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Body position changes (BPCs) are manifested as shifts in the electrical axis of the heart, which may lead
to ST changes in the ECG, misclassified as ischemic events. This paper presents a novel BPC detector
based on a Laplacian noise model. It is assumed that a BPC can be modelled as a step-like change in the
two coefficient series that result from the Karhunen-Loéve transform of the QRS complex and the ST-T
segment. The generalized likelihood ratio test is explored for detection, where the statistical parameters
of the Laplacian model are subject to estimation. Two databases are studied: one for assessing detection
performance in healthy subjects who perform BPCs, and another for assessing the false alarm rate in ECGs
recorded during percutaneous transluminal coronary angiography. The resulting probability of detection
(Pp) and probability of false alarm (Pf) are 0.94 and 0.00, respectively, whereas the false alarm rate in
ischemic recordings is 1 event/h. The proposed detector outperforms an existing detector based on the
Gaussian noise model which achieved a Pp/Pr of 0.90/0.01 and a false alarm rate of 2 events/h. Analysis of
the log-likelihood function for the Gaussian and Laplacian noise models show that latter model is more
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adequate.

© 2014 Published by Elsevier Ltd.

1. Introduction

A change in body position causes a change in the position of
the heart, manifested in the ECG as a change in morphology of the
QRS complex and the ST-T segment [1,2]. Such changes are par-
ticularly problematic in ambulatory ST monitoring since they may
cause false ischemia alarms [3]. Hence, it is important to develop
techniques which discriminate body position changes (BPCs) from
true ischemic episodes. Such techniques will not only improve
the reliability of ST monitoring, but they will also be useful in
polysomnographic signal analysis where a BPC may be misclassified
as an apneic event [4].

An early attempt to address the BPC problem was based on the
Karhunen-Loeve transform (KLT) and the pattern of coefficients in
the KLT domain, defined both for the QRS complex and the ST-T seg-
ment [5]. Based on the assumption that the QRS-related coefficients
change more rapidly during a BPC than during an ischemic
episode, the results suggested that ischemic episodes can be
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distinguished from non-ischemic ones in the European ST-T
Database. However, detection performance was not explicitly eval-
uated since BPCs were not annotated [5].

More recently, another KLT-based approach has been proposed
and evaluated for detecting BPCs [6]. At the same time, a novel
approach was proposed that explores changes in the orientation
of the heart’s electrical axis as reflected by the rotation angles of
the vectorcardiographic loop [7]. For both approaches, a Bayesian-
type detector was developed based on the assumption that a BPC
is manifested as a step change in Gaussian noise [6,7], see also [8].
The input signal to the detector was a time series defined either
by KLT coefficients or rotation angles. The results indicated that
both approaches performed relatively well, but signal segments
with impulsive noise, baseline wander, and ectopic beats were all
found to impair performance and produced high false alarm rates.
In such noisy situations, it is advisable to replace the Gaussian noise
model with another that better accounts for outlier samples.

A Laplacian noise model has been successfully employed in
other biomedical applications [9-13], and is therefore investigated
in the present paper for BPC detection. The main novelty is the
development of the generalized likelihood ratio test (GLRT) for this
particular model. The GLRT involves an alternating optimization
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Fig. 1. Block diagram of the proposed BPC detector.

procedure for estimating interdependent statistical parameters.
Since the noise level of the observations may change considerably
from one patient to another, the standard deviation of the noise
model is treated as an unknown parameter which is subjected to
maximum likelihood (ML) estimation.

The paper is organized as follows. Section 2 describes the model-
based approach to BPC detection. The performance is assessed
on two different databases: one with healthy subjects performing
BPCs, and another with patients undergoing percutaneous translu-
minal coronary angiography (PTCA), see Section 3. In Section 5, the
performance is compared to that of the Bayesian detector based on
the Gaussian model [6]. The paper concludes with a discussion in
Section 6.

2. Methods

The proposed BPC detector comprises the steps displayed in
Fig. 1, and is described in the following.

