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(57) ABSTRACT

Several techniques are disclosed for isolating either heart or
breath rate data from a photoplethysmograph, which is a time
domain signal such as from a pulse oximeter. The techniques
involve the use of filtering in the frequency domain, after a
Fast Fourier Transform (FFT) has been conducted on a given
photoplethysmograph also references as a given set of dis-
crete time-domain data. The filtering may be applied to an
identified fundamental frequency and one or more harmonics
for heart related parameters. The filter may be truncated to the
frequency data set and further applied multiple times to
improve roll off. After filtering, an Inverse FFT (IFFT) is used
to reconstruct the time-domain signal, except with undesir-
able frequency content eliminated or reduced. Calculation or
measurement of parameters is then conducted on this recon-
structed time-domain signal.
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TECHNIQUES FOR ACCURATELY
DERIVING PHYSIOLOGIC PARAMETERS
OF A SUBJECT FROM
PHOTOPLETHYSMOGRAPHIC
MEASUREMENTS

RELATED APPLICATIONS

[0001] The present application claims the benefit of provi-
sional patent application Ser. No. 60/884,389 entitled “Small
Animal Pulse Oximeter Motion Artifact Rejection” filed Jan.
10, 2007.

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The presentinvention relates to medical devices and
techniques for accurately deriving cardiac and breathing
parameters of a subject from extra-thoracic blood flow mea-
surements, in particular, the invention relates to medical
devices and techniques for deriving breath rate, breath dis-
tention, and pulse distention measurements of a subject from
a pulse oximeter system coupled to a small animal.

[0004] 2. Background Information

[0005] As background, one type of non-invasive physi-
ologic sensor is a pulse monitor, also called a photoplethys-
mograph, which typically incorporates an incandescent lamp
or light emitting diode (LED) to trans-illuminate an area of
the subject, e.g. an appendage, which contains a sufficient
amount of blood. The light from the light source disperses
throughout the appendage {which is broken down into non-
arterial blood components, non-pulsatile arterial blood, and
pulsatile blood}. A light detector, such as a photodiode, is
placed on the opposite side of the appendage to record the
received light. Due to the absorption of light by the append-
age’s tissues and blood, the intensity of light received by the
photodiode is less than the intensity of light transmitted by the
light source (e.g., LED). Of the light that is received, only a
small portion (that effected by pulsatile arterial blood), usu-
ally only about two percent of the light received, behaves in a
pulsatile fashion. The beating heart of the subject, and the
breathing of the subject as discussed below, create this pul-
satile behavior. The “pulsatile portion light” is the signal of
interest, and effectively forms the photoplethysmograph. The
absorption described above can be conceptualized as AC and
DC components. The arterial vessels change in size with the
beating of the heart and the breathing of the patient. The
change in arterial vessel size causes the path length oflight to
change fromd,,,, tod,, .. This change in path length produces
the AC signal on the photo-detector, which spans the intensity
range, I, to I;. The AC Signal is, therefore, also known as the
photoplethysmograph.

[0006] The absorption of certain wavelengths of light is
also related to oxygen saturation levels of the hemoglobin in
the blood transfusing the illuminated tissue. In a similar man-
ner to the pulse monitoring, the variation in the light absorp-
tion caused by the change in oxygen saturation of the blood
allows for the sensors to provide a direct measurement of
arterial oxygen saturation, and when used in this context, the
devices are known as oximeters. The use of such sensors for
both pulse monitoring and oxygenation monitoring is known,
and in such typical uses, the devices are often referred to as
pulse oximeters. These devices are well known for use in
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humans and large mammals and are described in U.S. Pat.
Nos. 4,621,643 4,700,708 and 4,830,014, which are incor-
porated herein by reference.

[0007] Current commercial pulse oximeters do not have the
capability to accurately measure heart rate of non-compliant
subjects, particularly small mammals, or to accurately mea-
sure breath rate or other breathing related parameters in small
subjects.

[0008] It is an object of the present invention to minimize
the drawbacks of the existing systems and to provide medical
devices and techniques for deriving accurate cardiac and
breathing parameters of a subject from extra-thoracic blood

flow measurements.

[0009] It is noted that, as used in this specification and the
appended claims, the singular forms “a,” “an,” and “the”
include plural referents, unless expressly and unequivocally
limited to one referent. For the purposes of this specification,
unless otherwise indicated, all numbers expressing any
parameters used in the specification and claims are to be
understood as being modified in all instances by the term
“about.” All numerical ranges herein include all numerical
values and ranges of all numerical values within the recited
numerical ranges.

[0010] The various embodiments and examples of the
present invention as presented herein are understood to be
illustrative of the present invention and not restrictive thereof,
and are non-limiting with respect to the scope of the inven-
tion.

[0011] At least some of the above stated objects are
achieved with a method of utilizing a conventional pulse
oximeter signal to derive accurate heart and breath rate, par-
ticularly as applied to small mammals. At least some of the
above stated objects are achieved with a method of utilizing a
pulse oximeter signal to derive breath rate. As understood by
those of ordinary skill in the art, a pulse oximeter is applied to
the subject with a simple externally applied clip. Thus, in
addition to getting oxygen saturation and heart rate from a
pulse oximeter, the pulse oximeter according to the present
invention can derive breath rate.

