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Description

[0001] The invention relates to medical devices, and more particularly to signal processing of electrograms or other
biomedical signals.

[0002] Medical devices, including IMDs and external medical devices, often sense and record electrograms of a patient.
Electrograms refer to signals which represent recorded changes in electric potential of the patient. Examples of elec-
trograms include electrocardiograms, i.e., recorded electrical potentials associated with a patient’s heart; and electro-
encephalograms, i.e., recorded electrical potentials associated with a patient’s brain. Other more specific examples of
electrograms include atrial electrograms, coronary sinus (CS) electrograms, esophageal electrograms, high right atrial
(HRA) electrograms, His bundle electrograms, intra-atrial electrograms, intracardiac electrograms, right ventricular elec-
trograms, right ventricular apical electrograms, sinus node electrograms, and the like.

[0003] Signal processing of electrograms is a common challenge in the medical field. In particular, it is often necessary
to identify specific features of an electrogram so that medical events can be identified in the patient, such as arrhythmias
in the patients heart. However, in many cases, signal noise can complicate analysis of electrograms. For this reason,
denoising techniques are desirable in order to reduce or eliminate noise from electrograms.

[0004] O Fokapu, H Chahboune, M Armenean, P Desgoutte, R CEspugio, A Briguet, "Denoising EMG and EEG for
monitoring small animal models during NMR experiments”, 2001, Proceedings of the 23rd Annual EMBS International
Conference, October 25-28, Istanbul, Turkey; and PE Tikkanen, "Nonlinear wavelet and wavelet packet denoising of
electrocardiogram signal", ISSN 0340-1200, vol. 80, nr. 4, pg. 259-267, 1999, Springer-Verlag, Germany, disclose
denoising techniques using wavelet transformation and thresholding.

[0005] US 5,619,998 discloses a wavelet denoising unit providing level-dependent thresholding.

[0006] The invention provides a system as claimed in claim 1.

[0007] In general, the invention is directed to denoising techniques for electrograms in which wavelet transformations
are used in the denoising process. For example, an electrogram can be represented by a finite set of wavelets which
comprise a decomposition of the electrogram in the scale-time domain. In accordance with the invention, an electrogram
can be transformed into a set of wavelets, and thresholding can be performed on the wavelets to eliminate noise but
preserve the information of the electrogram. In particular, different thresholds can be established for the wavelet coef-
ficients in different scales for improved denoising results. If a respective threshold exceeds a wavelet coefficient, the
wavelet coefficient is reduced, e.g., by setting the coefficient to zero. Following the thresholding process, the wavelets
can be converted into a denoised electrogram, which can be analyzed or processed.

[0008] In one embodiment, reduction of a wavelet comprises setting the wavelet coefficient to zero.

[0009] Inanotherembodiment, the invention provides a system comprising a first medical device to record electrograms
and perform denoising of the electrograms by transforming an electrogram into a set of wavelets, the set of wavelets
including different subsets of wavelets for different scales, comparing first wavelet coefficients of the wavelets in a first
subset to a first threshold, comparing second wavelet coefficients of the wavelets in a second subset to a second
threshold, the second threshold being different than the first threshold, reducing one or more of the first wavelet coefficients
that are less than the first threshold, and reducing one or more of the second wavelet coefficients that are less than the
second threshold. The system can also include a second medical device to perform threshold estimation to establish
the first and second thresholds and send the first and second thresholds to the first medical device.

[0010] In another embodiment, the invention provides a computer readable medium comprising computer readable
instructions that when executed transform an electrogram into a set of wavelets, the set of wavelets including different
subsets of wavelets for different scales, compare first wavelet coefficients of the wavelets in a first subset to a first
threshold, compare second wavelet coefficients of the wavelets in a second subset to a second threshold, the second
threshold being different then the first threshold, reduce one or more of the first wavelet coefficients that are less than
the first threshold, and reduce one or more of the second wavelet coefficients that are less than the second threshold.
[0011] Inanother embodiment, the invention provides an apparatus comprising means for transforming an electrogram
into a set of wavelets, the set of wavelets including different subsets of wavelets for different scales, means for comparing
first wavelet coefficients of the wavelets in a first subset to a first threshold, and means for comparing second wavelet
coefficients of the wavelets in a second subset to a second threshold, the second threshold being different then the first
threshold. The apparatus can further comprise means for reducing one or more of the first wavelet coefficients that are
less than the first threshold, and means for reducing one or more of the second wavelet coefficients that are less than
the second threshold.

[0012] In another embodiment, the invention provides a system comprising means for transforming an electrogram
into a set of wavelets, the set of wavelets including different subsets of wavelets for different scales, means for comparing
first wavelet coefficients of the wavelets in a first subset to a first threshold, means for comparing second wavelet
coefficients of the wavelets in a second subset to a second threshold, the second threshold being different then the first
threshold, means for reducing one or more of the first wavelet coefficients that are less than the first threshold and means
for reducing one or more of the second wavelet coefficients that are less than the second threshold. The system can
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also include means for selecting the first and second thresholds prior to transforming the electrogram into the set of
wavelets.

