a2 United States Patent

Acquista

US009681825B2

(10) Patent No.: US 9,681,825 B2
45) Date of Patent; *Jun, 20, 2017

(54) WIRELESS ELECTRODE ARRANGEMENT
AND METHOD FOR PATIENT MONITORING
VIA ELECTROCARDIOGRAPHY

(1)

(72)

(73)

(*)

1)
(22)

(65)

(63)

(1)

(52)

Applicant: Peerbridge Health, Inc., New York,
NY (US)

Inventor: Angelo Joseph Acquista, New York,
NIJ (US)

Assignee: Peerbridge Health, Inc., New York,
NY (US)

Notice:  Subject to any disclaimer, the term of this
patent is extended or adjusted under 35
U.S.C. 154(b) by 0 days.

This patent is subject to a terminal dis-
claimer.

Appl. No.: 14/795,763

Filed: Jul. 9, 2015

US 2015/0313505 Al

Prior Publication Data

Now. §, 2015

Related U.S. Application Data

Continuation of application No. 13/835.049, filed on
Mar. 15, 2013, now Pat. No. 9,101,264, which is a

Int. CL
A6IB 5/00
A61B 5/07

UsS. CL
CPC ......c....

(Continued)

(2006.01)
(2006.01)

(Continued)

AGIB 5/076 (2013.01); AGIB 5/0004
(2013.01); A6IB 5/0006 (2013.01);

(Continued)

(58) Field of Classification Search
CPC o, A61B 5/0015; A61B 5/0024
See application file for complete search history.

(56) References Cited
U.S. PATENT DOCUMENTS

2,714380 A 8/1955 Freshman
4,136,690 A 1/1979  Anderson et al.

(Continued)

FOREIGN PATENT DOCUMENTS

JP 2002-304201 A 10/2002
WO 98/41279 Al 9/1998
(Continued)
OTHER PUBLICATIONS

Thomas Hoffman, “Smart Dust—Mighty motes for medicine,
manufacturing, the military”, www.computerworld.com, Mar. 24,
2003.

(Continued)

Primary Examiner — Eric D. Bertram

(74) Attorney, Agent, or Firm — Stroock & Stroock &
Lavan LLP

(7) ABSTRACT

A system including a plurality of wireless sensors for
monitoring one or more parameters of a subject is provided.
The wireless sensors can be attachable to or implantable in
the subject and form a network. The sensors can include a
sensing component configured to detect a signal correspond-
ing to at least one condition of the subject. The sensors
further can include a communication component configured
to wirelessly transmit the detected signal to at least another
of the plurality of wireless sensors, and wirelessly receive a
signal transmitted from at least one of the remaining sensors
in the network.

20 Claims, 10 Drawing Sheets

v o s
~ 4 1 41 1 3 | -4 - —
S 4 =~
ﬁ-—‘\h
“r~4-7 !
=
] AT N \
\ N AY
\ i
h)
b — \15; /

650

600

47/ N y
anm 11,
620 \

810



US 9,681,825 B2

Page 2
Related U.S. Application Data 5,931,791
5,941,829
continuation-in-part of application No. 13/160,990, 6,052,615
filed on Jun. 15, 2011, now abandoned, which is a 6,217,525
continuation of application No. 11/484,374, filed on g’iég’gg
Jun. 15, 2006, now Pat. No. 7,979,111. 6:416:471
6,470,893
(51) Int. CL 6,611,705
AGIB 5/1455 (2006.01) PP
AGIB 5/145 (2006.01) 6740033
A6IB 5/0285 (2006.01) 6,754,523
AGIB 5/029 (2006.01) 6,773,396
AGIB 5/0205 (2006.01) e
AGIB 5/0402 (2006.01) 6.871,089
AGIB 5/01 (2006.01) 6,897,788
AGIB 5/03 (2006.01) 6,970.737
A61B 8/08 (2006.01) 6,976,965
AG6IB 5/04 (2006.01) rbesd
AGIB 6/00 (2006.01) T
AGIB 5/02 (2006.01) 7,142,907
AGIB 8/00 (2006.01) 7,161,484
AG61B 5/1468 (2006.01) 7,171,166
AGIB 5/0498 (2006.01) T oo
A61B 5/0424 (2006.01) 7:197:357
AG61B 5/021 (2006.01) 7,206,630
AG61B 5/08 (2006.01) 7266408
AGIB 5/024 (2006.01) /%3‘8‘3‘2
AG61B 5/083 (2006.01) 2380 247
AG6IB 5/053 (2006.01) 7387.607
(52) US. CL 7,403,808
CPC ... A61B 5/0024 (2013.01); A61B 5/0059 "6‘ j‘%gg
(2013.01); A61B 5/01 (2013.01); A61B 5/0205 284025
(2013.01); A6IB 5/029 (2013.01); A61B 7904133
5/02028 (2013.01); A61B 5/02055 (2013.01); 7963917
AGIB 5/0285 (2013.01); A61B 5/03 (2013.01); 7,996,073
AG61B 5/0402 (2013.01); A6IB 5/04005 g?gggjg
(2013.01); AGIB 5/0424 (2013.01); A6IB £.209,002
5/04085 (2013.01); A61B 5/1468 (2013.01); §.255.041
A6IB 5/14532 (2013.01); A61B 5/14539 8,200,574
(2013.01); A61B 5/14546 (2013.01); A61B 8,301,236
5/14551 (2013.01); A61B 5/14552 (2013.01); e
AGIB 5/6801 (2013.01); A61B 5/686 8433399
(2013.01); A6IB 5/6898 (2013.01); A61B §.473.039
5/7225 (2013.01); A61B 5/742 (2013.01); 8,515,531
AGIB 6/00 (2013.01); A61B 8/00 (2013.01); ggggg;ﬂ
AGIB 8/0891 (2013.01); AGIB 5/021 13700
(2013.01); A61B 5/02405 (2013.01); A61B $.620415
5/0533 (2013.01); A61B 5/0816 (2013.01); 8,639,319
AG61B 5/0836 (2013.01); A61B 6/507 9,101,264
(2013.01); A61B 2560/0214 (2013.01); A61B ggggg?gg;ig :
2560/0475 (2013.01); A61B 2562/0223 200440015058
(2013.01); A61B 2562/0247 (2013.01); A61B 2004/0112964 -
2562/0271 (2013.01); A61B 2562/08 (2013.01) 2004/0116822 -
2004/0158194
; 2005/0017864 -
(56) References Cited 200510054941
2005/0102026
U.S. PATENT DOCUMENTS eollanon
4,622,979 A 11/1986 Katchis et al. 5882;8;‘23?‘6‘
4,850,370 A 7/1989 D_ower 006/0084855 |
4,938,228 A 7/1990 &ghter et al. 2006/0004945
5,191,891 A 3/1993 Righter ' N
5226425 A 7/1993 Righter 2006/0200033
5365935 A 11/1994 Righter et al. 2007/0088405
5,544,661 A 8/1996 Davis et al.
5,568,814 A 10/1996 Gallant et al. 2009/0062626 :
5,581,369 A 12/1996 Righter et al.
5,730,143 A 3/1998 Schwarzberg 2009/0171227

A
A
A

8/1999
8/1999
4/2000
4/2001
4/2001
6/2002
7/2002
10/2002
8/2003
11/2003
4/2004
5/2004
6/2004
8/2004
8/2004
12/2004
3/2005
5/2005
11/2005
12/2005
2/2006
11/2006

11/2006
1/2007
1/2007
3/2007
3/2007
3/2007
4/2007
9/2007
9/2007

10/2007
6/2008
6/2008
7/2008
8/2008
1/2010

11/2010
3/2011
6/2011
8/2011

10/2011
512012
6/2012
82012

10/2012

10/2012

112012
172013
4/2013
6/2013
8/2013
9/2013

11/2013

12/2013

12/2013
1/2014
8/2015
3/2002
5/2003
1/2004
6/2004
6/2004
8/2004
1/2005
3/2005
5/2005
6/2005
6/2005
9/2005
4/2006
5/2006
9/2006
4/2007

3/2009

7/2009

Saltzstein et al.
Saltzstein et al.
Feild et al.
Medema et al.
Seegobin
Rockwell et al.
Kumar et al.
Boesen
Hopman et al.
Meij et al.
Flanders et al.
Olejniczak et al.
Toole
Flach et al.
Anderson
Nielsen et al.
Korzinov et al.
Khair et al.
Brodnick et al.
Corl et al.
Banet et al.
Cappa AGIN 1/37211
607/30

Xue et al.
Tsoukalis

Ng et al.
Massicotte et al.
Shvilkin et al.
Istvan et al.
Tarler

Bojovic et al.
Hopman et al.
Misczynski et al.
Welch et al.
Holt et al.

Istvan et al.
Houben

Bojovic et al.
Xue et al.
Gehman et al.
Kellogg et al.
Busche et al.
Cho et al.
McCombie et al.
Vajdic et al.
Istvan et al.
Feild et al.
Baumann et al.
Sebelius et al.
Xue et al.
Nosrati et al.
Michelson et al.
Costa Ribalta et al.
Toledo et al.
Saba et al.
Bishay et al.
Shani et al.
Hugh et al.
Acquista
Meij et al.
Custer et al.
Besson et al.
Empedocles et al.
Lindsey

Wolff et al.
Tsoukalis

Ting et al.
Turner et al.
Lauter et al.
Eschenauer et al.
Fadem et al.
Teschner et al.
Kellogg et al.

