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Description
TECHNICAL FIELD

[0001] The present disclosure relates to heart testing, and more particularly to systems, devices, and methods for
determining quantitative and/or qualitative indicators of diastolic function.

BACKGROUND

[0002] Hearttesting for coronary heart disease, myocardial ischemia, and other abnormal heart conditions is routinely
performed using an electrocardiogram (ECG), which represents electrical potentials reflecting the electrical activity of
the heart measured via electrodes placed on the patient’'s skin. The heart’s electrical system controls timing of the
heartbeat by sending an electrical signal through the cells of the heart. The heart includes conducting cells for carrying
the heart’s electrical signal, and muscle cells that contract the chambers of the heart as triggered by the heart’s electrical
signal. The electrical signal starts in a group of cells at the top of the heart called the sinoatrial (SA) node. The signal
then travels down through the heart, conducting cell to conducting cell, triggering first the two atria and then the two
ventricles. Simplified, each heartbeat occurs by the SA node sending out an electrical impulse. The impulse travels
through the upper heart chambers, called "atria," electrically depolarizing the atria and causing them to contract. The
atrioventricular (AV) node of the heart, located on the interatrial septum close to the tricuspid valve, sends an impulse
into the lower chambers of the heart, called "ventricles," via the His-Purkinje system, causing depolarization and con-
traction of the ventricles. Following the subsequent repolarization of the ventricles, the SA node sends another signal
to the atria to contract, restarting the cycle. This pattern and variations therein indicative of disease are detectable in an
ECG, and allow medically trained personnel to draw inferences about the heart’s condition. However, not every developing
abnormality is immediately visible in an ECG, and, consequently, many patients are misdiagnosed as healthy.

[0003] A complementary test sometimes performed to evaluate heart condition is a transthoracic echocardiogram,
which uses ultrasound to obtain images of the heart’s valves and chambers and enables ascertaining metrics of heart
movements to quantitatively assess pumping action. These metrics include, for instance, the mitral annular velocities
and the transmitral flow velocities during early and late diastole. As the ventricle relaxes, the mitral annulus (a ring-like
structure that separates the left atrium from the left ventricle) moves towards the base of the heart, signifying the volume
expansion of the ventricle. The peak early diastolic mitral annular velocity, €', measured during early filling, is a metric
of left ventricular diastolic function, and has been shown to be relatively independent of left ventricular filling pressure.
In case of impaired relaxation (diastolic dysfunction), e’ decreases. The peak late diastolic mitral annular velocity, a’,
which is measured after the early relaxation when the ventricular myocardium is passive, is a metric of atrial contraction,
and may likewise serve to quantify diastolic function. In addition to the absolute values of €’ and a’, the early/late ratio
between e’ and a’ can be another useful quantitative indicator. Further, during the two filling phases, there is early (E)
and late (A) blood flow from the atrium to the ventricle, corresponding to the annular velocity phases. The flow is driven
by the pressure difference between atrium and ventricle, and this pressure difference is a function of both the pressure
drop during early relaxation and the initial atrial pressure. With minor diastolic dysfunction, the peak early diastolic
transmitral flow velocity, E, is reduced in proportion to e’, but if relaxation is reduced to an extent that it causes an
increase in atrial pressure, E will increase again, while €’, being less load-dependent, remains low. Thus, the ratio E/e’
is related to the atrial pressure, and can indicate increased filling pressure (although with several reservations). In the
right ventricle, this is not an important principle, as the right atrial pressure is the same as central venous pressure,
which can easily be assessed from venous congestion.

[0004] Echocardiograms are currently the gold standard to diagnose diastolic dysfunction, but, at typical costs on the
order of $200, they are expensive compared, e.g., with ECGs (which cost on the order of $50), and are therefore generally
only used once a problem with heart function, such as a strong heart murmur or a symptom like chest pain or an irregular
heartbeat, has been observed.

[0005] An article entitled "Prediction of Abnormal Myocardial Relaxation from Signal Processed Surface ECG", by P
Sengupta et al (Journal of the American College of Cardiology, 2018, American College of Cardiology Foundation, vol.
71, No 15, 1650-1660) discloses a method of using time-frequency transformed ECG signals as an input to a classifier
to predict abnormal cardiac muscle relaxation.

SUMMARY

[0006] The presentinvention providesa method and system for quantifying diastolic function as defined in the appended
claims.

[0007] Described herein is an approach to estimating indicators of or quantifying diastolic function or dysfunction
(herein also "diastolic indicators") based on ECG measurements, which enhances the utility of ECGs and obviates, in



10

15

20

25

30

35

40

45

50

55

EP 3 834 729 B1

many circumstances, the need for an additional costly echocardiogram. In various embodiments, one or more machine-
learned computational models trained on ECG measurements correlated with parameters obtained by echocardiography
(hereinafter "echocardiogram parameters") (such as, e.g., €', a’, E, A, and ratios) that serve as the ground truth, operate
on ECG-derived features, optionally in conjunction with patient demographic parameters (e.g., age, sex, etc.), to compute
quantitative estimates of the echocardiogram parameters and/or other indicators of diastolic function. The training of the
one or more machine learning models can be supervised. In some embodiments, the echocardiogram parameter esti-
mates are provided as input to another layer of machine-learned computational models, or are otherwise processed, to
compute one or more quantitative indices or scores (e.g., a left ventricular relaxation risk score, a lateral left ventricular
relaxation index, a septal left ventricular relaxation index, or a composite left ventricular relaxation index) and/or to
classify individuals’ diastolic function categorically (e.g., distinguishing between normal, abnormal, or borderline function).
The computational model(s) and outputs can be validated against a reference study population to determine associated
statistical indicators such as prevalence probability, relative risk, likelihood ratios, or confidence intervals for predicted
ranges of clinically measurable attributes, which aid risk stratification (e.g., the separation of a population into high-risk,
low-risk, and rising-risk groups) and ultimately allow medical personnel to interpret the model outputs to render diagnoses
for individual patients. By basing classifications, risk scores, etc., on quantitative estimates of echocardiogram param-
eters, which constitute metrics of diastolic dysfunction that are familiar to physicians, the described approach provides
a more transparent and more granular diagnostic tool than, e.g., a machine-learned model that directly outputs a cate-
gorical assessment of diastolic function.

[0008] Inaccordance with various embodiments, the ECG-derived features used as input to the computational model(s)
include time-frequency features derived using discrete or continuous wavelet transforms (or other time-frequency trans-
forms) of the ECGs. Conventional ECG parameters derived directly from the time-domain ECGs, such as, e.g., Glasgow-
derived parameters, may be used as additional, time-domain input features to the model. Supervised training of the
computational model(s) may utilize training data that includes the ECG-derived time-frequency and time-domain features
as input features, along with the ground-truth echocardiogram parameters as output labels. Alternatively, the time-
frequency transform may itself be computed by a neural network model, whose output flows into neural networks im-
plementing the computation model(s) for computing the echocardiogram parameter estimates and/or other diastolic
indicators. In this case, a multi-level neural network system including a neural network for computing time-frequency
transforms at the first level and one or more neural networks for computing echocardiogram parameter estimates and
optionally additional diastolic indicators at one or more subsequent levels may be trained based on training data that
includes the raw ECGs (along with patient demographic parameters) as input features, labeled by the ground-truth
echocardiogram parameters. Beneficially, the use of time-frequency ECG features (optionally in combination with time-
domain ECG features and/or patient demographic parameters), whether provided explicitly as input to a computational
model or computed within a level of a multi-level computational model, can increase the accuracy of the obtained
echocardiogram parameter estimates, as compared with models whose ECG-derived input is limited to time-domain
features.

