pleth
value input corresponds to the pleth values. A pleth vari-
ability process generates a plurality of variability values
from the pleth values. A pleth variability input corresponds
to the variability values. A variability parameter process
generates a pleth variability (PV) parameter from the vari-
ability values. Physiological acceptability criteria are
applied to the plethysmograph input. A reduce data disper-
sion process trims outlying ones of the pleth values accord-
ing to dispersion criteria. Post processing applies at least one
of a smoothing or slew rate limit to the PV parameter.
Pre-processing applies a bandpass filter to the plethysmo-
graph input so as to remove a cyclical baseline shift or
oscillation from the plethysmograph. The patient monitor
output generates a graph of the PV parameter versus time so
as to indicate a trend in plethysmograph variability.

[0010] An aspect of a plethysmograph variability method
inputs plethysmograph channels, measures pleth values
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from the input and defines windows each encompassing a
unique time interval of the plethysmograph values. Variabil-
ity values are calculated, where each of the variability values
are derived from the plethysmograph values encompassed in
a unique one of the windows. Second windows are defined,
each encompassing a unique time interval of the variability
values. Parameter values are calculated, where each of the
parameter values are derived from the variability values
encompassed in a unique one of the second windows.
Parameter values are output. In various embodiments, the
plethysmograph channels each have pulses corresponding to
pulsatile blood flow within a tissue site, and the plethysmo-
graph values are based upon the pulses. The plethysmograph
values are measures of blood perfusion at the tissue site. In
alternative embodiments, plethysmograph values are based
upon area under absorption pulses, an envelope of the
pulses, a time series of normalized envelope heights or a
time series of normalized envelope areas.

[0011] An aspect of a plethysmograph variability process-
ing system has a sensor that transmits multiple wavelengths
of optical radiation into a tissue site and that detects the
optical radiation after attenuation by pulsatile blood flow
within a tissue site so as to provide a plethysmograph input
to a digital signal processor (DSP). The input is selected
from channels corresponding to the multiple wavelengths.
The DSP executes instructions for deriving plethysmograph
variability from the plethysmograph. A measuring means
generates plethysmograph values from the plethysmograph
input according to predefined plethysmograph features. A
calculation means derives variability values from the
plethysmograph values, and a reduction means deriving a
plethysmograph variability (PV) parameter from the
plethysmograph values. In various embodiments, a first
accumulation means applies a variability formula to a win-
dow of plethysmograph values. A dispersion reduction
means trims outlying values from the first accumulation
means. A second accumulation means applies data reduction
criteria to a window of variability values. An acceptance
means eliminates pulses from the plethysmograph input that
are not physiologically acceptable. A post-processing means
limits the slope of the PV parameter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] FIG. 1 is a general block diagram of a plethysmo-
graph variability processing system;
[0013]

[0014] FIG. 3 is a detailed flow chart of a plethysmograph
variability index process; and

[0015] FIG. 4 is a general functional flow diagram of a
plethysmograph variability process.

FIG. 2 is a graph of an exemplar plethysmograph;

DETAILED DESCRIPTION

PV Monitor

[0016] FIG. 1 illustrates a plethysmograph variability pro-
cessing system 100 embodiment, which calculates one or
more measures of plethysmograph variability (PV). The
plethysmograph variability processing system 100 advanta-
geously provides at least some of displays, alarms or con-
trols responsive to PV so as to indicate, and affect the
treatment of, a patient condition. The PV processing system
100 may further generate SpQ,. pulse rate (PR), perfusion
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index (PI), signal quality and in multiple wavelength con-
figurations additional blood parameter measurements such
as HbCO and HbMet.

[0017] As shown in FIG. 1, the PV processing system 100
has a patient monitor 102 and a sensor 106. The sensor 106
attaches to a tissue site 1 and includes a plurality of emitters
122 capable of irradiating the tissue site 1 with at least two
wavelengths of light, such as the red and infrared (IR)
wavelengths utilized in pulse oximeters and in some con-
figurations multiple wavelengths different than or in addition
to those red and IR wavelengths. The sensor 106 also
includes one or more detectors 124 capable of detecting the
light after attenuation by the tissue 1.

