US008596270B2

a2 United States Patent (10) Patent No.: US 8,596,270 B2
Chen et al. 45) Date of Patent: Dec. 3, 2013
(54) SYSTEMS AND METHODS FOR gg;‘gggg gg égggg E}mi.thl etal. |
790, Tajales et al.
CONTROLLING A VENTILATOR 7,066,173 B2 6/2006 Banner et al.
7,171,251 B2 1/2007 S ietal.
(75) Inventors: Bo Chen, Louisville, CO (US); Edward 4’2 10478 B2 52007 Bz;lurf:; Zt al.
M. McKenna, Boulder, CO (US) 7,246,618 B2 7/2007 Habashi
7,398,115 B2 7/2008 Lynn
(73) Assignee: Covidien LP, Mansfield, MA (US) 7421296 Bl 9/2008 Benser et al.
2001/0039951 Al* 11/2001 Strickland, Jr. .......... 128/204.22
.. . . . . 2002/0072659 Al* 6/2002 Claureetal. .................. 600/323
(*) Notice:  Subject to any disclaimer, the term of this 54555115726 A1* 82002 Schmidtetal ... 128/204.23
patent is extended or adjusted under 35 2004/0059209 Al 3/2004 Al-Ali et al.
US.C. 154(b) by 875 days. 2005/0109340 Al 5/2005 Tehrani
2005/0247311 A1 11/2005 Vacchiano et al.
(21) Appl. No.: 12/544,848 2006/0237015 Al* 10/2006 Berthon-Jones et al. 128/204.23
2006/0266355 A1* 11/2006 Misholi .....cccovvennnes 128/204.23
(22) Filed: Aug. 20, 2009 (Continued)
(65) Prior Publication Data FOREIGN PATENT DOCUMENTS
US 2011/0041849 Al Feb. 24,2011 EP 0 996 358 3/2000
EP 1 790 283 5/2007
(51) Inmt.ClL Continued
AGIM 16/00 (2006.01) (Continued)
A62B 7/00 (2006.01) OTHER PUBLICATIONS
FI16K 31102 (2006.01) . . .
AG6IB 5/00 (2006.01) PCT International Search Report and the Written Opinion of the
(52) US.Cl ’ International Searching Authority, or the Declaration, Date of Mail-
N ) ing Oct. 29, 2010, Intl Application No. PCT/US2010/044950, Intl
(58) gsfdc fCl """ ﬁt """ S """" h - 128/204.23; 600323 Filing Date: Aug. 10,2010, Applicant: Nellcor Puritan Bennett LLC.
ield of Classification Searc
USPC .. } gg’gggfgs 58?1 ;fs ggigs 582 525 Primary Examiner — Oren Ginsberg
600/3/0 0 3'01’ 310' 32’3 33‘3 1183 48-”i (74) Attorney, Agent, or Firm — Shvarts & Leiz LLP
See application file for complete search history. (57) ABSTRACT
(56) References Cited A method and system for controlling a Vc?ntilator is disclosed.
Oxygen saturation values from pulse oximeters may be used
U.S. PATENT DOCUMENTS to adjust the settings of a ventilator. Multiple sensors and
. multiple oxygen saturation values in a fault tolerant pulse
i’gg’ggg i N liﬁgg: ﬁondry """""""""" ggggig oximeter configuration may be used to provide a backup
$630%08 A 11/1997 Al;);lgg A ’ value or confidence measure, thereby increasing reliability
6,599,251 B2*  7/2003 Chen etal. oo 600/485  and patient safety.
6,702,752 B2 3/2004 Dekker
6,760,608 B2 7/2004 Lynn 14 Claims, 5 Drawing Sheets

00

’

Determine afirst oxygen
saturaion valueanda | 304

second n saturation [/

value baged at least on &
first and second sensor

|
Determine at least one
setting for a ventilator | 306
based at least In part on ]
the first oxygen saturation
value and the sacond
axygen saturation value

Apply the at least | 308
one setting in the
ventilator

310
END



US 8,596,270 B2

Page 2
(56) References Cited 2008/0295839 Al  12/2008 Habashi
2008/0314385 Al  12/2008 Brunner et al.
U.S. PATENT DOCUMENTS 2009/0241954 A1* 10/2009 Karlsson ............... 128/204.23

2007/0000494 Al 1/2007 Banner et al. FOREIGN PATENT DOCUMENTS
2007/0123785 Al 5/2007 Luetal.
2007/0149871 Al 6/2007 Sarussi et al. P 25034472 2/2005
2007/0293746 Al  12/2007 Sarussi et al. P 27167185 7/2007
2008/0014115 Al 1/2008 Johns WO WO-86/00234 Al 1/1986
2008/0066752 Al 3/2008 Baker et al. WO WO-99/53834 Al 10/1999
2008/0076988 Al 3/2008 Sarussi et al. WO WO-00/16839 A1 3/2000
2008/0076990 Al 3/2008 Sarussi et al. WO WO-01/00264 AL 1/2001
2008/0076992 Al 3/2008 Hete ot al WO WO-01/00265 Al 12001

: WO 0247741 A2 6/2002

2008/0202525 Al 8/2008 Mitton et al.
2008/0236582 Al  10/2008 Tehrani * cited by examiner



