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ABSTRACT

A monitor has an optical input from which a spectral
characteristic can be derived. The monitor also has a non-
optical input from which a parameter can be determined. A
compensation relationship is determined for the spectral
characteristic based on the parameter. A physiological mea-
surement is determined based on the spectral characteristic
and the compensation relationship.
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PARAMETER COMPENSATED PHYSIOLOGICAL
MONITOR

REFERENCE TO RELATED APPLICATIONS

[0001] The present application is a continuation of U.S.
patent application Ser. No. 10/714,526, filed on Nov. 14,
2003 entitled “Parameter Compensated Pulse Oximeter”;
which claims the benefit U.S. Provisional Application No.
60/426,638, filed Nov. 16, 2002, entitled “Parameter Com-
pensated Physiological Monitor,” and is a continuation-in-
part of U.S. patent application Ser. No. 10/671,179, filed
Sep. 25, 2003, entitled “Parameter Compensated Pulse
Oximeter,” which claims the benefit of U.S. Provisional
Application No. 60/413,494, filed Sep. 25, 2002, entitled
“Parameter Compensated Pulse Oximeter.” The present
application incorporates the disclosures of the foregoing
applications herein by reference.

BACKGROUND OF THE INVENTION

[0002] Pulse oximetry is a noninvasive, easy to use, inex-
pensive procedure for measuring the oxygen saturation level
of arterial blood. Pulse oximeters perform a spectral analysis
of the pulsatile component of arterial blood in order to
determine the relative concentration of oxygenated hemo-
globin, the major oxygen carrying constituent of blood, and
reduced hemoglobin. These instruments have gained rapid
acceptance in a wide variety of medical applications, includ-
ing surgical wards, intensive care units, general wards and
home care by providing early detection of decreases in the
arterial oxygen supply, which reduces the risk of accidental
death and injury.

[0003] FIG. 1 illustrates a pulse oximetry system 100
having a sensor 110 and a monitor 150. The sensor 110 has
emitters 120 and a detector 130. The emitters 120 typically
consist of a red light emitting diode (LED) and an infrared
LED that project light through blood vessels and capillaries
underneath a tissue site, such as a fingernail bed. The
detector 130 is typically a photodiode positioned opposite
the LED:s so as to detect the emitted light as it emerges from
the tissue site. A pulse oximetry sensor is described in U.S.
Pat. No. 6,088,607 entitled “Low Noise Optical Probe,”
which is assigned to Masimo Corporation, Irvine, Calif. and
incorporated by reference herein.

[0004] Also shown in FIG. 1, the monitor 150 has drivers
152, a sensor front-end 154, a signal processor 155, a display
driver 157, a display 158 and a controller 159. The drivers
152 alternately activate the emitters 120 as determined by
the controller 159. The front-end 154 conditions and digi-
tizes the resulting current generated by the detector 130,
which is proportional to the intensity of the detected light.
The signal processor 155 inputs the conditioned detector
signal and determines oxygen saturation based upon the
differential absorption by arterial blood of the two wave-
lengths projected by the emitters 120. Specifically, a ratio of
detected red and infrared intensities is calculated by the
signal processor 155, and an arterial oxygen saturation value
is empirically determined based on the ratio obtained, as
described with respect to FIGS. 2-3, below. The display
driver 157 and associated display 158 indicate a patient’s
oxygen saturation along with pulse rate.

[0005] The Beer-Lambert law provides a simple model
that describes a tissue site response to pulse oximetry
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measurements. The Beer-Lambert law states that the con-
centration ¢; of an absorbent in solution can be determined
by the intensity of light transmitted through the solution,
knowing the pathlength d,, the intensity of the incident light
I, 5, and the extinction coeflicient E; , at a particular wave-
length A. In generalized form, the Beer-Lambert law is
expressed as:

I = Jope e )

n
Hax = Z Eix-Ci
i=1

@

where p, , is the bulk absorption coefficient and represents
the probability of absorption per unit length. The Beer-
Lambert law assumes photon scattering in the solution is
negligible. The minimum number of discrete wavelengths
that are required to solve EQS. 1-2 are the number of
significant absorbers that are present in the solution. For
pulse oximetry, it is assumed that wavelengths are chosen
such that there are only two significant absorbers, which are
oxygenated hemoglobin (HbO,) and reduced hemoglobin
(Hb).

[0006] FIG. 2 illustrates top-level computation functions
for the signal processor 155 (FIG. 1), described above. In
particular, pulse oximetry measurements are conventionally
made at a red wavelength corresponding to 660 nm and an
infrared wavelength corresponding to 940 nm. At these
wavelengths, reduced hemoglobin absorbs more red light
than oxygenated hemoglobin, and, conversely, oxygenated
hemoglobin absorbs more infrared light than reduced hemo-
globin.

