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7) ABSTRACT

Known methods of heart function analysis, while useful,
suffer from a number of limitations. These include the fact
that these methods are inherently static, in that they consider
an individual ECG that can only provide a picture of heart
function at a particular moment in time. Furthermore, the
assessment depends upon the expertise of specialists per-
forming a visual analysis of ECG traces, which may be
subjective, and of limited sensitivity. The present invention
provides a method of processing ECG signals. The method
comprises the steps of extracting data from at least one ECG
signal determining a time derivative of said data and gen-
erating a normalised index value representative of the
energy in said time derivative. Accordingly, the method
provides an index that may be used as an objective indica-
tion of heart function, and recorded for an individual patient
over a period of time as a dynamic record of any change in
heart function of the patient that may be indicative of
abnormal function or heart disease.
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METHOD AND SYSTEM FOR PROCESSING
ELECTROCARDIAL SIGNALS

FIELD OF THE INVENTION

[0001] The present invention relates to a method and
system for processing electrocardial signals. In particular,
the method and system is well suited to processing com-
plexes and/or segments of a standard 12-lead ECG.

BACKGROUND OF THE INVENTION

[0002] Heart disease is one of the major causes of death in
the world today. Health care costs associated with cardio-
vascular disease exceed those of any other disease. Sudden
cardiac death (unexpected death due to a cardiac malfunc-
tion within a short time period from the onset of symptoms
in an individual who would otherwise be considered to be a
normal, healthy adult) is often the first manifestation of heart
disease.

[0003] More than one in five heart attacks in people over
the age of 65 are unrecognised, according to a study pub-
lished in the January 2000 issue of the Journal of the
American College of Cardiology. Of the 901 subjects in
whom an electrocardiogram indicated a prior heart attack,
more than one fifth had had heart attacks that had gone
undetected until the test was conducted. Most patients had
no clear indication of cardiovascular disease when they
commenced the study. Lack of recognition may be based
upon the true absence of symptoms (probably rare), unusual
symptoms (for example, shortness of breath without chest
pain) or misinterpretation of symptoms (for example, attri-
bution of chest pain to “indigestion™).

[0004] Silent heart attacks are an extreme case of a con-
dition called “silent ischemia”, which is a chronic shortage
of oxygen and nutrients to a portion of the heart. Occur-
rences of silent ischemia increase the risk of sudden cardiac
death.

[0005] The cause of ischemia, silent or otherwise, is
almost always atherosclerosis—the progressive narrowing
of the arteries to the heart from accumulations of cholesterol
plaque. In most instances, this reduction in blood supply
generates a “protest” from the heart—typically a crushing
sensation called angina. However, in up to 30 percent of
heart attack victims there are no previous symptoms asso-
ciated with such blockages. This underscores the importance
of early detection of coronary artery disease. Indeed, the
Framingham heart study, which has followed 4,000 Massa-
chusetts men for more than 40 years, has found that 25
percent of their subjects” heart attacks go unnoticed until
their annual electrocardiograms detected the after-effects of
those attacks.

[0006] Because these silent heart attacks go undetected,
they cannot be treated early. This increases the chance of
further—sometimes fatal—complications. According to the
National Heart Foundation report (1999), 40% of sudden
cardiac deaths are unpredictable, suggesting that many
people are effectively carrying a time bomb. Almost 50% of
heart attacks occur among people who have normal choles-
terol, low blood pressure and are in good physical shape. For
many people sudden death is the first manifestation of heart
discase. Therefore early awareness and recognition are
important to prevent sudden cardiac death.
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[0007] There is no way of predicting with certainty who is
a candidate for silent ischemia, but statistically, the greater
the number of risk factors a patient possesses the more likely
that he or she is a candidate. Not all cases of sudden cardiac
death result from “heart attacks”. For example, patients with
poorly functioning hearts are at risk of dangerous rhythm
abnormalities. These life-threatening events may occur with
few preceding symptoms. To be able to detect heart disease
at an early stage is of great importance.

[0008] The basic tool for evaluation of the health of the
human heart is the standard 12-lead electrocardiogram
(ECG), which records the eclectrical activity of the heart, as
detected by electrodes, located at established locations on
the body surface, to which the leads are attached. The ECG
is a commonly used cardiac diagnostic tool. Medical prac-
titioners and cardiologists alike use the ECG to observe the
electrical activity of the heart for determining whether any
indications as to heart disease exist. It is thus widely
accepted that the ECG is an extremely useful and, impor-
tantly, non-invasive diagnostic tool. Indeed, it is the only
practical non-invasive method of recording the electrical
activity of the heart, and importantly, it is the first laboratory
test performed in a patient with chest pain, syncope or
presyncope, the two major markers of potential cardiovas-
cular catastrophe.

[0009] The ECG reflects an electrical phenomenon that
can be altered identically by a variety of functional and
anatomic disorders. It is recognised, however, that the
resting ECG is not a very sensitive or specific marker for
occult heart disease, and accordingly the prognostic value of
many ECG abnormalities is unclear. Limitations of the use
of the ECG for diagnosis include the difficulty of recognis-
ing small changes in voltage and time intervals, and the
dependence upon deductive analysis by a specialist. Fur-
thermore, intracardiac studies demonstrate that changes of
conduction or cycle length in the order of few milliseconds
may result in delay or blockage of an impulse, and such
changes may not be evident from a surface ECG.

[0010] The available methods of ECG analysis are pres-
ently limited, and current diagnostic procedures are largely
based on visual interpretation of the ECG signal by a skilled
medical practitioner. Such interpretation of the ECG is a
process requiring detailed visual analysis of the frequency
and amplitude of signal elements and signal patterns repre-
senting the heart muscle function in operation. Furthermore,
reading an individual ECG only provides an indication of
heart function at a particular moment in time, and is highly
dependent upon the expertise and experience of the medical
practitioner viewing a print of the patient’s ECG signal. The
process of manually analysing an ECG signal may be time
consuming, and is to a large extent subjective.

[0011] Presently, the most common form of assessment is
based on an analysis of the resting ECG. However, it is
known that patients with clinically significant coronary
artery disease often have a normal resting ECG. Further,
clinical studies have shown that 25% to 50% of patients with
a history of chest pain due to documented coronary artery
disease have normal resting ECG when they are pain free.