[0012] A measurement of breath rate from a pulse oximeter
was first made commercially available in December 2005 by
the assignee of the present application, Starr Life Sciences
Corp., and is provided in the MouseOx™ device that was
particularly designed for use with small mammals, namely
rats and mice. In this device, the breath rate is obtained by
screening out the frequency band around the heart rate point
on the Fast Fourier Transform (known as FFT) that is used to
identify the heart rate. The next largest amplitude to the left
(or lower frequency) of the heart rate rejection band on the
FFT is considered to be the breath rate. The value is then
simply averaged then displayed on the screen to the user.
Although useful there is room to greatly improve this calcu-
lation methodology to assure consistent, accurate results.

[0013] Pulse oximeter measurements are very susceptible
to motion artifact. The reason for this sensitivity is that mea-
surements for pulse oximetry are made at specific points in
the cardiac cycle (systole and diastole). Identification of sys-
tole and diastole can only be done by observing the change in
light absorption that accompanies the small peripheral blood
pulse derived from the stroke volume of a cardiac cycle. One
source of noise is breathing effort, which affects the blood
volume delivered to the periphery in synchrony with the
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breathing cycle. If effort is high, the change in peripheral
blood volume can be greater with breathing than with cardiac
stroke volume.

[0014] A more pernicious source of noise however, is
caused by motion of the tissue and sensors. Because the signal
level of transmitted light is so small relative to the baseline
transmitted light, very small motions of the tissue relative to
the sensor pads can cause large changes in light transmission
as the type and amount of tissue that resides between the
LEDs and photodiode changes. If these changes happen in a
rhythmic manner, it can appear to the analysis software as a
cardiac stroke volume pulse, or at the very least, it can swamp
the ability of the software to pick out the heart rate signal.
Note that the description of these problems is identical to that
which would apply to measuring breath rate.

SUMMARY OF THE INVENTION

[0015] In order to solve these problems, the present inven-
tion provides several techniques for isolating either heart or
breath rate data from a photoplethysmograph. Within the
meaning of this application, a photoplethysmograph is a time-
domain signal such as from a pulse oximeter. The techniques
of the present invention involve the use of filtering in the
frequency domain, after a Fast Fourier Transform (FFT) has
been conducted on a given photoplethysmograph, also refer-
enced herein as a given set of discrete time-domain data.
Several techniques are disclosed for isolating either heart or
breath rate data from a photoplethysmograph, which is a time
domain signal such as from a pulse oximeter. For heart-
related parameters, the filtering may be applied to an identi-
fied fundamental frequency and one or more harmonics. The
filter may be truncated to the frequency data set or frequency
spectrum and further applied multiple times to improve roll
off. After filtering, an Inverse FFT (IFFT) is used to recon-
struct the time-domain signal, except with undesirable fre-
quency content eliminated or reduced. Calculation or mea-
surement of parameters is then conducted on this
reconstructed time-domain signal.

[0016] According to one non-limiting embodiment of the
invention, a method for deriving physiologic parameters of a
subject from photoplethysmograph measurements comprises
the steps of: A) Obtaining a frequency spectrum or data set of
the time-based photoplethysmograph such as, but not limited
to, the application of a Fast Fourier Transform to the time-
based photoplethysmograph; B) Detecting a series of peaks
of the frequency data set; C) Calculating a change of fre-
quency between adjacent detected peaks of the series of
detected peaks of the frequency spectrum; D) Identifying a
repeating change of frequency between adjacent detected
peaks of the series of detected peaks of the frequency spec-
trum; and E) Utilizing the identified repeating change of
frequency to derive physiologic parameters of the subject.
[0017] The method may include the further steps of Filter-
ing the frequency spectrum based upon the identified repeat-
ing change of frequency between adjacent detected peaks of
the series of detected peaks of the frequency data set; Per-
forming an IFFT on the filtered frequency data set to form a
filtered time-based physiologic signal; and Calculating physi-
ologic parameters from the filtered time-based physiologic
signal.

[0018] The method for deriving physiologic parameters of
a subject from photoplethysmograph measurements accord-
ing to the invention may provide that the physiologic param-
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eters include breathing and heart related parameters of the
subject. Further the subject may be a rodent such as a mouse.
[0019] The method for deriving physiologic parameters of
a subject from photoplethysmograph measurements accord-
ing to the present invention may include that the step of
filtering the frequency spectrum based upon the identified
repeating change of frequency between adjacent detected
peaks of the series of detected peaks of the frequency data set
comprises the step of applying a windowed-sinc filter to the
frequency data set. The windowed-sinc filter may be trun-
cated to provide no greater number of points than is in the
frequency data set to which the filter is applied. The win-
dowed-sinc filter may be applied multiple times to the fre-
quency data set.