[0007] In addition to the differential absorption of hemo-
globin derivatives, pulse oximetry relies on the pulsatile
nature of arterial blood to differentiate hemoglobin absorp-
tion from absorption of other constituents in the surrounding
tissues. Light absorption between systole and diastole varies
due to the blood volume change from the inflow and outflow
of arterial blood at a peripheral tissue site. This tissue site
also comprises skin, muscle, bone, venous blood, fat, pig-
ment, etc., each of which absorbs light. It is assumed that the
background absorption due to these surrounding tissues is
invariant and can be ignored. That is, the sensor signal
generated by the pulse-added arterial blood is isolated from
the signal generated by other layers including tissue, venous
blood and baseline arterial blood.

[0008] As shown in FIG. 2, to isolate the pulsatile arterial
blood, the signal processor 155 (FIG. 1) computes ratios
215, 265 of the AC portions 212, 262 of the detected red
(RD) 201 and infrared (IR) 206 signals with respect to the
DC portions 214, 264 of the detected signals 201, 206.
Computations of these AC/DC ratios 215, 265 provide
relative absorption measures that compensate for variations
in both incident light intensity and background absorption
and, hence, are responsive only to the hemoglobin in the
arterial blood. Further, a ratio of the normalized absorption
at the red wavelength over the normalized absorption at the
infrared wavelength is computed:

RD/IR=(Red 5 o/Redp )/ (IR o /TRy ) 3)

The desired oxygen saturation (SpO,) 282 is then computed
empirically from this “red-over-infrared, ratio-of-ratios”
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(RD/IR) 272. That is, the RD/IR output 272 is input to a
look-up table 280 containing empirical data 290 relating
RD/IR to SpO,, as described with respect to FIG. 3, below.

[0009] FIG. 3 shows a graph 300 depicting the relation-
ship between RD/IR and SpO,. This relationship can be
approximated from Beer-Lambert’s Law, described above.
However, it is most accurately determined by statistical
regression of experimental measurements obtained from
human volunteers and calibrated measurements of oxygen
saturation. The result can be depicted as a curve 310, with
measured values of RD/IR shown on a x-axis 302 and
corresponding saturation values shown on an y-axis 301. In
a pulse oximeter device, this empirical relationship can be
stored in a read-only memory (ROM) for use as a look-up
table 280 (FIG. 2) so that SpO, can be directly read-out from
an input RD/IR measurement. For example, an RD/IR value
of 1.0 corresponding to a point 312 on the calibration curve
310 indicates a resulting SpO, value of approximately 85%.

SUMMARY OF THE INVENTION

[0010] Conventional pulse oximetry measurements, for
example, depend on a predictable, empirical correlation
between RD/IR and SpO,. The relationship between oxygen
saturation and tissue spectral characteristics, such as RD
absorbance as compared with IR absorbance, however, vary
with other parameters such as site temperature, pH and total
hematocrit (Hct), to name just a few, that are not accounted
for in the conventional photon absorbance model. A param-
eter compensated physiological monitor advantageously uti-
lizes one or more parameters that are not considered in
conventional physiological monitoring in order to derive a
more accurate physiological measurement. Parameters may
be input from various sources, such as multiple parameter
sensors, additional sensors, external instrumentation and
manual input devices. A compensated physiological mea-
surement accounts for these parameters by various mecha-
nisms including modification of calibration data, correction
of uncompensated physiological measurements, multidi-
mensional calibration data, sensor wavelength modification
in conjunction with wavelength-dependent calibration data,
and modification of physiological measurement algorithms.

[0011] One aspect of a parameter compensated physi-
ological monitor has a primary input from which a spectral
characteristic of a tissue site can be derived. The monitor
also has a secondary input from which at least one parameter
can be determined. A compensation relationship of the
spectral characteristic, the parameter and a compensated
physiological measurement is determined. A processor is
configured to output the compensated physiological mea-
surement in response to the primary input and the secondary
input utilizing the compensation relationship.

[0012] A parameter compensated physiological monitor-
ing method includes the steps of inputting a sensor signal
responsive to a spectral characteristic of a tissue site and
deriving a physiological measurement from the characteris-
tic. Other steps include obtaining a parameter, wherein the
physiological measurement has a dependency on the param-
eter and determining a relationship between the spectral
characteristic and the parameter that accounts for the depen-
dency. A further step is compensating the physiological
measurement for the parameter utilizing the relationship.

[0013] Another aspect of a parameter compensated physi-
ological monitor has a primary input for determining a
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spectral characteristic associated with a tissue site. The
monitor also has a secondary input means for determining a
parameter that is relevant to measuring oxygen saturation at
the tissue site and a compensation relationship means for
relating the spectral characteristic, the parameter and an
oxygen saturation measurement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] FIG. 1 is a block diagram of a prior art pulse
oximeter;

[0015] FIG. 2 is a top-level functional diagram of con-
ventional pulse oximetry signal processing;

[0016] FIG. 3 is an exemplar graph of a conventional
calibration curve;

[0017] FIG. 4 is a top-level block diagram of a parameter
compensated physiological monitor having sensor, external
instrument and manual parameter inputs;

[0018] FIG. 5 is a block diagram of a parameter compen-
sated pulse oximeter having a manual parameter input;

