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A method of generating a pulse rate of a patient using
data corresponding to at least one wavelength of electromag-
netic energy transmitted through tissue of the patient com-
prises (a) defining a comb filter to isolate signal energy in
the data corresponding to a fundamental frequency and re-
lated higher frequency components thereof; (b) determining
a particular frequency which optimizes energy at an output
of the comb filter; and (c) generating a filtered pulse rate
corresponding to the particular frequency.
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METHOD AND APPARATUS FOR MEASURING PULSE RATE AND SATURATION

This invention relates to a method and apparatus for measuring
physiological parameters, in particular for reducing noise
effects, including effects arising from motion, in a system for
measuring the pulse rate of a patient. It relates 1in
particular to a method and apparatus for measuring pulse rate
and saturation. The invention involves the application of
filtering techniques.

It is known to determine pulse rate from the optical plethys-
mograph waveform is by counting zero crossings. If there is no
motion and no other noise, the optical plethysmograph signal is
very clean and a pulse rate can be determined by accurately
counting zero crossings. During motion, a =zero-crossing
approach will count transients from the motion and display an
artificially high rate.

It is also known to determine pulse rate using a template of
the plethysmograph signal corresponding to a single pulse, and
then counting the number of matches with this template.
However, motion effects can lead to the appearance of the
signal differing significantly from that of the template; as a

result, no pulse counting occurs.

The present invention provides a technique for reducing noise
effects in a system for measuring pulse rate, by use of a comb
filter to isolate signal energy which corresponds to
fundamental and related frequencies.

Accordingly, in one aspect, the invention provides a method of
generating a pulse rate of a patient using data corresponding
to at least one wavelength of electromagnetic energy
transmitted through tissue of the patient, the method

comprising the steps of:
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(a) defining a comb filter to isolate signal energy in
the data corresponding to a fundamental frequency and

related higher frequency components thereof;

(b) determining a particular frequency which optimizes
energy at the output of the comb filter; and

(c) generating a filtered pulse rate corresponding to
the particular frequency.

In another aspect, the invention provides apparatus for
generating a pulse rate of a patient using data corresponding
to at least one wavelength of electromagnetic energy
transmitted through tissue of the patient, comprising:

(a) a comb filter for isolating signal energy in the
data corresponding to a fundamental frequency and related

higher frequency components thereof;

(b) means for determining a particular frequency which

optimizes energy at an output of the comb filter; and

(c) means for generating a pulse rate corresponding to

the particular frequency.

The technique of the present invention estimates the
frequencies and amplitudes of sinusoids in noise. A procedure
to find the frequencies and then the amplitudes and phases of
a given number of arbitrary sinusoids in noise is disclosed in
A Minimal Parameter Adaptive Notch Filter with Constrained
Poles and Zeros (Nehorai A), volume 33 of the IEEE Transactions
on Acoustics, Speech, and Signal Processing (1985). This
approach has been extended specifically to 1look for the
fundamental frequency and then the amplitudes and phases of a
harmonic signal in noise, as disclosed in Adaptive Comb
Filtering for Harmonic Signal Enhancement (Nehorai A and Porat

B), volume 34 of the IEEE Transactions on Acoustics, Speech,
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and Signal Processing (1986). A numerically more efficient
procedure for finding the fundamental frequency based on this
approach is the subject of Computation of Harmonic Comb Filter
Weights (Hendry S D), volume 41 of the IEEE Transactions on
Acoustics, Speech, and Signal Processing (1993). Subject
matter disclosed in these papers is incorporated herein by

reference. -

The technique employed by the present invention is referred to
herein as Adaptive Comb Filtering (ACF). The pulse rate is
calculated from the optical absorbance signal.