[0018] Also shown in FIG. 1, the patient monitor 102
communicates with the sensor 106 to receive one or more
intensity signals indicative of one or more physiological
parameters and displays the parameter values. Drivers 110
convert digital control signals into analog drive signals
capable of driving sensor emitters 122. A front-end 112
converts composite analog intensity signal(s) from light
sensitive detector(s) 124 into digital data 142 input to the
DSP 140. The input digital data 142 is referred to herein as
a plethysmograph waveform, plethysmograph or pleth for
short. The digital data 142 has plethysmograph channels
corresponding to each emitter wavelength, such as a red
channel and an IR channel. The digital data 142 is repre-
sentative of a change in the absorption of particular wave-
lengths of light as a function of the changes in body tissue
resulting from pulsing blood. The DSP 140 may comprise a
wide variety of data and/or signal processors capable of
executing programs for determining physiological param-
eters from input data. In an embodiment, the DSP executes
one or more pleth variability (PV) processes 130, such as
described with respect to FIGS. 3-4, below. In an embodi-
ment, the PV processes 130 may be implemented in soft-
ware, firmware or other form of code or instructions, or logic
or other hardware, or a combination of the above.

[0019] Further shown in FIG. 1, the instrument manager
160 may comprise one or more microcontrollers controlling
system management, such as monitoring the activity of the
DSP 140. One or more output devices 180 include displays
182, alarms 184 and controls 186. Displays 182 may be
numerical, such as readouts, or graphical, such as trends and
bar graphs, generated by LEDs, L.CDs or CRTs to name a
few. Displays 182 may also be indicators, such as LEDs of
various colors that signify variability magnitude. Alarms
184 may be visual or audible indications that variability is,
say, above a predetermined threshold. Controls 186 may be
inputs to medical equipment, such as drug administration
devices, ventilators and fluid Ws, so as to control the amount
of administered drugs, ventilator settings or the amount of
infused fluids based up pleth variability. The instrument
manager 160 also has an input/output (I/O) port 168 that
provides a user and/or device interface for communicating
with the monitor 102. User input devices 188 may include
a keypad, touch screen, pointing device, voice recognition
device, network and computer, to name a few. In an embodi-
ment, the I/O port 168 provides initialization settings for PV
processes, as described below. The monitor 102 may also be
capable of storing or displaying historical or trending data
related to PV and other measured parameters or combina-
tions of measured parameters.
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Pleth Waveform

[0020] FIG. 2 illustrates a plethysmograph 200 plotted on
an intensity axis 201 versus a time axis 202. The plethys-
mograph 200 has multiple pulses 210 each with a peak 212
and a valley 214 and extending over a time period 216. A
perfusion index (PI) value can be defined for each pulse 210:

AC M

Pl= 55

“AC” 220 designates a peak amplitude 212 minus a valley
amplitude 214 for a particular pulse. “DC” 230 designates a
peak amplitude 212 for a particular pulse. A plethysmograph
variability measure is calculated that is responsive to the
magnitude of pleth variations, such as depicted by envelope
250. One variability measure is a plethysmograph variability
index (PVI), described with respect to FIG. 3, below. Other
plethysmograph variability (PV) measures are described
with respect to FIG. 4, below. Advantageously, PV measures
may provide a numerical indication of a person’s physical
condition or health.

Pleth Variability Index (PVI)

[0021] FIG. 3 illustrates a PVI process 300 embodiment,
which derives and displays a plethysmograph variability
index (PVI). Initially, a first buffer is filled with calculated
perfusion index (PI) values 310-330. In an embodiment,
these values are based upon the IR channel, as described
above. If a sufficient amount of physiologically acceptable
data 1s in the first buffer 335, then a second buffer is filled
with calculated plethysmograph variability index (PV1) val-
ues 340-360. The median PVI in the second buffer is
calculated and displayed 370-380. If the amount of accept-
able data in the first buffer is insufficient, then the display is
frozen with the last calculated median PVI 390.

[0022] As shown in FIG. 3, a plethysmograph is first
identified 310. In particular, only physiologically acceptable
pulses are used for calculating PI. Physiological plethysmo-
graph identification is disclosed in U.S. Pat. No. 7,044,918
entitled Plethysmograph Pulse Recognition Processor,
which is assigned to Masimo and incorporated by reference
herein. In an embodiment, the red channel plethysmograph
is utilized to verify acceptable pulses in the IR channel. The
PI of each acceptable plethysmograph is then calculated 320
according to EQ. 1 and as described with respect to FIG. 2,
above. The calculated Pls are stored in a first buffer 330, and
the buffer criteria are tested 335. The buffer criteria require
both a minimum number of acceptable pulses and a mini-
mum amount of time of acceptable data in the first buffer.