[0012] Known methods of heart assessment are generally
based on the visual analysis of the resting ECG in the time
domain. The technique involves consideration of the shape
of the various complexes and segments making up the ECG



US 2005/0027202 Al

waveform, and the counting of features such as notches
and/or slurs in an ECG trace. The technique may also
include investigation of such parameters as conduction
intervals of electrocardial signals through the tissue. Such
features and parameters may only become visible 1o the
experienced medical practitioner or cardiologist once a
problem is already present that signifies irreversible pathol-
ogy.

[0013] An example human ECG is shown in FIG. 1. As
can be seen, the heart rhythms traced by the ECG are
rhythmic and repeating. The variation in amplitude of the
electrical signal is due to the polarisation and depolarisation
of different arcas of the heart as part of each rhythmic
pumping cycle. While the ECG generated depends on
numerous factors, a skilled cardiologist will nonetheless
often be able to notice anomalies in an otherwise normal
looking ECG. However, reading an individual ECG effec-
tively provides only a “static” picture of the heart function
over a particular short time period, such as a few minutes,
and does not allow for analysis of historical trends in a
patient’s heart function.

[0014] The ECG trace shown in FIG. 1 details several
peaks and troughs in the amplitude of the electrical signals
associated with the normal supraventricular rhythm and
these are labelled sequentially with the letters P, Q, R, S, T
and U within each rhythmic period. Analysis of the ampli-
tude characteristics of particular parts of the rhythm can
provide information concerning heart function for particular
parts of the heart pumping cycle. The portion of the cycle
which starts at the beginning of the trough marked Q and
ends after the trough marked S is termed the “QRS complex”
or “QRS interval”. It is known that the prolongation or
shortening of the QRS complex relates to changes in the
ventricular conduction velocity within the His-Purkinje sys-
tem and indicates pathological processes associated with
ischemia or infarction. The accuracy of QRS interval deter-
mination presents a problem concerning time domain analy-
sis of ventricular rhythms. Visual estimation of the duration
of the QRS complex can be relatively accurate for approxi-
mation purposes, but precise localisation of onset and offset
of the QRS complex to within a few milliseconds can be
difficult, particularly at more rapid heart rates and where
signal noise is present. QRS interval measurements derived
from visual estimation may also be affected by different
abilities among medical practitioners and consequent limi-
tations in subjective accuracy.

[0015] The portion of the cycle which starts at the begin-
ning of the trough marked S and ends at the peak marked T
is termed the “ST segment”. Traditionally, changes to the ST
segment and the T wave have been utilized for detection of
myocardial ischemia or infarction. In considering the ST
segment, most practitioners employ one of two standards for
determining the portion of the ECG waveform for closest
analysis. The first of these standards involves consideration
of the period of 60 milliseconds following the point S of the
ECG waveform, whereas the alternative standard involves
consideration of the period of 80 milliseconds following this
point.

[0016] Of course, other complexes and/or segments of the
ECG waveform also include information relevant to the
analysis of heart function.

[0017] In view of the aforementioned limitations of con-
ventional time domain analysis, spectral evaluation of the
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ECG signal in the frequency domain has been proposed.
However, no method of spectral evaluation as yet been
widely accepted as an alternative to the conventional analy-
Sis.

[0018] Further methods of ECG analysis that have been
studied include those directed to variability in heart rate,
detection of late potentials, changes in R wave amplitudes,
and various spectral mapping techniques. As yet, none of
these have been found to be as useful or effective for
assessment of heart function as current methods, and their
clinical use is as yet unproven.

[0019] Accordingly, known methods of heart function
analysis while useful, suffer from a number of limitations.
These include the fact that these methods are inherently
static, in that they consider an individual ECG that can only
provide a picture of heart function at a particular moment in
time. Furthermore, the assessment depends upon the exper-
tise of specialists performing a visual analysis of ECG
traces, which may be subjective, and of limited sensitivity.
Furthermore, in order to facilitate such visual assessment,
standard equipment incorporates filters and/or amplifiers,
which may exclude potentially significant information and/
or obscure signals of interest. It may be difficult to discrimi-
nate between noise and signs of possible disfunction such as
late potentials. Additionally, inconsistent definitions of
abnormal findings may be applied by different medical
practitioners.

[0020] However, despite these limitations, improved
methods of non-invasive heart monitoring have yet to be
widely introduced.

[0021] In light of the above, it is desired to provide a
method and system which enables objective analysis of ECG
data relating to complexes and/or segments of the ECG
signal by providing a numerical indication concerning heart
function. Such an indication would assist medical practitio-
ners to determine whether a patient may be at risk of being
affected by heart disease.

[0022] Any discussion of documents, devices, acts or
knowledge in this specification is included to explain the
context of the invention. It should not be taken as an
admission that any of the material formed part of the prior
art base or the common general knowledge in the relevant art
on or before the priority date of the claims herein.

SUMMARY OF THE INVENTION

[0023] 1In one aspect, the present invention provides a
method of processing ECG signals comprising the steps of:

[0024] extracting data from at least one ECG signal;
[0025] determining a time derivative of said data; and
[0026] generating a normalised index value represen-

tative of the energy in said time derivative.

[0027] Accordingly, the invention provides for the gen-
eration of a single index value from an ECG signal, that is
characteristic of the signal and therefore of the current heart
function of the patient. A particular benefit of the invention
is that this index may be monitored dynamically over a
period of time in order to observe historical trends in the
index. Any substantial changes in the magnitude of the index
for a particular patient may be indicative of changes in heart
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function of the patient, and may therefore be used to alert a
medical practitioner to the possibility of abnormal heart
function requiring further investigation and diagnosis.
Changes in the ECG signal that result in substantial changes
in the index value may not be readily observable by visual
inspection of the ECG trace, and the index may therefore be
used as an early indicator of possible heart dysfunction.

[0028] The step of generating a normalised index value
preferably comprises:

[0029] determining frequency components of said
time derivative; and

[0030] calculating a normalised index value repre-
sentative of the energy in said frequency compo-
nents.

[0031] Tt is particularly preferred that the step of deter-
mining frequency components includes computing a Fourier
transform of said time derivatives. Preferably, said Fourier
transform is a discrete Fourier transform, and in a particu-
larly preferred embodiment is a 512 point discrete Fourier
transform. Improved efficiency of an implementation of the
method may be realised when the discrete Fourier transform
is computed using a Fast Fourier Transform (FFT) algo-
rithm.

[0032] In preferred embodiments, the step of calculating a
normalised index value comprises calculating a normalised
sum of the squares of the magnitudes of said frequency
components.

