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LONG-TERM CUTANEOUS CARDIAC
MONITORING

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application claims priority under 35 USC §119
(e) to U.S. Provisional Patent Application 61/555,512 filed
Now. 4, 2011, the entirety of which is incorporated by refer-
ence herein.

FIELD OF THE INVENTION

[0002] The invention relates to systems suitable for long-
term non-invasive heart monitoring.

BACKGROUND OF THE INVENTION

[0003] Conventionally, Holter monitors have been used for
non-invasive monitoring of heart rhythm, but the monitoring
time is usually limited to 24 to 48 hours, or at most a week or
s0.

[0004] Event recorders and external loop recorders have
also been used for ambulatory cardiac monitoring, usually
lasting for a week to a month or so. These devices can be
programmed to record short episodes of electrocardiograms
(ECGs) that are manually triggered by the patient upon expe-
riencing symptoms, or automatically record a limited number
of arrhythmia episodes detected by the device.

[0005] A long-term continuous ECG recorder (Zio™
patch) has also been developed by iRhythm. This disposable
device can be worn by the patient for up to two weeks, and can
continuously record an ECG. After finishing the recording,
the device is mailed to the service center which downloads the
recorded ECG and performs offline ECG analysis.

[0006] Holter monitors, wearable event recorders, and
external loop recorders are not suitable for long-term moni-
toring (maximum 1 mo). The electrodes usually require daily
change and the wires are cumbersome. Although the Zio™
patch is waterproof and can be worn comfortably by a patient
for up to one or two weeks, it is also not designed for long-
term monitoring (e.g. >6 mo).

[0007] US 2011/0125040 A1 discloses a wireless ECG
monitoring system that includes a disposable patch having
electrodes and an adhesive surface for attachment to the chest
of'the patient, an ECG monitor that can be hooked up with the
disposable patch, and a cell phone handset that can bi-direc-
tionally communicate with the ECG monitor. The system is
designed to continuously monitor ECG for at least 24 hours,
and repeat ECG monitoring after recharging the battery and
using new disposable patches. The system has two major
limitations. First, the need to periodically recharge the ECG
monitor makes it unsuitable for continuous cardiac monitor-
ing. When the ECG monitor is removed from the patch and
recharged (for example when the patient is sleeping), no
cardiac monitoring can be performed. Second, when switch-
ing from one disposable patch to another, there is no quanti-
tative guidance for the patient to properly place the patch over
the chest surface. The patient has to rely on a printed guide to
find the location and adjust the orientation of the patch, but
there is no feedback to the patient whether the placement of
the patch is appropriate. As a result, after switching the dis-
posable patches, arecorded ECG may have low quality and be
unusable, or the newly acquired ECG may not be comparable
to previous recordings.
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[0008] Theimplantable loop recorder, which is used for the
diagnosis of unexplained syncope (fainting), and for the
detection of atrial fibrillation, is suitable for long-term moni-
toring (usually >1 year). This is the only device currently
available for long-term cardiac monitoring, but it requires an
invasive operation to implant the device under the skin.

SUMMARY OF THE INVENTION

[0009] The invention, which is defined by the claims set
forth at the end of this document, seeks to provide improved
systems for long-term non-invasive monitoring of cardiac
functions. An exemplary version of the invention achieves
this goal with:

[0010] (1) a disposable unit that has at least two built-in
electrodes; a built-in wire antenna; a watertight chamber
that can be opened and closed; and an adhesive surface;

[0011] (2) an electronic controller that can acquire, pro-
cess and store physiological signals; can be fitted into
the disposable unit; and can establish electrical contact
with the built-in electrodes and the built-in wire antenna;
and

[0012] (3) a portable communication unit that can wire-
lessly communicate bi-directionally with the electronic
controller, and further communicate bi-directionally
with a remote service center. The electronic controller
can also communicate bi-directionally with another pro-
gramming device.

[0013] The aforementioned goal is also achieved by a sys-
tem for long-term cutaneous cardiac monitoring which
includes a disposable unit configured to be adhered to a
patient’s skin, and an electronic controller detachably con-
nected to the disposable unit. The disposable unit includes:

[0014] (1)asubstantially flat and flexible skin contacting
portions that has at least two pick-up electrode poles
arranged to electrically contact a patient’s skin at two or
more spaced-apart locations,

[0015] (2) a wire antenna; and

[0016] (3)a watertight chamber attached to or integrated
within the flat and flexible skin contacting portion, and
being configured to accommodate the electronic con-
troller in a watertight sealed manner, and being able to
open and close so as to allow removal and reinsertion of
the electronic controller.

[0017] On the inside of the chamber, electrical terminals
are provided that are electrically connected to the pick-up
electrode poles, and that are arranged to be operatively con-
nected to respective ports of the electronic controller. Like-
wise, a conducting antenna port is provided inside the cham-
ber. The conducting antenna port is electrically connected to
the wire antenna and arranged to be operatively connected to
a respective antenna port of the electronic controller.

[0018] The electronic controller includes a battery with a
capacity sufficient to allow the electronic controller to operate
for at least one year. The electronic controller has contact
ports arranged to make contact to the terminals within the
chamber and to thus establish electrical contact with the pick-
up electrode poles and the wire antenna, respectively.
[0019] The electronic controller is configured to acquire,
process, and store the physiological signals to be picked up
via the electrode poles and to provide quantitative feedback
regarding the signal quality of a signal acquired via the pick-
up electrode poles.

[0020] The proposed system thus has 3 parts: (1) a dispos-
able unit that has at least two built-in electrodes, a built-in
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wire antenna, a waterproof chamber that can be opened and
closed, and an adhesive surface; (2) an electronic controller
that has a battery life of at least 1 year, and which can acquire,
process and store the physiological signals, and can be fitted
into the disposable unit and establish the electrical contact
with the built-in electrodes and the built-in wire antenna; and
(3) a portable communication unit that can wirelessly com-
municate bi-directionally with the electronic controller and
further communicate bi-directionally with a remote service
center. The electronic controller can also communicate bi-
directionally with another programming device. Two of these
parts, namely the disposable unit and the electronic control-
ler, are physically connected to each other when in use and
form a body-worn monitoring device.