US 8,596,270 B2

Sheet 1 of 5

Dec. 3,2013

U.S. Patent

[
1242 1492° 12413
0L N
" % 9 e
0Z1L ocL ozl
8LL
\ \Vl/, loje|puap
f/(\\\ cli J juswdinbg
v Anowixg
el J9]j0uo0d 20'4 147"
Aepdsig
oL — Okl ~/ 201~

oo_‘\




US 8,596,270 B2

Sheet 2 of 5

Dec. 3,2013

U.S. Patent

¥0< ™

¢ Ol

ndino sbunjas
10jE|JUIA

90¢ )

elEp
uoneInies
uabAxQ

Jossasoldg

J

00¢ —

Jajlonuon 70'4




U.S. Patent Dec. 3, 2013 Sheet 3 of 5 US 8,596,270 B2

300

302
( START )}/

Determine a first oxygen
saturation valueanda | 304
second oxygen saturation [_/
value based at leastona
first and second sensor

Determine at least one
setting for a ventilator | 306
based at least in part on W
the first oxygen saturation
value and the second
oxygen saturation value

Apply the at least | 308
one setting in the [/
ventilator

310
END

FIG. 3



U.S. Patent Dec. 3, 2013 Sheet 4 of 5 US 8,596,270 B2

FIG. 4



U.S. Patent Dec. 3, 2013 Sheet 5 of 5 US 8,596,270 B2
500 502
START )./
Determine a first S,0, 504
value and a second S,0;
value based at least on a
first and second sensor
¢ 508
Store first and second |
§,0; values
Calculate difference 508
between first and second |_/
$,0, values 517
v 510 )
Store difference between — Determine
first and second —»  threshold
$,0; values
516 / 514
Is difference
Store output of
" <N greater than +—
first 8,0, value 2 threshold?
18] tp¢t first 518
utput firs Y
S,0; value — is
Determine weights for first
v 526 §,0; value and second | 520
Determine Y Sp52 value, and calculate |/
appropriate F0, [ weighted average of
settings $,0; values
v |
528
Store W, Yis
appropriate FiO; 599
settings Store output of weighted | ~
¢ average of $,0; values
Output F,0, 530
seftings - ¢ 594
— Output weighted average W
m 532 of §,0; values

FIG. 5



US 8,596,270 B2

1
SYSTEMS AND METHODS FOR
CONTROLLING A VENTILATOR

The present disclosure relates to a medical ventilator sys-
tem and, more particularly, the present disclosure relates to a
medical ventilator system the operation of which depends at
least in part on a patient’s medical state.

SUMMARY

In the present disclosure, a pulse oximetry system is inte-
grated with a ventilator system. The purpose is to use the
oxygen saturation (SpO,) reading generated by the pulse
oximetry system to adjust the inspired oxygen level (e.g.,
Fi0,) being delivered by the ventilator (e.g., by changing any
one or more appropriate settings of the ventilator to effect the
desired FiO,). However, the quality of the measurement
resulting from a received oxygen saturation signal can be
degraded by, for example, noise or sensor malfunction. In a
critical care environment, a more reliable oxygen saturation
reading is desired to increase patient safety.

By using multiple SpO, values in a fault tolerant pulse
oximeter configuration, the reliability of the SpO, values used
to calculate the ventilator settings may be increased, thereby
increasing patient safety. Multiple SpO, values (e.g., two or
more values) may be obtained through the use of a respective
number of sensors attached to the patient. The pulse oximeter
sensors may be placed at different locations on the patient
(e.g., one on the left foot, one on the right foot). For example,
multiple SpO, readings from one or more pulse oximeters
may be used to determine how well the multiple SpO, signals
match based on a predetermined criteria or threshold.

For example, the criteria for determining the ventilator
settings may include calculating a difference between the
multiple SpO, readings and comparing the difference to a
threshold. Alternatively or in addition, the criteria for deter-
mining the ventilator settings may include comparing one or
more of the multiple SpO, values to a threshold. Alteratively
or in addition, the criteria for determining the ventilator set-
tings may include comparing the multiple SpO, values to
respective historical SpO, readings. If the multiple SpO, val-
ues meet the criteria, then one SpO, value may be output to
the ventilator for controlling FiO, or an average of two or
more of the multiple SpO, values may be calculated and
provided to the ventilator system in determining an appropri-
ate Fi0,. If the multiple SpO, values do not meet the criteria,
the system may hold until an adequate SpQO, signal is
detected, or an average SpO, value may be output to the
ventilator for controlling Fi0O,. The average of the multiple
SpO, values may be a weighted average with predetermined
or dynamic weights.

BRIEF DESCRIPTION OF THE DRAWINGS

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:

FIGS. 1 and 2 are block diagrams of illustrative ventilator
systems in accordance with some embodiments;

FIG. 3 is a flow chart of illustrative steps involved in con-
trolling a ventilator in accordance with an embodiment;

FIG. 4 shows an illustrative output device displaying ven-
tilator settings and oxygen saturation values in accordance
with an embodiment; and
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2

FIG. 5 is a flow diagram of illustrative steps involved in
controlling a ventilator in accordance with an embodiment.