BRIEF DESRIPTION OF THE DRAWINGS
[0009]

FIG. 1 is a block diagram of an example system for quantifying diastolic function, in accordance with various em-
bodiments.

FIG. 2 is a flow chart of an example method for quantifying diastolic function using echocardiogram parameter
estimates computed from electrocardiograms, in accordance with various embodiments.

FIG. 3 shows plots of example lateral left ventricular relaxation index distributions for normal and abnormal patient
populations, illustrating an example diastolic indicator useful for risk stratification in accordance with one embodiment.

FIG. 4 is a data flow diagram illustrating an example two-level computational model architecture for computing
echocardiogram parameter estimates, in accordance with various embodiments.

FIG. 5 is a data flow diagram illustrating an example two-level computational model architecture for computing
various diastolic indicators using echocardiogram parameter estimates.

FIG. 6 is a data flow diagram illustrating an example two-level neural network architecture 600 for computing diastolic
indicators from raw electrocardiograms using an implicit time-frequency transform.
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FIG. 7 is a user interface showing an example report screen for an abnormal case in accordance with various
embodiments.

FIG. 8 is a user interface showing an example report screen for a borderline case in accordance with various
embodiments.

FIG. 9 is a block diagram of an example computer system as may serve as processing facility in accordance with
various embodiments.

DESCRIPTION

[0010] The approach described herein combines conventional ECG hardware producing one or more leads, e.g., 10
electrodes and associated circuitry for a standard 12-lead ECG, with new processing functionality to derive indicators
of diastolic (dys-)function. In various embodiments, the processing functionality implements one or more computational
models that operate on ECGs or ECG-derived features, such as Glasgow-derived parameters and/or parameters derived
using wavelet or other time-frequency transforms (e.g., short-time Fourier transform) of the ECGs, along with patient
demographic parameters, and output indicators of diastolic (dys-)function, including quantitative estimates of one or
more echocardiogram parameters. Beneficially, estimating the echocardiogram parameters based on features derived
from ECGs (including by time-frequency transform), optionally in conjunction with patient demographic parameters,
provides a cost-efficient alternative to measuring the echocardiogram parameters via electrocardiography, as is done
conventionally.

[0011] FIG. 1is ablock diagram of an example system 100 for quantifying diastolic function, in accordance with various
embodiments. The system 100 includes one or more electrodes 102 for acquiring ECG signals (e.g., 10 electrodes for
a traditional 12-lead ECG), a processing facility 104 for processing the ECG signals, and an electrode interface 106
connecting the electrodes 102 to the processing facility 104. The electrode interface 106 includes circuitry that outputs
electrical signals suitable as input to the processing facility 104, e.g., by digitally sampling analog input signals. The
system 100 furtherincludes a display device 108 for outputting the ECG test results (including, e.g., the ECGs themselves,
time-frequency maps computed therefrom, and/or various quantitative and/or qualitative indicators of diastolic function
computed as described herein), and optionally other input/output devices 109, such as a keyboard and mouse and/or
a printer, for instance. The display device 108 may be a touchscreen doubling as a user-input device.

[0012] The processing facility 104, electrode interface 106, display 108, and input/output devices 109 may be imple-
mented as a single, stand-alone device implementing all computational functionality for ECG signal processing and
presentation. Alternatively, they may be provided by a combination of multiple devices. For example, an ECG test device
with limited functionality for recording and/or processing ECG signals received from one or more electrodes 102 via an
electrode interface 106 of the device may outsource certain computationally intense processing tasks to one or more
other computers. Data exchange between the ECG test device and the other computer(s) may take place via a wired
or wireless network. For example, the ECG test device may be connected via the internet to a cloud-based signal-
processing service. that receives the ECGs in near real time as they are being measured, or at a later time. Alternatively,
the measured ECGs may be stored on a removable computer-readable medium that is subsequently read by another
computer for processing. Thus, the functionality of the processing facility 104 may be distributed between multiple
computational devices. Whether provided in a single device or distributed, the processing facility 104 may be implemented
with a suitable combination of hardware and/or software, such as a suitably programmed general-purpose computer
(including at least one central processing unit (CPU) or graphic processing unit (GPU) and associated memory); dedi-
cated, special-purpose circuitry (such as, e.g., a digital signal processor (DSP), field-programmable gate array (FPGA),
analog circuitry, or other); or a combination of both. Herein, the term "hardware processor" is used in reference to both
special-purpose circuitry and general-purpose processors as used in general-purpose computers and configured via
software.

[0013] The processing facility 104 may include various functionally distinct components, such as separate computer
programs or functions called within a larger program flow, and/or special-purpose circuitry for certain computational
tasks. These components may include an ECG-signal processing component 110 that generates ECGs for multiple
leads from the (e.g., digitally sampled) ECG signals for display and analysis (e.g., by filtering, smoothing, scaling, etc.,
as well as by combining signals for various leads); a time-frequency transform component 112 that converts the ECG
for each lead into a two-dimensional time-frequency map (signed or unsigned) and, optionally, normalizes the time-
frequency map; afeaturizer 114 that computes and extracts relevant parameters from the ECGs and/or the time-frequency
maps for use as input features to one or more machine-learned models 116; the one or more machine-learned compu-
tational models 116, which determine echocardiogram parameter estimates and/or other diastolic indicators from these
ECG-derived features in conjunction with patient demographic parameters; and/or a user-interface 118 component that
generates graphic representations of the data provided by the other modules and assembles them into a screen for
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display (asshown, e.g.,in FIGS.9and 10). The ECG-signal-processing component 110 may be a conventional processing
module as used in commercially available heart monitors and/or as is capable of straightforward implementation by one
of ordinary skill in the art. The time-frequency transform component 112, featurizer 114, and computational models 116
implement algorithms and provide functionality explained further below, and can be readily implemented by one of
ordinary skill in the art given the benefit of the present disclosure.

[0014] For purposes of the creating the machine-learned models 116, some instances of the processing facility 104
also include a training engine 120 that implements one or more suitable machine-learning algorithms to build and/or
train (that is, determine adjustable parameters of) the models 116 based on training data. Suitable training algorithms
for various types of models are well-known to those of ordinary skill in the art. For example, a neural network model may
be trained using backpropagation of errors, e.g., with stochastic gradient descent. Note that, once the machine-learned
models 116 have been trained and their parameters are fixed, the training engine 120 is no longer used; accordingly,
the training engine 120 may be omitted from a processing facility 104 configured for assessing diastolic function of
patients in the inference phase.

[0015] As will be readily appreciated, the depicted components reflect merely one among several different possibilities
for organizing the overall computational functionality of the processing facility 104. The components may, of course, be
further partitioned, combined, or altered to distribute the functionality differently. The various components may be im-
plemented as hardware components, software components (e.g., executed by a general-purpose processor), or a com-
bination of both. For example, it is conceivable to implement the time-frequency transform component 112 (which
generally involves the same operations for each incoming ECG signal) and/or certain machine-learned computational
models 116 with special-purpose circuitry to optimize performance, while implementing other components in software.
[0016] FIG. 2 is a flow chart of an example method 200 for quantifying diastolic function using echocardiogram pa-
rameter estimates computed from electrocardiograms, in accordance with various embodiments. The method 200 begins,
in acts 102 and 104, with measuring one or more ECGs for a patient (act 102) and recording relevant patient demographic
parameters (such as, e.g., age, sex, height, weight, health conditions such as hypertension, or other factors that might
affect how the patient’s diastolic functions is reflected in ECGs and parameters derived from ECG) (act 204). The term
"ECG" in the singular is herein generally used in reference to an individual lead; and multiple ECGs measured for a
patient may, accordingly, correspond to multiple respective leads. For example, from ECG signals measured with ten
electrodes in a standard configuration, ECGs for twelve leads can be computed in a manner routinely used in the medical
arts. It is to be understood, however, that the method described herein does not require the use of all twelve leads, but
is generally applicable to any number of ECGs, such as any subset of the standard twelve leads.

