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PHYSIOLOGICAL MONITORING AND
RELATED METHODS

TECHNICAL FIELD

[0001] The subject matter described herein relates to
devices and methods for monitoring physiological param-
eters including a pulse oximeter and a related methodology
which uses a third wavelength of light, in addition to two
more conventionally used wavelengths, to improve the
accuracy of peripheral blood oxygen saturation (SpO.,)
measurements. One example application for the oximeter
and method is to determine SpO, based on measurements at
sites on a subject’s body where transmittance methods of
oximetry may yield inaccurate readings. Aspects of the
disclosed subject matter may be used to estimate other
physiological parameters such as heart rate, pulse transit
time and blood pressure.

BACKGROUND

[0002] Pulse oximetry is a known technique for determin-
ing the oxygen saturation (SpO,) of the hemoglobin of a
subject, such as a medical patient. One type of oximeter is
a transmittance oximeter. A typical transmittance oximeter is
a clamp-like device having a red light source and an infrared
light source on one side of the clamp and a light detector
(photodetector) on the opposite side of the clamp. The
device is placed at a site on a part of the patient’s body, such
as an earlobe or finger, so that the body part is between the
sources and the detector. The oximeter illuminates the site
alternately with red and infrared light from the sources. (As
used throughout this specification, “light” is not limited to
the visible portion of the electromagnetic spectrum.) Light
emitted by each source enters the body part. Light which is
not absorbed or otherwise dissipated penetrates through the
body part and arrives at the detector. A processor estimates
the patient’s blood oxygen saturation in a well known
manner as a function of the intensity of light received at the
detector (which is an indication of the amount of light
absorbed by the patient’s tissue) in response to the red
illumination and the infrared illumination during both pul-
satile and nonpulsatile phases of the patient’s heart cycle.
The oximeter is able to distingush between the pulsatile and
nonpulsatile phases by detecting a characteristic absorption
transient that accompanies the pulsatile phase.

[0003] One known way to estimate oxygen saturation is to
calculate a value referred to as the modulation ratio, R, the
equation for which is shown below.

_ ACrep/DCrep M
ACir[DCR

DCrzp 1s a value related to the red light absorbed by the
patient’s body part, and therefore the intensity of red light
detected by the detector during a nonpulsatile portion of a
heart cycle. DCg;, depends on red light absorption due to
venous blood, capillary blood, nonpulsatile arterial blood
and other tissues (e.g. skin, fat, bone, muscle). DCrzp, is
substantially time invariant over the period of a heart cycle
and is often analogized to the DC component of an alter-
nating electrical current.

[0004] DC,, is a value related to the infrared light
absorbed by the patient’s body part, and therefore the
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intensity of infrared light detected by the detector during a
nonpulsatile portion of a heart cycle. DC;; depends on
infrared light absorption due to venous blood, capillary
blood, nonpulsatile arterial blood and other tissues. DC, is
substantially time invariant over the period of a heart cycle
and, like DCy -, is often analogized to the DC component
of an alternating electrical current.

[0005] ACggp is a value related to the red light absorbed
by the patient’s body part, and therefore the intensity of red
light detected by the detector during a pulsatile portion of a
heart cycle. AC,,.,, depends on red light absorption due to
venous blood, capillary blood, nonpulsatile arterial blood,
pulsatile arterial blood and other tissues. ACy,, changes
during a heart cycle as the volume of pulsatile arterial blood
in the vicinity of the oximeter changes. ACg,,, is often
analogized to the AC component of an alternating electrical
current.

[0006] AC,, is a value related to the infrared light
absorbed by the patient’s body part, and therefore the
intensity of infrared light detected by the detector during a
pulsatile portion of a heart cycle. AC,z depends on infrared
light absorption due to venous blood, capillary blood, non-
pulsatile arterial blood, pulsatile arterial blood and other
tissues. ACp.p, changes during a heart cycle as the volume
of pulsatile arterial blood in the vicinity of the oximeter
changes. AC, like ACy ., is often analogized to the AC
component of an alternating electrical current.

[0007] Because transmittance oximeters require some
light to pass completely through a part of the patient’s body,
their use is limited to relatively thin parts of the body, for
example at a fingertip or an earlobe. However it is some-
times desirable to acquire an SpO, reading by taking mea-
surements at a site too thick for a transmittance oximeter, for
example on a patient’s chest. In such cases a reflectance
oximeter is used. The operation of a reflectance oximeter is
similar in principle to that of a transmittance oximeter. One
difference is that a reflectance oximeter is designed so that
the light sources and the photodetector are on the same side
of the device rather than on opposite sides as in a transmit-
tance oximeter. As a result, light need not pass all the way
through the body part at which the SpO, reading is being
taken. Instead the photodetector detects light which returns
from the body part to the photodetector. Existing literature
refers to the returned light as reflected light. As with a
transmittance oximeter, a reflectance oximeter estimates
SpO, as a function of the intensity of light received at the
detector in response to red illumination and infrared illumi-
nation during both pulsatile and nonpulsatile phases of the
patient’s heart cycle. However these signals tend to be weak
and noisy at the thicker body parts where a reflectance
oximeter is typically used, making it difficult for the reflec-
tance oximeter to make the necessary distinction between
the pulsatile and nonpulsatile heartbeat phases.