[0021] A unique feature ofthis system is that the disposable
unit, the electronic controller and the portable communica-
tion unit are physically decoupled but functionally coupled.
Long-term non-invasive cardiac monitoring is achieved by
connecting these components electrically (between the dis-
posable unit and the electronic controller) and wirelessly
(between the electronic controller and the portable commu-
nication unit).

[0022] The disposable unit can be comfortably worn by the
patient for (preferably) 1-2 weeks, though shorter or longer
periods are possible. The patient can fit the electronic con-
troller into the disposable unit to complete the circuit for ECG
monitoring. The electronic controller also connects to the
wire antenna in the disposable patch for wireless communi-
cation with the portable communication unit.

[0023] The patient can remove the electronic controller
from one disposable unit and place it in another disposable
unit to continue cardiac monitoring. Upon switching to a new
disposable unit, the patient can use the portable communica-
tion unit to interrogate the electronic controller to check the
quality of the acquired ECG signal. Quantitative feedback on
the ECG signal quality, such as the morphological similarity
between an acquired ECG waveform and pre-stored ECG
templates, as well as the signal-to-noise ratio, can be provided
to the patient to guide the proper placement of the disposable
unit on the body surface.

[0024] The ECG and other diagnostic data stored in the
electronic controller can be transmitted to the external por-
table communication unit periodically, and/or upon the
occurrence of one or more triggering events, and the external
portable communication unit can in turn relay the information
to a remote service center. After data transmission, the elec-
tronic controller preferably clears the data memory and con-
tinues heart monitoring. The battery of the electronic control-
ler supports the normal operation of the electronic controller
for at least 12 months. Therefore, by changing the disposable
unit every 1-2 weeks (for example), the system can continu-
ously monitor the cardiac rhythm for at least 12 months.
[0025] The electronic controller continuously monitors the
skin contact of the electrodes in the disposable unit and com-
municates the related information to the external portable
communication unit, which provides instantaneous feedback
for the patient. The electronic controller can alert the patient
to reposition or replace the disposable unit upon receiving a
warning signal from the electronic controller indicating
abnormal skin-electrode contact, or based on a pre-config-
ured schedule.

[0026] In an exemplary version of the invention, the elec-
tronic controller is further configured to provide quantitative
feedback regarding the signal quality of a signal acquired via
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the pick-up electrode poles. Further, the electronic controller
can be configured to maintain at least one representative ECG
beat template. In particular, the electronic controller is further
configured to construct the representative ECG beat template
by averaging multiple normal beats of ECG signals acquired
via the pick-up electrode poles, and being aligned with pre-
defined fiducial points. Even more particularly, the electronic
controller is configured to start constructing the representa-
tive ECG beat template immediately upon affixing the dis-
posable unit on a patient’s skin, and to continuously update
the representative ECG beat template based on acquired ECG
signals.

[0027] The disposable unit preferably has three built-in
electrode poles. Preferably, these electrode poles are spaced
apart from each other by an inter-electrode distance of at least
3cm.

[0028] The electronic controller preferably includes elec-
tric components that are hermetically sealed inside a case of
the electronic controller. These components preferably
include an electronic circuitry including a microprocessor, a
memory, and an electronic interface circuitry preferably
including a feedthrough circuitry for noise reduction, a high
voltage protection circuitry, a switch network circuitry for
sensing channel selection, and front-end analog filters, and an
ECG sensing unit connected to the electronic interface cir-
cuitry and the microcontroller, with the ECG sensing unit
including amplifiers, analog-to-digital converters, digital fil-
ters, etc.

[0029] The electronic controller preferably includes an
impedance measuring unit that connects to the conducting
ports for connecting the terminals, with the impedance mea-
suring unit being configured to measure an impedance signal
between the electrode poles. Thus, the electronic controller
can both pick up ECG signals and measure inter-electrode
impedance.

[0030] It is preferred that the portable communication unit
is configured to interrogate the electronic controller to check
the morphology and quality of an acquired ECG signal. In
particular, it is preferred that the system is configured to
wirelessly transmit a latest representative ECG beat template
from the electronic controller to the portable communication
unit and then compare a newly acquired representative ECG
beat template with one or more old representative ECG beat
templates that are pre-stored in the portable communication
unit.

[0031] Preferably the portable communication unit and/or
the electronic controller is configured to rate a newly acquired
representative ECG beat template as being acceptable only
when its morphology is sufficiently similar to at least one of
the old representative ECG beat templates stored in the por-
table communication unit. Alternatively or additionally, the
portable communication unit and/or the electronic controller
can be configured to rate a newly acquired representative
ECG beat template as being acceptable only when it has
sufficiently high signal quality, in particular, if the signal-to-
noise ratio of an QRS complex in the ECG beat template is
greater than a predefined threshold. Alternatively or addition-
ally, the portable communication unit and/or the electronic
controller can be configured to rate a newly acquired repre-
sentative ECG beat template as being acceptable only when
its morphology is sufficiently similar to at least one of the old
representative ECG beat templates and it has sufficiently high
signal quality as measured by the signal to noise ratio.
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[0032] The portable communication unit and/or the elec-
tronic controller is preferably configured to generate a signal
indicating a necessity to reposition the disposable unit if the
newly acquired representative ECG beat template is rated as
being unacceptable. Thus, the system can assist a patient in
positioning the disposable unit in case it has to be replaced.
Furthermore, consistency is maintained between ECG sig-
nals being picked up prior to replacement with ECG signals
being picked up after replacement.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The foregoing and other features and advantages of
the invention will be more apparent from the following
detailed description in conjunction with the following draw-
ings, wherein:

[0034] FIG. 1A provides a simplified bottom view, and
FIG. 1B provides a simplified side view, of a disposable unit
100 and an electronic controller 200 of an exemplary version
of the invention;

[0035] FIG. 2A illustrates a cover 160 over the top of the
disposable unit 100, and FIG. 2B illustrates a cover 160 over
the bottom of the disposable unit 100;

[0036] FIG. 3A illustrates a bottom view of the disposable
unit 100 with its chamber 150 housing the electronic control-
ler 200, and FIG. 3B presents a side view;

[0037] FIG. 4 shows a bottom view of a multi-electrode
configuration of the disposable unit 100, shown with its cor-
responding electronic controller detached and spaced from
the disposable unit 100;