[0023] In an embodiment, a plethysmograph 200 (FIG. 2)
has a 62.5 Hz sample rate, i.e. a sample interval of 16 msec.
The first buffer holds 15 sec. of data at that sample rate.
Accordingly, a sliding 15 sec. window of plethysmograph
data is stored in the first buffer, and the window is moved in
1.2 sec. increments. The minimum number of acceptable
pulses in the first buffer is 6, and the minimum amount of
acceptable data in the first buffer is 7.5 sec. The 15 sec.
window size allows one respiration cycle, assuming a worse
case respiration rate of 4 breaths per min. This window size
also allows 6 PIs assuming a worse case pulse rate of 25
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bpm. Partial plethysmograph cycles cutoff by a particular
window are ignored by that window, but are taken into
account in the next window.

[0024] Also shown in FIG. 3, if the buffer criteria are met
335, then the first buffer is sorted and trimmed 340. The sort
orders the PI values from the minimum PI at one end of the
buffer to the maximum PI at the other end of the buffer. Then
a predetermined number of Pls are dropped from each end
of the buffer, i.e. both the maximum PIs and the minimum
PIs are deleted. In an embodiment, 12% of the Pls are
trimmed from each end of the buffer. For example, if the
buffer holds 10 Pls, a 12% trim=floor(10-12/100)=floor(1.
2)=1, where the floor operator truncates digits to the right of
the decimal point. Hence, in this example, one max PI and
one min PI are dropped from the first buffer. A plethysmo-
graph variability index (PVT) is then calculated 350 from the
trimmed first buffer. In an embodiment, PVI is calculated as:

_ Pluax = Phawy @

PVI x 100

MAX

That is, PVI is the PI variation, expressed as a percentage of
the maximum PI, reflected by the PI values remaining in the
first buffer.

[0025] Further shown in FIG. 3, calculated PVIs are stored
in a second buffer 360. In an embodiment, the second buffer
holds 11 PVIs, where one PVI is derived for every 1.2 sec
shift in the sliding 15 sec. window described above. Next,
the median PVI is calculated from the second buffer. This
median PVI value is communicated to a display 380. If the
buffer criteria 335, described above, are not met, then the last
calculated median PVI value is displayed 390. That is, the
display is frozen with that last calculated median PVI value
until the buffer criteria are satisfied.

[0026] In an embodiment, the median PVI value is dis-
played as a two-digit numerical value on a monitor screen
along with other parameters, such as SpO, and pulse rate. In
an embodiment, the median PVI value is displayed on a
monitor screen as vertical or horizontal bar graph. In an
embodiment, the median PVI value is displayed on a moni-
tor screen as trend graph versus time. In an embodiment, the
median PVI value is compared to a predetermined maximum
PVI threshold. If the median PVI value crosses the prede-
termined threshold, one or more visual or audible alarms are
triggered. In an embodiment, a visual PVI alarm is one or
more colored indicators, such as green, yellow and red,
indicating levels of patient health or physiological condition.

Plethysmograph Variability (PV)

[0027] FIG. 4 illustrates a plethysmograph variability
(PV) processor 400 embodiment having process steps 401
and initializations 402. The initializations 402 determine the
specific characteristics of the process steps 401. The PV
processor 400 inputs one or more plethysmograph (pleth)
channels 405 and generates PV outputs 407. The pleth
channels 405 each correspond to a different optical sensor
wavelength, such as a red wavelength channel and an IR
wavelength channel corresponding to red and IR emitters of
a pulse oximeter sensor. There may be more than two
channels when using a multiple wavelength sensor, such as
described in U.S. patent application Ser. No. 11/367,013,
cited above. For example, there may be eight channels
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varying in wavelength from about 630 nm to about 905 nm.
In an embodiment, two or more pleth channels 405 are
processed in parallel or combined as a composite pleth for
increased accuracy or robustness in PV calculations. Input
410 determines which pleth channel 405 is used as the pleth
input 414 for PV calculations, according to a select channel
initialization 412. Input 410 may select any single channel
405 or some combination of channels 405. Pre-process 415
modifies the pleth input 414 according to a predetermined
formula 417. In an embodiment, pre-process 415 filters the
pleth input 414 so as to remove any slow variation or low
frequency oscillation in the plethysmograph baseline or
average value, such as a respiration-induced variation that
shifts the entire plethysmograph up and down with inhala-
tion and exhalation. In an embodiment, pre-process 415 is a
bandpass filter having a 30 to 550 beats per minute pass-
band. Identify acceptable pulses 420 applies pulse criteria
422 to pass only physiologically acceptable pulses 424, such
as disclosed in U.S. Pat. No. 7,044,918 cited above.