DETAILED DESCRIPTION

Ventilators mechanically move breathable air into and out
of the lungs of a patient, providing the mechanism of breath-
ing for a patient who is physically unable to breathe, or
breathing insufficiently. In the present disclosure, a pulse
oximetry system is integrated with a ventilator system. The
purpose is to use the oxygen saturation (SpQO,) reading gen-
erated by of the pulse oximetry system to adjust the inspired
oxygen level (e.g., Fi0,) of being delivered by the ventilator
(e.g., by changing any one or more appropriate settings of the
ventilator to effect the desired FiO,). However, the quality of
the measurement resulting from a received oxygen saturation
signal can be degraded by, for example, electromagnetic cou-
pling from other electronic instruments, movement of the
patient, sensor malfunction, and environmental factors that
interfere with the connection between the patient and the
monitoring device. In a critical care environment, a more
reliable oxygen saturation reading is desired to increase
patient safety. A single sensor may be unable to provide the
reliable output required to safely and properly adjust the
inspired oxygen level of a ventilator.

By using multiple SpO, values in a fault tolerant pulse
oximeter configuration, the reliability of the SpO, values used
to calculate the ventilator settings may be increased, thereby
increasing patient safety. Multiple SpO, values (e.g., two or
more values) may be obtained through the use of a respective
number of sensors attached to the patient. Multiple SpO,
values allow for increased reliability over a single SpO, value
by providing a backup value or a confidence measure. The
pulse oximeter sensors may be placed at different locations on
the patient (e.g., one onthe left foot, one on the right foot). For
example, if a first SpO, value exhibits signs of high noise
interference (e.g., low signal quality), another SpO, value
with a more reliable reading may be used instead to calculate
the proper setting for a ventilator. As an alternative or in
addition to the above, multiple SpO, values may be averaged
to ensure the proper calculation of the ventilator setting. Vari-
ous methods of using multiple SpO, values to calculate ven-
tilator settings are discussed in further detail below.

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 patient’s blood (as opposed to mea-
suring oxygen saturation directly by analyzing a blood
sample taken from the patient) and changes in blood volume
in the skin. Ancillary to the blood oxygen saturation measure-
ment, pulse oximeters may also be used to measure the pulse
rate of the patient. Pulse oximeters typically measure and
display various blood flow characteristics including, but not
limited to, the oxygen saturation of hemoglobin in arterial
blood.

An oximeter may include a light sensor that is placed at a
site on a patient, typically a fingertip, toe, forehead or earlobe,
or in the case of a neonate, across a foot. The oximeter may
pass light using a light source through blood perfused tissue
and photoelectrically sense the absorption of light in the
tissue. For example, the oximeter may measure the intensity
of light that is received at the light sensor as a function of time.
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 the photoplethysmograph
(PPG) signal. In addition, the term “PPG signal,” as used
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herein, may also refer to an absorption signal (i.e., represent-
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 the
amount of the blood constituent (e.g., oxyhemoglobin) being
measured as well as the pulse rate and when each individual
pulse occurs.

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 changing amount of
blood constituent in the tissue and the related light absorption.
Red and infrared wavelengths may be used because it has
been observed that highly oxygenated blood will absorb rela-
tively less red light and more infrared light than blood with a
lower oxygen saturation. By comparing the intensities of two
wavelengths at different points in the pulse cycle, itis 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:

TD=L (Mexp(=(sB(M+(1-5)B, (M)

where:

A=wavelength;

t=time;

I=intensity of light detected;

1, =intensity of light transmitted,;

s=oxygen saturation;

B, B,=empirically derived absorption coefficients; and
I(t)=a combination of concentration and path length from
emitter to detector as a function of time,

The traditional approach measures light absorption at two
wavelengths (e.g., red and infrared (IR)), and then calculates
saturation by solving for the “ratio of ratios™ as follows.

1. First, the natural logarithm of (1) is taken (“log” will be
used to represent the natural logarithm) for IR and Red

oy

log Ilog I~(sp+(1-5)B, )l @

2. (2) is then differentiated with respect to time

dlogl

_ | dl
T =-(Po+ L=

3. Red (3) is divided by IR (3)

dloglAg)/di _ sPodr) + (1 =5)BAr)
dloglAg)/dr ~ sPo@ig) + (1 —5)B(Lig)

4

4. Solving for s

dlogl(r) , | dlogl(Az)
di ﬁr\AR) - dr

dlogl(A,
°j’f % )~ BA)) —

dlogl(A,
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Note in discrete time

dlogi(A, 1)
dr

= logl(A, 1)~ logl(, 1)

Using log A-log B=log A/B,

dlogiL0) (1(12,/\))
%

So, (4) can be rewritten as

dlogl(Ag) o (1(11, /\R))

di M) _
dlogl(Air) o (1(11,/1111*))
dr 12, Arp)

where R represents the “ratio of ratios.” Solving (4) for s using
() gives

_ B(Ag) = RBArR)
" R(Bodir) - BrAip)) — Pog) + BrAg)”

N

From (5), R can be calculated using two points (e.g., PPG
maximum and minimum), or a family of points. One method
using a family of points uses a modified version of (5). Using
the relationship

dlogl  dijdt
dr ~ 1

now (5) becomes

dlogiAg) 1@, Ag) =111, Ag) @
dt 11, Ag)

dloglAg) 1z, Ag) = 111, Aig)
di 1y, Ag)

