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(57) ABSTRACT

Systems and methods of monitoring a patient. Exemplary
methods include receiving sensor data associated with the
patient from a plurality of sensors of a patient monitoring
device and determining whether the sensor data satisfies one
or more trigger conditions. For each of the trigger conditions
satisfied, one or more messages are sent to at least one of the
patient monitoring device and an external computing device
for display thereby to at least one of the patient, a caregiver,
and a support person. Satisfaction of one or more of the
trigger conditions may indicate the patient has edema and/or
is trending toward decompensation. The sensor data may
have been collected from a heart rate sensor, an oximeter, an
accelerometer, and/or a sensor configured to detect a distance
around a limb of a patient. In some embodiments, the trigger
conditions are provided by the patient, caregiver, and/or sup-
port person.

55 Claims, 17 Drawing Sheets




US 8,827,930 B2
Page 2

(56) References Cited
U.S. PATENT DOCUMENTS

5,415,176 A 5/1995 Sato et al.
5,469,750 A 11/1995 Lloyd et al.
5,522,380 A 6/1996 Dwork

5,676,129 A 10/1997 Rocci, Ir. et al.
5,704,366 A 1/1998 Tacklind et al.
5,724,986 A 3/1998 Jones, Ir. et al.
5,769,070 A 6/1998 Fratiet al.
5,785,048 A 7/1998 Koerner

5,788,643 A 8/1998 Feldman

5,804,963 A 9/1998 Meyer

5,839,430 A 11/1998 Cama

5,891,059 A 4/1999 Anderson
5,915,386 A 6/1999 Lloyd et al.
5,916,183 A *  6/1999 Reid ..cccooovvvvrnreeinnnnn 601/134
6,014,080 A 1/2000 Layson, Jr.
6,039,688 A 3/2000 Douglas et al.
6,077.222 A 6/2000 Lloyd et al.
6,077,224 A 6/2000 Lang et al.
6,189,538 B1*  2/2001 Thorpe ....ccccovvereiivnes 128/898
6,190,326 Bl 2/2001 McKinnon et al.
6,270,457 Bl 8/2001 Bardy

6,285,757 Bl 9/2001 Carroll et al.
6,322,519 B1  11/2001 Moulin

6,358,058 Bl 3/2002 Strupat et al.
6,416,471 Bl 7/2002 Kumar et al.
6,447,459 Bl 9/2002 Larom

6,461,307 Bl 10/2002 Kiristbjarnarson et al.
6,526,315 Bl 2/2003 Inagawa et al.
6,600,949 Bl 7/2003 Turcott

6,602,191 B2 8/2003 Quy

6,679,250 B2 1/2004 Walker et al.
6,773,404 B2 8/2004 Poezevera et al.
6,829,503 B2  12/2004 Alt

6,970,731 Bl  11/2005 Jayaraman et al.
7,063,669 B2 6/2006 Brawner et al,
7,156,809 B2 12007 Quy

7,185,650 B2 3/2007 Huber et al.
7,201,726 B2*  4/2007 Vastano ... e 600/587

4/2008 Ott et al.

6/2008 Hatlestsad et al.

2/2009 Healey

1/2011 Baruti et al.

1/2011 Lipshaw ...ccccoovvriiincine 602/75
3/2012 Sandersetal. ................ 600/587
9/2002 Fenwick et al.

3/2003 Girouard et al.

2/2004 Kimball et al.

7,353,179 B2
7,384,395 B2
7,484,408 B2
7,867,172 Bl
7,867,185 B2*
8,142,369 B2*
2002/0124295 Al
2003/0055461 Al
2004/0034294 Al

2004/0186395 Al* 9/2004 Vastano ................ 600/587
2005/0090754 Al 4/2005 Wolff et al.
2005/0177061 Al* 82005 Alanenetal. ................ 600/547

2005/0234352 Al
2006/0017575 Al
2006/0036134 Al
2006/0122540 Al*
2007/0293738 Al
2007/0293741 Al 12/2007 Bardy

2008/0000304 Al 1/2008 Nagle et al.

2008/0249441 Al* 10/2008 Avitable etal. ............... 601/151
2009/0151718 Al 6/2009 Hunter et al.

2009/0156908 Al 6/2009 Belalcazar et al.

2009/0270751 Al  10/2009 Pengetal.

2010/0004563 A1*  1/2010 Lipshaw .......ccccccoeveeeee 600/587
2010/0094099 Al 4/2010 Levyetal.

OTHER PUBLICATIONS

10/2005 Bardy

1/2006 McAdams

2/2006 Tarassenko et al.

6/2006 Zhuetal. .oovvvvrrivernnnn, 600/587
12/2007 Bardy

Adamson, et al., “Continuous Autonomic Assessment in Patients
with Symptomatic Heart Failure: Prognostic Value of Heart Rate
Variability Measured by an Implanted Cardiac Resynchronization
Device,” Circulation, Oct. 19, 2004, pp. 2389-2394.

Agency for Healthcare Research and Quality, “Preventable Hospital-
izations: A Window Into Primary and Preventative care, 2000,
HCUP Fact Book No. 5, AHRQ Publication No. 04-0056, Sep. 2004,
64 pages.

Akosah, et al.. “Improving Care for Patients with Chronic Heart
Failure in the Community,” Chest 122, American College of Chest
Physicians, 2002 pp. 906-912.

Blair, et al., “Weight Changes After Hospitalization for Worsening
Heart Failure and Subsequent Re-Hospitalization and Mortality in
the EVEREST Trail,” European heart Journal 30, 2009, pp. 1666-
1673.

Bogert and Lieshout, “Non-Invasive Pulsatile Arterial Pressure and
Stroke Volume Changes from the Human Finger,” Experimental
Physiology 90(4), 2005, pp. 437-446.

Braunschweig, et al., “Can Monitoring of Intrathoracic Impedance
Reduce Morbidity and Mortality in Patients with Chronic Heart
Failure? Rationale and Design of the Diagnostic Outcome Trail in
Heart Failure (DOT-HF),” European Journal of Heart Failure 10,
2008, pp. 907-916.

Brodovicz, et al., “Reliability and Feasibility of Methods to Quanti-
tatively Assess Peripheral Edema,” Clinical Medicine & Research
7(1-2), Feb. 26, 2009, pp. 21-31.

Chakko, et al., “Clinical, Radiographic, and Hemodynamic Correla-
tions in Chronic Congestive Heart Failure: Conflicting Results May
Lead to Inappropriate Care,” The American Journal of Medicine 90,
Mar. 1991, pp. 353-359.

Chaudry, et al, “Telemonitoring for Patients With Chronic Heart
Failure: A Systematic Review,” Journal of Cardiac Failure 13(1), Feb.
2007, pp. 56-62.

Chin and Goldman, “Factors Contributing to the Hopitalization of
Patients with Congestive Heart Failure,” American Journal of Public
Health, 87(4), Apr. 1997, pp. 643-648.

Cornish, et al., “A New Technique forthe Quantification of Peripheral
Edema with the Application in Both Unilateral and Bilateral Cases,”
Angiology 53(1), 2002, pp.41-47, downloaded at http://ang.sagepub.
com/cgi/content/abstract/53/1/41 on Aug. 28, 2009.

Cotter, et al., “Fluid Overload in Acute Heart Failure—Re-distribu-
tion and Other Mechanisms Beyond Fluid Accumulation,” European
Journal of Heart Failure 10, 2008, pp. 165-169.

Davie, et al., “Assessing Diagnosis in Heart Failure: Which Features
Are Any Use?” Quarterly Journal of Medicine 90, 1997, pp. 335-339.
Dickstein, et al., “ESC Guidelines for the Diagnosis and Treatment of
Acute and Chronic Heart Failure 2008,” European Journal of Heart
Failure, 2008, pp. 933-989.

Dickstein, et al., “ESC Guidelines for the Diagnosis and Treatment of
Acute and Chronic Heart Failure 2008,” European Heart Journal
29(19), 2008, pp. 2388-2442.

Exmovere, LL.C, “The New Biological Frontier: The Empath Watch,”
internal document on Research and Design Methods, published on or
before Jul. 15, 2010, pp. 1-16.

Frankel, et al., “Validation of Prognostic Models Among Patients
with Advanced Heart Failure,” Journal of Cardiac Failure 12(6),
2006, pp. 430-438.

Friedman, “Older Adults’ Symptoms and Their Duration before Hos-
pitalization for Heart Failure,” Heart & Lung 26(3), May-Jun. 1997,
pp. 169-176.

Gheorghiade, et al., “Acute Heart Failure Syndrome: Current State
and Framework for Future Research,” Circulation, American Heart
Association, Dec. 20/27, 2005, pp. 3958-3968.

Goldberg, et al., “Randomized Trial of a Daily Electronic Home
Monitoring System in Patients with Advanced Heart Failure: The
Weight Monitoring in Heart Failure Trial,” American Heart Journal,
Oct. 2003, pp. 705-712.

Hastings, “Congestive Heart Failure,” white paper, Jul. 6, 2004, pp.
1-9.

Henrick, “Cost-Effective Outpatient Management of Persons with
Heart Failure,” Progress in Cardiovascular Nursing, Spring 2001, pp.
50-56.

HFSA, “Module 4: Self-Care: Following Your Treatment Plan and
Dealing with Your Symptoms,” Heart Failure Society of America, St.
Paul, MN, 2003, 16 pages.

Hunt, et al., “2009 Focused Update Incorporation into the ACC/AHA
2005 Guidelines for the Diagnosis and management of Heart Failure
in Adults: A Report of the American College of Cardiology Founda-
tion/ American Heart Association Task Force on Practice Guidelines



US 8,827,930 B2
Page 3

(56) References Cited
OTHER PUBLICATIONS

Developed in Collaboration with the International Society for Heart
and Lung Transplantation,” Journal of the American College of Car-
diology 53, 2009, pp. el-e90.

Impedance Cardiography, “Impedance Cardiography: Technology,
Validity, and Clinical Application.” published on or before Aug. 13,
2009, 77 pages.

International Search Report dated Jun. 25, 2012, received in Interna-
tional Application No. PCT/US2012/020666, 11 pages.

Karkas and Bozkir, “Determination of Normal Calf and Ankle Values
Among Medical Students,” Aesthetic Plastic Surgery 31, 2007, pp.
179-182.

Khan, et al., “Functional Specification: Edema Measurement Sys-
tem.” Vedo Medico, Feb. 20, 2006, 15 pages.

Kim, et al., “Prognostic Value of a Novel Classification Scheme for
Heart Failure: The Minnesota Heart Failure Criteria,” American Jour-
nal of Epidemiology 164, 2006, pp. 184-193.

Lee. et al,, “Economic Burden of Heart Failure: A Summary of
Recent Literature,” Heart & Lung 33(6), Nov./Dec. 2004, pp. 362-
371.

Lewin, et al., “clinical Deterioration in Established Heart Failure:
What is the value of BNP and Weight Gain in Aiding Diagnosis?” The
European Journal of Heart Failure 7, 2005, pp. 953-957.

Maric, et al., “A Systematic Review of Telemonitoring Technologies
in Heart Failure,” European Journal of Heart Failure 11, 2009, pp.
506-517.

Medtronic, Inc., “Medtronic Kappa 900 Specification,” downloaded
from http://www.medtronic.com/crm/kappa900/specs.html, pub-
lished 2004, 1 page.

Nicholaou, “Model Predictive Controllers: A Critical Synthesis of
Theoryand Industrial Needs,” Advances in Chemical engineering 26,
2001, 50 pages.

Nike, Inc., “The Nike+ Sensor: Run tracking made easy,” down-
loaded from http://store.nike.com/us/en_us/? 1=shop,pdp,ctr-inline/
cid-1/pid-162953/pgid-162953, published on or before Mar. 18,
2008, 14 pages.

O’Connor, et al., “Demographics, Clinical Characteristics, and Out-
comes of Patients Hospitalized for Decompensated Heart Failure:
Observations from the MPACT-HF Registry,” Journal of Cardiac
Failure 11(3) , 2005, pp. 200-205.

Opasich, et al., “Precipitating Factors and Decision Making Pro-
cesses of Short-Term Worsening Heart failure Despite “Optimal”
Treatment (from the IN-CHF Registry),” American Journal of Car-
diology 88, Aug. 15, 2001, pp. 382-387.

Paul, “Hospital Discharge Education for Patients with Heart Failure:
What Really Works and What is the Evidence?” Critical Care Nurse
28, 2008, published online at http://ccn.aacnjournals.org/cgi/con-
tent/full/28/2/66, pp. 66-82.

Perrin and Guex, “Edema and Leg Volume: Methods of Assessment,”
Angiology The Journal of Vascular Disease 51 (1), Jan. 2000, pp.
9-12.

Qmed.com, Telehealth Market in Tight Competition Companies are
Fighting for their Share of the Electronic Health Monitoring Busi-
ness, Which is Expected to Grow 55% Annually Over the Next Five
Years, downloaded from http://www.qmed.com/news/25498/
telehealth-market-tight-competition-companies-are-fighting-their-
share-electronic-health-[Oct. 21, 2010 9:11:56 AM], CMP Media
LLC, on Oct. 21, 2010, 2 pages.

Rich, “Heart Failure Discase Management Programs: Efficacy and
Limitations,” American Journal of Medicine 110, 2001 pp. 410-412.
Rich and Nease, “Cost-effectiveness Analysis in Clinical Practice:
The Case of Heart Failure,” Archives of Internal Medicine 159, Aug.
9/23, 1999, pp. 1690-1700.

Ross, et al., “Statistical Models and Patient Predictors of Readmis-
sion for Heart Failure: a Systemic Review,” Archives of internal
Medicine 168(13), Jul. 14, 2008, pp. 1371-1386.

Schiff, et al., “Decompensated Heart Failure: Symptoms, Patterns of
Onset, and Contributing Factors,” The American Journal of Medicine
114, Jun. 1, 2003, pp. 625-630.

ScienceDaily LLC, “Cell Phones Manage Diabetes: Epidemiologists
Use Wireless Technology to Improve Blood Sugar Monitoring,” Sep.
1, 2008, downloaded from hitp://www.sciencedaily.com/videos/
2008/0902-cell_phones manage diabetes.htm on Mar. 9, 2010, 2
pages.

“Silver, New Approaches to Hemodynamic Measurement: Cool
Devices by a Shaky Infrastructure,” Journal of American College of
Cardiology 50, Dec. 11, 2007, published online at http://content.
onlinejacc.org/cgi/content/full/50/25/2383, pp. 2383-2384.

