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(57) ABSTRACT

The present invention provides apparatus and a method for
determining the occurrence of a QRS complex in ECG data.
According to an aspect of the present invention, an apparatus
is proposed for determining the occurrence of a QRS com-
plex in ECG data by utilizing a first, second and third set of
ECG data that are acquired by respectively electrode leads
11, V4 and V5 and by determining whether a QRS complex
has been detected within the predefined temporal window in
at least two of the first, second and third sets of ECG data.
According to another aspect of the present invention, an
apparatus is proposed for determining the occurrence of a
QRS complex in ECG data by utilizing three sets of ECG
data whose signal quality values V are the smallest three of
the first to twelfth sets of ECG data that are acquired by
respectively the standard 12 electrode leads and by deter-
mining whether a QRS complex has been detected within
the predefined temporal window in at least two of the three
sets of ECG data. The two apparatus of the present invention
may improve the accuracy of QRS detection, which has been
proved by clinical testing.



Patent Application Publication Nov. 15,2018 Sheet 1 of 6 US 2018/0325404 A1

FIG. 1

w2 Tyl
o k% = # =
- Sy >
et e i
o S S

3 ©
od A - t’”’}
L o
o
[
{3 [
N o

el 3

2,38
2%,/ 235

75

S

2.375

" s

1 o) W s e

& 4 L e £ &3

o '-: [ o

g N = o L B w

% % [ % Wy

: e 5 o5 L]

§ o % [N 3 o

{ [ H i i [ T I
[on T aw’ o NN ww [ S o I
& &5 L &5 &5
e e el &5 &
 d 1 o e
T

I
avFr
V5

I, avF, V5



Patent Application Publication Nov. 15,2018 Sheet 2 of 6 US 2018/0325404 A1

20
K,__/
R o
TR0 e 2 s 23
T ¢
&
Ww%gﬁ
22
- 221 ‘s
ol 220 P 223 P 224 B 225 b

FIG. 3



Patent Application Publication Nov. 15,2018 Sheet 3 of 6 US 2018/0325404 A1

224

ﬂ

FIG. 4

& mm
Vim
&

Ez.n
ot

B

i3

o

im
(A
;

L

FIG. 5



Patent Application Publication Nov. 15,2018 Sheet 4 of 6 US 2018/0325404 A1

224

F/

J
s * I o] B 66
FIG. 6
70
i '
71
72 — 73

&

|

A pummn—
o

>
&




Patent Application Publication Nov. 15,2018 Sheet 5 of 6 US 2018/0325404 A1

[Ee] Wy m
<> Lover
= > x
» Yo
L 2 n H-
, < wt
5 o =
" mEv . e
< Wy el \;3
e ¢ L
@ =
g <
® ¥
= -3
= &
= =
& €
% =
7
: Z
+ &
<j S

i1, ¥4, V5



Patent Application Publication Nov. 15,2018 Sheet 6 of 6 US 2018/0325404 A1

FIG. 9

e

o
=

11, v4, V5
V4
V5



US 2018/0325404 Al

APPARATUS AND METHOD FOR
DETERMINING THE OCCURRENCE OF A
QRS COMPLEX IN ECG DATA

[0001] This application is a divisional of co-pending U.S.
patent application Ser. No. 14/762,492 filed on Jul. 22, 2015
and entitled “APPARATUS AND METHOD FOR DETER-
MINING THE OCCURRENCE OF A QRS COMPLEX IN
ECG DATA”, which is the U.S. National Phase application
under 35 US.C. § 371 of International Application No.
PCT/EP2014/078625, filed on Dec. 19, 2014, which claims
the benefit of European Patent Application No. 14153955.1,
filed on Feb. 5, 2014, and Chinese Patent Application No.
PCT/CN2013/090108, filed on Dec. 20, 2013. These appli-
cations are hereby incorporated by reference herein.

FIELD OF THE INVENTION

[0002] The present invention relates to ECG monitoring,
more particularly to apparatus and a method for determining
the occurrence of a QRS complex in ECG data acquired
from a subject being monitored, and to an ECG monitoring
system utilizing the same.

BACKGROUND OF THE INVENTION

[0003] Nowadays, the electrocardiogram (ECG) is one of
the most commonly used tools in clinical practice, since it is
a way to measure and diagnose abnormal rhythms of the
heart and it is a fundamental part of many clinical instru-
ments such as the cardiotachometer and the arrhythmia
monitor.