[0020] The method for deriving physiologic parameters of
a subject from photoplethysmograph measurements accord-
ing to the present invention may provide that the step of
detecting a series of peaks of the frequency spectrum or data
set comprises the steps of: A) providing a preset original
threshold amplitude; B) reviewing the frequency data set
from high frequency to low frequency and identifying a first
peak that crosses the preset original threshold amplitude
value; C) setting a subsequent threshold amplitude equal to at
least fifty percent of the amplitude of the last identified peak;
and D) reviewing the frequency data set from high frequency
to low frequency from the last identified peak and identifying
a second peak that crosses the subsequent threshold ampli-
tude value. The step of detecting a series of peaks of the
frequency data set may further comprise the steps of repeating
steps C) and D) to detect additional peaks.

[0021] The method for deriving physiologic parameters of
a subject from photoplethysmograph measurements accord-
ing to the present invention may provide that the physiologic
parameters include heart rate and the detected peaks include
a fundamental heart rate frequency and at least one harmonic
of'the fundamental heart rate frequency, and further including
the steps of: Filtering the frequency spectrum to isolate the
fundamental heart rate frequency and at least one harmonic of
the heart rate frequency; Performing an IFFT on the filtered
frequency spectrum to form a filtered time-based physiologic
signal; and Calculating physiologic parameters from the fil-
tered time-based physiologic signal. The filtering of the fre-
quency data set may include the application of a windowed-
sinc filter to the frequency data set, or a square-wave filter to
the frequency data set.

[0022] One non-limiting embodiment of the present inven-
tion provides a method for deriving physiologic parameters of
asubject from photoplethysmograph measurements compris-
ing the steps of: Obtaining a frequency spectrum of the time
based photoplethysmograph, such as by applying an FFT to
the time based photoplethysmograph; Detecting at least one
peak of the frequency spectrum or data set; Determining a
fundamental frequency whereby 1) if more than one peak is
detected, then calculating a change of frequency between
adjacent detected peaks of the series of detected peaks of the
frequency spectrum and attempting to identify a repeating
change of frequency between adjacent detected peaks of the
series of detected peaks of the frequency data set, wherein the
fundamental frequency is the repeating change of frequency,
and ii) if only one peak is detected, or if a change of frequency
cannot be identified, then identifying a maximum peak,
wherein the maximum peak is the fundamental frequency;
and Utilizing the fundamental frequency to derive physi-
ologic parameters of the subject.
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[0023] These and other advantages of the present invention
will be clarified in connection with the attached figures in
which like reference numerals denote like elements through-
out.

BRIEF DESCRIPTION OF THE FIGURES

[0024] FIG. 1 is a representative illustration of a plot of a
sinc function;

[0025] FIG. 2 is a representative illustration of a kernel for
a low pass windowed sinc filter;

[0026] FIG. 3 is a representative illustration of a kernel for
a high pass windowed sinc filter;

[0027] FIG. 4 is a representative illustration of a photo-
plethysmograph of a subject also referenced as a raw trans-
mitted light data of a pulse oximeter;

[0028] FIG.5isarepresentative illustration of a frequency-
domain data set or frequency spectrum of a photoplethysmo-
graph of a subject;

[0029] FIG. 6 is a representative illustration of a frequency
spectrum of a photoplethysmograph of a subject;

[0030] FIG. 7 is a representative illustration of a frequency
domain data set or frequency spectrum of a photo-plethys-
mograph of a subject with filtering locations identified;
[0031] FIG. 8isarepresentative illustration of a frequency-
domain data set of a photo-plethysmograph of a subject that
has been selectively filtered,

[0032] FIG. 9 is a representative illustration of a time-
domain data created by taking an IFFT of a photo-plethys-
mograph of a subject that has been selectively filtered in the
frequency domain; and

[0033] FIG. 10 is a representative illustration of a photo-
plethysmograph of a subject also referenced as raw transmit-
ted light data of a pulse oximeter, and is simply FIG. 4
repeated for the sake of comparison.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

[0034] As described above, the present invention provides
several techniques for isolating either heart or breath rate data
from a photoplethysmograph, which is a time-domain signal
or data set such as from known pulse oximeter sensors. A
pulse oximeter system according to one aspect of the present
invention is designed for small mammals such as mice and
rats, such as using sensors sold under the Mouse OX™ brand
by Starr Life Sciences, but the present invention is not limited
to this application. The conventional pulse oximeters include
a conventional light source, conventionally a pair of LED
light sources, one being infrared and the other being red. The
conventional pulse oximeters include a conventional receiver,
typically a photo-diode. The light source and receiver are
adapted to be attached to an external appendage of a subject,
and may be secured to a spring-biased clip or other coupling
device such as tape adhesives or the like. A specialized clip is
available from Starr Life Sciences that is configured to
securely attach the sensors to the tail of a subject, but any
conventional clip or sensor mount could be used. The con-
ventional sensors are also coupled to a controller and display
unit, which can be a lap top computer. The use of a lap top
computer as opposed to a dedicated controller and display
system has advantages in the research environment.

[0035] The conventional pulse oximeters will calculate the
blood oxygenation for the subject as generally known in the
art of photophlysmography, and does not form the basis of the
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present invention. The present invention relates to techniques
for obtaining improved breath rate and heart rate signals from
a photoplethysmograph of the subject that is obtained from
pulse oximeter sensors. Within the meaning of this applica-
tion, a photoplethysmograph is a time-domain signal such as
from a pulse oximeter sensor. Where the subject is a rodent,
such as a mouse or rat, care must be taken to obtain accurate
heart rate and oxygenation readings with conventional pulse
oximeters due to the physiology of the subjects.