_ g, Ag) =, AR (11, Agg)
T (e, Ap) = 11, M)l (g, AR)
=R

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

(O M)~ ()M Pg)
YOt )12 M) (21, hsR)

V(E=Rx(r) ®)

FIG. 1 is a perspective view of an embodiment of a venti-
lator system 100 in accordance with some embodiments.
According to an embodiment, system 100 may include oxim-
etry equipment 102 and a plurality of sensors forming a
sensor array 104. According to another embodiment, oxim-
etry equipment 102 may include a plurality of pulse oxime-
ters (not shown) with one or more sensors. Each of the plu-
rality of pulse oximeters in oximetry equipment 102 may be
communicatively coupled to the other pulse oximeters via
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cables (not shown). However, in other embodiments, a wire-
less transmission device (not shown) or the like may be used
instead of or in addition to the cables.

Sensor 104 may include an emitter 106 for emitting light at
two or more wavelengths into a patient’s tissue. A detector
108 may also be provided in sensor 104 for detecting the light
originally from the emitter 106 that emanates from the
patient’s tissue after passing through the tissue.

Each of the sensors 104 of the sensor array may be a
complementary metal oxide semiconductor (CMOS) sensor.
Alternatively, each sensor of the array may be charged
coupled device (CCD) sensor. In another embodiment, the
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 transmit-
ting data whereas the CMOS sensor may be made up of an
integrated circuit having an array of pixel sensors. Each pixel
may have a photodetector and an active amplifier.

According to an embodiment, emitter 106 and detector 108
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, emit-
ter 106 and detector 108 may be arranged so that light from
emitter 106 penetrates the tissue and is reflected by the tissue
into detector 108, such as a sensor designed to obtain pulse
oximetry data from a patient’s forehead.

In an embodiment, the sensors may be connected to and
draw its power from oximetry equipment 102. In another
embodiment, the sensors may be wirelessly connected to
oximetry equipment 102 and include its own battery or simi-
lar power supply (not shown). Oximetry equipment 102 may
be configured to calculate physiological parameters based at
least in part on data received from sensors 104 relating to light
emission and detection. In an alternative embodiment, the
calculations may be performed on the monitoring device
itself and the result of the oximetry reading may be passed to
oximetry equipment 102.

In an embodiment, system 100 may include a ventilator
110. Ventilator 110 may be coupled to the patient via a nasal
mask, a tracheotomy cannula, or any other suitable patient
circuit for ventilation. Ventilator 110 may be powered by a
battery (not shown) or by a conventional power source such as
a wall outlet.

In an embodiment, system 100 may include an FiO, con-
troller 104. In an embodiment, FiO, controller 104 may be
incorporated in the same housing as ventilator 110 as shown
in FIG. 1. Alternatively, FiO, controller 104 may be a part of
oximetry equipment 102, or FiO, controller 104 may be an
external or stand-alone component of system 100.

FiO, controller 104 may receive the patient’s oxygen satu-
ration data from oximetry equipment 102 to adjust the venti-
lation settings of ventilator 110. In an embodiment, the ven-
tilator settings may include the fraction of inspired oxygen
(Fi0,), tidal volume, respiratory rate, peak inspiratory flow
rate, positive end-expiratory pressure (PEEP), any other suit-
able ventilator setting, or any combination thereof. In an
embodiment, the ventilator settings may be machine com-
mands to adjust the ventilator based on the calculated FiO,,
tidal volume, respiratory rate, peak inspiratory flow rate,
PEEP, any other suitable ventilator setting, or any combina-
tion thereof.

In an embodiment, FiO, controller 104 may output FiO,
settings to ventilator 110 and ventilator 110 may calculate the
appropriate ventilator settings, or FiO, controller 104 may
calculate the appropriate ventilator settings and output the
ventilator settings to ventilator 110. It will be understood that
the Fi0, settings and/or ventilator settings may be calculated
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by FiO, controller 104, oximetry equipment 102, ventilator
110, any suitable processing device, or any combination
thereof.

Inan embodiment, ventilator 110 may be communicatively
coupled to oximetry equipment 102 via cables 114. However,
in other embodiments, a wireless transmission device (not
shown) or the like may be used instead of or in addition to
cables 114.

In an embodiment, system 100 may include a display 116
configured to display the physiological parameters or other
information about the system. The display may include a
cathode ray tube display, a flat panel display such as a liquid
crystal display (LCD) or a plasma display, or any other type of
display now known or later developed. Display 116 may be
configured to provide a display of information from oximetry
equipment 102, ventilator 110, FiO, controller 104, from
other medical monitoring devices or systems (not shown) or
any combination thereof. For example, display 116 may be
configured to display an estimate of a patient’s blood oxygen
saturation generated by oximetry equipment 102 (referred to
as an “SpO,” measurement), pulse rate information from
oximetry equipment 102, blood pressure from a blood pres-
sure monitor (not shown), and ventilator settings from venti-
lator 110. In the embodiment shown, display 116 may also
include a speaker 118 to provide an audible sound that may be
used in various other embodiments, such as for example,
sounding an audible alarm in the event that a patient’s physi-
ological parameters are not within a predefined normal range.