[0004] A typical ECG waveform consists of a P wave
indicating atrial depolarization, a QRS complex indicating
ventricular depolarization, a T wave indicating ventricular
repolarization, and a possible U wave in some cases indi-
cating the extension of the repolarization. The dominant
activity of an ECG usually relates to the QRS complex in
real time, using medical instruments such as an arrhythmia
monitoring system, an ECG stress test system, cardiographs.
Accurate detection of the QRS complex of an ECG is
significant for all these clinical applications, for example, in
an arrhythmia monitoring system, significant false negative
and false positive rates can result from faulty QRS detection.
[0005] Over the past few years, many techniques have
been developed to detect the QRS complex, including power
spectrum analysis, bandpass filtering, differentiation, tem-
plate matching, and waveform feature-dependent real-time
techniques. The diversity and complexity of the samples
determine the difficulty of accurate QRS detection. How-
ever, the conventional real-time detection algorithms are still
not very satisfactory in terms of accuracy of detection.
[0006] Conventionally, in practical applications, the appa-
ratus used for QRS detection usually selects the electrode
lead which contains apparent complex features, for example,
one of the standard limb leads, lead II of the standard twelve
electrodes recommended by the American Heart Association
(AHA). And in some cases, global detection techniques may
be used, for example, perpendicular leads 11, aVF and V5 are
used together to guarantee detection reliability.

[0007] However, in a stress testing system, the rapidly
increasing muscle activity and mechanical forces acting on
the electrode leads usually lead to excessive muscle noise
which brings about an unrecognizable waveform. These
adverse random artifacts degrade the accuracy of QRS
detection.
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[0008] The deficiencies of the conventional techniques for
QRS detection may be clearly understood from FIG. 1,
which shows a patient case in a stress testing system
conducted at Hoag Hospital, Newport Beach, Calif. The
high frequency, low frequency and AC noise of the ECG
data has been filtered out by some pre-processing filtering
technique. From the top to the bottom, the four waveforms
in FIG. 1 are beat detection by using global detection
techniques, based on the selected leads II, aVF and V3;
detection using lead II only; detection using lead aVF only;
and detection using lead V5 only, respectively.

[0009] It can be clearly seen that even using global detec-
tion techniques, QRS detection is not accurate enough and
some important waveform features may be missed, for
example, the PVC-like widened QRS complex in leads 11,
aVF.

SUMMARY OF THE INVENTION

[0010] Therefore, due to the deficiencies of the conven-
tional techniques for QRS detection, there is a need to
provide an improved method and apparatus for determining
the occurrence of a QRS complex in ECG data with
improved detection accuracy, especially in a stress testing
system.

[0011] To this end, the inventors of the present invention
have conducted a large number of clinical researches and
experiments, and found two novel ways for QRS complex
detection, which improve the real-time detection accuracy of
the QRS complex in ECG data of the subject.

[0012] Specifically, instead of using one lead, for example
lead 11, or instead of using leads II, aVF and V5 as global
detection in the conventional apparatus, the one type of
apparatus proposed for QRS detection uses the ECG data
acquired by electrode leads II, V4 and V3, since the inven-
tors have found that these three leads are not only more
suitable for accurate observation of ventricular activity but
also are complementary to each other in terms of peak value
detection; therefore the combination of the three leads would
improve the detection sensitivity for the abnormal QRS
complex, particularly for the patient cases of PVC, LBBB,
RBBB or others.

[0013] Therefore, in accordance with an aspect of the
present invention, an apparatus is proposed for determining
the occurrence of a QRS complex in ECG data acquired
from a subject being monitored, said apparatus comprising
a receiving unit configured to receive a first, second and
third set of ECG data that are acquired by respectively
electrode leads 11, V4 and V5 attached to the subject; a
detecting unit configured to evaluate the first, second and
third set of ECG data so as to detect whether or not a QRS
complex occurs within a predefined temporal window in the
respective set of ECG data; and an output configured to
output a message indicating an occurrence of a QRS com-
plex within the predefined temporal window if a QRS
complex has been detected within the predefined temporal
window 1in at least two of the first, second and third set of
ECG data.

[0014] In this way, the occurrence of a QRS complex may
be determined more accurately, and the increased accuracy
with which the QRS complex is detected enables the ECG
data to be improved compared to the conventional way of
utilizing the ECG data acquired by lead II alone or by leads
11, aVF and V5 as global detection. Thus, the final ECG
report output by the ECG monitoring system for clinical
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diagnosis, which is in accordance with the QRS detection
result from the apparatus of the present invention, will be
more accurate.