When viewed as a spectrogram (frequency versus time), the
energy in a typical human plethysmograph signal is distributed
in a few stable, clearly defined bands corresponding to the
harmonics of the pulse rate. Adaptive comb filtering first
finds the fundamental frequency by defining a comb filter to
notch out the energy of the signal, leaving only noise. The
number of notches or signal harmonics in the signal is a matter
of choice. For normal heart rates, four harmonics can be
preferred, but other numbers may be preferred depending on the
application, processor, computation power, and the low pass
cutoff frequency of a bandpass filter. The ACF finds the
harmonic frequency that defines the comb filter to cause the
output noise outside the fundamental and chosen harmonics to
have the smallest energy. The ACF searches for the fundamental
by estimating derivatives of the squared noise with respect to
the fundamental to perform a Newton-Raphson search which is the
classic approach to nonlinear minimization as discussed in the
Nehorai and Porat (1986) and Hendry (1993) documents referred

to above.
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To formalize the wminimization description, let y be the
measured signal, x the harmonic signal, and n the noise
y(t) = x(t) +n(t)

N
= 2: Cesin(kwt+¢,) +n(t)
k=1

In the z-transform domain, the comb filter is

where

o, = ~2C0skw,

The parameter w, is the fundamental frequency normalized by the
sample rate. Each quadratic in the numerator of H introduces
a zero on the unit circle at +kw,. With p<l, the denominator
introduces a pole inside the unit circle at zkw,. The band-

width of the notches is 7 (1-p).

When a reliable estimate of the fundamental frequency has been
determined, it is preferred to at least occasionally calculate
the harmonic amplitudes. A description of a technique for

calculating the harmonic amplitudes follows.

It is useful to know the amplitudes of the harmonics. The
power of each of the first n = 4 harmonics is estimated by
taking an RMS of the output of a comb filter having only one
"tooth" tuned to the fregquency of that harmonic. This allows
the power of the harmonics to be estimated with a minimal
number of computations. This process can be performed

independently of the adaptive comb filter provided the heart
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rate estimate is made available to this process. For each

harmonic k, the steps in the harmonic estimation are:

1. Calculate a for kuw,
a,= -2coskw,, a,= a,=1

2. Calculate the output of the "single toothed" comb
filter at kw,

2 2
e(t)= y(t)+z y(t-i)a;~ Y, e(t-i)pla,
i=1 i=1

3. Estimate the bandpass gain of the "single toothed"
comb filter at kw, as the gain at DC

1=0
K(t)=
(£) 5
Y pla;
=0
4. Estimate the harmonic signal at kw, as the

difference between the measured signal and the

output of the "single toothed" comb filter.

x(t)=y(t)- e(t)/K(L)

5. Estimate the power (pwr) in the harmonic at kw,

using a cascaded IIR filter

pwr(t)= Apwr(t-1)+(1-1)x(¢t)?

pwr/(t)= Apwr/(t-1)+(1-1)pwr(t)?

where M\ represents the degree of acceptable variability
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There are times when the ACF by itself is not sufficient to
track a patient’s heart rate. This is the case with
arrhythmias, where the energy is not concentrated in a few
trackable harmonics. Also, a patient’s heart rate can change
more rapidly than the ACF is capable of tracking, or change
dramatically during a period of motion in which the ACF failed
to correctly track the change. An alternative pulse rate
calculator is therefore included in the present invention that
does not require a harmonic signal, and is not based on an
adaptive algorithm. This alternative rate calculator is not as
robust during motion as the rate calculator described above,

but is intended to be used when the ACF cannot track the rate.

A feature that is common to all human pulses is that they go up
and down and have some minimum period corresponding to about
250 beats per minute, i.e., 240 msec. Given this model of a
human pulse, there is a crest during each pulse such that the
current value of the pulse waveform is the maximum value that
has been seen for the past 240 msec followed by a trough during
that same pulse where the current value is the minimum value
that has been seen for the past 240 msec. The pattern matcher
provided by the present invention identifies sequences of
crests and troughs that preferably do not trigger any motion
detection criterion (discussed below), and computes the rate
from the average period of all such patterns which have been
identified in the past 10 seconds. In one embodiment, the
pattern matcher uses a minimum period of 210 msec instead of
240 msec to make allowances for limited motion artifact and an
oximeter sampling rate of about 57 Hz. The pattern matching
rate is updated each time such a pattern is identified. 1In
some preferred embodiments, motion detection criterion based on
the shape of the pulse have been adapted to reject pulses which

are potentially contaminated by motion artifact.