In an embodiment, sensors 104 may be communicatively
coupled to oximetry equipment 102 via cables 120. However,
in other embodiments, a wireless transmission device (not
shown) or the like may be used instead of or in addition to
cables 120.

Display 116 may be communicatively coupled to ventilator
110 via a cable 122 that is coupled to a sensor input port or a
digital communications port, and/or may communicate wire-
lessly (not shown). Display 116 may be communicatively
coupled to oximetry equipment 102 via a cable (not shown)
that is coupled to a sensor input port or a digital communica-
tions port, and/or may communicate wirelessly. In addition,
oximetry equipment 102, ventilator 110, and/or display 116
may be coupled to a network to enable the sharing of infor-
mation with servers or other workstations (not shown). Dis-
play 116 may be powered by a battery (not shown) or by a
conventional power source such as a wall outlet.

FIG. 2 is a block diagram of an FiO, controller, such as
FiQ, controller 112 of FIG. 1, in accordance with an embodi-
ment. In an embodiment, processor 200 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. The data in FiQ, controller 112 may be
stored in a memory such as memory 202, which may be a
read-only memory (ROM), a random access memory (RAM),
or any suitable computer-readable media that may be used in
the system for data storage. Computer-readable media are
capable of storing information that can be interpreted by
processor 200. This information may be data or may take the
form of computer-executable instructions, such as software
applications, that cause the processor to perform certain func-
tions and/or computer-implemented tasks. Depending on the
embodiment, such computer-readable media may include
computer storage media and communication media. Com-
puter storage media may include volatile and non-volatile,
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,
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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 an embodiment, processor 200 may receive from oxim-
etry equipment 102 the patient’s physiological parameters,
such as oxygen saturation data 202, and calculate an output,
such as ventilator settings output 206. Processor 200 may
execute various processes and/or make use of look-up tables
based on the value of the received signals and/or data corre-
sponding to oxygen saturation data 202. In an embodiment,
the real-time and historical oxygen saturation data 204 and
the calculations of processor 200 may be stored in memory
202.

In an embodiment, oxygen saturation data 202 may contain
information about sensor 104, such as what type of sensor it
is (e.g., whether the sensor is intended for placement on a
forehead or digit). Oxygen saturation data 202 may contain
information specific to the patient, such as, for example, the
patient’s age, weight, and diagnosis. The information which
may be included in oxygen saturation data 202 may allow
processor 200 to determine ventilator settings output 206, as
well as, for example, patient-specific threshold ranges in
which the patient’s physiological parameter measurements
should fall and to enable or disable the determination of
additional physiological parameters.

Oxygen saturation data 202 may include signal quality
information. For example, low signal quality measurements
may indicate that a patient is moving or that a sensor has
malfunctioned, in which case measurements may be delayed
or alternate sensor values may be used until a higher quality
measurement can be obtained. Signal quality information
may come from an electromagnetic noise measuring device
(not shown) or a signal arising from sensor 104 indicating a
malfunction or undesirable operating condition. In an
embodiment, a visual display to indicate low signal quality
may be shown on display 116, a audible alarm may be gen-
erated via speaker 118, any suitable alert may be generated, or
any combination thereof. The signal quality information
which may be included in oxygen saturation data 202 may
allow processor 200 to determine ventilator settings output
206.

In an embodiment, ventilator settings output 206 may be
retrieved from memory 202 and/or processor 200, and may be
communicated to ventilator 110. In an embodiment, ventila-
tor settings output 206 may contain an appropriate Fi0, value
for the patient and/or machine commands to ventilator 110
based on a calculated appropriate Fi0O, value.

FIG. 3 is a flow chart of illustrative steps involved in con-
trolling a ventilator in accordance with some embodiments.
Process 300 may begin at step 302. In an embodiment, at step
304, two or more oxygen saturation values (e.g., SpO, values)
may be taken at about the same time based on respective
signals (e.g., PPG signals) from two or more different sensors
104 coupled to one or more pulse oximeters in oximetry
equipment 102, the sensors being attached to a patient (FIG.
1). It will be understood that, in some embodiments, a single
pulse oximeter may be used having multiple channels each of
which receives a respective sensor signal from the two or
more sensors 104. In some embodiments, a single sensor may
be used, the signal from which may be provided to two or
more pulse oximeter devices (e.g., that are different models or
use different SpO, calculation techniques) in order to provide
the two or more respective SpQ, values. For purposes of
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brevity and clarity, and not by way of limitation, the present
disclosure shall refer to embodiments in which multiple sen-
sors are used.

Multiple SpO, values allow for increased reliability over a
single SpQ, value by providing, for example, a backup value
or a confidence measure. Each oxygen saturation value may
be calculated using one or more signals that may be obtained
from one or more sensors 104 or pulse oximeters in oximetry
equipment 102. For purposes of brevity and clarity, and not by
way of limitation, the signals from sensors 104 are described
in the context of being PPG signals. In an embodiment, a PPG
signal may be obtained from the patient using one or more
sensors 104 in real time. In an embodiment, the PPG signal
may have been stored in oximetry equipment 102 in the past
and may be accessed by oximetry equipment 102 to be pro-
cessed.