[0008] Accordingly, what is needed is a pulse oximeter
suitable for use at sites where the signals of interest are too
weak and/or noisy to easily distinguish between pulsatile
and nonpulsatile heartbeat phases. Aspects of the oximeter
waveforms may be used for monitoring other physiological
parameters.

SUMMARY

[0009] A method of estimating oxygen saturation includes
illuminating a target site with light of a first wavelength,
light of a second wavelength and light of a third wavelength.
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The second wavelength is greater than the first wavelength,
and the third wavelength is greater than the second wave-
length. Light returned from the site at each of the wave-
lengths is detected. The method distinguishes between pul-
satility and nonpulsatility based on a first parameter of return
light of the first wavelength. The method formulates a first
estimate of oxygen saturation as a function of:

[0010] a second pulsatile parameter corresponding to
the light returned in response to the illumination with
the light of the second wavelength during a pulsatile
period,

[0011] a second nonpulsatile parameter corresponding
to the light returned in response to the illumination with
the light of the second wavelength during a nonpulsa-
tile period,

[0012] a third pulsatile parameter corresponding to the
light returned in response to the illumination with the
light of the third wavelength during a pulsatile period,
and

[0013] a third nonpulsatile parameter corresponding to
the light returned in response to the illumination with
the light of the third wavelength during a nonpulsatile
period.

BRIEF DESCRIPTION OF THE DRAWINGS

[0014] The foregoing and other features of the various
embodiments of the oximeter described herein will become
more apparent from the following detailed description and
the accompanying drawings in which:

[0015] FIG. 1 is a schematic elevation view of an oximeter
as described herein showing, among other things, a photo-
detector and a processor for formulating an estimate of a
patient’s oxygen saturation.

[0016] FIG. 2 is a plan view in the direction 2-2 of FIG.
1.

[0017] FIG. 3 is a block diagram of the methodology
carried out by the processor of FIG. 1 acting according to
machine readable instructions, the methodology being
expressed in terms of light at wavelengths A, A, and A,.

[0018] FIG. 4 is a block diagram similar to that of FIG. 3
expressing the method in terms of green, red and infrared
light.

[0019] FIG. 5 is a pair of graphs giving an example of a

pulse illumination sequence carried out by the oximeter of
FIGS. 1-2, and showing return signals which result from the
illumination and are detected by the photodetector.

[0020] FIG. 6 is a plan view similar to that of FIG. 2
showing an alternate embodiment of the oximeter in which
the photodetector is an array of three photodetectors, each
sensitive to one of three wavelengths of light.

[0021] FIG. 7 is a block diagram of the methodology
carried out by the processor of the oximeter of FIG. 6 acting
according to machine readable instructions, the methodol-
ogy being expressed in terms of light at wavelengths A, A,
and A,.

[0022] FIGS. 8 and 9 are graphs similar to those of FIG.
5 showing non-pulsed illumination carried out by the oxi-
meter of FIG. 6, and also showing sampling of the return
signals resulting from the illumination.

[0023] FIG. 10 is a plan view similar to that of FIG. 2
showing a heart rate monitor which employs aspects of the
oximeter of FIGS. 1-2.

[0024] FIG. 11 is a block diagram showing operation of
the heart rate monitor of FIG. 10.
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[0025] FIG. 12 is a graph of light intensity vs. time
showing light intensity exceedance of a threshold used in the
method of FIG. 11.

[0026] FIG. 13 is a graph of light intensity vs. time
showing an example of a spurious light intensity nonexcee-
dance during a time interval generally characterized by
exceedance spikes and also showing an example of a spu-
rious light intensity exceedance during a time interval gen-
erally characterized by nonexceedance.

[0027] FIG. 14 is a block diagram of a methodology which
uses aspects of the oximeter described herein and of the
oximeter methodology for estimating physiological param-
eters other than oxygen saturation.

DETAILED DESCRIPTION

[0028] Reference will now be made to embodiments of the
invention, examples of which are illustrated in the accom-
panying drawings. Features similar to or the same as features
already described may be identified by the same reference
numerals already used. The terms “substantially” and
“about” may be used herein to represent the inherent degree
of uncertainty that may be attributed to any quantitative
comparison, value, measurement or other representation.
These terms are also used herein to represent the degree by
which a quantitative representation may vary from a stated
reference without resulting in a change in the basic function
of the subject matter at issue.