[0036] Square-Wave Filters for Breath Rate and Heart Rate
[0037] Inthe first method of the present invention, a square-
wave filter is used on an FFT of the photoplethysmograph of
the subject. The FFT forms what is referenced herein as a
frequency data set. A square-wave filter simply involves zero-
ing all of the frequency data set values of the FFT result
outside the region of interest, or the regions of frequencies
that are intended to be retained. The desirability of a square-
wave filter is that in the present application, a fairly high
sampling rate can be easily used. In conjunction with a high
sampling rate, a relatively small number of points are used in
the FFT. The result is that the difference between two adjacent
discrete frequency values on the FFT represent a very large
difference in breathing or heart frequency (say on the order of
8-15 bpm). This is a small fraction of rates over 600 bpm
(which is the general range of a mouse’s heart rate), but when
used to filter breath rate frequencies, which can be less than
100 brpm for a small rodent, the fractional error is quite large.
It is obvious that the fractional error for heart rate and breath
rate for human applications would be associatively larger.
Additionally, the primary noise source frequency may occupy
frequency bins that are very near those that represent content
of the actual breath or heart rate. This situation requires
extremely narrow band roll-offs of the filters.

[0038] When using traditional IIR or FIR filters, their roll-
off bandwidths are extremely large, resulting in filtering that
is quite insufficient for isolating frequencies of interest such
that motion artifact is reduced appreciably. A square-wave on
the other hand, is the narrowest filter that can be used. Such
filtering does cause problems when reconstructing the time-
domain signals, but in certain applications, such as the low
frequencies associated with breathing, it seems to supply very
nice reduction of noise without significant distortion of the
time-domain breath rate signal. In this case, the filter is a band
pass square-wave that is used around the breath rate.

[0039] When the square-wave is used to filter the heart rate
signals, some problems do occur because of the nature of the
time-domain response of a square-wave filter in the frequency
domain. Thus, although a square-wave can be used to band-
pass the heart rate frequency, its ability to do so while retain-
ing true time-domain signal amplitude, something absolutely
necessary to calculate the heart related Pulse Distention
parameter, is quite limited.

[0040] Windowed-Sinc Filters for Breath Rate and Heart
Rate
[0041] If one were to take the IFFT of a square-wave filter,

the function that would appear is known as the sinc function
10, represented by the general equation

Fo= sin(x) .

X

[0042] Note thatthis function 10 evaluated at zero would be
some finite number (0/0 provides a finite result), but it turns
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out that the function has a value of 1 at 0. A plot of the
response of this function 10 is given in FIG. 1, although it
should be noted that the value of x in the function 10 form is
not consistent with the abscissa labeling in the plot as the
function 10 is symmetrical about x=0.

This difficulty with applying this function 10 to filtering
problems is that the true function is evaluated out to *co.
However, real data are finite, so the function 10 must be
truncated. When used as a filter, this truncation causes ripple
in both the stop and pass bands. To reduce the ripple, a
window function is applied to the sinc function to gently roll
the ends to 0, thus, the derivation of the name windowed-sinc.
Any one of a number of common windows such as Hamming
or Blackman can be used, or one can create his own. The
windowed filter of the invention may be considered as one of
a square windowed filter, a Bartlett windowed filter, a Black-
man windowed filtered, a Hanning windowed filter, a Ham-
ming window filter, and a trapezoid window filter, as all of
these show certain advantages. A custom filter could also be
utilized. Regarding a detailed discussion of these filters,
please see “Scientist and Engineers Guide to Digital Signal
Processing” by Steven W. Smith which is incorporated herein
by reference. The present invention prefers to utilize the
Hamming because of'its superior roll-off characteristics rela-
tive to all other common windows, combined with a stop and
pass band attention that is exceeded only by that of the Black-
man window.

[0043] Another important property of this function when
used as a filter is that the more points used in the filter
function, called the kernel, the sharper its roll-off. In theory,
there is no limit to the number of points that can be used to
represent the function.

[0044] Lastly, the windowed-sinc filter response is sym-
metrical at the stop and pass endpoints. This allows its behav-
ior to be very predictable. It can even be run more than once
to effect even greater stop band attenuation that is the same
number of decibels every time that it is run.

[0045] Inthe current approach of the present invention, the
filtering is conducted in the frequency-domain, and then the
time-domain signal is reconstructed using an IFFT as
described above. The physiologic parameters can be then
measured in the time-domain. For example, the heart rate is
the period of a reconstructed time domain heart rate signal,
and pulse distension is the associated amplitude. Breath rate
and breath distention can be similarly measured from a recon-
structed breath rate signal in the time-domain.

[0046] Inthepresentinvention, a filter kernel is utilized that
has the same number of coefficients as the FFT window, or
frequency data set. Although one could use smaller or larger
filter kernels, kernels the same size as the frequency data set
maximize the roll-off characteristic, while still making them
easy to implement.