Preferably, the step referred to above of determining a pattern

matching pulse rate includes the steps of:
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(a) identifying a sequence of waveform characteristics
indicative of a waveform period;
(b) averaging a number of successive waveform periods
to determine an average waveform period; and
(c) determining the alternate pulse rate from the
average waveform period.
The method can include a step of comparing the data to a
predetermined waveform template prior to the identification
step.

Preferably, the motion detection criteria require the calcul-
ation of the maxima, minima, and average for the current and
previous detected patterns. Motion is detected when any of the

following criteria are met:

a) the maximum of the current pattern is significantly
further away from the average of the current
pattern than the minimum is;

b) criterion a) failed on the last detected pattern;

c) the maximum of the current pattern is significantly
further away from the average of the current
pattern than the average of the current pattern is
from the average of the current and previous
minima; or

d) the difference between the average of the current
and previous patterns 1is greater than half the
difference between the current maximum and minimum
(big DC shift).

A motion flag is set whenever any of the motion detection
criteria are met and is cleared whenever none are met for two

consecutive patterns.

In a preferred embodiment, two pattern matching rate calcul-
ators are run in parallel. One receives the bandpassed

normalized waveform as input. The second receives a filtered
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form of the first derivative of the plethysmograph. The use of
two inputs with different characteristics minimizes the time
that motion is incorrectly reported. Each pattern matcher
stores the proportion of patterns for which its motion metrics
indicate motion. The pattern matcher that reports the least
motion over the last ten seconds is used for the pattern
matching rate. This dual pattern matcher reports that motion
is present only when the motion metrics for each of its two

pattern matchers indicates motion.

As discussed above, the adaptive comb filter (ACF) employed by
the present invention tracks a signal having N harmonics. It
sometimes happens that motion artifact causes the ACF to track
the wrong rate, and when the motion stops, the "teeth" on the
comb may be on a harmonic rather than the fundamental. For
example, the fundamental of the ACF could be tracking the
second harmonic of the plethysmograph, or the second harmonic
for the ACF could be tracking the fundamental of the
plethysmograph. These situations would cause the ACF to report
twice or half the correct pulse rate, respectively. This could
happen if the ACF was initialized to the wrong rate and settled
on a harmonic or subharmonic, or 1f the rate changed more
suddenly than the ACF could track. In general, the ACF is
quite stable, and several minutes of prolonged, vigorous motion
may be required before it locks onto a harmonic or subharmonic
of the pulse rate. However, because of the potential for false
reporting, according to a preferred embodiment a number of

rules are used to calculate a more accurate rate.

A simple model of most plethysmographs may be compared to a
sawtooth-like pattern for which the amplitude of the harmonics
of the plethysmograph fall off by a factor of two for each
harmonic. Thus, for most plethysmographs, the falloff is
fairly rapid. However, some patients have nearly half the
energy of their pulses contained in the second harmonic. Other
physioclogical plethysmograph patterns may contain significant

amounts of energy at multiples of one-half the pulse rate,
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while still others may have strong respiratory components at
one-half the pulse rate, although the signal at the pulse rate
should still be dominant. Arrhythmias may have no repeating
pattern, thus violating the model assumed by the ACF. When the
ACF locks onto a subharmonic, or some superharmonic, the
"tooth" on the comb that passes the greatest amount of energy
will not correspond to the fundamental frequency estimated by”
the ACF.

For most patients, where there is little or no motion, all the
energy in the plethysmograph is at the fundamental or a
harmonic of the pulse rate. Although pulse rates will vary
cyclically in response to various mechanisms, plateaus in the
pulse rate will be long enough, and frequent enough, that the
autocorrelation has a very high value at the fundamental of the
pulse rate at these times. Where there is significant energy
at a subharmonic of the pulse rate, the autocorrelation at the
subharmonic may be higher than at the pulse rate, but the
autocorrelation function will still have a strong local maxima

at the pulse rate.

For an arrhythmia with a non-repeating pattern, the
autocorrelation may not have any strong local maxima. However,
if a patient is not moving, the plethysmograph will be
modulated only by the patient’s pulse, and will thus be
completely correlated in the IR and red channels. Motion
artifact, however, causes the IR and red channels to become
less correlated. This crosscorrelation can thus be used as a
rough indicator of the degree of motion and therefore the

reliability of the rate reported by the pattern matching.