A61B 5/0006

Keren et al.
Jacobson ............ AG61IN 1/3925
607/59
Baldus ................. AG61B 5/0205
600/301

Dziubinski et al.



US 9,681,825 B2
Page 3

(56) References Cited
U.S. PATENT DOCUMENTS

2010/0081946 Al
2010/0249541 Al
2013/0060156 Al
2013/0116533 Al

4/2010 Garudadri et al.
9/2010 Geva et al.
3/2013 Gregg et al.
5/2013 Lian et al.

FOREIGN PATENT DOCUMENTS

WO 0122876 Al 4/2001
WO 2004/098376 A1 11/2004
WO 2005/027720 A2 3/2005
WO 2006/045793 Al 5/2006
WO 2008064682 A2 6/2008
WO 2008064682 A3 6/2008
WO 2013128364 Al 9/2013
OTHER PUBLICATIONS

Michael Singer, “Smart Dust Collecting in the Enterprise”, www.
internetNewsBureau.com, Oct. 24, 2003.

Gordon E. Dower, M.D., The ECGD: A Derivation of the ECG from
VCG Leads, J Electrocardiology 17 (2), 1984, 189-192.

Dower et al., “XYZ Data Interpreted by a 12-Lead Computer
Program using the Derived Electrocardiogram”, J. Electrocardiol-
ogy 12 (3), 1979,249-261.

He et al., “Body Surface Laplacian ECG Mapping”, IEEE Trans-
actions on Biomedical Engineering, vol. 39, No. 11, Nov. 1992,
1179-1191.

Ernest Frank, Ph.D., “An Accurate, Clinically Practical System for
Spatial Vectorcardiography”, Circulation, vol. XIII, May 1956,
737-749.

David J. Whellan, MD, MHS, Heart Failure Disease Management,
Implementation and Outcomes, Cardiology in Review * vol. 13, No.
5, Sep./Oct. 2005. 231-239.

Karen Zwerneman, End-Tidal Carbon Dioxide Monitoring: A Vital
Sign Worth Watching, Crit Care Nurs Clin N Am 18 (2006)
217-225.

M J Donald, End tidal carbon dioxide monitoring in prehospital and
retrieval medicine: a review. Emerg Med J 2006 23: 728-730.

L. Tarassenko et al. Integrated monitoring and analysis for early
warning of patient deterioration. British Journal of Anaesthesia 97
(1): 64-8 (2006).

Michael A. DeVita et al. Identifying the hospitalised patient in
crisis—A consensus conference on the afferent limb of Rapid
Response Systems. Resuscitation 81 (2010) 375-382.

Steven L. Moulton, Emerging Technologies for Pediatric and Adult
Trauma Care, Curr Opin Pediatr. Jun. 2010 ; 22(3): 332-338.
Tuba Yilmaz et al, Detecting Vital Signs with Wearable Wireless
Sensors, Sensors 2010, 10, 10837-10862,

Telemonitoring of fluid status in heart failure: Champion, www.
thelancet.com vol. 377 Feb. 19, 2011, 616-618.

V. Ben Sivarajan et al., Monitoring of standard hemodynamic
parameters: Heart 1ate, systemic blood pressure, atrial pressure,
pulse oximetry, and end-tidal CO2. Pediatr Crit Care Med 2011 vol.
12, No. 4 (Suppl.) S2-S11.

Jahan Porhomayon et al., Cardiac output monitoring devices: an
analytic review, Intern Emerg Med (2012) 7:163-171.

Kevin Hung et al., Development of a Wearable System Integrated
with Novel Biomedical Sensors for Ubiquitous Healthcare, IEEE
(2012) 5802-5805.

Eyal Zimlichman et al., Early Recognition of Acutely Deteriorating
Patients in Non-Intensive Care Units: Assessment of an Innovative
Monitoring Technology, Journal of Hospital Medicine vol. 7 | No.
8 1 Oct. 2012.

Borejda Xhyheri et al., Heart Rate Variability Today, Progress in
Cardiovascular Diseases 55 (2012) 321-331.

Martin Geisen et al., Less-invasive approaches to perioperative
haemodynamic optimization, Curr Opin Crit Care 2012, 18:377-
384.

Fulford-Jones et al. “A Portable, low-Power, Wireless Two Lead
EKG System.” Proceedings of the 26th Annual International Con-
ference of the IEEE EMBS, Sep. 1, 2005, pp. 2141-2144.

Kevin N. Sheth et al., Neurocritical care and periprocedural blood
pressure management in acute stroke, Neurology 2012;79;S199.
He Liu et al, A Review of Non-Contact, Low-Cost Physiological
Information Measurement based on Photoplethysmographic Imag-
ing, IEEE, (2012).

Marie Chan et al., Smart wearable systems: Current status and
future challenges, Artificial Intelligence in Medicine 56 (2012)
137-156.

Neeltje van den Berg et al.,, Telemedicine and telecare for older
patients—A systematic review, Maturitas 73 (2012) 94-114.
Ruthsenne Gagarin, Microwave Stethoscope, A New Noninvasive
Multiple Vital Signs Sensor: Human Clinical Trials, IEEE (2012).
Mirza Mansoor Baig et al., A comprehensive survey of wearable and
wireless ECG , monitoring systems for older adults, Med Biol Eng
Comput (2013).

Helge A. Saetre et al., 16-Lead ECG Changes With Coronary
Angioplasty: Location of ST-T Changes With Balloon Occlusion of
Five Arterial Perfusion Beds, Journal of Electrocardiology Vol, 24
Supplement 153-162.

Harvard Sensor Networks ILab: http:/fiji.eecs.harvard.edu/
CodeBlue. Accessed Apr. 16, 2013.

Vital signs in medical literatures (http://www.ncbi.nlm.nih.gov/
mesh/68055986). Accessed Apr. 16, 2013.

Vital signs under EMR mandate (http://www.cms.gov/Regulations-
and-Guidance/Legislation/EHRIncentivePrograms/downloads/
Stage2 HospitalCore 3 RecordVitalSigns.pdf). Accessed Apr.
16, 2013.

Commercial product: Philips DXL 16-Lead ECG algorithm http://
www.healthcare philips.com/us__en/products/cardiography/prod-
ucts/articles/dxl__ecg_ algorithm.wpd. Accessed Apr. 16, 2013.
Non-invasive bioreactance technologies available: http:/www.
cheetah-medical.com/products/bioreactance. Accessed Apr. 16,
2013.

Blood glucose level, http://www.echotx.com/prelude-skinprep-sys-
tem.shtml. Accessed Apr. 23, 2013.

Abbott  http://www.abbottpointofcare.com/Products-and-Services/
iSTAT-Cartridges.aspx). Accessed Apr. 16, 2013.

End-tidal CO2 (ETCO2)/Spirometry/Dyspnea (shortness of breath)
http://www.ncbi.nlm.nih.gov/pubmed/10979461 (2000). Accessed
Apr. 16, 2013.
http://www.thormed.com/index.php?page=products&id=spiro4.
Accessed Apr. 16, 2013.
http://proteusdigitalhealth.com/technology/. Accessed Apr. 16,
2013.
http://thechart.blogs.cnn.com/2011/09/13/researchers-closer-to-de-
veloping-a-pain-o-meter/ (2011).
http://www.seca.com/english/us/home/innovations2010/seca-360-
wireless-the-productsii/. Accessed Apr. 16, 2013.
http://www.nytimes.com/2011/09/04/technology/wireless-medical-
monitoring-might-untether-patients.html. Accessed Apr. 16, 2013.
http://www.gizmag com/cell-phoned-powered-monitoring-chip/
25076/. Accessed Apr. 16, 2013.

Examination Report issued on Feb. 4, 2015 in European Patent
Application No. 07796145.6.

Examination Report issued on Oct. 1, 2013 in European Patent
Application No. 07796145.6.

Taylor et al. “Wearable Patient Monitoring Application (ECG) using
Wireless Sensor Networks”, Proceedings of the 28th IEEE EMBS
Annual International Conference, Aug. 30, 2006, 5977-5980.
Mower, et al., Pulse Oximetry as a Fifth Vital Sign in Emergency
Geriatric Assessment, Pulse Oximetry as Geriatric Vital Sign.
Academic Emergency Medicine Sep. 1998, vol. 5, No. 9, 858-865.
Communication Pursuant to Article 94(3) EPC dated Oct. 26, 2016
issued in European Patent Application No. 07796145.6.

* cited by examiner



U.S. Patent Jun. 20,2017 Sheet 1 of 10 US 9,681,825 B2

FIG. 1

=)
-

FIG. 2



U.S. Patent Jun. 20,2017 Sheet 2 of 10 US 9,681,825 B2

FIG. 3

FIG. 4




U.S. Patent Jun. 20,2017 Sheet 3 of 10 US 9,681,825 B2

NG
/‘/\ﬂ o

50

FIG. 5



U.S. Patent Jun. 20, 2017

..- /

Sheet 4 of 10 US 9,681,825 B2

— el o P —

.-. )

640 \ l‘
\

|
|
|
|
!