[0038] FIG. 5 schematically illustrates the preferred opera-
tion of the long-term cardiac monitoring system;

[0039] FIG. 6 schematically illustrates the storage of mul-
tiple (preferably at least 3) old representative ECG beat tem-
plates in the portable communication unit 600;

[0040] FIG. 7 shows a block diagram of an electronic con-
troller 200 connecting with a disposable unit 100 for cutane-
ous ECG monitoring, and its interfaces with an external pro-
gramming device 800 and a portable communication unit 600
(which further communicates with a remote service center
700);

[0041] FIG. 8 shows the external portable communication
unit 600 in conjunction with a button 610 which can be
pressed by the patient to trigger an event recording by the
electronic controller 200

DETAILED DESCRIPTION OF PREFERRED
VERSIONS OF THE INVENTION

[0042] The following description is of preferred versions of
the invention, and the invention is not limited to these pre-
ferred versions. The scope of the invention should be deter-
mined with reference to the claims set forth at the end of this
document.

[0043] FIG. 1A shows a bottom view, and FIG. 1B shows a
side view, of an exemplary disposable unit 100 and electronic
controller 200. To achieve long-term non-invasive cardiac
monitoring, a lightweight, waterproof and disposable skin-
adhesive unit 100 is provided. Because the unit is disposable,
it can be easily replaced with another disposable unit after its
usage for a few days. The bottom of the disposable unit 100
has an adhesive surface 110 that can be affixed to the patient’s
skin for at least 7 days. One exemplary type of such adhesive
material is the pressure-sensitive adhesive which forms a
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bond when pressure is applied to stick the adhesive to the
adherent (e.g., the patient’s skin).

[0044] The disposable unit 100 has at least two built-in
electrodes 120. Preferably, the inter-electrode distance is
greater than 3 cm. The electrodes 120 are embedded inside the
disposable unit 100 but protrude from its bottom surface so
that they can establish contact with the patient’s skin. The
electrodes 120 are connected to the respective electrical con-
ducting terminals 140 via the conducting wires 130. Both
conducting wires 130 and the electrical conducting terminals
140 are enclosed inside the disposable unit 100 which has a
watertight housing that is made of a flexible biocompatible
polymer.

[0045] Preferably, the disposable unit 100 also has a built-
in wire antenna 170. Because of the relatively large surface
area of the disposable unit, a long wire antenna 170 (e.g. >6
cm in length) can be embedded, for example by arranging the
wire antenna 170 in a serpentine/zigzag pattern or a spiral/
multiple loop pattern. The wire antenna 170 also has a con-
ducting port 180. Both the wire antenna 170 and its conduct-
ing port 180 are enclosed inside the disposable unit 100.
[0046] The electronic controller 200 includes electronic
circuitry that is hermetically sealed inside a case which is
preferably made from a biocompatible material. At least two
electrical conducting ports 210, which are isolated from each
other, are embedded on the case of the electronic controller
200. In addition, a separate conducting antenna interface 220
is also embedded on the case of the electronic controller 200.
In normal working condition as described hereinafter, the
electronic controller 200 preferably has a battery life of at
least 1 year without the need of recharging.

[0047] The disposable unit 100 has a hollow chamber 150,
the size of which matches the size of the electronic controller
200. As illustrated in FIGS. 2A-2B, the disposable unit 100
has a cover 160 over the top (FIG. 2A) or the bottom (FIG.
2B). The cover 160 is made of a flexible biocompatible poly-
mer and can be opened to expose the chamber 150 or closed
to tightly seal the chamber 150. The electronic controller 200
can therefore be conveniently placed inside or removed from
the chamber 150 of the disposable unit 100. FIGS. 3A-3B
illustrates the bottom view (FIG. 3A) and the side view (FIG.
3B) of the disposable unit 100 with its chamber 150 housing
the electronic controller 200. Preferably, the chamber 150 is
configured to complementarily receive the electronic control-
ler 200 so that the controller 200 is secured in its place after it
is snugly fit inside the chamber 150. The electrical conducting
ports 210 on the surface of the electronic controller 200 make
secure contact with the respective electrical conducting ter-
minals 140 embedded inside the disposable unit 100, so that
they are electrically connected to the respective electrodes
120. In addition, the antenna interface 220 on the surface of
the electronic controller 200 makes secure contact with the
conducting port 180 of the wire antenna 170 embedded inside
the disposable unit 100, so that the electronic controller 200
electrically connects with the wire antenna 170.

[0048] The foregoing design can be easily extended to
multi-electrode configuration. For example, FIG. 4 shows the
bottom view of the disposable unit 100 which has three built-
in electrodes 210, a built-in wire antenna 170 that has a
conducting port 180, and the corresponding electronic con-
troller 200 which has three electrical conducting ports 210 on
its surface, as well as an antenna interface 220. The geometric
shape of the disposable unit 100 and the topographic distri-
bution of the built-in electrodes 120 can be predefined or
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custom-designed to fit different torso shapes of the patients
and to optimize the ECG recordings (for example, selection
of different ECG lead vectors, increase the signal-to-noise
ratio of ECG signals, etc.).

[0049] FIG. 5 schematically illustrates the preferred opera-
tion of the long-term cardiac monitoring system. The patient
fits the electronic controller 200 into the disposable unit 100
which is affixed to the patient’s chest, preferably over the
heart. The electronic controller 200 continuously monitors
the impedance between its electrical conducting ports 210
which are connected to the electrodes 120 after fitting the
electronic controller 200 into the disposable unit 100. The
impedance value is high (usually >1 MQ) when the electrodes
120 are isolated from each other. When the disposable unit
100 is affixed to the patient’s skin, the body tissue forms an
electrical conductor. Thus, the electronic controller 200 can
immediately detect the drop of the impedance value to the
predefined normal range and then automatically start a self-
initialization process for cutaneous ECG monitoring.

[0050] Theelectronic controller 200 acquires the cutaneous
ECG signal measured between the electrodes 120 embedded
in the disposable unit 100, analyzes the cutaneous ECG sig-
nal, and automatically triggers recording of the ECG episode
upon detection of abnormal cardiac rhythm. The patient can
alternatively or additionally manually trigger the recording of
an ECG episode by pressing a button or switch on the external
portable communication unit 600, which then sends a com-
mand to the electronic controller 200 to initiate the episode
recording. Alternatively, the manual trigger for the episode
recording can be placed on the disposable unit 100 or the
outer surface of the electronic controller 200.