[0013] In another embodiment, the invention may be used in a method comprising comparing first wavelet coefficients
for first-scale wavelets representative of an electrogram to a first threshold, comparing second wavelet coefficients for
second-scale wavelets representative of the electrogram to a second threshold, reducing the first wavelet coefficients
that are less than the first threshold, and reducing the second wavelet coefficients that are less than the second threshold,
the second threshold being different than the first threshold.

[0014] In another embodiment, the invention may be used in a method comprising transforming a biomedical signal
into a set of wavelets, the set of wavelets including different subsets of wavelets for different scales, and comparing first
wavelet coefficients of the wavelets in a first subset to a first threshold. The method can further include comparing second
wavelet coefficients of the wavelets in a second subset to a second threshold, the second threshold being different then
the first threshold, reducing one or more of the first wavelet coefficients that are less than the first threshold, and reducing
one or more of the second wavelet coefficients that are less than the second threshold.

[0015] Some of the inventive elements of the present invention including, for example, the denoising techniques
described herein are easy to implement from a computational standpoint, relative to some conventional denoising tech-
niques. Moreover, because the invention is relatively easy to implement from a computational standpoint, it is well suited
for use in implanted medical devices where computational resources are limited and power consumption is a concern.
[0016] Asanadded aspect, setting insignificant noise related coefficients to zero can compress the electrogram without
losing the significant information of wavelets having large coefficients, e.g., that coincide with the largest slopes in the
electrogram signal. The denoising techniques can be particularly useful in implantable cardiac signal loops or other types
of implantable diagnostic loop recorders that make use of subcutaneous electrodes for electrogram sensing. Such
devices typically record significant amounts of electrogram noise caused by the patients pectoral muscles or other
muscles or tissue. In accordance with the invention, however, such noise can be identified and eliminated by wavelet
thresholding making use of different thresholds for different wavelet scales.

[0017] The details of one or more embodiments of the invention are set forth in the accompanying drawings and the
description below. Other features and inventive aspects of the invention will be apparent from the description and
drawings, and from the claims.

FIG. 1 is an exemplary block diagram of a medical device capable of wavelet-based denoising according to an
embodiment of the invention.

FIG. 2 is a more detailed block diagram of a medical device capable of wavelet-based denoising according to an
embodiment of the invention in which denoising techniques are digitally implemented.

FIG. 3 is a flow diagram illustrating a denoising process in accordance with an embodiment of the invention.

FIG. 4 is a block diagram of system, according to an embodiment of the invention, including first and second medical
devices that communicate via telemetry to program denoising thresholds.

FIG. 5 is a flow diagram illustrating techniques for selecting thresholds applied in a denoising process according to
the invention.

[0018] The invention is directed to denoising techniques for electrograms, or other types of biomedical signals, in
which wavelet transformations are used in the denoising process. For example, an electrogram can be represented by
a finite set of wavelets which comprise a decomposition of the electrogram in the scale-time domain. In accordance with
the invention, an electrogram can be transformed into a set of wavelets, and thresholding can be performed on the
wavelets to eliminate noise but preserve the information of the electrogram. Following the thresholding process, the
wavelets can be converted into a denoised electrogram. Although many details of the invention are described in the
context of electrograms, the techniques can be equally applicable to denoising of other types of biomedical signals.
[0019] The set of wavelets include subsets of wavelets for each of a plurality of different scales. However only some
of the wavelets include the majority of information indicative of the electrogram, and others primarily include noise. Thus,
by setting wavelet coefficients to zero for those wavelets that primarily include noise, substantial reductions in noise can
be achieved without eliminating the information indicative of the electrogram.

[0020] In order to improve denoising, different thresholds can be established specifically for the different subsets of
wavelets associated with each scale. In other words, the thresholds vary for wavelets in different scales. If a wavelet
coefficient exceeds a respective threshold associated with the given subset of wavelets, the wavelet coefficient remains
unchanged. However, if the respective threshold exceeds the wavelet coefficient, the wavelet coefficient is reduced,
e.g., and typically set to zero. The denoised set of wavelets can then be converted into a denoised electrogram. In this
manner, wavelet transformations can be exploited for effective electrogram denoising.