[0017] In accordance with the standard configuration, four of the ten electrodes (conventionally labeled LA, RA, LL,
RL) are placed on the patient’s left and right arms and legs; two electrodes (labeled V1 and V2) are placed between the
fourth and fifth ribs on the left and right side of the sternum; a further, single electrode (labeled V3) is placed between
V2 and V4 on the fourth intercostal space; one electrode (labeled V4) is placed between the fifth and sixth ribs at the
mid-clavicular line (the imaginary reference line that extends down from the middle of the clavicle), and, in line therewith,
another electrode (labeled V5) is positioned in the anterior axillary line (the imaginary reference line running southward
from the point where the collarbone and arm meet), and the tenth electrode (labeled V6) is placed on the same horizontal
line as these two, but oriented along the mid-axillary line (the imaginary reference point straight down from the patient’s
armpit). The electric potentials measured by electrodes V1 through V6 correspond to six of the twelve standard leads;
the remaining six leads correspond to the following combinations of the signals measured with the individual electrodes:
I=LA-RA; Il =LL-RA; Il =LL-LA; aVR =RA - % (LA+LL); aVL = LA - 2 (RA+LL); and aVF = LL - 72 (RA+LA).
[0018] With reference again to FIG. 2, the method 200 further involves transforming the ECGs (immediately upon
measurement, or at a later time after storage in memory) into two-dimensional time-frequency maps by a suitable
mathematical transform, such as, for instance, wavelet transform or short time Fourier transform, in act 206. In certain
embodiments, a continuous wavelet transform (CWT) is used. For a given continuous ECG x(f), the CWT is given by:

W(a,b) = %fjsw (%) x(t)dt,

where y is a selected wavelet, b corresponds to a shifted position in time and a to a scaling factor, and W(a, b) is the
two-dimensional function of position in time and scale resulting from the transform, also called wavelet coefficients.
Similarly, for a discretized ECG x(k) (where k is an integer), the CWT is given by:

W(ab) = & Zex () ([ () ae - [ 9 (£2)ar)



10

15

20

25

30

35

40

45

50

55

EP 3 834 729 B1

where T is the sampling period. The wavelet selected for processing may be, for example, a Mexican hat wavelet, Morlet
wavelet, Meyer wavelet, Shannon wavelet, Spline wavelet, or other wavelet known to those of ordinary skill in the art.
The CWT W(a, b) is also referred to as a scalogram. The time-frequency maps (such as, e.g., scalograms) generally
include both positive and negative values, i.e., they are "signed." In some embodiments, the absolute value of the signal
value (or the square of the signal value) is taken at each time-frequency point, resulting in an "unsigned" time-frequency
map.

[0019] The ECGs and time-frequency maps are processed, in act 208, to extract parameters to be provided, along
with the patient demographic parameters, as input features to one or more machine-learned computational models.
Time-domain features extracted directly from the ECGs may include, for example (and without limitation), the extrema,
durations, or area of any of the P, Q, R, S, or T waves, or signal amplitudes at one or more specified points in time
associated with the P, Q, R, S, or T waves. The input to the models may also include conventional ECG-derived
parameters, such as Glasgow parameters. Time-frequency features extracted from the time-frequency maps may include
any or all of the time-frequency coefficients (e.g., wavelet coefficients) themselves or any parameters derived from the
time-frequency maps, for example (and without limitation), extrema across frequency at one or more points in time
associated with the P, Q, R, S, or T waves, extrema across time at one or more specified points in frequency, or integral
measures associated with extrema in the time-frequency map. U.S. Patent No. 9,700,226, filed on September 20, 2016,
which is incorporated herein by reference, describes time-frequency transforms of ECGs (in particular CWTs) and various
parameters derived from the resulting time-frequency maps that may be used as input features. In general, time-frequency
features may be extracted from the signed or unsigned time-frequency map or a combination of both. Further, both the
time-domain and the time-frequency features may include parameters derived from individual heartbeats across syn-
chronized ECGs for different leads and from beat to beat. For example, a single parameter derived from the T wave
may be obtained for each lead and for multiple heartbeats. In this example, using twelve leads and twenty recorded
heartbeats, such a single parameter would yield 12.20=240 features. An additional single parameter obtained for the R
wave would become another 240 features, etc. A set of features corresponding to the same parameter measured across
multiple leads captures the phase differences between leads, which can provide important comparisons useful as input
to the computational models. Values of a single parameter measured over multiple heartbeats may be combined into a
single aggregated feature, e.g., the average or median across the multiple heartbeats.

[0020] Inact210, one or more machine-learned computational models (e.g., implemented by component 116 of system
100) operate on the ECG-derived features (including the time-frequency features) and patient demographic parameters
to compute one or more diastolic indicators, including one or more estimates of echocardiogram parameters (e.g., €’,
a’, E, A, and ratios). Multiple computational models (potentially of different types) may be used to compute different
respective parameter estimates and indicators. Multiple computational models are organized in a one-level structure or,
alternatively, in a hierarchy of two or more levels. FIG. 4 (described below) provides an example of a two-level hierarchy
according to an embodiment. Further, individual indicators may be computed with a multi-level hierarchy of models, the
number of models and/or levels generally being different for each indicator. In a two-level hierarchy for an individual
indicator, different models may, for instance, be used to compute a first set of estimates, and an ensemble model may
then be used at the second level to combine the first set of estimates into a final estimate. The estimates of the echocar-
diogram parameters are continuous-variable estimates that may be computed with regression models or may, alterna-
tively, be piecewise approximated using classification models. In general, the computational model(s) may include, e.g.,
decision trees or random forests, neural networks, regression analysis, Bayesian networks, or other suitable machine-
learning models known to those of ordinary skill in the art. Regression models that were found, in some embodiments,
to provide particularly good performance in estimating the echocardiogram parameters include random forest and least
squares models.

[0021] The echocardiogram parameter estimate(s) output by the computational model(s) may flow as inputs into further
algorithms and/or additional machine-learned computational models for computing, in act 212, additional diastolic indi-
cators, such as qualitative classifications of diastolic function (e.g., a three-level classification between normal, borderline,
and abnormal diastolic function; or a 5-level classification between low-possibility, possible, borderline, probable, and
highly probable LV relaxation abnormality), and/or quantitative indicators such as left ventricular (LV) relaxation risk
score(s), LV relaxation indices (e.g. lateral, septal, and/or average/composite indices, etc.). If machine-learned compu-
tational models are used for this purpose, these models form, along with the computational models for computing the
echocardiogram parameter estimates in act 210, a two-level hierarchical architecture (optionally with sub-levels at one
or both levels), e.g., as illustrated by way of example in FIG. 5 (described below). Further, certain qualitative and/or
quantitative diastolic indicators (such as classifications or LV relaxation indices) are computed along with the echocar-
diogram parameter estimates by the (first level of) computational models in act 210, and flow, along with the echocar-
diogram parameter estimates, into downstream computations.