[0051] The external portable communication unit 600 can
establish and maintain bi-directional wireless communica-
tions with the electronic controller 200. Through this com-
munication link, the external portable communication unit
600 can both send commands to and retrieve diagnostic infor-
mation from the electronic controller 200. The external por-
table communication unit 600 also can establish and maintain
bi-directional communications with the remote service center
700 through a wired or wireless Home Monitoring network,
through which the diagnostic information retrieved from the
electronic controller 200 can be relayed to the remote service
center 700 and reviewed by the patient’s health care providers
900.

[0052] In a typical arrangement, the cutaneous ECG epi-
sodes and related diagnostic information recorded by the
electronic controller 200 are periodically transmitted to the
remote service center 700 (e.g., every midnight). In another
typical arrangement, the recorded ECG episodes and related
diagnostic information are immediately transmitted to the
remote service center 700 upon a patient trigger, and/or upon
automatic detection of predefined severe cardiac conditions
(e.g. long-lasting atrial fibrillation, very high or very low
ventricular rate, etc.). In another arrangement, the recorded
data are transmitted to the remote service center 700 when the
memory buffer of the electronic controller 200 is filled to a
predefined percentage of its capacity (e.g. 80%). Preferably,
after data transmission, the electronic controller 200 clears
the data memory so that no data is lost due to memory satu-
ration, and the electronic controller 200 continues ECG moni-
toring and data logging thereafter.

[0053] During ambulatory cardiac monitoring, the elec-
tronic controller 200 continues to monitor the impedance
between the electrodes 120 as well as the signal quality of the
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cutaneous ECG. When the electronic controller 200 detects a
fall in the impedance value to outside the predefined normal
range, it generates a warning signal which is sent to the
external portable communication unit 600, which then alerts
the patient via perceptible means (e.g., via visual, audio,
vibration, etc. signals). In addition, the electronic controller
200 also continuously evaluates the signal quality of the
acquired cutaneous ECG signal. If the signal-to-noise ratio
(SNR) of the ECG signal has significantly degraded, then a
warning signal can also be generated and the patient is
alerted.

[0054] The patient alert function is useful for long-term
cutaneous cardiac monitoring. For example, loose electrode-
skin contact can cause higher than normal impedance, and
sweat or water may partially short circuit the electrodes and
cause lower than normal impedance. After receiving the auto-
matically generated alert of abnormal impedance or low
SNR, the patient can reposition the disposable unit 100 over
the chest until the impedance value between electrodes is
within the normal range and the cutaneous ECG has suffi-
ciently high SNR.

[0055] Ifthe disposable unit 100 wears out, the patient can
choose to remove the electronic controller 200 from the old
disposable unit 100 and place it in a new disposable unit 100
to continue cardiac monitoring. The patient can be reminded
to change the disposable unit 100 when the electronic con-
troller 200 detects abnormal impedance between electrodes
and/or low SNR of the acquired ECG and generates an alert
through the external portable communication unit 600. Alter-
natively or additionally, the external portable communication
unit 600 can be configured by the patient to set a periodic
alarm (e.g. every 7 days) as a reminder for changing the
disposable unit 100. Therefore, the automatic alert feature
can greatly improve the patient’s regular changing of the
disposable unit 100, which is essential for successful long-
term cutaneous cardiac monitoring.

[0056] For the purpose of long-term cardiac monitoring, it
is desirable that the recording ECG lead vectors remain
stable, or at least they should be well-defined, so that appro-
priate interpretation of the ECG can be made. This require-
ment may pose a special challenge when the patient changes
the disposable unit 100. For example, the patient may choose
to apply the new disposable unit 100 to a different chest
location than the old one to prevent skin irritation from
repeated use. In another example, the patient may intend to
replace the disposable unit 100 at the same chest location, but
the actual location and/or orientation of the new disposable
unit 100 may still differ from the previous one because of
human error, even if the patient is aided with a graphical
guide. Therefore, the invention preferably provides quantita-
tive feedback to the patient to guide the proper replacement of
the disposable units as described hereinafter.

[0057] Inapreferred version of the invention, the electronic
controller 200 maintains a representative ECG beat template,
i.e., a characterization of the ECG of one or more represen-
tative normal (non-irregular) heartbeats of the patient. As
known in the art, the representative ECG beat template can be
obtained by averaging multiple (e.g. 8, 16, etc.) normal beats
of ECG signals aligned with one or more predefined fiducial
points (e.g. the peak of QRS complex). Abnormal beats (such
as ectopic beats or cardiac cycles during cardiac arrhythmia)
are automatically detected and excluded from beat averaging.
The electronic controller 200 preferably starts constructing
the representative ECG beat template immediately upon
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affixing the disposable unit on the patient’s skin, and continu-
ously updates the representative ECG beat template based on
the acquired ECG signal.

[0058] In a preferred version, after switching to a new dis-
posable unit 100, the patient can use the portable communi-
cation unit 600 to interrogate the electronic controller 200 to
check the morphology and quality of the acquired ECG sig-
nal. Typically, the latest representative ECG beat template (at
the time of interrogation) is wirelessly transmitted from the
electronic controller 200 to the portable communication unit
600. The newly acquired representative ECG beat template is
then compared to the old representative ECG beat templates
pre-stored in the portable communication unit 600.

[0059] Asillustrated in FIG. 6, the portable communication
unit 600 typically stores multiple (preferably at least 3) old
representative ECG beat templates. Typically, these old rep-
resentative ECG beat templates are first generated when the
patient was seen by the physician or nurse. The physician or
nurse can place the disposable unit 100 in multiple locations
and/or orientations to select the preferred set of ECG leads
that are believed to have good signal quality, and reveal
important diagnostic features from the ECG waveform. For
each preferred ECG lead position, a corresponding represen-
tative ECG beat template is retrieved from the electronic
controller 200 and stored in the portable communication unit
600.