[0028] As shown in FIG. 4, measure pleth 440 extracts
pleth values 444 from the remaining pulses 424 according to
pleth features 442. The pleth features 434 may be a pulse
peak 212 (FIG. 2) and pulse valley 214 (FIG. 2) and the pleth
values 444 may relate to perfusion, such as PI described with
respect to EQ. 1 above. In another embodiment, the “DC”
value in EQ. 1 may be other than a pulse peak, such as a
pulse valley or an average of pulse peak and pulse valley, to
name a few. In other embodiments, pleth features 442 may
include more than two values per pulse and pleth values 444
may be other than perfusion related. Also, measure pleth 440
may be performed over more than one pulse per pleth value
444.

[0029] As shown in FIGS. 2 and 4, in an embodiment,
pleth features 442 define a pleth envelope 250 interpolated
from pulse peaks 212 and pulse valleys 214. Measure pleth
440 defines a series of adjacent slices 260 of envelope height
and A width, where A may vary from one pleth sample to
many samples. Accordingly, pleth values 444 are the areas
of each slice. In another embodiment, measure pleth 440
calculates the area under each absorption pleth pulse 270,
the absorption pleth being the inverse of the intensity pleth
200. In an embodiment, the slices 260 or areas 270 are
normalized with respect to a pleth value, such as a DC value
or an average value, to name a few.

[0030] Also shown in FIG. 4, accumulate pleth values 445
identifies those pleth values 444 within a specified window
446. Accept window 450 determines whether there are a
sufficient number of pleth values within the window 446. If
not, the remaining steps 460-490 are bypassed and a default
PV output 407 is generated. If so, the remaining steps
460-490 are performed. Reduce data dispersion 460 elimi-
nates outlying data, leaving trimmed pleth values 464,
according to a dispersion criteria 462. Calculate pleth vari-
ability 470 determines a variability value 474 from the
trimmed pleth values 464 according to a variability formula
472. In an embodiment, the variability formula is the per-
centage variability in a window compared with a maximum
value in the window, such as described with respect to EQ.
2, above. Accumulate variability values 475 identifies those
variability values 474 within a specified window 476. Win-
dows 446, 476 are sliding time intervals or segments having
predetermined sizes according to an initialization 402. Adja-
cent windows may be spaced apart, abutting or overlapping
in time.
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[0031] Further shown in FIG. 4, calculate variability
parameter 480 determines a pleth variability (PV) parameter
407 from the accumulated variability values 478 according
to a reduction criteria 482. In an embodiment, PV 407 is a
median of the variability values 478 in the window 476. In
other embodiments, PV 407 is any of average, mode,
geometric mean or weighted mean of the windowed vari-
ability values, to name a few. Post processing on the PV
parameter 407 data may be performed including smoothing
and a slew rate filter. In an embodiment, an exponential
smoothing is used. The slew rate filter limits the positive or
negative slope of the PV parameter 407 to a predetermined
maximum.

PV Applications

[0032] Many clinicians currently observe a pulse oximeter
plethysmograph waveform for changes in patient physiol-
ogy. Unfortunately, there is no consistency among pulse
oximeter manufacturers in the way a plethysmograph wave-
form is displayed. Further, smoothing, autoscaling and other
display data processing mask changes in the raw plethys-
mograph waveform. Thus, some patient physiology cannot
be readily predicted from mere observation of a bedside
monitor plethysmograph display. Pleth variability (PV)
parameters, such as PVI, advantageously quantify plethys-
mograph waveform variations, which are displayed in a
numerical format that can also be trended as needed.
Accordingly, even slight changes in physiology may be
reliably observed.

