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a  b  s  t  r  a  c  t

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–Loève  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
schemia detection (PD)  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  PD/PF 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
adequate.

© 2014  Published  by  Elsevier  Ltd.
. Introduction

A change in body position causes a change in the position of
he heart, manifested in the ECG as a change in morphology of the
RS complex and the ST–T segment [1,2]. Such changes are par-

icularly problematic in ambulatory ST monitoring since they may
ause false ischemia alarms [3]. Hence, it is important to develop
echniques which discriminate body position changes (BPCs) from
rue ischemic episodes. Such techniques will not only improve
he reliability of ST monitoring, but they will also be useful in
olysomnographic signal analysis where a BPC may  be misclassified
s an apneic event [4].

An early attempt to address the BPC problem was  based on the
arhunen–Lòeve transform (KLT) and the pattern of coefficients in

he KLT domain, defined both for the QRS complex and the ST–T seg-

ent [5]. Based on the assumption that the QRS-related coefficients

hange more rapidly during a BPC than during an ischemic
pisode, the results suggested that ischemic episodes can be

∗ Corresponding author.
E-mail address: minchole@unizar.es (A. Mincholé).

ttp://dx.doi.org/10.1016/j.bspc.2014.08.002
746-8094/© 2014 Published by Elsevier Ltd.
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

dx.doi.org/10.1016/j.bspc.2014.08.002
http://www.sciencedirect.com/science/journal/17468094
http://www.elsevier.com/locate/bspc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bspc.2014.08.002&domain=pdf
mailto:minchole@unizar.es
dx.doi.org/10.1016/j.bspc.2014.08.002
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Fig. 1. Block diagram of the proposed BPC detector.

rocedure for estimating interdependent statistical parameters.
ince the noise level of the observations may  change considerably
rom one patient to another, the standard deviation of the noise

odel is treated as an unknown parameter which is subjected to
aximum likelihood (ML) estimation.
The paper is organized as follows. Section 2 describes the model-

ased approach to BPC detection. The performance is assessed
n two different databases: one with healthy subjects performing
PCs, and another with patients undergoing percutaneous translu-
inal coronary angiography (PTCA), see Section 3. In Section 5, the

erformance is compared to that of the Bayesian detector based on
he Gaussian model [6]. The paper concludes with a discussion in
ection 6.

. Methods

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

.1. Preprocessing

The preprocessing employed here is similar to the one employed
n our previous studies on BPC detection [6,7], and is therefore only
riefly summarized. The original 12-lead ECG is transformed into a
ectorcardiogram (VCG) by the inverse Dower matrix [14], serving
s the basis for subsequent processing. A beat is rejected if its signal-
o-noise ratio (SNR) is below either a fixed threshold or a relative
hreshold defined by a running SNR estimate. The latter threshold
nsures that shorter noise periods are rejected, while still allow-
ng for detection of BPCs. The SNR is defined as the ratio between
he peak-to-peak QRS amplitude and the RMS  value of the high-
requency noise (above 25 Hz) in intervals adjacent to the QRS. The
unning estimate is determined by exponential averaging, with a
orgetting factor of 0.02.

The lengths of the QRS interval and the ST–T segment are set to
30 and 600 ms,  respectively. The QRS interval is centred around

 fiducial point, whereas the ST–T segment starts at a time that
epends on heart rate [15]; ST–T segments shorter than 600 ms  are
xtended by appending zeros [16].

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

l[n] =
(

1

El

K∑
k=1

(
˛l,k[n] − ˛l,k

)2

)1/2

, l = 1, . . .,  L, (1)

here K denotes the maximum order of the KLT coefficients, ˛l,k[n]
he kth order KLT coefficient of the lth lead, ˛l,k the reference mean,
nd L the number of leads. The function ϕl[n] is subject to resam-

ling and normalization by the energy El of each complex/segment;
esampling produces a regularly sampled series with a rate of 1 Hz.
oth ˛l,k and El are computed from the first 50 beats of the analyzed
ecording [6].
sing and Control 14 (2014) 189–196

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 H0), is here further developed. The observation
interval is sliding, with its onset at n = n0. A BPC is characterized by
a signature waveform s(n), scaled by a lead-dependent amplitude
al and corrupted by additive, lead-dependent noise wl[n],

H0 : ϕl[n] = wl[n], (2)

H1 : ϕl[n] = al[n0]s[n − n0] + wl[n], (3)

where n = n0, . . .,  n0 + N − 1, n0 = 0, . . .,  and N is an even-valued
integer. Body position changes are here modeled by a step function,

s[n] =

⎧⎪⎨
⎪⎩

1 n = 0, . . .,
N

2
− 1,

−1 n = N

2
, . . .,  N − 1.