In view of the foregoing, a concise set of rules is desirable
that reliably enables the ACF to resume tracking the correct
pulse rate when motion has stopped, and which does not increase
the chance that ACF will track the wrong pulse rate. An

"uncorrelation" metric is calculated which is defined as:
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Ji-crosscorrelation(IR, red)?,

where the crosscorrelation is currently calculated over about
10 seconds of normalized data.

The magnitude of each of the harmonics is estimated each
second, and the magnitude information is used to calculate a
measure of the validity of the pulse. In addition to
estimating the pulse rate, the ACF also calculates filtered
signal and noise waveforms, X and ¢ using the comb filter,
which enables the calculation of a signal to noise (S/N) ratio.
The S/N ratio is expected to be high for non-arrhythmic
patients who are mnot moving, and low during motion or
arrhythmias. It is also low if the fundamental of the heart
rate does not match any of the harmonics being tracked by the
ACF. In various embodiments, the S/N may be calculated by
differentiating, filtering in derivative space, and then
integrating the plethysmographs, with the best S/N ratio being
used.

A preferred valid plethysmograph will have the energy in
consecutive harmonics falling off exponentially. If a majority
of the energy in the plethysmograph is calculated to be in one
of the harmonics instead of the fundamental, the stan&ard
deviation for the exponential decay will probably be large

enough to drive the validity measure negative.

The following mechanisms can be used to assure that the ACF is
tracking the right rate. A Fast Fourier Transform (FFT) (power
spectrum) can be performed on the IR plethysmograph and each
peak in the spectrum may be evaluated prospectively to find the
rate which would give the highest confidence measure for the
ACF (the formulas used to combine various metrics into a
confidence measure for the ACF rate are described below). This
is possible because the magnitude of each of the harmonics that

would be tracked by the ACF at a given rate can be estimated by
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adding up the energy in several adjacent frequencies of the
FFT.

The ACF rate is reset to this FFT rate if the FFT rate is
considered more reliable than the ACF rate. Ideally, the ACF
rate should not be reported until it has been initialized by
this mechanism. -

The determining step can minimise or maximise the energy at the
output of the comb filter, according to the selected operation
of the ACF.

Preferably, the determining step of the method of the invention

comprises:
(a) calculating squared noise for the data;
(b) calculating a second derivative of the squared

noise with respect to the fundamental frequency;
and
(c) performing a Newton-Raphson search to determine the

particular frequency.
Preferably, the method includes the steps of:

(a) comparing selected samples of the pulse rate to an
expected measurement characteristic;

(b) assigning a variable weight to each selected sample
based on the comparing step, thereby generating a
plurality of differently weighted samples of the
pulse rate;

(c) averaging a first number of the weighted samples to
obtain a filtered sample of the pulse rate, the
first number preferably varying in response to the
variable weights assigned in the assigning step;
and

(d) generating a filtered pulse rate from a plurality

of filtered samples.
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Preferably, before the defining step of the method, it includes

the steps of:

(a)

(b)

(c)

taking the logarithm of a signal representative of
at least one wavelength of electromagnetic energy,
thereby generating a first signal;

band pass filtering the first signal, thereby
generating a second signal;

normalizing the second signal, thereby generating
a third signal; and

taking the derivative of the third signal, thereby
generating the data.

There will generally be a confidence level associated with the

pulse rate,

the confidence level being based on at least one

quality metric selected from the group comprising pulse signal

shape, signal-to-noise ratio, and correlation between at least

two wavelengths of electromagnetic energy.

Preferably,

(a)

(b)

the method includes the steps of:

determining an alternate pulse rate using an
alternate rate finder; and
selectively setting the pulse rate to the alternate

pulse rate.

The alternate pulse rate can be determined by:

(a)

(b)

evaluating a power spectrum corresponding to the
data to determine which of a plurality of peaks in
the power spectrum corresponds to the fundamental
frequency;

generating an alternate pulse rate corresponding to
the fundamental frequency; and

calculating a confidence level for the alternate

pulse rate.
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The method can include the step of generating an initial pulse
rate corresponding to the alternate pulse rate in the setting

step.