In an embodiment, at step 306, at least one setting for a
ventilator may be determined based at least in part on the first
and second oxygen saturation values. In an embodiment, the
ventilator setting may be the fraction of inspired oxygen
(Fi0,), tidal volume, respiratory rate, peak inspiratory flow
rate, positive end-expiratory pressure (PEEP), any other suit-
able ventilator setting, or any combination thereof. In an
embodiment, the ventilator setting may be machine com-
mands to adjust the ventilator based on the calculated FiO,,
tidal volume, respiratory rate, peak inspiratory flow rate,
PEEP, any other suitable ventilator setting, or any combina-
tion thereof.

In an embodiment, the ventilator setting may be deter-
mined by calculating a difference between two oxygen satu-
ration values taken at about the same time based on respective
PPG signals from two different sensors. For example, if the
difference between the two oxygen saturation values is less
than a threshold, the first oxygen saturation value may be used
as the oxygen saturation metric (i.e., the oxygen saturation
value used to calculate the ventilator setting). The threshold
may be predetermined, dynamically calculated, inputted by a
physician, or any combination thereof. If the difference is
greater than a threshold, the first oxygen saturation value may
be used as a default oxygen saturation metric. In the alterna-
tive, if the difference between the two oxygen saturation
values is greater than a threshold, an average of the first and
second saturation values may be used as the oxygen satura-
tion metric used to calculate at least one ventilator setting.
Alternatively, if the difference between the two oxygen satu-
ration values is greater than a threshold, a historical oxygen
saturation metric that was acceptable (e.g., where the differ-
ence between the oxygen saturation values was less than a
threshold) may be used to calculate at least one ventilator
setting. For purposes of brevity and clarity, and not by way of
limitation, the calculations are performed in the context of
two sensors and two oxygen saturation values. However, it
will be understood that more than two sensors or oxygen
saturation values may be used to determine the oxygen satu-
ration metric.

In an embodiment, the ventilator setting may be deter-
mined by comparing to a threshold at least one of the two
oxygen saturation values taken at about the same time based
on respective PPG signals from two different sensors. The
threshold may be predetermined, dynamically generated,
inputted by a physician, or any combination thereof. For
example, if both the first and second oxygen saturation values
are less than a threshold, then the first oxygen saturation value
may be used as the oxygen saturation metric used to calculate
the appropriate ventilator setting. If only one of the oxygen
saturation values is less than a threshold, then the oxygen
saturation value that is less than the threshold may be used as
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the oxygen saturation metric used to calculate the appropriate
ventilator setting. If both the first and second oxygen satura-
tion values are greater than a threshold, the first oxygen satu-
ration value may be used as a default oxygen saturation met-
ric. In the alternative, if both the first and second oxygen
saturation values are greater than a threshold, an average of
the first and second saturation values may be used as the
oxygen saturation metric used to calculate at least one venti-
lator setting. Alternatively, if both the first and second oxygen
saturation values are greater than a threshold, a historical
oxygen saturation metric that was acceptable (e.g., both oxy-
gen saturation values were less than a threshold) may be used
to calculate at least one ventilator setting. For purposes of
brevity and clarity, and not by way of limitation, the calcula-
tions are performed in the context of two sensors and two
oxygen saturation values. However, more than two sensors or
oxygen saturation values may be used to determine the oxy-
gen saturation metric.

In an embodiment, the ventilator setting may be deter-
mined by taking two oxygen saturation values taken at about
the same time based on respective PPG signals from two
different sensors and analyzing the change or trend of the
oxygen saturation values in time. For example, a first change
in the oxygen saturation value may be calculated by taking the
difference between the first oxygen saturation value and a
respective first previous oxygen saturation value, a second
change in the oxygen saturation value may be calculated by
taking the difference between the second oxygen saturation
value and a respective second previous oxygen saturation
value. In an embodiment, at least one of the first and second
changes in oxygen saturation may be compared to a thresh-
old. The threshold may be predetermined, dynamically gen-
erated, inputted by a physician, or any combination thereof. If
the first and second changes in oxygen saturation are less than
athreshold, then the first oxygen saturation value may be used
as the oxygen saturation metric used to calculate the appro-
priate ventilator setting. If only one change in oxygen satu-
ration is less than a threshold, then the oxygen saturation
value with the change less than the threshold may be used as
the oxygen saturation metric used to calculate the appropriate
ventilator setting. If both the first and second changes in
oxygen saturation value are greater than a threshold, the first
oxygen saturation value may be used as a default oxygen
saturation metric. In the alternative, if both the first and sec-
ond changes in oxygen saturation value are greater than a
threshold, an average of the first and second saturation values
may be used as the oxygen saturation metric used to calculate
at least one ventilator setting. Alternatively, if both the first
and second changes in oxygen saturation value are greater
than a threshold, a historical oxygen saturation metric that
was acceptable (e.g., both oxygen saturation changes were
less than a threshold) may be used to calculate at least one
ventilator setting. For purposes of brevity and clarity, and not
by way of limitation, the calculations are performed in the
context of two sensors and two oxygen saturation values.
However, more than two sensors or oxygen saturation values
may be used to determine the oxygen saturation metric.