[0015] Furthermore, in the present embodiment, not only
the three leads 11, V4 and V5 used for QRS detection are
different from those used in the conventional global detec-
tion technique, but also the determination of the occurrence
of the QRS complex in the present embodiment is based on
a majority criterion, thereby enabling to avoid the false
determination of the occurrence of a QRS complex if only
one of the three leads detects the QRS complex due to an
abnormal situation, and enabling to avoid wrong determi-
nation of the occurrence of a true QRS complex. Therefore,
it may further improve the accuracy for QRS detection.
[0016] Furthermore, as another type of apparatus for QRS
detection, the inventors of the present invention found that
utilizing signal quality estimation techniques to select the
most appropriate leads as the promising leads may enhance
the detection accuracy in a smart way.

[0017] Therefore, in accordance with another aspect of the
present invention, there is proposed an apparatus for detect-
ing the occurrence of a QRS complex in ECG data acquired
from a subject being monitored, comprising:

[0018] a receiving unit configured to receive a first to
twelfth sets of ECG data that are acquired by respectively
the standard twelve electrode leads attached to the subject;
[0019] a detecting unit configured to evaluate the first to
twelfth sets of ECG data so as to detect whether or not a
QRS complex occurs within a predefined temporal window
in the respective set of ECG data;

[0020] a calculation unit configured to derive a first to
twelfth signal quality values V respectively for each of the
first to twelfth sets of ECG data by calculating the ratio of
standard deviation of N consecutive waveforms in the
respective set of ECG data to a reference standard deviation
of the respective set of ECG data or by calculating the ratio
of the signal energy ratio (SNR) of N consecutive wave-
forms in the respective set of ECG data to a reference SNR
of the respective set of ECG data, wherein the reference
standard deviation and the reference SNR of the respective
set of ECG data are predetermined from respectively a first
to twelfth sets of ECG data that are acquired by respectively
the standard twelve electrode leads at the pre-exercise stage;
[0021] acomparison unit configured to compare the first to
twelfth signal quality values V and determine three sets of
ECG data whose signal quality values V are the smallest
among the first to twelfth sets of ECG data; and

[0022] an output configured to output a message indicat-
ing an occurrence of a QRS complex within the predefined
temporal window if a QRS complex has been detected
within the predefined temporal window in at least two of the
determined three sets of ECG data.

[0023] As can be seen from the above, the second type of
apparatus is different from the first type in that the three
electrode leads are not fixedly selected but are selected
according to the signal quality of the ECG data acquired by
the leads. From a theoretical point of view, the performance
of the second type of apparatus is better than that of the first
type due to the adaptive feature. However, from a complex-
ity point of view in practical application, the first type of
identifier is more suitable, considering the compromise
between detection accuracy and complexity requirements.
[0024] Similarly, in the present embodiment, not only are
the three leads used for QRS detection selected according to
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the signal quality and are different from those used in the
conventional global detection technique, but also the deter-
mination of the occurrence of a QRS complex in the present
embodiment is based on a majority criterion, enabling to
avoid misdetermination of the occurrence of' a QRS complex
if only one of the three leads detects the QRS complex due
to an abnormal situation, and enabling to avoid misdeter-
mination of the occurrence of a true QRS complex. There-
fore, it may further improve the QRS detection accuracy.
[0025] The performance of the invented two apparatus has
been verified by clinical testing on volunteer cases and
patient cases at Hoag Hospital, Newport Beach, Calif. The
total error rate of 0.19 percent is analyzed by using about
28.960 beats, and the sensitivity of the invented apparatus
for QRS detection is 99.81 percent.

[0026] Furthermore, in both proposed apparatus, besides
the smart selection purpose utilized in the second solution,
the signal quality estimation technique may also be used to
trigger a warning message which is a good indicator for the
clinicians that unacceptable signal quality of the collected
ECG data requires attention or action.

[0027] Inthis way, the clinical staff may be notified in time
that unsatisfactory ECG data has been collected and they
may then timely check whether this is due to the loss of
contact between the leads and the subject or due to other
reasons.