[0019] FIG. 6 is a block diagram of a parameter compen-
sated pulse oximeter having a multi-wavelength sensor
along with sensor site temperature and external instrument
pH parameter inputs;

[0020] FIG. 7 is a top-level functional block diagram of a
compensation relationship having spectral characteristic and
parameter inputs and a compensated physiological measure-
ment output;

[0021] FIG. 8Ais a functional block diagram of parameter
compensated signal processing incorporating calibration
data modification;

[0022] FIG. 8B is a functional block diagram of compen-
sated pulse oximetry incorporating an SpO, parameter input
and SpO, measurement feedback;

[0023] FIG. 8C is a functional block diagram of pulse
oximetry calibration data modification;

[0024] FIGS. 9A-D are graphs of one embodiment of
calibration data modification utilizing Bezier curves;

[0025] FIG. 10A is a functional block diagram of param-
eter compensated signal processing incorporating physi-
ological measurement correction;

[0026] FIG. 10B is a functional block diagram of com-
pensated pulse oximetry incorporating a hemoglobin con-
stituent correction for a SpO, measurement;

[0027] FIG. 11 is a functional block diagram of parameter
compensated signal processing incorporating multidimen-
sional calibration data;

[0028] FIG. 12 is a graph of a multidimensional calibra-
tion surface for a compensated physiological measurement;

[0029] FIG. 13A is a functional block diagram of param-
eter compensated signal processing incorporating sensor
wavelength modification and wavelength-dependent cali-
bration data;

[0030] FIG. 13B is a functional block diagram of com-
pensated pulse oximetry incorporating a null parameter and
SpO, feedback; and
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[0031] FIG. 14 is a functional block diagram of compen-
sated pulse rate measurements.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENT

Overview

[0032] Parameter compensated physiological monitoring
is described below with respect to monitor interface archi-
tectures (FIGS. 4-6) and monitor signal processing functions
(FIGS. 7-14). FIG. 4 illustrates a general interface architec-
ture including a primary sensor input and parameter inputs
from sensors, external instruments and manual entry. FIGS.
5-6 illustrate particular pulse oximetry embodiments of FIG.
4. FIG. 5 illustrates a two-wavelength sensor input along
with manual parameter inputs. FIG. 6 illustrates a multiple
wavelength sensor allowing derived parameters, a sensor
temperature element input for a site temperature parameter,
and an external instrument input for a pH parameter.

[0033] FIG. 7 illustrates a general parameter compensa-
tion signal processing function. FIGS. 8-9 illustrate a com-
pensated physiological measurement computed from a spec-
tral characteristic utilizing parameter modified calibration
data. FIGS. 10A-B illustrate a compensated physiological
measurement computed from parameter dependent correc-
tion of an uncompensated physiological measurement.
FIGS. 11-12 illustrate a compensated physiological mea-
surement computed from a spectral characteristic and input
parameters utilizing multidimensional calibration data.
FIGS. 13A-B illustrate a compensated physiological mea-
surement resulting from parameter dependent sensor wave-
length and calibration data modification. FIG. 14 illustrates
a compensated physiological measurement computed from a
parameter modified algorithm.

[0034] The interface architectures according to FIGS. 4-6
may each support signal processing functions according to
FIGS. 7-14. As just one of many examples and embodi-
ments, a pulse oximeter has a manual input compensation
parameter, such as described with respect to FIG. 5. The
manual input may be, say, a blood gas derived parameter,
such as carboxyhemoglobin (HbCO) or methemoglobin
(MetHb) to name just a few. This parameter is utilized to
select, modify, derive or otherwise determine a calibration
curve or other form of calibration data so as to compute a
more accurate measure of SpO,.

Parameter Compensation Architecture

[0035] FIG. 4 illustrates a parameter compensated physi-
ological monitor 400 having a sensor interface 410, an
external instrument interface 420 and a user interface 430.
The sensor interface 410 connects to one or more tissue site
sensors 10, which may be optical or non-optical devices
configured to provide invasive or noninvasive measure-
ments of tissue site properties. The sensor interface 410 has
a primary input 412 and one or more sensor parameter inputs
414. The primary input 412 is adapted to provide tissue site
spectral characteristics via sensor optical elements. A sensor
parameter input 414 is adapted to provide other tissue site
characteristics via optical or nonoptical elements.

[0036] In one embodiment, the primary input 412 is a
detector response to at least two emitter wavelengths after
transmission through or reflection from a tissue site, from
which the physiological monitor 400 may derive at least a
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conventional physiological measurement, such as an oxygen
saturation value, as described with respect to FIGS. 1-3
above. An example of this embodiment is described with
respect to FIG. 5, below. In another embodiment, the sensor
10 utilizes more than two wavelengths so that the physi-
ological monitor 400 may derive, for example, the concen-
trations of other blood constituents in addition to oxygen
saturation, such as total hematocrit (Hct). The same sensor
or a different sensor may also provide other tissue site
measurements, such as temperature, on the sensor parameter
input 414. An example of this embodiment is described with
respect to FIG. 6, below.