Stevens, “Fitbit Review,” downloaded from http://www.engadget.
com/2009/10/ 15/fitbit-review.com, published on or before Oct. 15,
2009, 6 pages.

Stevenson, et al., “The Limited Reliability of Physical Signs for
Estimating Hemodynamics in Chronic Heart Failure,” Journal of the
American Medical Association 261(6), Feb. 10, 1989, pp. 884-888.
Trigano, et al., “Clinical Study of Interference with Cardiac Pace-
makers by a Magnetic Field at Power Line Frequencies,” Journal of
the American College of Cardiology 45(6). 2005, published online at
http://content.onlinejace.org/cgi/content/ful 1/45/6/896, Pp.
896-900.

Unknown, “Clinical Assessment and Investigation of Patients with
Suspected Heart Failure: Use of Symptoms and Signs in Clinical
Diagnosis,” published on or before Jul. 31, 2009, pp. 76-79.
Unknown, “Edema Formation in Heart Failure,” downloaded from
http://stevetakeshisfirststep.wordpress.com/2008/03/2 1 /edema-for-
mation-in-heart-failure/ on Aug. 14, 2009, 5 pages.

Webel, etal., “Daily Variability in Dyspnea, Edema and Body Weight
in Heart Failure Patients,” Journal of Cardiovascular Nursing 6, 2007,
pp. 60-65.

Wilkinson, et al., “Reproducibility of Pulse Wave Velocity and Aug-
mentation Index Measured by Pulse Wave Analysis,” Journal of
Hypertension 16(12), Dec. 1998, pp. 2079-2084.

Wolfel, “Can We Predict and Prevent the Onset of Acute
Decompensated Heart Failure?” Circulation 116, 2007, pp. 1526-
1529.

Yu, et al,, “Intrathoracic Impedance Monitoring in Patients With
Heart Failure: Correlation With Fluid Status and Feasibility of Early
Warning Preceding in Hospitalization,” Circulation, American Heart
Association, Aug. 9, 2005, pp. 841-848.

Zannad, et al., “Incidence, Clinical and Etiologic Features, and Out-
comes of Advanced Chronic Heart Failure: the EPICAI Study,” Jour-
nal of the American College of Cardiology, vol. 33, No. 3, Mar. 1,
1999, pp. 734-742.

International Search Report dated Jan. 2, 2013, received in Interna-
tional Application No. PCT/US2012/020667, 4 pages.

* cited by examiner



U.S. Patent Sep. 9, 2014

Sheet 1 of 17

US 8,827,930 B2

it
HEALTHIZARE | | SUPPORT
4 svereM NETWORK |7} *
w5 l T l T 4
¥ - 285
mfffja REFERENCE § 248 ‘>
T INFORMATIN CONTROL e i CURRENT
EWEQ&?E-E 7 SYSTEN MERRAGER B STATE
b g 1y TRR .g
e, |
220 g 10 j;;ﬂmr

s ‘Z,«

PATIENT MONITORING, REPORTING

FIGURE 1

Ui

e

CONTREELER |

F
N

i

S
Y

/

234 ‘“(‘é

PATENRT

FIGURE &



U.S. Patent Sep. 9,2014 Sheet 2 of 17 US 8,827,930 B2

300
j i“ 205

SUPPORT NETWORK HEALTHOARE SYSTEM
g\m} * ™
COMPUTNG | 1 A
DEVICE T COMPUTNG
DEVICE

f

14
i

CELLULAR
TELEPHONE
NETWORK

th

)
0 paneny

Rt "}

3 &
]

: COMTROL BYSTEM

FIGURE 3



U.S. Patent

ACCELERD
RMETER

418

Sep. 9,2014

Sheet 3 of 17

:
P 435
:" W 2
,
:
i
:
:
i

HADIO

440

[

3
3
3
3
3
i

US 8,827,930 B2

SENBOR

» .
cpyy  (eeeewd  RTOD
CPU ey loonvERTERS

& &

A i

MEMRY
\ \

{w*éi‘fi

w&wuw’

MEART
| RATE
[ SENSOR |

Vsmsmmmn vans

:

PETOPTOPRS

.
ek

3
B LT YY

SENGOH

! ey | J1 VOLTAGE
és:::xzmsa“{mg W A TR

j(wﬁéﬁ

¥

: :
ey
: e 420

,

!

:

FIGURE 4




U.S. Patent Sep. 9,2014 Sheet 4 of 17 US 8,827,930 B2
5030 1
560 Y ~ 550
{ {
GENERATE |
START % CALCULATED 1 i pata |
MEASURE IALLES
505 ¢ 670
DETERMINE STORE
INTEFO/AL CALOULATED |
HAS LAPSED VALUES
z 575 l 50
N e T OBTAIN AND STORE
JURNEN ] STEREBAD ETHER SENSOR
DETECTORS READ COUNT VAL LIS
VALLRER}
l [ o
szo | FETURNTO |
ATOD WAST STATE [ N
CONVERSION (54

LNLIT SIGNAL |
PROCESSING |

[ o

LIT SIGNAL |
PROCESSING |

ETORE "

kA

"UNLIT DATA |

{938 ¢ 540
2
TURN ON pp
ENITTERS! protie} A TOD
s CONVERSION

FIGURE S



U.S. Patent

Sep. 9,2014
ETART
SEND DATA
______________________________ e
s §
DETERIMINE
IWNTERVAL HAS
LAPRED
Hi5
i s
RETHEVE
. e
DATA
'
FORMAY
DATA
i 830
3

TRANSFER i
FORMATEED DATS
FOGONTROL
SYSTEM

Sheet 5 of 17 US

£ G38

)

A TRANSEER
COMEIRMATIONS

W NG STORE BAD |
SEND COUNT |

, END
SEND GATA

FIGURE 6A

HECEIVE DATA

START

WAIT T
RECENE

8,827,930 B2

TRAKNSMISSION

l g“ 658

RECEWE
DATA FRIOM
CUNTROL
SYSTEM

STORE BAD
RECENVE
COUNT
Y
o
SEND g‘}
i@@?ﬁ?iﬁ?ﬂ)ﬁiﬂﬁﬁ §
l g“ BEG
STORE DATA
RECENED
£ END DATA
L TreNSFER
FIGURE 6B




U.S. Patent Sep. 9,2014 Sheet 6 of 17 US 8,827,930 B2

RECEWVE DATA

¥ f it
-

| - 700
( START ) j

WAIT TO
RECEWVE
TRANSMISSION

Y ¢ (7

RECEIVE
DATA FRON
DEVICE

WAITING SN
NJO0 LONGE

TVES

AR
3

STORE BAD
RECEIVE
COUNT

2‘“ 720

SEND LOSS OF
SERVICE NOTICE TO
PATIENT

g SEND
{CONFIRMATION,

740

iSER?i OF ROTICE TO %
SUPPORT |
METWORK S NN
ANDYOR i
|
§

i
| HEALTHCARE
(| SwetEw

STORE DATA
REGCEVED

| £ ENDDATA N
"L TRANSFER )

FIGURE 7




U.S. Patent Sep.

9,2014

o]

g‘“ TER
COLLEQY
MEASUREMENTS
FROM LIME

YES |

i TS
l Y

A UPRATE ™
PROCESS? .

GENERATE MODEL
USING CURVE

Sheet 7 of 17

US 8,827,930 B2

CHEATE
P LOORUP

UPDATE

TABLE

712
)

WAIT FOR
CIRCUMFERERCE
MEABUREMENTE

MODELY

FIGURE 8A




U.S. Patent

CRIENTATIN

} o«  {UBSG

PR
NO “iensorg < YES

w ALIENEDT v
o
R

5‘ &G

ot
| IMPROPER
. PLADERMENT i

g“%‘*{?

INDIOATE
PROBLEM

Sep. 9,2014 Sheet 8 of 17 US 8,827,930 B2
g;‘"@’iﬁ 800
”; }t
DETERMINE »
DEVICE

CIRCUBMFERENCE
DFFE

CALCULATE

NTAL
VALLE

/{ g

L YES “rno e
b RGED,
o, o~

Wy (850

DETERMINE
RS
CIRGUMPERENCE

i g"’ BRE

COMPARETO
PREVIQUS WALUE

EMALUATE
TRIGHER

8IS i
3 ~
¥ES

859

LARGER?

NG

FIGURE 8B



U.S. Patent Sep. 9,2014 Sheet 9 of 17 US 8,827,930 B2




U.S. Patent Sep. 9,2014 Sheet 10 of 17 US 8,827,930 B2

134 :
R R

R AL T L
§ oy ) e

? I3

TS i

3 y 5
% 3
L ( ;
< ~ s

T
. et s i,
: - d o eoon

g .......... E::;ﬂi

FIGURE 10A

FIGURE 10B

1314

LI 1812 1

FIGURE 10C



U.S. Patent

Sep. 9,2014 Sheet 11 of 17

j‘"?'%"%i?

QOBTAIN
SENSOR DATA

______________________ l'v)'” 11240

EVALLIATE
TRIGHER

1140

¢ 3L

N{} LI TR X,

prOELEN |

SATISFIED?
i e b o

P oves

j’“’,’é?ﬁ{}

SEND
- TRIGGER
MESBAGE

FIGURE 11

US 8,827,930 B2

j 1168



U.S. Patent

AFERY FROM
EXTREMITY
h ;

Sep. 9,2014

Sheet 12 of 17

US 8,827,930 B2

TOWARD

ARG “’&

—

EXTREMITY

¥ oot

P PO



US 8,827,930 B2

Sheet 13 of 17

Sep. 9,2014

U.S. Patent




U.S. Patent

1414 1315
™y

Sep. 9,2014

Sheet 14 of 17

ROUPPETRYRN PR RRY

AR A AR A AN

A AAASANS R RAANSAAN N RS

US 8,827,930 B2

A

4 £
gesssses 34 }
¥ i



US 8,827,930 B2

Sheet 15 of 17

Sep. 9,2014

U.S. Patent

Ay

A ..xvu..,;..,.a.

LA

&




g,

)

US 8,827,930 B2

e A

Sheet 16 of 17

Sep. 9,2014

U.S. Patent




US 8,827,930 B2

Sheet 17 of 17

Sep. 9,2014

U.S. Patent

HHAEG

&l FHNDid

. woor. cwess wor

0% .,w

SO
MOV kY

. oy

RIS Py

32

5

PRI A

VAR
PDIEG P

N

SV
MOV DRI HEGD

S fegg §g 4 ¢
N ’
ssasiy §§§§§§ cvsis fnsne soss snon ssoon snsni wsne snssi smsn. sonsi

5 #

e

i

ARG
TEIHA

B0
DLLENDW

NG

G

WA¥G
PR A

05 b 87

PRERNd

Fra

SHHCMIIN
SIS Y

@ dees Wdee delsl awleel odeler delels e

¥

B AR
LH
JinEg

BOVNT N
TIRLEG

BRI MBS
THLEMIYW

TP AURL HALQ
BAEIG
WRET WH

SR D0

e Heeale] el olaiil

M mﬁw wm%ﬂ

75 3 w

WELBAR

sz

GrE WEISAT

5, g
K e
valelel dalelel dlelelied ddelele vielels olelell bhh!-ﬁ

B AVOY

¥
]
NES Ty § 1)
1

s R I Ry

oA s
%
!
!
i
k

MO

| SO |
e S]- 2

o, o o oo o S

wf

%w- L R L R DR S R R ST S SR O T SR



US 8,827,930 B2

1

SYSTEM AND METHOD FOR PATIENT
MONITORING

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention is directed generally to devices and
methods for monitoring patient health, and more particularly,
to methods and systems for detecting edema.

2. Description of the Related Art

Monitoring patient parameters is quite common in medical
care environments, such as hospitals, doctors’ offices, and the
like. Further, patient monitoring outside of a clinical setting is
increasing because of the rising cost of traditional healthcare.
There is a need for devices configured to monitor a patient’s
health. Devices configured to notify professional healthcare
providers when appropriate are particularly desirable.

A “compensated” system is able to function despite any
stressors or defects that might be present. Decompensation
occurs when the system can no longer compensate for these
issues. Decompensation is a general term commonly used in
medicine to describe a variety of situations.

Cells are surrounded by an extracellular fluid that includes
interstitial fluid, plasma, and transcellular fluid. The intersti-
tial fluid is found in the interstitial spaces, also known as the
tissue spaces. Edema is an abnormal accumulation of fluid in
the interstitial spaces that causes swelling.

Edema in the feet and legs is often referred to as peripheral
edema. Limb volume changes have sufficient specificity and
sensitivity to be predictive of impending heart failure decom-
pensation in some forms of heart failure. The physiological
conditions that cause an increase in interstitial fluid in the
limbs of a heart failure patient may also cause decompensa-
tion. Therefore, edema may be predictive of congestive chest
conditions that can endanger the patient.

There are several traditional methods of measuring or
evaluating edema. The most commonly used method is to
press a depression into the skin (e.g., of the lower leg) and
assign a grade (e.g., ona 1 to 4 scale) indicating an amount of
edema present based on the depth and persistence of the
depression. This method provides a coarse but useful measure
of edema.

More accurate methods of measuring or evaluating edema
include placing the patient’s limb in a container of water and
measuring an amount of fluid displaced by the patient’s limb.
By collecting two or more displacement measurements, a
change in limb volume, if any, that occurred between mea-
surements can be determined. Unfortunately, this method is
wet, cumbersome, and unsuitable for continuous patient
monitoring and data collection.

A Leg-O-Meter device may be used to measure edema. The
Leg-O-Meter device includes a tape measure positioned at a
predetermined height above the floor. The tape measure is
used to determine a single distance around a limb. While
results obtained by the Leg-O-Meter device are well corre-
lated with those obtained using the more cumbersome fluid
displacement method, the Leg-O-Meter device requires a
skilled practitioner to operate and the active involvement of
the patient.

Electronic measurement devices also exist that are large,
expensive, and fixed making them unsuitable for a home
environment. Further, such devices typically do not provide
methods of communicating with the patient, a caregiver, or a
healthcare provider. These devices also do not typically ana-
lyze the data collected.