In an embodiment, an average of the oxygen saturation
values may be used to determine an oxygen saturation metric
suitable for calculating the ventilator setting. In an embodi-
ment, the average may be a weighted average of the oxygen
saturation values. The weights may be predetermined,
dynamically generated, inputted by a physician, or any com-
bination thereof. For example, the weights associated with
each oxygen saturation value may be based on the signal
quality information associated with each sensor—a higher
weight may be associated with the oxygen saturation value
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with the better signal quality. Signal quality information may
come from an electromagnetic noise measuring device or a
signal arising from the sensor indicating a malfunction or
undesirable operating condition.

Tt will be understood that averages, thresholds, any other
suitable metric, or any combination thereof may be used to
select or calculate an oxygen saturation metric for determin-
ing a ventilator setting.

Once the oxygen saturation metric is calculated, a ventila-
tor setting may be determined using the oxygen saturation
metric. For example, ventilatory support may be increased
when the oxygen saturation metric indicates low oxygen satu-
ration levels. Conversely, ventilatory support may be
decreased as oxygen saturation levels increase, thus limiting
the time at higher ventilation settings. In an embodiment, the
ventilator setting may be the fraction of inspired oxygen
(Fi0,), tidal volume, respiratory rate, peak inspiratory flow
rate, positive end-expiratory pressure (PEEP), any other suit-
able ventilator setting, or any combination thereof. In an
embodiment, the ventilator setting may be machine com-
mands to adjust the ventilator based on the calculated FiO,,
tidal volume, respiratory rate, peak inspiratory flow rate,
PEEP, any other suitable ventilator setting, or any combina-
tion thereof.

In an embodiment, at step 308, the ventilator setting cal-
culated in step 306 may be outputted to the ventilator, such as
ventilator 110 in FIG. 1. Ventilator 110 may accordingly
adjustthe oxygen delivered to a patient based on the ventilator
setting determined above. Ventilator 110 may take the
machine commands generated in step 306 above and adjust
the mixture of air and oxygen flow to apply the calculated
setting. In an embodiment, ventilator 110 may take the ven-
tilator setting (e.g., the FiO, setting) and generate machine
commands (e.g., via an FiO, controller such as FiO, control-
ler 112 in FIG. 1) to adjust the mixture of air and oxygen flow
to apply the calculated ventilator setting. Following the
applying of the ventilator setting in step 308, process 300 may
advance to step 310 and end.

In an embodiment, the ventilator settings, the oxygen satu-
ration values, any other parameter, or any combination
thereof may be outputted to display 116 (FIG. 1) or any other
display device communicatively coupled to system 100. For
example, the oxygen saturation values may be displayed on a
display as illustrated by FIG. 4. It will be understand that any
other metric may be displayed to indicate the ventilator set-
tings, oxygen saturation values, such as a status bar, a visual
alarm, an audible alarm, any other suitable indication, or any
combination thereof. For example, an audible and visual
alarm may occur if the changes in oxygen saturation values
are greater than a threshold as described above. The ventilator
settings and oxygen saturation values may also be outputted
to any other suitable output device, such as a computer, a
computer-readable medium, a printer, any other suitable out-
put device, or any combination thereof.

By way of illustration, FIG. 5 is a flow diagram of illustra-
tive steps involved in controlling a ventilator in accordance
with some embodiments. Process 500 may begin at step 502.
Inanembodiment, at step 504, oxygen saturation values (e.g,,
Sp0, values) may be calculated using the signals (e.g., PPG
signals) that may be obtained from sensors 104 that may be
coupled to patient (FIG. 1). In an embodiment, the PPG signal
may be obtained from the patient using sensors 104 in real
time. In an embodiment, the PPG signal may have been stored
in oximetry equipment 102 in the past and may be accessed by
oximetry equipment 102 to be processed.

After receiving the signal at step 504, the first and second
oxygen saturation values may be stored in processor 200
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and/or memory 202 of FiQ, controller 112 in step 506. At step
508, a difference between the first and second oxygen satu-
ration values may be calculated. This difference may be
stored in processor 200 and/or memory 202 0f FiO, controller
112 in step 510.

In an embodiment, at step 512, a threshold may be detet-
mined. For example, a threshold may be input by a physician,
retrieved from processor 200 or memory 202, or dynamically
generated based on patient data. At step 514, the difference
calculated in step 508 is compared to the threshold deter-
mined in step 512. If the difference is not greater than the
threshold, process 500 moves to step 516, where the first
oxygen saturation value may be stored in processor 200 and/
or memory 202. At step 518, the first oxygen saturation value
stored in step 516 may be output to ventilator 110.

If the difference is greater than the threshold in step 514,
process 500 moves to step 520. At step 520, weights may be
determined for each of the first and second oxygen saturation
values determined instep 504. For example, the signal quality
information of sensors 104 may be used, increasing the
weight of the oxygen saturation value with better signal qual-
ity. After determining the weights, a weighted average of the
first and second oxygen saturation values is calculated. At
step 522, the weighted average of the oxygen saturation val-
ues is stored in processor 200 and/or memory 202. At step
524, the weighted average of the oxygen saturation values
stored in step 522 may be output to ventilator 110.