[0033] The ECG signals may comprise signals from any
one or more of up to 12 leads of a standard 12-lead ECG
recorder.

[0034] Tt is preferred that said normalised index value is
computed according to:

1 n
normalised index value = Z {—Z Fz}
ey

R

[0035]

[0036] R represents one or more of up to 12 leads of
a standard 12-lead ECG;

0037] F.represents the magnitude of frequency com-
i rep g q y
ponents of said time derivative; and

[0038] n is the total number of said frequency com-
ponents.

wherein:

[0039]

steps of:

[0040] determining the times of onset and termina-
tion of selected complexes and/or segments of said
ECG signals; and

[0041] copying each of said sclected complexes and/
or segments into a data record to create said
extracted data.

The step of extracting preferably comprises the

[0042] The selected complexes and/or segments may com-
prise QRS complexes of said ECG signals.
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[0043] In some embodiments of the method, the step of
determining the times of onset and termination of a selected
QRS complex comprises identifying local minima in the
ECG signal corresponding to the points Q and S according
to the equations:

Alty-a), Alty-2), AltgD)>A 1) <Allgun), Altgrn), Allgia)
AOS—S)’ A(IS*Z)’ A(ts—1)>A(ts)<A(ts+1)’ A(ts+2)> A(ts+3)

[0044] wherein A(t;,) is an amplitude of the ECG signal at
the time corresponding to the i sample point, t, s the time
of onset of the QRS complex corresponding to the point Q,
and t. is the time of termination of the QRS complex
corresponding to the point S.

[0045] The ECG signals preferably comprise signals from
any one or more of up to 12 leads of a standard 12-lead ECG.
In preferred embodiments, the invention thus provides the
advantage of being compatible with existing standard ECG
recording equipment.

[0046] A standard duration of a selected QRS complex
may be determined for each of said leads as the average of
the time intervals between the time of onset and the time of
termination of a plurality of ECG signals received from each
of said leads.

[0047] Alternatively, a standard duration of a selected
QRS complex may be one of 60 milliseconds, 80 millisec-
onds, 100 milliseconds or 120 milliseconds, and the times of
onset and termination of said selected QRS complex may be
determined such that the selected complex is centred on an
R peak of the ECG signal.

[0048] The selected complexes and/or segments may alter-
natively comprise ST segments of ECG signals.

[0049] The onset of said ST segments may be determined
as the time t, of a local minimum in the ECG signal
corresponding to point S according to the equation:

Allss), Alts2), Alla1)>Al) <Allerr), Alta2), Allers)

[0050] wherein A(t;,) is an amplitude of the ECG signal at
the time corresponding to the i sample point.

[0051] In preferred embodiments, the duration of each of
said ST segments is either 60 milliseconds or 80 millisec-
onds.

[0052] If will therefore be appreciated that, in at least
preferred embodiments, the invention enables a complex
and/or segment of the ECG signal to be identified and
selected in a fully automated manner, and that accordingly
no specialised expertise is required to inspect and interpret
the ECG trace in order to compute the normalised index.

[0053] In particularly preferred embodiments, said step of
extracting includes sampling said ECG signalling data to
provide digitized ECG signals. Said sampling is preferably
carried out at a sample rate of approximately 1000 Hz.

[0054] In another aspect, the present invention provides an
apparatus for processing ECG signals comprising:

[0055] an extractor for extracting data from at least
one ECG signal;

[0056] a differentiator for determining a time deriva-
tive of said data; and
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[0057] an index value generator for generating a
normalised index value representative of the energy
in said time derivative.

[0058] The generator preferably comprises:

[0059] a spectrum calculator for determining fre-
quency components of said time derivative; and

[0060] an index value calculator for calculating a
normalised index value representative of the energy
in said frequency components.

[0061] In apreferred embodiment, the spectrum calculator
determines frequency components of said time derivative by
computing a Fourier transform of said time derivative using
a Fast Fourier Transform (FFT) algorithm, and the index
value calculator calculates a normalised sum of the squares
of the magnitudes of the frequency components determined
by the spectrum calculator.

[0062] The ECG signals may comprise signals from any
one or more of up to 12 leads of a standard 12-lead ECG, and
the index value generator preferably computes a normalised
index value according to the equation:

1o
normalised index value = E {—Z Fz}
e
R

[0063]

[0064] R represents one or more of up to 12 leads of
a standard 12-lead ECG;

[0065] F, represents the magnitude of frequency com-
ponents of said time derivative; and

[0066] n is the total number of said frequency com-
ponents.

wherein:

[0067] The extractor preferably determines the times of
onset and termination of selected complexes and/or seg-
ments in said ECG signals, and copies each of said selected
complexes and/or segments sequentially into a data record to
create said extracted data.

[0068] The selected complexes and/or segments may com-
prise QRS complexes or ST segments of said ECG signals.

[0069] In yet another aspect, the present invention pro-
vides a method of identifying possible abnormalities of heart
function of a patient comprising:

[0070] extracting data from each of a plurality of
ECG signals of said patient gathered over a plurality
of respective time periods;

[0071] determining a plurality of respective time
derivatives of said extracted data;

[0072] generating a plurality of respective norma-
lised index values representative of the energy in
said time derivatives; and

[0073] comparing said normalised index values over
said plurality of time periods to identify possible
abnormalities of heart function of said patient.
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[0074] In preferred embodiments, the step of comparing
includes calculating a mean value of said normalised index
values, an upper bound value above said mean value, and a
lower bound value below said mean value, and comparing
each of said normalised index values with said upper and
lower bound values to identify possible abnormalities of
heart function of said patient. It is preferred that the upper
and lower bound values are calculated as values representing
a specified fractional deviation from said mean value. The
fractional deviation may be, for example, a 10% deviation.

[0075] The step of comparing preferably includes gener-
ating a graph of said normalised index values as a function
of time. Also preferably, the graph includes indications of
said mean value, said upper bound value and said lower
bound value.

[0076] The step of comparing preferably includes identi-
fying possible abnormalities of heart function of said patient
if one or more said normalised index values falls outside the
range bounded by said upper and lower bound values.