[0029] FIGS. 1-2 show an oximeter 20 which is an instru-
ment for assessing the oxygen saturation of blood hemoglo-
bin. As illustrated, the oximeter is in contact with a patient’s
chest C. The oximeter includes a housing 22 with a light
emission aperture 24 and a light return aperture 26, a light
emitter 32 in the form of three light sources 32-1, 32-2, 32-3.
One example of a suitable light source is a light emitting
diode. When powered, light source 32-1 emits light at a first
wavelength 2., (also referred to as A, light). Light source
32-2 emits light at a second wavelength A, (also referred to
as ., light) longer than . Light source 32-3 emits light at
a third wavelength A, (also referred to as i, light) longer
than A,. As used herein, “light” is not limited to the visible
portion of the electromagnetic spectrum. A reference herein
to a specific wavelength (or “color” such as green, red and
infrared) means a wavelength band or “color” band narrow
enough to approximate the specified wavelength, e.g. within
plus or minus five nanometers. The oximeter also includes a
driver 36 to drive the light sources in a successive manner.
[0030] The oximeter also includes a photodetector 38,
which is also referred to as a light detector. The photode-
tector detects a property or parameter of interest of light
which returns to the oximeter after having been emitted by
the emitter.

[0031] The oximeter also includes an on-board processor
40 and executable instructions 42 stored in an on-board
memory 44. Alternatively the processor and/or memory may
be remote components with which the processor communi-
cates by, for example, wireless technology. Either way, the
processor and instructions cooperate to formulate an esti-
mate of a patient’s oxygen saturation and, as necessary, to
control operation of the oximeter. In this specification,
reference to the operation or functioning of the processor
should be understood to mean operation as directed by the
instructions.

[0032] It may be necessary to transduce the detected light
signal to produce a signal useable by processor 40. The
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illustrated oximeter includes an analogue to digital (A/D)
converter 52 for that purpose. The A/D converter produces
a digital electrical signal whose magnitude is proportional to
or otherwise depends on a parameter or property of light,
such as intensity, received at the photodetector. However, for
explanatory simplicity, this specification describes the func-
tioning of the processor as if it were operating directly on the
parameter or property of the return light signal itself, for
example light intensity, rather than on a transduced signal.
[0033] FIG. 3 is a block diagram of the methodology
carried out by processor 40 acting according to instructions
42. The methodology of FIG. 3 is expressed in terms of A,
light, A, light, and A, light where A,>A,>X . In one specific
embodiment first wavelength A, is in the green-blue portion
of the electromagnetic spectrum (approx. 480 to 570 nano-
meters) second wavelength A, is in the red portion of the
electromagnetic spectrum (approximately 650-700 nanome-
ters) and third wavelength A, is in the infrared portion of the
electromagnetic spectrum (approximately 720 nanometers
to 1 millimeter). The block diagram of FIG. 4 is the same as
that of FIG. 3 except that the text of selected blocks is
reworded to express the method in terms of green light, red
light, and infrared light. In addition, the example of F1G. 4
1s based on return light intensity as the parameter of interest.
The following explanation of the methodology refers to the
diagram of FIG. 4 rather than the more general diagram of
FIG. 3.

[0034] Referring to FIGS. 4-5, at block 100 the method
illuminates the target site S (FIG. 1) with green light from
light source 32-1. At block 102 the method illuminates the
target site with at least one cycle of red light from light
source 32-2 and infrared light from light source 32-3, in
either order.

[0035] The top portion of FIG. 5 is a prophetic example of
an illumination sequence over a time span of one cardiac
cycle. The height of the illumination pulses is not significant
except to assist the reader in distinguishing among pulses of
different wavelengths. In the illustrated sequence, pulses of
A, (green) light are emitted once every 0.250 msec (4000
Hz.). One or more cycles of alternating pulses of A, (red)
light and A (infrared) light, in either order, is emitted and
nested between successive pulses of A, light. If the pulses
are equally spaced in time, emitter 32 emits one pulse of
light, either green light, red light, or infrared light, every
0.083 msec. Other light pulse rates may be satisfactory
provided that the light pulse rate is significantly faster than
a typical cardiac pulse rate.

[0036] Although FIG. 5 illustrates one cycle of A, and A,
light between each set of A, pulses, two or more cycles can
be used if desired.

[0037] The emitted light is directed at a target site S on a
patient’s body (FIG. 1) so that the target site is successively
illuminated with green light, red light and infrared light.
Some of the incident light may be absorbed by the patient’s
tissue, however the light not absorbed or otherwise dissi-
pated at each wavelength is returned to the oximeter. The
existing literature refers to the returned light as reflected
light.