At step 526, the output oxygen saturation metric of step
518 or step 524 may be used to determine an appropriate FiO,
setting for the ventilator. This calculation may be performed
by ventilator 110 or FiO, controller 112. The calculations
performed by ventilator 110 or FiO, controller 112 may be
designed to adjust the Fi0, levels, within limits, to respond to
patient needs. For example, ventilator 110 or FiO, controller
112 may increase Fi0, support when the patient develops low
oxygen saturation. Conversely, the FiO, controller 112 may
decrease FiQ, support as the patient improves, thus limiting
the time at higher FiO, settings. The appropriate FiO, levels
may be calculated, for example, based at least in part on the
following equations:

Fi02,=Fi02, +G., *(Sat
Sat;)

targel Sati)-"Gder* (Sati— 1~

Fi02~min(1.0,F502,)
Fi02,7max(0.21,Fi02,)
Gop=0.25

G 40=0.01

where:

Fi02 =current Fi0, setting;
Fi02, ,=previous Fi0, setting;
Sat,,../~target SpO, value;

Sat~current SpQ, value; and

Sat, ,=previous SpO, value.

The FiO, setting may be stored in processor 200 and/or
memory 202 in step 528. The calculated FiO, setting may be
output to ventilator 110 in step 530, and ventilator 110 may
adjust the amount of oxygen delivered to the patient. Follow-
ing the output of the F10, setting, process 500 may advance to
step 532 and end. In practice, one of more of the steps shown
in processes 700 may be combined with other steps, per-
formed in any suitable order, performed in parallel (e.g.,
simultaneously or substantially simultaneously), or removed.

10

15

20

25

30

35

40

45

50

55

60

65

12

The foregoing is merely illustrative of the principles of this
disclosure and various modifications can be made by those
skilled in the art without departing from the scope and spirit of
the disclosure.

What is claimed is:

1. A method for controlling a ventilator in communication
with a patient, the method comprising:

calculating a first oxygen saturation value based at least in

part on a first signal generated by a first sensor attached
to the patient;

calculating a second oxygen saturation value based at least

in part on a second signal generated by a second sensor
attached to the patient;

determining with processing equipment at least one setting

for the ventilator based at least in part on the first oxygen

saturation value and the second oxygen saturation value,

wherein the determined at least one setting comprises a

fractional inspired oxygen setting of the ventilator; and
applying the at least one setting.

2. The method of claim 1, wherein the determining com-
prises calculating a difference between the first oxygen satu-
ration value and the second oxygen saturation value.

3. The method of claim 1, wherein the determining com-
prises determining whether at least one of the first oxygen
saturation value and the second oxygen saturation value is
greater than a threshold.

4. The method of claim 1, wherein the determining com-
prises:

calculating a first change in the oxygen saturation of the

patient by taking the difference between the first oxygen
saturation value and a respective first previous oxygen
saturation value;

calculating a second change in the oxygen saturation of the

patient by taking the difference between the second oxy-
gen saturation value and a respective second previous
oxygen saturation value; and

determining whether at least one ofthe first change and the

second change is greater than a threshold.

5. The method of claim 1, wherein the determining com-
prises calculating an average of the first oxygen saturation
value and the second oxygen saturation value.

6. The method of claim 5, wherein the average is a
weighted average and wherein the first oxygen saturation
value and the second oxygen saturation value are associated
with predetermined respective weights.

7. The method of claim 5, wherein the average is a
weighted average and wherein the first oxygen saturation
value and the second oxygen saturation value are associated
with dynamic respective weights.

8. The method of claim 1, wherein applying the setting
comprises modifying the fractional inspired oxygen setting of
the ventilator.

9. A non-transitory computer-readable medium for con-
trolling a ventilator, the non-transitory computer-readable
medium having computer program instructions recorded
thereon for:

calculating a first oxygen saturation value based at least in

part on a first signal generated by a first sensor attached
to a patient;

calculating a second oxygen saturation value based at least

in part on a second signal generated by a second sensor
attached to the patient;

determining with processing equipment at least one setting

for the ventilator based at least in part on the first oxygen
saturation value and the second oxygen saturation value,
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wherein the determined at least one setting comprises a
fractional inspired oxygen setting of the ventilator; and
applying the at least one setting.

10. The non-transitory computer-readable medium of
claim 9, wherein the determining comprises calculating a
difference between the first oxygen saturation value and the
second oxygen saturation value.

11. The non-transitory computer-readable medium of
claim 9, wherein the determining comprises determining
whether at least one of the first oxygen saturation value and
the second oxygen saturation value is greater than a threshold.

12. The non-transitory computer-readable medium of
claim 9, wherein the determining comprises:

calculating a first change in the oxygen saturation of the

patient by taking the difference between the first oxygen
saturation value and a respective first previous oxygen
saturation value;

calculating a second change in the oxygen saturation of the

patient by taking the difference between the second oxy-
gen saturation value and a respective second previous
oxygen saturation value; and

determining whether at least one of the first change and the

second change is greater than a threshold.

13. The non-transitory computer-readable medium of
claim 9, wherein the determining comprises calculating an
average of the first oxygen saturation value and the second
oxygen saturation value.

14. The non-transitory computer-readable medium of
claim 9, wherein applying the setting comprises modifying
the fractional inspired oxygen setting of the ventilator.
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