[0021] In order to define the thresholds at the various wavelet scales, a medical procedure can be performed. In
particular, a physician instructs the patient to assume certain positions to trigger noise in the electrograms. The physician
can then analyze the electrograms, and make adjustments to one or more of the thresholds, at different scales, in order
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to improve denoising. Adjustments to the thresholds can occur automatically, as a result of execution of a thresholding
algorithm, or can be entered manually by a physician. In either case, the medical procedure to define the thresholds can
be particularly useful with implantable diagnostic loop recorders that make use of subcutaneous electrodes for electro-
gram sensing. For example, noise caused by the patients pectoral muscles (or other muscles or tissue) can be identified
by instructing the patient to assume the certain positions, and the thresholds can be adjusted to compensate for such noise.
[0022] Wavelet transforms are particularly useful in analysis of non-stationary signals because wavelet transforms
provide an alternative to the classical short time Fourier transform (STFT) and Gabor transform. The wavelet transform
is typically a linear operation that decomposes a signal into components that appear at different scales (or resolutions).
A mother wavelet comprises a zero average function ¥ e L2(R) (finite energy):

J-‘P(t)a’t =0 (Admissibility condition) EQUATION 1

[0023] Equation 1 can be normalized ||\P||=1, and centered round t=0. Then, a set of wavelets can be obtained by
scaling and translation of the mother wavelet ¥ by s, and translation by u:

v, @) =—1—‘P(5_—”—) EQUATION 2
S Y

T

[0024] As used in this disclosure, the phrase "set of wavelets" generally refers to all of the wavelets generated from
a mother wavelet function to represent the electrogram. The set of wavelets includes wavelets at a number of different
scales. The phrase "subset of wavelets" refers to the wavelets of a particular scale. Thus, different subsets of wavelets
are associated with each scale, and all of the subsets of wavelets at every scale comprise the set of wavelets generated
from the mother wavelet function. Put another way, a set of wavelets includes first-scale wavelets, second-scale wavelets,
third-scale wavelets, and so forth.

[0025] Wavelet analysis allows the use of coarse wavelets where more precise low-frequency information is needed,
and fine wavelets where high-frequency information is needed. In analogy to the STFT, the wavelet transform is defined
as the sum over all time of the signal multiplied by scaled, shifted versions of the wavelet function. For functions f e L2
(R) the wavelet transform at time u and scale s is defined as:

W w,s) =< £, 8, >= [fO¥ D EQUATION 3
- s

[0026] This type of transform satisfies energy conservation. With decrease of scale ’s,’ the support for the wavelet
decreases and the wavelet becomes more sensitive to high-frequency components of the signal, enhancing finer grain
details of the signal. An increase in scale, on the other hand, provides more emphasis on the coarse structure of the
signal. The result of the wavelet transform can be defined in the scale-time plane. The wavelet transform can be rewritten
as a convolution product:

Wf(u,s) = o] f(t)l}f‘(’ “UNdt= £EY (), EQUATION 4
o N
where
¥ (1) = -}—\P*(Zf) EQUATION 5
Ky S

[0027] The Fourier transform of W4(t) is:
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P (w) = VsF (sw) EQUATION 6

¥ is similar to the transfer function of a band-pass filter, so the convolution can compute the wavelet transform with
dilated impulse response band-pass filters.

[0028] Many electrograms, including electrocardiograms, carry most important information at their singularities and
sharp deflections. The wavelet transform is particularly well adapted to characterize transient phenomena or singularities,
because wavelet transforms decompose signals into building blocks well localized in time and frequency. The wavelet
transform can focus on localized signal structures with a zooming procedure that progressively reduces the scale pa-
rameter s. A measure of local regularity of the signal is provided by the decay of the wavelet transform amplitude across
its scales. Singularities can be detected by following the wavelet transform local maxima at fine scales.

| Wf (u,5) |< As™*"? EQUATION 7

[0029] From Equation 7, one can derive:

log, | Wf (u,s) |< log, A+ (a +1/2)log, s EQUATION 8§

[0030] FIG. 1 is an exemplary block diagram of a medical device 10 according to an embodiment of the invention.
Medical device 10 may comprise any of a wide variety of medical devices used to analyze electrograms. For example,
medical device 10 may comprise an implanted medical device (IMD) that includes various implanted electrodes (not
shown) that are used for sensing the electrograms. Alternatively, medical device 10 may comprise an external medical
device that uses surface electrodes on a patient’s skin to sense the electrograms. Also, medical device 10 can be an
implanted or external device that measures electrograms via subcutaneous electrodes, such as a diagnostic loop recorder
that makes use of electrodes implanted under the patients skin. In other cases, medical device 10 comprises an external
device that receives sensed electrograms from another device, e.g., via telemetry. In any case, medical device 10
performs denoising techniques on electrograms using wavelet analysis as described herein.

[0031] In general, medical device 10 includes a wavelet transform unit 12, a wavelet denoising unit 14, and an inverse
wavelet transform unit 16. These components can be implemented as either analog or digital components. For example,
wavelet transform unit 12, wavelet denoising unit 14 and inverse wavelet transform unit 16 can comprise analog logic
circuits such as dynamic translinear (DLT) circuits, or can comprise digital logic or software implemented algorithms. In
addition, various hardware/software combinations can be used to realize the different units. If wavelet transform unit 12,
wavelet denoising unit 14 and inverse wavelet transform unit 16 are implemented in digital hardware, an analog-to-digital
converter (not shown in FIG. 1) can be used to convert a received analog electrogram to a digital electrogram, i.e., a
stream of digital samples of the analog electrogram.