[0028] In accordance with still another aspect of the
present invention, there is further proposed an ECG moni-
toring system, which comprises: an ECG signal acquisition
unit configured to acquire and preprocess raw ECG data
from the standard twelve electrode leads attached to a
subject; an ECG signal processing unit configured to process
the preprocessed data from the ECG signal acquisition unit
to derive an ECG report comprising QRS complex infor-
mation and other ECG feature information, wherein the
ECG signal processing unit comprises any one type of the
above mentioned two apparatus for detecting the occurrence
of a QRS complex in ECG data acquired from a subject
being monitored; an output unit configured to output the
ECG report by displaying or printing the ECG report; and a
storage unit configured to store the preprocessed data from
the ECG signal acquisition unit and the ECG report.
[0029] As mentioned above, since the occurrence of a
QRS complex may be determined more accurately, and
accordingly the improved accuracy of detection of the QRS
complex enables the ECG data to be improved compared
with the conventional way of utilizing the ECG data
acquired by lead 1I alone or by leads II, aVF and V5 as
global detection, the final ECG report output by the ECG
monitoring system for clinical diagnosis, which is produced
in accordance with the result of a QRS detection from the
apparatus of the present invention, would be more accurate
compared with the ECG report output by the ECG moni-
toring system utilizing the conventional apparatus for QRS
detection.

[0030] Various aspects and features of the disclosure are
described in further detail hereinbelow. These and other
aspects of the invention will be apparent from and elucidated
with reference to the embodiment(s) described hereinafter.

DESCRIPTION OF THE DRAWINGS

[0031] The present invention will be described and
explained in more detail hereinafter in combination with
embodiments and with reference to the drawings, wherein:
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[0032] FIG. 1 shows a patient case in a stress testing
system conducted at Hoag Hospital, Newport Beach, Calif’;

[0033] FIG. 2 is a block diagram of an ECG monitoring
system;
[0034] FIG. 3 shows the detailed structure of an ECG

signal processing unit contained in the ECG monitoring
system of FIG. 2;

[0035] FIG. 4 is a block diagram of an apparatus for
determining the occurrence of a QRS complex in ECG data
according to an embodiment of the present invention;
[0036] FIG. 5 shows a flow chart of the method for
determining the occurrence of a QRS complex in ECG data
according to the present embodiment;

[0037] FIG. 6 is a block diagram of an apparatus for
determining the occurrence of a QRS complex in ECG data
according to another embodiment of the present invention;
[0038] FIG. 7 shows a flow chart of the method for
determining the occurrence of a QRS complex in ECG data
according to the present embodiment; and

[0039] FIGS. 8-9 show the performance improvement
when the apparatus of the present invention is utilized in the
ECG monitoring system.

[0040] The same reference signs in the figures indicate
similar or corresponding features and/or functionalities.

DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0041] The present invention will be described with
respect to particular embodiments and with reference to
certain drawings, but the invention is not limited thereto but
is limited only by the claims. The drawings described are
only schematic and are non-limiting. In the drawings, the
size of some of the elements may be exaggerated and not
drawn to scale for illustrative purposes.

[0042] FIG. 2 illustrates the block diagram of an ECG
monitoring system 20, which includes an ECG signal acqui-
sition unit 21, an ECG signal processing unit 22 and an
output unit 23.

[0043] As shown in FIG. 2, a plurality of electrode leads,
for example 12 leads, recommended by the American Heart
Association (AHA), are simultaneously applied and attached
to the subject, for example the patient, to collect the elec-
trical activity of the heart through the surface of the skin.
The ECG signal acquisition unit 21 usually performs the
pre-processing, such as amplification and digitization, of the
collected electrical signals from the body by using the
electrode leads.

[0044] The system 20 may further comprise a storage unit
24, and the pre-processed ECG data from the ECG signal
acquisition unit 21 may be digitally stored in the storage unit
24 and also output to the ECG signal processing unit 22,
where the pre-processed ECG signal may be processed by
appropriate filtering, dominant activity identification, fea-
ture analysis and measurements, to generate a QRS complex
and other ECG feature information, which will finally be
displayed or printed in an ECG rhythm/Auto report by the
output unit 23.

[0045] FIG. 3 illustrates the detailed structure of the ECG
signal processing unit 22 comprised in the ECG monitoring
system 20 of FIG. 2.

[0046] As shown in FIG. 3, in addition to an apparatus 224
for determining the occurrence of a QRS complex in ECG
data acquired from a subject being monitored and a deriving
unit 225 for deriving other ECG feature information, the
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BCG signal processing unit 22 may further comprise several
units to reduce the noise of the pre-processed ECG data
before the data is input into the apparatus 224 and the
deriving unit 225.