Quantifying and monitoring peripheral edema is important
because the onset of edema and/or changes in an amount of

10

20

25

35

40

45

50

60

65

2

edema present can occur many days prior to a considerable
decline in patient health. In other words, the onset of edema
and/or changes in an amount of edema present may predict
(e.g., by several days) a significant decline in a patient’s
health. This predictive indication may be used in some cases
to avoid a significant decline in patient health. For example,
such early warning of an impending problem may be used to
adjust the patient’s diet, salt intake, medications, and the like.
Further, consultation with healthcare professionals before the
decline occurs may avoid precipitous health declines, such as,
but not limited to, decompensated heart failure. Therefore, a
need exists for methods and systems that provide substan-
tially continuous monitoring of edema. A need also exists for
methods and systems that track a patient’s physiological
parameters and symptoms for the purposes of detecting
trends and/or recognizing impending patient health condi-
tions that may require medical intervention, such as hospital-
ization.

The present application provides these and other advan-
tages as will be apparent from the following detailed descrip-
tion and accompanying figures.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING(S)

FIG.1is a diagram of a system configured to detect edema.

FIG. 2 is a diagram of a control loop implemented by the
system of FI1G. 1.

FIG. 3 is a diagram of an embodiment of the system of FIG.
1.

FIG. 4 is a diagram of an exemplary circuit that may be
used to construct a device worn on a patient’s limb configured
to collect patient data used by a control system to determine a
circumference of the patient’s limb.

FIG. 5 is a flow diagram of a method of collecting patient
data performed the device worn on a patient’s limb.

FIG. 6A is a flow diagram of a method of transmitting the
patient data collected to the control system.

FIG. 6B is a flow diagram of a method performed the
device worn on a patient’s limb when receiving messages
and/or data from the control system.

FIG. 7 is a flow diagram of a method performed by the
control system when receiving the patient data from the
device worn on a patient’s limb.

FIG. 8A is a flow diagram of a method of constructing a
model of the patient’s limb.

FIG. 8B is a flow diagram of a method of analyzing the
patient data performed by the control system.

FIG. 9 is an illustration of an exemplary optical gradient
that may be used to construct the device worn on a patient’s
limb.

FIG. 10A is an illustration the device positioned on the
patient’s limb at a location above a minimum circumference
of the patient’s limb depicting a strap, optical gradient, and
sensors that may be used to construct the device.

FIG. 10B is an illustration the device positioned on the
patient’s limb at the location of the minimum circumference
of the patient’s limb depicting the strap, optical gradient, and
sensors that may be used to construct the device.

FIG. 10C is an illustration the device positioned on the
patient’s limb at a location below the minimum circumfer-
ence of the patient’s limb depicting the strap, optical gradient,
and sensors that may be used to construct the device.

FIG. 11 is a flow diagram of a method of analyzing the
patient data received from the device worn on a patient’s limb
performed by the control system.
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FIG. 12 is a graph illustrating the patient data a model of the
patient’s limb.

FIG. 13 is a perspective view of an embodiment of the
device worn on a patient’s limb.

FIG. 14 is front view of the device of FIG. 13.

FIG. 15 is an enlarged cross-sectional view of a portion of
the device cross-sectioned along the A-A line of FIG. 13.

FIG. 16 is cross-sectional view of the device cross-sec-
tioned along the A-A line of FIG. 13.

FIG. 17 is an exploded perspective view of the device of
FIG. 13.

FIG. 18 s a perspective view of an alternate embodiment of
the device of FIG. 13.

FIG. 19 is a diagram of a hardware environment and an
operating environment in which one or more of the comput-
ing devices of the system of FIG. 1 may be implemented.

DETAILED DESCRIPTION OF THE INVENTION
Overview

Referring to FIG. 1, the present application describes a
system 200 that includes a device 10 worn by a patient 230
that is connected (e.g., wirelessly) to a control system 220.
The control system 220 may be connected (e.g., wirelessly) to
a healthcare system 205, a support network 210, and the like.
The healthcare system 205 includes healthcare professionals,
physicians, hospitals, pharmacies, and the like. The support
network 210 includes the patient’s friends, family, as well as
others involved in the patient’s care. The patient 230, support
network 210, and/or the healthcare system 205 may provide
reference information 215 to the control system 220. The
reference information 215 is used to setup or configure the
control system 220. By way of a non-limiting example, the
reference information 215 may include patient information
(e.g., age, height, weight), patient diagnosis, message routing
information, and trigger values. The reference information
215 may also include instructions (e.g., patient instructions)
associated with the trigger values. Such instructions may
include a predetermined prescribed treatment plan (e.g.,
instructions to increase a dosage of a diuretic or other medi-
cation), instructions to perform a stress test, requests for
patient symptom information, instructions to contact health-
care professional, and the like. The reference information 215
may have been provided to a website 217 generated by an
optional web server 318 (illustrated in FIG. 3) and forwarded
to the control system 220 by the web server 318.

The control system 220 may issue messages 225 to the
patient 230 that could cause a modification in the patient’s
state 235 (e.g., reduce edema or likelihood of edema). When
triggered by trigger values, the messages 225 may include
one or more instructions associated with the trigger values.

The device 10 is configured to be worn on the patient’s limb
11 continuously or occasionally for periods of time. When
worn in this manner, the device 10 occasionally (e.g., peri-
odically) collects data that may be processed by the control
system 220 to obtain a distance measurement around the
patient’s limb 11. The distance measurement is referred to
herein as a “circumference measurement,” independently of
whether the portion of the limb whereat the measurement was
taken has a substantially circular cross-sectional shape.

The data collected by the device 10 is sent to the control
system 220 in a device message 240. The control system 220
analyzes the data received from the device 10 to determine a
circumference measurement for the limb 11. Over time, mul-
tiple circumference measurements may be collected and
tracked for the purposes of detecting a trend or sudden change
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in the circumference of the limb 11. The previously obtained
(or historical) circumference measurements may be stored in
the reference information 215.

A healthcare provider or system 205 may access the control
system 220 to review the circumference measurement(s) to
detect potential problems and/or recommend treatments or
changes in treatment. Further, when the control system
detects a trend or sudden change in the circumference of the
limb 11, the control system 220 may send messages to the
healthcare system 205, the support network 210, the patient
230, and the like. When triggered by trigger values, messages
sent to the healthcare system 205, the support network 210,
the patient 230, and the like may include one or more instruc-
tions associated with the trigger values.

Messages sent to the healthcare system 205, the support
network 210, and/or the patient 230 may include SMS cellu-
lar telephone messages, recorded voice messages (e.g.,
including educational information), alerts, alarms, and the
like.

Thus, the system 200 provides a means of assessing
changes in the size of the patient’s limb 11, and more particu-
larly the onset of or changes in peripheral edema. The assess-
ment may be conducted remotely by the control system 220
and/or the healthcare system 205. Members of a support
network 210 and/or the healthcare system 205 need not be
present to collect or evaluate the circumference measure-
ment. Instead, circumference measurements may be collected
automatically by the device 10 and optionally, transferred to
the system 200. Circumference measurements may be col-
lected on an ongoing basis over any desired length of time.

While peripheral edema is often most pronounced in the
lower leg, interstitial swelling is also generally present to a
lesser degree in other parts of the body. Therefore, peripheral
edema may be measured in other parts of the body. For ease of
illustration, the device 10 is described below and illustrated as
being worn on a lower portion of a patient’s leg near the ankle.
However, the device 10 may also be worn on a different
portion of a patient’s leg (e.g., near the knee, thigh, and the
like), a portion of a patient’s arm (e.g., on or near the wrist, on
the forearm, above the elbow, and the like), a portion of a
patient’s foot (e.g., on a toe), a portion of a patient’s hand
(e.g., on a finger), and the like. In other words, the device 10
is not limited to being worn on any particular portion of the
body.

The system 200 may be conceptualized as a continually
readjusting system that seeks a stable desired condition (e.g.,
an absence of edema). The system 200 may implement a
control loop 100 illustrated in FIG. 2. In the control loop 100,
reference information “R” is provided and compared with
feedback information “F.” With respect to the system 200, the
reference information “R” may be the reference information
215 provided to the control system 220, and the feedback
information “F” may be the device messages 240 transmitted
by the device 10.

The difference between the reference information “R” and
the feedback information “F” is an error “E.” The error “E” is
input into a controller 115. In system 200, the error “E” is
calculated by the control system 220. The controller 115 in
turn issues commands “U” (e.g.. the messages 225) that are
used to affect the state of the patient 230. In the system 200,
the control system 220 may issue messages 225 to the patient
230, the support network 210, and/or the healthcare system
205. This is reflected in a current state “Y.” In FIG. 1, the
patient’s current state is labeled with reference numeral 235.
The current state “Y” provides the feedback information “F”
that is compared to the reference information “R.” In other
words, the patient’s state 235 provides the device messages
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240 (with data used to obtain the circumference measure-
ment) that are compared to the reference information 215
(e.g., previously obtained circumference measurements).
Based on the results of this comparison, one or more mes-
sages 225 may be sent to the patient 230, the support network
210, and/or the healthcare system 205 to modify the patient’s
state 235.

System 300

FIG. 3 illustrates a system 300, which is an exemplary
implementation of the system 200 (see FIG. 1). Turning to
FIG. 3, the control system 220 includes a database server 370.
The reference information 215 (see FIG. 1) is stored in a
database server 370. The reference information 215 may be
received by the database server 370 during an initial setup
process as well as on an ongoing basis. The system 300 may
include the optional web server 318 configured to generate
the website 217 (see FIG. 1) to which the reference informa-
tion 215 may be provided and transferred to the database
server 370 (e.g., over the Internet 340 or other network). The
database server 370 may also store pertinent data about the
patient 230 (such as patient history, a patient record, and the
like), trigger event levels (discussed below), and addresses to
which messages (e.g., notifications, alerts, and the like) are to
be sent.

Feedback information (e.g., the device message 240 illus-
trated in FIG. 1) most often originates from the patient 230
and/or the device 10. This feedback information can travel
several alternate paths depending upon the implementation
details. For example, the feedback information may be input
into a computing device (e.g., a patient desktop computer
335, apatient cellular telephone 350, a patient portable com-
puter 355, and the like) connected to the database server 370
(or the web server 318) via the Internet 340. The device 10
may communicate with the computing device via a wired or
wireless communication link (e.g., a communication link
352). Over a wireless communication link, the device 10 may
communicate with the computing device using SMS mes-
sages, WIFI protocols, Bluetooth protocols, and the like. The
computing device may transfer the feedback information to
the database server 370. The device 10 may communicate the
device messages 240 to the computing device for transmis-
sion thereby to the database server 370.

In the embodiment illustrated, the patient desktop com-
puter 335 is connected to the Internet 340 via a conventional
wired connection.

In the embodiment illustrated, the patient cellular tele-
phone 350 and the patient portable computer 355 are con-
nected to the Internet 340 by an Internet gateway device 365
(e.g., a modem). The patient cellular telephone 350 and the
patient portable computer 355 may communicate with the
Internet gateway device 365 using WIFI protocols, Bluetooth
protocols, and the like.

By way of a non-limiting example, the feedback informa-
tion may be transmitted by the device 10 via a radio link (e.g,,
the radio link 352) to the patient desktop computer 335, the
patient cellular telephone 350, the patient portable computer
355, and the like. By way of another non-limiting example,
the feedback information may be transmitted by the device 10
directly to the Internet gateway device 365.

The feedback information is received by the database
server 370. In the embodiment illustrated, the database server
370 implements the control system 220 (see FIG. 1) that
compares the current state 235 of the patient 230 and the
reference information 215 (which may include previously
received feedback information).
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One or more messages 225 to be reviewed by the patient
230 may be transmitted by the database server 370 to the
device 10, the patient desktop computer 335, the patient cel-
lular telephone 350, the patient portable computer 355, and
the like. By way of a non-limiting example, such messages
may be displayed on the website 217 (see FIG. 2) generated
by the web server 318. In such embodiments, the database
server 370 is configured to instruct the web server 318 to
display messages on the website 217. The patient desktop
computer 335, the patient cellular telephone 350, and/or the
patient portable computer 355 may connect to the web server
318 over the Internet and display the website 217 using a
conventional web browser application.

The support network 210 may include one or more com-
puting devices (e.g., a support computing device 310) con-
nected to the database server 370 via the Internet 340. One or
more messages to be reviewed by a support person 330 may
be transmitted by the database server 370 to the computing
device 310. By way of a non-limiting example, such mes-
sages may be displayed on the website 217 (see FIG. 2)
generated by the web server 318. In the embodiment illus-
trated, the computing device 310 is connected to the Internet
340 via a wireless communication link 312 with a cellular
telephone network 314. The computing device 310 may con-
nect to the web server 318 over the Internet and display the
website 217 using a conventional web browser application.
Some patients may rely on help from the support network 210
while others may have no such support.

The healthcare system 205 may include one or more com-
puting devices (e.g., a caregiver computing device 315) con-
nected to the database server 370 via the Internet 340. One or
more messages to be reviewed by a caregiver 332 may be
transmitted by the database server 370 to the computing
device 315. By way of a non-limiting example, such mes-
sages may be displayed on the website 217 (see FIG. 2)
generated by the web server 318. In the embodiment illus-
trated, the computing device 315 is connected to the Internet
340 via a wired communication link 316. The computing
device 315 may connect to the web server 318 over the Inter-
net and display the website 217 using a conventional web
browser application.

A diagram of hardware and an operating environment in
conjunction with which implementations of the database
server 370, the patient desktop computer 335, the patient
cellular telephone 350, the patient portable computer 355, the
support computing device 310, the caregiver computing
device 315, and the web server 318 may be practiced is
provided in FIG. 19 and described below.

Circuit 400

FIG. 4is ablock diagram illustrating electrical components
of the device 10. The electrical components of the device 10
includes a circuit 400, which includes an accelerometer 405,
a memory 410, an antenna 425, a radio 430, a processor 435
(e.g., a CPU), an analog to digital (“A to D”) converter 440, a
voltage regulator 445, and sensors 450, 455, and 460. Option-
ally, the circuit 400 may include an oximeter 420 and/or a
heart rate sensor 415. Optionally, the circuit 400 may include
acapacitive sensor 1530 (see FIG. 15) configured to detect the
presence of the limb 11.

The sensors 450, 455, and 460 each emit and detect radia-
tion (e.g., infrared light). The sensor 450 includes an emitter
“E1” configured to emit radiation in response to a command
received from the processor 435, and a detector “D1” config-
ured to detect radiation of the type emitted by the emitter
“E1.” The sensor 450 is configured to generate an analog
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signalindicating how much radiation has been detected by the
detector “D1” and transmit the analog signal to the A to D
converter 440. The detector “D1” may be configured to detect
radiation in response to a command received from the pro-
cessor 435. The sensor 455 includes an emitter “F2” config-
ured to emit radiation in response to a command received
from the processor 435, and a detector “D2” configured to
detect radiation of the type emitted by the emitter “E2.” The
detector “D2” may be configured to detect radiation in
response to a command received from the processor 435. The
sensor 455 is configured to generate an analog signal indicat-
ing how much radiation has been detected by the detector
“D2” and transmit the analog signal to the A to D converter
440. The sensor 460 includes an emitter “E3” configured to
emit radiation in response to a command received from the
processor 435, and a detector “D3” configured to detect radia-
tion of the type emitted by the emitter “E3.”” The detector
“D3” may be configured to detect radiation in response to a
command received from the processor 435. The sensor 460 is
configured to generate an analog signal indicating how much
radiation has been detected by the detector “D3” and transmit
the analog signal to the A to D converter 440.