[0032] In some digital implementations, one or more of wavelet transform unit 12, wavelet denoising unit 14 and
inverse wavelet transform unit 16 comprise software modules executing on a digital signal processor (DSP), or the like.
In that case, a computer-readable medium comprises machine readable instructions that when executed perform the
functionality associated with wavelet transform unit 12, wavelet denoising unit 14 and/or inverse wavelet transform unit
16. Moreover, the invention can be in programmable logic, or other types of hardware, software or firmware.

[0033] Wavelet transform unit 12 performs wavelet transformation on an electrogram (EGM) in order to generate the
set of wavelets, which collectively include the information in the electrogram. For example, wavelet transform unit 12
can perform wavelet transformation using mathematical framework similar to that outlined above. In particular, the set
of wavelets can be obtained by scaling and translating a selected mother wavelet. Wavelet transform unit 12 can comprise
a set of dilated impulse response band-pass filters designed to perform the desired wavelet transformation on the
electrogram. The set of wavelets generated by wavelet transform unit 12 include numerous wavelets at various different
scale factors. In other words, different subsets of wavelets exist for each scale factor. The scale factors span.from a
coarse scale to fine scale.

[0034] The coarse scale wavelets provide a larger overall picture of the electrogram, but lack specific details of the
electrogram. The fine scale wavelets provide a less complete picture of the electrogram, but include more detail. The
coarse scale wavelets have a scale greater than or equal to 10 multiplied by the scale of the fine scale wavelet, although
the invention is not necessarily limited in that respect.
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[0035] Wavelet denoising unit 14 performs denoising on the wavelets by comparing wavelet coefficients of the different
wavelets to thresholds. If a given wavelet coefficient exceeds a given threshold, the wavelet coefficient remains un-
changed. However, if a given threshold exceeds a given wavelet coefficient, wavelet denoising unit 14 reduces that
wavelet coefficient, e.g., typically by setting that wavelet coefficient to zero. In this manner, denoising can be achieved.
[0036] In order to improve denoising, wavelet denoising unit 14 applies different thresholds to different subsets of
wavelets associated with each scale. In other words, the thresholds vary for wavelets in different scales. If wavelet
denoising unit 14 determines that a wavelet coefficient exceeds a respective threshold associated with the given subset
of wavelets, the wavelet coefficient remains unchanged. However, if wavelet denoising unit 14 determines that a re-
spective threshold exceeds the wavelet coefficient, the wavelet coefficient is reduced, e.g., and typically set to zero. The
different thresholds can be programmed into wavelet denoising unit 14. For example, as described in greater detail
below, a medical procedure can be performed to define the thresholds for effective denoising.

[0037] Inverse wavelet transform unit 16 transforms the denoised set of wavelets back into a denoised electrogram.
In particular, inverse wavelet transform unit 16 receives the set of denoised wavelets from wavelet denoising unit 14,
i.e., the set of wavelets including both wavelets for which wavelet coefficients were unchanged and wavelets for which
wavelet coefficients were reduced. Inverse wavelet transform unit 16 performs the inverse of the transformation performed
by wavelet transform unit 12 to generate the denoised electrogram. In this manner, wavelet transformations can be
exploited for effective electrogram denoising.

[0038] In an electrocardiogram, most of the wavelet coefficients are small. The largest coefficients coincide with the
largest slopes in the electrogram signal, and only those few coefficients are typically significant. The denoising techniques
implemented by wavelet denoising unit 14 are generally based on removing the important characteristics of the electro-
gram from of the noise. By comparing the wavelet coefficients to predetermined thresholds (which vary from scale to
scale), insignificant noise related coefficients can be identified and set to zero.

[0039] The denoising techniques described herein can provide certain advantages relative to conventional denoising
techniques. In particular, denoising of wavelets is relatively easy from a computational standpoint. Moreover, as an
added benefit, setting insignificant noise related coefficients to zero can compress the electrogram without losing the
significant information of wavelets having large coefficients, e.g., that coincide with the largest slopes in the electrogram
signal.

[0040] Because the invention is relatively easy to implement from a computational standpoint, it is well suited for use
inimplanted medical devices where computational resources are limited and power consumption is a concern. Moreover,
the denoising techniques can be particularly useful in implantable cardiac signal loops or other types of implantable
diagnostic loop recorders that make use of subcutaneous electrodes for electrogram sensing. Such devices typically
record significant amounts of electrogram noise caused by the patients pectoral muscles, or the like. In accordance with
the invention, however, such noise can be identified and eliminated by wavelet thresholding.