- !!

|, == -

l.

- —
Id -~

~
I-
e
~
-~

630

600

. =' :

‘,mg---,

/ ‘

V4

el -

610

FIG. 6



U.S. Patent Jun. 20,2017 Sheet 5 of 10 US 9,681,825 B2

 §

Electrode Functional?

705

Signal to Noise Ratio Acceptable?

735

Use Signal from Electrode(s) to Generate ECG Data

wo Signal Error Condition

720

NO

ECG
Computation

Another Electrode(s) Available?

Possible? YES
\i 715
Select Another Electrode \
725

/

Obtain Signal from Selected Electrode

730

FIG.7



U.S. Patent Jun. 20,2017 Sheet 6 of 10 US 9,681,825 B2

/

Use a Subset of the Plurality of Electrodes \
for Generating Electrocardiogram Values 810

> Monitoring a Plurality of Wireless Electrodes \

805

YES
Error Condition?

Low Signal to Noise Ratio?

NO 835
Selecting a Corrective Electrode <
l 820

Obtain Signal from Selected Electrode

Use the New Subset of the Plurality of Electrodes

l \825

for Generating Electrocardiogram Values

FIG. 8

830



U.S. Patent Jun. 20,2017 Sheet 7 of 10 US 9,681,825 B2

\

- 925 9805
930
935
AN
— =,
920 930 930 910
930

945

950

955

FIG. 9A



U.S. Patent Jun. 20,2017 Sheet 8 of 10 US 9,681,825 B2

960

965

970

975

FiG. 9B



U.S. Patent Jun. 20,2017 Sheet 9 of 10 US 9,681,825 B2

1030
1 /—
1040\ 1005
TA ________ o qo15 1B
1020
1035
1010

FIG. 10



U.S. Patent Jun. 20,2017 Sheet 10 of 10 US 9,681,825 B2

//,!—1130
1140 /\1105
. w1115
/1125
1120
1135

1110

FIG. 11



US 9,681,825 B2

1
WIRELESS ELECTRODE ARRANGEMENT
AND METHOD FOR PATIENT MONITORING
VIA ELECTROCARDIOGRAPHY

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a continuation of U.S. patent applica-
tion Ser. No. 13/835,049, filed on Mar. 15, 2013, now U.S.
Pat. No. 9,101,264 which is a continuation-in-part applica-
tion of U.S. patent application Ser. No. 13/160,990, filed on
Jun. 15, 2011, which is a continuation application of U.S.
patent application Ser. No. 11/454,374, now U.S. Pat. No.
7,979,111, filed on Jun. 15, 2006, each of which is hereby
incorporated by reference herein in its entirety.

FIELD OF THE INVENTION

The present invention relates to a novel wireless cardio-
graphic monitoring. More particularly, the present invention
relates to an improved wireless cardiographic monitoring
with low power requirements and providing comfort while
continually monitoring cardiac activity, temperature, hemo-
dynamic parameters and storing personal statistics (e.g.,
electronic medical records).

BACKGROUND OF THE INVENTION

An electrocardiogram (ECG) measurement is convention-
ally performed using a 12-lead system, although formats
with alternative number of leads are also known. The
production of a conventional 12-lead electrocardiogram
(ECG) involves the placement of about 10 electrodes or less
(one of which is a ground or reference electrode) at selected
points on the surface of a subject’s body. Each electrode acts
in combination with one or more other electrodes to detect
voltages produced by depolarization and repolarization of
individual heart muscle cells. The detected voltages are
combined and processed to produce 12 tracings of time
varying voltages. The tracings so produced are as follows:

Lead Voltage Lead Voltage

I vL - vR V1 vl - (VR + VL + vF)/3
I vF - vR V2 v2 - (VR + VL + vF)/3
Juns vF - vL V3 v3 - (VR + VL + vF)/3
aVR vR - (VL +VvF)2 V4 v4 - (VR + VL + vF)/3
aVL vL-(vR+VvF)2 V3 v5 - (VR + VL + vF)/3
aVF vF- (vL+VvR)2 V6 v6 - (VR + VL + vF)/3

where, in the standard, most widely used system for making
short term electrocardiographic recordings of supine sub-
jects, the potentials indicated above, and their associated
electrode positions, are: vL potential of an electrode on the
left arm; VR potential of an electrode on the right arm; vF
potential of an electrode on the left leg; v1 potential of an
electrode on the front chest, right of sternum in the 4th rib
interspace; v2 potential of an electrode on the front chest,
left of sternum in the 4th rib interspace; v4 potential of an
electrode at the left mid-clavicular line in the S5th rib
interspace; v3 potential of an electrode midway between the
v2 and v4 electrodes; v6 potential of an electrode at the left
mid-axillary line in the 5th rib interspace; v5 potential of an
electrode midway between the v4 and v6 electrodes; vG (not
indicated in table above) is a ground or reference potential
with respect to which potentials vL, vR, vF, and v1 through
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v6 are measured. Typically, though not necessarily, the
ground or reference electrode is positioned on the right leg.

Correct interpretation of an ECG requires a great deal of
experience since it involves familiarity with a wide range of
patterns in the tracings of the various leads.

Other lead systems have evolved from improvements in
instrumentation that have permitted extension of electrocar-
diography to ambulatory, and even vigorously exercising
subjects, and to recordings made over hours, or even days.
For example, in stress testing the electrodes are moved from
the arms to the trunk, although the same number of elec-
trodes (10) may be used. The tracings I, I1, I1I, aVR, aVL and
aVF are altered by this modification.

Although a 12-lead ECG is considered to be a cost
effective heart test, it is to be noted that the requirement for
a relatively large number of electrodes plays an important
role in determining patient convenience/comfort, costs, such
as the cost of the electrodes themselves, and the time
required to properly position and fix each electrode to a
subject’s body.

Multiple formats or lead systems reflect the fact that
signals representing the respective lead signals typically
contain mutually redundant information. It is also known
that, should one electrode be missing or malfunctioning, an
appropriate combination of signals from the other electrodes
and/or the other leads, if available and functional, can be
used to generate a synthesized signal to approximate the lead
signal derived from the missing or malfunctioning electrode.
To apply this technique, at least some portion of a full
12-lead ECG is recorded, during an analysis phase. The
recorded signals are then processed to generate a function,
preferably a linear function, which may be applied to the
lead signals which are available to synthesize a lead signal
that approximates the lead signal that is missing or distorted
beyond use. During a synthesis phase, this function is then
applied to the available ECG lead signals. Using this tech-
nique, a missing lead may be synthesized. For example, U.S.
Pat. No. 6,643,539 discloses a method of generating a set of
synthesized ECG lead signals from a subset of ECG lead
signals using synthesis matrices. The method involves cre-
ating a synthesis transform matrix relating the signals from
an electrode subset to the signals from the conventional
12-leads for different electrode subset configurations of one
or more missing electrodes. If ECG signals are taken with
one or more missing electrodes, then appropriate synthesis
matrix transform is applied to recover the full 12-lead ECG
signals.

Efforts have also been made to reduce the number of
electrodes needed to collect the ECG signals in order to
reduce costs (e.g., of the electrodes), complexity and the
time required for electrode positioning. The Dower “EASI”
lead system provides a method for sensing and analyzing
activity of the human heart that requires use of a reduced
number of electrodes to produce accurate simulations of
conventional 12-lead electrocardiograms (see, e.g., U.S. Pat.
No. 4,850,370). The A and I electrodes (the second and third
electrodes) are placed on opposite sides of the anterior
midline of the subject at the same level as the first electrode
(the E electrode), while electrode S is positioned over the
upper end of the sternum (manubrium sterni). However, over
the years it has been noted that the signal coming from the
A-I electrode pair often contains a higher than desirable
level of electrical artifact, probably generated by the nearby
pectoral muscles.

To address this problem, U.S. Pat. No. 6,052,615 dis-
closes a modified “EASI” method where the 4 electrode
positions consist of electrode E positioned at the front
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midline, modified electrode A positioned at the left mid-
axillary line, electrode S positioned over the upper end of the
sternum (manubrium sterni), and modified electrode I posi-
tioned at the right mid-axillary line. (Such E, A, S and 1
electrodes are from time-to-time collectively referred to
herein as the “EASI” electrodes.) Specifically, the modified
A and T electrodes are attached to the subject’s is body on
opposed sides of the anterior midline below the level of the
E electrode but high enough so they are positioned over the
subjects’ ribs or intercostal spaces.

Given the greater mobility with the reduced number of
electrodes, methods and systems have also been developed
for monitoring a subject’s medical condition using ECG
signals. For example, U.S. Pat. No. 6,217,525 discloses a
method and device that evaluates the electrical activity of a
patient’s heart using a reduced set of leads to automatically
detect and report abnormalities associated with acute cardiac
ischemia. The reduced set of leads are derived from ECG
data obtained from a reduced number of electrodes (i.e.,
fewer than ten electrodes as used in a conventional 12-lead
ECG system) placed on a patient. Cardiac ischemia is
detected based on prior classifications of local features
and/or global features of the ECG data. Local features
include well known local morphological measures such as
ST elevation, T wave amplitude, and QRS area from the
ECG data, and clinical information on the patient such as
age and sex. Global features include projection coefficients
calculated from projecting a concatenated vector of heart-
beat data onto separate sets of basis vectors that define signal
subspaces of ischemic and non-ischemic ECGs. One or
more classifiers evaluate the local features and/or global
features to determine whether an acute cardiac ischemic
condition is detected.