[0047] Regarding implementation, the sinc function filter
kernel is a time-domain response. If applied in the time-
domain, it must be convolved with the time-domain data in
order to provide a filtered output. Convolution above a certain
number of data points is very calculation intensive. Addition-
ally, since we are doing an FFT of the data anyway, it is much
simpler to implement the filter function in the frequency-
domain. This is because convolution in the time-domain is the
same as multiplication in the frequency-domain. Thus, imple-
mentation of the filter can be conducted simply by multiply-
ing the filter kernel point by point with the FFT of the original
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time-domain data, since they are the same number of points.
A subsequent IFFT produces the filtered time-domain output.
[0048] Windowed-sinc filters can be calculated for both
low-pass and high-pass filters. In FIG. 2, an exemplary kernel
for each is shown. The top kernel 20 is for a low-pass filter,
and the bottom kernel 25 is for a high-pass filter.

[0049] In addition to single filters, this method can easily
implement multiple filters including multiple band-pass fil-
ters. This is done by multiplying each type of filter kernel
together. A complex kernel 30 that represents 3 band-pass
filters is shown in FIG. 3. Simply multiplying this kernel point
by point to the FFT, then conducting an IFFT, produces the
filtered time-domain signal.

[0050] This approach can be used to filter signals to isolate
both heart rate and breath rate. The benefit of the windowed-
sinc filter is that it does not have the large stop and pass band
ripple associated with a simple square-wave filter, but it can
still provide a very narrow band roll-off, which is required for
our applications. It also provides the ability to adapt many low
and high-pass filter kernels, such as 20 and 25, easily without
significant cost in calculation time.

[0051] Multiple Passes Through The Windowed-Sinc Filter
To Improve The Filter Bandwidth

[0052] As stated above, the windowed-sinc filter roll-off is
a function of the number of points in the filter kernel. Because
the preferred version of the invention does not use more
points in the filter kernel than are present in the limited size of
the frequency data set resulting from the application of the
FFT, inherently there is set a specific limit to the roll-oftf band.
One method to improve the roll-off is to simply run the filter
multiple times on the FFT data. The phrases “running the
filter” is synonymous with “applying the filter”, “applying the
kernel” “passing [the data] through the filter” and other well
known terms in the art. By doing multiple passes, the roll-off
edge becomes steeper with each pass. For example, the fre-
quency data amplitude at the frequency located at the mid-
point of the filter roll-off (note that this frequency is defined as
the cutoff frequency for windowed-sinc filters) is attenuated
by 0.5. If the filter is run again, the given frequency will be
attenuated by 0.25, then 0.125, and so on. There is no theo-
retical limit to the number of times the filter can be applied,
although multiple passes will increase pass-band ripple and
reduce stop-band attenuation, in the same multiplicative man-
ner just described. As an example, if the pass band ripple has
amagnitude of 1.01 at one location on a signal with a normal
magnitude of 1.00, 20 multiplications (or filter passes) at this
point will provide an output of 1.22, i.e. 1.01%°. Additionally,
time and computer round-off error will eventually impact the
efficacy of this approach as well. The Hamming window has
been found in this particular application to have excellent
stop-band attenuation and pass-band ripple characteristics
that allow more passes through the filter as compared with
other windows whose characteristics are not as good.

[0053] Use of Harmonics to Identity Heart Rate in a Noisy
Signal

[0054] The techniques described above are very useful, but
it is imperative to first be able to identify the heart or breath
rate frequency. Knowledge of the location of either of these
frequencies is necessary in order to be able to set the locations
of the filter cutoffs to isolate either frequency. This is espe-
cially true if we calculate heart and breath rate using threshold
crossings in the time-domain signal that results from an IFFT
of signals filtered in the frequency-domain. To illustrate the
difficulty of using threshold crossings without appropriate
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filtering, note the following sample shown in FIG. 4 of a
photo-plethysmograph 40, also referenced as the raw trans-
mitted light data or signal from a pulse oximeter, which is in
the time domain. In this signal 40, the higher frequency signal
represents heart rate, while the wave that the heart rate
appears to ride on is the breath rate. A signal 40 like this is
very difficult to analyze in the time-domain without first
filtering separately for heart and breath rate.

[0055] Harmonic Heart Rate Identification Method

[0056] Although there are many methods for isolating heart
or breath rate, the present invention has devised a method that
identifies heart rate very reliably. The method makes use of
two very important facets of nearly every FFT of received
light data. The first is that the FFT exhibits a very low noise
floor at frequencies well above the heart rate. The second is
that the heart rate nearly always possesses one or more clearly
identifiable harmonics. The harmonics are important in shap-
ing the amplitude of the heart signal peaks. Thus, if one
desires to accurately know the heart signal amplitude, as in
the case of calculating pulse distention, it is important to
retain the harmonics for signal reconstruction using the IFFT.
The two characteristics described here are evident in the
sample FFT or frequency data set 50 shown in FIG. S. In this
picture, the heart rate spike 52 is not the largest peak 64 on the
plot, so a “largest spike is heart rate” approach does not work.
Please note that peaks or spikes 64 may represent the harmon-
ics 56, 58 or higher or the fundamental 52 or other items such
as noise. There is a lot of noise/signal on the left side of the
plot or data set 50, but very little on the right side. If a
threshold crossing is used moving from the right side of the
plot or data set 50, that is, moving from higher frequency to
lower frequency, then the 2”¢ harmonic 58 can be easily
identified as it has significantly greater amplitude than those
at the surrounding frequency bins. This is particularly evident
with this spike 64 because we can see that the 2”¢ harmonic 58
power is actually shared between two bins, an effect that
diminishes the amplitude of both, yet the second harmonic 58
is readily apparent. In any case, it can be seen from the plot 50
that both harmonics 58 and 56 and the fundamental frequency
52 are easily identified using a threshold crossing, if it is
conducted right to left, or higher frequency to lower fre-
quency.