[0041] FIG. 2 is a more detailed block diagram of a medical device 20 according to an embodiment of the invention
in which the denoising techniques are digitally implemented. Like medical device 10, medical device 20 may comprise
any of a wide variety of medical devices used to analyze electrograms.

[0042] Medical device 20 includes an analog-to-digital (A/D) converter 21 that receives analog electrogram (EGM)
and converts the analog electrogram to a digital electrogram, i.e., a stream of digital samples that represent the elec-
trogram. Wavelet transform unit 22, wavelet denoising unit 24, and inverse wavelet transform unit 26 comprise software
modules executing on DSP 25. For example, wavelet transform unit 22, wavelet denoising unit 24, and inverse wavelet
transform unit 26 can comprise computer-readable instructions stored in memory 23, and invoked by DSP 25 to perform
the denoising techniques described herein. For example, memory 23 can comprise random access memory (RAM),
read-only memory (ROM), non-volatile random access memory (NVRAM), electrically erasable programmable read-
only memory (EEPROM), flash memory, or the like.

[0043] Wavelet transform unit 22 performs wavelet transformation on the electrogram and generates the set of wave-
lets. In this example, wavelet transform unit 22 comprises a set of software-implemented dilated impulse response band-
pass filters designed to perform the desired wavelet transformation on the electrogram according to the mathematical
framework outlined above. The set of wavelets generated by wavelet transform unit 22 include numerous wavelets at
various different scale factors.

[0044] Wavelet denoising unit 24 performs denoising on the wavelets by comparing wavelet coefficients to program-
mable thresholds. If a given wavelet coefficient exceeds a given threshold, the wavelet coefficient remains unchanged.
However, if a given threshold exceeds a given wavelet coefficient, wavelet denoising unit 24 reduces that wavelet
coefficient, e.g., typically by setting that wavelet coefficient to zero. Accordingly, the wavelet having a zero wavelet
coefficient is essentially eliminated. In other cases, more complex non-zero reductions to some coefficients can be made.
In any case, denoising can be achieved by such reductions of wavelet coefficients. The different thresholds associated
with the different scales can be stored in memory 23, and can be selected or programmed during a medical procedure.
More details of an exemplary medical procedure used to select the thresholds are provided below with reference to FIG. 5.
[0045] Inverse wavelet transform unit 26 transforms the denoised set of wavelets back into a denoised electrogram.
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In particular, inverse wavelet transform unit 26 performs the inverse of the transformation performed by wavelet transform
unit 22 to generate the denoised electrogram. In this manner, wavelet transformations can be exploited for effective
electrogram denoising. Digital-to-analog (D/A) converter 29 converts the denoised digital electrogram back to an analog
signal for subsequent processing or analysis.

[0046] FIG. 3 is a flow diagram illustrating a denoising process in accordance with an embodiment of the invention.
For purposes of illustration, the process shown in FIG. 3 will be described from the perspective of medical device 10 of
FIG. 1. As illustrated in FIG. 3, wavelet transform unit 12 transform an electrogram to wavelets (31). Wavelet denoising
unit 14 compares wavelet coefficients to thresholds (32), and reduces one or more wavelet coefficients based on these
comparisons (33). Importantly, different thresholds are compared to the wavelet coefficients of different subsets of the
wavelets corresponding to different scales of the wavelet transformation. The thresholds can be established for the
different scales in order to promote improved denoising performance. Following reduction of one or more of the wavelet
coefficients, inverse wavelet transform unit 16 performs an inverse transformation on the wavelets to generate a denoised
electrogram (34), which can be analyzed or processed to promote medical therapy.

[0047] FIG. 4 is a block diagram of system 40 including first and second medical devices according to an embodiment
of the invention. In one example, the first medical device comprises an implanted medical device (IMD) 41, such as an
implanted diagnostic loop recorder that includes subcutaneous electrodes (not shown) for measuring electrograms of
a patient, and the second medical device comprises a programmer 42. IMD 41 and programmer 42 communicate via
telemetry signals 43. Programmer 42 can be used to program thresholds into IMD 41 for use during the denoising
process. Again, in accordance with the invention, different thresholds are established for different scales of wavelets in
order to improve the denoising process.

[0048] IMD 41 includes a wavelet transform unit 44, a wavelet denoising unit 45, and an inverse wavelet transform
unit 46 that perform denoising of electrograms in a manner similar to the components illustrated in FIG. 1 and described
above. However, prior to execution of the denoising process, the thresholds can be selected or defined for effective
denoising performance. In particular, different thresholds are established for comparison with the wavelet coefficients
of different subsets of the wavelets, e.g., at differing scales in the wavelet transformation.