[0047] The reason, as can be understood by the person
skilled in the art, is that biological signals may include
substantial amounts of noise, which usually result in
degraded and even unacceptable signal quality for beat
analysis, classification and clinical diagnosis, particularly
during the ergometric test such as the treadmill exercise and
the bicycle ergometer test. Artifacts in an ECG have differ-
ent kinds of characteristics, for example, low-frequency
noise and high-frequency noise. From another point of view,
artifacts can be classified into artifacts with fixed frequency
characteristics and artifacts with random characteristics.
[0048] Accordingly, to reduce these noises, the ECG sig-
nal processing unit 22 may further comprise a power-line
frequency analysis unit 221, a band-pass filtering unit 222
configured to filter the low frequency and high frequency
noise in the ECG data, and an AC filtering unit 223 config-
ured to filter the effect of the power-line interference in
accordance with the identification result of the power line
frequency analysis unit 221.

[0049] As is well-known in the art, although the power-
line interference is usually classified as artifact with fixed
frequency at 50/60 Hz, environmental conditions may dis-
rupt the steady state or even cause harmonic components.
Therefore, the power-line frequency analysis unit 221 is
utilized to identify the base frequency component and the
existence of the corresponding harmonic components for the
AC filtering unit 223 to attenuate the adverse effect of the
power-line interference. The band-pass filtering unit 222
provides a conventional tool to reduce the low frequency
and high frequency noise. According to the different appli-
cation requirements, the recommended bandwidth that con-
tains significant ECG signal information may be considered,
for example, to range from 0.05 Hz to 150 Hz for adoles-
cents, and a bandwidth up to 250 Hz is needed for pediatric
cases. After the ECG signal has passed through the band-
pass filtering and AC filtering stages, its signal-to-noise ratio
increases, which definitely improves the overall sensitivity
of the apparatus 224 for QRS detection and the performance
of the deriving unit 225 for deriving other ECG feature
information.

[0050] In the following, two types of apparatus 224
according to the present invention, which improve the
accuracy of QRS complex detection in the ECG, are pro-
posed and elaborated in detail in conjunction with figures.
[0051] FIG. 4 is a block diagram of an apparatus 224 for
determining the occurrence of a QRS complex in ECG data
according to an embodiment of the present invention. Here-
inafter, details of the apparatus 224 will be described in
conjunction with FIG. 5, which shows a flow chart of the
method 50 performed by the apparatus 224 according to the
present embodiment.

[0052] As can be seen from FIG. 4, the apparatus 224 of
the present embodiment comprises a receiving unit 41, a
detecting unit 42, and an output 43.

[0053] First, of the 12 sets of ECG data acquired respec-
tively by the standard twelve electrode leads attached to the
subject, the receiving unit 41 of the apparatus 224 of the
present embodiment receives three sets of ECG data that are
acquired respectively by electrode leads II, V4 and V5 (step
51 in the flow chart of FIG. 5).
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[0054] For example, the receiving unit 41 receives a first
set of ECG data that is acquired by electrode lead II, a
second set of ECG data acquired by electrode lead V4, and
further a third set of ECG data acquired by electrode lead
V5. As shown in FIG. 3, in an embodiment, the filtered ECG
data from the AC filtering unit 223 may be used as the input
of the apparatus 224, so that the accuracy of QRS complex
detection may be improved compared to the case in which
the raw ECG data is used.

[0055] Next, the detecting unit 42 evaluates the first,
second and third sets of ECG data so as to detect whether or
not a QRS complex occurs within a predefined temporal
window in the respective set of ECG data (step 52 in FIG.
5). In an embodiment, the predefined temporal window may
be selected as 80 ms, which may be adjusted according to the
particular sitvation of the subject.

[0056] In detail, the detecting unit 42 may utilize the QRS
detector to detect the filtered data from each of the three
leads, after which the predefined temporal window may be
applied to the detected QRS complex. If within the pre-
defined temporal window there are at least two leads which
have detected a QRS complex successfully, the output 43 of
the apparatus may output a message indicating an occur-
rence of a QRS complex within the predefined temporal
window (step 53 in FIG. 5).

[0057] In this way, the apparatus 224 may confirm the
reliability of the detected QRS beats and may further deter-
mine the beat location accordingly.

[0058] Inthis embodiment, unlike the conventional way of
QRS detection, the limb and chest leads 11, V4 and V5 are
selected as the promising leads for dynamic beat identifica-
tion; these three leads are not only more suitable for accurate
observation of ventricular activity but they also are comple-
mentary to each other in terms of peak value detection,
therefore the combination of the three leads would improve
the sensitivity for detection of an abnormal QRS complex,
particularly for the patient cases of PVC, LBBB, RBBB or
others.