(4)

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

p(wl[n]) = 1√
2�l

exp

[
−

√
2

�l
|wl[n] − ml[n0]|

]
, (5)

where n = n0, . . .,  n0 + N − 1. The statistical parameters ml[n0] and � l
denote the mean and standard deviation of wl[n], respectively. The
noise model in (5) is adopted in the present study because BPC-free
data in 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 H1 if

�[n0] = p(ϕ1[n0], . . .,  ϕL[n0]; �̂1[n0], H1)

p(ϕ1[n0], . . .,  ϕL[n0]; �̂0[n0], H0)
> �. (6)

The N observations at time n0 of lead l define the vector
ϕl[n0] = [ϕl[n0], . . .,  ϕl[n0 + N − 1]]T, l = 1, . . .,  L, and � denotes the
detection threshold. Under H0 and H1, the maximum likelihood
(ML) estimates of the statistical parameters are defined by the vec-
tors

�̂0[n0] =

⎡
⎢⎢⎣

m̂1,0[n0]

...

m̂L,0[n0]

⎤
⎥⎥⎦ , �̂1[n0] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

â1[n0]

...

âL[n0]

m̂1,1[n0]

...

m̂L,1[n0]

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

, (7)

respectively. Hence, the GLRT is computed for each n0, once �̂0[n0]
and �̂1[n0] have been determined as described below. � l may  be
estimated in the same way as the other statistical parameters, i.e.,
for every n0. However, in this case, �̂l 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 H0 and
H1.



A. Mincholé et al. / Biomedical Signal Processing and Control 14 (2014) 189–196 191

Fig. 2. Illustration of BPC detection with simulated observations ϕ1[n], produced by the model parameter values L = 1, N = 40, a = 0.5, m1 = 1, �1 = 0.1. (a) The distance function
ϕ  (left p
t 9), dis
r rvatio

b
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n

1[n] and two  locations of the sliding observation interval, starting either at n0 = 0
he  left panel is centered over the BPC. (b) The distance function d1[n], defined in (
unning text. (c) The detector output T[n0] with the output samples of the two  obse

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

[n0]def= ln �[n0] =
L∑

l=1

√
2

�̂l

n0+N−1∑
n=n0

dl[n], (8)

here

l[n] = |ϕl[n] − m̂l,0[n0]| − |ϕl[n] − m̂l,1[n0] − âl[n0]s[n − n0]|. (9)

The detector output T[n0] can be interpreted as a distance

etween the signal amplitude al and the standard deviation � l of
he noise. This can be realized by noticing that, under H1, the first
erm |ϕl[n] − m̂l,0[n0]| in (9) can be viewed as an estimate of the sig-
al amplitude, whereas the second term |ϕl[n] − m̂l,1[n0] − âl[n0]s
anel) or 5 (right panel). Since the BPC occurs at n = 20, the observation interval of
played for the two  observation intervals; the interpretation of dl[n] is given in the
n intervals are encircled (corrected with respect to the delay N/2 =20).

[n − n0]| can be viewed as an estimate of the residual noise. Note
that T[n0] includes the information of all the leads.

The computation of the detection function T[n0] 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 T[n0]
is obtained as a weighted sum [6]:

T[n0] = �QRSTQRS[n0] + �STTTSTT[n0] > � ′, (10)

where 0 < {�QRS, �STT} < 1, �QRS + �STT = 1, and the threshold � ′ = ln � .
Since a sliding observation interval is analyzed, several peaks of

T[n0] will exceed � ′ 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 [Wmin, Wmax]. Width
is here defined by the time that elapses between two  successive
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Fig. 4. (a) The PDF of ϕl[n] − al,1[n0]s[n − n0], and (b) the PDF  of ϕl[n], both displayed

n∈�
2�2

L
�L
ig. 3. GLRT-based detector output T[n0] for a subject changing body position every
inute. The threshold � ′ is set to 1800 (dashed line). Peak width is indicated, deter-
ined at 25% of the peak amplitude.