[0049] [IMD 41 includes atelemetry unit 47 that facilitates wireless communication of telemetry signals 43 with telemetry
unit 48 of programmer 42. In particular, telemetry unit 47 of IMD 41 communicates sensed electrograms to telemetry
unit 48 of programmer 42. Threshold calibration unit 49 of programmer 42 facilitates selection of the different thresholds
to be applied at different wavelet scales. For example, threshold calibration unit 49 displays electrograms or denoised
electrograms to a physician, and the physician provides input to threshold calibration unit 49 in order to select or modify
these thresholds. Alternatively, adjustments to the thresholds can occur automatically as part of a thresholding algorithm
executed by threshold calibration unit 49. In that case, the physician simply examines a denoised electrogram and either
accepts or rejects the current thresholds. If rejected, adjustments can occur automatically as part of the thresholding
algorithm.

[0050] Threshold calibration unit 49 can include a wavelet transform unit, a wavelet denoising unit and an inverse
wavelet transform unit similar to those of IMD 41. Thus, when telemetry unit 47 receives a sensed electrogram, threshold
estimation unit 49 can perform wavelet denoising techniques on the electrogram and display the denoised electrogram
to a physician. The physician can then analyze the denoised electrogram and determine whether the electrogram is
acceptable. If not, one or more of the thresholds can be adjusted by an algorithm executing on threshold calculation unit
49, or possibly by manual input by the physician. In particular, threshold calibration unit 49 adjusts the thresholds, and
the denoising process is repeated. Once denoising is deemed acceptable by the physician, the thresholds can be
communicated from telemetry unit 48 of programmer 42 to telemetry unit 47 of IMD 41. IMD 41 can then install the
thresholds into wavelet denoising unit 45 for subsequent application in a denoising process of IMD 41.

[0051] Insome cases, the physician instructs the patient to assume one or more different positions in order to purposely
introduce noise into electrograms. The physician can inform programmer 42 (via telemetry) of such positions, and in
response threshold calibration unit 49 adjust different thresholds, depending on the current electrogram being analyzed
and the current position assumed by the patient. Such a technique can be particularly effective in defining thresholds
when IMD 41 comprises an implanted diagnostic loop recorder that includes subcutaneous electrodes for measuring
electrograms of a patient. In that case, noise associated with pectoral muscles (or other muscles or tissue) of the patient
can be purposely introduced by patient movements or positioning. In still other cases, threshold estimation can be
programmed manually by a physician, rather than automatic adjustments by an algorithm executing on threshold cali-
bration unit 49.

[0052] FIG. 5 is a flow diagram illustrating techniques for selecting thresholds to be applied in a denoising process.
As shown in FIG. 5, a physician instructs a patient implanted with IMD 41 to assume a specific position that should
introduce specific noise in an electrogram (51). Once the patient has assumed the position (52), the physician confirms
the action with programmer 42 (53). Programmer 42 then acquires one or more sensed electrograms from IMD 41 (54).
[0053] Programmer 42 processes the electrograms (55), and applies current thresholds in a denoising process similar
to that described herein (56). Programmer then displays denoised electrograms to the physician (57), and the physician
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interprets the denoised electrograms (58). If the physician determines that the denoised electrograms are acceptable
(yes branch of 59), then programmer 42 sends the current thresholds to IMD 41 (60), and IMD 41 installs the current
thresholds (61) for subsequent use in a denoising process performed by IMD 41.

[0054] However, if the physician determines that the denoised electrograms are unacceptable (no branch of 59), then
the current thresholds are changed (62). For example, threshold calibration unit 49 can apply an algorithm to automatically
adjust the thresholds, e.g., in response to a physician’s input that the current denoised electrogram are unacceptable.
Such adjustments can be non-linear, in that some thresholds are adjusted differently than others for improved denoising
performance. Alternatively, the physician can manually enter new thresholds or manually adjust one or more of the
current thresholds, e.g., via telemetry with programmer 42. In any case, the process is then repeated with the new current
thresholds, and continues in an iterative fashion until acceptable thresholds are established. Moreover, in some cases,
the process can be subsequently repeated with the patient assuming different positions. In that case, the threshold
algorithm executing on threshold calibration unit 49 can be designed to pay close attention to specific thresholds when
the patient assumes particular positions.

[0055] In some embodiments, the process is automated such that the physician only confirms that the patient has
assumed the position. In other words, programmer 42 can be designed to automatically adjust one or more of the
thresholds, without requiring the physician to make threshold selections. Again, in that case, a thresholding algorithm
for adjusting the thresholds can be executed in threshold calibration unit 49. The physician confirms patient positioning
to programmer 42, and then reviews and either accepts or rejects the denoised electrogram.

[0056] A number of embodiments of the invention have been described. However, one skilled in the art will appreciate
that the invention can be practiced with embodiments other than those disclosed. For example, other types of mother
wavelet functions can be used to generate the respective wavelets which are used in electrogram analysis. The invention
can find application for denoising of a wide variety of different types of electrograms. In addition, the invention can find
application for denoising of a wide variety of different types of biomedical signals including but not limited to electrograms
measured via external sensors, electrograms measured via implanted sensors, signals measured by one or more bio-
medical sensor, chronic or acute signals, or any other biomedical signals that require denoising.