[0077] In still another aspect, the present invention pro-
vides a system for identifying possible abnormalities of
heart function of a patient comprising:

[0078] an extractor for extracting data from each of a
plurality of ECG signals of said patient gathered over
a plurality of respective time periods;

[0079] a differentiator for determining a plurality of
respective time derivatives of said extracted data;

[0080] an index value generator for generating a
plurality of respective normalised index values rep-
resentative of the energy in said time derivatives; and

[0081] an index value comparator for comparing said
normalised index values over said plurality of time
periods to identify possible abnormalities of heart
function of said patient.

[0082] The system preferably comprises a computer hav-
ing a display, and said index value comparator is preferably
configured to generate a graph of said normalised index
values as a function of time on said display.

[0083] The index value comparator may further be con-
figured to calculate a mean value of said normalised index
values, an upper bound value above said mean value, and a
lower bound value below said mean value, and to include
indications of said mean value, said upper bound value, and
said lower bound value in the graph displayed on said
display.

[0084] In a further aspect, the present invention provides
a system for processing ECG signals of a patient compris-

ing:
[0085] a server computing system configured to

receive digitized ECG signals over a data network,
and including a processor configured to form the

steps of:

[0086] extracting data from at least one ECG sig-
nal;

[0087] determining a time derivative of said

extracted data; and
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[0088] generating a normalised index value repre-
sentative of the energy in said time derivative, and

[0089] a database associated with said server for
storing said normalised index value and/or digitized
ECG signals in a data record of said patient.

[0090] In a still further aspect, the present invention pro-
vides a system for gathering ECG signals of a patient for
processing, said system comprising:

[0091] ECG apparatus for monitoring and digitizing
ECG signals of said patient; and

[0092] a client computing system configured to
receive digitized ECG signals from said ECG appa-
ratus, and to transmit said digitized ECG signals over
a data network to a server computing system,

[0093] said server including a processor configured
to perform the steps of:

[0094] extracting data from said digitized ECG
signal;
[0095] determining a time derivative of said

extracted data; and

[0096] generating a normalised index value repre-
sentative of the energy in said time derivative.

[0097] Preferably, the client is further configured to
receive one or more generated normalised index values from
said server, and to display a graph of said normalised index
values to enable a user of said client to identify possible
abnormalities of heart function of said patient.

BRIEF DESCRIPTION OF THE DRAWINGS

[0098] Preferred embodiments of the present invention
will now be described, without limitation upon the overall
scope of the invention, with reference to the accompanying
drawings in which:

[0099] FIG. 1 is an example ECG trace of a normal
supraventricular rthythm of a human heart;

[0100] FIG. 2 is a block diagram of a system for process-
ing electrocardial signals;

[0101] FIG. 3 is a block diagram of a client-server
arrangement for use with a system for processing electro-
cardial signals;

[0102] FIG. 4 is an example display screen of a software
application running on the system for 30 processing elec-
trocardial signals;

[0103] FIG. 5 is a block diagram of an apparatus for
processing ECG signals according to a preferred embodi-
ment of the invention;

[0104] FIG. 6 is a flow chart illustrating a preferred
method of computing a normalised index value in accor-
dance with the invention; and

[0105] FIGS. 7A and 7B are charts illustrating the dif-
ferences in the spectral patterns for normal (control) and
abnormal (induced ischemia) heart function during two
stages of animal study, the spectra being computed in
accordance with a preferred embodiment of the invention.
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DETAILED DESCRIPTION OF EMBODIMENTS
OF THE INVENTION

[0106] Referring to FIG. 2, a computer system 10 for
executing information processing according to embodiments
of the invention is provided with a signal processor 12 and
display module 14. The computer system 10 is adapted to
receive ECG signals 20 from a patient 8 as noisy analogue
signals. These analogue signals may be conditioned accord-
ing to normal ECG signal conditioning techniques to place
the signals 20 in a form which is suitable for digital sampling
and are stored in the computer system at least temporarily
but preferably in non-volatile memory. The ECG signals 20
are derived from one or more of up to twelve leads of the
standard 12-lead ECG, and preferably include ECG signals
from all twelve leads.

[0107] The signal processor 12 is configured to sample the
ECG signals 20 at a rate of about 1000 Hz for digitisation
thereof. The signal processor 12 then extracts the digitised
samples corresponding to a selected complex and/or seg-
ment within the ECG signals 20 such as the QRS complex
or ST segment, either randomly selecting spaced complexes
and/or segments within the time period over which the ECG
signals 20 were read from the patient 8, or by extracting
consecutive sequences of such complexes and/or segments.
Further processing of the digitised ECG signals 20 is
described below. The signal processor 12 outputs to the
display module 14 a normalised index value calculated from
the processed ECG signals 20 and this can be viewed
through an interface 100 such as that exemplified in FIG. 4,
where normalised index values from other samples of ECG
signals 20 can be viewed for comparison. The normalised
index value (the derivation method of which is described
later) is hereinafter referred to as the HeartGuard Index
(HGI) value.

[0108] Although the signal processor 12 is shown in FIG.
2 as a single element, it is made up of a collection of
hardware and software modules, which are available com-
mercially.

[0109] As an alternative to receiving as input the ECG
signals 20, the computer system 10 may receive stored ECG
data 22 as input. The stored ECG data 22 may be stored on
a storage medium local to the computer system 10 or in a
database (such as ECG database 60 shown in FIG. 3) in
communication with the computer system 10. As a further
alternative the stored ECG data 22 may be stored remotely
and transmitted to the computer system 10 over a network
such as the Internet.

[0110] The process of generating HGI values is now
described with reference to FIG. 5. The figure shows a block
diagram of the signal processor 12, in which the main signal
processing elements are illustrated in greater detail. In a
preferred embodiment, each signal processing element is
implemented as a software module and may be implemented
using available signal processing toolkits, applications and/
or libraries.

[0111] A standard 12-lead electrocardiogram is recorded
by a common ECG recorder and saved onto computer
memory 502. Any selected complex and/or segment of the
unfiltered ECG from one or more of up to twelve leads of the
standard 12-lead ECG, may be the subject of the presently
described numerical analysis. In the following description,
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analysis of the QRS complex and ST segment is described
by way of example. The ECGs from each of these leads are
recorded for approximately two minutes. The recorded sig-
nals may be digitised using any suitable commercially
available analog/digital hardware, preferably with 16-bit
accuracy at a sampling rate of 1000 Hz, and saved on the
computer system 10 for later analysis. It will be appreciated
by those skilled in the art that ECG recorders are available
commercially that include the necessary and log/digital
conversion hardware, and that accordingly are able to pro-
vide the signals to computer system 10 in a suitable digital
form.