2.1. Preprocessing

The preprocessing employed here is similar to the one employed
in our previous studies on BPC detection [6,7], and is therefore only
briefly summarized. The original 12-lead ECG is transformed into a
vectorcardiogram (VCG) by the inverse Dower matrix [14], serving
as the basis for subsequent processing. Abeat is rejected ifits signal-
to-noise ratio (SNR) is below either a fixed threshold or a relative
threshold defined by a running SNR estimate. The latter threshold
ensures that shorter noise periods are rejected, while still allow-
ing for detection of BPCs. The SNR is defined as the ratio between
the peak-to-peak QRS amplitude and the RMS value of the high-
frequency noise (above 25 Hz) in intervals adjacent to the QRS. The
running estimate is determined by exponential averaging, with a
forgetting factor of 0.02.

The lengths of the QRS interval and the ST-T segment are set to
130 and 600 ms, respectively. The QRS interval is centred around
a fiducial point, whereas the ST-T segment starts at a time that
depends on heart rate [15]; ST-T segments shorter than 600 ms are
extended by appending zeros [16].

The BPC detector operates in the KLT domain, and uses separate
bases for the QRS complex and the ST-T segment. The two bases
are derived from about 200 000 waveforms, see [17] for details on
the dataset. The function ¢;[n], measuring the distance between the
KLT coefficient series and related means, defines the input to the
BPC detector:

| 172
‘Pl[”]z(EZ(O‘l,k[”]—al,k)z> , I=1,..,1L, (1)

! k=1

where K denotes the maximum order of the KLT coefficients, o x[n]
the kth order KLT coefficient of the I' lead, o  the reference mean,
and L the number of leads. The function ¢;[n] is subject to resam-
pling and normalization by the energy E; of each complex/segment;
resampling produces a regularly sampled series with a rate of 1 Hz.
Both &, , and E; are computed from the first 50 beats of the analyzed
recording [6].

2.2. Signal model

The statistical signal model, previously proposed in [6,7] for the
purpose of detecting whether a BPC has occurred (hypothesis H1)
or not (hypothesis Hp), is here further developed. The observation
interval is sliding, with its onset at n=ng. A BPC is characterized by
a signature waveform s(n), scaled by a lead-dependent amplitude
a; and corrupted by additive, lead-dependent noise w;[n],

Ho : @i[n] = wi[n], (2)

Hi t @i[n] = alnels[n — no] +wi[n], (3)

where n=ng, ..., ng+N—-1,ng=0, ..., and N is an even-valued

integer. Body position changes are here modeled by a step function,
1 n:O,...,g—l,

s[n] = N (4)
-1 nzj,...,N—l.

In contrast to [6,7], the present model formulation circumvents
the inclusion of an unknown occurrence time of each observation
interval since s(n) extends over the entire observation interval of
length N.

The noise wy[n] is characterized by independent, random vari-
ables with a Laplacian probability density function (PDF),

1 V2
wi[n]) = exp | ——|w[n] —my[n R 5
p(wy[n]) N p oll i[n] = my[nol (5)
wheren=ny,...,ng+N— 1.The statistical parameters m;[ng] and o,

denote the mean and standard deviation of w[n], respectively. The
noise model in (5) is adopted in the present study because BPC-free
datain the KLT domain are better characterized by a Laplacian than
by a Gaussian PDF, see Section 5.

2.3. GLRT-based detection

The GLRT is considered since the parameters of the above signal
model are unknown, thus deciding #; if

A[no]: p(w‘l[nO]?"" ¢L[n0]§€l[n0]a H]) > . (6)
p(@q[nol, ..., @ [nol; Bolnol, Ho)

The N observations at time ng of lead | define the vector
oingl=lgilnol, ..., ¢lng+N—-1117, I=1, ..., L, and y denotes the
detection threshold. Under Hy and 7, the maximum likelihood
(ML) estimates of the statistical parameters are defined by the vec-
tors