[0057] If one were to identify peaks 64 using a threshold
crossing approaching from the right, an algorithm can be
generated whereby the delta frequencies 54, or change in
frequencies 54, between the spikes 64, which include the
harmonics 56 and 58, can be calculated and compared. One
property of harmonics 56 and S8 is that they are integral
multiples of the fundamental 52. Thus, the delta frequencies
54 must be the same between the harmonics 56 and 58 and
between the first harmonic 56 and the fundamental 54. More-
over, the value of the delta frequency 54 must be equal to the
fundamental 52. In other words, if a repeating value of A
frequency 54 can be identified out of a list of comparisons of
the frequency difference between any number of detected
peaks 64, the value of A frequency 54 that repeats is the
fundamental heart rate 52. This value is used to set up the
filtering, as the present invention anticipates that the measure-
ments will be made in the time domain, although it is, of
course, possible to make such calculations in the frequency
domain.

[0058] Highly Variable Heart Rate Method

[0059] The only significant problem that can occur with
this method is if the heart rate of the animal is fast and changes
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dramatically during a sample window the size of the FFT
frequency data set. The result of such an occurrence is that the
spikes 64, including harmonics 56 and 58 and higher, will be
spread out. In such a case, there may be enough frequency
spreading such that the fundamental 52 and harmonic heart
rate spikes are diminished, and the delta method may not be
viable. In such a case, the present invention resorts to a sim-
plified method in which either a maximum peak 64 is found
and labeled the heart rate, or an old (earlier calculated imme-
diately preceding) heart rate value is used to set simple band-
pass filter cutoffs. The band-pass filter is designed to cut off
all low frequencies up to the heart rate, minus some tolerance
band. The high end of the filter is designed to cut off frequen-
cies, say above 30 Hz, although this limit is somewhat arbi-
trary and could be set at a different frequency. Also, a band-
pass is not necessary, since the primary focus of this filtering
is to remove breath rate and low frequency noise where
motion artifact often resides.

[0060] Filter Compensation on the FFT

[0061] In the application described above, the goal is to
provide a method to isolate heart rate and/or breath rate in
order to reconstruct the time-domain signal without one or the
other so that a simple threshold crossing technique could be
used to identify that frequency. However, because the present
invention is also interested in maintaining the true amplitude
of the time-domain signal in order to measure breath and
pulse distention, the present invention additionally may add
compensation for any filtering that may have been imparted to
the time-domain signal prior to its collection at this stage,
which may be characterized as “pre-processing” of the signal.
This can include any analog or digital filtering. This could be
done at any point, but it is very simple to implement in the
frequency-domain by simply characterizing the filter to be
compensated, then inverting the amplitude point by point on
the FFT. This can be done either discreetly, or by using a
curve-fit to the filter response.

[0062] Because the heart rate signal is based on maintain-
ing some harmonics, filter compensation may be required on
a higher harmonic while lower harmonics and the fundamen-
tal may in fact be in the pass band of all of the original filters.
If the goal is to retain at least two harmonics, and we have a
maximum heart rate of 900 bpm (e.g., small rodents), or 15
Hz, the frequency of the second harmonic is 45 Hz. This may
well be clipped by the low pass portion of the filter required
for protecting the sampling system from aliasing. Thus, it
might be necessary to compensate the second harmonic in
this case.

[0063] Harmonic Heart Rate Identification Method with
Scaled Amplitude Threshold (Increase with Decreasing Fre-
quency)

[0064] Inorderto find the harmonics 56 and 58 (and higher)
and the fundamental 52 using a threshold crossing approach-
ing from the right, it is preferable to employ a method in
which the threshold 62 is increased as each peak 64 is found.
This is reasonable given that harmonics always exhibit some
sort of logarithmic decrement from the fundamental. One
approach is to simply change the threshold 62 such that it has
the value related to the value of the last peak found. This
approach is illustrated in frequency plot 50 of FIG. 6. As each
peak 64 is found, the subsequent threshold 62 is set to a value
related to the value of that peak 64 until the next peak 64 is
found, at which point the threshold 62 is increased to a value
related to the amplitude of that peak 64. This procedure is
implemented all the way back to DC on the FFT or frequency
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data set. It is important to note that any number of methods
scaling the amplitude for conducting threshold crossing could
be used, and that this is just one example.