[0038] At block 104 photodetector 38 detects a property or
parameter of interest of return light signal S, (FIG. 1) at each
wavelength. The parameter of the A, light (green light)
which is monitored for and detected, the parameter of the A,
light (red light) which is monitored for and detected, and the
parameter of the A, light(infrared light) which is monitored
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for and detected can all be the same parameter, can all be
different parameters, or can be a mix of same and different
parameters. One useful parameter or property is light inten-
sity, which is power per unit area o, equivalently, energy per
unit time per unit area.

[0039] The bottom portion of FIG. 5 shows a set of bars
representing a property of the detected return signals result-
ing from the illumination pulses at the top of the illustration.
The heights of the red and infrared return light pulses are not
significant except to indicate, by their smaller height in
comparison to the heights of the red and infrared emitted
signal pulses, that a property of the return signals differs
from that property of the emitted light signals (e.g. the return
signal is less intense). The heights of the green return light
pulses are significant in that they show that the intensity of
the return green light pulses varies significantly in response
to blood pulsations over time.

[0040] At block 130, the processor, operating as directed
by instructions 42, formulates a first estimate of oxygen
saturation as a function of:

[0041] 1) a second pulsatile parameter corresponding to
the light returned to the detector and detected by the
detector in response to the illumination with the light of
the second wavelength (A, or red) during a pulsatile
period,

[0042] 2) a second nonpulsatile parameter correspond-
ing to the light returned to the detector and detected by
the detector in response to the illumination with the
light of the second wavelength during a nonpulsatile
period,

[0043] 3) a third pulsatile parameter corresponding to
the light returned to the detector and detected by the
detector in response to the illumination with the light of
the third wavelength (A, or infrared) during a pulsatile
period, and

[0044] 4) a third nonpulsatile parameter corresponding
to the light returned in response to the illumination with
the light of the third wavelength during a nonpulsatile
period.

[0045] Inthe previous paragraph, “second” and “third” are
used to distinguish between the parameter of returned light
which is the result of illumination with A, light and the
parameter of returned light which is the result of illumina-
tion with A5 light, and to distinguish those parameters from
a first parameter (described below) which is the result of
illumination with A, light. In other words, “first”, “second”,
and “third” are used to associate the parameters with the
corresponding wavelength of illumination. “Pulsatile” is
used to indicate that the parameter corresponds to a period
of time during which cardiac systole has caused a pulse or
surge of arterial blood at target site S. “Nonpulsatile” is used
to indicate that the parameter corresponds to a period of time
during which the pulse or surge of arterial blood is not
present at target site S as a result of cardiac diastole. The
second and third pulsatile parameters are the AC,,,, and
AC, components of equation 1 in the background section of
this specification. The second and third nonpulsatile param-
eters are the DCp ., and DC, components of equation 1.

[0046] Because the illustrated reflectance pulse oximeter
is used at a thick or bulky portion of the patient’s body, the
return signals arising from illumination with red light and
infrared light tend to be weak and noisy. This makes it
difficult to distinguish between the pulsatile and nonpulsatile
heartbeat phases or periods as is required according to
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substeps 1 and 3 above (pulsatile phase) and 2 and 4
(nonpulsatile phase). This difficulty is overcome by using
the A, return light signal to distinguish between pulsatility
and nonpulsatility, where A, is a wavelength whose return
signal is stronger and less noisy than the A, and A; return
light signals. In other words, the amplitude of a parameter or
property of the A, light is used to distinguish between
pulsatility and nonpulsatility. One parameter on whose basis
the pulsatile and nonpulsatile periods may be identified is
the intensity of the return light pulses when A, corresponds
to green or blue light. Blood absorbs more light in the
green/blue portion of the spectrum than surrounding tissues.
Therefore during a period of pulsatility (a period during
which a relatively large volume of blood is in the field of
view of the photodetector) the intensity of the pulses of
reflected green or blue light will be relatively low. Con-
versely, during a period of nonpulsatility (a period during
which a relatively smaller volume of blood is in the field of
view of the photodetector) the intensity of the pulses of
reflected green or blue light will be relatively high. If the
intensity is higher than a nonpulsatility threshold over some
period of time, that period is identified as a nonpulsatile
period. If the intensity is lower than a pulsatility threshold
over some period of time, that period is identified as a
pulsatile period. Spurious intensity readings which are lower
than the nonpulsatility threshold during a time interval
which is generally characterized by exceedance of the
nonpulsatility threshold may be disregarded. In other words
the time interval is characterized by a preponderance of
indications of nonpulsatility. Similarly, spurious intensity
readings which are higher than the pulsatility threshold
during a time interval which is generally characterized by
nonexceedance of the pulsatility threshold may be disre-
garded. In other words the time interval is characterized by
a preponderance of indications of pulsatility.

