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(8)

oooooano
goobodod
(load-ascii enghr_13
data_file = ecghr_13

(

(time = data_file (:,1);
dr = data_file (:,2);

[
[start =1

[stop = size (data_file), 1);

[fprintf CBHENZR-REIROE = % ¥ , stop);
[

hr_limit = 200;

E % X (t+1) =AX (t) +/12X(Q) — /1XwOiEs
[bwaéﬁ?%jﬂtZ%?w

% Y (t) =CX (t) 41X (R) — J1RXvOHKELT
E@REﬁT%MEE?w
lgs =1 % WEHAZ — 1REARETS, B, b—F 3Ry
Chorniz@m<st. AHS—icT 5.,
los = 1 % BHYIZ — 1RTE~BETE, Wb, AH5—KF5
[
4 = q19; % x (t+1) =x (t) &RET 2.
¢ = 712, % y=x&&ETS,

Q =50 %eye (ss); % TObkZ/A4ZX — eyeldMATLABIZSBIF
[BiESFH — ZIZITEREZ1THS,
R = 10.0 ¥*eye (0s) % HFE/ 1 X9

linitx = ?807; % FIHAEME (8 0 b pmOIDLIAE)
[initV = 100 *eye (ss); % RS

[

xnew = initx; % #IHE

O
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9 JP 2004-503315 A 2004.2.5

[(Voew = initv;

[
for i = start:stop - start of cycle % HITHZNOAF—F

106V, % EIOYT 2P EEHTS,
View; % EIOYT 2P EEHTS,

- b
n

xpred = A¥x; % REOTH
Vpred = A%V¥A' +Q; % REBHROAKOTH. A’ BAOEEBTHS.
10
ypred (i) = C*tpred; % HEOFH
y(i) = hr(i): % [HEEfrkzs3)

e = y(i) - ypread(i); % J)R—3alEHETS,
innov(i) = e; % TOwvbok
sigma2(i) = e¥e; % FEOCRDONY

S = C*pred®C’ +R; % 1 J/R—iarOHRHH
Sinv = inv(S): % SERERIES,

[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[
[ K = Vpred*C' *Sinv; % ANRIFAERET D, 20
[

[ xnew = xpred + K¥e; % HATLH T SizkoTRHBENEZ L R—

[2ra ko TREBEEH T3,

[ Voew = (eye(ss) - E*C)*Vpred; % REBHIBMEEHTS.

[ end

(end
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COMBINING MEASUREMENTS FROM DIFFERENT SENSORS

The present inventiop relates 10 a moethed and apparatus for combining
measucerrtents from different sensors in order o provide an improved measurerent
of a parameter. It is particularly applicable to the measurement of physiological
parametars.

Certain parameters can be measured in more than one way. This is useful in
giving independert measures of the same quantity. For instence. in the medical field
the heari rate van be rmeasured both from an electrocardiogram (ECG) and from &
pulse oximetry waveform (used to calculate oxypen saturation). In the sccompanying
dravrings Figure 4 illugtrates schematically these- tworwaveforms, Figurs da being the
elecirocardiogram with the beart rate illustrated az HR,, and Figure 41 the pulse
oximery waveform with the heart rate illustrated as HR,. The heart rate is a
parameter which can undergo sudden changes. Some of these changes are valid
physiological changes, for example ectopic beats which accur prematurely, and
therefore give rise to & temporary increase in the heart tate. Figure 5 iliustrates the
oceurrence of an ectopic beat 50 found in both the electrocardiogram twace and the
pulse aximetry waveform. The shorter interval between the precceding beat and the
eolopic beat 50 manifests itself in a measutement of the heart rats as a sudden
increase in the heart rate. Figures 1 and 2 of the accompanying drawings show fime
plots of the heart rate measured by pulse oximeny (Figure 1) and ECG {Figure 2). Tt
can be seen that in Figures 1 and 2 the heart rate in-the early part of the plot is

generally of the order of 80bpm, but that there are occasiopal sudden increases in