[0022] In an example not forming part of the invention, the computation of additional diastolic indicators in act 212
need not necessarily utilize machine-learned models. For example, echocardiogram parameter estimates may be scaled
to indices spanning a fixed range (e.g., from 0 to 100). As another example, echocardiogram parameter estimates may
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be compared against specified thresholds to classify diastolic function between various degrees or likelihoods of abnor-
mality. For example, one measure of left ventricular diastolic dysfunction is low e’. (See "Recommendations for the
Evaluation of Left Ventricular Diastolic Function by Echocardiography: An Update from the American Society of Echocar-
diography and the European Association of Cardiovascular Imaging," J Am Soc Echocardiogr 2016;29:277-314.) Low
e’ is defined as septal e’ velocity < 7 cm/s or lateral e’ velocity < 10 cm/s, where septal e’ is the velocity of the septal
mitral annular motion at early diastole and lateral e’ is the velocity of the lateral mitral annular motion. Ordinarily, septal
and lateral e’ are measured via transthoracic echocardiography, but they can be estimated, in accordance herewith,
from ECGs. The estimated septal and lateral e’ parameters may be compared against values of 7 or 10 (in cm/s),
respectively, to classify diastolic function as normal or abnormal. Optionally, the threshold values for comparison against
the estimated e’ parameters may be set lower or higher than those used with the parameters obtained by echocardiog-
raphy to account for any error in the estimate and provide higher confidence for normal and abnormal classifications,
with a region of uncertainty in between.

[0023] The echocardiogram parameter estimates and/or other diastolic indicators computed in acts 210, 212 may be
provided as output (e.g., displayed on screen, printed, sent via electronic notification, etc.) to a physician or other clinical
personnel in act 214, optionally along with the ECGs and/or time-frequency maps from which these indicators have been
computed. FIGS. 9 and 10 provide example output displays.

[0024] To aid interpretation of the diastolic indicators, statistical metrics determined by validating the diastolic indicators
against a reference study population may be provided. Such metrics may include, e.g., statistical indicators such as
prevalence probability, relative risk, likelihood ratios, or confidence intervals for predicted ranges of clinically measurable
attributes.

[0025] Prevalence probability is a measure of the probability that a person with a certain test result has a certain
condition, determined using a reference study population, and can be calculated by dividing the number of persons with
the same test results that have the condition in the reference study population by the total number of persons with the
same test result in the reference study population.

[0026] Relative risk is a ratio of the probability of an event occurring in a particular sub-group (Group A) of a population
versus the probability of the event occurring in areference sub-group (Group B) of the same population that is independent
of the sub-group being studied (i.e., Group A and Group B are independent sub-groups within the same population),
and can be calculated, accordingly, by dividing the probability of the event in Group A by the probability of the event in
Group B.

[0027] Likelihood ratios (LR) in medical testing are used to interpret diagnostic tests by indicating how likely a patient
has a disease or condition. The higher the ratio, the more likely the patient has the disease or condition. Conversely, a
low ratio means that the patient very likely does not have the disease or condition. Therefore, these ratios can help a
physician rule in or rule out a disease. A likelihood ratio is calculated by dividing the probability that a person with the
condition has a certain test result by the probability that a person without the condition has that test result.

[0028] Confidenceintervals demonstrate a range of values that a predicted measure (such as, e.g., a diastolic indicator)
may actually fall between with a certain degree of confidence. Typically, if a dataset follows a normal distribution, then
these intervals are calculated using statistical techniques based on formulas that are widely accepted for normally
distributed datasets. The most common confidence intervals used in medicine are 95% and 70% confidence intervals
since they are easily calculated using a mean and standard deviation derived from the overall dataset. Confidence
intervals are used in risk-stratification by examining how much of the overall interval lies in the clinically accepted normal
or abnormal range. Confidence intervals can also be used for rule-in or rule-out assessments if the 95% confidence
interval lies completely to one side or the other of a clinically accepted threshold. A 70% confidence interval corresponds
to the population mean +/- the population standard deviation. A 95% confidence interval corresponds to the population
mean +/- twice the population standard deviation.

[0029] FIG. 3 shows example distribution plots 300, 302 of the lateral LV relaxation index (along the independent axis)
for "normal" and "abnormal” patient populations, respectively, based on calculated averages and standard deviations.
The plots demonstrate that the lateral LV relaxation index, indeed, has risk-stratification value, especially for normal
patients. The abnormal plot 302 overlaps significantly with the normal plot 300 (by about 30% of the normal plot), but
the plots 300, 302 can nonetheless be used to calculate both percentile differences and likelihood ratios. While FIG. 3
shows distribution plots for, specifically, the lateral LV relaxation index, other LV relaxation indices exhibit similar behavior.
[0030] FIG. 4 is a data flow diagram illustrating an example two-level computational model architecture 400 for com-
puting echocardiogram parameter estimates, in accordance with various embodiments. In this figure, as well as in FIGS.
5 and 6 explained below, rectangles generally indicate computational blocks, while ovals generally indicate data provided
as input to or resulting as output from these blocks. The two-level architecture 400 takes a combination of conventional
and/or other time-domain ECG features 402, time-frequency features 404 selected or derived from time-frequency
transform(s) of the ECG(s), and patient demographic parameters 406 as input into multiple machine-learned computa-
tional models 408, 410, 412, 414 ("ML models") at the first level 416 of the hierarchy 400. Different models may operate
on different subsets of the input features 402, 404, 406. Outputs of the first-level models 408, 410, 412, 414 flow as
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inputs into respective ensemble models 418, 420, 422, 424 at the second level 426 of the hierarchy. The ensemble
models 418, 420, 422, 424 each compute one of various diastolic indicators from the first-level outputs (optionally
augmented by some or all of the first-level feature inputs 402, 404, 406). For example, as shown, a number of compu-
tational models 408 (which generally include models of different types, e.g., random-forest, least-squares, and neural
network models) may provide first-level estimates of lateral e’, which are then further processed, in the associated
ensemble model/algorithm 418, to compute a final estimate 430 of lateral €. Combining the results of multiple compu-
tational models in this manner may achieve higher-accuracy estimates than one model alone. Similarly, other echocar-
diogram parameter estimates 432,434, e.g., as shown, for septal e’ and a’, can be computed by two levels of computational
and ensemble models (e.g., models 410, 422 to compute septal €’ 432 and models 412, 422 to compute a’ 434). Further,
as shown, the two-level architecture 400 includes models 414, 424 to compute other diastolic indicators, e.g., as shown,
a composite LV relaxation index 436, directly from the inputs 402, 404, 406.

[0031] In general, the first-level computational models 408, 410, 412, 414 may include binary (2-class), multi-class
(e.g., 3-class or 5-class), or regression (continuous-variable) models, and the second-level computational models may
include ensemble models 418, 420, 424, 426. Each ensemble model 418, 420, 424, 426, in turn, may include one or
more binary, multi-class, and/or regression models, optionally augmented by logic, equations, formulas, or algorithms
to further refine the accuracy of the first-level models.