The step of determining an alternate pulse rate can be arranged
to occur periodically, the setting step only then occurring
where at least one condition is met. That condition can be

selected from the group comprising:

(a) a confidence level corresponding to the filtered
pulse rate is less than a first value;

(b) the confidence level corresponding to the alternate
pulse rate is greater than or equal to the first
value;

(c) a signal-to-noise ratio corresponding to the
alternate pulse rate is greater than or equal to a
second value;

(d) the alternate pulse rate corresponds to a local
maxima on an autocorrelation curve corresponding to
the data; and

(e) the alternate pulse rate is within a third value of
a previously determined alternate pulse rate, the
previously determined alternate pulse rate having

been determined within a first interval.

The method can be performed such that conditions (a) to (e)
above are met before the pulse rate is set to the alternate

pulse rate.

The technique of the present invention can be used in
conjunction with a technique for calculating oxygen saturation
levels in haemoglobin, providing information relating to pulse
rate. Techniques for determining oxygen saturation which can
be used in the present invention are disclosed in International
patent applications nos. IB96/ and IB96/ , entitled
METHOD AND APPARATUS FOR ADAPTIVELY AVERAGING DATA SIGNALS, and
METHOD AND APPARATUS FOR HARMONICALLY FILTERING DATA, which are
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filed with the present application and which bear the
references P21977A and P21977D. Information concerning these
features of the present invention that is disclosed in those
documents is incorporated in the specification of the present

application by this reference.

The invention can involve reduction of noise effects whemnr
measuring a physiological parameter. It can include apparatus
for reducing the noise effects which comprises:

means for generating a plurality of measurements
derived from at least one wavelength of electromagnetic energy
transmitted through living tissue;

means for providing a signal indicative of the at
least one wavelength of electromagnetic energy;

means for comparing selected measurements with at
least one expected measurement characteristic;

means for assigning one of a plurality of variable
weights to each selected measurement based on the comparing
step thereby generating a plurality of differently weighted
measurements for each wavelength, the variable weights being
assigned, in part, in response to a similarity between each
selected measurement and a corresponding previous measurement,
the variable weights comprising a plurality of different non-
Zero numpers;

means for averaging a plurality of the differently
weighted measurements to obtain a filtered measurement for use
in estimating the physiological parameter; and

means for calibrating the system to measure the
physiological parameter in response to the signal indicative of

the at least one wavelength of electromagnetic energy.

The invention also includes a monitor for measuring a physiol-
ogical parameter, the monitor being for use Qiﬁh a sensor
having emitting means for emitting at least one wavelength of
electromagnetic energy, sensing means for sensing the electro-
magnetic energy and for generating a first signal repres-

entative thereof, means for detachably coupling the sensor to
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the oximeter and for providing communication of signals between
the sensor and the oximeter, and means for providing a second
signal indicative of the at least one wavelength of electro-
magnetic energy, the monitor comprising:

means for generating a plurality of measurements
derived from the first signal;

means for comparing selected measurements with at
least one expected measurement characteristic;

means for assigning one of a plurality of variable
weights to each selected measurement based on the comparing
step thereby generating a plurality of differently weighted
measurements, the variable weights being assigned, in part, in
response to a similarity between each selected measurement and
a corresponding previous measurement, the variable weights
comprising a plurality of different non-zero numbers;

means for averaging a plurality of the differently
weighted measurements to obtain a filtered measurement for use
in estimating the physiological parameter; and

means for calibrating the monitor to measure the

physiological parameter in response to the second signal.

The present invention will now be described, by way of example

only, with reference to the accompanying drawings, in which:

Figure 1 is a schematic representation of apparatus for
measuring a physiological parameter such as oxygen

saturation of haemoglobin of a patient;

Figure 2 is a block diagram illustrating the flow of data

in apparatus such as that shown in Figure 1;