- heart rate, such as indicated at 10 and 20 which are caused by ectopic beats and thus

appear both in the measurement by pulse oximetry and the measurement by ECG.
However, in addition to changes in the measwred heart rate Jeriving from
valid physiological changes, other changes occur which are not physiclogically valid,
for instance being caused by sudden movement of the sensors on the body surfece
{e.g. chest movement with ECG electrodes). Figure § illustrates the presence of
artefacts 60 on the pulse oximetry wavefonn which shorten the interval between

apparent beats and thus result in apparent increases in the heart rate, These changes

JP 2004-503315 A 2004.2.5
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are reflected in one measurement, but not the other, as indicated at [2 and 22 in
Figures 1 and 2 respectively. The fact that the changes appear in one measurement
bt ot the: ather means that the two measurements could be cumbined to help decide
which heart rate changes are valid phyziolegical oncs, and which are artefacts.
However, the nommal approach of validating one measurement chaunel against the -
other involving cross-corraiation of the two measurements invariably fails because jt
is not possihle o know in advange (for each recording, for each patient) what value
to give to the threshoid for accepting, rather than rejecting a change in the heart rate
as being valid, Thus although it would appear from Figures 1 and 2 thar a threshold
could be set which wc-u-ld eliminate changes such a3 indicated as 22, such a threshold
is not appropriate for all patients for ail recordings; and does ot help with the pulse
oximetry waveform. The problems are {ncreased in the event of atrial fibsillation
when the heart rate changes zapidly as indicated in the rogion AF in Figures 1, 2 and
3.

Simnilar probles arise in other fields where a parameter 1s measured via two
OF more measursment chatmels.

The preseat invention provides a method and apparatus for improving
oeasurement of & parameter by combining two measurements of it in & way which
allows valid changes to be distinguished from artefacts. Accordingly it provides a
methed of measuring a parameter comprising the steps of: predicting the value of
each of two messurements of the parameter, making two mc?asu.rements of the
parameter {6 produce two measured values of the parameter, calculating the
respective differences between the predicted values and the measured values, and
combining the two measured values with weights detertrined by ¢aid differences,

Thus with the present invention a prediction is made for each measurernent
and the actual measurement is compared with its prediction. The diffarence is
comyuted, which is termed the “mnovation®, and this inpovation is used to calculate
a weight which will be given w that measurement when it is W;'nbined with the other
measurement, alse weighted according fo its inpovaton. The weights are calculated
30 that if the innovation on one measurement channel is T:;ig'n, whereas the innovation

on the ather measurement channel is low, the measurement fom the low innovation

JP 2004-503315 A 2004.2.5
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channel is more heavily weighted. This is becanse a high level of innovation from
ong channei coineiding with a low innovation on the other channel is regarded as
indicative of an artefact on the higher innovation channel, Thus, the weight siven to
each value when the vajues are contbined is ovarsely rolated to the square or
medulus of the difference between the measured value and its-predicted vajue.

In one embodiment the mensured values ¢an be combined according to the

formula:-

114’:1”1*;'{‘?%-1"‘{1% a
e gl

where A, and A, are the two measured valnes, and ¢, and ¢, are the differences
between the two measured values and their respective pradicted values.

The steps of prediction, measwement, caleulation and combination are
preferably repeared continuously, with the predicied value for each of the
measurements being based on a linear predictive model, e.g the predicted value is
based on its preceding predicted value and the preceding innovation (ie. the
difference between the preceding predicted value and the preceding measurement).
The predicted value can be abtained by adding to the preveding predieted value o
constant times the innovation. The constant is preferably a posiﬁ've value less than ar
squal to unity, Altermatively. the predicted value for sach of the two independent
mezsurements can be caleulated by using 2 non-linear predictive mﬁd'ei suchasa
peural netwark, : ‘

In one embodiment the predicted values can be based on 2 mathematical
model of ihe systern, which may include estimates for process noise and sensor
{ineasurement) noise. Two indepandent models may be used, one for sach of the
measurement channgls, and fhe models can include estimates for the process noise
and sensor neise, which can be the same for the two channels. In oge embodiment
the models are Kalman filters.