[0032] FIG. 5is a data flow diagram illustrating an example two-level computational model architecture 500 for com-
puting various diastolic indicators using echocardiogram parameter estimates. Herein, machine-learned computational
models 502, 504, 506, and optionally 508 operate on the ECG-derived features 402, 404 and patient demographic
parameters 406 to generate echocardiogram parameter estimates 510, 512, 514 (e.g., as shown, lateral and septal e’,
as well as a’) and optionally other diastolic indicators 516 at the output of the first level 518. These echocardiogram
parameter estimates 510, 512, 514 and/or other diastolic indicators 516 are then provided as input to a second level
520 of machine-learned computational models 522, 524, which compute various downstream categorical or quantitative
diastolicindicators, e.g., as shown, a normal/borderline/abnormal classification 526 or risk score 528. Different selections
and combinations of the first-level outputs may be relevant for different ones of the downstream diastolic indicators.
[0033] As will be appreciated by those of ordinary skill in the art, the levels 518, 520 for computing first-level echocar-
diogram parameter estimates 510, 512, 514 and downstream second-level diastolic indicators 526, 528, respectively,
may each include multiple sub-levels. For example, the architectures 400, 500 can be used in combination, such that
each of the computational models 502, 504, 506, 508 for computing, e.g., echocardiogram parameter estimates is
implemented by two sub-levels corresponding to models of the levels 416, 426 of the architecture 400. Thus, the model
502 for computing lateral €’, for instance, may include a two-level structure of models 408, 418.

[0034] The oneor more models (e.g., model architectures 400, 500) may be developed using machine-learning training
processes, such as supervised learning. Training data to be used in the training process may be obtained from a (generally
large) number of patients whose diastolic function spans a range from normal function to a high degree of abnormal (or
dys-) function. For each patient, both one or more ECGs and one or more echocardiograms are acquired. The ECGs
are processed to derive conventional/time-domain as well as time-frequency parameters to be used as input features
to the model(s), and the echocardiograms are processed to derive one or more echocardiogram parameters of interest
that will serve as the ground truth for training. The training dataset includes pairs of a set of input features and a set of
output labels for each patient, the input features including the ECG-derived parameters as well as any relevant patient
demographic parameters, and the output labels including the echocardiogram parameters for that patient. To train a
model (e.g., one of the models 408, 410, 412) to estimate a given echocardiogram parameter, the input features are fed
into the model, and the model-generated output is compared against the ground-truth echocardiogram parameter; the
discrepancy between the measured (ground-truth) and estimated echocardiogram parameters is used as feedback to
iteratively adjust the model. To directly train a model for another type of diastolic indicator, such as a classification or
risk score, ground-truth classifications or scores may be determined for each patient, e.g., from the measured echocar-
diogram parameters. Training algorithms for building and training various types of models are well-known to those of
ordinary skill in the art.

[0035] Model development may also incorporate various feature-reduction techniques, such as hyper-parameter tun-
ing, random forest feature importance, de-correlation, principal component analysis (PCA), clustering, minimum redun-
dancy maximum relevance, mean-0 normalization, min-max normalization, etc. Feature-reduction analysis is done during
the model training process for each model individually to select the most useful features for that model and discard the
others which have lower predictive qualities for the target value of the model (which is the parameter that the model is
intended to predict). For example, the training process may initially operate on hundreds of input features, whose relative
contributions to accurately predict the target parameter are quantitatively assessed to reduce the input feature set to
merely tens of features. Feature reduction performed during training of various models has shown that, in general, time-
frequency features contribute significantly to the accuracy of the echocardiogram parameter estimates. The feature set
retained at the completion of feature-reduction analysis includes at least one third time-frequency features, and less
than 20% patient-demographic features, the remainder being traditional ECG features. In one example, a set of eighteen
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features selected as input to a model for estimating e’ includes about 39% time-frequency features.

[0036] So far, it has been assumed that the time-frequency features flowing into the computation of echocardiogram
parameter estimates and/or other diastolic indicators are computed explicitly and provided to the machine-learned
computational model(s) as input features. Alternatively, it is possible to utilize time-frequency information implicitly by
structuring the models in a manner that extracts relevant time-frequency parameters. For example, the computational
models may be implemented as a multi-level neural network system including a neural network for computing a time-
frequency transform at the firstlevel and one or more neural networks for computing echocardiogram parameter estimates
and optionally additional diastolic indicators at the subsequent second level (which, as explained above, may itself
include multiple (sub-)levels).

[0037] FIG. 6 is a data flow diagram illustrating an example two-level neural network architecture 600 for computing
diastolic indicators from one or more raw ECGs 602, using an implicit time-frequency transform. At the first level, a
convolutional neural network (CNN) 604 may be configured to compute a time-frequency transform 606 for each ECG
602. For example, to compute the CWT of an ECG 602, the weights of the CNN 604 may be chosen to be the wavelets
w evaluated across a range of different values of the scaling factor a. In the case of a 8192-sample ECG with 64 CWT
scales a, there are 8192 inputs to the convolutional layer and 64 rows of 8192 neurons for a total of 8192.64=524288
outputs, which constitute the wavelet coefficients W(a, b), that is, the outputs 606 of the time-frequency transform (which
constitute, technically, the output layer of the CNN, but are herein depicted separately for emphasis). These outputs
606 flow as inputs into one or more neural networks 608 at the second level, which compute diastolic indicators 610,
including one or more echocardiogram parameter estimates. As symbolically indicated, the second-level neural net-
work(s) 608 may include multiple sub-levels, e.g., similar to the example architectures 400, 500. (Further, although not
explicitly shown, the neural network(s) 608 may include multiple parallel branches of neural networks for determining
multiple echocardiogram parameter estimates or other diastolic indicators.) However, in contrast to the computational
model architectures 400, 500, which take time-domain and time-frequency features as input, the neural networks 604,
608 operate on the raw ECGs 602, and feature selection is performed implicitly as part of the application of the neural
network(s) 608 at the second level. More specifically, as shown, inputs to the second-level neural network(s) 608 may
include the outputs 606 of the time-frequency transform implemented by the CNN 604 (all of these outputs constituting
time-frequency features) as well as, optionally, the raw ECGs 602 and/or patient demographic parameters 406. By virtue
of network weight adjustments made during training, the second-level neural network(s) 608 may be configured to
implicitly derive time-domain features from the ECG(s) 602 and select or derive time-frequency features from the time-
frequency transform outputs 606 in one or more initial network layers, with subsequent layers of the neural network(s)
608 operating on these features.

[0038] The neural network(s) 608 for computing the diastolic parameters may be implemented by various types of
neural networks known to those of ordinary skill in the art, which may be selected depending, e.g., on the particular
diastolic indicator. Neural networks suitable for computing echocardiogram parameter estimates and/or other diastolic
indicators include, for example and without limitation, multi-layer perceptrons (MLPs) and probabilistic neural networks
(PNNs) based on dynamic decay adjustment (DDA). MLPs can learn non-linear function approximators for classification
or regression, and may (in contrast to logistic regression) include one or more non-linear hidden layers between the
input and output layers. PNNs may be created using an algorithm, known as "constructive training of PPNs," that
generates rules based on numerical data, each rule defining a high-dimensional Gaussian function that is adjusted by
two thresholds to avoid conflicts with rules of different classes.