rossings at the 25% level of the peak amplitude of T[n0]. The lower
imit Wmin avoids detection of noise bursts, whereas the upper limit

max avoids detection of ischemic episodes. For peaks with accept-
ble width, the time for the maximal value of T[n0] defines the
ccurrence time of a BPC. A 10-s refractory period is applied after
ach detection [6]. A BPC is almost invariably accompanied with a
emporary reduction in SNR. This property can be explored for the
urpose of rejecting falsely detected BPCs with a test that checks the
NR of beats that surround a preliminary detection. The following
imple test is employed: a BPC is detected when the average SNR
f a surrounding 20-beat interval is below a fixed threshold (exces-
ively noisy beats have already been rejected by preprocessing).
f the test is not fulfilled, the preliminary detection is most likely
aused by an ischemic episode and therefore rejected.

.4. ML  estimation of statistical parameters

The ML  estimators of ml,0[n0], ml,1[n0], and al[n0] are given by
see Section 4):

ˆ l,0[n0] = median{ϕl[n]}, (11)

ˆ l,1[n0] = median{ϕl[n] − âl[n0]s[n − n0]}, (12)

ˆ l[n0] = median{(ϕl[n] − m̂l,1[n0])s[n − n0]}, (13)

respectively, for n = n0, . . .,  n0 + N − 1. The counterparts of
hese ML  estimators under the Gaussian assumption are quite
traightforward to derive by substituting the PDF in (5), resulting
n: m̂l,0[n0] = m̂l,1[n0] = mean{ϕl[n]} and âl[n0] = mean{ϕl[n]s[n −
0]}, and not requiring any optimization procedure.

Since m̂l,1[n0] and âl[n0] depend on each other, alternating opti-
ization is introduced. In order to have an initial estimate of
l,1|n0], an interpretation of the PDF of the noise wl[n] under H1,
hich may  be expressed as

l[n] = ϕl[n] − al[n0]s[n − n0], (14)

s helpful. Under H1, the PDF of ϕl[n] is given by two Laplacian PDFs
hifted by either +al[n0] or −al[n0] due to the definition of the step
unction s[n] in (4), see Fig. 4. Analogously, the PDF of wl[n] in (14)
an be interpreted as the PDF of the first half of ϕl[n], shifted −al[n0],
uperimposed with second half of ϕl[n], shifted +al[n0], see Fig. 4(a).
y comparing the two PDFs, it is noted that the median of wl[n] in
14) can be replaced by the median of ϕl[n] since no knowledge of
l[n0] is required. The replacement to estimate ml,1[n0] in Fig. 4(b)
uffers from the limitation that the PDF of ϕl[n] has few data at
l,1[n0], which thus may  cause a significant error when computing
he median. Therefore, the median of ϕl[n] is proposed as an initial
stimate of ml,1[n0], introduced in (13) to find âl[n0], then inserted
n (12), and so on until convergence. Here, convergence is judged to
for  hypothesis H1. Note that the index n0 has been suppressed for the locations
ml − al , ml , ml + al for reasons of legibility.

be reached when m̂l,1[n0] and âl[n0] reach stable values, typically
requiring less than 10 iterations.

The standard deviation � l of the Laplacian PDF1 is determined
from an interval with N� samples located at the onset of ϕl[n], i.e.,
n0 = 0, using the ML  estimator [18]:

�̂l =
√

2
N�

N�−1∑
n=0

|ϕl[n] − m̂l,0[0]|. (15)

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
1 kHz 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 III 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,

LL(�L; xl) =
∏ 1√ exp

[
−

√
2 | ϕ̃l[n]|

]
, (16)
1 The Gaussian counterpart of the standard deviation is �̂2
l

=
1

N�

∑N� −1

n=0
(ϕl[n] − m̂l,0[0])2

.
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o the one related to Gaussian noise,

G(�G; xl) =
∏
n∈�

1√
2��2

G

exp

[
− ϕ̃2

l
[n]

2�2
G

]
. (17)

For each patient, LL(�L ; xl) and LG(�G ; xl) are evaluated for all
amples located in the intervals in between BPCs (“the noise sam-
les”), denoted ϕ̃l[n]. Together these samples define the set �.  The
otation ϕ̃l[n] indicates that the median, computed from each seg-
ent in each lead, has been subtracted from ϕl[n]; the mean has

nstead been subtracted when the Gaussian model is studied.
Detector performance is evaluated on the BPC database using

robability of detection PD and probability of false alarm PF. These
wo probabilities are estimated from the number of true detections
NT), false alarms (NF), and missed detections (NM) such that:

D = NT

NT + NM
, (18)

F = NF

NT + NF
. (19)

Since no BPCs are assumed to occur in the STAFF III database, the
alse alarm rate RF is employed as performance measure, defined as
he number of false BPCs per hour [6]. The false alarm rate RF was
et by tuning � ′ on the STAFF III database, after which the resulting
′ was used to evaluate performance on the BPC database in terms
f PF and PD.