[0037] Also shown in FIG. 4, an external instrument
interface 420 connects to one or more external instruments
20, which may monitor physiological or nonphysiological
properties, invasively or noninvasively, from the sensor
tissue site or from other portions of a patient or a patient’s
immediate environment. In one embodiment, the external
instrument 20 is a pH monitor, as described with respect to
FIG. 6, below.

[0038] Further shown in FIG. 4, a user interface 430
accepts one or more manual input parameters 432. As an
example, the user interface 430 may be a keyboard input
operating in conjunction with a user display, which may
range from a small character display to a CRT providing a
computer-generated graphical user interface (GUI). The
manual inputs may be any information related to, for
instance, a patient, a patient’s immediate environment, or a
patient’s medical history. In one embodiment, a manual
input 432 may indicate the presence of an implant device,
such as a pacemaker or an intra aortic balloon pump (IABP).
In another embodiment, a manual input of blood gas mea-
surements, such as are obtainable from a CO-oximeter, is
provided.

[0039] Additionally shown in FIG. 4, the sensor interface
410, external instrument interface 420 and user interface 430
each provide inputs to the signal processor 440. The signal
processor utilizes the primary input 412 and one or more
parameter inputs 403 to generate a compensated physiologi-
cal measurement 442. In one embodiment, the compensated
physiological measurement 442 is an SpO, value that is
derived from both the primary input 412 and the parameter
inputs 403.

[0040] FIG. 5 illustrates one embodiment of a parameter
compensated physiological monitor 400 (FIG. 4). A param-
eter compensated pulse oximeter 500 has sensor 510 and
manual inputs. In particular, drivers 562 activate emitters
520 that project two wavelengths into a tissue site, and a
detector 540 responsive to the emitters 520 provides a
primary input 542 to a sensor front-end 564, as described
above. A user interface 565 accepts manual inputs 550 such
as temperature (T), pH, Het, HbCO and MetHb, etc. The
sensor front-end 564 and user interface 565 output to the
signal processor 566 a detector signal along with the manu-
ally input parameters. The signal processor 566 computes a
compensated SpO, measurement from the detector signal
and these parameters, as described with respect to FIGS.
7-13, below. The compensated SpO, measurement is then
displayed 567, 568 in a manner similar to that described
above with respect to FIG. 1.

[0041] FIG. 6 illustrates another embodiment of a param-
eter compensated physiological monitor 400 (FIG. 4). A
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parameter compensated multiple wavelength monitor 600
has inputs from a sensor 610 and an external pH monitor
650. The sensor 610 has multiple wavelength emitters 620
and a site temperature element 630. Multiple wavelengths
may be achieved, for example, by utilizing multiple LEDs
each manufactured for a specific wavelength according to
the number of wavelengths desired. Alternatively, one or
more LEDs having drive current dependent wavelengths
may be utilized, where the drive current is controlled to shift
between multiple wavelengths. The site temperature element
630 provides a site temperature parameter input to the sensor
front-end 664. In one embodiment, the site temperature
element 630 is a thermistor located on the sensor 610
proximate the emitters 620 or proximate the detector 640.
The detector 640 provides a multiple wavelength signal
output that is combined with a site temperature output to a
sensor front-end 664. An instrument interface 665 is adapted
to input pH readings from the pH monitor 650. The sensor
drivers 662 provide multiplexed activation of the multiple
emitters 620 as determined by the controller 669. The signal
processor 666 accepts outputs from the sensor front-end 664
and the instrument interface 665. In addition, the signal
processor 666 computes an SpO, measurement from the
detector signal along with a sensor parameter, such as Het
for example, utilizing the multiple wavelength signal from
the detector 640. Further, the signal processor 666 derives a
compensated SpO, measurement from the site temperature,
pH, and Hct parameters, as described with respect to FIGS.
7-13, below. The compensated SpO, measurement is then
displayed 667, 668 in a manner similar to that described
above.

[0042] As shown in FIG. 6, a pulse oximetry sensor 610
may be improved for use in conjunction with a parameter
compensated pulse oximeter by increasing the number of
wavelengths projected by the emitters 620, which allows the
resolution of more than two blood constituents, as described
above. Further, the sensor 610 may be improved by adding
the capability to measure various parameters, such as site
temperature. Alternatively, as shown in FIG. 5, pulse oxime-
ter performance can be improved at reduced costs by uti-
lizing simple sensors in conjunction with other instrumen-
tation and/or manual inputs to provide additional input
parameters.

[0043] The sensor 610 may also have an information
element (not shown) that describes information regarding
the sensor. In one embodiment, the information element
provides the monitor 660 with information regarding avail-
able wavelengths for the emitters 620 and/or information
regarding the temperature element 630, such as the resis-
tance-temperature characteristics of a thermistor. An infor-
mation element is described in U.S. Pat. No. 6,011,986
entitled “Manual And Automatic Probe Calibration,”
assigned to Masimo Corporation, Irvine, Calif. and incor-
porated by referenced herein.