[0039] The neural networks 604, 608 of the two-level neural network architecture 600 may be trained in a supervised
manner based on ECGs (and, optionally, patient demographic parameters) paired with ground-truth echocardiogram
parameters (as measured by echocardiography). The weights of the CNN 604 are initialized in accordance with the
desired time-frequency transform, e.g., to the selected wavelets of a CWT. The weights of the subsequent neural
network(s) 608 may be initialized in multiple ways, e.g., with random weights, and are adjusted during training. Training
may also include modifying the weights of the CNN 604. In principle, the combined, two-level neural network architecture
600 may be trained end-to-end from the initial weights, e.g., using back propagation (which is well-known in the art) all
the way through the CNN 604. It may be beneficial, however, to instead train the networks 604, 608 in two stages: In
the first stage, the weights of the CNN 604 may be held fixed to provide the time-frequency transform outputs 606 (e.g.,
wavelet coefficients) to be input to the second-level neural network(s) 608, which may be trained, e.g., using back
propagation stopping at the output of the CNN 604. In this manner, the second-level neural network(s) 608 can benefit
from the spectral information provided by the time-frequency transform(s). After training the second-level neural-networks
608, the restriction of fixing the weights of the CNN 604 at the first level can be relaxed, and the combined two-level
system of neural networks 604, 608 can be trained to adjust the weights at both levels.

[0040] FIGS. 7 and 8 are example user interfaces in accordance with various embodiments, e.g., as may be displayed
on a computing device (e.g., desktop computer or tablet) utilized by a physician or other medical provider when evaluating
a patient. The user interface in FIG. 7 shows an example report screen for an abnormal case, whereas the user interface
in FIG. 8 shows an example report screen for a borderline case. The report screens display, on the left side, the ECG
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traces and associated time-frequency maps for multiple leads (e.g., as shown, leads I, Il, and Ill). The displayed leads
may be selectable (e.g., among the standard twelve leads) by the user (e.g., physician), using, for example, drop-down
lists accessible via user-interface features next to the lead indicators. For the purpose of displaying the time-frequency
maps to the user, the unsigned version may be beneficial since it avoids presenting potentially distracting information
that is not of immediate, intuitively discernible clinical significance because the sign is not relevant to an intuitive inter-
pretation of the signal value of the time-frequency map as a measure of the electrical energy of the heart.

[0041] On the right side of the example report screens, various quantitative and qualitative metrics and indicators are
displayed. These metrics may include conventional ECG information, such as Glasgow parameters (e.g., heart rate,
various intervals measured between waveform features of the ECG, etc.). In addition, various diastolic indicators derived,
in accordance with this disclosure, by machine-learned computational models from ECGs and time-frequency maps
may be shown. For instance, a categorical indicator, e.g., displayed in the form of a segmented bar (optionally color-
coded) with the applicable category being highlighted and the other categories being greyed out, may instantly inform
the physician of the overall diastolic health of the patient, e.g., whether diastolic function is normal, borderline (as in FIG.
8), or abnormal (as in FIG. 7). As will be appreciated, a five-segment bar may alternatively be used for finer gradation.
Alternatively or additionally, a quantitative risk score, which generally correlates with the classification, may be indicated
along a scale. For example, a high risk score of about 6 may correspond to an abnormality, whereas a lower risk score
of about 3 may correspond to borderline diastolic function. A textual risk statement indicating the type and/or likelihood
of abnormality may also be included. Further, to provide information familiar to physicians from echocardiograms, the
report screen may also provide the computed echocardiogram parameter estimates, or indices derived therefrom, e.g.,
as shown, lateral, septal, and composite LV relaxationindices. Along with the numerical values, a graphical representation
of likelihood ratios for the various indices may be provided (e.g., by tick-marks along a scale, as shown). As can be seen
from a comparison of FIGS. 7 and 8, abnormal diastolic function may be reflected in significantly higher values of the
LV relaxation indices. Other graphic, numerical, and/or textual representations are conceivable. In general, the displayed
information includes various measures and indicators that may be useful for risk stratification.

[0042] To aid with the interpretation of the information displayed on the report screen (or made available by other
means), medical personnel may also be provided with an interpretation guide that presents statistical measures taken
from a reference study population. As an example, table 1 below illustrates the kind of more detailed information that
the interpretation guide may contain to explain risk classifications (e.g., into normal/borderline/abnormal), risk scores,
and verbal risk assessments.

Table 1
Output Type Output Value Interpretation
Summary Classification Abnormal LVDD relative risk: 12.1
95% CI[4.68,31.11] p<0.0001
LV Relaxation Risk Score 5 Predicted average e’ range:
70% CI [5.68, 9.09]
95% CI[3.97, 10.79]
Risk Statement Probable Ischemic or Structural Abnormality 84.5% observed with LVDD

[0043] As another example, Table 2 provides various statistical measures for relating LV relaxation indices to nor-
mal/borderline/abnormal classifications:

Table 2
LV Relaxation Index | Classification Statistical measures
Lateral = 76 Abnormal Percentile (abnormal): 71%
Percentile (normal): 4%
Likelihood Ratio: 17.75
Septal =68 Borderline Percentile (abnormal): 45%
Percentile (normal): 8%
Likelihood Ratio: 5.63
Composite = 66 Borderline Percentile (abnormal): 40%
Percentile (normal): 3%
Likelihood Ratio: 13.33
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[0044] Ascanbe seenfrom this data, within the reference study population, among patients with a diastolic abnormality,
71% have a lateral index of at least 76, but only 4% of patients with normal diastolic function reach a lateral index that
high, for a high likelihood ratio of 17.75; accordingly, a lateral index of 76 results in a classification as abnormal. By
contrast, for a septal index of 68, the corresponding fractions of patients in the reference study population with abnormal
versus normal diastolic function that reach or exceed that index value are 45% and 8%, respectively, for a much lower
likelihood ratio of 5.63; in this case, a classification as borderline results.

[0045] FIG. 9is a block diagram of a machine in the example form of a computer system 900 within which instructions
for causing the machine to perform any one or more of the methodologies discussed herein may be executed. In
alternative embodiments, the machine operates as a standalone device or may be connected (e.g., networked) to other
machines. In a networked deployment, the machine may operate in the capacity of a server or a client machine in server-
client network environment, or as a peer machine in a peer-to-peer (or distributed) network environment. While only a
single machine is illustrated, the term "machine" shall also be taken to include any collection of machines that individually
or jointly execute a set (or multiple sets) of instructions to perform any one or more of the methodologies discussed
herein. The example computer system 900 includes one or more processors 902 (e.g., a central processing unit (CPU),
a graphics processing unit (GPU) or both), a main memory 904 and a static memory 906, which communicate with each
other via a bus 908. The computer system 900 may further include a video display unit 910 (e.g., a liquid crystal display
(LCD) or a cathode ray tube (CRT)). The computer system 900 also includes an alphanumeric input device 912 (e.g.,
a keyboard), a user interface (Ul) navigation device 914 (e.g., a mouse), a disk drive unit 916, a signal generation device
918 (e.g., a speaker), a network interface device 920 to communicate via a network 926, and a data interface device
(such as, e.g., an electrode interface).

[0046] The disk drive unit 916 includes a machine-readable medium 922 storing one or more sets of instructions and
data structures (e.g., software) 924 embodying or utilized by any one or more of the methodologies or functions described
herein. The instructions 924 may also reside, completely or at least partially, within the main memory 904 and/or within
the processor 902 during execution thereof by the computer system 900, the main memory 904 and the processor 902
also constituting machine-readable media.