. Calculation

The computation of the GLRT in (8) requires that the three ML
stimators m̂l,0, m̂l,1, and âl,1 have been determined – an issue
hich is addressed in this section. When hypothesis H0 is assumed,

ˆ l,0 is found by maximizing the related log-likelihood function
ith respect to ml,0, i.e.,

ˆ l,0 = arg max
ml,0

ln p(ϕl; ml,0). (20)

Inserting the Laplacian noise model, it is easily shown that the
aximization in (20) is equivalent to minimizing the cost function:

0(ml,0) =
n0+N−1∑

n=n0

|ϕl[n] − ml,0|. (21)

Its minimum is reached when ml,0 is equal to the median of the
bserved data, and thus

ˆ l,0 = median{ϕl[n]} (22)

or n = n0, . . .,  n0 + N − 1.
Assuming instead hypothesis H1, the ML  estimators of ml,1 and

l,1 are determined from

m̂l,1, âl,1] = arg max
ml,1,al,1

ln p(ϕl; ml,1, al,1), (23)

eing equivalent to minimizing the cost function,

1(ml,1, al,1) =
n0+N−1∑

n=n0

|ϕl[n] − ml,1 − al,1 s[n − n0]|, (24)

ith respect to ml,1 and al,1. The partial derivative of J1(ml,1, al,1)
ith respect to ml,1 equals

∂J1(ml,1, al,1)

∂ml,1
= −

n0+N−1∑
n=n0

sgn(ϕl[n] − ml,1 − al,1 s[n − n0]), (25)
hich, when set to zero, yields the MLestimator,

ˆ l,1 = median{ϕl[n] − al,1 s[n − n0]} (26)

or n = n0, . . .,  n0 + N − 1.
sing and Control 14 (2014) 189–196 193

The partial derivative of J1(ml,1, al,1) with respect to al,1 equals

∂J1(ml,1, al,1)

∂al,1

= −
n0+N−1∑

n=n0

s[n − n0]sgn(ϕl[n] − ml,1 − al,1s[n − n0]).  (27)

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

∂J1(ml,1, al,1)

∂al,1
= −

n0+N/2−1∑
n=n0

sgn(ϕl[n] − ml,1 − al,1)

+
n0+N−1∑

n=n0+N/2

sgn(ϕl[n] − ml,1 + al,1), (28)

which in turn can be rewritten as

∂J1(ml,1, al,1)

∂al,1
= −

n0+N/2−1∑
n=n0

sgn(ϕl[n] − ml,1 − al,1)

−
n0+N−1∑

n=n0+N/2

sgn(−ϕl[n] + ml,1 − al,1)

= −
n0+N−1∑

n=n0

sgn((ϕl[n] − ml,1)s[n − n0] − al,1).

(29)

Consequently, the ML  estimator of al,1 is given by

âl,1 = median{(ϕl[n] − ml,1) s[n − n0]} (30)

for n = n0, . . .,  n0 + N − 1. It should be noted that the ML  estimators
of ml,1 and al,1 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, N� = 50 s, Wmin = 15 s,
Wmax = 50 s, K = 4, and � ′ = 1800.

The histogram of the noise samples ϕ̃l[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 LL(�L ; xl) in (16) is displayed
versus the maximum value of the log-likelihood function LG(�G ; xl)
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 � ′, the performance on the BPC
database in terms of PD and PF, and the performance on the STAFF
III database in terms of false alarm rate RFA. 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 ϕ̃l(n), displayed together with the best fit of the Laplacian
and  Gaussian PDFs obtained by maximizing the respective likelihood functions.

Fig. 6. The maximum value of the Laplacian log-likelihood function, i.e., LL( �̂L; xl),
is  displayed versus the maximum value of the Gaussian log-likelihood function, i.e.,
LG( �̂G; xl), for the subjects of the BPC database.