[0112] Asingle QRS complex of the digitised ECG wave-
form may be identified by determination of the onset and
termination by comparison of the respective amplitude val-
ues which are smaller than those of at least three preceding
and three following neighbouring points, respectively. This
effectively means that the minimum of the Q and S troughs
are selected as the onset and termination points. The times
t, and t, of onset and termination respectively of the QRS
complex are determined as follows:

A (tq—3)> A (tq72)> A(tq—1)>A (tq) <A (tq+1)> A (tq+2).' A (tq+3)
At ), Alts0), Al )>Al) <Al 1), Allsrn), Allsrs)

[0113] wherein A(t;) is an amplitude of the ECG signal at
the time corresponding to the i™ sample point, t, is the time
of onset of the QRS complex corresponding to the point Q,
and t, is the time of termination of the QRS complex
corresponding to the point S.

[0114] The individual QRS complexes thus identified are
then extracted by signal extractor 508, which copies them
into a new data record containing only the selected QRS
complexes. The identified QRS complexes may be extracted
in sequence or instead a random selection of identified QRS
complexes may be extracted.

[0115] The first derivatives of the multiple QRS com-
plexes of the unfiltered signal-averaged ECG are then cal-
culated by differentiator 506. The normalised index value
generator 508 computes a normalised index value that is
representative of the energy in the time derivative. In a
particularly preferred embodiment of the invention, the
normalised index value generator 508 first determines fre-
quency components of the time derivative, and then calcu-
lates a normalised index value representative of the energy
in the frequency components. Specifically, the normalised
index value is preferable a normalised sum of the squares of
the magnitudes of the frequency components.

[0116] The preferred method of computing the normalised
index value is illustrated in the flow chart of FIG. 6. The
input to the process is the calculated time derivative 602,
which in a preferred embodiment consists of 512 samples of
the extracted signal constructed by the signal extractor 504.
A512-point Fast Fourier Transform (FFT) is then performed
604 on the entire set of QRS extracted complexes of the
surface ECG. The FFT is performed on the QRS complexes
of each of the chosen leads. The magnitudes Fi of the
FFT-transform data 606 are then squared, summed and
normalised 608 to obtain the normalised energy 610 EQRS
value of the computed high-frequency signal from each of
the leads, as follows:
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Egps = (1 /N)Z F? (n=512).

=1

[0117] The significance of considering the time derivative
data in the frequency domain may be appreciated from the
corresponding frequency spectra shown in FIGS. 7A and
7B. FIG. 7A shows the calculated frequency spectrum of the
time derivative of the extracted QRS complexes of a par-
ticular subject with normal heart function. The subject in this
case Is a greyhound as studied in the preclinical animal
studies. FIG. 7B shows the calculated spectrum for the same
subject with an induced ischemia. Comparison of the spectra
of FIG. 7A and 7B clearly reveals the reduction in energy
in the spectrum, and in particular in the magnitude of the
higher frequency peaks of the spectrum. Accordingly, the
energy in the time derivative, as preferably observed by way
of the calculated frequency spectrum, could be a good
indicator of abnormal heart function.

[0118] The HGI is determined as a mathematical summa-
tion of normalised energy values over the elected leads and
expressed as follows:

HGI = Z{(L my. F,?}, (n=512).
i=1

R

[0119] where R represents one or more of up to 12 leads
of a standard 12-lead ECG, conventionally labelled L, I, I1I,
avR, avl, avE, V|, V,, V,, V,, V5 and V,. A global HGI
value, HGI, is defined to be the HGI value computed over
all 12 leads. It will be understood that individual HGI values,
referred to as regional HGI values (HGI), may be computed
for each individual lead, and that corresponding HGI values
may be computed for any chosen combination of leads.

[0120] Alternative values of n can be used for the FFT and
subsequent calculations, such as 256, 1024 or other powers
of 2.

[0121] As previously described, the signal extractor 504 is
required to extract a random selection, or more preferably a
sequence, of identified QRS complexes. It will be appreci-
ated that since the ECG signal is derived in real time from
a patient, the relative times of onset and termination, and
hence the length, of each sequential QRS complex may not
be identical. However, it may be inconvenient for the signal
extractor 504 to construct a data record consisting of
selected complexes of varying length, and it is not antici-
pated that the method of the present invention is particularly
sensitive to the precise determined times of onset and
determination of the selected complex and/or segment of the
ECG signal. Accordingly, it is preferred to determine a
standard length of the QRS complex for each lead of the
standard 12-lead ECG, which is computed as a mean value
of the lengths of all of the selected QRS complexes for the
lead. In a particularly preferred embodiment, these up to
twelve standard length values may be recorded and fixed for
each individual patient whose ECG signals are analysed
according to the method of the invention.
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[0122] In a further alternative embodiment of the method,
a selected fixed standard length may be used for the QRS
complexes, the selected complex of said standard length
being centred on the R peak. Suitable values of the fixed
standard length are preferably 60, 80, 100 and/or 120
milliseconds.

[0123] HGI values corresponding to the ST segment may
be computed using the same method. The time of onset of
the ST segment is preferably determined as the minimum of
the S trough according to the same method used to determine
the time of termination of the QRS complex. That is, the
time T, of onset of the ST segment is determined as:

A(tss)s A(ts—2)s A(ts—1)>A(ts)<A(ts+1): A(ts+2)s A(ts+3)

[0124] wherein A(t,) is an amplitude of the ECG signal at
the time corresponding to the i™ sample point.

[0125] The termination time of the ST segment is deter-
mined by fixing the duration of the segment to one of the two
so called “golden standard” values commonly employed by
expert medical practitioners such as cardiologists. That is,
the duration of the ST segment may be established as either
60 milliseconds or 80 milliseconds, depending upon the
standard chosen.

[0126] Further processing of the extracted ST segment
signals is conducted in the same manner as previously
described for computing the HGI values based on the QRS
complex.

[0127] Once an HGI value is generated by the computer
system 10, it is displayed on display module 14. Shown in
FIG. 4 is an interface 100 which is hosted by display module
14. The displayed HGI value may be the global HGI value
computed from analysis of the QRS complex, ST segment,
or any other selected complex or segment. It may alterna-
tively be any other HGI value, such as a regional HGI,
HGIg, computed from a single lead or combination of leads.
Preferably, the operator is able to select from any such
computed HGI values for display, as each may reveal
different possible heart function abnormalities.