[0060] As described above, after changing the disposable
unit 100, the patient can use the portable communication unit
600 to interrogate the electronic controller 200 to retrieve the
newly acquired representative ECG beat template. In a pre-
ferred arrangement, the morphological similarity between the
newly acquired representative ECG beat template and each of
the old representative ECG beat templates that are stored in
the portable communication unit 600 is respectively evalu-
ated. One typical method to measure the morphological simi-
larity is to calculate the correlation coefficient between the
new and old representative ECG beat templates. Another
method to quantify the morphological similarity is to calcu-
late the adaptive signed correlation index between the new
and old representative ECG beat templates, as disclosed in
U.S. Pat. Appl’n. Publ’n. 2009/0240300 A1 (which is incor-
porated herein by reference).

[0061] In atypical arrangement, the newly acquired repre-
sentative ECG beat template is considered acceptable only
when its morphology is sufficiently similar to at least one of
the old representative ECG beat templates stored in the por-
table communication unit 600; for example, where the corre-
lation coefficient is greater than a predefined threshold, e.g.
0.85. The location and orientation of the disposable unit 100
can be considered to be similar to that of the ECG lead
corresponding to the old representative ECG beat template
that results in the highest morphological similarity, and this
information could then be logged into the memory of the
portable communication unit 600 and further communicated
to the remote service center 700. For example, as illustrated in
FIG. 6, if the correlation coefficients between the newly
acquired representative ECG beat template and each of the
three old representative ECG beat templates are (1) 0.70, (2)
0.90, and (3) 0.30, then the disposable unit 100 is believed to
have similar lead location and orientation as the ECG lead
that was used to generate the old representative ECG beat
template (2).

[0062] In another typical arrangement, the newly acquired
representative ECG beat template is considered acceptable
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only when it has sufficiently high signal quality, for example,
where the signal to noise ratio (SNR) of the QRS complex in
the ECG beat template is greater than a predefined threshold,
e.g. 20 dB. Other signal quality measures, such as the SNR of
aPwave ora T wave, can also be evaluated based on the need
of the ECG interpretation.

[0063] In yet another typical arrangement, the newly
acquired representative ECG beat template is considered
acceptable only when its morphology is sufficiently similar to
at least one of the old representative ECG beat templates, and
if it also has sufficiently high signal quality as measured by
the SNR. On the other hand, if the newly acquired represen-
tative ECG beat template is considered not acceptable, for
example because it has different morphology than the stored
old representative ECG beat templates and/or if its SNR is too
low, then the patient is advised to reposition the disposable
unit.

[0064] In one version of the invention, the old representa-
tive ECG beat templates stored in the portable communica-
tion unit 600 are fixed after they are initially generated by the
physician or nurse. In another version, the newly acquired
representative ECG beat template—once it is considered
acceptable (e.g., based on morphological analysis and signal
quality assessment as described above)—can also be saved in
the portable communication unit 600, and becomes an old
representative ECG beat template, or updates it (as by being
averaged with the prior representative ECG beat template), so
that it can be used for comparison with later acquired new
representative ECG beat templates. This dynamic update of
the old representative ECG beat template is useful when the
representative ECG morphology changes over time, for
example due to the progression of heart diseases.

[0065] Therefore, quantitative feedback, such as the mor-
phological similarity between the acquired ECG waveform
and the pre-stored ECG templates, as well as the signal-to-
noise ratio, can be provided to the patient to guide the proper
placement of the disposable unit 100 on the body’s surface.
By this means, the ECG lead location/orientation of the dis-
posable units 100 during the long-term monitoring period
will be consistent, or at least their changes will be acceptable
(in terms of signal quality and morphology), and are known to
the physician or nurse who can then properly interpret the
recorded ECG.

[0066] FIG. 7 shows a block diagram of an electronic con-
troller 200 connecting with a disposable unit 100 for cutane-
ous ECG monitoring, and its interfaces with an external pro-
gramming device 800 and a portable communication unit 600
which further communicates with the remote service center
700.

[0067] The electronic controller 200 includes electronic
circuitry that is hermetically sealed inside a case. Enclosed
inside the case, a microprocessor and associated circuitry
make up the controller of the unit. The electronic controller
200 is powered by a battery which can preferably last at least
one year in normal operation without the need for recharging,
and it maintains an internal clock for timing the operations.
The microprocessor communicates with a memory via a bi-
directional data bus. The memory typically includes a ROM
or RAM for program storage and a RAM for data storage.
[0068] By establishing the physical contact between the
electrical conducting ports 210 on the case of the electronic
controller 200 and the electrical conducting terminals 140
embedded in the disposable unit 100, the sensing electrodes
120 of the disposable unit 100 are electrically connected to an
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electronic interface of the electronic controller 200. The elec-
tronic interface preferably includes a feedthrough circuitry
for noise reduction, a high voltage protection circuitry, a
switch network circuitry for sensing channel selection, and
front-end analog filters, as well-known in the art. The con-
figurations of the interface circuitry (e.g. filter settings, sens-
ing channel selection, etc.) can be programmed by the micro-
processor.

[0069] In addition, by establishing the physical contact
between the antenna interface 220 on the case of the elec-
tronic controller 200 and the conducting port 180 of the wire
antenna 170 embedded inside the disposable unit 100, the RF
unit of the electronic controller 200 electrically connects with
the wire antenna 170.

[0070] The microprocessor connects to an 1/O control unit
to manage the input and output of the electronic controller
200. One input signal is the cutaneous ECG picked up by the
sensing electrodes. After being pre-processed by the interface
circuitry, the cutaneous ECG signal is further processed by
the ECG sensing unit which usually includes amplifiers, ana-
log-to-digital converters, digital filters, etc. as known in the
art.

[0071] Another input signal is the impedance (Z) signal
measured between the sensing electrodes 120. By injecting a
small constant current (e.g., 100 pA, preferably biphasic)
between two electrodes while measuring the voltage differ-
ence between the same or different pair of electrodes, the
impedance is calculated as the ratio between the measured
voltage difference and the injecting current strength. The
impedance signal provides useful information on the integrity
of the sensing channel. For example, when the sensing elec-
trodes are in proper contact with the patient’s skin, the mea-
sured Z will remain in a stable range, typically from several
hundred to a few thousand ohms, depending on the materials
and surface area of the sensing electrodes, the frequency of
the injecting current, etc. Larger than normal Z may indicate
that there is loose contact between the sensing electrodes and
the patient’s skin. Smaller than normal Z may indicate a
short-circuit between the sensing electrodes 120, for example
due to patient sweating. In addition, the continuously mea-
sured impedance signal may be further processed by the
microprocessor to extract other indicia of the physiological
status of the patient, such as the respiratory rate.