Attempts have also been made to develop medical telem-
etry systems to improve a patient’s comfort, freedom and
privacy by decreasing the number and volume of devices
directly or indirectly attached to the patient. Telemetry
systems normally comprise a transmitter for transmitting
electromagnetic signals, e.g., from a measurement, and a
receiver for receiving the electromagnetic signals from the
transmitter. The ECG electrodes attached to the patient lead
to the transmitter, which is usually carried by the patient.
The receiver is typically installed in an operator room. Large
systems may have a multitude of transmitters and receivers,
such as disclosed in U.S. Pat. No. 6,773,396. Fach trans-
mitter normally operates with a corresponding receiver on a
certain channel, preferably over a pre-defined carrier fre-
quency. Most telemetry systems are single-parameter telem-
etry systems, whereby a complete telemetry system com-
prising sensor and transmitter is required for each parameter
to be monitored. U.S. Pat. No. 6,740,033 discloses a multi-
parameter wireless telemetry system for medical purposes.
In another example, U.S. Pat. No. 6,829,501 discloses a
system where the electrodes connected to the patient are in
communication with a patient monitor console through a
telemetry-based transmitter transmitting a radio frequency
(“RF”) signal to one or more antennas connected to the
patient monitor console through a conventional RF receiver.

United States Patent Publication No. 2005/0017864 dis-
closes a system which also uses wireless communication.
However, the system utilizes circular concentric circuit
detector electrodes, which are described as Laplacian elec-
trodes. The signals from the electrodes are processed to
detect alarm conditions, such as arrhythmia types. In par-
ticular, it should be noted that the Laplacian electrodes do
not provide a measure of the voltage at the electrode contact
point. Rather, the output of the Laplacian electrodes pro-
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vides a measure of the two-dimensional Laplacian of the
potential (which is proportional to the charge density at the
center point of the Laplacian electrode). See, e.g., Bin He
and Richard J. Cohen, IEEE Transactions on Biomedical
Engineering, vol. 39, no. 11, pp. 1179-1191 (November
1992).

As a result, there remains a need for an ECG system that
improves patient comfort and freedom of motion by decreas-
ing wired devices attached to the patient to allow for greater
freedom while being worn even all the time. There is also a
need for a system that monitors the patient’s conditions, and
provides an alarm in the event of an alarm condition (e.g.,
ischemia). There is also a need for a system that reduces the
power and bandwidth requirements for monitoring a patient.
There is also a need for flexible monitoring of a patient to
respond to different contexts. Furthermore, there is a need
for a systems that includes an error detecting and correcting
functionality to detect an error in the measurement, e.g., if
an electrode falls off the patient’s body, and to select one or
more replacement electrodes.

SUMMARY OF THE INVENTION

The present invention provides a system for recording
potentials on the surface of a subject’s body. The system
preferably includes a plurality of electrodes suitable for
attachment to the surface of the body, where each electrode
is attached to the surface by means of an attachment end of
the electrode. The system detects a voltage signal via
wireless transmissions from the electrodes using a voltage
measuring circuit. In preferred embodiments, the system
detects a voltage relative to a reference voltage level. The
system preferably includes an error detecting circuit for
detecting errors in the voltage signal from the electrodes.
The electrodes are preferably provided with or connected to
a transmitting circuit for transmitting a detected voltage
signal. Signal transmissions preferably use low power and
use bandwidth flexibly. Notably, the error detecting circuit
may also or instead be provided at the electrodes.

Because the 12 lead ECG is but one format in which data
may be presented, it is possible to separate the task of
measuring voltages using electrodes in contact with a patient
and then generating ECG potentials corresponding to a
specified number of electrodes. In effect, the generation task
is that of formatting the collected data in a desired form.

In a preferred embodiment, a plurality of electrodes
capable of transmitting their measurements over a wireless
link are attached to a patient’s body. The wireless transmis-
sions are received and correlated with the recorded poten-
tials in a calibration step. The calibration step determines the
parameters for deducing data significant for electrocardio-
grams from the various voltages recorded from the elec-
trodes. It should be noted that not all of the electrodes need
be used. Instead a subset of the electrodes are used. In the
event improvement in the data is desired or the data are
compromised due to failure of one or more electrodes,
corrective electrodes are selected to supplement or replace
the defective electrodes.

These and other features of the claimed invention are
further described with the assistance of the following illus-
trative drawings and the detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention can be better understood by refer-
ence to the following drawings, wherein like references
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numerals represent like elements. The drawings are merely
exemplary and the present invention is not limited to the
embodiments shown.

FIG. 1 shows the Dower “EASI” lead system.

FIG. 2 shows the modified “EASI” lead system.

FIG. 3 illustrates yet another example of a system using
a reduced number of leads.

FIG. 4 illustrates a standard positions for a 12-lead ECG
configuration.

FIG. 5 shows the electrodes attached to the patient and
attached by leads to a remote telemeter.

FIG. 6 shows a schematic layout of electrodes on a grid
with some possible neighborhoods or collections of elec-
trodes marked. Each electrode may be in electrical commu-
nication with one or more motes.

FIG. 7 is an illustrative flowchart showing introduction of
an additional electrode into the set of electrodes from the
available electrodes for computation of electrocardiogram
signals.

FIG. 8 is an illustrative flowchart showing use of a new
subset of electrodes for computation of electrocardiogram
signals.

FIGS. 9A and 9B illustrates some electrode implementa-
tions suitable for the invention.

FIG. 10 illustrates a mote couplable to an electrode
through a fabric or film.

FIG. 11 illustrates alternative arrangements of motes and
electrodes on a support fabric or film.

DETAILED DESCRIPTION OF THE
INVENTION

The present invention addresses the need for a wireless
ECG system that is small and portable, hence increasing user
comfort, so that it can be worn at all time. The system
disclosed herein also provides for monitoring a patient’s
medical condition through the ECG signals, and providing
an alarm in the event that an alarm medical condition is
detected, such as ischemia. The system also provides an
alarm is an error in the ECG signal is detected, e.g., if an
electrode falls off or malfunctions.

The system disclosed herein provides for recording poten-
tials on the surface of a subject’s body. The system includes
a plurality of electrodes suitable for attachment to the
surface of the body, where each electrode is attached to the
surface by means of an attachment end of the electrode. In
other embodiments, each electrode has two ends, one of
which is an attachment end such that the attachment end
detects only one voltage signal on the surface at a time, and
the second attachment end is the reference voltage level.

The system detects a voltage signal from the electrodes
using a voltage measuring circuit. In preferred embodi-
ments, the system detects a voltage between a reference
voltage level and the attachment end of the electrode. The
system further includes an error detecting circuit for detect-
ing errors in the voltage signal from the electrodes, and a
transmitting circuit for transmitting a detected voltage signal
to a receiver.

In specific embodiments, the system includes a power
supply having one or more of a battery, a transducer for
providing electrical potential, and a receiver powered by
external power. Also, the system may further include a
circuit printed on a flexible surface.

The present invention is applicable to any number or
configuration of electrodes known in the art. FIGS. 1 to 4
illustrate different electrode placement configurations that
have been disclosed in the art. FIG. 1 shows the Dower
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“BEASI” lead system disclosed in U.S. Pat. No. 4,850,370,
where the A and I electrodes (the second and third elec-
trodes) are placed on opposite sides of the anterior midline
of the subject at the same level as the first electrode (the E
electrode), while electrode S is positioned over the upper
end of the sternum (manubrium sterni). FIG. 2 shows the
modified “EAST” lead system disclosed in U.S. Pat. No.
6,052,615, where electrode E is positioned at the front
midline, modified electrode A is positioned at the left
mid-axillary line, electrode S is positioned over the upper
end of the sternum (manubrium sterni), and modified elec-
trode 1 is positioned at the right mid-axillary line. In par-
ticular, the modified A and 1 electrodes are attached to the
subject’s is body on opposed sides of the anterior midline
below the level of the E electrode but high enough so they
are positioned over the subjects’ ribs or intercostal spaces.

FIG. 3 illustrates yet another example of a system using
a reduced number of leads attached to a patient 40 via
electrodes 12, 14, 16, 18, and 20. The five electrodes are
attached to the skin of the patient at a variety of locations.
The first and second electrodes 12 and 14 are shown attached
to the right and left shoulder areas of the patient 40. The
third and fourth electrode 16 and 18 are shown attached to
the left and right side areas of the patient’s torso near the
patient’s legs. A fifth sensing electrode 20 is shown attached
to the patient’s chest area over the heart. FIG. 3 also
illustrates yet another electrode configuration. In particular,
electrodes 12, 14, 16, and 18 may be placed at the ends of
the limbs of the patient 40 as indicated by the open circles
42, 44, 46, and 48, respectively. Electrodes 12, 14, 16, and
18 may also be placed at other locations on the patient’s
torso.