The method 18 particularly applicable to the measurement of heart rate, in
which case the two measurement channels can be from an electrocardiogram and a

pulse oimenry waveform, though it is applicahie to any other measurement of a

JP 2004-503315 A 2004.2.5
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parameter which can be derived from two or more saurces. Thus the methed is
applicable for more thay two measarernent channels, and both where the
measurements are independent and where they are not truly independent such as from
multiple jeads of an ECG.

The invention ¢an also provide for detection of mevement artefacts. In this
instance high values of iznovation are abtained on both channels for the period of
movement, and this can be used as a trigger to discard the sections of data which are
corrapted by that moverent.

Tt will be appreciated that the invention can be embodied using computer
software and thus the Invention extends to a computer program for contenling and
exccuting the method or parts of it, and to a computer readable storage mediun
ecarrying the program. The invention alse extends to correspunding apparatus for
carrying out the method.

The invention will be further described by way of non-limitative example
with reference o the accompanying drawings in which:-

Figure 1 illustrates a plot of heart rate measured by pulse oximetry;

Figure 2 illustrates a plot of heart rate measured by an ECG,

Figure 3 itlustratos the result of combining the two plots of Figures 1 and 2
accarding o an embodiroent of the invention;

Figure 4 illustrates schematically heart beats on an ECG and pulse oximetry
wavelhmm,

Figure 3 jllustrares schematically ectopic beats appeating on 2n ECG and
pulse eximetry waveform;

Figure 6 illustrates an ECG truce and pulse oximetry waveform with artefacts
on the pulse oximetry waveform;

Figure 7 {llustrates a plot of heart rate measured by an ECG;

Figure § iilustrates predicted values for the heart raie according to one
embodiment of the invention;

Figure 9 illustrates the mnovation ¢btained from Figures 7 and §;

Figure 10 illustrates the veriance obtained from Figures 7 and 8.

An embodiment of the invention will now be described in which the

JP 2004-503315 A 2004.2.5
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invention is applied in the medical field to the measuremant of heart rate using BCG
and puise oximetry. As iltustrated in Figure 4a the heart rabe measured by ECG is
denved from the interval between two successive R-wave peaks. The heart rate
measurement derived from the pulse oximetry waveform is obtained from the
interval between two successive peaks (or roughs) as illustrated in Figure 4b,
Figores 1 and 2 iklustrate heart rate plots derived from these twe measurements.
With this embodiment of the present invention a model of the process
generating the heart rate is constructed. The same model is nm independently for
each measurement source (i.e. one for the ECG measuremment channel and one for the
pulse oximetry measurement channel). In this embodiment the model is 4 Kaiman
filter. In general a Kalman filter uses a process model and an observation model.
The process model models the state of the system at toe t+1 in temms of its state at
tme . The mezsurement or observation model indicates how the meastirement at

time ¢ is related to the state of the system af time t. Thus in general terms:-

X, = Ax, + w (Process model)
NoOx Y {Dbsawatiém madel}

where:
w ~ N (0, () - Gaussian process noise with zero mean and
variance (@
¥ ~ N {0, B) - Gavssian measurerent naise with zero mean
and variance B
and:
. k - vector of state variables x
. # - vecior of observeble or measurements y
. State x evolves according to simple first-order Markov dypamics;
. A s the & x k state transition matrix
. Eachk measwrement vector y is related to the current state by a linear

observation process; C is the # X & observatien or measurement ratix
In this embodiment the general Kalman filtey is simpiified to use scalar

guantities and the same process and measuremeni noise models {w, ¥) are used on

JP 2004-503315 A 2004.2.5
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both measurement channel. Thus the simplified Kalman filter is as follows:-

Kpy = At w (Process model)
¥,= Cx, + v {Observation model)

The model is further stmplified by setting C=1, implying that the heart vate is
both the state describing the process and the measurement. Fusther, it is assumed
that A = [, implying that the next heart rate is the same a3 the previous one with the-
varlability allowed tor by the process noise nrodel.