[0072] Other types of biological signals measured by spe-
cific sensors can also serve as inputs to the electronic control-
ler. For example, an on-board accelerometer can serve as a
motion sensor that provides patient’s activity signal to the
electronic controller, and an on-board temperature sensor can
provide the cutaneous temperature signal to the electronic
controller. Other types of input signals include, but are not
limited to, the cutaneous oxygen saturation signal measured
by an optical sensor, the heart sound signal measured by an
acoustic sensor, etc.

[0073] By running the program stored in the memory, the
microprocessor also sends instructions to the ECG sensing
unit, the impedance measurement unit, and other input mea-
surement units to control how these signals are acquired (e.g.,
gain, offset, filter settings, sampling frequency, sampling
resolution, etc.).

[0074] The acquired biological signals are then stored in
the device memory according to predefined storage modes.
One typical mode is the queue-loop mode, meaning the
acquired signals are stored in a predefined memory space, and
while the allocated memory space is full, the newly acquired
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signals replace the oldest stored data. Another typical mode is
the snapshot mode, meaning the acquired signals are stored in
a predefined memory space, and while the allocated memory
space is full, the newly acquired signals are not stored until
the microprocessor decides to store another episode of data.
Yet another typical mode is the mixed mode, in which one or
more segments of allocated memory space store the acquired
signals in queue-loop mode, whereas one or more segments
of separately allocated memory space store the data in snap-
shot mode.

[0075] The acquired biological signals are analyzed by the
microprocessor by running programmed algorithms. For
example, the microprocessor continuously analyzes the
acquired cutaneous ECG signals to detect the peak of the QRS
complex. Accordingly, the electronic controller measures the
intervals between any two adjacent peaks of the detected QRS
complexes, and these intervals are termed RR intervals. These
measured RR intervals are stored in the device memory. Simi-
larly, the microprocessor can also continuously analyze the
acquired cutaneous ECG signals to measure other metrics of
the QRS complex, such as the width of the QRS complex, the
positive or negative peak amplitude of the QRS complex, the
absolute area under the QRS complex, the maximum positive
or negative slopes of the QRS complex, the dominant fre-
quency component of the QRS complex, the complexity mea-
sures of the QRS complex, and so on. Likewise, the time
series of these measured metrics are stored in the device
memory for further analysis.

[0076] The electronic controller also includes a radio-fre-
quency (RF) telemetry unit. The RF telemetry unit may be of
the type well-known in the art for conveying various infor-
mation, which it obtains from the electronic controller, to the
external programmer, or for receiving programming param-
eters from the external programmer and then conveying it to
the electronic controller. In one typical arrangement, the
external programmer can interrogate the electronic controller
and get its working status (e.g., battery status, sensing channel
impedance, etc.) or the data recorded by the electronic con-
troller (e.g. peak amplitude of the QRS complexes, statistics
of measured RR intervals, etc.). In another typical arrange-
ment, the external programmer can be used to activate or
deactivate selected algorithms or update programmable
parameters of the electronic controller.

[0077] In addition, the external portable communication
unit to be described hereinafter can also communicate bi-
directionally with the electronic controller through the telem-
etry unit. Preferably, the data that may be received from or
sent to the external portable communication unit are more
limited compared to the data that may be received from or sent
to the external programmer.

[0078] In a preferred version, the data that are transmitted
from the external portable communication unit to the elec-
tronic controller are simple commands, such as acommand to
trigger a snapshot of the acquired cutaneous ECG, to retrieve
the most recently diagnostic information from the electronic
controller, etc. These commands set the electronic controller
into one of a number of modalities, wherein each modality is
determined and controlled by parameters that can only be
selected by a physician operating the external programmer
using secure password or codes.

[0079] The data that are transmitted from the electronic
controller to the external portable communication unit pref-
erably include a simple acknowledgment to confirm receiving
the commands from the external portable communication
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unit, and signals warning of the detection of abnormal con-
ditions, such as detection of atrial fibrillation (AF), detection
of'high or low ventricular rate, detection of abnormal sensing
impedance, detection of abnormal temperature, and so on.
Other diagnostic information, such as the AF burden, the
frequency of ectopic beats, snapshots of RR intervals or cuta-
neous ECG, etc. can also be transmitted to the external por-
table communication unit. Preferably, a physician operating
the external programmer (using secure password or codes)
controls the enable or disable condition, as well as the amount
of data that can be transmitted from the electronic controller
to the external portable communication unit.

[0080] Againreferringto FIG. 7, the external portable com-
munication unit has a power source, such as a lithium battery,
which provides power to the electrical components of the
unit. The battery is chargeable by connecting to an external
charger. The external portable communication unit also main-
tains an internal clock for timing its operations. The overall
functioning of the external portable communication unit is
controlled by its microprocessor, which reads and performs
instructions stored in its associated memory. The instructions
stored in memory preferably include instructions defining a
communication protocol compatible with the electronic con-
troller, and instructions defining a communication protocol
compatible with the remote service center.

[0081] The microprocessor of the external portal commu-
nication unit communicates with an I/O control unit to read
patient input commands from the keypad (or other input
device). In an exemplary version, one subset of the input
commands is designed to configure the external portable
communication unit, for example to turn on or off certain
outputs as described hereinafter, or select specific communi-
cation protocols. Another subset of the input commands
might establish communication between the external portable
communication unit and the remote service center through
the remote communication unit. For example, the patient’s
input can command the external portable communication unit
to transmit diagnostic information (retrieved from the elec-
tronic controller) to the remote service center and wait to
receive an acknowledgment. Another subset of the com-
mands might establish communication between the external
portable communication unit and the electronic controller
through the local communication unit. For example, the
patient’s input can command the external portable commu-
nication unit to transmit corresponding signals to the elec-
tronic controller to trigger recording a snapshot of the cuta-
neous ECG, to retrieve diagnostic information from the
electronic controller, etc. The local communication unit also
receives the acknowledgment and related diagnostic informa-
tion sent from the electronic controller, and conveys these
data to the microprocessor for storage in the memory.