The A to D converter 440 is configured to digitize the
analog signals received from the sensors 450, 455, and 460 to
produce digital signals. The digital signals are then commu-
nicated to the processor 435. The processor 435 may store the
digital signals as data in the memory 410 and/or transmit the
digital signals via the radio 430 and anterina 425 to an external
device (e.g., with reference to FIG. 3, the patient desktop
computer 335, the patient cellular telephone 350, the patient
portable computer 355, the Internet gateway device 365, and
the like). By way of a non-limiting example, the radio 430
may operate at 2.4 GHz and utilize Bluetooth protocol, Blue-
tooth Low Energy protocol, ZigBee protocol, ANT protocol,
and the like. The external device may then transmit the digital
signals to the database server 370 (see FIG. 3) via the Internet
340 (see FIG. 3).

The processor 435 may send instructions to the voltage
regulator 445 to turn off a section of the circuit 400 including
the sensors 450, 455, and 460, the A to D converter 440, the
optional oximeter 420, and the optional heart rate sensor 415
to save power. Further, the processor 435 may send instruc-
tions to the voltage regulator 445 to turn on the section of the
circuit including the sensors 450, 455, and 460, the A to D
converter 440, the optional oximeter 420, and the optional
heart rate sensor 415.

By way ofa non-limiting example, the processor 435 may
send instructions to the voltage regulator 445 to turn off the
section of the circuit 400 when the capacitive sensor 1530
(see FIG. 15) does not detect the presence of the limb 11.
Further, the processor 435 may send instructions to the volt-
age regulator 445 to turn on the section of the circuit 400 when
the capacitive sensor 1530 (see FIG. 15) detects the presence
of the limb 11. The capacitive sensor 1530 may be configured
to generate an analog signal indicating the presence (or
absence) of the limb 11 and transmit the analog signal to the
A to D converter 440. The A to D converter 440 is configured
to digitize the analog signal received from the capacitive
sensor 1530 to produce a digital signal that is communicated
to the processor 435. The processor 435 analyzes the digital
signal and determines whether the capacitive sensor 1530
detected the presence of the limb 11.

The circuit 400 may be connected to a battery 1620 (see
FIG. 17) and powered thereby. Error can be introduced by
drift in battery voltage over time. This issue may be addressed
by the voltage regulator 445, which may be configured to
provide a substantially stable voltage to the emitters “E1,”
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“B2,” and “E3” and detectors “D1,” “D2,” and “D3.” Further,
the regulated voltage provided by the voltage regulator 445
may be used by the A to D converter 440 as a reference voltage
to gage and scale the voltages received from the detectors
“D1,” “D2,” and “D3” when converting the voltages from
analog signals to digital signals.

While in the embodiment illustrated, the circuit 400 is
powered by a battery 1620, another portable power source
may used, such as a fuel cell, storage capacitor, energy har-
vested from the patient 230, energy harvested from the envi-
ronment, and the like.

The accelerometer 405 may be implemented as a three-axis
accelerometer configured to detect a direction of the accel-
eration of gravity (or gravitation force). The accelerometer
405 generates a digital signal encoding this information and
communicates the signal to the processor 435. The processor
435 may store the digital signal as device orientation data in
the memory 410 and/or transmit the digital signal (or the
stored device orientation data) via the radio 430 and antenna
425 to an external device (e.g., with reference to FIG. 3, the
patient desktop computer 335, the patient cellular telephone
350, the patient portable computer 355, the Internet gateway
device 365, and the like). The external device may transmit
the digital signal (or the device orientation data) to the data-
base server 370 (see FIG. 3) via the Internet 340 (see FIG. 3).
In embodiments in which the device orientation data is stored
in the memory 410, the device orientation data may be deleted
from the memory 410 after the device orientation data is
transmitted to the database server 370.

The accelerometer 405 may also detect patient motion,
which may be used by the control system 220 (see FIG. 2) to
determine a level of activity of the patient 230. The acceler-
ometer 405 generates a digital signal encoding patient motion
information and communicates the signal to the processor
435. The processor 435 may store the digital signal as patient
motion information (e.g., in an activity log) in the memory
410 and/or transmit the digital signal (or the stored patient
motion information) via the radio 430 and antenna 425 to an
external device (e.g., with reference to FIG. 3, the patient
desktop computer 335, the patient cellular telephone 350, the
patient portable computer 355, the Internet gateway device
365, and the like). The external device may transmit the
digital signal (or the patient motion information) to the data-
base server 370 (see FIG. 3) via the Internet 340 (see FIG. 3).
In embodiments in which the patient motion information is
stored in the memory 410, the patient motion information
may be deleted from the memory 410 after the patient motion
information is transmitted to the database server 370.

The optional heart rate sensor 415 senses the heart rate of
the patient 230 and generates an analog heart rate signal
encoding this information. The analog heart rate signal is
transmitted to the A to D converter 440, which converts the
analog heart rate signal to a digital heart rate signal and
transmits the digital heart rate signal to the processor 435. The
processor 435 may store the digital signal as heart rate infor-
mation in the memory 410 and/or transmit the digital signal
(or the stored heart rate information) via the radio 430 and
antenna 425 to an external device (e.g., with reference to FIG.
3, the patient desktop computer 335, the patient cellular tele-
phone 350, the patient portable computer 355, the Internet
gateway device 365, and the like). The external device may
transmit the digital signal (or the heart rate information) to the
database server 370 (see FIG. 3) via the Internet 340 (see FIG.
3). In embodiments in which the heart rate information is
stored in the memory 410, the heart rate information may be
deleted from the memory 410 after the heart rate information
is transmitted to the database server 370.
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The optional oximeter 420 may be implemented as a SpO2
emitter detector circuit. The optional oximeter 420 senses the
blood oxygen of the patient 230 and generates an analog
blood oxygen signal encoding this information. The analog
blood oxygen signal is transmitted to the A to D converter,
which converts the analog blood oxygen signal to a digital
blood oxygen signal and transmits the digital blood oxygen
signal to the processor 435. The processor 435 may store the
digital signal as oxygen information in the memory 410 and/
or transmit the digital signal (or the stored oxygen informa-
tion) via the radio 430 and antenna 425 to an external device
(e.g., with reference to FIG. 3, the patient desktop computer
335, the patient cellular telephone 350, the patient portable
computer 355, the Internet gateway device 365, and the like).
The external device may transmit the digital signal (or the
oxygen information) to the database server 370 (see FIG. 3)
via the Internet 340 (see FIG. 3). In embodiments in which the
oxygen information is stored in the memory 410, the oxygen
information may be deleted from the memory 410 after the
oxygen information is transmitted to the database server 370.

The capacitive sensor 1530 (see FIG. 15) senses whether
the limb 11 is present and generates an analog or digital signal
encoding this information. The signal is transmitted to the
processor 435 (optionally via the A to D converter for con-
version from an analog signal to adigital signal, if necessary).
The processor 435 is configured to place the device 10 in a
sleep mode if the signal indicates the limb 11 is not present
and to maintain the device 10 in the sleep mode until the
signal indicates the limb 11 is detected.

Methods

FIG. 5 is a flow diagram of a method 500 performed by the
processor 435. The method collects data using the sensor 450,
455, and 460 that 1s subsequently used by the control system
220 to obtain a circumference measurement. When the
method 500 begins, the processor 435 is in a wait state.

In block 505, the processor 435 determines a predeter-
mined measurement interval has lapsed since data was last
collected by the device 10. At this point, the processor 435
may turn on the voltage regulator 440 to allow it to stabilize.
As mentioned above, the voltage regulator 440 may be used to
power the detectors “D1,” “D2,” and “D3” and the emitters
“E1,” “E2,” and “E3.” The voltage regulator 440 may also
power the optional oximeter 420 and/or the optional heart rate
sensor 415. Thus, turning on the voltage regulator 440 may
also turn on the optional oximeter 420 and/or the optional
heart rate sensor 415.

Then, in block 515, the processor 435 turns on the detectors
“D1,” “D2,” and “D3” of the sensors 450, 455, and 460,
respectively, while, the emitters “E1,” “E2,” and “E3” remain
unlit (i.e., not emitting radiation). The detectors “D1,” “D2,”
and “D3” each sense an amount of radiation and generate an
“unlit” analog signal indicating the amount of radiation
detected when the emitters “E1,” “E2,” and “E3” are unlit.
Thus, an amount of ambient or background radiation may be
detected and used to correct subsequent measurements.

In block 520, the A to D converter 440 receives the “unlit”
analog signals from the detectors “D1,” “D2,” and “D3,”
digitizes the “unlit” analog signals to produce “unlit” digital
signals, and transmits the “unlit” digital signals to the proces-
sor 435 for processing.

In block 530, the processor 435 processes the “unlit” digi-
tal signals. As is apparent to those of ordinary skill in the art,
variation in emitter efficiency and detector sensitivity caused
by manufacturing tolerances and position variation may be
addressed by calibrating the circuit 400 (see FIG. 4). For
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example, the circuit 400 may be calibrated initially against a
gold standard reflective surface and differences between the
voltages received from the detectors “D1,” “D2,” and “D3” of
the sensors 450, 455, and 460 stored and used as calibration
data. In block 530, the processor 435 may adjust the “unlit”
digital signals using the calibration data. For example, the
calibration data may be subtracted from the “unlit” digital
signals to equalize the differential efficiencies of emitter/
detector pairs of the sensors 450, 455, and 460.

In block 525, the processor 400 may store the “unlit”
digital signals and/or the processed “unlit” digital signals in
the memory 410 as “unlit” data.

Then, in block 535, the processor 435 turns on both the
emitters “E1,” “E2,” and “E3” and the detectors “D1,” “D2,”
and “D3” simultaneously.

The detectors “D1,” “D2,” and “D3” each sense an amount
of radiation and generate a “lit” analog signal indicating the
amount of radiation detected when the emitters “E1,” “E2,”
and “E3” are lit.

In block 540, the A to D converter 540 receives the “lit”
analog signals from the detectors “D1,” “D2,” and “D3.”
digitizes the “lit” analog signals to produce “lit” digital sig-
nals, and transmits the “lit” digital signals to the processor
435 for processing.

In block 545, the processor 435 processes the “lit” digital
signals. In block 530, the processor 435 may adjust the “1it”
digital signals using the calibration data. For example, the
calibration data may be subtracted from the “lit” digital sig-
nals to equalize the differential efficiencies of emitter/detec-
tor pairs of the sensors 450, 455, and 460.

In block 550, the processor 435 stores the “lit” digital
signals and/or the processed “lit” digital signals in the
memory 410 as “lit” data.

Inblock 555, the processor 435 generates calculated values
for each of the “lit” digital signals. The calculated values may
be determined by subtracting the “unlit” digital signals from
the “lit” digital signals. Thus, the calculated values reflect an
amount of radiation emitted by the emitters “E1,” “E2,” and
“E3” and subsequently detected by the detectors “D1,” “D2.”
and “D3.” Further, the calculated values include a value for
each of the sensors 450, 455, and 460.

In decision block 565, the processor 435 evaluates read
quality. Read quality may be determined by comparing the
calculated values obtained from the detectors “D1” and “D3”
with a predetermined “normal” range. If the calculated values
are outside the predetermined “normal” range, the processor
435 determines a bad read has occurred. Otherwise, if the
calculated values are inside the predetermined “normal”
range, the processor 435 determines a good read has
occurred.

Optionally, in decision block 565, the calculated values
obtained from the detectors “D1” and “D3” may be compared
to one another to determine whether the values differ from
one another by less than a predetermined minimum amount or
more than a predetermined maximum amount. If the calcu-
lated values differ from one another by less than the prede-
termined minimum amount or more than the predetermined
maximum amount, the processor 435 determines a bad read
has occurred. Otherwise, if the calculated values differ from
one another by at least the predetermined minimum amount
and no more than the predetermined maximum amount, the
processor 435 determines a good read has occurred.

As will be explained below, when the device 10 is properly
positioned on the limb 11 of the patient 230, the calculated
value for the detector “D2” is within a predetermined range
because the detector “D2” is adjacent a solid portion “GS”
(see FIG. 9) of an optical gradient 1545 (see F1G. 9) having a
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substantially constant reflectivity. If the calculated value for
the detector “D2” is not within the predetermined range, the
processor 435 determines a bad read has occurred. On the
other hand, if the calculated value for the detector “D2” is
within the predetermined range, the processor 435 deter-
mines a good read has occurred.

The decision in decision block 565 is “YES,” when a “bad”
read has occurred. On the other hand, the decision in decision
block 565 is “NO,” when an acceptable read has occurred.

When the decision in decision block 565 is “NO,” in block
570, the processor 435 stores the calculated values in the
memory 410.

In block 580, the processor 435 obtains one or more accel-
erometer values from the accelerometer 405 and stores the
accelerometer value(s) in the memory 410. The accelerom-
eter value(s) may include an activity log that includes infor-
mation about patient activity levels. In block 580, the proces-
sor 435 may also obtain data from the oximeter 420 and/or the
heart rate sensor 415 and store that data in the memory 410.

Then, in block 585, the processor 435 returns to the wait
state and the method 500 terminates.

When the decision indecision block 565 1s “YES,” in block
575, the processor 435 stores a bad read count in the memory
410 and returns to block 515. In block 575, the processor 435
may also evaluate the number of bad reads stored and set an
error flag, if required.

Then, in block 585, the processor 435 returns to the wait
state and the method 500 terminates.

FIG. 6A is a flow diagram of a method 600 of transferring
data from the device 10 to the control system 220.

When the method 600 begins, the processor 435 is in the
wait state. In block 605, the processor 435 determines a
predetermined transmission interval has lapsed since a trans-
mission was last sent by the device 10 to an external device
(e.g., e.g., the patient desktop computer 335, the patient cel-
lular telephone 350, the patient portable computer 355, the
Internet gateway device 365, and the like). As discussed
above, the external device is configured to transfer the data
sent to it by the device 10 to the control system 220.