[0047] While the machine-readable medium 922 is shown in an example embodiment to be a single medium, the term
"machine-readable medium" may include a single medium or multiple media (e.g., a centralized or distributed database,
and/or associated caches and servers) that store the one or more instructions or data structures. The term "machine-
readable medium" shall also be taken to include any tangible medium that is capable of storing, encoding, or carrying
instructions for execution by the machine and that cause the machine to perform any one or more of the methodologies
of the present invention, or that is capable of storing, encoding or carrying data structures utilized by or associated with
such instructions. The term "machine-readable medium" shall accordingly be taken to include, but not be limited to,
solid-state memories, and optical and magnetic media. Specific examples of machine-readable media include non-
volatile memory, including by way of example semiconductor memory devices, e.g., Erasable Programmable Read-Only
Memory (EPROM), Electrically Erasable Programmable Read-Only Memory (EEPROM), and flash memory devices;
magnetic disks such as internal hard disks and removable disks; magneto-optical disks; CD-ROM and DVD-ROM disks,
or other data-storage devices. Further, the term "machine-readable medium" shall be taken to include a non-tangible
signal or transmission medium, including an electrical signal, a magnetic signal, an electromagnetic signal, an acoustic
signal and an optical signal.

[0048] Although the invention has been described with reference to specific example embodiments, it will be evident
that various modifications and changes may be made to these embodiments without departing from the broader scope
of the invention as defined in the appended claims. Accordingly, the specification and drawings are to be regarded in
an illustrative rather than a restrictive sense.

Claims
1. A computer-implemented method for quantifying diastolic function, the method comprising:

receiving (202) one or more electrocardiograms measured for a patient;

converting (208) the one or more electrocardiograms, using time-frequency transform, into time-frequency
features;

operating (210) one or more machine-learned computational models on input comprising the time-frequency
features to compute an estimate or estimates of one or more echocardiogram parameters indicative of diastolic
function, the one or more machine-learned computational models having been trained using electrocardiogram
data correlated with values of the one or more echocardiogram parameters obtained by echocardiography as
ground-truth outputs;

characterized by further comprising

1"



10

15

20

25

30

35

40

45

50

55

10.

1.

12.

EP 3 834 729 B1

computing (212) one or more additional indicators of diastolic function by operating one or more second machine-
learned computational models on input comprising the estimate or estimates of the one or more echocardiogram
parameters;

wherein the one or more second machine-learned computational models comprise one or more ensemble
models, and the one or more additional indicators of diastolic function comprise at least one of a left ventricular
relaxation risk score, a lateral left ventricular relaxation index, a septal left ventricular relaxation index, or a
composite left ventricular relaxation index.

The method of claim 1, wherein the one or more machine-learned computational models result from training on
pairs of input feature sets and ground-truth outputs for a plurality of patients, the input feature sets comprising the
time-frequency features.

The method of claim 1 or claim 2, wherein a first neural network is used to convert the electrocardiograms into the
time-frequency features, wherein the one or more machine-learned computational models comprise one or more
second neural networks, and wherein the time-frequency features output by the first neural network are provided
as inputs to the one or more second neural networks.

The method of claim 3, wherein weights of the first neural network are initialized to implement a time-frequency
transform and are subsequently adjusted during end-to-end training of the combined firstand second neural networks.

The method of claim 4, wherein the one or more second neural networks are trained with fixed values of the weights
of the first neural network prior to the end-to-end training of the combined first and second neural networks.

The method of any preceding claim, wherein the one or more computational models comprise one or more regression
models.

The method of claim 6, wherein the one or more regression models comprise at least one of a random forest model
or a least squares model.

The method of any preceding claim, wherein the time-frequency features derived from the time-frequency maps
comprise extrema across frequency at one or more points in time associated with the P, Q, R, S, or T waves.

The method of any preceding claim, wherein the input to the one or more computational models further comprises
at least one of one or more patient demographic parameters or one or more time-domain features derived directly
from the one or more electrocardiograms.

The method of claim 9, wherein the one or more time-domain features derived directly from the electrocardiograms
comprise Glasgow-derived ECG parameters.

A system for quantifying diastolic function, the system comprising:
one or more hardware processors; and
memory storing instructions which, when executed by the one or more hardware processors, perform the method

of any preceding claim.

A computer-readable medium carrying processor-executable instructions which, when executed by one or more
computer processors, cause the one or more computer processors to perform the method of any one of claims 1 to 10.

Patentanspriiche

1.

Ein computerimplementiertes Verfahren zum Quantifizieren der diastolischen Funktion, wobei das Verfahren Fol-
gendes beinhaltet:

Empfangen (202) eines oder mehrerer Elektrokardiogramme, die fir einen Patienten gemessen wurden;
Umwandeln (208) des einen oder der mehreren Elektrokardiogramme unter Verwendung von Zeit-Frequenz-
Transformation in Zeit-Frequenz-Merkmale;

Betreiben (210) eines oder mehrerer maschinell erlernter Berechnungsmodelle bei einer Eingabe, die die Zeit-
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Frequenz-Merkmale beinhaltet, um eine Schatzung oder Schatzungen eines oder mehrerer Echokardiogramm-
parameter zu berechnen, die fir die diastolische Funktion indikativ sind, wobei das eine oder die mehreren
maschinell erlernten Berechnungsmodelle unter Verwendung von Elektrokardiogrammdaten trainiert wurden,
die mit Werten des einen oder der mehreren Echokardiogrammparameter korreliert sind, die durch Echokardi-
ographie als Grundwahrheitsausgaben erhalten wurden;

dadurch gekennzeichnet, dass es ferner Folgendes beinhaltet:

Berechnen (212) eines oder mehrerer zusatzlicher Indikatoren der diastolischen Funktion durch Betreiben
eines oder mehrerer zweiter maschinell erlernter Berechnungsmodelle bei einer Eingabe, die die Schatzung
oder Schatzungen des einen oder der mehreren Echokardiogrammparameter beinhaltet;

wobei das eine oder die mehreren zweiten maschinell erlernten Berechnungsmodelle ein oder mehrere
Ensemble-Modelle beinhalten und der eine oder die mehreren zusatzlichen Indikatoren der diastolischen
Funktion wenigstens einen von einem linksventrikuldren Relaxationsrisikopunktwert, einem lateralen links-
ventrikularen Relaxationsindex, einem septalen linksventrikularen Relaxationsindex oder einem zusam-
mengesetzten linksventrikuldren Relaxationsindex beinhalten.

Verfahren gemaf Anspruch 1, wobei das eine oder die mehreren maschinell erlernten Berechnungsmodelle aus
dem Training mit Paaren von Eingabemerkmalssatzen und Grundwahrheitsausgaben fir eine Vielzahl von Patienten
resultieren, wobei die Eingabemerkmalssatze die Zeit-Frequenz-Merkmale beinhalten.

Verfahren gemafl Anspruch 1 oder Anspruch 2, wobei ein erstes neuronales Netzwerk verwendet wird, um die
Elektrokardiogramme in die Zeit-Frequenz-Merkmale umzuwandeln, wobei das eine oder die mehreren maschinell
erlernten Berechnungsmodelle ein oder mehrere zweite neuronale Netzwerke beinhalten, und wobei die Zeit-Fre-
quenz-Merkmale, die von dem ersten neuronalen Netzwerk ausgegeben werden, als Eingaben fiir das eine oder
die mehreren zweiten neuronalen Netzwerke bereitgestellt werden.

Verfahren gemaR Anspruch 3, wobei die Gewichte des ersten neuronalen Netzwerkes initialisiert werden, um eine
Zeit-Frequenz-Transformation zu implementieren, und anschlieRend wahrend des End-to-End-Trainings des kom-
binierten ersten und zweiten neuronalen Netzwerkes angepasst werden.