[0082] In an exemplary version of the invention, upon
receiving a predefined warning signal from the electronic
controller (e.g., detection of AF, detection of high or low
ventricular rate, detection of abnormal sensing impedance,
detection of abnormal temperature, etc.), the microprocessor
of the external portable communication unit communicates
with the I/O control unit to generate output that is perceptible
by the patient. Such output can be in the form of (for example)
a visible message such as the illumination of a light emitting
diode (LED) or a text message displayed in a liquid crystal
display (LCD), or in the form of audible message such as a
beep, ringing tone or pre-recorded voice message played by a
speaker, or in the form of discernible vibration by a vibrator.
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According to the patient’s preference, one or multiple types
of' warning messages can be respectively turned on or off. For
example, the visible warning message can be turned on while
the audible warning message can be turned off during the
night if the patient chooses not to be disturbed during sleep,
even if the electronic controller detects AF. Besides generat-
ing warning messages, some diagnostic information that is
received from the electronic controller and stored in memory
(e.g., the heart rate) can also be provided to the patient in the
form of visual or audible messages.

[0083] The external portable communication unit, via its
remote communication unit, can further communicate with
the remote service center. Such a long-range communication
device can be in the form of a mobile radio network, a fixed-
line telecommunication network, or the internet, as well
known in the art. Examples of such long-range communica-
tion devices have been taught in U.S. Pat. No. 6,470,215, U.S.
Pat. No. 6,574,509, U.S. Pat. No. 6,622,043, all of which
being incorporated herein by reference.

[0084] In a typical version, the external portable commu-
nication unit transmits the electronic controller status infor-
mation (e.g. battery status, sensing impedance, etc.) as well as
relevant diagnostic information (e.g. AF burden, ectopic beat
frequency, etc.) to the remote service center according to a
predefined transmission frequency and schedule (e.g. every
midnight, etc.). In another typical arrangement, the external
portable communication unit communicates with the remote
service center in a trigger mode, for example upon receiving
a warning signal from the electronic controller, or upon
receiving the patient trigger, or when the filled memory buffer
of'the electronic controller reaches a predefined percentage of
its capacity. In such cases, the external portable communica-
tion unit transmits critical diagnostic information stored in
the device memory (e.g. AF burden, mean heart rate, the ECG
snapshot, etc.) to the remote service center.

[0085] The remote service center receives the information
via compatible communication protocols, then sends an
acknowledgment back to the portable communication unit,
which may generate visible or audible output indicating
receipt of the acknowledgment. The data received by the
remote service center is stored in a secured central database
and is promptly presented to the patient’s physician or
another responsible expert through proper means, such as
email, text, and/or fax messaging, as known in the art. By
reviewing the received diagnostic information, the physician
can evaluate the patient’s condition and provide expert advice
to the patient, who may wish to contact the physician before
taking any action in response to the warning signals generated
by the external portable communication unit.

[0086] The external portable communication unit is
designed to be easily carried by the patient. For example, it
can be carried in a pocket, clipped on a belt, or worn like a
watch or a necklace, etc. As an example, FIG. 8 shows the
external portable communication unit 600 having a loop
antenna 620 designed in the form of a necklace. FIG. 8 also
shows that the patient is wearing a disposable unit 100 which
encloses an electronic controller 200 for cutaneous cardiac
monitoring. The long antenna length encircles a loop area
which forms a large effective aperture. In addition, the exter-
nal portable communication unit 600 is close to the electronic
controller 200, and their spatial distance and orientation are
relatively stable. All these factors favor more reliable com-
munications between the external portable communication
unit 600 and the electronic controller 200.
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[0087] FIG. 8 also shows that the external portable com-
munication unit 600 has a button 610 which can be pressed by
the patient to trigger an event recording by the electronic
controller 200. The recorded event, along with related diag-
nostic information stored by the electronic controller 200, is
first transmitted to the external portable communication unit
600, which then relays the information to the remote service
center through the wired or wireless Home Monitoring net-
work.

[0088] The portable communication unit 600 can be
recharged on a charging station 690. As known in the art, the
charging can be implemented in either conductive charging
(i.e. direct electrical contact between the battery and the
charger) or inductive charging (i.e. use of an electromagnetic
field to transfer energy between the battery and the charger).
During charging, the portable communication unit 600 can
still communicate with the electronic controller 200, as long
as their distance is within a specified range, e.g. 6 feet. Pref-
erably, the portable communication unit 600 can be powered
by a backup battery while its is rechargeable battery is
recharged in the charging station 690. Hence, patient can still
wear the fully powered portable communication unit 600
while its rechargeable battery is recharged.

[0089] Multiple mechanisms can be designed to improve
the patient appliance for recharging the battery. For example,
when the portable communication unit 600 detects its battery
voltage is below a predefined value, a warning signal in vari-
ous forms, such as audible beeps, vibrations, etc. may be
generated to alert the patient. In another example, the charg-
ing station 690 has a user-programmable unit that allows
patient to set a timed alarm (e.g. every night at 9 p.m.) as a
reminder for charging the battery.

[0090] The disclosed system, and its component devices
and methods of operation, provide a useful solution for long-
term non-invasive cardiac monitoring. A patient can replace
the disposable units as often as needed while using the same
electronic controller and the portable communication units,
which preferably operate for at least a year. No battery
recharging is necessary for the electronic controller, thus
causing little disruption to the cardiac monitoring. Besides
conventional ECG monitoring capabilities, the automatic
alert features (e.g. detection of skin-electrode contact and
signal quality) can greatly improve patient compliance,
which is essential for long-term monitoring. In conjunction
with the Home Monitoring feature, this system reduces the
risk of memory saturation, which is a common problem for
most existing cardiac monitors. Moreover, quantitative feed-
back is provided to the patient on the quality of the acquired
ECG signal to guide the proper replacement of the disposable
units.

[0091] Further advantages such as the potentially low cost
ofthe system, the convenience of’its usage, combined with the
high diagnostic yield, represent high added value.