[ ailnol] 7
Mq,0[n0] A[‘ |
R R ar[n
Bolnol= | - |, Bimol=| |, (7)
: m1,1[no]
m,olno]
L g, 1[no] |

respectively. Hence, the GLRT is computed for each ng, once 90[110]
and al[no] have been determined as described below. o; may be
estimated in the same way as the other statistical parameters, i.e.,
for every ng. However, in this case, ; is independently determined
from an interval at the onset of the recording assumed not to con-
tain any BPC. The resulting estimate is then held fixed during the
remaining part of the recording, and employed under both + and
Hi.
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Fig. 2. Illustration of BPC detection with simulated observations ¢ [n], produced by the model parameter values L=1, N=40, a=0.5,m; =1, 01 =0.1. (a) The distance function
¢1[n] and two locations of the sliding observation interval, starting either at no =0 (left panel) or 5 (right panel). Since the BPC occurs at n=20, the observation interval of
the left panel is centered over the BPC. (b) The distance function d;[n], defined in (9), displayed for the two observation intervals; the interpretation of d;[n] is given in the
running text. (c) The detector output T[ng] with the output samples of the two observation intervals are encircled (corrected with respect to the delay N/2 =20).

Inserting the Laplacian PDF in (6) and taking the logarithm of
both sides, the detector output, defined by the left hand side of the
GLRT, becomes

L no+N—1

Tino] & In Afno] = 5~ Y2 d[n], 8
[mo]= In Alno] ;61 g n] (8)
where

di[n] = 1¢i[n] — Ay olnoll — gy[n] — My 1[ne] — @lnols[n — noll.  (9)

The detector output T[ng] can be interpreted as a distance
between the signal amplitude g; and the standard deviation o; of
the noise. This can be realized by noticing that, under H,, the first
term |@;[n] — 1y o[no]| in (9) can be viewed as an estimate of the sig-
nal amplitude, whereas the second term |¢;[n] — i1 1[ng] — Gj[ng]s

[n — ng]| can be viewed as an estimate of the residual noise. Note
that T[ng] includes the information of all the leads.

The computation of the detection function T[ng] is illustrated in
Fig. 2 for a simulated signal where the occurrence time of the BPC
is known.

In order to account for information which derive from both the
QRS complex and the ST-T segment, the total detector output 7[ng]
is obtained as a weighted sum [6]:

T[no] = AqrsTorslnol + AstrTsrrlnol > ¥/, (10)

where 0 < {Aggs, Astr} <1, Agrs + AstT = 1,and the threshold y’ =In y.
Since a sliding observation interval is analyzed, several peaks of
7[ng] will exceed Y’ when a BPC occurs, see Fig. 3. In order to
avoid detection of very gradual transitions, resulting in very wide
peaks, the width must be within the interval [W i, Wmax]. Width
is here defined by the time that elapses between two successive
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Fig. 3. GLRT-based detector output 7[ng] for a subject changing body position every
minute. The threshold ) is set to 1800 (dashed line). Peak width is indicated, deter-
mined at 25% of the peak amplitude.

crossings at the 25% level of the peak amplitude of 7[ng]. The lower
limit Wy, avoids detection of noise bursts, whereas the upper limit
Whax avoids detection of ischemic episodes. For peaks with accept-
able width, the time for the maximal value of 7[ng] defines the
occurrence time of a BPC. A 10-s refractory period is applied after
each detection [6]. A BPC is almost invariably accompanied with a
temporary reduction in SNR. This property can be explored for the
purpose of rejecting falsely detected BPCs with a test that checks the
SNR of beats that surround a preliminary detection. The following
simple test is employed: a BPC is detected when the average SNR
of a surrounding 20-beat interval is below a fixed threshold (exces-
sively noisy beats have already been rejected by preprocessing).
If the test is not fulfilled, the preliminary detection is most likely
caused by an ischemic episode and therefore rejected.