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

BPC database STAFF III database
Detector PD PF RF (events/h)

Laplacian-based 0.94 0.00 1 ± 3

c
o
i
s

Fig. 7. Performance of the GLRT detector as a function of the threshold � ′ on (a)
′

age of the median of the first half and the second half of the data, â
becomes:

median{ϕl[n0, . . .,  n0 + N/2} − median{ϕl[n0 + N/2 + 1, . . .,  n0 + N]}
Gaussian-based [6] 0.90 0.01 2 ± 7

learly inferior to that of the present detector. Note that the values
f RF of the Laplacian detector have been rounded to the nearest

nteger in order to match the integer values reported on in that
tudy.
the  BPC database, and (b) the STAFF III database. The threshold � = 1800, used for
computing the results in Table 1, is displayed with dashed line. Note that PF 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 T[n0] 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 �L. However, by estimating this parameter at the onset of
the ECG recording, a 12% increase in PD was achieved without any
accompanying reduction in PF. 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 m̂l,1 and âl,1 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-
âl,H1
=

2
(31)
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complex of the electrocardiogram using the Karhunen–Loève transform: adap-
tive monitoring and alternans detection, Med. Biol. Eng. Comput. 37 (1999)
A. Mincholé et al. / Biomedical Signal 

In simulated data, this heuristic estimator did not produce esti-
ates that are significantly different from the MLE  when analyzing

ignals with low SNR while in signals with higher SNR, the detec-
ion output peaks were slightly wider. This simpler estimator could
e used as initialization of the iterative process.

The false alarm rates reported in Table 1 may  seem rather high
t a first glance. However, it is important to realize that occlu-
ion during PTCA is complete and very fast, while unprovoked
schemic events have a much smoother transient signature in the
LT coefficient series of the QRS complex and ST–T segment. As

 consequence, the false alarm rate is expected to be much lower
hen analyzing ambulatory recordings or during ST monitoring,

oth target contexts for the present BPC detector. A limitation of
he present study is that BPCs are rather uniform in appearance
nd speed, whereas this may  not be the case in real life where also
hanges from sitting to standing may  occur.

The detection threshold � ′ was determined so that a specific
alse alarm rate was obtained on the STAFF III database, after which
he resulting threshold value was applied to the BPC database to
valuate the performance in terms of PD and PF. Division of the
ataset into learning and test sets was not suitable since the avail-
ble dataset is small. Instead, the present approach was  adopted in
hich the threshold was first set for a database without BPCs and

hen evaluated on a database consisting of different types of BPCs.
In this work BPCs have been modelled as step-like functions.

ther transient functions such as sigmoids were also considered.
hilst increasing mathematical complexity, they did not improved

etection performance. Hence, the simpler step-like function has
een retained.

We  have evaluated the BPC detector in two complementary and
ather extreme cases: one database with abrupt ischemic changes
rom a PCI procedure for specificity analysis, and another database
ith controlled BPCs for assessing sensitivity. For the STAFF III
atabase, the complete artery occlusion may  induce abrupt changes

n the ST–T waveforms, which in turn, can be misclassified as BPC.
nder less severe ischemic episodes, it is expected that the false
larm rate will be lower than that obtained in our case. For the
PC database, the postural changes are complete whereas a par-
ial change could induce a less marked signature that would lead
o lower sensitivity. However, this observation needs to be consid-
red in view of that an incomplete BPC should still be detected as a
PC, possibly calling for further considerations on detector design.

The BPC detector may  misclassify certain types of arrhythmias
uch as ventricular fibrillation, which modify severely QRS mor-
hology. However, for an important increase in HR, such as during
xercise, there are studies which have shown that the QRS dura-
ion remains largely unaltered as well as the magnitude and spatial
rientation of the maximum QRS vectors [21,22]. Therefore, an
ncrease in HR should not modify the QRS complex and, accord-
ngly, the QRS KLT coefficient series. The ST–T waveform may  be

odified due to its dependence on HR, although it only contributes
y 20% to the detector statistics, in comparison with the 80% of the
RS, so the expected influence on the BPC detector should be low.
he potential influence of ST–T changes due to ischemia is already
aken into account in the STAFF III database, which has been used
o test the robustness of the detector to extreme ST–T changes.

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

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

[

sing and Control 14 (2014) 189–196 195

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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[6] J. García, M. Åström, J. Mendive, P. Laguna, L. Sörnmo, ECG-based detection of
body position changes in ischemia monitoring, IEEE Trans. Biomed. Eng. 25 (6)
(2003) 501–507.