[0047] In order to distingush between pulsatility and non-
pulsatility the processor uses A, light in the blue to green
portion of the electromagnetic spectrum, 1.. in approxi-
mately the 480 to 570 nanometer portion of the electromag-
netic spectrum. The present example is expressed in terms of
green light (approximately 550-570 nanometers). As
described in more detail below, the processor identifies a
period of time during which the A, reflected light is of
relatively low intensity as a period of pulsatility and iden-
tifies a period during which the A, light is of relatively high
intensity as a period of nonpulsatility.

[0048] At block 108 the method assesses whether or not
the history of the intensity of the return green light indicates
a period of pulsatility. As seen in the graph at the bottom of
FIG. §, return green light pulses of a relatively high intensity
(above the nonpulsatility threshold indicated by dashed line
60) indicates a period of nonpulsatility, while return green
light pulses of a relatively low intensity (below the pulsa-
tility threshold indicated by dash-dot line 62) indicates a
period of pulsatility. The example also addresses the possi-
bility that within some range of intensity of the return green
light signal (between the dashed line and the dash-dot line)
it may not be possible to assess pulsatility and nonpulsatility
with the confidence required by the method.

[0049] At block 108, if the method assesses that the green
light return signal signifies a period of pulsatility, the method
proceeds to block 120 and recognizes the red and infrared
return signals from that same time period as pulsatile
signals. Those signals are therefore eligible to be used as the
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second pulsatile and third pulsatile parameters (i.e. the
ACgzp and AC,, signals) in the formulation of the first
estimate of blood oxygen saturation at block 130.

[0050] At block 108, if the method assesses that the green
light return signal signifies a period of nonpulsatility, the
method proceeds to block 124 and recognizes the red and
infrared return signals from that same time period as non-
pulsatile signals. Those signals are therefore eligible to be
used as the second nonpulsatile and third nonpulsatile
parameters (i.e. the DCgyp, and DC, signals) in the formu-
lation of a first estimate of oxygen saturation at block 130.
The method as diagrammed reflects the tacit assumption that
the period of pulsatility and the period of nonpulsatility are
close enough together in time that no meaningful change in
oxygen saturation could have occurred. If desired the
instructions 42 can be written in a way that enforces a
desired limit on the time lapse between the information from
blocks 120 and 124 used at block 130.

[0051] At block 108, if the method is unable to confidently
assess that the green light return signal signifies either a
period of pulsatility or a period of nonpulsatility, the method
advances to block 130 and declines to recognize those
signals as eligible to be used at block 130.

[0052] The first estimate of oxygen saturation from block
130 may be output at path 132 to a destination, for example
a display or an electronic medical record.

[0053] If desired, the method may proceed to block 160
where it formulates a second estimate of oxygen saturation
based on the first estimate of oxygen saturation and a
calibration relationship 162. The calibration relationship is
based on testing in which the oxygen saturation of a popu-
lation of volunteer test subjects, as determined by the
method up to block 130, is compared to the actual arterial
oxygen saturation, Sa0,, of those same individuals. The
calibration relationship adjusts the first estimate of oxygen
saturation for factors that the method through block 130 is
unable to account for. The second estimate of oxygen
saturation may be output at path 164 to a destination, for
example a display or an electronic medical record.

[0054] The steps of the method, including the first formu-
lating step of blocks 130 and 160, the assessment step at
block 108, and the illumination steps 100, 102, are carried
out concurrently and unconditionally. That is, the method
carries out the A,, A,, and A, illumination sequence as
already described while simultaneously detecting the return
signals (block 104), assessing pulsatility and nonpulsatility
(block 108) and continually updating the formulations of
oxygen saturation (blocks 130, 160) with updated informa-
tion from blocks 120 and 124. Older information from
blocks 120 and 124 may be systematically replaced by
newer information from blocks 120 and 124 so that the
formulations of blocks 130 and 160 are up to date.

[0055] FIG. 6 shows an oximeter similar to that of FIGS.
1-2 but in which photodetector 38 is an array of three
photodetectors, 38-1 sensitive to only A, light, 38-2 sensitive
to only A, light, and 38-3 sensitive to only A, light.

[0056] FIGS. 79 illustrate an alternative method of esti-
mating blood oxygen saturation using the detector of FIG. 6.
As seen in FIG. 8 the alternative method continuously
illuminates the target site S (FIG. 1) with A, light, A, light,
and A, light rather than using discrete light pulses as seen at
the top of FIG. 5. The photodetector array detects return
light at each of the three wavelengths, however detector 38-1
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detects only A, return light. Detectors 38-2 and 38-3 simi-
larly detect only A, light and A, light respectively.

[0057] At blocks 200, 202, 204, of FIG. 7 processor 40,
acting according to instructions 42, samples the readings
from photodetectors 38-1, 38-2 and 38-3 at rates signifi-
cantly faster than a typical cardiac pulse rate, for example
once every 0.25 msec. The sample sequence and timing
illustrated in FIG. 9 are the same as the light pulse sequence
and timing at the top of FIG. 5.