In block 615, the processor 435 retrieves the calculated
values, the accelerometer value(s), and optionally the data
obtained from the oximeter 420 and/or the heart rate sensor
415 stored in the memory 410 (see FIG. 4) in blocks 570 and
580 of the method 500 (see FIG. 5). In block 620, the infor-
mation retrieved is formatted for transmission (e.g., placed in
transmission packets) and subsequently transferred to the
external device in block 630.

In decision block 635, the processor 435 determines
whether a transfer confirmation has been received from the
external device. The decision in decision block 635 is “YES”
when the device 10 has received a transfer confirmation from
the external device in response to the transmission sent in
block 630. Otherwise, the decision in decision block 635 is
“NO” when the device 10 has not received a transfer confir-
mation from the external device in response to the transmis-
sion sent in block 630. Optionally, even if a transfer confir-
mation is received, the decision in decision block 635 may
nevertheless be “NO,” if the processor 435 determines that a
problem occurred when the calculated values were transmit-
ted in block 630.

When the decision in decision block 635 is “YES,” the
method 600 terminates.

When the decision in decision block 635 is “NO,” in block
640, the processor 435 stores bad send data in the memory
410 for analysis. Then, the processor 435 returns to block 615.

FIG. 6B is a flow diagram of a method 650 performed by
the processor 435. The method 650 is performed when the
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device 10 receives data from the control system 220. The
device 10 may receive data from the control system 220
following the successful transfer of data (e.g., the calculated
values, the accelerometer value(s), and optionally the data
obtained from the oximeter 420 and/or the heart rate sensor
415) to the control system 220.

In first block 652, the processor 435 waits to receive a
transmission from the control system 220.

In block 655, the device 10 receives data, such as a setting
value, constant value, and the like, from the control system
220.

In block 660, the processor 435 determines whether a
problem occurred when the data was received from the con-
trol system 220. For example, if too much time has elapsed
since data was last received from the control system 220, the
processor 435 may determine a problem occurred. The deci-
sion in decision block 660 is “YES.” when the processor 435
determines a problem has occurred. On the other hand, the
decision in decision block 660 is “NO,” when the processor
435 determines a problem has not occurred.

When the decision indecision block 6601s “YES,” in block
665, the processor 435 stores data related to the problem (e.g,,
increments a bad receive count value). Then, the processor
435 returns to block 652 to wait for additional transmissions
from the control system 220. By way of an example, the
control system 220 may retransmit data to the device 10 if the
control system 220 determines the data was not received by
the device.

When the decision in decision block 660 is “NO,” in
optional block 670, the processor 435 may send a receipt
confirmation to the control system 220 confirming the data
was received. Then, in block 680, the device 10 stores the data
received and the method 650 terminates.

FIG. 7 is a flow diagram of a method 700 of receiving the
calculated values at the control system 200. By way of a
non-limiting example, the method 700 will be described as
being performed by the database server 370 (see FIG. 3).

In first block 705, the database server 370 waits to receive
a transmission from the device 10 (via one of the external
devices). In decision block 707, the database server 370 deter-
mines whether it has been waiting too long (e.g., longer than
a predetermined amount of time) indicating there may be a
problem with the device 10 or, in embodiments of the device
10 configured to communicate wirelessly, that the device 10
was positioned outside a radio coverage area. The decision in
decision block 707 is “YES” when the database server 370
has been waiting too long for a transmission from the device
10. On the other hand, the decision in decision block 707 is
“NO” when the database server 370 has not been waiting too
long for a transmission from the device 10.

When the decision in decision block 707 is “NQ,” the
database server 370 continues to wait and in block 710,
receives the transmission (including the calculated values,
accelerometer value(s), and optionally the data obtained from
the oximeter 420 and/or the heart rate sensor 415) from the
device 10.

In decision block 715, the database server 370 determines
whether a problem occurred when the calculated values,
accelerometer value(s), and optionally the data obtained from
the oximeter 420 and/or the heart rate sensor 415 were
received from the device 10. For example, the calculated
value for the detector “D1” may be compared to a valid range
stored in the database server 370. If the calculated value for
the detector “D1” is outside the valid range, the database
server 370 may determine a problem occurred. The decision
in decision block 715 is “YES,” when the database server 370
determines a problem has occurred. On the other hand, the
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decision in decision block 715 is “NO,” when the database
server 370 determines a problem has not occurred.

When the decisionindecision block 715is “YES,” in block
720, the database server 370 stores data related to the problem
(e.g., increments a bad receive count value). Then, the data-
base server 370 returns to block 705 to wait for additional
transmissions from the device 10. By way of an example, the
device 10 may retransmit data to the control system 220 if the
device 10 determines the formatted data was not received by
the control system.

When the decision in decision block 715 is “NO,” in
optional block 730, the database server 370 may send a
receipt confirmation to the device 10 confirming the calcu-
lated values, accelerometer value(s), and optionally the data
obtained from the oximeter 420 and/or the heart rate sensor
415 were received. In block 740, the database server 370
stores the calculated values, accelerometer value(s), and
optionally the data obtained from the oximeter 420 and/or the
heart rate sensor 415 received. Then, the method 700 termi-
nates. The calculated values, accelerometer value(s), and
optionally the data obtained from the oximeter 420 and/or the
heart rate sensor 415 may be stored in a patient record asso-
ciated with the device 10. By way of a non-limiting example,
the transmission received by the control system 220 may
include a device identifier associated with the device 10 that
may be used to identify the patient record associated with the
device.

When the decision in decision block 707 is “YES,” the
database server 370 has been waiting too long for a transmis-
sion from the device 10 and in block 742, sends a notification
indicating a problem has occurred to the device 10, the patient
desktop computer 335, the patient cellular telephone 350,
and/or the patient portable computer 355 to be reviewed by
the patient 230. In optional block 745, the database server 370
may send a notification to the support network 210 and/or the
healthcare system 205 indicating a problem has occurred.
Then, the method 700 terminates.

Referring to FIGS. 13 and 17, as will be explained in
greater detail below, the device 10 includes a flexible but
inelastic strap 1310 having a first end portion 1312 opposite a
second end portion 1314. An optical gradient 1545 is coupled
to the first end portion 1312. An electronics enclosure 1335 is
coupled to the second end portion 1314 by a guide portion
1315 of a frame member 1337 positioned about the periphery
of the electronics enclosure 1335.

The electronics enclosure 1335 includes a sensor portion
1515. The emitter “E1” and detector “D1” of the sensor 450,
the emitter “E2” and detector “D2” of the sensor 455, and the
emitter “E3” and detector “D3” of the sensor 460 are posi-
tioned on the sensor portion 1515 of the electronics enclosure
1335.

The first end portion 1312 is coupled to the electronics
enclosure 1335 by a tensioning member 1320. When the first
end portion 1312 is coupled to the electronics enclosure 1335,
the sensor portion 1515 extends under the first end portion
1312 of the strap 1310 and the emitters “E1,” “E2,” and “E3”
and detectors “D1,” “D2,” and “D3” face toward the optical
gradient 1545 coupled to the first end portion 1312 of the strap
1310.

The tensioning member 1320 is elastic and may be
stretched to accommodate the patient’s limb 11. Referring to
FIG. 10B, when the strap 1310 is wrapped snuggly around a
cylinder, edges 1316 and 1318 the first and second end por-
tions 1312 and 1314, respectively, will be substantially par-
allel with one another. However, when the strap 1310 is
wrapped snuggly about a tapered object (e.g., a wrist, an
ankle, and the like), the strap 1310 will follow the tapered
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surface of the object and the edges 1316 and 1318 the first and
second end portions 1312 and 1314, respectively, will not be
substantially parallel with one another. In other words, an
angle “0” is defined between the edges 1316 and 1318 when
the strap 1310 is wrapped snuggly about a tapered object
(e.g., a wrist, an ankle, and the like).

As mentioned above, the sensors 450, 455, and 460 are
adjacent the optical gradient 1545. The sensors 450, 455, and
460 are positioned such that light emitted by the emitters
“E1,” “E2,” and “E3” is reflected by the optical gradient and
detected by the detectors “D1,” “D2,” and “D3,” respectively.
Referring to FIG. 9, the exemplary optical gradient 1545
illustrated includes a first gradient portion “G1,” a second
gradient portion “G2,” and a solid portion “GS” positioned
between the first and second gradient portions. In the embodi-
ment illustrated, reflectivity of the first and second gradient
portions “G1” and “G2” changes linearly along a gradient
direction (indicated by an arrow “GD”’). However, reflectivity
of the solid portion “GS” does not change along the gradient
direction (indicated by an arrow “GD”). In the embodiment
illustrated, the reflectivity of the first and second gradient
portions “G1” and “G2” is greater toward the right hand side
than toward the left hand side of FIG. 9. Further, the first and
second gradient portions “G1” and “G2” are aligned along a
transverse direction (indicated by an arrow “TD”) such that
along the transverse direction the reflectivity of the first gra-
dient portion “G1” is substantially identical to the reflectivity
of the second gradient portion “G2.” Thus, for each location
along the gradient direction (indicated by an arrow “GD”),
the first gradient portion “G1” has a reflectivity substantially
identical (or corresponding) to the reflectivity of the second
gradient portion “G2.”

The sensor 450 is positioned adjacent to the first gradient
portion “G1,” the sensor 455 is positioned adjacent to the
solid portion “GS,” and the sensor 460 is positioned adjacent
to the second gradient portion “G2.” Thus, the calculated
value for sensor 455 should not vary based on the positioning
of the sensor 455 relative to the solid portion “GS” along the
gradient direction (indicated by the arrow “GD”). However,
the calculated values for the sensors 450 and 460 will vary
based on the positioning of the sensors 450 and 460 relative to
the first and second gradient portions “G1” and “G2,” respec-
tively, along the gradient direction (indicated by the arrow
“GD”). As will be explained in more detail below, the calcu-
lated value for the sensor 455 may be used to verify the
alignment of the sensors 450, 455, and 460 with the optical
gradient 1545, and the calculated values for the sensors 450
and 460 may be used to determine the position of the device
10 on the patient’s limb 11 and a circumference measurement
of the patient’s limb.

FIG. 8A is a flow diagram of a method 750 of creating a
model of the patient’s limb 11 for use by a method 800
describe below and illustrated in FIG. 8B. The method 750
may be performed by the device 10, the control system 220,
and/or a combination thereof. The model correlates positions
along the longitudinal axis of the limb 11 with a measure of
the distance around the limb 11. The calculated values
received by the database server 370 indicate how much radia-
tion was detected by the detectors “D1,” “D2,” and “D3.” As
explained above, the amount of radiation detected by the
detectors “D1,” “D2,” and “D3” varies based on where the
detectors are positioned relative to the optical gradient 1545
(see FIG. 9). Where the detectors “D1,” “D2,” and “D3” are
positioned relative to the optical gradient 1545 varies with the
distance around the patient’s limb 11 (or the limb’s circum-
ference) in the location on the limb whereat the device 10 is
positioned. Therefore, the calculated values may be used as
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the measure the distance around the patient’s limb 11 in the
model. In such embodiments, the database setver 370 may
determine changes in the distance around the patient’s limb
11 vsing the calculated values without actually determining
the distance around the patient’s limb 11. Alternatively, the
calculated values (which measure an amount of radiation)
may be used to obtain distance measurements. In such
embodiments, the distance measurements obtained from the
calculated values may be used as the measure the distance
around the patient’s limb 11 in the model. By way of a
non-limiting example, the calculated values may be con-
verted into distance measurements by correlating the amount
of radiation detected with a circumference measurement.

For ease of illustration, the distance measurements (or
circumference measurements) obtained from the calculated
values will be described as being the measure the distance
around the patient’s limb 11 used in the model. However, this
is not a requirement and embodiments in which a different
measure of the circumference of the limb 11 is used to gen-
erate the model are also within the scope of the present teach-
ings.

FIG. 12 is a graph in which the x-axis corresponds to the
longitudinal axis of the limb 11 and the y-axis corresponds to
the distance around the around the patient’s limb 11. The limb
11 (see FIG. 1) may be modeled as a three-dimensional sur-
face (e.g., a hyperboloid of one sheet) that is symmetric about
a longitudinally axis (e.g., the x-axis). Such a model may be
created by rotating a contoured line (e.g., a solid contoured
line “L1”) spaced apart from and extending along the longi-
tudinally axis about the longitudinally axis. In FIG. 12, a
dashed line “I.2” illustrates the contoured line “D” rotated
about the x-axis. The area between the contoured line “D” and
the dashed line “L2” represents a cross-sectional area
(through the longitudinal axis) of a portion of the limb 11.

The contoured line “L.1” models the circumference of the
limb 11 at a range of locations along the longitudinal axis of
the limb. The contoured line “I.1”” may be defined by a pre-
defined mathematical equation and one or more circumfer-
ence measurements (illustrated as points “A1” to “A8”) col-
lected from the patient’s limb 11. The predefined
mathematical equation may be fit to the patient’s limb 11
using the one or more circumference measurements (illus-
trated as points “A1” to “A8”) collected from the limb 11. In
other words, curve fitting techniques may be used to derive
the contoured line “L1” by modifying a mathematical equa-
tion based on circumference measurements collected from
the limb 11.

In FIG. 12, the contoured line “L1” used to model the
patient’s limb 11 is a parabola. In FIG. 12, a minimum cir-
cumference “MC-1” of the model of the limb 11 is positioned
on the y-axis above an intersection of the x-axis and the
y-axis. For ease of illustration, in FIG. 12, the right-hand side
of the x-axis is extending toward an extremity (e.g., a hand or
a foot) and the left-hand side of the x-axis is extending away
from the extremity. At the wrist, the arm typically narrows (or
has a smaller circumference). Similarly, at the ankle, the leg
typically narrows (or has a smaller circumference). There-
fore, the minimum circumference “MC-1" may beused as the
circumference measurement of the limb 11.

Turning to FIG. 8A, in first block 760, circumference mea-
surements (e.g., those illustrated as points “A1” to “A8”) are
collected from the patient’s limb 11. In block 760, a setup
operation may be performed by the patient 230, the support
person 330, the caregiver 332, a combination thereof, and the
like, in which the device 10 is positioned at different locations
along the patient’s limb 11. At each location, the device 10 is
used to capture at least one circumference measurement. Dur-
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ing the setup operation, the device 10 may be positioned in
predetermined locations so the control system 220 can readily
correlate each of the circumference measurements with a
position onthe patient’s limb 11. The patient 230, the support
person 330, and/or the caregiver 332 may inform (e.g., via the
website 217) the control system 220 that the setup operation
is being performed. Alternatively, the control system 220 may
instruct the patient 230, the support person 330, and/or the
caregiver 332 to perform the setup operation (e.g., via the
website 217).