Referring to the drawings, Figure 1 shows apparatus for
measuring physiological parameters such as oxygen saturation of
haemoglobin of a patient. A sensor/oximeter combination 60
comprises a sensor 61 and an oximeter monitor 62. Sensor 61
includes LEDs 63 and 64 typically having wavelength emission

characteristics in the infrared and red ranges of the spectrum,
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respectively. Photodiode sensor 65 receives the 1light
transmitted by LEDs 63 and 64. Resistor 66 (or a similar

electrical impedance reference) is chosen to correspond to a
specific wavelength or combination of wavelengths as specified
by a table relating impedance values to wavelengths. Decoding
means 67 determines the impedance value of resistor 66, and
appropriate extinction coefficients are generated which”
correspond to the transmission characteristics of the
particular sensor 61. Thus, the oximeter may be used with a
variety of sensors having LEDs which emit varying wavelengths
of light without recalibration. The sensor 61 is detachably
coupled to oximeter monitor 62 via connector 68. An example of

such a sensor/oximeter combination is disclosed in US-4621643.

The data received from the sensor is processed according to the
scheme shown in Figure 2. It can be processed using apparatus
of the type disclosed in US-5348004. In initial process step
2, the natural logarithm of the data (usually from red and
infra red LEDs) is taken, and the data is band pass filtered
with an infinite impulse response (IIR) filter that has a high
pass cutoff frequency at 0.5 Hz (that is 30 beats per minute)
and a low pass rolloff from 10 to 20 Hz. The filtered data can
then processed by algorithms for calculation of puise rate as

discussed in detail above.

In the illustrated arrangement, data are sent to two different
algorithms for calculation of the patient’s pulse rate.
According to one algorithm, the derivative of the data is taken
2 as described above, and the fundamental frequency of the
pulse rate is tracked using an adaptive comb filter (ACF) 5 as
discussed below. The ACF 5 supplies its pulse rate directly to
a harmonic filter 7. The ACF 5 can also provide a trigger for
an algorithm for calculatiﬂg.oxygen saturation as disclosed in
the related application referred to above. ACF 5 is a robust
pulse rate tracker, but not a good pulse rate finder. There-
fore, the frequency power spectrum of the data is calculated
periodically 4 to determine whether ACF 5 is tracking the
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fundamental rather than a super- or subharmonic of the pulse

rate.

The normalized data is also supplied to a pattern matching
algorithm 3 which recognizes sequences of crests and troughs in
the data and calculates an average period of the plethysmograph
over a set number of samples. This algorithm is preferably"
used primarily to track the pulse rate for an arrhythmic pulse
rate during periods where no motion is detected. A rate
arbitration algorithm 6 then arbitrates between the pulse rates
calculated by ACF 5 (as updated by frequency power spectrum 4)
and pattern matching algorithm 3 using confidence 1levels
associated with each,* which are based on various metrics.
After appropriate post processing 13, the pulse rate data is
output to the display 15. The data is post processed using
available metrics to determine the reliability of the pulse
rate and to determine whether and how it is to be displayed.
Details of techniques for assessing the reliability of
physiological parameters are disclosed in International patent
application no. IB96/ filed with the present application
entitled METHOD AND APPARATUS FOR ARBITRATING TO OBTAIN BEST
ESTIMATES FOR BLOOD CONSTITUENT VALUES AND REJECTING HARMONICS,
which bears the reference P21977C. Information concerning
these features of the present invention that is disclosed in
that document is incorporated in the specification of the

present application by this reference.
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CLAIMS:

1. A method of generating a pulse rate of a patient using
data corresponding to at least one wavelength of electro-
magnetic energy transmitted through tissue of the patient, the
method comprising the steps of:
(a) defining a comb filter to isolate signal energy in
the data corresponding to a fundamental frequency and

related higher frequency components thereof;

(b) determining a particular frequency which optimizes
energy at an output of the comb filter; and

(c) generating a filtered pulse rate corresponding to

the particular frequency.

2. A method as claimed in claim 1, in which the determining

step minimizes the energy at the output of the comb filter.

3. A method as claimed in claim 1, in which the determining

step maximizes the energy at the output of the comb filter.

4. A method as claimed in claim 1, in which the determining

step comprises:

(a) calculating squared noise for the data;

(b) calculating a second derivative of the squared

noise with respect to the fundamental frequency; and

(c) performing a Newton-Raphson search to determine the

particular frequency.