[0059] Further, in the present invention, not only the three
leads used for QRS detection are different from those used
in the conventional global detection technique, but also the
determination of the occurrence of a QRS complex is based
on a majority criterion, thus enabling to avoid misdetermi-
nation of the occurrence of a QRS complex if only one of the
three leads detects the QRS complex due to an abnormal
situation. Therefore, it may further improve the accuracy of
QRS detection.

[0060] As shown in FIG. 4, optionally, the apparatus 224
may further comprise a calculation unit 44 configured to
derive a first, second and third signal quality value V
respectively for each of the first, second and third set of ECG
data.

[0061] The AC filtered data and the detected QRS com-
plex location information are provided to the calculation unit
44 in parallel, which performs(?) a statistical signal quality
evaluation.

[0062] Specifically, in one embodiment, the calculation
unit 44 may first calculate the standard deviation of N
consecutive waveforms in a respective set of ECG data.
Similarly, the reference standard deviation of the respective
set of ECG data may be predetermined from respectively a
first, second and third set of ECG data that are acquired
respectively by electrode leads II, V4 and V5 at the pre-
exercise stage, for example the stage during which the
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subject is in a state of rest, so that the reference standard
deviation may represent the normal state of the ECG data
acquired by each lead and be used as a basis for determining
the fluctuation of the ECG data acquired during real testing
in the normal state.

[0063] With this standard deviation and reference standard
deviation of respective sets of ECG data, the signal quality
value for each set may be derived by calculating the ratio of
the standard deviation of N consecutive waveforms in
respective sets of ECG data to the reference standard devia-
tion of respective sets of ECG data (step 54 in FIG. 5).

[0064] As will be easily understood by the person skilled
in the art, although the standard deviation of the acquired
ECG data may be used to calculate the signal quality value
thereof, it is not limed thereto. For example, the variance of
the acquired ECG data may also be used to derive the signal
quality value.

[0065] Further, another example of signal quality estima-
tion may be implemented by using ECG spectrum analysis,
as a standard ECG signal for clinical application usually has
a bandwidth in the range of 0.05 to 100 Hz, and the energy
of a QRS complex is in the range of 5 to 40 Hz. Therefore,
the signal energy ratio (SNR) may be calculated as follows:

B Energyisy.aonn
Energyooshz 10013

[0066] And, similarly, a SNR reference value may be
determined by means of the mean variance during the
pre-exercise stage or learn mode. Finally, using the obtained
SNR and reference SNR, an SNR ratio can be determined
according to:

SNR

ratio = ——
reference SNR

[0067] The apparatus 224 may further comprise an inter-
face unit 45, which will output a warning message when one
of the first, second and third signal quality values V is
greater than a predetermined threshold (step 55 in FIG. 5).

[0068] Inthis way, the clinical staff may be notified in time
that unsatisfactory ECG data has been collected and they
may then timely check whether this is due to the loss of
contact between the leads and the subject or due to other
reasons.

[0069] FIG. 6 is a block diagram of an apparatus 224 for
determining the occurrence of a QRS complex in ECG data
according to another embodiment of the present invention.

[0070] In the following, details of the apparatus 224 will
be described in conjunction with FIG. 7, which shows a flow
chart of the method 70 for determining the occurrence of a
QRS complex in ECG data according to the present embodi-
ment.

[0071] As can be seen from FIG. 6, the apparatus 224 for
determining the occurrence of a QRS complex in ECG data
in accordance with the present embodiment comprises a
receiving unit 61, a detecting unit 62, a calculation unit 63,
a comparison unit 64 and an output 65.
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[0072] Firstly, the receiving unit 61 receives a first to
twelfth sets of ECG data that are acquired by respectively
standard twelve electrode leads (step 71 in the flow chart of
FIG. 7).

[0073] Next, similar to step 52 in FIG. 5, the detecting unit
62 evaluates the first to twelfth sets of ECG data so as to
detect whether or not a QRS complex occurs within a
predefined temporal window in the respective sets of ECG
data (step 72 in the flow chart of FIG. 7).

[0074] Subsequently, the calculation unit 63 derives a first
to twelfth signal quality values V respectively for each of the
first to twelfth sets of ECG data (step 73 in the flow chart of
FIG. 7). Since the step of deriving the signal quality values
is similar to that described in conjunction with step 54 of
FIG. 5, a detailed description thereof is omitted herein for
conciseness.

[0075] After the first to twelfth signal quality values have
been derived, the comparison unit 64 compares the first to
twelfth signal quality values V with each other and deter-
mines three sets of ECG data whose signal quality values V
are the smallest among the first to twelfth sets of ECG data
(step 74 in the flow chart of FIG. 7).