2.4. ML estimation of statistical parameters

The ML estimators of m;g[ng], m;1[nol, and aj[ng] are given by
(see Section4):

My o[no] = median{g[n]}, (11)
My 1[no] = median{g[n] — &[nols[n — nel}, (12)
dj[no] = median{(¢[n] — iy 1[no])s[n — no}, (13)

respectively, for n=ng, ..., np+N—1. The counterparts of
these ML estimators under the Gaussian assumption are quite
straightforward to derive by substituting the PDF in (5), resulting
in: My g[ng] = My 1[no] = mean{yy[n]} and &[no] = mean{g[n]s[n —
npl}, and not requiring any optimization procedure.

Since 11 1[no] and @;[ng] depend on each other, alternating opti-
mization is introduced. In order to have an initial estimate of
my1Inp], an interpretation of the PDF of the noise wj[n] under H;,
which may be expressed as

wi[n] = g[n] — q[nols[n — no], (14)

is helpful. Under #4, the PDF of ¢;[n] is given by two Laplacian PDFs
shifted by either +a;[ng] or —a;[ng] due to the definition of the step
function s[n] in (4), see Fig. 4. Analogously, the PDF of w[n] in (14)
canbeinterpreted as the PDF of the first half of ¢[n], shifted —a;[ng],
superimposed with second half of ¢;[n], shifted +a;[ng ], see Fig. 4(a).
By comparing the two PDFs, it is noted that the median of w[n] in
(14) can be replaced by the median of ¢;[n] since no knowledge of
aj[nog] is required. The replacement to estimate m;;[ng] in Fig. 4(b)
suffers from the limitation that the PDF of ¢;[n] has few data at
my1[no], which thus may cause a significant error when computing
the median. Therefore, the median of ¢;[n] is proposed as an initial
estimate of m;1[ng], introduced in (13) to find &[ng], then inserted
in(12), and so on until convergence. Here, convergence is judged to

@
0.5

m
(b) @i[n] — ai[no)s[n — no)
05 :

Fig.4. (a) The PDF of ¢[n] — a;1[no]s[n —no], and (b) the PDF of ¢;[n], both displayed
for hypothesis 7. Note that the index no has been suppressed for the locations
m; — a;, m;, m; +q, for reasons of legibility.

be reached when 71 1[ng] and d;[no] reach stable values, typically
requiring less than 10 iterations.

The standard deviation o, of the Laplacian PDF! is determined
from an interval with N, samples located at the onset of ¢;[n], i.e.,
np =0, using the ML estimator [18]:

No—1
5= Y2 lginl - i glo]. (15)
n=0

3. Materials

The performance of the GLRT-based detector was evaluated on
two databases: one with healthy subjects performing BPCs to assess
the detector performance in terms of sensitivity and positive pre-
dictivity value, and another from patients with induced ischemia
to assess specificity by setting the probability of false alarm. In both
cases, the standard 12-lead ECG was acquired at a sampling rate of
1kHz and an amplitude resolution of 0.6 V.

The BPC database consists of 20 healthy subjects who performed
BPCs according to the following protocol: supine-to-right side,
supine-to-left side, supine-to-right side, and so on. The complete
sequence was repeated five times with a 1-min duration of each
BPC, for details, see [7].

The STAFF Il database consists of 83 patients subjected to
elective prolonged balloon occlusion during PTCA, using balloon
catheters for occlusion in one of the major coronary arteries [17,19].
Since it is highly unlikely that the patient changes body position
during PTCA, it is assumed that no BPCs occur in this database [7].

The choice of noise model is investigated on the BPC database
by comparing the likelihood function related to Laplacian noise,

Llovx) =] ;;wmewy (16)

neQ oL

standard deviation is 67 =

1 The Gaussian counterpart of the i

o fi;l(wlln]—m,,g[ol)z,
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to the one related to Gaussian noise,

(17)

& [n]}
Ls(og; X)) = .
c(oG X)) = H \/W [

For each patient, Li(or ;X)) and Lg(og ; X;) are evaluated for all
samples located in the intervals in between BPCs (“the noise sam-
ples”), denoted @;[n]. Together these samples define the set €2. The
notation @[n] indicates that the median, computed from each seg-
ment in each lead, has been subtracted from ¢;[n]; the mean has
instead been subtracted when the Gaussian model is studied.