During the setup operation the method 500 illustrated in
FIG. 5 may be used to collect calculated values for each
locationin which the device 101s positioned. When collecting
calculated values, in block 505, the method 500 uses the
predetermined measurement interval. However, during the
setup operation, a different interval (e.g., a shorter interval)
may be used in block 505. Further, the device 10 may include
an indicator (not shown) that may indicate when calculated
values have been collected for a particular location so that the
person positioning the device on the limb 10 may reposition
the device 10 in a next position. The indicator (not shown)
may include a speaker, a light, and the like. In such embodi-
ments, the device 10 may produce a sound and/or illuminate
a light each time the method 500 terminates during the per-
formance of the setup operation. Alternatively, the device 10
may include a manually operable switch (e.g., a button) that
the person positioning the device 10 may activate to indicate
the device has been repositioned and the method 500 should
be performed by the processor 435 (see FIG. 4).

The method 600 (see FIG. 6) is performed one or more
times by the processor 435 (see FIG. 4) to transfer the calcu-
lated values obtained during the setup operation to the data-
base server 370 (see FIG. 3). The method 700 (see FIG. 7) is
performed one or more times by the database server 370 (see
FIG. 3) to receive the calculated values obtained during the
setup operation from the processor 435 (see FIG. 4).

After the database server 370 (see FIG. 3) has received the
calculated values obtained during the setup operation from
the processor 435 (see FIG. 4), in block 770, the database
server 370 performs curve fitting techniques to generate a
model of the patient’s limb 11 based on the circumference
measurements obtained from the calculated values. As
explained above, the calculated values may be converted or
otherwise used to obtain circumference measurements. Fur-
ther, in some embodiments, the calculated values may be used
as the circumference measurements.

Those of ordinary skill in the art appreciate that the device
10 illustrated does not collect a measurement of the position
of the device 10 along the limb 11. In other words, the device
10 collects the y-coordinate of the points “A1” to “A8” butnot
the x-coordinate. As mentioned above, during the setup
operation, the device 10 may be positioned in predetermined
locations so the control system 220 can readily correlate each
of the circumference measurements with a position on the
patient’s limb 11.

By way of another example, each pair of circumference
measurements (collected using the sensors 450 and 460 illus-
trated in FIG. 4) may be used to determine the position of the
device 10 on the patient’s limb 11 (e.g., the x-coordinates of
the points “A1” to “A8”) for the purposes of generating the
model. In FIG. 12, the pairs include a first pair of circumfer-
ence measurements (illustrated as points “A1” and “A2”), a
second pair of circumference measurements (illustrated as
points “A3” and “A4”), a third pair of circumference mea-
surements (illustrated as points “A5” and “A6”), and a fourth
pair of circumference measurements (illustrated as points
“A7’ and “A8”).
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The circumference measurements in each of the pairs are
spaced apart by a predetermined distance “PD.” The prede-
termined distance “PD” may be substantially equal to a dis-
tance (e.g., about 20 millimeters) between the sensor 450 and
the sensor 460. When the pairs of circumference measure-
ments are collected, the strap 1310 is allowed to follow the
surface of the patient’s limb 11 and minor measurement
deviations caused by non-planar aspects of the limb 11 may
be ignored. Each of the pairs of circumference measurements
may be used to determine an amount of taper in the patient’s
limb 11 between the locations whereat the measurements
were taken. By way of an example, a line “T1” illustrates an
amount of taper between the circumference measurements
(illustrated as points “A7” and “A8”) of the fourth pair.

Further, if the orientation of the device 10 is known, the
direction of the taper may be used to determine whether a pair
of circumference measurements is positioned at or near the
minimum circumference “MC-1,” toward the extremity rela-
tive to the minimum circumference “MC-1,” or away from the
extremity relative to the minimum circumference “MC-1.”

The orientation of the device 10 may be determined by
performing orientation signal processing on the accelerom-
eter value(s) transferred with the calculated values. By way of
anon-limiting example, an accelerometer with three orthogo-
nal sensing elements detects static deflections in each of the
sensing elements that can be used to determine gravitation
direction and thus device orientation. Such orientation signal
processing is known in the art and will not be described in
detail. If at the time of a measurement, the accelerometer
value(s) indicate the device 10 is horizontal (i.e., the accel-
eration of gravity is substantially orthogonal to the longitu-
dinal axis of thelimb 11), a previously determined orientation
of the device 10 may be used. For example, the most recently
determined non-horizontal orientation may be used.

In alternate embodiments, instead of pairs of circumfer-
ence measurements spaced apart by the predetermined dis-
tance “PD,” a single circumference measurement (e.g., the
point “A7” in FIG. 12) and the angle “8” (see FIGS. 10A and
10B) may be used to define the contoured line “I.1.” The angle
“0” may serve the same purpose as the second circumferential
measurement of each of the pairs of circumferential measure-
ments discussed above. Specifically, the angle “0” may be
used to determine an amount of taper in the patient’s limb 11
whereat the circumference measurement was taken. Using
multiple circumferernce measurements and angle “8” for each
circumference measurement, the contoured line “L1” (e.g., a
parabolic curved line) may be defined using curve fitting
techniques.

In block 771, the database server 370 uses the circumfer-
ence measurements collected during the setup operation and/
or an update operation (discussed below) to generate a lookup
table (not shown). Returning to FIG. 12, a difference between
the circumference measurements of each of the pairs (re-
ferred to as a “circumference differential value™) may be
correlated with a position along the longitudinal axis of the
limb 11. For example, the difference between the y-coordi-
nates of the first pair of circumference measurements (plotted
as points “A1” and “A2”) is larger than the difference between
the y-coordinates of the second pair of circumference mea-
surements (plotted as points “A3” and “A4”), indicating the
first pair is farther from the minimum circumference “MC-1”
than the second pair.

The lookup table may list the following values for each pair
of circumference measurements:

1) at least one of the circumference measurements of the

pair of circumference measurements;

2) the circumference differential value; and

3) the minimum circumference “MC-1.”
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As will be explained below, the lookup table may be used by
the database server 370 to determine whether the circumfer-
ence of the limb 11 has changed.

In block 772, the database server 370 waits to receive new
circumference measurements from the device 10. By way of
anon-limiting example, the database server 370 may wait for
a predetermined interval.

In decision block 775, the database server 370 determines
whether new circumference measurements have been
received. The decision in decision block 775 is “YES” when
new circumference measurements have been received. Onthe
other hand, the decision in decision block 775 is “NO” when
new circumference measurements have not been received.

When the decision in decision block 775 is “NQ,” the
method 750 terminates.

When the decision in decision block 775 is “YES,” in
decision block 780, the database server 370 determines
whether to update the model. The decision in decision block
780 is “YES” when the database server 370 decides to update
the model. On the other hand, the decision in decision block
780 is “NO” when the database server 370 decides not to
update the model.

When the decision in decision block 780 is “NQO,” the
database server 370 returns to block 772 to wait for new
circumference measurements.

When the decision in decision block 780 is “YES,” new
circumference measurements are used to update or modify
the model. The new circumference measurements may be
those accumulated as the device 10 is worn by the patient 230
(e.g., the new circumference measurements received before
decision block 775) and/or new circumference measurements
collected during an update operation.

Further, other information, such as patient height and
weight may be considered and used to modify the model. For
example, if the patient 230 has gained weight other than by
the retention of fluids, an increase in limb circumference may
merely be the result of the weight gain. Therefore, the model
(e.g., equation defining the contoured line “L.1”) may be
updated to reflect the change in limb size.

In decision block 790, the database server 370 determines
whether to perform the update operation, which may be sub-
stantially similar to the setup operation. The decision in deci-
sion block 790 is “YES” when the database server 370
decides to perform the update operation. On the other hand,
the decision in decision block 790 is “NO” when the database
server 370 decides not to perform the update operation.

The setup or update operations may be performed when the
length of the strap 1310 is adjusted (e.g., tightened or loos-
ened). Further, the setup or update operations may be per-
formed when the strap 1310 is replaced because manufactur-
ing variations may exist in the reflective qualities of the
optical gradient 1545 or strap 1310. This setup or update
operations may be performed by the control system 220 auto-
matically. Further, a user (e.g., the patient 230, the support
person 330, the caregiver 332, and the like) may initiate the
performance of the setup or update operations (e.g., in
response to a recalibration notice).

When the decision in decision block 790 is “YES,” the
block 760 is performed to collect the new circumference
measurements. Then, in block 770, the database server 370
regenerates the model using the circumference measurements
collected during the setup operation, the new circumference
measurements collected during the update operation, and
optionally, the new circumference measurements collected
(before decision block 775) as the device 10 was worn by the
patient 230.
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When the decision in decision block 790 is “NO,” in block
770, the database server 370 regenerates the model using the
circumference measurements collected during the setup
operation as well as the new circumference measurements.

While the contoured line “I.1”” has been described as being
aparabola, instead, the contoured line “L.1” may be V-shaped.
In such an implementation, the wrist or ankle is modeled as
two cones axially aligned and merged together near each of
their points. However, each of the cones has a linear taper and
constant surface angle with respect to the axis of the cone. In
contrast, a limb, particularly near the wrist or ankle, has a
curved and somewhat parabolic shape. Thus, it may be desit-
able for the contoured line “T.1” to have a rate of taper change,
or apparent surface angle change that is not constant. In
particular, it may be desirable for the rate of taper change to
lessen near the minimum -circumference “MC-1” and
increase progressively outwardly from the minimum circum-
ference as occurs in a parabola.

By way of yet another non-limiting example, the model of
the three-dimensional surface of the limb 11 may be con-
structed using anatomical data. For example, the model may
be created by scanning a representative human limb or com-
bining multiple scans of limbs to create a composite model.
Multiple models may be created for different genders, ages,
heights, weights, a combination thereof, and the like. Further,
amodel may be created for each patient by scanning the limb
11 of the patient 230.

In FIG. 12, the contoured line “L.1” is symmetric about the
y-axis. Thus, the contoured line “[.1” indicates the rate of
change in the surface angle of the limb 11 is the same at
locations equidistant from the minimum circumference “MC-
1” along the longitudinal axis of the limb 11. However, this
may not be the case. Because the rate of change of the surface
angle of the patient’s limb 11 is likely to be different and
nonsymmetrical along the longitudinal axis of the limb 11
from the minimum circumference “MC-1” toward the direc-
tion toward the extremity (e.g., foot or hand) than in the
opposite direction from the minimum circumference “MC-
1,” different mathematical equations or a different model may
be used to model these portions of the limb 11. As mentioned
above, the accelerometer value(s) may be used to determine
the orientation of the device 10 so that whether the device 10
is above or below the minimum circumference “MC-1" may
be determined.

FIG. 8B is a flow diagram of the method 800 of analyzing
the calculated values and accelerometer value(s) (and option-
ally the data obtained from the oximeter 420 and/or the heart
rate sensor 415) optionally transferred to the control system
220 by the device 10. By way of a non-limiting example, the
method 800 will be described as being performed by the
database server 370 (see FIG. 3). However, in alternate
embodiments, the method 800 may be performed by the
device 10, the control system 220, and/or a combination
thereof. The method 800 may be performed immediately after
block 740 in the method 700. Alternatively, the method 800
may be performed after two or more transmissions are
received from the device 10. By way of yet another non-
limiting example, the method 800 may be performed at pre-
determined intervals.

For ease of illustration, the method 800 will be described
with respect to the circumference measurements plotted as
points “P1” and “P2” in FIG. 12. However, as is apparent to
those of ordinary skill in the art, the method 800 may be
performed with respect to more than a pair of circumference
measurements.

In first block 810, the database server 370 determines an
orientation ofthe device 10 when the “lit” analog signals used
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to determine the calculated values from which the circumfer-
ence measurements plotted as the points “P1” and “P2” in
FIG. 12 were collected. In block 810, the database server 370
performs orientation signal processing on the accelerometer
value(s) transferred with the calculated values to determine
the orientation of the device 10 on the limb 11. By way of a
non-limiting example, an accelerometer with three orthogo-
nal sensing elements detects static deflections in each of the
sensing elements that may be used to determine gravitation
direction and thus device orientation. Such orientation signal
processing is known in the art and will not be described in
detail. The database server 370 may store the orientation of
the device 10.

In optional decision block 820, the database server 370
may determine whether the sensors 450, 455, and 460 were
properly aligned with the optical gradient 1545. The calcu-
lated value for the sensor 455 may be used to verify the
alignment of the emitter “E2” with the optical gradient 1545.
For example, if the calculated value is within a predetermined
range expected for the solid portion “GS” of the optical gra-
dient 1545, the database server 370 determines the sensors
450, 455, and 460 were properly aligned with the optical
gradient 1545. Otherwise, if the calculated value is not within
the predetermined range expected for the solid portion “GS”
of the optical gradient 1545, the database server 370 deter-
mines the sensors 450, 455, and 460 were improperly aligned.

The decision in optional decision block 820 is “YES” when
the database server 370 determines the sensors 450, 455, and
460 were properly aligned with the optical gradient 1545. On
the other hand, the decision in optional decision block 820 is
“NO” when the database server 370 determines the sensors
450, 455, and 460 were improperly aligned with the optical
gradient 1545.

When the decision in optional decision block 820 is “NO,”
in optional block 825, the database server 370 may indicate a
misalignment occurred. Then, the method 800 terminates
having failed to determine a final circumference value (or
edema measure).

When the decision in optional decision block 820 is
“YES;,” or the optional decision block 820 is omitted, in block
835, the database server 370 calculates a circumference dif-
ferential value for the circumference measurements plotted as
the points “P1” and “P2” in FIG. 12. As explained above, to
calculate the circumference differential value, the database
server 370 may calculate a first circumference measure for the
sensor 450 based on the calculated value for the sensor 450
and a second circumference measure for the sensor 460 based
on the calculated value for the sensor 460. For ease of illus-
tration, the device 10 will be described as being in the orien-
tation illustrated in FIGS. 13 and 17. However, this is not a
requirement. When the device 10 is in this orientation, the
sensor 460 is nearer an extremity (e.g., a hand or a foot) and
is positioned below the sensor 450, which is farther away
from the extremity. Thus, the sensor 450 may be character-
ized as being an upper sensor and the sensor 460 may be
characterized as being a lower sensor. However, as is appre-
ciated by those of ordinary skill in the art, the assignment of
upper and lower are purely arbitrary and vary based upon the
position of the patient’s limb. By way of a non-limiting
example, the circumference differential value may be calcu-
lated by subtracting the first circumference measure for the
(upper) sensor 450 from the second circumference measure
for the (lower) sensor 460.