The signals received from the electrodes configurations
described above are used to produce ECG data in a manner
well-known to those skilled in 12-lead ECG technology.
Since the techniques for producing ECG lead data are
well-known, a procedure for producing ECG lead data is not
described here. Also, techniques for extracting information
on the patient’s condition from the voltage signals, including
diagnoses of ischemia, are well-known and are not described
here.

The different electrode configurations permit an analysis
of a subset of the leads normally acquired in a standard
12-lead ECG, including the leads conventionally labeled I,
I, I, V3, aVR, aVL, and aVF. For example, with the
configuration of FIG. 3, one can obtain and analyze leads I,
11, and V3. It should be appreciated, however, that other
leads, e.g., leads conventionally labeled III, aVR, aVF, aVL,
V1, V2, V4, V5, and V6, may be selected and made
available in other embodiments of the invention depending
on the number and placement of electrodes used.

Those skilled in ECG technology will appreciate that
increasing the number of electrodes placed on the patient 40
increases the amount of ECG data that can be acquired from
the patient. The additional ECG data obtained from an
increased number of electrodes generally improves the abil-
ity of the system to detect true acute cardiac ischemic
conditions. The reduced electrode configurations described
above may be compared to the standard positions for a
12-lead ECG configuration illustrated in FIG. 4, including
electrodes 12, 14, 16, 18, 20, 22, 24, 26, 28 and 30. The
electrodes may be individually attached to a patient’s chest,
or embodied in a single patch 42 that is placed on the
patient’s chest.

In different embodiments of the instant invention, the
voltage signal from the electrodes is transmitted or trans-
ferred to a receiver by a transmitting circuit over a wireless
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medium. In an exemplary embodiment illustrated in FIG. 5,
the electrodes 50 attached to the patient 40 may be attached
by leads to Remote Telemeter 52. In specific embodiments,
Remote Telemeter 52 includes a transmitting circuit. Remote
telemeter 52 may include patient-worn or transported remote
telemeters, and instrument remote telemeters (which con-
nect to a bedside or other patient monitor). Remote Tele-
meter 52 collects and transmits real-time ECG voltage
signals from Patient 40 to a receiver. Remote Telemeter 52
may further include an error detecting circuit for detecting
errors in the voltage signal from any of the electrodes, such
as if an electrode comes loose. The details of error detection,
including by the preferred method of analysis-by-synthesis,
which uses estimates error between a predicted signal and
the actual signal, are described later in this disclosure. At this
stage, it suffices to note that remote telemeter is connected
to or contains processing capability to reduce the bandwidth
required to transmit the measured voltage signals by trans-
mitting parameters used to predict the voltage measurements
and/or indicators of the error signal. The error signal indi-
cators are selected to minimize the error between the trans-
mitted error information and the detected error information.
This feature allows both a reduction in the required band-
width and added flexibility such that the level of detail
transmitted to a receiver corresponds to the expected appli-
cation or monitoring.

Remote Telemeter 52 sends a corresponding signal to the
receiver. In the event that the system detects an alarm
medical condition, such as ischemia, or too few electrodes,
then the system would send an alarm to alert the pertinent
medical professionals of the patient’s condition. In different
embodiments, Remote Telemeter 52 or the receiver may
send the alarm concerning the patient’s condition.

In another embodiment of the invention, the electrodes
include the transmitting circuit and the error detecting
circuit. The electrodes would then not be connected by leads
to a remote telemeter as in previous examples. The voltage
signal collected by the electrode would be directly trans-
mitted or transferred to the receiver by the transmitting
circuit. In particular, if one of the electrodes comes loose,
then the electrode would send a corresponding signal to the
receiver, including, for instance by a failure to send a signal
in an expected time window. The system would send an
alarm to alert the pertinent medical professionals in the
event of an alarm medical condition or if too few electrodes
are available to synthesize the ECG electrodes. In different
embodiments, the loose electrode itself or the receiver sends
the signal to the medical professionals.

The system of the present invention includes a voltage
measuring circuit for detecting a voltage between a refer-
ence voltage level and at least one of the electrodes. Alter-
natively, the voltage measuring circuit may detects voltages
between more than one pair of attachment ends of the
electrodes. In different embodiments, the voltage measuring
circuit may include an amplifier to amplify the detected
voltage signal. The voltage measuring circuit may also
include a filter to improve the signal to noise ratio of the
detected voltage signal. In preferred embodiments, the volt-
age measuring circuit detects and flags an open circuit
and/or a short circuit.

The system of the present invention preferably includes a
transmitting circuit for transmitting the detected voltage
signal to a receiver through a wireless communication
system. In different embodiments, the transmitting circuit
may function to transmit an error indicator instead of a
voltage value in response to an open circuit, a short circuit
and/or an error detected by the error detecting circuit. In
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addition, the transmitting circuit may transmit an indicator
of a signal to noise ratio with the detected voltage signal.
The transmitting circuit may be in an integrated unit
attached to a subject or incorporated into the electrode
structure itself, for instance in electrodes implemented as
Radio Frequency Identification (“RFID”) circuits, which
typically can be addressed individually or their transmis-
sions individually identified. The wireless communication
can be via infrared communication system, RF communi-
cation, RFID technology. or other methods. See, e.g. motes
with limited processing capability described at http://www-
.computerworld.com/mobiletopics/mobile/story/0,10801,
79572,00.h-tml as printed on May 24, 2006 (and provided in
a separate information disclosure) that may be modified in
accordance with the disclosed invention to provide some or
all of the described functions.

To implement wireless communication, infrared commu-
nications or radio frequency tags preferably operates to
communicate bi-directionally with a controller to allow for
up-loading and down-loading information to the ECG as
explained in more detail below. The infrared communica-
tions may be implemented using off-the-shelf infrared com-
munications components and preferably using a standard-
ized communications protocol such as according to the
Infrared Data Association (IrDA). IrDA is an industry-based
group of over 150 companies that have developed commu-
nication standards especially suited for low cost, short range,
cross-platform point-to-point communications at a wide
range of speeds using infrared technology. These wireless
communications standards have been adapted particularly
well in mobile computing environments such as laptops and
palmtops as well as peripherals such as printers to allow for
ready transfer of information.

Radio frequency (“RF”) communications may be readily
substituted for the infrared communications to operate in a
substantially similar manner in order to implement wireless
communications. The RF communications may be readily
implemented using commercially available, off the shelf
components that employ standardized communications pro-
tocols at the network and link levels, for instance that are
compliant with IEEE 802.15.4 standard. Further, wireless
transceivers that operate in the 900 MHz radio band and
employ a TCP/IP network communications protocol to
implement a wireless Ethernet local area network (LAN)
may be used to realize the benefits of the present invention.

The ECG signal can also be transmitted using RFID
technology, where signals from one or more RFID tags are
wirelessly transmitted to one or more receivers in a patient
monitoring system. Each RFID tag may possess its own
code, so that signals from more than one RFIDs would
automatically be multiplexed at the patient monitor system.
Preferably the RFID tags are capable of being polled by an
external receiver sending a signal (which may also provide
limited power) containing a specific identifier for a particu-
lar tag. Preferably, in response to recognizing the identifier,
the addressed RFID tag transmits the requested information.

Motes, also known as smart dust, are tiny devices that
include processing power, sensor(s) and a transceiver. Mote
dimensions can be smaller than 2-3 mm. A challenge in
designing motes is the integration of the sensor functionality
while keeping the dimensions small and the power con-
sumption low. The cost of motes is also rapidly coming
down.

For monitoring ECG like signals, a preferred embodiment
utilizes motes embedded into a band or wrap that can be
attached to a patient, e.g., using Velcro to provide the
required tension. Preferably, the motes are significantly
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simplified because in many embodiments there is little need
for extensive processing or networking with other motes.
Some electrode bearing band designs are described in the
US Patent Publication Nos. 2005/0119701 and 2006/
0084880. In addition to the electrodes disclosed in these
references, with some modifications to conform to the
invention disclosed herein, electrodes may traverse the sur-
face of the wrap and may be attached at their other end to a
socket in a mote to allow the mote to sense a surface voltage
or current. Altematively, the electrode assembly itself
includes processing functionality in being integrated into a
mote. Preferably, the mote includes signal amplification
capability to enhance the voltage/current signal prior to
digitizing it and then transmitting it. The transmission from
a mote is, preferably, in response to a poll signal from an
external signal. However, transmissions to announce the
presence of the mote or the collection of motes allow
monitoring devices to detect the presence of a subject.

The motes may be thought of as voltage/current sensors
linked to an RFID unit. The RFID tags may be battery
powered. Alternatively, the RFID technology could be
developed for passive telemetry, involving radio reception
of ID codes from RFID tags that are not running on battery
power. The RFID tags may be powered by the heat from the
patient’s body or by storing energy from received radio
probes or by capturing energy by sensing vibrations. Further,
when a battery is utilized, in view of the extremely low
power requirenents of motes, a single battery could suffice
the various motes attached to a surface. This may be
implemented in any of the many known ways, such as
embedding wires in the wrap or band to provide connectivity
to the battery and a common ground while maintaining
insulation from the subject. Thus, each mote is attached to
the surface such that it also contacts embedded wires.