TUsing thiz mode], on each channel, the process of combining the two

measurementy then involves the filowing steps:-
1. From knowledge of previous history up to time ¢
(a) predict the nexr state xpred,

(b} from xpred predict the next measurement ypred

2, Make the measurement v,,,

wa

Compute the ianovation:
Y =3predt gy,
where g, is the diffecence betwean the actual value and the

predicted value: the mmovatian.

4. Compute the varance &5, %
2 __ 2
T =

o* the variance, js the inverse of the “confidence” which is

associated with the prediction

5. Mix the heert rate measwernents in inverse proportion to the variance

JP 2004-503315 A 2004.2.5
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assoeiated with each ong:

HR= 1R, — s RO
: dia  Cata

An example of an implementation of this wmodel in MATLAB is given in Appendiz.
1. That axample is general, and will work for vector quantities, though in this
embodiment the quaniities are scalar. 1t can be seen from appendix 1 that the
predictad heart rate for sach new messurcment cycle (xnsw) is squal to the
previously predicted value (xpred) plus the Kalman gain K times the innevation e.
The Kalman gain K, is derived from the predicted variance Vpred and the
measurernent variance R. The predicted variance is derived froni the previous
predicted variance and the process noise ). To start the process off it is fnitialized
using an initial value of the heart rate as 80 and an initial value of the state variance
of 100. The process noise in the Q in this embodiment is set 1o 5 and the
‘measurement noise variance R is set to 10

Tt will be clear from the implementation that, a3 normal with a K alman filter,

-he-variance aod Kalinan gain are not dependent on the measurement values. The

measurement values are only used in the now prediction of heart rate via the
innovation @ Thus it will be noted that for the constant values of  and R used in
this sxareple the Kalman gain K tends to 0.5 and the state co-variance V tends 1o 3.
However, K can be made adaptive by modifying the values for the variance constants
Q and R, preferably the process variance , accarding to the fype of process being
encountered, for exampie atrial fibrillation (where there is a high level of process
noise} as oppased to a bealthy hieart rate (during which there is a low level of process
noise).

Figures 8, 9 and 10 illustrate values for the estimated heart rate xpred, the
inpovation ¢ and the variance o* for the heart rate plot shown in Figure 7 {in this case

the ECG measurement chammel).

JP 2004-503315 A 2004.2.5
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Figare 3 jllustrates the result of combining the two measurement plats from
Figores 1 and 2 using this embediment. Tt can be ssen that the movement artefacts
22 on the ECG channel in Figure 2 have been removed from the combined
measwement, even though they acour during 2 period of atral fibrillation.

Thus with this erabodiment the differsnce between the measurement and its
predicred vatue i3 used to indicated the dagree of confidence in thar measuremant,
The higher the difference the lower the confidence. Formula {13 above is used to
combine the two measurements. This can be sumrmarised as follows:

1) Yralid heart rates on hoth channels: law innavation o both channels;

weight both measurements equally
Valid sudds (

2) cha

e.g. ectopic heat) szen oni Both channiels: high
innovation but on hatl channels; therefore, measurements arw again
weighted equally

33 Artefaer on one channel: high innovation on one chaunel only;

therefore the information from that chammel is ignored by being given
a very low weighting (Jow confidence).

The methed can also be usad to provide 8 movement artefact detector, i.e. o
detect when movement artefact is present on both channels and therefore no useful
information is available. This is characterised by bigh values of innovation on both
channels for 2 sustained period of time. This can b used.to discard the sections of
raw.data which are corrupted by this movement and to indicate that no valid heart

rate ¢stmate can be derived during those periods.

JP
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Appendix 1

load -ascii ecghr 13
data_file = goghr 13y
ilef:,1);

2(:,2);

start = -

stop = sizeldata file},l);

fprintf{‘number of R-X intsrvals detected - £d \a', step),
nr_limit = 20¢;

3 X{t+1}= A X(trooise{Q) - process nodel with Q as variance of poise w
% Y{t) = C A(t}*noise{R) - measurement model with R as varianes of noise v

=5 & state size - seis to one dimensioral, (e scaiar though routine works for vestors
= % observation size - sets to one dimensional, is sealar

A= [1): % assume 1+ }=x(f}

[ i1 % assume y=x .