If the circumference differential value is approximately
zero, the sensors 450 and 460 are adjacent portions of the
optical gradient 1545 having substantially equivalent reflec-
tivity. Because the first and second gradient portions “G1”
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and “G2” are substantially aligned with one another, this
means the sensors 450 and 460 are adjacent corresponding
portions of the first and second gradient portions “G1”” and
“G2.” The device 10 is illustrated in this configuration in FIG.
10B. This may indicate the device 10 is positioned approxi-
mately at the patient’s wrist or ankle.

On the other hand, if the circumference differential value is
greater than or less than zero, the sensors 450 and 460 are not
adjacent corresponding portions of the first and second gra-
dient portions “G1” and “G2.” As will be described in greater
detail below, the position of the sensors 450, 455, and 460
relative to the optical gradient 1545 varies with the circum-
ference of the patient’s limb 11. Further, the position of the
sensors 450,455, and 460 relative to the optical gradient 1545
along the transverse direction (indicated by the arrow “TD™)
may vary based upon the location of the device 10 on the
patient’s limb 11.

If the circumference differential value is greater than zero,
the device 10 may be positioned above the patient’s wrist or
ankle. The device 10 is illustrated in this configuration in FIG.
10A. On the other hand, if the circumference differential
value is less than zero, the device 10 may be positioned below
the patient’s wrist or ankle. The device 10 is illustrated in this
configuration in FIG. 10C.

In decision block 840, the database server 370 determines
whether the circumference differential value is too large,
indicating improper placement of the device 10. By way of a
non-limiting example, the database server 370 may determine
the circumference differential value is too large if the circum-
ference differential value is greater than a predetermined
threshold value. The decision in decision block 840 is “YES”
when the database server 370 determines the circumference
differential value is too large. On the other hand, the decision
in decision block 840 is “NO” when the database server 370
determines the circumference differential value is not too
large.

When the decision in decision block 840 is “YES,” in
optional block 845, the database server 370 sends a message
to the patient 230 to adjust the position of the device 10.
Further, in optional block 845, the database server 370 may
remove the calculated values from the patient record. Then,
the method 800 terminates.

Because the circumference of the limb 11 varies along its
longitudinal axis, to compare successive circumference mea-
surements to one another directly, the circumference mea-
surements must have been collected from nearly identical
locations along the longitudinal axis of the limb 11. Because
the device 10 may move along the longitudinal axis of the
limb 11, it may not be possible to compare successive cit-
cumference measurements directly. Further, the patient 230
may inadvertently position the device 10 in different loca-
tions along the patient’s limb between circumference mea-
surements, which could contribute to measurement errors.
However, as explained above, the model (e.g., the contoured
line “L17”) may be used to obtain the minimum circumference
“MC-1” (or an estimate thereof) for the limb 11. The mini-
mum circumference values obtained from successive circum-
ference measurements may be compared directly because
they are believed to be from the same location on the limb 11.

When the decision in decision block 840 is “NO,” in block
850, the database server 370 determines a minimum circum-
ference “MC-3” for the circumference measurements plotted
as the points “P1” and “P2” in FIG. 12 and whether the
minimum circumference “MC-3" indicates the size of the
limb 11 has changed. As mentioned above, the database
server 370 may create a lookup table using the pairs of cir-
cumference measurements used to create the model.
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The database server 370 may use the lookup table to deter-
mine whether the minimum circumference “MC-3" and
whether the circumference of the limb 11 has changed. For
example, the database server 370 may determine the circum-
ference of the limb 11 has not changed if the newly measured
pair of circumference measurements (plotted as the points
“P1” and “P2” in FIG. 12) includes a circumference measure-
ment corresponding to the circumference measurement
stored in the lookup table for a previously collected pair of
circumference measurements, and the circumference differ-
ential value of the new pair of circumference measurements
matches the circumference differential value stored for the
same previously collected pair of circumference measure-
ments. When this is the case, the minimum circumference
“MC-1” associated with the previously collected pair of cir-
cumference measurements may be used as the minimum cir-
cumference “MC-3” for the new pair.

Similarly, the database server 370 may determine the cir-
cumference of the limb 11 has not changed if the newly
measured pair of circumference measurements (plotted as the
points “P1” and “P2” in FIG. 12) includes a circumference
measurement between the circumference measurements
stored in the lookup table for a first previously collected pair
of circumference measurements and a second previously col-
lected pair of circumference measurements, and the circum-
ference differential value of the new pair of circumference
measurements is between the circumference differential val-
ues stored for the first and second previously collected pairs
of circumference measurements. When this is the case, the
minimum circumference “MC-1” associated with the previ-
ously collected pair of circumference measurements may be
used as the minimum circumference “MC-3” for the new pair.
The position of the new pair on the contoured line “I.1” may
be determined using interpolation (e.g., linear interpolation)
between the first and second previously collected pairs of
circumference measurements.

However, the database server 370 may determine the cir-
cumference of the limb 11 has changed if the newly measured
pair of circumference measurements (plotted as the points
“P1” and “P2” in FIG. 12) includes a circumference measure-
ment corresponding to the circumference measurement
stored in the lookup table for a previously collected pair of
circumference measurements, but the circumference differ-
ential value of the new pair of circumference measurements
does not match the difference value stored for the same pre-
viously collected pair of circumference measurements. Simi-
larly, the database server 370 may determine the circumfer-
ence of the limb 11 has changed if the newly measured pair of
circumference measurements includes a circumference mea-
surement between the circumference measurements stored in
the lookup table for a first previously collected pair of cir-
cumference measurements and a second previously collected
pair of circumference measurements, but the circumference
differential value of the new pair of circumference measure-
ments is not between the circumference differential values
stored for the first and second previously collected pairs of
circumference measurements.

Referring to FIG. 12, if the limb 11 has swelled but its
shape has remained substantially unchanged, the swollen
limb may be modeled by a contoured line “L3,” which has the
same shape as the contoured line “L1,” but is shifted upwardly
on the y-axis relative to the contoured line “L1.” In this
example, the point “P1” is aligned vertically with the point
“A7” and the point “P2” is aligned vertically with the point
“A8. Therefore, the circumference differential value of the
new pair of circumference measurements (plotted as the
points “P1” and “P2”) is the same as the circumference dif-
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ferential value stored in the lookup table for the previously
collected pair of circumference measurements (plotted as the
points “A7” and “A8”). However, a first circumference mea-
surement (plotted as the point “P1”) of the new pair is larger
than the corresponding first circumference measurement
(plotted as the point “A7”) of the previously collected pair.
Similarly, a second circumference measurement (plotted as
the point “P2”) of the new pair is larger than the correspond-
ing second circumference measurement (plotted as the point
“A8”) of the previously collected pair. Thus, no matter which
of the circumference measurements of the previously col-
lected pair are stored in the lookup table, the lookup table will
indicate the limb 11 has swollen when corresponding circum-
ference measurements of the new and previously collected
pairs are compared to one another.

Referring to FIG. 12, if swelling in the limb 11 has reduced
but its shape has remained substantially unchanged, the limb
may be modeled by a contoured line having the same shape as
the contoured line “I.1,” but shifted downwardly on the y-axis
relative to the contoured line “L.1.” The circumference differ-
ential value of a new pair of circumference measurements
will be the same as the circumference differential value stored
in the lookup table for a previously collected pair of circum-
ference measurements. However, a first circumference mea-
surement of the new pair will be smaller than the correspond-
ing first circumference measurement of the previously
collected pair. Similarly, a second circumference measure-
ment of the new pair will be smaller than the corresponding
second circumference measurement of the previously col-
lected pair. Thus, no matter which of the circumference mea-
surements of the previously collected pair are stored in the
lookup table, the lookup table will indicate swelling in the
limb 11 has reduced when corresponding circumference mea-
surements of the new and previously collected pairs are com-
pared to one another.

When the database server 370 determines the size of the
limb 11 has changed, the database server 370 generates a
contoured line (e.g., the contoured line “L.3”), and uses the
contoured line to determine the minimum circumference
(e.g., the minimum circumference “MC-3”) of the limb 11.

In block 852, the database server 370 compares the previ-
ously obtained minimum circumference “MC-1"to the newly
measured minimum circumference (e.g., the minimum cir-
cumference “MC-3").

In decision block 854, the database server 370 determines
whether the newly measured minimum circumference (e.g.,
the minimum circumference “MC-3") is larger than the pre-
viously obtained minimum circumference “MC-1,” indicat-
ing the limb 11 has swollen. The decision in decision block
854 is “YES” when the newly measured minimum circum-
ference (e.g., the minimum circumference “MC-3”) is larger
than the previously obtained minimum circumference “MC-
1.” On the other hand, the decision in decision block 854 is
“NO” when the newly measured minimum circumference
(e.g., the minimum circumference “MC-3”) is not larger than
the previously obtained minimum circumference “MC-1.”

When the decision in decision block 854 is “NO,” the
database server 370 advances to block 885.

When the decisionindecision block 8541s “YES,” in block
875, the database server 370 analyzes one or more triggers to
determine whether any have been satisfied such that a mes-
sage is be sent to the patient 230 (e.g., the message 225
illustrated in FIG. 2), the support person 330, and/or the
caregiver 332. For example, a trigger may have been entered
into the website 217 indicating that if the limb 11 swells by
more than a trigger threshold value, the message 225 (see
FIG. 2) is to be sent to the patient 230. In block 875, the
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database server 370 determines by how much the limb 11 has
swelled and compares that amount to the trigger threshold
value.

By way of example, in block 875, the database server 370
may determine an amount of change and/or a rate of change.
In block 875, the database server 370 may try to identify a
trend indicative of a problem. For example, if the minimum
circumference values appear to be increasing, the patient 230
may be experiencing a medical problem. In block 875, the
database server 370 may determine an amount by which
edema in the limb 11 has changed.

In decision block 880, the database server 370 determines
whether one or more triggers are satisfied indicating a prob-
lem. The decision in decision block 880 is “YES” when the
database server 370 determines one or more triggers are sat-
isfied. On the other hand, the decision in decision block 880 is
“NO” when the database server 370 determines none of the
triggers are satisfied.

When the decision in decision block 880 is “NO,” in
optional block 885, the database server 370 may send a noti-
fication indicating no problem has been detected to the device
10, the patient desktop computer 335, the patient cellular
telephone 350, the patient portable computer 355, and the like
to be viewed by patient 230. The notification may be viewable
on the website 217 (see FIG. 2). Optionally, the database
server 370 may send a notification indicating no problem has
been detected to the computing device 310 to be viewed by
the support person 330 and/or to the computing device 315 to
be viewed by the caregiver 332. Any such notifications may
be viewable on the website 217 (see FIG. 2). Then, the
method 800 terminates.

When the decision indecision block 8801s “YES,” in block
890, the database server 370 may send a notification indicat-
ing a problem has been detected to the device 10, the patient
desktop computer 335, the patient cellular telephone 350, the
patient portable computer 355, and the like to be viewed by
patient 230. The notification may be viewable on the website
217 (see FIG. 2). Optionally, the database server 370 may
send a notification indicating a problem has been detected to
the computing device 310 to be viewed by the support person
330 and/or to the computing device 315 to be viewed by the
caregiver 332. Any such notifications may be viewable on the
website 217 (see FIG. 2). Instructions may be associated with
the trigger and included in the message sent to the patient 230,
the support person 330, and/or the caregiver 332. The instruc-
tions may include a predefined treatment plan. Then, the
method 800 terminates.

FIG. 11 is a flow diagram of a method 1100 of processing
triggers specified for sensors other than the sensors 450, 455,
and 460. The method 1100 may be performed by the device
10, the control system 220, and/or a combination thereof. For
ease of illustration, the method 1100 will be described as
being performed by the database serve 370. As mentioned
above, the patient 230, the support person 330, and/or the
caregiver 332 may use the website 217 to specify trigger
conditions (e.g., threshold values) that trigger messages to the
patient 230, the support person 330, and/or the caregiver 332.
The method 1100 may be used with the accelerometer
values(s) obtained from the accelerometer 405, oxygen
amounts obtained from the oximeter 420, and/or heart rate
values obtained from the heart rate sensor 415. Further, the
method 1100 may beused with the calculated values obtained
from the sensors 450, 455, and 460 combined with the data
from one or more of the other sensors.

In the first block 1110, the database server 370 obtains the
relevant sensor data.
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In block 1120, the database server 370 analyzes the sensor
data relative to one or more triggers to determine whether any
of the triggers have been satisfied such that a trigger message
is to be sent to the patient 230 (e.g., the message 225 illus-
trated in FIG. 2), the support person 330, and/or the caregiver
332. For example. a trigger may have been entered into the
website 217 indicating that if the patient’s physical activity
drops below a specified level, a trigger message is to be sent
to the patient 230, the support person 330, and/or the car-
egiver 332 reporting unusual inactivity. By way of another
example, increased peripheral edema measurements might
trigger a predetermined prescribed treatment plan that could
include increasing a dosage of a diuretic or other medication.
By way of yet another example, a combination of sensor
measurements (e.g., measurements indicating increased
edema and reduced activity) may trigger additional stress
testing, automated patient symptom questions, a nurse to call
or messages 1o setup an appointment with a healthcare pro-
vider. In block 1120, the database server 370 may try to
identify a trend indicative of a problem.

In decision block 1130, the database server 370 determines
whether one or more triggers are satisfied indicating a prob-
lem. The decision in decision block 1130 is “YES” when the
database server 370 determines one or more triggers are sat-
isfied. On the other hand, the decision in decision block 1130
is “NO” when the database server 370 determines none of the
triggers are satisfied.

When the decision in decision block 1130 is “NO,” in
optional block 1140, the database server 370 may send a
notification indicating no problem has been detected to the
device 10, the patient desktop computer 335, the patient cel-
lular telephone 350, the patient portable computer 355, and
the like to be viewed by patient 230. The notification may be
viewable on the website 217 (see FIG. 2). Optionally, the
database server 370 may send a notification indicating no
problem has been detected to the computing device 310 to be
viewed by the support person 330 and/or to the computing
device 315 to be viewed by the caregiver 332. Any such
notifications may be viewable on the website 217 (see FIG.
2). Then, the method 800 terminates.