[0057] Also, the invention can be implemented in software, hardware, firmware, or the like. Example hardware imple-
mentations include implementations within an application specific integrated circuit (ASIC), a field programmable gate
array (FPGA), a programmable logic device, specifically designed hardware components, one or more processors, or
any combination thereof. Ifimplemented in software, a computer readable medium stores computer readable instructions,
e.g., program code, that can be executed by a processor or DSP to carry out one of more of the techniques described
above. For example, the computer readable medium can comprise random access memory (RAM), read-only memory
(ROM), non-volatile random access memory (NVRAM), electrically erasable programmable read-only memory (EEP-
ROM), flash memory, or the like. The computer readable medium comprises computer readable instructions that when
executed in a medical device carry out one or more of the techniques described herein.

Claims
1. A system for a patient, said system comprising:

an implantable medical device (10); and
a programmer (42);

said programmer comprising:

means for receiving an input from a physician confirming that the patient has assumed a given position;
wherein said programmer (42) is configured to acquire an electrogram or biomedical signal from said
implantable medical device in response to said input from the physician; and

a threshold calibration unit (49) for adjusting first and second thresholds; said threshold calibration unit
further comprising means for displaying a denoised electrogram signal; means for receiving an input
from a physician indicative of the acceptability of the displayed electrogram signal, means for enabling
the physician to change said thresholds; and means to send current or changed thresholds to the
implantable medical device;

said implantable medical device comprising a wavelet transform unit (12) configured to transform said electro-
gram or biomedical signal into a set of wavelets;

the set of wavelets including different subsets of wavelets for different scales; and

a wavelet denoising unit (14) configured to compare first wavelet coefficients of the wavelets in a first subset
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to the first threshold, compare second wavelet coefficients of the wavelets in a second subset to the second
threshold, the second threshold being different from the first threshold, and reduce one or more of the second
wavelet coefficients that are less than the second threshold.

2. The system of claim 1, wherein said implantable medical device further comprises an inverse wavelet transform
unit (16) configured to transform the set of wavelets into a denoised electrogram following reduction of one or more
wavelet coefficients.

3. The system of claim 1 or 2, wherein the wavelet denoising unit (14) is configured to reduce one or more of the first
and second wavelet coefficients by setting one or more of the first and second wavelet coefficients to zero.

4. The system of claim 1, 2 or 3, wherein the wavelet denoising unit (14) is configured to compare wavelet coefficients
of the wavelets in each respective subset to different thresholds, and reduce any given wavelet coefficient that is
less than a respective threshold for the respective subset associated with that given wavelet coefficient.

5. The system of any preceding claim, wherein said implantable medical device further comprises a telemetry unit (47)
configured to receive the first and second thresholds from said programmer prior to transforming the electrogram
into the set of wavelets.

Patentanspriiche
1. System fiir einen Patienten, wobei das System enthalt:

eine implantierbare medizinische Vorrichtung (10);
und

eine Programmiereinrichtung (42);

wobei die Programmiereinrichtung enthait:

Mittel, um von einem Arzt, der bestatigt, dass der Patient eine gegebene Position eingenommen hat, eine
Eingabe zu empfangen; wobei die Programmiereinrichtung (42) konfiguriert ist, um in Reaktion auf die
Eingabe von dem Arzt ein Elektrogrammsignal oder ein biomedizinisches Signal von der implantierbaren
medizinischen Vorrichtung zu erfassen; und

eine Schwellenwertkalibrierungseinheit (49), um einen ersten und einen zweiten Schwellenwert einzustel-
len; wobei die Schwellenwertkalibrierungseinheit ferner enthalt: Mittel, um ein rauschfreies Elektrogramm-
signal anzuzeigen; Mittel, um eine Eingabe von einem Arzt zu empfangen, die die Annehmbarkeit des
angezeigten Elektrogrammsignals angibt, Mittel, um dem Arzt zu erméglichen, die Schwellenwerte zu an-
dern; und Mittel, um aktuelle oder gednderte Schwellenwerte zu der implantierbaren medizinischen Vor-
richtung zu schicken;

wobei die implantierbare medizinische Vorrichtung eine Wavelet-Transformationseinheit (12) enthalt, die kon-
figuriert ist, um das Elektrogramm-Signal oder das biomedizinische Signal in eine Menge von Wavelets zu
transformieren;

wobei die Menge von Wavelets verschiedene Untermengen von Wavelets fiir verschiedene Skalen enthalt; und
eine Wavelet-Rauschunterdriickungseinheit (14), die konfiguriert ist, um erste Wavelet-Koeffizienten der Wa-
velets in einer ersten Untermenge mit dem ersten Schwellenwert zu vergleichen, zweite Wavelet-Koeffizienten
der Wavelets in einer zweiten Untermenge mit dem zweiten Schwellenwert zu vergleichen, wobei der zweite
Schwellenwert von dem ersten Schwellenwert verschieden ist und eine oder mehrere der zweiten Wavelet-
Koeffizienten, die kleiner als der zweite Schwellenwert sind, zu reduzieren.