[0033] PV can be advantageously used for noninvasive
functional hemodynamic monitoring. A plethysmograph
waveform is responsive to beat-to-beat changes in peripheral
blood volume and perfusion. Thus, plethysmograph vari-
ability reflects changes in the intravascular volume status of
patients. PV parameters, as described above, are clinically
useful hemodynamic measurements that respond to changes
in, for example, volemia, fluid responsiveness and ventricu-
lar preload. Volemia relates to the volume of blood circu-
lating throughout the body, which is difficult to estimate in
a clinical setting. Hypovolemia, for example, is an abnor-
mally low blood volume. Fluid responsiveness is the percent
increase in ventricular stroke volume after fluid volume
expansion. Ventricular preload is the degree of tension in the
cardiac muscle when it begins to contract.

[0034] In particularly advantageous embodiments, a PV
parameter is monitored during patient treatments. As an
example, a downward trend in PV monitored during the
addition of fluids to a suspected hypovolemic patient indi-
cates the eflicacy of that treatment. Likewise, a downward
trend in PV monitored during administration of drugs for
asthma indicates the eflicacy of the administered drug and
the likelihood that the asthma can be controlled.

[0035] PVIorother pulse variability (PV) measure may be
a significant parameter in a variety of critical conditions, for
example those conditions shown in Table 1, below.

TABLE 1

Conditions Associated with Increased PV

Cardiac Causes Non-Cardiac Causes

Cardiogenic Shock
Cardiac Tamponade

Hypovolemia
Septic Shock
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TABLE 1-continued

Conditions Associated with Increased PV

Cardiac Causes Non-Cardiac Causes

Pericardial Effusion
Constrictive Pericarditis
Restrictive Cardiomyopathy
Acute myocardial infarction

Anaphylactic Shock
Superior Vena Cava Obstruction
Asthma

[0036] A plethysmograph variability processor has been
disclosed in detail in connection with various embodiments.
These embodiments are disclosed by way of examples only
and are not to limit the scope of the claims that follow. One
of ordinary skill in art will appreciate many variations and
modifications.

1-30. (canceled)
31. A method of determining a respiratory condition
and/or an efficacy of treatment for the respiratory condition,
the method comprising:
receiving a data signal from a physiological sensor;
generating a plethysmograph waveform based at least in
part on the data signal, wherein the plethysmograph
waveform comprises a plurality of pulses correspond-
ing to pulsatile blood flow within tissue of a patient;

determining a first plurality of perfusion parameters,
wherein a particular perfusion parameter of the first
plurality of perfusion parameters is determined based at
least in part on a peak amplitude and a valley amplitude
of a particular pulse of the plurality of pulses;

determining a first measure of variability of the first
plurality of perfusion parameters based at least in part
on a difference between a first and second perfusion
parameter of the first plurality of perfusion parameters
relative to the first perfusion parameter of the first
plurality of perfusion parameters;

comparing the first measure of variability of the first

plurality of perfusion parameters with one or more
second measures of variability of a second plurality of
perfusion parameters; and

based at least in part on the comparing, causing a display

device to display an indication of at least one of one or
more respiratory conditions or an efficacy of treatment
for the one or more respiratory conditions.

32. The method of claim 31, wherein the pulses corre-
spond to the pulsatile blood flow within the tissue during
administration of a drug to the patient.

33. The method of claim 32, wherein the indication of an
efficacy of treatment comprises an indication of an efficacy
of the administration of the drug.

34. The method of claim 31, wherein the plurality of
pulses is a first plurality of pulses, wherein the plethysmo-
graph waveform further comprises a second plurality of
pulses corresponding to the pulsatile blood flow within the
tissue of the patient, the method further comprising:

determining the second plurality of perfusion parameters,

wherein a particular perfusion parameter of the second
plurality of perfusion parameters is determined based at
least in part on a peak amplitude and a valley amplitude
of a particular pulse of the second plurality of pulses;
and

determining the one or more second measures of vari-

ability of the second plurality of perfusion parameters
based at least in part on a difference between a first and
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second perfusion parameter of the second plurality of
perfusion parameters relative to the first perfusion
parameter of the second plurality of perfusion param-
eters.

35. The method of claim 31, wherein said determining the
first plurality of perfusion parameters is based at least in part
on a difference between the peak amplitude and the valley
amplitude of the particular pulse of the plurality of pulses
relative to the peak amplitude of the particular pulse of the
plurality of pulses.

36. The method of claim 31, wherein said determining the
first measure of variability of the first plurality of perfusion
parameters comprises:

sorting a series of the first plurality of perfusion param-

eters based on size; and

removing at least two perfusion parameters from the

series of the first plurality of perfusion parameters to
form a modified series of perfusion parameters,
wherein the modified series of perfusion parameters
comprises the first and second perfusion parameters.