Parameter Compensation Signal Processing

[0044] FIG. 7 illustrates a compensation relationship func-
tion 700 that the signal processor 440 (FIG. 4) performs. The
compensation relationship 700 has a spectral characteristic
input or inputs 702 and parameter inputs 704 and generates
a compensated physiological measurement output 708. The
spectral characteristic 702 is derived from the primary input
412 (FIG. 4), the parameters 704 are received from the
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interfaces 410-430 (FIG. 4), and the physiological measure-
ment 708 is provided at the signal processor output 442
(FIG. 4), as described above. FIGS. 8-14, below, illustrate
various embodiments of the compensation relationship 700.
FIGS. 8-9 illustrate a compensation relationship incorporat-
ing parameter modification of baseline calibration data.
FIGS. 10A-B illustrate parameter correction of an uncom-
pensated physiological measurement. FIGS. 11-12 illustrate
parameter incorporation into multidimensional calibration
data. FIGS. 13A-B illustrate parameter modification of
sensor wavelength and selection of wavelength-dependent
calibration data. FIG. 14 illustrates parameter modification
of physiological measurement algorithms.

[0045] FIG. 8Aillustrates a compensation relationship 800
having a look-up table 810, baseline calibration data 830 and
a calibration data modification function 820. The compen-
sation relationship 800 has a spectral characteristic input
802, parameter inputs 804 and a physiological measurement
output 808, as described above. The calibration data modi-
fication 820 advantageously responds to the parameters 804
to select, modify, derive or otherwise determine from the
baseline calibration data 830 a calibration data input 822 to
the look-up table 810. The look-up table 810 uses the
calibration data 822 to determine the physiological mea-
surement 808 corresponding to the spectral characteristic
802. The calibration data 822 may also be responsive to
feedback of the physiological measurement 808. The base-
line calibration data 830 may be determined by statistical
regression of experimental measurements obtained from
human volunteers and calibrated measurements of the physi-
ological measurement and associated parameters. Also, all
or part of the look-up table 810, calibration data modifica-
tion 820 and baseline calibration data 830 may be replaced
by or combined with a mathematical formula or algorithm,
theoretically or experimentally derived, that is used to
compute calibration data or used to directly compute the
physiological measurement from the spectral characteristic
and parameter inputs.

[0046] FIGS. 8B-C describe one pulse oximeter embodi-
ment of the compensation relationship 800 (FIG. 8A). As
shown in FIG. 8B, the blood gas compensation relationship
851 has an RD/IR input 802 and generates an SpO, output
808 utilizing baseline calibration data 880 that is modified
according to an input value of arterial oxygen saturation
SpO,. The compensation relationship 851 has a calibration
data modification function 871 that provides modified cali-
bration data 872 to a look-up table 860, as described with
respect to FIG. 8A, above.

[0047] As shown in FIG. 8C, the calibration data modifi-
cation 871 has comparison 891 and sensitivity filter 893
functions that input to modification rules 895 that operate on
the baseline calibration data 882 to provide modified cali-
bration data 872. The comparison 891 determines a differ-
ence between SpO, 804 and SpO, 808 so that the compen-
sation relationship 871 can function to reduce the
discrepancy between blood gas measurement and pulse
oximeter measurements of oxygen saturation.

[0048] The responsiveness to blood gas measurements is
determined by a sensitivity filter 893 and sensitivity adjust-
ment 809. So as to reduce over-sensitivity of a calibration
data to blood gas measurements, calibration data modifica-
tion may require multiple blood gas input values over a
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range of saturation values and/or consistency within a tol-
erance range before calibration data is modified. Also,
calibration data modification can be less sensitive to more
frequently occurring normal saturation values and more
sensitive to the less frequently occurring low saturation
values. Hence, the sensitivity filter 893 may have a blood gas
input 804 so that responsiveness varies with the range of
blood gas sample values. Further, calibration data may be
piecewise modified according to ranges of saturation values,
so that an entire range of calibration data is not affected by
blood gas measurements that are limited to a certain range
of saturation values.

[0049] TABLE 1, below, illustrates one embodiment of the
modification rules 895. Saturation Range is a range of blood
gas measurements and a corresponding portion of the cali-
bration curve to be replaced or modified. Number of
Samples is the number of blood gas measurements required
within the corresponding Saturation Range before a calibra-
tion curve modification or replacement is made. Sample
Tolerance is the deviation allowed between measured SpO,
and measured SpO, for a particular blood gas measurement
to be considered. For example, the saturation ranges may be
in 5% increments, i.e. 100-95%, 95-90%, etc. The number of
samples may be, say, 4 for saturation measurements above
75% and 1 for saturation measurements below 75%. The
sample tolerance may be SpO,-SpO,=+1%.