Detector performance is evaluated on the BPC database using
probability of detection Pp and probability of false alarm Pg. These
two probabilities are estimated from the number of true detections
(N7), false alarms (Ng), and missed detections (Ny;) such that:

Nt
Pp= ———, 18
b Nt + Ny ( )
Nf
Pr= —=—. 19
= Nyt Nr (19)

Since no BPCs are assumed to occur in the STAFF Ill database, the
false alarm rate Rr is employed as performance measure, defined as
the number of false BPCs per hour [6]. The false alarm rate Rr was
set by tuning y’ on the STAFF Il database, after which the resulting
¥’ was used to evaluate performance on the BPC database in terms
of Pr and Pp.

4. Calculation

The computation of the GLRT in (8) requires that the three ML
estimators o, 11, and @;; have been determined - an issue
which is addressed in this section. When hypothesis Hq is assumed,
iy o is found by maximizing the related log-likelihood function
with respect to m;, i.e.,

Mo =arg rpnax Inp(¢;; m; o). (20)
1,0

Inserting the Laplacian noise model, it is easily shown that the

maximization in (20) is equivalent to minimizing the cost function:
ng+N-1

o(mio) =Y leuln] = mygl. (21)

n=ng
Its minimum is reached when m ¢ is equal to the median of the

observed data, and thus

1y o = median{g;[n]} (22)

forn=ng,...,ng+N-1.
Assuming instead hypothesis #;, the ML estimators of m;; and
aj; are determined from

[y1,8,1] = arg max Inp(e;mq,a; 1), (23)
my 1,41

being equivalent to minimizing the cost function,
no+N—-1

Jilmyq,a1) = Z lg[n] —my 1 —a; ;1 s[n—noll, (24)

n=ngp

with respect to m;; and a;;. The partial derivative of J;(m1, a;1)
with respect to m;; equals

h(m1,a1) Tt 95
B > sen(@lnl—myy —aysin—nol),  (25)
’ n=ngy

which, when set to zero, yields the MLestimator,
;1 = median{g[n] —a;; s[n—no]} (26)

forn=ng,...,ng+N-1.

The partial derivative of J1(m; 1, a;1) with respect to a;; equals

h(my 1, a1)
8(11’1
ng+N-1

=~ ) sin-nolsen(gln] — myy — aasln — nol).  (27)

n=ng
Inserting the definition of s(n), cf. (4), this expression becomes

ng+N/2-1

=- Z sgn(gy[n] —m; 1 —a;4)

n=ng

of1(myq, a;1)

aal,l

ng+N-1

+ > senleiln] - myy +apy), (28)
n=ng+N/2

which in turn can be rewritten as

ng+N/2-1

=- Z sgn(gy[n] —my 1 —a ;)

n=ngp

aJi(myq1,a;1)
8(11’1

ng+N-1

- > sgn(-glnl+my—ap)
n=ng+N/2
ng+N-1

==Y sen((eln] - myp)sln - nol - ays).
n=np

(29)
Consequently, the ML estimator of a;; is given by

;1 = median{(¢;[n] —my 1) s[n—ngl} (30)

forn=ny, ..., ng+N-— 1. It should be noted that the ML estimators
of m;; and a;; depend on each other, and therefore an alternating
optimization algorithm is employed.

5. Results

The following parameter setup was used when evaluating
detector performance: )»QRs =0.8, N=44 s, Ny =50 s, Wp,in=15 s,
Wmax =505, K=4, and y’' =1800.

The histogram of the noise samples @;[n], resulting from the
subjects of the BPC database, is displayed in Fig. 5. The preprocess-
ing makes it permissible to merge all the data after subtracting
the median, and the resulting histogram may also be relevant
for individual subjects. The shape of the histogram suggests that
the Laplacian PDF is better as a noise model than the Gaussian
one.