[0065] The value of the threshold may be selected to be at
least fifty percent (50%) of the amplitude of the last peak
found, and more preferably the value of the threshold may be
selected to be at least fifty percent (75%) of the amplitude of
the last peak found. Further, the value of the threshold may be
selected to be the amplitude of the last peak found (i.e. 100%)
and it is possible to have a subsequent threshold even greater
than the amplitude of the last peak found (e.g., 110% of the
last peak amplitude). All of these relationships (i.e. threshold
set equal to 50% of the amplitude of the last peak, threshold
set equal to 75% of the amplitude of the last peak, threshold
set equal to 100% of the amplitude of the last peak, and
threshold set equal to 110% of the amplitude of the last peak)
will result in an increasing threshold as the process is moving
from right to left due to the nature of the harmonic signals. In
the example of FIG. 6 the next threshold is set to 75% of the
amplitude of the last peak.

[0066] Use of Harmonic Heart Rate Identification for Con-
trol of Filter Ranges to Optimize Pulse Distention

[0067] Recall that the goal of all of this effort is to calculate
anIFFT of'the original time-domain signal with only the heart
rate present. The true heart rate is composed of its fundamen-
tal frequency and its harmonics. All other frequency content
is noise, or frequency spreading resulting from the FFT pro-
cess. In order to produce an accurate heart rate, one can
employ multiple band-pass filters to save only those ele-
ments. The heart rate and its harmonics can be found using the
method described above. An exemplary picture of the desired
filtering is shown in FIG. 7. In this figure, the boxes 72
represent the portions of the transformed signal that we want
to retain. Using the filtering methods described above, we can
produce a filtered result 80 in the frequency domain as shown
in the FIG. 8.

[0068] We can now take the IFFT of this frequency content
80 to obtain the filtered time domain signal 90 in the FIG. 9.
This signal 90 is nearly a constant sine-wave of the heart rate.
It has been filtered to remove all frequency content but the
fundamental and harmonics of the heart rate signal. It has also
been compensated for initial stage analog filtering. The origi-
nal signal 40 is shown, for comparison in adjacent FIG. 10.

[0069] Itisevident from looking at the filtered time-domain
signal 90 that a threshold crossing techmque in the time
domain to measure heart rate would be very easy from the
filtered signal 90 and very difficult in the unfiltered signal 40.
Moreover, if we are interested in knowing the actual peak-to-
peak amplitude for calculation of pulse distention, again it is
much easier with the filtered signal 90.

[0070] As alast point, this method is illustrated on the heart
rate, but we can also use such filtering techniques to cancel the
heart rate signals that would allow us to get a clean breath rate
signal such that we could not only accurately calculate breath
rate, but also accurately calculate breath distention, a param-
eter that requires knowledge of the true peak-to-peak signal
amplitude.

[0071] Although the present invention has been described
with particularity herein, the scope of the present invention is
not limited to the specific embodiment disclosed. It will be
apparent to those of ordinary skill in the art that various
modifications may be made to the present invention without
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departing from the spirit and scope thereof. The scope of the
present invention is defined in the appended claims and
equivalents thereto.

What is claimed is:

1. A method for deriving physiologic parameters of a sub-
ject from photoplethysmographic measurements comprising
the steps of:

Obtaining a frequency spectrum of a time-based photopl-

ethysmograph of the subject;

Detecting a series of peaks of the frequency spectrum;

Calculating a change of frequency between adjacent
detected peaks of the series of detected peaks of the
frequency data set; and

Identifying a repeating change of frequency between adja-
cent detected peaks of the series of detected peaks of the
frequency data set; and

Utilizing the identified repeating change of frequency to
derive physiologic parameters of the subject.

2. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 1 further comprising the steps of:

Filtering the frequency spectrum based upon the identified
repeating change of frequency between adjacent
detected peaks of the series of detected peaks of the
frequency spectrum;

Performing an IFFT on the filtered frequency spectrum to
form a filtered time-based physiologic signal; and

Calculating physiologic parameters from the filtered time-
based physiologic signal.

3. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 2 wherein the physiologic parameters include
breathing parameters of the subject.

4. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 2 wherein the step of obtaining a frequency
spectrum of a time-based photoplethysmograph of the subject
is by applying an FFT to the time-based photoplethysmo-
graph of the subject, and wherein the subject is a rodent.

5. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 2 wherein the step of filtering the frequency
spectrum based upon the identified repeating change of fre-
quency between adjacent detected peaks of the series of
detected peaks of the frequency spectrum includes applying a
windowed-sinc filter to the frequency data set.

6. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 5 wherein the windowed-sinc filter kernel has no
greater number of points than are in the time-domain data set.

7. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 5 wherein the windowed-sinc filter is applied
multiple times to the frequency spectrum.

8. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 1 wherein the step of detecting a series of peaks
of the frequency spectrum comprises the steps of:

A) providing a preset original threshold amplitude;

B) reviewing the frequency spectrum from high frequency
to low frequency and identifying a first peak that crosses
the preset original threshold amplitude value;

C) increasing a subsequent threshold amplitude;
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D) reviewing the frequency spectrum from high frequency
to low frequency from the last identified peak and iden-
tifying a subsequent peak that crosses the subsequent
threshold amplitude value.

9. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 8 wherein the step of detecting a series of peaks
of the frequency spectrum further comprises the steps of
repeating steps C) and D) to detect additional peaks.

10. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 1 wherein the physiologic parameters include
heart rate and the detected peaks include a fundamental heart
rate frequency and at least one harmonic of the fundamental
heart rate frequency, and further including the steps of:

Filtering the frequency data set to isolate the fundamental
heart rate frequency and at least one harmonic of the
heart rate frequency;

Performing an IFFT on the filtered frequency data set to
form a filtered time-based physiologic signal; and

Calculating physiologic parameters from the filtered time-
based physiologic signal.

11. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 10 wherein the filtering of the frequency data set
includes the application of a windowed-sinc filter to the fre-
quency data set.

12. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 10 wherein the filtering of the frequency data set
includes the application of a square window filter to the
frequency spectrum.

13. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 1 further comprising the steps of filtering the
frequency spectrum to compensate the frequency spectrum
for an earlier applied filter.

14. A method for deriving physiologic parameters of a
subject from photoplethysmographic measurements com-
prising the steps of:

Obtaining a frequency spectrum of a time-based photopl-

ethysmograph of the subject;

Detecting a series of peaks of the frequency spectrum;

Filtering the frequency spectrum by applying a filter to the
frequency spectrum in multiple passes;

Obtaining a filtered time-based physiologic signal from the
filtered frequency spectrum; and

Calculating physiologic parameters from the filtered time-
based physiologic signal.

15. A method for deriving physiologic heart related param-
eters of a subject from photoplethysmographic measurements
comprising the steps of:

Obtaining a frequency spectrum of a time-based photopl-

ethysmograph of the subject;

Detecting a series of peaks of the frequency spectrum,
wherein the physiologic parameters include heart rate
and the detected peaks include a fundamental heart rate
frequency and at least one harmonic of the fundamental
heart rate frequencys;

Filtering the frequency spectrum to isolate the fundamental
heart rate frequency and at least one harmonic of the
heart rate frequencys;

Obtaining a filtered time-based physiologic heart signal
from the filtered frequency spectrum; and
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Calculating physiologic parameters from the filtered time-
based physiologic heart signal.

16. A method for deriving physiologic parameters of a
subject from photoplethysmographic measurements com-
prising the steps of:

Obtaining a frequency spectrum of a time-based photopl-

ethysmograph of the subject;

Detecting at least one peak of the frequency spectrum;

Determining a fundamental frequency whereby
1) if more than one peak is detected then calculating a

change of frequency between adjacent detected peaks
of the series of detected peaks of the frequency spec-
trum and attempting to identify a repeating change of
frequency between adjacent detected peaks of the
series of detected peaks of the frequency spectrum,
wherein the fundamental frequency is the repeating
change of frequency, and

ii) if only one peak is detected or if'a change of frequency
cannot be identified then identifying a maximum
peak, wherein the maximum peak is the fundamental
frequency; and

Utilizing the fundamental frequency to derive physiologic
parameters of the subject.

17. A method for deriving physiologic parameters of a
subject from photoplethysmographic measurements com-
prising the steps of:

Obtaining a frequency spectrum of a time-based photopl-

ethysmograph of the subject;

Detecting a series of peaks of the frequency spectrum;

Filtering the frequency spectrum by applying a windowed
filter on the frequency data set;

Obtaining a filtered time-based physiologic signal from the
filtered frequency spectrum; and

Calculating physiologic parameters from the filtered time
based physiologic signal.

18. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 17 wherein the windowed filter is a windowed-
sinc filter and wherein the windowed-sinc filter kernel has no
greater number of points than are in the time-domain data set.

19. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 17 wherein the windowed filter is a windowed-
sinc filter and wherein the windowed-sinc filter is applied
multiple times to the frequency data set.

20. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 17 wherein the windowed filter is one of a square
windowed filter, a Bartlett windowed filter, a Blackman win-
dowed filtered, a Hanning windowed filter, a Hamming win-
dow filter, and a trapezoid window filter.

21. A method for deriving physiologic parameters of a
subject from photoplethysmographic measurements com-
prising the steps of:

A) Obtaining a frequency spectrum of the time-based pho-

toplethysmograph;

B) Detecting a series of peaks of the frequency spectrum
wherein the step of detecting a series of peaks of the
frequency spectrum comprises the steps of
1) providing a preset original threshold amplitude;

i) reviewing the frequency spectrum from high fre-
quency to low frequency and identifying a first peak
that crosses the preset original threshold amplitude
value;
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iii) increasing the subsequent threshold amplitude;

iv) reviewing the frequency data set from high frequency
to low frequency from the last identified peak and
identifying a second peak that crosses the subsequent
threshold amplitude value; and

C) Utilizing the identified peaks to derive physiologic
parameters of the subject.

22. The method for deriving physiologic parameters of a

subject from photoplethysmographic measurements accord-

ing to claim 21 wherein the step of detecting a series of peaks
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of the frequency spectrum further comprises the steps of
repeating steps i) and iv) to detect additional peaks.

23. The method for deriving physiologic parameters of a
subject from photoplethysmographic measurements accord-
ing to claim 21 wherein the increasing of the subsequent
threshold includes setting the subsequent threshold ampli-
tude equal to at least fifty percent of the amplitude of the last
identified peak.
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