5. A method as claimed in claim 1, which includes the steps
of:
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(a) comparing selected samples of the pulse rate to an

expected measurement characteristic;

(b) assigning a variable weight to each selected sample
based on the comparing step, thereby generating a
plurality of differently weighted samples of the pulse
rate; -

(c) averaging a first number of the weighted samples to

obtain a filtered sample of the pulse rate; and

(d) generating a filtered pulse rate from a plurality

of filtered samples.

6. A method as claimed in claim 5, in which the first number
varies in response to the variable weights assigned in the

assigning step.

7. A method as claimed in claim 1, in which, preceding the

defining step, the method further comprises the steps of:

(a) taking the logarithm of a signal representative of
the at least one wavelength of electromagnetic energy,

thereby generating a first signal;

(b) band pass filtering the first signal, thereby

generating a second signal;

(c) normalizing the second signal, thereby generating

a third signal; and

(d) taking the derivative of the third signal, thereby

generating the data.

8. A method as claimed in claim 1, in which there is a
confidence level associated with the pulse rate, the confidence

level being based on at least one quality metric selected from



WO 98/42250 PCT/IB97/00290

-20-

the group comprising pulse signal shape, signal-to-noise ratio,
and correlation between at least two wavelengths of

electromagnetic energy.

9. A method as claimed in claim 1, which includes the steps
of:
(a) determining an alternate pulse rate using an

alternate rate finder; and

(b) selectively setting the pulse rate to the alternate
pulse rate.

10. A method as claimed in claim 9, in which the step of

determining an alternate pulse rate comprises the steps of:

(a) evaluating a power spectrum corresponding to the
data to determine which of a plurality of peaks in the

power spectrum corresponds to the fundamental frequency;

(b) generating an alternate pulse rate corresponding to

the fundamental frequency; and

(c) calculating a confidence level for the alternate

pulse rate.

11. A method as claimed in c¢laim 10, which includes the step
of generating an initial pulse rate, the initial pulse rate

being set to the alternate pulse rate in the setting step.

12. A method as claimed in claim 9, in which the step of

determining an alternate pulse rate comprises the steps of:

(a) identifying a sequence of waveform characteristics

indicative of a waveform period;
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(b) averaging a number of successive waveform periods

to determine an average waveform period; and

(c) determining the alternate pulse rate from the

average waveform period.

13. A method as claimed in claim 11 or claim 12, in which the-
step of determining an alternate ©pulse rate occurs
periodically, the setting step occurring only where at least
one condition is met.

14. A method as claimed in claim 13, in which the at least

one condition is selected from the group comprising:

(a) a confidence level corresponding to the filtered
pulse rate is less than a first value;

(b) the confidence level corresponding to the alternate

pulse rate is greater than or equal to the first value;

(c) a signal-to-noise ratio corresponding to the
alternate pulse rate is greater than or equal to a second

value;

(d) the alternate pulse rate corresponds to a local
maxima on an autocorrelation curve corresponding to the
data; and

(e) the alternate pulse rate is within a third value of
a previously determined alternate pulse rate, the
previously determined alternate pulse rate having been

determined within a first interval.

15. A method as claimed in claim 14, in which conditions (a)
to (e) are met before the pulse rate is set to the alternate
pulse rate.
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16. Apparatus for generating a pulse rate of a patient using
data corresponding to at least one wavelength of
electromagnetic energy transmitted through tissue of the

patient, comprising:

(a) a comb filter for isolating signal energy in the
data corresponding to a fundamental frequency and related

higher frequency components thereof;

(b) means for determining a particular frequency which

optimizes energy at an output of the comb filter; and

(c) means for generating a pulse rate corresponding to

the particular frequency.

17. A method for calculating oxygen saturation of haemoglobin
in arterial blood using data corresponding to a plurality of
wavelengths of electromagnetic energy transmitted through
tissue of a patient, the method comprising the steps of:

determining extinction coefficients corresponding
to the plurality of wavelengths; and

calculating values proportional to total hemoglobin
and oxygenated hemoglobin directly from the data and the

extinction ccefficients.

18. A method as claimed in claim 17, which includes the step
of calculating a value corresponding to oxygen saturation of
haemoglobin from the values proportional to total haemoglobin

and oxygenated haemoglobin.
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