Focusing on each subject-specific histogram, the maximum
value of the log-likelihood function L;(o} ; X;) in (16) is displayed
versus the maximum value of the log-likelihood function Ls(o ¢ ; X;)
in (17) for both the QRS complex and the ST-T segment of lead X,
see Fig. 6. Leads Y and Z are not displayed since their histograms
are similar to that of lead X. The results in Fig. 6 suggest that the
noise is better modeled by a Laplacian PDF than from a Gaussian
PDF since all displayed points are below the diagonal.

Fig. 7 presents, as a function of y/, the performance on the BPC
database in terms of Pp and Pr, and the performance on the STAFF
Il database in terms of false alarm rate Rp4. The false alarm rate
at ' =1800 was used to determine the performance of the present
BPC detector.

The results presented in Table 1 show that the performance of
the Bayesian detector based on the Gaussian noise model [6] is
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Fig. 5. The histogram of ¢;(n), displayed together with the best fit of the Laplacian
and Gaussian PDFs obtained by maximizing the respective likelihood functions.
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Fig. 6. The maximum value of the Laplacian log-likelihood function, i.e., L; (61 ; X;),
is displayed versus the maximum value of the Gaussian log-likelihood function, i.e.,
Lc(6¢; X)), for the subjects of the BPC database.

Table 1
Performance statistics for the BPC detection. The false alarm rate Rr is expressed as
a mean and standard deviation.

BPC database STAFF Il database
Detector Pp Pr Rr (events/h)
Laplacian-based 0.94 0.00 1+3
Gaussian-based [6] 0.90 0.01 247

clearly inferior to that of the present detector. Note that the values
of R of the Laplacian detector have been rounded to the nearest
integer in order to match the integer values reported on in that
study.

(a) BPC database
1 T T T T T
T
0.8 e ]
I
Q5 0.6 — Pp |
S ! — Pr
QA 04 1
0.2+ :
0 ]
1800 3000 4000 5000 6000 7000
(b) STAFF III database

1800 3000 4000 5000 6000 7000
/

v

Fig. 7. Performance of the GLRT detector as a function of the threshold y’ on (a)
the BPC database, and (b) the STAFF III database. The threshold y’ =1800, used for
computing the resultsin Table 1, is displayed with dashed line. Note that Pr coincides
with the horizontal axis in (a) since it is identical to zero.

6. Discussion

This study shows that the Laplacian noise model is better for
representing the impulsive nature of the noise observed in the KLT
domain. This finding implies that there is no longer a need for robus-
tifying ad hoc measures such as the median absolute deviation
filter which was previously employed for the purpose of rejecting
outliers in the detector based on the Gaussian noise model.

The present detector includes a test whose aim is to discard
detections caused by ischemic episodes. Since such episodes are
manifested by much wider peaks in 7[ng] than is a BPC, peak width
is required not to exceed an upper limit. In other applications
where the present detector may be of interest to use, the lower and
upper limits of the width should be adjusted so that the degree of
steepness of the change is well-matched. In addition to exploring
peak width for detection, recent results suggest that exploration
of differences in the respective KLT series of the QRS complex
and the ST-T segment can improve discrimination of ischemic
episodes from BPCs [8]; this feature was not explored in the present
study.

The present BPC detector was initially tested for a fixed standard
deviation o;. However, by estimating this parameter at the onset of
the ECG recording, a 12% increase in Pp was achieved without any
accompanying reduction in Pr. The alternating optimization was
found to always converge within 10 iterations or less; no instabili-
ties were observed for this type of optimization. Another approach
to estimate 7 ; and @; ; is based on the observation that the cost
function in (24) can be treated as a least absolute deviation (LAD)
regression problem, using an optimization algorithm such as the
one presented in [20]. Instead of using the MLE, other estimators
may be used. For example, when estimating the median as the aver-
age of the median of the first half and the second half of the data,
becomes:

P median{¢[no, ..., no + N/2} — median{¢g,[no + N/2+1,...,n9 + N]} (31)

aiwy 2
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In simulated data, this heuristic estimator did not produce esti-
mates that are significantly different from the MLE when analyzing
signals with low SNR while in signals with higher SNR, the detec-
tion output peaks were slightly wider. This simpler estimator could
be used as initialization of the iterative process.