TABLE 1

Calibration Data Modification Rules

SATURATION RANGE NUMBER OF SAMPLE
(%) SAMPLES TOLERANCE
100—x, n; Ay
XX ) A
x50 n; A

[0050] Depending on the embodiment, the modification
rules 895 may operate on the baseline calibration data to
select one of a family of calibration curves, determine the
direction and amount of shift in a calibration curve, modify
the shape of a calibration curve, rotate a calibration curve
around a selected point on the curve, specify one or more
points from which a calibration curve may be derived, or a
combination of these actions. In this manner a pulse oxime-
ter may be calibrated on site for individual patients, for
improved accuracy as compared with total reliance on
empirical calibration data derived from many individuals.
Calibration curve modification in response to blood gas
measurements is described in further detail with respect to
FIGS. 9A-D, below.

[0051] FIGS. 9A-D illustrate calibration data modification
utilizing a Bezier curve. In its most common form, a Bezier
curve is a simple cubic equation defined by four points
including the end points and two control points, as is
well-known in the art. As shown in FIG. 9A a calibration
curve 910, such as described with respect to FIG. 3, above
can be approximated as a Bezier curve with an associated
first control point 920 and second control point 930.

[0052] As shown in FIG. 9B, the initial Bezier curve 910
(FIG. 9A) can be modified in response to a blood gas
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measurement providing a first calibration point 940 at a
relatively high saturation value. In particular, a modified
calibration curve 911 can be derived in response to the first
calibration point 940 by repositioning the first and second
control points 920-930 so that the modified calibration curve
911 more closely approximates the first calibration point 940
than the original calibration curve 910 without significantly
altering the original calibration curve 910 (FIG. 9A) within
saturation ranges away from the first calibration point 940.

[0053] As shown in FIG. 9C, the modified calibration
curve 911 (FIG. 9B) can be modified in response to a second
calibration point 950 at a relatively low saturation value. In
particular, a modified calibration curve 912 can be derived
in response to the first and second calibration points 940-950
by again repositioning the first and second control points
920-930 so that the modified calibration curve 912 more
closely approximates the calibration points 940-950.

[0054] As shown in FIG. 9D, the modified calibration
curve 912 (FIG. 9C) can be modified yet again in response
to a third calibration point 960. In particular, a modified
calibration curve 913 can be derived in response to the three
calibration points 940-960 by further repositioning the con-
trol points 920-930 so that the modified calibration curve
913 more closely approximates the calibration points 940-
960.

[0055] Multiple calibration points may be accommodated
by curve-fitting algorithms well-known in the art, such as a
least-means-squared computation of the error between the
modified calibration curve and the calibration points, as one
example. Other polynomials curves may be used to derive
modified calibration curves, and two or more sections of
Bezier curves or other polynomial curves can be used to
represent a modified calibration curve.

[0056] FIG. 10A illustrates a measurement correction
compensation relationship 1000 having a look-up table
1010, calibration data 1020, and a measurement correction
function 1030. The compensation relationship 1000 differs
from the compensation relationship 800 (FIG. 8A) described
above in that, an uncompensated physiological measurement
1018 is calculated and corrected to yield a compensated
physiological measurement 1008. This contrasts with a
compensated physiological measurement being directly
derived from a spectral characteristic and parameters, as
described with respect to FIG. 8A, above.

[0057] FIG. 10B illustrates an upgrade compensation rela-
tionship 1001 embodiment of the compensation relationship
1000 (FIG. 10A) described above. The compensation rela-
tionship 1001 advantageously upgrades the uncompensated
oxygen saturation measurement of a conventional pulse
oximeter. In particular, the look-up table 1010 and calibra-
tion curve 1020 may be as described with respect to FIGS.
2-3, above. In one embodiment, the measurement correction
1031 is a look-up table having a correction data set as input,
where the correction data set is determined by statistical
regression of experimental measurements obtained from
human volunteers and calibrated measurements of oxygen
saturation and associated parameters. In another embodi-
ment, the measurement correction 1031 is a mathematical
formula or algorithm that directly computes a compensated
SpO, output from uncompensated SpO, and parameter
inputs. In yet another embodiment, the measurement cor-
rection is a combination of look-up table and mathematical
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formula or algorithm. The compensation parameters may be,
for example, one or more of T, pH, Het, HbCO, MetHb, to
name a few.

[0058] FIG. 11 illustrates a multidimensional calibration
function 1100 having a look-up table 1110 and associated
multidimensional calibration data 1120. The look-up table
1110 has a spectral characteristic input 1112, such as RD/IR,
and one or more compensation parameters 1114, such as T,
pH, Het, HbCO, MetHb, etc., as described with respect to
FIG. 7, above. In response to the spectral characteristic 1112
and parameter 1114 inputs, the look-up table 1110 provides
a physiological measurement output 1118, such as a com-
pensated oxygen saturation value, also as described with
respect to FIG. 7, above. The look-up table 1110 may
function as a calibration surface 1210 (FIG. 12) in a some-
what analogous manner to the calibration curve described
with respect to FIG. 3, above. The multidimensional cali-
bration data 1120 may be determined by statistical regres-
sion of experimental measurements obtained from human
volunteers and calibrated measurements of the physiological
measurement and associated parameters. Also, the look-up
table 1110 and calibration data 1120 may be replaced by or
combined with a mathematical formula or algorithm, theo-
retically or experimentally derived, used to directly compute
a physiological measurement from spectral characteristic
and parameter inputs.