[0128] The interface 100 has an index display portion 105
for displaying different HGI values 108 generated over time.
The index display portion 105 also includes a mean index
line 1ll which represents a normal or “average” index value
for the particular patient under consideration. An upper
bound line 110 and lower bound line 112 represent accept-
able of upper and lower bounds for variation of the index
values 108. Upper and lower bound lines 110, 112 represent
a fixed deviation from mean index line 111, for example,
such as a 10% deviation. The mean index line 111 is
calculated as the mean of the HGI values over the full period
(eg. 20 years) for which the HGI values are calculated from
the stored (or real-time) ECG data.

[0129] Each of the index values 108 shown in the index
display portion 105 represents an HGI value determined
from ECG data taken at a particular time in the relevant
patient’s life. Some variation in magnitude of the index
values 108 is natural over time, and in fact the mean index
line 111 may change slightly to account for aging as the
patient ages over long periods of time. In viewing the index
display portion 105, the medical practitioner will take par-
ticular note of index values 108 which fall outside of the
upper and lower bound lines 110, 112 as these exceptional
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values indicate that the heart may not be functioning in a
healthy manner. Particularly where large deviation from the
mean index line 111 is apparent, the medical practitioner will
be alerted to the possibility of abnormal heart function and
can take steps to further investigate any such possible
abnormal functions.

[0130] An additional feature of the interface 100 is that it
allows for display of an electrocardiogram 120 in response
to selection by the medical practitioner of an index value 108
for a particular time. The electrocardiogram 120 corre-
sponds to one of the stored ECG signals 121, 122, 123,
which may correspond to different standard ECG leads
and/or to ECG recordings of a patient taken at different
times. For example, in FIG. 4, ECG signals 121, 122
correspond to signals derived from lead I recorded on two
different dates, while ECG signal 123 corresponds to the
signal derived from lead III on a third distinct date. The
electrocardiogram 120 shown in FIG. 4 corresponds to only
one of the three ECG signals from which the HGI value 108
is determined. Alternatively, the electrocardiogram 120 may
correspond to signals from a lead not used in determining the
HGI value.

[0131] The methods of the described embodiments may be
executed locally or remotely, in software or hardware or a
combination of both. It is not necessary that the analysis of
the ECG signals 20 derived from a patient 8 be performed
in real time. The gathered ECG signals may be stored and
analysed at the convenience of the medical practitioner or
even forwarded to other practitioners for their comment or
analysis.

[0132] Referring now to FIG. 3, embodiments of the
invention are particularly suited to arrangements involving
communication of the ECG data over a network for remote
analysis. For example, a client 40, such as a medical
practitioner may send gathered ECG data over a network 435,
such as by uploading a file over the Internet, to a server 5 for
storage or processing according to the invention. The server
50 in this sense performs a function analogous to the system
10 shown in FIG. 2 as it is adapted to perform signal
processing functions on the received ECG data and to
provide the output of such processing to a display module
(not shown), either local to the server 50 or located at the
client site 40. The server 30 communicates with an ECG
database 60 for storing ECG data and HGI values generated
from that data relating to a particular patient in a patient
record. This enables medical practitioners to retrieve HGI
data and ECG data, and view that data via interface 100
using a web browser, for example, thereby saving the
medical practitioner the trouble of storing that patient infor-
mation locally over a long period of time.

[0133] Additionally, the server 50 may provide HGI val-
ues or a display thereof (if the software is not installed
locally to the client) back to the client 40 immediately in
response to receiving ECG data therefrom. This enables the
medical practitioner to view the HGI value generated from
data which has just been recorded, together with HGI values
and ECG traces from previous recordings (stored on the
ECG database 60 but which are returned to the client 40
from the server 50 along with the newly generated HGI
value).

[0134] The network 45 may take any appropriate form
such as a local area network, wide area 30 network or other
open or closed networks.
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[0135] As communication and computer technology con-
tinues to improve, it is envisioned that the interface 100 can
be provided on small wireless devices or other computer
technology used by medical practitioners to view and anal-
yse information generated according to embodiments of the
invention.

[0136]

[0137] The QRS complex morphology normally plays
relatively little part in cardiac diagnosis beyond ventricular
hypertrophy and infarction, and conduction abnormalities.
However, the QRS complex represents ventricular systole
and thus is the correlate of the critical energy-utilising step
within the cardiac cycle. It was therefore postulated by the
inventors that detailed analysis of the energy generated
within the QRS complex in the surface ECG may yield
incremental physiological and/or pathophysiological infor-
mation. Studies were therefore conducted to verify the
usefulness of the HeartGuard index as an indicator of
cardiac health and an ECG marker.

[0138] Preclinical studies were undertaken in greyhounds
and an experimental model was created to evaluate the
sensitivity of the presently developed ECG data analysis
technique (which outputs the HGI values).

[0139] Atrial and ventricular epicardial electrograms were
recorded before and during LAD (left arterial descending
vessel) occlusion; after 10 minutes of ischemia the ligature
was released and recordings made following reperfusion. In
order to obtain preliminary data regarding possible patho-
physiological significance of the HGI as an ECG marker,
electrocardiograms were analysed prior to, during, and after
induction of regional ischemia. The findings reveal essen-
tially the differences in the frequency spectral patterns of
ventricular electrocardiograms between each of the record-
ings, namely control, ischemia, and reperfusion. The find-
ings were independent of the time frame after onset of the
electrocardiogram (40-120) ms. For each period of recorded
electrocardiogram, HGI values were computed and in all
animals ischemia produced a reversible decrease of HGI
values with return to the control level after about five
minutes of reperfusion. The results were the same irrespec-
tive of whether early parts of the ventricular electrogram of
40 ms in duration or up to 120 ms in duration were analysed.
In summary, the HGI values tended to decrease during
induction of ischemia, and returned towards normal during
or following reperfusion.

[0140]

[0141] Continuous 12-lead ECG monitoring is a com-
monly used tool for detecting episodes of myocardial
ischaemia. Traditionally, changes to the ST-segment and the
T-wave, as assessed by expert medical practitioners, have
been utilised for detection of myocardial ischaemia/infarc-
tion.

[0142] Tt has been proposed by the inventors that the HGI
may be a more sensitive indicator of acute coronary occlu-
sion compared to ST-segment deviation.