The false alarm rates reported in Table 1 may seem rather high
at a first glance. However, it is important to realize that occlu-
sion during PTCA is complete and very fast, while unprovoked
ischemic events have a much smoother transient signature in the
KLT coefficient series of the QRS complex and ST-T segment. As
a consequence, the false alarm rate is expected to be much lower
when analyzing ambulatory recordings or during ST monitoring,
both target contexts for the present BPC detector. A limitation of
the present study is that BPCs are rather uniform in appearance
and speed, whereas this may not be the case in real life where also
changes from sitting to standing may occur.

The detection threshold Y’ was determined so that a specific
false alarm rate was obtained on the STAFF Ill database, after which
the resulting threshold value was applied to the BPC database to
evaluate the performance in terms of Pp and Pr. Division of the
dataset into learning and test sets was not suitable since the avail-
able dataset is small. Instead, the present approach was adopted in
which the threshold was first set for a database without BPCs and
then evaluated on a database consisting of different types of BPCs.

In this work BPCs have been modelled as step-like functions.
Other transient functions such as sigmoids were also considered.
Whilst increasing mathematical complexity, they did not improved
detection performance. Hence, the simpler step-like function has
been retained.

We have evaluated the BPC detector in two complementary and
rather extreme cases: one database with abrupt ischemic changes
from a PCI procedure for specificity analysis, and another database
with controlled BPCs for assessing sensitivity. For the STAFF Il
database, the complete artery occlusion may induce abrupt changes
in the ST-T waveforms, which in turn, can be misclassified as BPC.
Under less severe ischemic episodes, it is expected that the false
alarm rate will be lower than that obtained in our case. For the
BPC database, the postural changes are complete whereas a par-
tial change could induce a less marked signature that would lead
to lower sensitivity. However, this observation needs to be consid-
ered in view of that an incomplete BPC should still be detected as a
BPC, possibly calling for further considerations on detector design.

The BPC detector may misclassify certain types of arrhythmias
such as ventricular fibrillation, which modify severely QRS mor-
phology. However, for an important increase in HR, such as during
exercise, there are studies which have shown that the QRS dura-
tion remains largely unaltered as well as the magnitude and spatial
orientation of the maximum QRS vectors [21,22]. Therefore, an
increase in HR should not modify the QRS complex and, accord-
ingly, the QRS KLT coefficient series. The ST-T waveform may be
modified due to its dependence on HR, although it only contributes
by 20% to the detector statistics, in comparison with the 80% of the
QRS, so the expected influence on the BPC detector should be low.
The potential influence of ST-T changes due to ischemia is already
taken into account in the STAFF IIl database, which has been used
to test the robustness of the detector to extreme ST-T changes.

The present GLRT-based detector can be used in other biomed-
ical applications where it is of interest to detect abrupt changes in
Laplacian noise, e.g., in the prediction of intradialytic hypotension
which induces abrupt changes in the amplitude of the photo-
plethysmographic signal [10].

7. Conclusions

The problem of BPC detection was addressed by investigat-
ing a Laplacian noise model of the KLT coefficient series which

characterize the QRS complex and the ST-T segment. The GLRT-
based detector was derived, embracing the estimation of a
time-varying BPC amplitude as well as the mean and standard
deviation of the Laplacian noise. The noise in the KLT domain was
found to be better characterized by the Laplacian noise model than
the Gaussian one. Furthermore, the performance achieved by the
GLRT-based detector was superior to that achieved by a previously
published detector based on the Gaussian noise model, both with
respect to sensitivity/specificity and false alarm rate. It is concluded
that the proposed BPC detector improves the accuracy of ischemia
monitoring.
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