[0059] FIG. 12 is a three-dimensional graph 1200 illus-
trating the look-up table calibration function described with
respect to FIG. 11, above. The graph 1200 has an x-axis
1201 representing derived spectral characteristic values, a
y-axis 1203 representing a parameter value, and a z-axis
1205 representing physiological measurement values that
result from locating a position on the surface 1210 corre-
sponding to a combination of spectral characteristic and
parameter values. The three-dimensional graph 1200 may be
extended to accommodate multiple parameters, so as to
create a calibration surface in multidimensional hyperspace.

[0060] In one advantageous embodiment, a blood gas
measurement of HbCO and/or MetHb is manually entered
into a pulse oximeter and utilized to generate a compensated
value of SpO,. As described above, conventional pulse
oximetry utilizes two wavelengths, assuming that Hb and
HbO, are the only significant absorbers. However, HbCO
and MetHb may also be significant absorbers at RD and IR
wavelengths. The presence of significant concentrations of
HbCO and MetHb have different effects on a conventional
pulse oximeter estimate of oxygen saturation. HbO, and
HbCO have similar extinctions at the RD wavelength, as do
MetHb and Hb. At the IR wavelength, HbCO is relatively
transparent whereas MetHb has greater extinction than the
other hemoglobins. The two wavelength assumption tends to
lump HbO, and HbCO together, i.e. HbCO is counted as an
oxygen carrying form of hemoglobin, causing a conven-
tional pulse oximeter to overestimate oxygen saturation. As
MetHb increases, RD/IR tends to unity and SpO, tends to a
constant (e.g. 85%) regardless of oxygen saturation. A
manually entered value of HbCO and or MetHb is used as
a parameter in conjunction with the functions described
above with respect to any of FIGS. 7-11, so as to distinguish
these hemoglobin species from HbO, and Hb, providing a
more accurate, HbCO and/or MetHb compensated, value of
SpO,.
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[0061] FIG. 13A illustrates a wavelength compensation
relationship 1300 having a look-up table 1310, wavelength-
dependent calibration data 1320, and a wavelength determi-
nation function 1330. The wavelength compensation rela-
tionship 1300 advantageously changes sensor wavelength to
generate a wavelength-compensated physiological measure-
ment output 1308. The look-up table 1310 has a spectral
characteristic input 1302 and generates a physiological
measurement output 1308 utilizing the wavelength-depen-
dent calibration data 1320. The wavelength determination
function 1330 has parameter 1304 inputs and, in one
embodiment, a feedback input of the physiological measure-
ment 1308, and provides a sensor wavelength selection
output 1338. The wavelength selection output 1338 provides
a calibration data 1320 input for selecting wavelength-
dependent portions of the calibration data 1320. As above,
the look-up table 1310 and/or the calibration data 1320 may
be replaced by or combined with mathematical formulas or
algorithms. The wavelength control output 1338 is a feed-
back path to a controller 669 (FIG. 6) and/or drivers 662
(FIG. 6), for example, so as to modify the wavelength of a
multiple-wavelength sensor 610 (FIG. 6). FIG. 13B, below,
illustrates one advantageous pulse oximeter embodiment of
the wavelength compensation relationship 1300.

[0062] FIG. 13B illustrates an oxygen saturation depen-
dent wavelength compensation relationship 1301 having a
null parameter input 1304 (FIG. 13A), i.e. no parameter is
used, and a wavelength control output 1338 that is depen-
dent on the SpO, output 1308. In particular, the wavelength
determination function 1330 has SpO, 1308 as input and
generates a wavelength selection output 1338, accordingly.
For example, the wavelength selection output 1338 deter-
mines particular red and IR wavelengths to be used for
conventional pulse oximetry measurements and a corre-
sponding one of a family of wavelength dependent calibra-
tion curves 1320. In this manner, sensor wavelength can be
dynamically adjusted based upon saturation levels, e.g. a
first red and/or IR wavelength may be used in low saturation
conditions and a second red and/or IR wavelength may be
used in normal saturation conditions.

[0063] FIG. 14 illustrates parameter compensation of
pulse rate measurements. In this pulse oximetry embodi-
ment, the compensation relationship 1400 includes a pulse
rate calculation 1410 having a plethysmograph input 1402
and providing a pulse rate measurement output 1408. The
pulse rate calculation 1410 also has one or more parameter
inputs 1404, such as a manual input indicating the presence
of'an implant device, such as an IABP or a pacemaker, or the
presence of an arrhythmia. The parameter input is used to
alter the pulse rate calculation 1410 so as to derive a more
accurate pulse rate measurement 1408. For example, the
criteria for determining a physiologically acceptable pulse
on the plethysmograph input 1402, such as aspects of the
pulse shape, may be altered according to the parameter input
1404. Pulse rate calculations are described in U.S. Pat. No.
6,463,311 entitled “Plethysmograph Pulse Recognition Pro-
cessor,” which is assigned to Masimo Corporation, Irvine,
Calif. and incorporated by reference herein.