[0143] Clinical studies were therefore conducted, the pur-
pose of which was to determine the HGI values and to
compare the incidence and magnitude of ST-segment and
HGI changes during pacing-induced stress and percutaneous
coronary angioplasty (PTCA) procedures.

Animal Studies

Clinical Studies
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[0144] High frequency QRS complex and ST-segment
recordings were utilised to compare the sensitivity of the
two different methods for detecting ischaemic episodes.

[0145] The clinical studies verified the usefulness of the
HGI as an indicator of cardiac health and an ECG marker.
Four investigations undertaken to date utilising ECG record-
ings have established the following results concerning the
derived HGI value:

[0146] In young normal subjects, HGI values fluctu-
ated minimally during normal routine activity or
moderate exertion. The coefficient of variability on
repeat estimates on different days was less than 10%.

[0147] In patients aged 40+ years with known coro-
nary artery disease, HGI fluctuations over a
30-minute period preceding potential coronary
angioplasty were over 20% in the absence of anginal
symptoms.

[0148] Occlusions of a major epicardial coronary
artery at angioplasty for 90-120 seconds lead to more
than 25% fluctuation in HGI values, irrespective of
presence/absence of S-T fluctuations.

[0149] The extent of the fluctuation in HGI values
with atrial pacing-induced myocardial ischaemia
tends to be significantly greater than in patients
without tachycardia-induced ischaemia. HGI
changes of more than 25% occurred only in patients
with reversible ischaemia, the mean variation being
30%, as compared with only 8% in patients without
the condition.

[0150] In summary, the studies demonstrated that changes
in HGI values occur frequently in patients with known
myocardial ischemia.

[0151]
[0152] occur in some patients during coronary occlu-

sion in the absence of diagnostic S-T segment
changes; and

[0153] appear to correlate with presence of inducible
ischemia.

Fluctuations in HGI:

[0154] 1t was further concluded from the studies that
continuous 12-lead ECG monitoring with computerised
combined analysis of

[0155] fluctuations in QRS-based global HGI (HGI ;)
and regional HGI (HGIy), and

[0156] ST-based HGI (HGI4)

[0157] could provide a sensitive and specific means for
early detection with the localization of myocardial
ischaemia.

[0158]

[0159] The use of the present methodology in heart assess-
ment is advantageous due to its character as a practical
non-invasive method of heart monitoring which provides an
ECG marker as an indicator as to the presence of intracar-
diac events. The results of the studies suggest that ongoing
HGI monitoring for an objective analysis of ECG will
provide a medical practitioner with an early indication of
possible problems.

Conclusion
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[0160] The HGI permanent recording is advantageous for
monitoring the health of a person’s heart over his/her
lifetime, with the required adjustments for the individuals’
baseline (average/normal HGI values) being made periodi-
cally as effects such as aging, and therefore heart deterio-
rations progress. Fluctuations of the computed HGI values
within or outside of an acceptable, time adjustable range
provide a criterion for more detailed consideration of the
individuals’ heart condition by a medical practitioner.

[0161] Advantageously, embodiments of the invention
allow for regular screening of a patient’s cardiac health to be
conducted so as to identify possible problems and allow for
preventative therapy to be initiated. Additionally, if a patient
undergoes therapy or treatment for a cardiac disorder,
embodiments of the invention allow for monitoring of the
patient during and/or after that treatment or therapy in order
to quantify the impact or effectiveness of the treatment.
Embodiments of the invention thus provide a medical prac-
titioner with a view of the dynamic of the HGI values over
time, allowing the practitioner to observe changes in a
patient’s cardiac health.

[0162] An additional advantage is provided by the avail-
ability of centralised storage and processing of ECG data as
well as retrieval of historical ECG data, HGI values and
related information over a network, regardless of the loca-
tion of the patient.

[0163] The presently described method, system and appa-
ratus constitute a useful tool for cardiac health assessment,
allowing comparative analysis of the condition of the under-
lying cardiac anatomy and electrical functions for support-
ing clinical decision making.

We claim:

1. A method of processing ECG signals comprising the
steps of:

extracting data from at least one ECG signal;
determining a time derivative of said data; and

generating a normalised index value representative of the
energy in said time derivative.
2. The method of claim 1 wherein the step of generating
a normalised index value comprises:

determining frequency components of said time deriva-
tive; and

calculating a normalised index value representative of the

energy in said frequency components.

3. The method of claim 2 wherein the step of determining
frequency components includes computing a Fourier trans-
form of said time derivatives.

4. The method of claim 3 wherein said Fourier transform
is computed using a Fast Fourier Transform (FFT) algo-
rithm.

5. The method of claim 2 wherein the step of calculating
anormalised index value comprises calculating a normalised
sum of the squares of the magnitudes of said frequency
components.

6. The method of claim 1 wherein said ECG signals
comprise signals from any one or more of up to 12 leads of
a standard 12-lead ECG.
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7. The method of claim 1 wherein said normalised index
value is computed according to:

1
normalised index value = Z {— Z Flz}
n i=1
R

wherein:

R represents one or more of up to 12 leads of a standard
12-lead ECG;

F, represents the magnitude of frequency components of
said time derivative; and

n is the total number of said frequency components.

8. The method of claim 3 wherein said Fourier transform
is a discrete Fourier transform.

9. The method of claim 8 wherein said discrete Fourier
transform is a 512 point discrete Fourier transform.

10. The method of claim 1 wherein the step of extracting
comprises the steps of:

determining the times of onset and termination of selected
complexes and/or segments of said ECG signals; and

copying each of said selected complexes and/or segments

into a data record to create said extracted data.

11. The method of claim 10 wherein said selected com-
plexes and/or segments comprise QRS complexes of said
ECG signals.

12. The method of claim 11 wherein the step of deter-
mining the times of onset and termination of a selected QRS
complex comprises identifying local minima in the ECG
signal corresponding to the points Q and S according to the
equations:

A (tq—_"):)a A (tqu)a A (tq—l) >A (tq) <A(tq+1)> A (tq+2)7 A (tq+3)
Aty 3), Alls2), Alts 1)>A(l)<A(le0), Alls 1) Alleys)

wherein A(t;) is an amplitude of the ECG signal at the
time corresponding o the i™ sample point, t, is the time
of onset of the QRS complex corresponding to the point
Q, and t, is the time of termination of the QRS complex
corresponding to the point S.