37. The method of claim 36, wherein said removing the at
least two perfusion parameters from the series of the first
plurality of perfusion parameters comprises:

removing at least one perfusion parameter from a set of

largest perfusion parameters of the series; and
removing at least one perfusion parameter from a set of
smallest perfusion parameters of the series.

38. The method of claim 31, wherein each of the first
plurality of perfusion parameters correspond to a perfusion
index.

39. The method of claim 31, wherein the first measure of
variability of the plurality of perfusion parameters corre-
sponds to a Pleth variability index.

40. The method of claim 1, wherein the one or more
respiratory conditions comprises asthma.

41. A patient monitor configured to determine a respira-
tory condition and/or an efficacy of treatment for the respi-
ratory condition, the patient monitor comprising:

one or more processors configured to:

receive a data signal from a physiological sensor;

generate a plethysmograph waveform based at least in
part on the data signal, wherein the plethysmograph
waveform comprises a plurality of pulses corre-
sponding to pulsatile blood flow within tissue of a
patient;

determine a first plurality of perfusion parameters,
wherein a particular perfusion parameter of the first
plurality of perfusion parameters is determined
based at least in part on a peak amplitude and a
valley amplitude of a particular pulse of the plurality
of pulses;

determine a first measure of variability of the first
plurality of perfusion parameters based at least in
part on a difference between a first and second
perfusion parameter of the first plurality of perfusion
parameters relative to the first perfusion parameter of
the first plurality of perfusion parameters;

compare the first measure of variability of the first
plurality of perfusion parameters with one or more
second measures of variability of a second plurality
of perfusion parameters; and

based at least in part on the comparison, cause a display
device to display an indication of at least one of one
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or more respiratory conditions or an efficacy of
treatment for the one or more respiratory conditions.

42. The patient monitor of claim 41, wherein the pulses
correspond to the pulsatile blood flow within the tissue
during administration of a drug to the patient.

43. The patient monitor of claim 42, wherein the indica-
tion of an efficacy of treatment comprises an indication of an
efficacy of the administration of the drug.

44. The patient monitor of claim 41, wherein the plurality
of pulses is a first plurality of pulses, wherein the plethys-
mograph waveform further comprises a second plurality of
pulses corresponding to the pulsatile blood flow within the
tissue of the patient, wherein the one or more processors are
further configured to:

determine the second plurality of perfusion parameters,

wherein a particular perfusion parameter of the second
plurality of perfusion parameters is determined based at
least in part on a peak amplitude and a valley amplitude
of a particular pulse of the second plurality of pulses;
and

determine the one or more second measures of variability

of the second plurality of perfusion parameters based at
least in part on a difference between a first and second
perfusion parameter of the second plurality of perfusion
parameters relative to the first perfusion parameter of
the second plurality of perfusion parameters.

45. The patient monitor of claim 41, wherein to determine
the first plurality of perfusion parameters, the one or more
processors are further configured to determine the first
plurality of perfusion parameters based at least in part on a
difference between the peak amplitude and the valley ampli-
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tude of the particular pulse of the plurality of pulses relative
to the peak amplitude of the particular pulse of the plurality
of pulses.

46. The patient monitor of claim 41, wherein to determine
the first measure of variability of the first plurality of
perfusion parameters, the one or more processors are further
configured to:

sort a series of the first plurality of perfusion parameters

based on size; and

remove at least two perfusion parameters from the series

of the first plurality of perfusion parameters to form a
modified series of perfusion parameters, wherein the
modified series of perfusion parameters comprises the
first and second perfusion parameters.

47. The patient monitor of claim 46, wherein to remove
the at least two perfusion parameters from the series of the
first plurality of perfusion parameters, the one or more
processors are further configured to:

remove at least one perfusion parameter from a set of

largest perfusion parameters of the series; and
remove at least one perfusion parameter from a set of
smallest perfusion parameters of the series.

48. The patient monitor of claim 41, wherein each of the
first plurality of perfusion parameters correspond to a per-
fusion index.

49. The patient monitor of claim 41, wherein the first
measure of variability of the plurality of perfusion param-
eters corresponds to a Pleth variability index.

50. The patient monitor of claim 41, wherein the one or
more respiratory conditions comprises asthma.
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