[0064] A parameter compensated physiological monitor
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 the art will appreciate
many variations and modifications.
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What is claimed is:
1. A physiological monitor comprising:

an optical sensor providing a first sensor signal responsive
to a plurality of wavelengths of optical radiation after
attenuation by pulsatile blood flowing within a tissue
site of a patient;

a non-optical sensor providing a second sensor signal
corresponding to the patient;

a processor configured to derive a spectral characteristic
of the tissue site from the first sensor signal;

calibration data relating the spectral characteristic to a
blood gas parameter of the patient; and

a correction applied to the calibration data in response to
the second sensor signal.
2. The physiological monitor according to claim 1:

wherein the non-optical sensor has a temperature sensing
element, and

wherein the second sensor signal is responsive to a tissue
site temperature.
3. The physiological monitor according to claim 2:

wherein the calibration data defines a Bezier curve having
end points and corresponding control points, and

wherein the correction repositions the control points so as
to generate a modified calibration curve.
4. A physiological monitor comprising:

a primary input responsive to optical properties of a tissue
site of a patient;

a characteristic of the tissue site derived from the primary
input;

a calibration curve relating the characteristic to a blood
gas parameter for the patient;

a blood gas value derived from the primary input and the
calibration curve;

a secondary input responsive to non-optical properties
corresponding to the patient; and

a compensation applied to at least one of the calibration
curve and the blood gas value in response to the
secondary input so as to derive a compensated blood
gas value that is more accurate than the blood gas
value.

5. The physiological monitor according to claim 4
wherein the secondary input provides a measure of the
patient’s blood pH.

6. The physiological monitor according to claim 5
wherein the secondary input is a blood pH value manually
entered through a user interface.

7. The physiological monitor according to claim 5
wherein the secondary input is an output from a blood pH
monitor having a sensor in contact with the patient.

8. A physiological monitoring method comprising:

generating an optical measurement at a tissue site having

pulsatile blood flow;

defining calibration data relating the optical measurement
to a blood gas parameter corresponding to the pulsatile
blood flow;
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calculating the optical measurement and the calibration
data with a processor so as to generate a blood gas
value corresponding to the blood gas parameter;

providing a non-optical measurement corresponding to
the tissue site; and

correcting at least one of the calibration data and the blood
gas value according to the non-optical measurement.

9. The physiological monitoring method according to
claim 8:

wherein generating comprises attaching an optical sensor
to the tissue site; and

wherein providing comprises integrating a non-optical
sensor element into the optical sensor so as to make the
non-optical measurement.

10. The physiological monitoring method according to
claim 9 wherein integrating comprises positioning a ther-
mistor within the optical sensor so as to take a temperature
measurement of the tissue site.

11. The physiological monitoring method according to
claim 8 wherein providing comprises attaching a non-optical
sensor to the tissue site.

12. The physiological monitoring method according to
claim 11 wherein providing further comprises taking a
temperature measurement of the tissue site.

13. The physiological monitoring method according to
claim 8 wherein providing comprises manually inputting
into the processor via a user interface a non-optical mea-
surement value corresponding to the tissue site.

14. The physiological monitoring method according to
claim 13 wherein manually inputting comprises entering a
tissue temperature value on a keypad that is in communi-
cations with the processor.

15. A physiological monitoring method comprising:

generating a non-invasive measurement at a tissue site of
a patient;

defining calibration data relating the non-invasive mea-
surement to a blood gas parameter;

calculating with a processor a blood gas value corre-
sponding to the non-invasive measurement;

providing an invasive measurement of the patient;

compensating the blood gas value according to the inva-

sive measurement.

16. The physiological monitoring method according to
claim 15 wherein providing comprises measuring a blood
pH value for the patient.

17. The physiological monitoring method according to
claim 16 wherein measuring comprises manually entering
the blood pH value via a user interface into the processor.

18. The physiological monitoring method according to
claim 16 wherein measuring comprises outputting the blood
pH value from a pH monitor via an instrument interface to
the processor.



US 2007/0073127 Al

19. A physiological monitor comprising:

an optical sensor means for providing a tissue site spectral
characteristic for a patient;

a non-optical input means for providing a compensation
parameter for the patient;

a calibration means for relating the spectral characteristic
to an uncompensated blood gas parameter; and

a correction means responsive to the compensation
parameter for generating a compensated blood gas
parameter.

20. The physiological monitor according to claim 19
further comprising a processor for applying the correction
means to the calibration means.

21. The physiological monitor according to claim 19
further comprising a processor for applying the correction
means to the uncompensated blood gas parameter.
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22. The physiological monitor according to claim 19
further comprising a user interface means for manually
entering a value for the compensation parameter into the
processor.

23. The physiological monitor according to claim 19
further comprising an instrument interface means for enter-
ing the compensation parameter from an external monitor
into the processor.

24. The physiological monitor according to claim 19:

wherein the calibration means comprises a Bezier curve;
and

wherein the correction means comprises a control means
for altering the shape of the Bezier curve.
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