13. The method of claim 12 wherein said ECG signals
comprise signals from any one or more of up to 12 leads of
a standard 12-lead ECG, and a standard duration of a
selected QRS complex is determined for each of said leads
as the average of the time intervals between the time of onset
and the time of termination of a plurality of ECG signals
received from each of said leads.

14. The method of claim 11 wherein said ECG signals
comprise signals from any one or more of up to 12 leads of
a standard 12-lead ECG recorder, and a standard duration of
a selected QRS complex is one of 60 milliseconds, 80
milliseconds, 100 milliseconds or 120 milliseconds, and the
times of onset and termination of said selected QRS com-
plex are determined such that the selected complex is
centred on an R peak of the ECG signal.

15. The method of claim 10 wherein the selected com-
plexes and/or segments comprise ST segments of ECG
signals.

16. The method of claim 15 wherein the time of onset of
said ST segments is determined as the time t, of a local
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minimum in the ECG signal corresponding to point S
according to the equation:

Al 5), Al ), Al )>AW) <Al 0), Ally,0), All,s)

wherein A(t;) is an amplitude of the ECG signal at the time

corresponding to the i™ sample point.

17. The method of claim 15 wherein the duration of each
of said ST segments is 60 milliseconds.

18. The method of claim 15 wherein the duration of each
of said ST segments is 80 milliseconds.

19. The method of claim 1 wherein said step of extracting
includes sampling said ECG signalling data to provide
digitized ECG signals.

20. The method of claim 19 wherein said sampling is
carried out at a sample rate of approximately 1000 Hz.

21. An apparatus for processing ECG signals comprising:

an extractor for extracting data from at least one ECG
signal;

a differentiator for determining a time derivative of said
data; and

an index value generator for generating a normalised
index value representative of the energy in said time
derivative.
22. The apparatus of claim 21 wherein the generator
comprises:

a spectrum calculator for determining frequency compo-
nents of said time derivative; and

an index value calculator for calculating a normalised
index value representative of the energy in said fre-
quency components.

23. The apparatus of claim 22 wherein the spectrum
calculator determines frequency components of said time
derivative by computing a Fourier transform of said time
derivative using a Fast Fourier Transform (FFT) algorithm.

24. The apparatus of claim 22 wherein the index value
calculator calculates a normalised sum of the squares of the
magnitudes of the frequency components determined by the
spectrum calculator.

25. The apparatus of claim 21 wherein the ECG signals
comprise signals from any one or more of up to 12 leads of
a standard 12-lead ECG recorder, and the index value
generator computes a normalised index value according to
the equation:

1
normalised index value = Z {—Z Fz}
=

R

wherein:

R represents one or more of up to 12 leads of a standard
12-lead ECG;

F; represents the magnitude of frequency components of
said time derivative; and

n is the total number of said frequency components.

26. The apparatus of claim 21 wherein the extractor
determines the times of onset and termination of selected
complexes and/or segments in said ECG signals, and copies
each of said selected complexes and/or segments sequen-
tially into a data record to create said extracted data.
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27. The apparatus of claim 26 wherein said selected
complexes and/or segments comprise QRS complexes of
said ECG signals.

28. The apparatus of claim 26 wherein said selected
complexes and/or segments comprise ST segments of said
ECG signals.

29. A method of identifying possible abnormalities of
heart function of a patient comprising:

extracting data from each of a plurality of ECG signals of
said patient gathered over a plurality of respective time
periods;

determining a plurality of respective time derivatives of
said extracted data;

generating a plurality of respective normalised index
values representative of the energy in said time deriva-
tives; and

comparing said normalised index values over said plural-
ity of time periods to identify possible abnormalities of
heart function of said patient.

30. The method of claim 29 wherein said step of com-
paring includes generating a graph of said normalised index
values as a function of time.

31. The method of claim 29 wherein said step of com-
paring includes calculating a mean value of said normalised
index values, an upper bound value above said mean value,
and a lower bound value below said mean value, and
comparing each of said normalised index values with said
upper and lower bound values to identify possible abnor-
malities of heart function of said patient.

32. The method of claim 31 further including the step of
generating a graph of said normalised index values as a
function of time, said graph including indications of said
mean value, said upper bound value and said lower bound
value.

33. The method of claim 31 wherein said upper and lower
bound values are calculated as values representing a speci-
fied fractional deviation from said mean value.

34. The method of claim 33 wherein said fractional
deviation is a 10% deviation.

35. The method of claim 31 wherein said step of com-
paring includes identifying possible abnormalities of heart
function of said patient if one or more said normalised index
values falls outside the range bounded by said upper and
lower bound values.

36. A system for identifying possible abnormalities of
heart function of a patient comprising:

an extractor for extracting data from each of a plurality of
ECG signals of said patient gathered over a plurality of
respective time periods;

a differentiator for determining a plurality of respective
time derivatives of said extracted data;

an index value generator for generating a plurality of
respective normalised index values representative of
the energy in said time derivatives; and

an index value comparator for comparing said normalised

index values over said plurality of time periods to

identify possible abnormalities of heart function of said
patient.

37. The system of claim 36 which comprises a computer

having a display, and wherein said index value comparator
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is configured to generate a graph of said normalised index
values as a function of time on said display.

38. The system of claim 37 wherein said index value
comparator is further configured to calculate a mean value of
said normalised index values, an upper bound value above
said mean value, and a lower bound value below said mean
value, and to include indications of said mean value, said
upper bound value, and said lower bound value in the graph
displayed on said display.

39. A system for processing ECG signals of a patient
comprising:

a server computer system configured to receive digitized
ECG signals over a data network, and including a
processor configured to form the steps of:

extracting data from at least one ECG signal;

determining a time derivative of said extracted data;
and

generating a normalised index value representative of
the energy in said time derivative, and

a database associated with said server for storing said
normalised index value and/or digitized ECG signals in
a data record of said patient.
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40. A system for gathering ECG signals of a patient for
processing, said system comprising:

ECG apparatus for monitoring and digitizing ECG signals
of said patient; and

a client computer system configured to receive digitized
ECG signals from said ECG apparatus, and to transmit
said digitized ECG signals over a data network to a
server computer system,

said server including a processor configured to perform
the steps of:

extracting data from said digitized ECG signal,
determining a time derivative of said extracted data; and

generating a normalised index value representative of the

energy in said time derivative.

41. The method of claim 40 wherein said client is further
configured to receive one or more generated normalised
index values from said server, and to display a graph of said
normalised index values to enable a user of said client to
identify possible abnormalities of heart function of said
patient.
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