[0092] Although exemplary versions of the invention have
been shown and described, it should be apparent to those of
ordinary skill that numerous modifications and variations are
possible. The disclosed examples are presented for purposes
of illustration only, and other versions of the invention may
include some or all of the features disclosed herein. There-
fore, the invention is not limited to the versions of the inven-
tion described above, but rather is limited only by the claims
set out below, with these claims securing rights to all different
versions that fall literally or equivalently within the scope of
these claims.
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What is claimed is:

1. A system for long-term cutaneous cardiac monitoring
including:

A. adisposable unit configured to be adhered to a patient’s

skin, and

B. an electronic controller detachably connected to the
disposable unit,

wherein:

a. the disposable unit includes:

(1) a substantially flat skin-contacting portion having
pick-up electrode poles situated to electrically contact
a patient’s skin at spaced-apart locations,

(2) an antenna; and

(3) an internal chamber:

(a) attached to the skin-contacting portion,

(b) configured to accommodate the electronic control-
ler therein in a watertight sealed manner,

(c) configured to open and close so as to allow inser-
tion of the electronic controller therein, and
removal therefrom,

(d) including electrode terminals therein that are elec-
trically connected to the pick-up electrode poles,
and

(e) including an antenna port therein that is electri-
cally connected to the antenna; and

b. the controller:

(1) includes electrical conducting ports situated to make
conductive contact with the electrode terminals and
the antenna port when the controller is inserted within
the chamber, thereby establishing electrical contact
with the pick-up electrode poles and the antenna,

(2) is configured to acquire, process and store physi-
ological signals acquired via the pick-up electrode
poles.

2. The system of claim 1 wherein the controller further
includes a battery having a capacity sufficient to allow the
controller to operate for at least one year.

3. The system of claim 1 wherein the controller is config-
ured to provide a quantitative measure of the signal quality of
a signal acquired via the pick-up electrode poles.

4. The system of claim 1 wherein the controller is further
configured to store a representative ECG beat template.

5. The system of claim 4 wherein the controller is further
configured to construct the representative ECG beat template
by averaging multiple normal beats of ECG signals:

a. acquired via the pick-up electrode poles, and

b. being aligned with a predefined fiducial point.

6. The system of claim 4 wherein the controller is further
configured to:

a. start constructing the representative ECG beat template
immediately upon affixing the disposable unit on a
patient’s skin, and

b. continuously update the representative ECG beat tem-
plate based on acquired ECG signals.

7. The system of claim 1 wherein the electrode poles are

spaced apart by an inter-electrode distance of at least 3 cm.

8. The system of claim 1 wherein the controller includes:

a. an ECG sensing unit, and

b. a memory,
hermetically sealed within an outer controller case.

9. The system of claim 1 wherein the controller includes an
impedance measuring unit:

a. connected to the conducting ports, and



US 2013/0116533 Al

b. configured to measure an impedance signal between the
electrode poles.

10. The system of claim 1 further including a portable
communication unit configured to wirelessly communicate
bi-directionally with:

a. the controller via the antenna, and

b. a remote service center.

11. A system for long-term cutaneous cardiac monitoring
including:

a. a disposable unit including:

(1) an openable and closable chamber, the chamber
being waterproof when closed,

(2) an adhesive surface,

(3) electrodes situated to be in contact with the skin of a
patient to which the adhesive surface is adhered, and

(4) an antenna,

b. an electronic controller configured to:

(1) fit into the chamber,

(2) establish electrical contact with the electrodes and
antenna when fit into the chamber, and

(3) acquire, process and store signals from the elec-
trodes, and

(4) wirelessly transmit signals from the antenna.

12. The system of claim 11 further including a battery
powering the controller, wherein the battery has a battery life
of at least 1 year.

13. The system of claim 11 further including a portable
communication unit configured to wirelessly communicate
bi-directionally with:

a. the controller via the antenna, and

b. a remote service center.

14. The system of claim 13 wherein the portable commu-
nication unit is configured to obtain from the controller infor-
mation regarding:

a. the morphology, and

b. the quality,
of an ECG signal acquired from the electrodes.

15. The system of claim 13 wherein the controller is con-
figured to:

a. wirelessly transmit a latest representative ECG beat tem-

plate to the portable communication unit, and

b. thereafter compare a newly acquired representative ECG
beat template to one or more old representative ECG
beat templates stored in the portable communication
unit.

16. The system of claim 13 wherein:

a. at least one of the portable communication unit and the
controller is configured to rate the acceptability of a
newly acquired representative ECG beat template, and

b. the acceptability rating is determined in accordance with
the degree of correspondence between:
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(1) the morphology of the newly acquired representative
ECG beat template, and

(2) the morphology of at least one of the old represen-
tative ECG beat templates stored in the portable com-
munication unit.

17. The system of claim 16 wherein at least one of the
portable communication unit and the controller is configured
to generate a signal indicating non-optimal placement of the
disposable unit when the newly acquired representative ECG
beat template is rated unacceptable.

18. The system of claim 13 wherein:

a. at least one of the portable communication unit and the
controller is configured to rate the acceptability of a
newly acquired representative ECG beat template, and

b. the acceptability rating is determined in accordance with
a signal quality measurement determined for the newly
acquired representative ECG beat template.

19. The system of claim 18 wherein the acceptability rating
is also determined in accordance with the degree of corre-
spondence between:

a. the morphology of the newly acquired representative

ECG beat template, and

b. the morphology of at least one of the old representative
ECG beat templates stored in the portable communica-
tion unit.

20. A system for long-term cutaneous cardiac monitoring,

the system including:

a. a disposable patient-mounted electrode unit including:
(1) a skin-contacting surface bearing spaced pick-up

electrode poles configured to electrically contact a

patient’s skin when the skin-contacting surface is

situated on the patient’s skin,

(2) an antenna; and

(3) an internal chamber including:

(a) electrode terminals therein, the electrode termi-
nals being in conductive communication with the
pick-up electrode poles, and

(b) an antenna port therein, the antenna port being in
conductive communication with the antenna; and

b. a controller configured:

(1) to be removably fit into the internal chamber,

(2) to establish conductive contact with the electrode
terminals, and acquire and process signals from the
pick-up electrode poles, when the controller is remov-
ably fit into the internal chamber,

(3) to establish conductive contact with the antenna port,
and wirelessly transmit signals from the antenna,
when the controller is removably fit into the internal
chamber.
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