At any given time, only a few of the motes attached to a
surface will be used to collect voltage/current signals. The
choice of the motes to be used depends on the quality of the
signal received and the need to reconstruct ECG signals in
a desired format from the many motes distributed and in
contact with the patients surface. Further, such a monitoring
system is suitable to track a subject’s data round the clock
without requiring confinement of the patient to a hospital.
The data can be stored and processing in a separate device
for subsequent evaluation or for triggering alarm states, for
instance, in response to detecting abnormal cardiac rhythms.

Passive telemetry utilizes the short-circuiting of an
antenna in the RFID tag to transmit a signal. If a signal is
emitted from a base station at the particular frequency that
the LC circuit (comprising a coil and capacitor) of the RFID
tag is tuned to, then the LC circuit would resonate with that
frequency (e.g., 125 KHz, even though other frequencies are
also possible in RFID chips). However, if the capacitor/
antenna is short-circuited with a simple transistor for a few
cycles, the emitter receives signal of a different back-
scattered intensity from the RFID antenna and so is able to
distinguish bits of data received. RFID passive telemetry
generally has a short range of only a few centimeters,
depending on the power of the transmitter and a two
(receiver/transmitter) antennas design. In addition, since
passive telemetry (RFID) systems convert RF energy to DC
voltage, it can then charge a capacitor for powering internal
circuits. For example, a few hundreds of microamperes at
3V may be taken from this system, which could power a
microcontroller and associated circuits.

In a RFID based system, a plurality of voltage measure-
ments are made available to a receiver. The receiver pref-
erably can address particular RFID tags to elicit a response
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from the addressed tag. Initially, the receiver determines a
set of RFID tags selected from a plurality of RFID tags that
result in the best synthesized ECG signal. In the event one
or more RFID tags in the set fail, for instance due to a lead
coming off or other malfunctions, the receiver selects sub-
stitute RFID tags.

In another aspect, the RFID tags may be incorporated in
one or more bands or belts or garments that may be worn by
a patient. The tags may then be queried and an ECG signal
reconstructed to provide continuous monitoring without
requiring cumbersome wires to tether the patient or limit the
movements of the patient. Such a belt/band/garment may
include a plurality of gel based contacts that may be affixed
to the patient’s skin to allow continuous monitoring of the
detected voltages and adjustment in the number and specific
electrodes being used to synthesize the ECG signals.

A limitation of such an arrangement is that some of the gel
based contacts are inevitably disrupted. As is described
herein, this difficulty is overcome by the preferred embodi-
ments by both monitoring for disruptions and implementing
corrective measures to allow continuous or quasi-continuous
monitoring.

FIG. 6 shows one such arrangement of a plurality of
electrodes arranged in a grid with RFID tags incorporated or
attached to several locations. Multiple tags in the neighbor-
hood of an electrode, for instance of an electrode shown in
FIG. 2, may provide, in a preferred embodiment, candidate
electrodes for deducing an ECG signal.

In FIG. 6, many electrodes are in illustrative clusters
620-640. However, there is no requirement that a regular
grid should be used or that all electrodes be so clustered. The
grid represents a possible support, e.g., a fabric to which or
into which electrodes are attached. As seen in FIG. 6,
electrodes 650 are not necessarily identified as belonging to
any particular cluster. Further, some electrodes, such as
electrodes 660 may belong to two or more clusters, for
instance clusters 620 and 630. This permits a more flexible
selection of suitable electrodes while removing stringent
preconditions for manufacturing the support with the elec-
trodes.

FIGS. 7 and 8 describe methods implementable by hard-
ware and other structure to carry out the described functions.
It is preferred that many of the steps be implemented with
the aid of software instructions, including those executed by
one or more processors and associated operating systems
and support software. However, it should be understood that
the use of switches and means for accepting manual input,
e.g., touch screens, keyboards, pointing devices, tablets and
the like is expected and understood to be customary in
applications of this type. The signal-to-noise ratio may be
computed by comparison with a stored or reference signal or
from the unexpected excessive variation of the signal.
Therefore, it must be understood that each of the blocks and
illustrative features in the Figures also invoke the structures
for implementing the described steps or providing the struc-
ture

FIG. 7 illustrates an illustrative method in a preferred
embodiment. At step 705, a determination is made whether
an electrode is functional. This may reflect detection of a
short circuit, lack of response to a polling query, an open
circuit or abnormal values. If an electrode is not functional,
control flows to step 710 where availability of another
electrode is checked. If no further electrodes are available
then if it is determined that an electrocardiogram signal
cannot be computed during step 715, a signal error condition
is detected and flagged at step 720, e.g., by an alarm
indicating that the device has largely failed and may not be
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able to compute a reliable electrocardiogram signal and the
method terminates. If an electrocardiogram can be computed
nevertheless, then control goes back to step 705 or step 735.

However, during step 710 if another electrode is available,
then control passes to step 725 for selection of another
electrode. The electrode may be selected after screening
several electrodes or from an ordered list or algebraic
ordering of electrodes or even at random including from the
neighborhood of the failed electrode. During step 730 a
signal from the selected electrode(s) is acquired. The acqui-
sition of a signal may be by polling or addressing an
electrode or as a result of continuous transmissions from the
electrodes. Electrodes or collections thereof may be
designed to transmit upon detection of conditions suitable
for transmission to reduce collisions.

During step 705 if the electrode is functional, control
flows to step 735 to check the signal-to-noise ratio. If the
signal-to-noise ratio is not high then control flows to step
710 as described earlier. On the other hand, with an accept-
able signal-to-noise ratio, an electrocardiogram data is gen-
erated in the desired format (12-lead or some other format)
during step 740 with control flowing to step 705. In alter-
native preferred embodiments the method may terminate.

Thus, if an electrode malfunctions, then anther electrode
in the neighborhood can take over the task of providing a
suitable voltage/current signal.

FIG. 8 further illustrates the operations in accordance
with a preferred embodiment. During step 805, preferably a
controller, although not necessarily on a subject being
monitored, monitors a plurality of electrodes. During step
810 a subset of these electrodes are used to deduce electro-
cardiogram data in the desired format. Control flows to step
815, during which if an error condition is detected control
flows to step 820 for selection of a corrective electrode. A
corrective electrode may be understood to be combinable
with a subset of electrodes or be suitable for replacing one
of the subset of the electrodes. During step 825 a signal is
obtained from the corrective electrode, for instance by
polling it, or addressing it or permitting it to transmit or
merely waiting for its signal. The subset of electrodes
including the corrective electrode is used to compute elec-
trocardiogram data during step 830 with control flowing
beck to decision block 815.

During step 810, if no error condition is detected, control
flows to decision block 835 for evaluation of the signal-to-
noise ratio in this illustrative method. If the signal-to-noise
ratio is acceptable, control flows back to step 805. Other-
wise, control flows to step 820.

FIGS. 9A and 9B show some illustrative details of elec-
trodes suitable for some preferred embodiments. FIG. 9A
shows an illustrative electrode 905 with four contact points
and one reference point arranged in a cross-like configura-
tion. Adhesive Sensor Pads 910, 915, 920, and 925 are
capable of being attached to a patient’s body to sense a
voltage signal relative to the reference contact 935 to which
the Adhesive Sensor Pads 910-925 are connected via one or
more of Arm 930. Preferably, Arms 930 are flexible. Arm
930 or an Adhesive Sensor Pad may include separately or in
combination an RFID circuit to send data corresponding to
the sensed voltage to a controller or receiver, preferably
directly over a wireless link. To this end the circuit includes
a transmission circuit. An illustrative variation on this design
is presented as Electrode 940 with Pads 945, Conducting
Arms 950 and a Reference 955. It should be noted that with
no loss of generality the conducting arms may be integrated
into a supporting fabric.
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FIG. 9B shows illustrative single electrode 965 with
patient end 960 suitable for attachment to a patient, while a
conducting ribbon 970 connects patient end 960 to a Ref-
erence end 975, which may be attached to the ground, for
instance via the patient bed or a common potential point on
the body. In effect, the use of a common potential removes
the contributions due to the lack of a common ground.
Instead, each electrode transmits a signal corresponding to a
voltage difference such that a common ground be con-
structed for processing the transmissions to generate ECG
data.

In addition, preferably there is a receiver circuit for
receiving commands and/or for being polled. FIG. 10 shows
a possible arrangement that incorporates a mote that may be
attached to a carrier fabric or film through which it contacts
an electrode. As shown, in this illustrative embodiment,
mote 1005 may be connected to electrode assembly 1010
through fabric 1020. Fabric 1020 preferably incorporates on
one side conducting material 1025 to provide a common
ground connected to the mote via one or more contacts 1015.
Mote 1005 also has a power source 1030. Electrode assem-
bly 1010 may be in one piece or comprise many parts to
provide contact 1035 to electrically and mechanically
engage with complimentary site 1040 in mote 1005, includ-
ing by interlocking couplings, including via screws, or
customized couplings reducing assembly errors, pin connec-
tions and the like. Another embodiment with a screwed on
electrode is illustrated in FIG. 11 with similar numbering as
in FIG. 10 for the various illustrated features. Further, motes
may be disposed on a supporting surface as shown in
illustrative FIG. 6 and may even be disposed in various
decorative patterns, in addition to that shown.