[0076] In other words, according to the ratio values, the
three leads having the smallest ratios are selected as the
promising leads for QRS detection. Similarly, if a QRS
complex has been detected within the predefined temporal
window in at least two of the determined three sets of ECG
data, the output 65 will output a message indicating an
occurrence of a QRS complex within the predefined tem-
poral window (step 75 in the flow chart of FIG. 7), so that
the apparatus 224 confirms the reliability of the detected
beats and may then further determine the beat location
accordingly.

[0077] In other words, the apparatus 224 shown in FIG. 6
is different from that shown in FIG. 4 in that the electrode
leads to be used for QRS detection are not fixedly selected
but are selected according to the signal quality values of the
ECG data acquired by the leads. From a theoretical point of
view, the performance of this type of apparatus 224 is better
than that of the first type due to the adaptive feature.
However, from a complexity point of view in practical
application, the first type of identifier is more suitable since
it is much simpler in terms of its algorithm.

[0078] Similarly, as an optional component, the apparatus
224 shown in FIG. 6 may further comprise an interface unit
66, which is configured to output a warning message when
one of the first to twelfth signal quality values V is greater
than a predetermined threshold (step 76 in the flow chart of
FIG. 7).

[0079] Inthis way, the clinical staff may be notified in time
that unsatisfactory ECG data has been collected and they
may then timely check whether this is due to the loss of
contact between the leads and the subject or due to other
reasons.

[0080] FIGS. 8 and 9 show the performance improvement
of the present invention, for example when leads II, V4 and
V5 are selected as the leads for QRS complex detection,
which is verified by clinical testing on volunteer cases and
patient cases at Hoag Hospital, Newport Beach, Calif.
[0081] In FIGS. 8 and 9 are shown, from top to bottom,
improved beat detection based on the selected leads 11, V4
and V5; R detection in lead II only; R detection in lead V4
only; and R detection in lead V5 only.
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[0082] From FIGS. 8 and 9, it can be clearly seen that by
using the invented apparatus, the falsely detected beat in
lead II can be avoided (FIG. 8), and at the same time the
missed true beat can be detected (FIGS. 8 and 9). Compared
with the traditional way of using leads II, aVF and V5 as the
fixed leads for QRS beat detection, the missed PVC-like beat
can be detected when use is made of the invented signal
quality dependent identifier (refer to FIG. 1 and FIG. 9).

[0083] Table 1 further illustrates the evaluation of the
invented apparatus by using the clinical data collected at
Hoag Hospital. The ECG signal was sampled at 1000
samples per second and an amplitude resolution of 5 uV per
least significant bit. The subjects were between 24 and 82
years of age. The tests covered 4 exercise stages and
recovery stages, the duration varied between 312 and 1091
minutes according to the subjects’ conditions. By visually
analyzing a total of 28,960 beats, the achieved detection
error is 0.19 percent, and the sensitivity of the invented beat
identifier is 99.81 percent.

TABLE 1

Verification subjects: 23 patient data from Hoag.

False &  Ratio (False &  Ratio (True
Missed  missed beats/total  beats/total

Patient ID Total beats beats beats) beats)
HH_01 952 3 0.32% 99.68%
HH_02 1381 5 0.36% 99.64%
HH_03 556 0 0% 100%
HH_04 783 2 0.26% 99.74%
HH_05 703 0 0% 100%
HH_06 1164 0 0% 100%
HH_07 1635 2 0.12% 99.88%
HH_08 1244 13 1.05% 98.95%
HH_09 1447 0 0% 100%
HH_ 10 881 1 0.11% 99.89%
HH_11 1612 0 0% 100%
HH_12 1184 1 0.08% 99.92%
HH_13 1696 0 0% 100%
HH_14 709 0 0% 100%
HH_15 1577 0 0% 100%
HH_ P01 554 12 2.17% 97.83%
HH_ P02 1655 5 0.3% 99.7%
HH_ P03 1465 3 0.2% 99.8%
HH__P04 2273 0 0% 100%
HH_ P05 905 4 0.44% 99.56%
HH__P06 1795 5 0.28% 99.72%
HH__P07 1502 0 0% 100%
HH__P08 1287 0 0% 100%
Total 28960 56

Ave 0.19% 99.81%
[0084] As is well-known in the art, although the present

invention is directed to improve the detection accuracy for
the dominant electrical activity, i.e., QRS complex, in elec-
trocardiograms (“ECG”), especially in the stress test system,
including treadmill exercise and ergometer exercise sys-
tems, this invention can also be used in medical systems
performing ECG analysis, Holter tape analysis, and real-
time patient monitoring.