2. System nach Anspruch 1, wobei die implantierbare medizinische Vorrichtung ferner eine inverse Wavelet-Trans-
formationseinheit (16) enthalt, die konfiguriert ist, um die Menge von Wavelets in ein rauschfreies Elektrogramm zu
transformieren, nachdem ein oder mehrere Wavelet-Koeffizienten reduziert worden sind.

3. System nach Anspruch 1 oder 2, wobei die Wavelet-Rauschentfernungseinheit (14) konfiguriert ist, um einen oder
mehrere der ersten und zweiten Wavelet-Koeffizienten durch Einstellen eines oder mehrerer der ersten und zweiten
Wavelet-Koeffizienten auf null zu reduzieren.
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System nach Anspruch 1, 2 oder 3, wobei die Wavelet-Rauschunterdriickungseinheit (14) konfiguriert ist, um Wa-
velet-Koeffizienten der Wavelets in jeder entsprechenden Untermenge mit verschiedenen Schwellenwerten zu ver-
gleichen und irgendeinen gegebenen Wavelet-Koeffizienten, der kleiner als ein entsprechender Schwellenwert fur
die jeweilige Untermenge ist, die dem gegebenen Wavele-Koeffizienten zugeordnet ist, zu reduzieren.

System nach einem vorhergehenden Anspruch, wobei die implantierbare medizinische Vorrichtung ferner eine
Telemetrieeinheit (47) enthalt, die konfiguriert ist, um den ersten und den zweiten Schwellenwert von der Program-
miereinrichtung zu empfangen, bevor das Elektrogramm in die Menge von Wavelets transformiert wird.

Revendications

Systéme pour un patient, ledit systétme comportant :

un dispositif médical implantable (10) ; et
un programmateur (42) ;
ledit programmateur comportant :

des moyens pour recevoir une entrée provenant d'un médecin confirmant que le patient a pris une position
donnée ; dans lequel ledit programmateur (42) est configuré pour acquérir un électrogramme ou un signal
biomédical provenant dudit dispositif médical implantable en réponse a ladite entrée du médecin ; et

une unité de calibrage de seuil (49) pour régler des premier et second seuils ; ladite unité de calibrage de
seuil comportant en outre des moyens pour afficher un signal d’électrogramme débruité ; des moyens pour
recevoir une entrée provenant d'un médecin indicative de I'acceptabilité du signal d’électrogramme affiché,
des moyens pour permettre au médecin de changer lesdits seuils ; et des moyens pour envoyer du courant
ou des seuils changés au dispositif médical implantable ;

ledit dispositif médical implantable comportant une unité de transformée d’ondelettes (12) configurée pour
transformer ledit électrogramme ou signal biomédical en un ensemble d’ondelettes ;

'ensemble d’ondelettes incluant différents sous-ensembles d’ondelettes pour différentes échelles ; et
une unité de débruitage d’ondelettes (14) configurée pour comparer des premiers coefficients d’'ondelettes
des ondelettes dans un premier sous-ensemble au premier seuil, comparer des seconds coefficients d’on-
delettes des ondelettes dans un second sous-ensemble au second seuil, le second seuil étant différent du
premier seuil, et réduire un ou plusieurs des seconds coefficients d’'ondelettes qui sont inférieurs au second
seuil.

Systéme selon la revendication 1, dans lequel ledit dispositif médical implantable comporte en outre une unité de
transformée inverse d’ondelettes (16) configurée pour transformer I'ensemble d’ondelettes en un électrogramme
débruité aprés réduction d’'un ou plusieurs coefficients d’'ondelettes.

Systéme selon la revendication 1 ou 2, dans lequel I'unité de débruitage d’ondelettes (14) est configurée pour réduire
un ou plusieurs des premier et second coefficients d’ondelettes en fixant un ou plusieurs des premier et second
coefficients d’'ondelettes a zéro.

Systéme selon la revendication 1, 2 ou 3, dans lequel I'unité de débruitage d’ondelettes (14) est configurée pour
comparer des coefficients d’ondelettes aux ondelettes dans chaque sous-ensemble respectif a différents seuils, et
réduire tout coefficient d’'ondelette donné qui est inférieur a un seuil respectif pour le sous-ensemble respectif associé
a ce coefficient d’'ondelette donné.

Systéme selon I'une quelconque des revendications précédentes, dans lequel ledit dispositif médical implantable

comporte en outre une unité de télémesure (47) configurée pour recevoir les premier et second seuils provenant
dudit programmateur avant de transformer I'électrogramme en ensemble d’ondelettes.

10
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