[0058] At block 208 the method carried out by the pro-
cessor according to instructions 42 distinguishes between
pulsatility and nonpulsatility based on the A, return light
signal. If the method assesses that the %, return light signal
indicates a period of pulsatility, it recognizes the parameter
or property (e.g. intensity) of the X, return light and the A,
return light detected during that same period as pulsatile
parameters and, at block 210, admits those pulsatile param-
eters to the formulation step at block 250. If the method
instead assesses that the A, return light signal indicates a
period of nonpulsatility, it recognizes the parameter or
property of the A, return light and the A, return light detected
during that same period as nonpulsatile parameters and, at
block 212, admits those nonpulsatile parameters to the
formulation step at block 250. If the method is unable to
distinguish between pulsatility and nonpulsatility it declines
to use those parameters in the estimate of oxygen saturation
(block 214).

[0059] At block 250 the method formulates the first esti-
mate of oxygen saturation as a function of:

[0060] a) one or more samples of a property of the
second wavelength return light signal (A, or red) cor-
responding to a period of pulsatility,

[0061] b) one or more samples of a property of the
second wavelength return light signal corresponding to
a period of nonpulsatility,

[0062] c) one or more samples of a property of the third
wavelength return light signal (A, or infrared) corre-
sponding to a period of pulsatility and,

[0063] d) one or more samples of a property of the third
wavelength return light signal corresponding to a
period of nonpulsatility.

[0064] At block 260 the method may formulate a second
estimate of oxygen saturation based on the first estimate of
oxygen saturation and a calibration relationship 270 as
already described in connection with FIG. 4. The first and
second estimates of oxygen saturation may be output at
paths 270, 272 to a destination, for example a display or an
electronic medical record.

[0065] The detection of periods of pulsatility based on a
property or parameter of the A, return light can be used in
other contexts or independently to estimate other physiologi-
cal attributes. FIG. 10 shows a heart rate sensor similar to the
oximeter of FIGS. 1-2 but whose light emitter 32 includes
only a single light source 32-1. The light source emits light
at a specified wavelength in the blue-green portion of the
electromagnetic spectrum. In a specific embodiment the
light source emits light at a wavelength in the green portion
of the electromagnetic spectrum.

[0066] Referring additionally to FIGS. 11-12, the method,
carried out by processor 40 in accordance with instructions
42, illuminates a target site on a patient with light of a
defined wavelength, for example green light (block 300).
The illumination may be continually ongoing pulsed illu-
mination as described in connection with the oximeter of
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FIGS. 1-2 and as seen in the illumination sequence at the top
of FIG. 5. Alternatively the illumination may be continually
ongoing continuous illumination as described in connection
with the oximeter of FIG. 6 and as seen in FIG. 8.

[0067] At block 302 the method detects a property of the
return light, for example the intensity of the return light
pulses. At block 304 the method assess whether or not the
measurement of the detected property indicates a period of
pulsatility. If so, the method advances to block 306 where it
increments a cummulative count of pulsatility periods and
records the time of the pulsatility period, for example by
recording the time (e.g. time t,) midway between the first
and last return light pulses in a group of pulses. At block 308
the method calculates heart rate as the ratio of a quantity of
the pulsatility period counts and the time interval over which
those pulsatility period counts occurred. For example the
heart rate revealed by FIG. 12 is one beat per t,~t, units of
time. Although this example is based on periods of pulsa-
tility, periods of nonpulsatility could be similarly used to
determine cardiac pulse rate.

[0068] In FIG. 11 the NO path and one branch of the YES
path from block 304 are dead-ended rather than returning to
block 300 or 302 to emphasize that the illumination and
detection steps are carried out unconditionally, whether a
period of pulsatility has occurred or not.

[0069] FIG. 12 shows that because the pulse rate of the
green light (or the sampling rate of steady green light) is
much faster than a cardiac cycle (systole to systole or
diastole to diastole) a single occurrence of systole will
correspond to a group of several consecutive pulses which
satisfy the pulsatility criterion (nonexceedance of threshold
62). Groups G, and G, are examples of such groups.
Because there are no intervening return light pulses within
each of these groups which fail to satisfy the pulsatility
criterion, each group, G,, G, is counted as a single systole
event and is assigned a representative time, e.g. t,, t,. By
contrast, group G, is separated from group G, by a group G,
of return light pulses which satisfy the nonpulsatility crite-
rion (exceedance of threshold 60). Pulse groups G, and G,
are therefore recognized as separate systole events which
legitimately corresponds to a heart cycle. Referring to FIGS.
10 and 13, instructions 42 carried out by processor 44 can
account for spurious troughs or valleys V that accompany
the spikes of a genuine diastole event (return light pulse
group Gs) and for spurious peaks P that accompany a
genuine systole event (group Gy).