[0085] Please note that the steps of the methods shown in
the present invention are not to be considered in a limiting
sense, as other steps are also possible. It will be apparent to
those skilled in the art that the various aspects of the
invention claimed may be practiced in other examples that
depart from these specific details.
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[0086] Furthermore, as can be easily understood by the
person skilled in the art, in the apparatus claim enumerating
several means, several of these means can be embodied by
one and the same item of hardware. The mere fact that
certain measures are recited in mutually different dependent
claims does not indicate that a combination of these mea-
sures cannot be used to advantage.

[0087] It should be noted that the above-mentioned
embodiments illustrate rather than limit the invention and
that those skilled in the art would be able to design alter-
native embodiments without departing from the scope of the
appended claims. In the claims, any reference signs placed
between parentheses shall not be construed as limiting the
claim. The word “comprising” does not exclude the presence
of elements or steps not listed in a claim or in the descrip-
tion. The word “a” or “an” preceding an element does not
exclude the presence of a plurality of such elements. In the
system claims enumerating several units, several of these
units can be embodied by one and the same item of software
and/or hardware. The usage of the words first, second and
third, et cetera, does not indicate any ordering. These words
are to be interpreted as names.

1. An apparatus for detecting the occurrence of a QRS
complex in ECG data acquired from a subject being moni-
tored, comprising:

areceiving unit configured to receive a first to twelfth sets
of ECG data that are acquired by respectively standard
twelve electrode leads attached to the subject;

a detecting unit configured to evaluate the first to twelfth
sets of ECG data so as to detect whether or not a QRS
complex occurs within a predefined temporal window
in the respective set of ECG data;

a calculation unit configured to derive a first to twelfth
signal quality values V respectively for each of the first
to twelfth sets of ECG data by calculating the ratio of
standard deviation of N consecutive waveforms in the
respective set of ECG data to a reference standard
deviation of the respective set of ECG data or by
calculating the ratio of signal energy ratio (SNR) of N
consecutive waveforms in the respective set of ECG
data to a reference SNR of the respective set of ECG
data, wherein the reference standard deviation and the
reference SNR of the respective set of ECG data are
predetermined from respectively a first to twelfth sets
of ECG data that are acquired by respectively standard
twelve electrode leads at the pre-exercise stage;

a comparison unit configured to compare the first to
twelfth signal quality values V and determine three sets
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of ECG data whose signal quality values V are the
smallest among the first to twelfth sets of ECG data;
and

an output configured to output a message indicating an

occurrence of a QRS complex within the predefined
temporal window if a QRS complex has been detected
within the predefined temporal window in at least two
of the determined three sets of ECG data.

2. The apparatus according to claim 1, further comprising:

an interface unit configured to output a warning message

when one of the first to twelfth signal quality values V
is greater than a predetermined threshold.

3. A method for detecting the occurrence of a QRS
complex in ECG data acquired from a subject being moni-
tored, comprising:

receiving a first to twelfth sets of ECG data that are

acquired by respectively standard twelve electrode
leads attached to the subject;
evaluating the first to twelfth sets of ECG data so as to
detect whether or not a QRS complex occurs within a
predefined temporal window in the respective set of
ECG data;

deriving a first to twelfth signal quality values V respec-
tively for each of the first to twelfth sets of ECG data
by calculating the ratio of standard deviation of N
consecutive waveforms in the respective set of ECG
data to a reference standard deviation of the respective
set of ECG data or by calculating the ratio of signal
energy ratio (SNR) of N consecutive waveforms in the
respective set of ECG data to a reference SNR of the
respective set of ECG data, wherein the reference
standard deviation and the reference SNR of the respec-
tive set of ECG data are predetermined respectively
from a first to twelfth sets of ECG data that are acquired
by respectively standard twelve electrode leads at the
pre-exercise stage;

comparing the first to twelfth signal quality values V and

determining three sets of ECG data whose signal qual-
ity values V are the smallest among the first to twelfth
sets of ECG data; and

outputting a message indicating an occurrence of a QRS

complex within the predefined temporal window if a
QRS complex has been detected within the predefined
temporal window in at least two of the determined three
sets of ECG data.

4. The method according to claim 3, further comprising:

outputting a warning message when one of the first to

twelfth signal quality values V is greater than a prede-
termined threshold.
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