Q= 5.0%yelss]l; 3 processuvise - eye is the identity matrix in MATLAB -here just unity

E = 10.0%eye{0s} ;% measurcoient noise vasiance

nitx = [801; % initial state value (HR of 80 bpm)
init¥ = 100*eyelss=); % initial stete vamdance

xrew = initx; % - initialisation
Yrnew = initv;

for i = start:stop % -startofeyele

X = xagu; % update from previous syeie
Vo= Vnew! % update from previous cycle
Hpred = ATX; % prediction of state,

Vpred = BR*V*AT + Q; % prediction of state covariance, A7 is transpose of A
ypred{i] = Ctxpred: % prediction of measyrement
y(i} = hrii}; % “make measurement”

e = yiil) - ypred{i;; % calcalate innovation
innov(i} = e; $ for plotting

sigraZ fi) = e%e; § wvariance for saving

S = C*Vpred*C’ + R; 4 innovation covariance
Sinv = iav{sj; % invert S

K = wpred* G’ *3iav; % compute Kalman gain

xnew = xpred + Kvg; % update state by the innovation controlied by ths Kalman zain
Vnew = (e¥e(ss) - K*C)*VYpred; % updats state covarisace
end

end
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CLAIMS,

1. A method of measuring a parameter comprising the steps of: predicting the value
of each of two independent measwrenents of the pé\rar:peter, miaking twe independent
measurements of the parameter to produce two measured valnes of the parameter.
calculating the respective differences betwaen the predicted values and the measvred
values, and combining the two measured values with weights determined by said

differences.

2. A method according to claim 1 in which the steps of prediction, teasurement,
calculation and combivation are repeated continuously, the predicted value for cach
of the two independent meanurernents being hased on the preceding predicted value
and the difference between the preceding predicted valug and the preceding

measurernant.

3. A method according 1o ¢laim 2 in which the predicted value for each of the two

independent measuremeuts is caloulated by using a linear predictive model.

4. A method according fo clawm 2 in wiich the predicted value for each of the two

dependent measurements is calculaied by using & non-linear predictive madel.

5. A method according fo claim 3 or 4 in which the model is adaptive, and it adapts

in dependence upon the amount of process noise in the measurements.

6. A method according te any one of the preceding claims in which in the step of
combining the two measured vatues the weight of each value varies inversely with

ihe square of the diference between the predicted value and the measurement.

JP 2004-503315 A 2004.2.5
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7. A method according to claim § in which the bwo measured values are combined

according to the formula:-

o Gl
M= M= 2 5+ My —5—t—s
) T o)+
where A, and M, are the two measured vafues, and &, and &, ave the differences

between the two measured values and their respective predicted values.

8. A method according o any ane of the preceding claims in which the predicted

values for the respective measurements are based on respective modeis of the sysiem,

9. A method accorling to clsim 8 in which the models of the system include

eatimates for process noise and sengor noise.

10. A muthod according fo claim & or 9 in which the respective models of the system

are mutuwally independent.

11, A method according to cliim 10 in which the respective models of the system

include the same estimates for process noise and sensor notse.

12, A method aceording to claim 8, 9, 10, or 1} in which the respective models of

the system are Kalman filters.

13. A method according to any one of the preceding claims further comprising the
step of discarding sexies of measurements for which the differences between both
measured values and their predicted values exceed a predeteymined threshold for a

predstermined petiod of time,

1d. A method aceording to any one of the preceding claims in wihich the parametsr is
the heart rate. '
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15. A method accarding to claim 14 in which the two independent meagurements are

made from an electrocardiograph and a pulse oximetry waveform.

16. A methed according to claim [4 in which the two measurements are made from

a multiple lead BCG recording.

17. A method according to any one of the preceding claims in which there are more

than two measurements.

18. A method according to any one of the preceding elaims further comprising the
step of identifying movement urtefacts bused on the values of the differences between

both measured values and their predicted values.

18. A compuier program comprising program code means for exeoming the method

of any one el the preceding claims.

20. Apparatus constructed and arranged ta execute the method of any one of claims
1to 18,

JP 2004-503315 A 2004.2.5
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