It should be noted that the description in FIG. 10 is not
intended to be limiting as, for instance, many details are
readily modified or dispensed with in alternative embodi-
ments. As an example, power source 1030 may be shared by
many motes, or they may be passive, or the power source
may be a solar panel, a battery, vibration sensor, a thermo-
couple and the like. Further, mote 1005 may provide ampli-
fication and basic processing of the voltage detected via
electrode assembly 1010. Alternatively, it may provide net-
working and coordination with other motes to better collect
and send data, and detect errors. Furthermore, mote 1005
and electrode assembly 1010 need not sandwich a fabric in
all embodiments. Indeed, in some alternative embodiments,
electrode assembly 1010, partially or completely, may be
integrated into mote 1005. Similarly, while a common
ground is desirable, it is not required in all embodiments, as
is the case if surface currents rather than voltages are being
monitored.

It is preferred that mote 1005 be addressable, for instance
for diagnostics or data collection. To this end, it may have
a unique or relatively unique identifier. Mote 1005 may also
include additional functionality, such as encryption for
secure data transmission. Private-public key encryption is
one way of providing security without requiring extensive
processing.

Thus, continuous monitoring of a subject is possible while
allowing the subject to move around while the various
electrodes are pressed into service or removed from the set
of electrodes used to compute the electrocardiogram data.
The electrodes may be incorporated into a support, band, or
garment or be attached to a subject directly. Further, net-
working of several monitoring stations allows a subject to
move around while allowing for unobtrusive monitoring. In
a preferred embodiment, the transmissions to and from are
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preferably encoded to provide a desired level of privacy
without endangering the well-being of a subject.

In yet another aspect, the bandwidth required for trans-
mitting the measured voltage signals is reduced in a pre-
ferred embodiment by employing a filter. The filter prefer-
ably is a dynamic filter such that filter parameters are
calculated periodically based on previous time points to
predict the voltage signals in the future. Further, in an
analysis-by-synthesis procedure, a difference between the
actual measured voltage signal and the predicted voltage
signal is generated as a measure of the noise in the measured
voltage signal. With effective prediction, that is, effective
filters. the noise component should be Gaussian or quasi-
Gaussian in form. In another aspect, the filter parameters and
an indicator of the noise are transmitted for reconstruction of
the measured voltage signal. However, it should be noted
that in many embodiments, only the filter parameters may be
transmitted with the noise component indicated by its aver-
age value. This technique allows a reduction in the band-
width required to transmit the voltage signal by reducing
transmission of redundant information in the voltage signal.

In an preferred embodiment, the transmitting circuit trans-
mits an error indicator instead of a voltage value in response
to one or more of an open circuit, a short circuit, and an error
detected by the error detecting circuit. In an preferred
embodiment, the transmitting circuit transmits an indicator
of a signal-to-noise ratio with the detected voltage signal.
This may be in form of the average energy content of a noise
signal or a gain required to normalize the amplitude of the
noise component to a present value or even the mean and
standard deviation for the noise signal.

Therefore, a preferred embodiment indicates the signal-
to-noise ratio by parameters corresponding to an error
between a predicted voltage signal and a measured voltage
signal (it should be also noted that the original signal may be
an average signal from more than one electrode) such that
the predicted voltage signal is determined from filter param-
eters based on a set of previously detected voltage levels.
This technique allows the wireless transmissions to require
little bandwidth when processing is possible at the sending
end, typically with powered electrodes that include process-
ing. In a preferred embodiment, a decision may be made to
operate at more than one level of accuracy in view of the
available power and other factors. For instance, for ordinary
monitoring, the filter parameters with a crude measure of the
noise component may suffice. However for detailed moni-
toring, it may be preferable to actually attempt to reconstruct
the detected voltage signals at an external receiver. This
requires representing the error signal in a compact form for
transmission along with the filter parameters.

Thus, in another aspect, a codebook, preferably an alge-
braic codebook may be used to send information about the
error/noise signal. This degree of complexity requires sig-
nificant computation as the codebook is searched to deter-
mine a suitable set of parameters, such as an index corre-
sponding to the error signal. The parameters are used at the
receiver to retrieve from the codebook the corresponding
noise signal and in conjunction with the filter parameters,
allow reconstruction of the original signal. Algebraic code-
books are preferable because they do not impose the onerous
storage requirements for storing the codebook.

The transmitted measure of the error signal then serves to
allow accurate reconstruction of the voltage signal and/or to
indicate if an electrode or set of electrodes is malfunction-
ing, and thus needs to be replaced by another electrode. This
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flexibility makes the disclosed apparatus and method for
wireless cardiographic monitoring disclosed herein both
robust and flexible.

It is further understood that the motes may be configured
to network with each other in other embodiments to allow
for additional processing that takes into account data col-
lected at more than one mote.

Although the preceding description is in the context of the
embodiments described herein, this is not intended to be a
limitation on the scope of the invention. The disclosed
invention encompasses the disclosed embodiments along
with other embodiments having many different configura-
tions for providing wireless communications between elec-
trodes and patient monitoring systems. Such systems may
include monitoring of temperature, or hemodynamic param-
eters as sensors for monitoring such parameters are per-
fected for integration into mote-like devices. Some descrip-
tions of suitable sensors are found in U.S. Pat. Nos. 6,976,
965 and 7,017,404.

Hemodynamics, as known in the art, relates to the study
of blood flow. The circulatory system, including the heart,
the arteries, the microcirculation, and the vein, functions to
transport the blood to deliver O,, nutrients and chemicals to
the cells of the body, and to remove the cellular waste
products. The heart is the driver of the circulatory system
generating cardiac output (CO) by rhythmically contracting
and relaxing. This creates changes in regional pressures,
and, combined with a complex valvular system in the heart
and the veins, ensures that the blood moves around the
circulatory system in one direction. Hemodynamic param-
eters (or properties), as described herein, include the physi-
ological conditions associated with the blood flow, which
includes not only the physical characteristics of the blood
flow itself, e.g., blood flow rate, blood flow pressure, and
pulse rate, but also those parameters relating to the blood
components such as cells, proteins, chemicals, etc. Hemo-
dynamic properties that can be monitored by the system
include, for example, pulse oximetry, oxygen saturation,
oxyhemoglobin saturation, blood component concentration
(e.g., glucose level, lipid level, cholesterol level, triglyceride
level, levels of different salts, concentration of different
types of cells, concentration of blood proteins such as
thrombin, cancer markers, heart failure markers), blood
pressure (such as atrial pressure, ventricular pressure, pul-
monary artery pressure, systolic pressure, diastolic pressure,
etc.), blood velocity, blood flow rate, respiratory rate, pulse
rate, end-tidal CO, level, drug concentration in the blood,
concentration of blood proteins such as thrombin, cancer
markers, heart failure markers, heart rate, heart rhythm,
heart rate variability, organic or inorganic substance con-
centration (e.g. uric acid, vitamins, heavy metals, carbon
monoxide, bacterial toxin), cardiac activity, cardiac output,
pH levels, pathogens and galvanic skin response. Monitor-
ing different hemodynamic parameters simultaneously can
provide redundancy and improved robustness of monitoring
quality as well as facilitate reconciliation of inconsistencies
among the data gathered for different hemodynamic param-
eters, reduce false alarm rates, etc.

Depending on the types of underlying hemodynamic
conditions to be monitored, the sensing component of the
wireless sensors can include, but is not limited to, an
electrochemical detector (such as an electrode for detecting
a surface potential or current), an electromagnetic detector
(e.g., an optical detector such as an infrared detector and
visible light detector, as well as an x-ray detector, gamma-
ray detector, etc.), a thermal detector, a pressure detector, an
ultrasonic detector, a chemical detector, a magnetic detector,
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an x-ray detector, an accelerometer, a motion detector, etc.
Other detectors in emerging sensor technology, such as laser
Doppler, paper sensors, sensor tattoos, etc., can also be used.
Further, the wireless sensors in the network can include the
same sensing components for redundancy or as required
(e.g., in ECG applications where multiple electrodes at
different body locations are required), or different sensing
components for monitoring a plurality of different vital
signs. For example, one sensor can include a pressure
detector for monitoring the pulse rate, and another sensor
can include an electrochemical detector for blood glucose
level measurement. For another example, one sensor can
include a surface-attached sensing component, such as an
ECG electrode, and another sensor can include an implant-
able sensing component, such as an implanted intracardiac
pressure transducer coupled to a heart chamber (e.g., the
right ventricle). Thus, wireless sensors of different types for
monitoring different vital signs can be conveniently worn by
or implanted in the patient depending on the needs of care
for the patient. These hybrid mix of sensors can also provide
a caregiver with more comprehensive information regarding
the patient’s condition in an efficient manner.

In a further aspect, in one embodiment, the present
invention provides a system including a plurality of wireless
sensors for monitoring one or more hemodynamic param-
eters of a subject. The wireless sensors can be attachable to
or implantable in the subject and form a network. The
sensors each include a sensing component configured to
detect a signal corresponding to at least one hemodynamic
condition of the subject. The sensors each further include a
communication component configured to wirelessly trans-
mit the detected signal to at least another of the plurality of
wireless sensors, and wirelessly receive a signal transmitted
from at least one of the remaining sensors in the network.