[0070] FIG. 14 is a block diagram showing a method for
using aspects of the oximeter and of the oximeter method-
ology for estimating physiological parameters other than
oxygen saturation. at block 400-1 the method illuminates a
first site on the subject’s body with light from the green-blue
portion of the electromagnetic spectrum. At block 400-2 the
method illuminates a second site on the subject’s body with
light from the green-blue portion of the electromagnetic
spectrum. The wavelength of light used to illuminate the first
site need not be the wavelength of light used to illuminate
the second site. However, one suitable wavelength is green
light at about 550 to 570 nanometers.

[0071] At block 402-1 the method detects a first property
of light returned from the sites as a result of the illumination
of the first site. At block 402-2 the method detects a second
property of light returned from the second site as a result of
the illumination of the second site. “First” and “second”, are
used to distinguish between the property monitored for and
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detected as a result of illumination of the first site and the
property monitored for and detected as a result of illumina-
tion of the second site. In other words, “first” and “second”
are used to associate the parameters with the site of illumi-
nation. One suitable parameter is light intensity. The first
property need not be the same as the second property.
[0072] At block 404-1 the method determines whether
pulsatility is indicated at the first site based on the detected
first property. At block 404-2 the method determines
whether pulsatility is indicated at the second site based on
the detected second property. The determination can be
made with the technique described previously in connection
with oxygen saturation, i.e. by using the amplitude of the
return light signals as an indicator of pulsatility and non-
pulsatility.
[0073] At block 406-1 the method sets a value, TIME1, to
the time of pulsatility at the first site. At block 406-2 the
method sets a value, TIME2, to the time of pulsatility at the
second site.
[0074] At block 412 the method calculates the absolute
value of the time difference, At=|TIME2-TIME1I. This time
interval may also be referred to as PTT (pulse transit time).
If it is known which time will be later, the absolute value
operation can be dispensed with provided the minuend is
greater than the subtrahend, so that a positive PTT is
calculated. In addition, the method should ascertain that the
first time and the second time differ from each other by less
than a designated value of a cardiac cycle interval. In one
example the designated cardiac cycle interval is the shortest
time between heartbeats expected to be encountered in
service, for example a three standard deviation interval. The
value of PTT may be output on path 414 to a destination
such as a display or an electronic medical record.
[0075] If desired, the method may advance to a block 420
and/or a block 430. At block 420, arterial compliance, AC,
may be determined based on a relationship between arterial
compliance and PTT. At block 430, systolic and/or diastolic
blood pressure may be determined based on a relationship
between blood pressure and PTT. The values of AC and
blood pressure may be output on paths 422, 432 respectively
to a destination such as a display or an electronic medical
record.
[0076] Although this disclosure refers to specific embodi-
ments, it will be understood by those skilled in the art that
various changes in form and detail may be made without
departing from the subject matter set forth in the accompa-
nying claims.
I claim:
1. A method of estimating oxygen saturation comprising:
illuminating a target site with light of a first wavelength,
light of a second wavelength and light of a third
wavelength, the second wavelength being greater than
the first wavelength and the third wavelength being
greater than the second wavelength;
detecting light returned from the site at each of the
wavelengths;
distinguishing between pulsatility and nonpulsatility
based on a first parameter of the return light of the first
wavelength; and
formulating a first estimate of oxygen saturation as a
function of:
a second pulsatile parameter corresponding to the light
returned in response to the illumination with the light
of the second wavelength during a pulsatile period,
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a second nonpulsatile parameter corresponding to the
light returned in response to the illumination with the
light of the second wavelength during a nonpulsatile
period,

a third pulsatile parameter corresponding to the light
returned in response to the illumination with the light
of the third wavelength during a pulsatile period, and

a third nonpulsatile parameter corresponding to the
light returned in response to the illumination with the
light of the third wavelength during a nonpulsatile
period.

2. The method of claim 1 comprising formulating a
second estimate of oxygen saturation based on the first
estimate of oxygen saturation and a calibration relationship.

3. The method of claim 1 wherein the step of formulating
a first estimate of oxygen saturation is carried out concur-
rently with the illuminating step.

4. The method of claim 1 wherein the first parameter, the
second pulsatile parameter, the second nonpulsatile param-
eter, the third pulsatile parameter and the third nonpulsatile
parameter are all the same parameter.

5. The method of claim 4 wherein the same parameter is
light intensity.

6. The method of claim 1 wherein the first wavelength is
in the blue to green portion of the electromagnetic spectrum,
the second wavelength is in the red portion of the electro-
magnetic spectrum, and the third wavelength is in the
infrared portion of the electromagnetic spectrum.