[7] M. Åström, J. García, P. Laguna, O. Pahlm, L. Sörnmo, Detection of body position
changes using the surface electrocardiogram, Med. Biol. Eng. Comput. 41 (2)
(2003) 164–171.

[8] A. Mincholé, F. Jager, P. Laguna, Discrimination between ischemic and artifac-
tual ST segment events in Holter recordings, Biomed. Signal Proc. Control 5 (1)
(2010) 21–31.

[9] J.P. Martínez, S. Olmos, Methodological principles of T wave alternans
analysis: a unified framework, IEEE Trans. Biomed. Eng. 52 (4) (2005)
599–613.

10] K. Solem, B. Olde, L. Sörnmo, Prediction of intradialytic hypotension
using photoplethysmography, IEEE Trans. Biomed. Eng. 57 (7) (2010)
1611–1619.

11] P.-H. Niemenlehto, M.  Juhola, Detection of saccadic eye movements using the
order statistic constant false alarm rate technique, in: Proceeding of the IASTED
International Conference on Biomedical Engineering (BIOMED), ACTA Press
Anaheim, 2008, pp. 29–33.

12] T. Pander, An application of robust filters in ECG signal processing, J. Med.
Inform. Technol. 10 (2006) 113–124.

13] H. Rabbani, A fast method for despeckling in wavelet domain using Lapla-
cian prior and Rayleigh noise, in: Proceeding of the International Conference
on  Information Technology and Applications in Biomedicine (ITAB), 2008, pp.
374–377.

14] L. Edenbrandt, O. Pahlm, Vectorcardiogram synthesized from a 12-lead ECG:
superiority of the inverse Dower matrix, J. Electrocardiol. 21 (4) (1988)
361–367.

15] F. Badilini, W.  Zareba, E. Titlebaum, A. Moss, Analysis of ST segment variabil-
ity in Holter recordings, in: Noninvasive Electrocardiology: Clinical Aspects
of  Holter Monitoring. Frontiers in Cardiology, Saunders, London, U.K., 1996,
pp.  357–372.

16] P. Laguna, G. Moody, J. García, A. Goldberger, R. Mark, Analysis of the ST–T
175–189.
17] J. García, P. Lander, L. Sörnmo, S. Olmos, G. Wagner, P. Laguna, Comparative

study of local and Karhunen–Loève-based ST–T indexes in recordings from
human subjects with induced myocardial ischemia, Comput. Biomed. Res. 31
(4)  (1998) 271–292.

http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0005
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0010
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0015
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0020
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0025
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0030
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0035
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0040
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0045
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0050
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0055
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0060
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0065
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0070
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0075
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0080
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0085


1 Proces

[

[

[

96 A. Mincholé et al. / Biomedical Signal 

18] S.M. Kay, Fundamentals of Statistical Signal Processing: Estimation Theory,

Prentice Hall, New Jersey, 1993.

19] J. Pettersson, E. Carro, L. Edenbrandt, O. Pahlm, M.  Ringborn, L. Sörnmo, G. Wag-
ner, S. Warren, Changes in high frequency QRS components are more sensitive
than ST segment deviations for detecting acute coronary artery occlusion, J.
Am.  Coll. Cardiol. 36 (2000) 1827–1834.

[

[

sing and Control 14 (2014) 189–196

20] Y. Li, G.R. Arce, A maximum likelihood approach to least absolute deviation

regression, J. Appl. Signal Proc. 12 (2004) 1762–1769.

21] M.  Simoons, P. Hugenholtz, Gradual changes of ECG waveform during and after
exercise in normal subjects, Circulation 52 (4) (1975) 570–577.

22] J. Deckers, R. Vinke, J. Vos, M.  Simoons, Changes in the electrocardiographic
response to exercise in healthy women, Br. Heart J. 64 (6) (1990) 376–380.

http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0090
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0095
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0100
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0105
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110
http://refhub.elsevier.com/S1746-8094(14)00123-2/sbref0110

	Detection of body position changes from the ECG using a Laplacian noise model
	1 Introduction
	2 Methods
	2.1 Preprocessing
	2.2 Signal model
	2.3 GLRT-based detection
	2.4 ML estimation of statistical parameters

	3 Materials
	4 Calculation
	5 Results
	6 Discussion
	7 Conclusions
	Acknowledgements
	References