In certain embodiments, the wireless sensors form a mesh
network, where each sensor (also referred to as a “node”,
“sensor node” or “regular node” hereinafter) not only cap-
tures and disseminates its own data, but also serve as a relay
for other nodes, that is, the nodes in the mesh network
collaborate with each other to propagate the data in the
network. In certain embodiments, the mesh network further
includes one or more control nodes (or master nodes), which
communicate with any or all of the regular nodes. The
master nodes can serve as a data acquisition, processing, and
command center, and will be further described below.

The wireless sensor network can continuously monitor
selected hemodynamic parameters of the subject (or
patient), and communicate the signals acquired from the
sensing components via the communicating components of
the sensors to a master node. As described herein, the master
node includes (A) a communication component configured
to wireless receive signals from each of the plurality of
wireless sensors, and send data and/or command to each of
the plurality of wireless sensors; and (B) a monitoring unit
coupled with the communication component. For example,
the monitoring unit can include a non-transitory computer
readable medium and a processor coupled to the computer
readable medium. The computer readable medium can store
instructions for execution by the computer processor, which,
upon the execution of instructions, carries out pre-designed
tasks, such as providing clinical decision support, facilitat-
ing diagnosis and validating treatment options. For example,
the system can, based on the real time signals received by
monitoring unit, and based on the subject’s medical record,
performing tasks such as making a suggestion for the
diagnosis or treatment of the subject and validating a diag-
nosis or treatment proposed by a physician.
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In some embodiments, the master node can be a PC or
workstation computer equipped with a communication com-
ponent, such as a dongle, for communicating with the
wireless sensors. The master node can also include a por-
table device having a processor, a memory, a display and/or
other audiovisual output capabilities to present information
to a user, and capabilities of wirelessly communicating with
the wireless sensors. In other examples, the master node can
include a commercial portable computing device, such as a
smart phone (e.g., an iPhone, an Android-based phone, a
Windows Mobile-based phone, etc.), a tablet (such as an
iPad, a Samsung Galaxy Tab, Google Nexus 7 or 10, etc.),
or other similar devices. The monitoring unit of the master
node can include a computer program designed to enable the
monitoring unit to receive signals transmitted by the com-
munication components of the wireless sensors, and to carry
out appropriate functions based on such received signals,
such as alerting the patient or a physician of an abnormal or
emergency condition of the patient. However, it is to be
understood that the monitoring unit can further integrate
such received real time signals from the wireless sensors
with the patient’s past medical history and other relevant
data (e.g., stored demographics, vital signs history, previous
diagnosis, medications, allergies, etc.), and can provide
capabilities such as making a suggestion for the diagnosis or
treatment of the subject and validating a diagnosis or treat-
ment proposed by a physician. Such medical history and
other relevant data of a patient can be stored in a permanent
storage medium (e.g., a hard drive, a solid state drive, a flash
drive, or other types of memories) of the monitoring unit, or
transmitted from a physician computer or a central server
(such as a remotely located server operated by a healthcare
provider, or a cloud server) accessible by the monitoring unit
by wired and/or wireless communications. Also, the data
acquired and stored by the master node can also be asyn-
chronously or simultaneously uploaded to such a physician
computer or remote server for long term storage and/or
further analysis. The physician computer can further include
a program that performs the tasks performed by a monitor-
ing unit, such that the physician can directly monitor the
patient’s vital signs remotely, e.g., in the physician’s office.
Alternatively, the physician computer can be configured as
a master node to directly communicate with the wireless
sensors carried by the patient. Furthermore, the master node
can transmit a patient’s medical record stored or retrieved
from a remote server or computer to selected wireless
sensors having a permanent storage medium having a suf-
ficient storage capacity such that relevant patient data can be
carried around by the patient and readily accessible in a
clinical setting or another setting where the patient medical
records are not otherwise available.

Wireless sensors including ECG electrodes suitable for
acquiring electrophysiological signals related to cardiac
function can be used for illustrating the operating principles
of the sensors and the network formed therefrom. In these
sensors, each sensor can include one or more electrodes
which can acquire data related to the quality of ECG signal,
such as the amplitude of a detected voltage, a detected
current, and/or electrical skin resistance, and transmit such
data to other sensors or the master node(s). The ECG
electrodes can utilize off-the-shelf snap connector ECG
electrodes to adhere to the thorax and to electrically connect
to the skin. The ECG wireless sensors can further self-
configure into a set or group which wirelessly send diag-
nostic quality ECG signals in a synchronous fashion to a
master node, which can derive or synthesize ECG spectrum
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for display or other forms usable by a physician (or other
users) based on the transmitted ECG signals.

Tt should be emphasized that although illustrative embodi-
ments have been described herein in detail, that the descrip-
tion and drawings have been provided for purposes of
illustration only and other variations both in form and detail
can be added thereupon as is well understood by one having
ordinary skill in the art without departing from the spirit and
scope of the invention. The terms and expressions herein
have been used as terms of description and not as terms of
limitation or to exclude any equivalents of features shown
and described or portions thereof. Further, all references
cited in this disclosure, including those that are prior art, are
incorporated herein by reference.

The invention claimed is:

1. A system for monitoring one or more hemodynamic
parameters of a subject, comprising:

aplurality of wireless sensors attachable to or implantable

in the subject and forming a network, wherein two or

more of the plurality of wireless sensors can be selected
to belong to at least one cluster and are arranged so that

signals from the sensors can be combined to form a

formatted signal in a desired format, two or more of the

plurality of wireless sensors comprising:

a sensing component configured to detect a signal
corresponding to at least one hemodynamic condi-
tion of the subject; and

a communication component configured to:
wirelessly transmit the formatted signal, and
wirelessly receive a signal transmitted in the net-

work.

2. The system of claim 1, wherein the network is a mesh
network.

3. The system of claim 1, wherein the hemodynamic
parameters include one or more of pulse oximetry, oxygen
saturation, oxyhemoglobin saturation, blood glucose level,
blood pressure, blood velocity, blood flow rate, respiratory
rate, pulse rate, CO, level, drug concentration, blood protein
concentration, heart rate, heart rhythm, heart rate variability,
organic or inorganic substance concentration, cardiac activ-
ity, cardiac output, pH levels, pathogens and galvanic skin
response.

4. The system of claim 1, wherein one or more of the
plurality of wireless sensors further comprises:

a signal amplifier,

a battery,

a memory,

a CPU, and

an RF module.

5. The system of claim 1, wherein one or more of the
plurality of wireless sensors includes one or more surface-
attached electrodes for detecting a surface potential or
current of the subject.

6. The system of claim 5, wherein one or more of the one
or more surface-attached electrodes are ECG electrodes.

7. The system of claim 1, wherein at least one of the
plurality of wireless sensors includes a sensing component
configured to detect a signal corresponding to a first hemo-
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dynamic parameter of the subject, and at least another of the
plurality of wireless sensors includes a sensing component
configured to detect a signal corresponding to a second
hemodynamic parameter of the subject, the second hemo-
dynamic parameter being different from the first hemody-
namic parameter.

8. The system of claim 1, wherein at least one of the
plurality of sensors is implantable.

9. The system of claim 1, wherein the sensing component
includes at least one of an electromagnetic detector, a
thermal detector, a pressure detector, an ultrasonic detector,
an optical detector and a chemical detector, a magnetic
detector, a laser detector, and an x-ray detector.

10. The system of claim 1, wherein the communication
component of one or more of the plurality of sensors
comprise a mote.

11. The system of claim 1, further comprising a master
node configured to communicate wirelessly with each of the
plurality of sensors.

12. The system of claim 11, wherein the plurality of
sensors are divided into two or more clusters, each cluster
comprising two or more sensors, each of the two or more
sensors configured to wirelessly communicate with the other
of the two or more sensors and with the master node.

13. The system of claim 12, wherein each cluster is
assigned a unique identification identifier recognizable by
the master node.

14. The system of claim 11, wherein the master node
includes a communication component and a monitoring unit.

15. The system of claim 14, wherein the communication
component of the master node is configured as a dongle and
powered by an external port of the monitoring unit.

16. The system of claim 14, wherein the monitoring unit
comprises a display.

17. The system of claim 16, wherein the monitoring unit
is a portable computing device.

18. The system of claim 1 wherein the desired format is
obtained using a vector analysis.

19. An apparatus for monitoring one or more hemody-
namic properties of a subject, comprising:

a plurality of wireless sensors attached to or implanted in
the subject and forming a mesh network wherein two or
more of the plurality of wireless sensors can be selected
to belong to at least one cluster and are arranged so that
signals from the sensors can be combined to form a
formatted signal in a desired format, two or more of the
plurality of wireless sensors comprising:

a sensing component configured to detect a signal
corresponding to at least one hemodynamic property
of the subject,

a communication component configured to:
wirelessly transmit the formatted signal; and

a master node configured to communicate wirelessly with
one or more of the plurality of sensors.

20. The apparatus of claim 19 wherein the desired format

is obtained using a vector analysis.
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