7. The method of claim 1 wherein the first wavelength is
in the visible green portion of the electromagnetic spectrum,
the second wavelength is in the visible red portion of the
spectrum and the third wavelength is in the infrared portion
of the spectrum.

8. The method of claim 1 wherein the step of illuminating
the target site is carried out with pulses of light of the first,
second, and third wavelengths such that the pulses of light
of the second and third wavelengths are nested between two
successive pulses of light of the first wavelength.

9. A blood oxygenation assessment instrument compris-
ing:

an emitter for emitting light of a first wavelength, a

second wavelength, and a third wavelength, the second

wavelength being greater than the first wavelength and
the third wavelength being greater than the second
wavelength;

a light detector for detecting a return light signal at each

of the first, second and third wavelengths; and

a processor and executable instructions which, when

executed by the processor, cause the processor to:

1) distinguish between pulsatility and nonpulsatility based

on the first wavelength return light signal; and

2) formulate a first estimate of oxygen saturation based

on:

a) a property of the second wavelength return light
signal corresponding to a period of pulsatility;

b) a property of the second wavelength return light
signal corresponding to a period of nonpulsatility:;

¢) a property of the third wavelength return light signal
corresponding to a period of pulsatility;

d) a property of the third wavelength return light signal
corresponding to a period of nonpulsatility.

10. The instrument of claim 9 wherein the property is light
intensity.
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11. A method of estimating a physiological attribute of a
subject comprising.

illuminating a first site and a second site on the subject’s

body with light from the green-blue portion of the
electromagnetic spectrum;
detecting a first property of light returned from the sites as
aresult of the illumination of the first site and detecting
a second propetrty of light returned from the second site
as a result of the illumination of the second site and;

assessing whether or not the detected first property indi-
cates pulsatility at a first site, and assessing whether or
not the detected second property indicates pulsatility at
the second site; and

if pulsatility is indicated at the first and second sites and

occurs at the first site at a first time and occurs at the
second site at a second time which differs from the first
time by less than a designated cardiac cycle interval,
defining the difference between the first and second
times as a measure of pulse transit time between the
two sites.

12. The method of claim 11 wherein the first property and
the second property are the same property.

13. The method of claim 11 wherein the property is light
intensity.

14. The method of claim 11 wherein the illumination at
the first and second sites is cartied out at substantially the
same wavelength.

15. The method of claim 11 comprising determining
arterial compliance as a function of the pulse transit time.

16. The method of claim 11 comprising determining
systolic blood pressure, diastolic blood pressure or both as
a function of the pulse transit time.

17. A method of estimating the heart rate of a subject
comprising:

illuminating a site on the subject’s body with light from

the green-blue portion of the electromagnetic spectrum;

detecting a property of light returned from the site as a

result of the illumination;

assessing whether the detected property indicates a period

of pulsatility;

counting occurrences of periods of pulsatility thereby

establishing a pulsatility count over a time interval; and
dividing the pulsatility count by the length of the time
interval thereby establishing an estimate of heart rate.

18. The method of claim 17 wherein the property is light
intensity;

19. The method of claim 17 wherein the step of illumi-
nating the site is limited to illuminating with light from the
green portion of the electromagnetic spectrum.
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20. The method of claim 17 including accounting for
spurious indications that violate a pulsatility criterion during
a time interval characterized by a preponderance of indica-
tions that conform to the pulsatility criterion.
21. A method of estimating the heart rate of a subject
comprising:
illuminating a site on the subject’s body with light from
the green-blue portion of the electromagnetic spectrum;
detecting a property of light returned from the site as a
result of the illumination;
assessing whether the detected property indicates a period
of nonpulsatility;
counting occurrences of periods of nonpulsatility thereby
establishing a nonpulsatility count over a time interval;
and
dividing the nonpulsatility count by the length of the time
interval thereby establishing an estimate of heart rate.
22. A heart rate monitor comprising;
a light emitter which emits light at a defined wavelength
in the blue-green portion of the electromagnetic spec-
trum;
a light detector for detecting a property of a return light
signal at the defined wavelength;
a processor and executable instructions which, when
executed by the processor, cause the processor to:
assess whether or not the detected property indicates a
period of pulsatility and, if so,

increment a cummulative count of pulsatility periods;
and

calculate the ratio of the pulsatility counts and the time
interval over which the pulsatility counts occurred.
23. A heart rate monitor comprising:
a light emitter which emits light at a defined wavelength
in the blue-green portion of the electromagnetic spec-
trum,
a light detector for detecting a property of a return light
signal at the defined wavelength;
a processor and executable instructions which, when
executed by the processor, cause the processor to:
assess whether or not the detected property indicates a
period of nonpulsatility and, if so,

increment a cummulative count of nonpulsatility peri-
ods; and

calculate the ratio of the nonpulsatility counts and the
time interval over which the nonpulsatility counts
occurred.
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