Verfahren gemafR Anspruch 4, wobei das eine oder die mehreren zweiten neuronalen Netzwerke mit festen Werten
der Gewichte des ersten neuronalen Netzwerkes vor dem End-to-End-Training des kombinierten ersten und zweiten
neuronalen Netzwerkes trainiert werden.

Verfahren gemaf einem der vorhergehenden Anspriiche, wobei das eine oder die mehreren Berechnungsmodelle
ein oder mehrere Regressionsmodelle beinhalten.

Verfahren gemaf Anspruch 6, wobei das eine oder die mehreren Regressionsmodelle wenigstens eines von einem
Random-Forest-Modell oder einem Modell der kleinsten Quadrate beinhalten.

Verfahren gemaf einem der vorhergehenden Anspriiche, wobei die aus den Zeit-Frequenz-Karten abgeleiteten
Zeit-Frequenz-Merkmale Extrema Uber die Frequenz an einem oder mehreren Zeitpunkten beinhalten, die den P-,
Q-, R-, S- oder T-Wellen zugeordnet sind.

Verfahren gemaf einem der vorhergehenden Anspriiche, wobei die Eingabe in das eine oder die mehreren Be-
rechnungsmodelle ferner wenigstens einen von einem oder mehreren demographischen Patientenparametern oder
ein oder mehrere Zeitbereichsmerkmale beinhaltet, die direkt von dem einen oder den mehreren Elektrokardio-
grammen abgeleitet werden.

Verfahren gemaR Anspruch 9, wobei das eine oder die mehreren direkt aus den Elektrokardiogrammen abgeleiteten
Zeitbereichsmerkmale Glasgow-abgeleitete EKG-Parameter beinhalten.

Ein System zum Quantifizieren der diastolischen Funktion, wobei das System Folgendes beinhaltet:
einen oder mehrere Hardware-Prozessoren; und

Speicher, der Anweisungen speichert, die, wenn sie von dem einen oder den mehreren Hardware-Prozessoren
ausgefiihrt werden, das Verfahren gemaR einem der vorhergehenden Anspriiche durchfiihren.
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12. Ein computerlesbares Medium, das prozessorausfiihrbare Anweisungen tragt, die, wenn sie von einem oder meh-

reren Computerprozessoren ausgefiihrt werden, den einen oder die mehreren Computerprozessoren veranlassen,
das Verfahren gemaf einem der Anspriiche 1 bis 10 durchzuflihren.

Revendications

Un procédé mis en oeuvre par ordinateur pour la quantification de la fonction diastolique, le procédé comprenant :

la réception (202) d’'un ou de plusieurs électrocardiogrammes mesurés pour un patient ;

la conversion (208) des un ou plusieurs électrocardiogrammes, a l'aide d’une transformée temps-fréquence,
en caractéristiques temps-fréquence ;

I'exploitation (210) d’'un ou de plusieurs modeles calculatoires soumis a un apprentissage machine sur une
entrée comprenant les caractéristiques temps-fréquence afin de calculer une estimation ou des estimations
d’'un ou de plusieurs parametres d’échocardiogramme indicatifs de la fonction diastolique, les un ou plusieurs
modeles calculatoires soumis a un apprentissage machine ayant été entrainés a I'aide de données d’électro-
cardiogramme corrélées avec des valeurs des un ou plusieurs paramétres d’échocardiogramme obtenus par
échocardiographie comme sorties de réalité de terrain ;

caractérisé en ce qu’il comprend en outre

le calcul (212) d’'un ou de plusieurs indicateurs supplémentaires de la fonction diastolique par I'exploitation d’'un
ou de plusieurs deuxiemes modeles calculatoires soumis a un apprentissage machine sur une entrée compre-
nant I'estimation ou les estimations des un ou plusieurs parameétres d’échocardiogramme ;

dans lequel les un ou plusieurs deuxiemes modéles calculatoires soumis a un apprentissage machine com-
prennent un ou plusieurs modeles d’ensemble, et les un ou plusieurs indicateurs supplémentaires de la fonction
diastolique comprennent au moins un élément parmi un score de risque de relaxation ventriculaire gauche, un
indice de relaxation ventriculaire gauche latérale, un indice de relaxation ventriculaire gauche septale, et un
indice de relaxation ventriculaire gauche composite.

Le procédeé de la revendication 1, dans lequel les un ou plusieurs modéles calculatoires soumis a un apprentissage
machine résultent d’'un entrainement sur des paires de jeux de caractéristiques d’entrée et de sorties de réalité de
terrain pour une pluralité de patients, les jeux de caractéristiques d’entrée comprenant les caractéristiques temps-
fréquence.

Le procédé de la revendication 1 ou de la revendication 2, dans lequel un premier réseau neuronal est utilisé pour
convertir les électrocardiogrammes en les caractéristiques temps-fréquence, dans lequel les un ou plusieurs modéles
calculatoires soumis a un apprentissage machine comprennent un ou plusieurs deuxiemes réseaux neuronaux, et
dans lequel les caractéristiques temps-fréquence produites en sortie par le premier réseau neuronal sont fournies
comme entrées pour les un ou plusieurs deuxi€mes réseaux neuronaux.

Le procédé de la revendication 3, dans lequel des pondérations du premier réseau neuronal sont initialisées pour
mettre en oeuvre une transformée temps-fréquence et sont par la suite ajustées durant un entrainement de bout
en bout des premier et deuxiéme(s) réseaux neuronaux combinés.

Le procédé de la revendication 4, dans lequel les un ou plusieurs deuxiémes réseaux neuronaux sont entrainés
avec des valeurs fixes des pondérations du premier réseau neuronal préalablement a I'entrainement de bout en

bout des premier et deuxiéme(s) réseaux neuronaux combinés.

Le procédé de n’'importe quelle revendication précédente, dans lequel les un ou plusieurs modéles calculatoires
comprennent un ou plusieurs modeles de régression.

Le procédé de la revendication 6, dans lequel les un ou plusieurs modeéles de régression comprennent au moins
un modeéle parmi un modele de forét aléatoire et un modeéle des moindres carrés.

Le procédé de n'importe quelle revendication précédente, dans lequel les caractéristiques temps-fréquence dérivées
des cartes temps-fréquence comprennent des extremums sur toute la fréquence a un ou plusieurs points dans le

temps associés aux ondes P, Q, R, S, ou T.

Le procédé de nimporte quelle revendication précédente, dans lequel I'entrée pour les un ou plusieurs modeles
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calculatoires comprend en outre au moins un élément parmi un ou plusieurs parametres démographiques de patient
et une ou plusieurs caractéristiques temps-domaine dérivées directement des un ou plusieurs électrocardiogram-
mes.

Le procédé de la revendication 9, dans lequel les une ou plusieurs caractéristiques temps-domaine dérivées direc-
tement des électrocardiogrammes comprennent des parametres d’ECG dérivés de Glasgow.

Un systéme pour la quantification de la fonction diastolique, le systéme comprenant :
un ou plusieurs processeurs matériels ; et
une mémoire stockant des instructions qui, lorsqu’elles sont exécutées par les un ou
plusieurs processeurs matériels, réalisent le procédé de n’importe quelle revendication précédente.
Un supportlisible par ordinateur portant des instructions exécutables par processeur qui, lorsqu’elles sont exécutées

par un ou plusieurs processeurs d’ordinateur, aménent les un ou plusieurs processeurs d’ordinateur a réaliser le
procédé de n’importe laquelle des revendications 1 a 10.
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