When the decision in decision block 1130 is “YES,” in
block 1150, the database server 370 may send a trigger mes-
sage indicating a problem has been detected to the device 10,
the patient desktop computer 335, the patient cellular tele-
phone 350, the patient portable computer 355, and the like to
be viewed by patient 230. The trigger message may be view-
able on the website 217 (see FIG. 2). Optionally, the database
server 370 may send a trigger message indicating a problem
has been detected to the computing device 310 to be viewed
by the support person 330 and/or to the computing device 315
to be viewed by the caregiver 332. Any such trigger messages
may be viewable on the website 217 (see FIG. 2). Instructions
may be associated with the trigger and included in the mes-
sage sent to the patient 230, the support person 330, and/or the
caregiver 332. For example, the trigger message may instruct
the patient 230 to engage in a particular physical activity (e.g.,
astress test) for the purposes of collecting patient data during
the physical activity. The collection of such data may be
coordinated using the website 217. As the patient 230 engages
in the particular physical activity, the device 10 collects data
(using the accelerometer 405, the heart rate sensor 415, the
oximeter 420, the sensor 450, the sensor 455, and/or the
sensor 460) and transfers the data collected to the control
system 220. Then, the method 1100 terminates.

Feedback may be used to improve the system 200 using
retrospective analysis. A website or telephone interaction, for
example, may be used to provide a convenient means of
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feeding information back to the control system 220 regarding
decompensation events, if any occur. The patient history can
be reviewed to improve of the performance of the control
system 220. In cases where the caregiver 332 (or other health-
care professional) is available by telephone, the system 200
may be used to trigger prospective interaction with the patient
230 that the caregiver 332 may enter into the patient record. In
this manner, the system 200 may acquire additional informa-
tion that may be used to improve the ability of the system to
recognize problems. Further, the system 200 may use such
information to provide an earlier indication of a problem that
may be reversible by simple measures, such as improved
treatment plan compliance, additional medication, reduced
salt intake, and the like, which may be implemented before
the patient 230 requires emergency healthcare system inter-
vention.

Device 10

As described above, FIG. 4 illustrates the circuit 400 that
may be used to construct the device 10. Referring to FIGS.
13-18 other components that may be used to construct the
device 10 will be described.

Turning to FIG. 17, in the embodiment illustrated, the
circuit 400 is mounted on a substrate 1505 (e.g., a printed
circuit board) housed inside a two-part electronics enclosure
1335. A removable battery 1620 may provide power to the
circuit 400. An insulator 1805 may be positioned adjacent the
circuit 400 to allow the battery 1620 to be changed without
contacting the circuit 400. The electronics enclosure 1335
includes a body portion 1540 and a transparent cover 1810.
The body portion 1540 may include a compliant, elastomeric
portion 1535 that is positioned against the patient’s limb 11
when the device 10 is worn. The body portion 1540 is sub-
stantially fluid tight to prevent fluid ingress. The electronics
enclosure 1335 may be positioned inside the frame member
1337 having a hook 1330 spaced part from the guide portion
1315.

Turning to FIG. 13, in the embodiment illustrated, the first
end portion 1312 of the strap 1310 is connected to the frame
member 1337 surrounding the electronics enclosure 1335 by
the tensioning member 1320 and the second end portion 1314
of the strap 1310 is connected to the guide portion 1315 of the
frame member 1337.

The first end portion 1312 of the strap 1310 extends around
the tensioning member 1320 and is affixed to itself. For
example, the first end portion 1312 of the strap 1310 may be
looped around the tensioning member 1320, folded back on
itself, and affixed in place by an adhesive material 1345. A
guide 1340 spaced apart from the tensioning member 1320
may also be adhered to the first end portion 1312 of the strap
1310 by the adhesive material 1345. The guide 1340 may be
configured to limit lateral movement of the first end portion
1312 of the strap 1310 to help maintain the optical gradient
1545 adjacent the sensors 450, 455, and 460, even when the
device 10 is positioned on a portion of the patient’s limb 11
(see FIG. 1) at a location of extreme taper. By way of a
non-limiting example, the adhesive material 1345 may
include a double stick adhesive, such as 3M 5952 (3M, St
Paul, Minn.) or similar adhesive material.

The second end portion 1314 of the strap 1310 is remov-
ably or repositionally affixed to itself by a different adhesive
tape 1325, such as 3M 9425 or similar adhesive material. The
second end portion 1314 of the strap 1310 is looped around
the guide portion 1315 of the frame member 1337, folded
back on itself, and removably fixed in place by the adhesive
tape 1325. The second end portion 1314 of the strap 1310 may
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be repositioned to adjust the length of the strap 1310 to allow
for a large range of circumference changes and for use with a
variety of small and large limbs.

The strap 1310 is flexible, substantially inelastic, and
resists stretching when worn by the patient 230 (see FIG. 1).
By way of a non-limiting example, the strap 1310 may be
constructed from an inelastic material, such as Tyvek (Du-
pont, Wilmington, Del.) or other similar material.

Referring to FIG. 15, as mentioned above, the sensor por-
tion 1515 of the electronics enclosure 1335 extends under the
first end portion 1312 of the strap 1310 and the optical gra-
dient 1545 is positioned on the first end portion 1312 of the
strap 1310 to face the sensor portion 1515 of the electronics
enclosure 1335. The emitter “E1” and detector “D1” of the
sensor 450, the emitter “E2” and detector “D2” of the sensor
455, and the emitter “E3” and detector “D3” of the sensor 460
are positioned on the sensor portion 1515 of the electronics
enclosure 1335 with the emitters and detectors facing toward
the optical gradient 1545 on the first end portion 1312 of the
strap 1310.

The tensioning member 1320 may be coupled to the hook
1330 of the frame member 1337. Tension in the tensioning
member 1320 pulls the first end portion 1312 toward the
electronics enclosure 1335 to thereby impart tension in the
strap 1310, which may hold the strap 1310 snuggly against
the limb 11. Further, the tensioning member 1320 may help
maintain the position of the gradient surface 1545 adjacent to
the sensor portion 1515 of the electronics enclosure 1335.
This tensioning member 1320 allows the first and second end
portions 1312 and 1314 of the strap 1310 to skew relative to
one another (to define the angle “6” illustrated in FIGS. 10A
and 10C) and allows the strap to follow the surface of the limb
11.

At least a portion of the sensor portion 1515 of the elec-
tronics enclosure 1335 may be transparent to the light emitted
by the emitters “E1,” “E2,” and “E3” (e.g., red and infrared
radiation having a wavelength between about 600 nm to about
1000 nm). In the embodiment illustrated, the transparent
cover 1810 that allows light emitted by the emitters “E1,”
“E2,” and “E3” to pass therethrough to illuminate the optical
gradient 1545. A portion of the light emitted by the emitters
“E1,” “E2,” and “E3” is reflected back toward the detectors
“D1,” “D2,” and “D3” positioned inside the sensor portion
1515 of the electronics enclosure 1335. The reflected light
passes through the transparent cover 1810 and into the sensor
portion 1515 of the electronics enclosure 1335 where it is
detected by the detectors “D1,” “D2,” and “D3.”

The amount of light reflected back toward the sensor por-
tion 1515 is proportional to the position of the detectors “D1”
and “D3” relative to the gradient portions “G1” and “G2,”
respectively. The light sensed by the detectors “D1” and “D3”
may be correlated to the position of the device 10 on the limb
11.

Optionally, the device 10 may include a display (not
shown), such as a liquid crystal display, configured to display
messages sent to the device.

In an alternate embodiment, referring to FIG. 4, the radio
430 and the antenna 425 are omitted from the circuit 400.
Instead, referring to FIG. 18, in a device 1700, the circuit 400
is configured to communicate via a wired connection 1710
with an external computing device (e.g., the patient desktop
computer 335, the patient cellular telephone 350, the patient
portable computer 355, and the like). The wired connection
1710 includes a cable 1715 connected at one end to the circuit
400 and at the opposite end to a connector 1720 (e.g., a
universal serial bus connector). The connector 1720 may be
configured to receive power from the external computing
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device. In such embodiments, the circuit 400 may be powered
by the wired connection 1710, instead of the battery 1620.

In another alternate embodiment, the device 10 may be
configured to store measurements (and other data), and dis-
play information directly to the patient 230. In such an
embodiment, the device 10 may analyze the stored data, or
alternatively, be connected to an external communications
device configured to transfer the data for analysis by an extet-
nal computing device (e.g., the database server 370). When
the analysis is completed, the results may be transferred to the
device for display thereby.

The width of the strap 1310 may be selected such that the
strap intimately and contiguously follows the surface of the
limb 11 and at the same time properly places the sensors 450,
455, and 460 relative to the optical gradient 1545. By way of
a non-limiting example, the strap 1310 may be about 25 mm
wide. Further, the sensor 450 may be spaced about 20 mm
from the sensor 460.

Declines in patient activity level have also been found to
correlate to impending decompensation. Therefore, the accel-
erometer 405 may be used to measuring patient activity and
transmit such information to the control system 220 for analy-
sis thereby to detect trends in general patient activity. The
control system 220 may also detect falls and recognize leg
orientation to better understand variations in patient activity.
The control system 220 may be configured to recognize a
substantial variation in patient activity alone as a predictor of
a medical problem. In response to detecting a substantial
variation in patient activity, the control system 220 may send
amessage to the patient 230 (via the patient desktop computer
335, the patient cellular telephone 350, the patient portable
computer 355, and the like), the support network 210 (e.g., via
the computing device 310), and/or the healthcare system 205
(e.g., via the computing device 315). Further, the circuit 400
may be modified to include sensors for detecting other physi-
ological parameters such as impedance, respiration, electro-
cardiogram (“ECG”), and or pulse velocity non-invasive
blood pressure (“NIBP”). Physiological parameters sensed
by the circuit 400 may be stored, analyzed, and displayed
locally on the device 10, or communicated to an external
computing device.

The control system 220 may send instructions to the device
10. For example, the control system 220 may instruct the
device 10 to collect measurements from particular sensors,
change the schedule (e.g., intervals) when measurements are
collected, display status information, modify (e.g., update)
local software programs, and the like.

The control system 220 may route messages to the patient
230, the support person 330, and/or the caregiver 332 in a
scheduled or event driven manner. Not all significant heart
failure symptoms are objective, physiological measurements.
Scheduled messages sent to the patient (e.g., sent via the
patient cellular telephone 350) including questions regarding
breathlessness, as an example, might be used to gather infor-
mation useful for generating a trend baseline of the patient’s
condition. Event driven messages might request that the
patient 230, as an example, perform particular actions (e.g.,
perform a walking stress test) to characterize the significance
of changes observed in the patient’s physiological conditions.
The control system 220 may analyze data as it is received (in
view of the patient record), route messages, and initiate
actions as required.

Thus, the system 200 implements a feedback or control
loop is created in which the control system 220 may imme-
diately recognize a swelling trend in the patient’s limb 11. A
heart failure patient can substantially affect the progression of
the disease by compliance with a treatment plan, which may
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include medication, diet, and exercise. The system 200 may
reinforce compliance by providing a means for patients to
connect with each other by messaging, voice, and chat room
options.

While the sensors 450, 455, and 460 have been described as
being light sensors, those of ordinary skill in the art appreciate
that embodiments may be constructed using other types of
sensors, such as linear variable resistors, rotary variable resis-
tors, pressure sensors, strain sensors, magnetoresistive cir-
cuits, conductive fabric, conductive elastomers, and the like.
Additionally, embodiments may be constructed using sensors
that measure capacitance, inductance, magnetorestrictive,
Hall Effect, optical pattern encoding, optical path measure-
ment, light loss bending constructions, piezo effect, eddy
current, ultrasound, and/or radar.

The device 10 has been described as including sensors 450,
455, and 460 configured for use with an optical gradient 1545.
However, other methods may be used to determine whether
the distance around the limb 11 has changed. For example,
sensors configured to sense strain or pressure may be used.
Further, the system 200 may be configured to receive circum-
ference measurements from devices other than the device 10
and use those measurements to evaluate the circumference of
the patient’s limb.

Computing Device

FIG. 19 is a diagram of hardware and an operating envi-
ronment in conjunction with which implementations of the
database server 370, the patient desktop computer 335, the
patient cellular telephone 350, the patient portable computer
355, the support computing device 310, the caregiver com-
puting device 315, and the web server 318 may be practiced.
The description of FIG. 19 is intended to provide a brief,
general description of suitable computer hardware and a suit-
able computing environment in which implementations may
be practiced. Although not required, implementations are
described in the general context of computer-executable
instructions, such as program modules, being executed by a
computer, such as a personal computer. Generally, program
modules include routines, programs, objects, components,
data structures, etc., that perform particular tasks or imple-
ment particular abstract data types.

Moreover, those skilled in the art will appreciate that
implementations may be practiced with other computer sys-
tem configurations, including hand-held devices, multipro-
cessor systems, microprocessor-based or programmable con-
sumer electronics, network PCs, minicomputers, mainframe
computers, and the like. Implementations may also be prac-
ticed in distributed computing environments where tasks are
performed by remote processing devices that are linked
through a communications network. In a distributed comput-
ing environment, program modules may be located in both
local and remote memory storage devices.

The exemplary hardware and operating environment of
FIG. 19 includes a general-purpose computing device in the
form of a computing device 12. The database server 370, the
patient desktop computer 335, the patient cellular telephone
350, the patient portable computer 355, the support comput-
ing device 310, the caregiver computing device 315, the web
server 318 may each be implemented using one or more
computing devices like the computing device 12.

The computing device 12 includes a system memory 22,
the processing unit 21, and a system bus 23 that operatively
couples various system components, including the system
memory 22, to the processing unit 21. There may be only one
or there may be more than one processing unit 21, such that

15

20

25

40

45

60

65

30

the processor of computing device 12 includes a single cen-
tral-processing unit (“CPU”), or a plurality of processing
units, commonly referred to as a parallel processing environ-
ment. When multiple processing units are used, the process-
ing units may be heterogeneous. By way of a non-limiting
example, such a heterogeneous processing environmert may
include a conventional CPU, a conventional graphics pro-
cessing unit (“CGU”), a floating-point unit (“FPU”), combi-
nations thereof, and the like.

The computing device 12 may be a conventional computer,
a distributed computer, or any other type of computer.

The system bus 23 may be any of several types of bus
structures including a memory bus or memory controller, a
peripheral bus, and a local bus using any of a variety of bus
architectures. The memory 410 (illustrated FIG. 4) may be
substantially similar to the system memory 22. The system
memory 22 may also be referred to as simply the memory, and
includes read only memory (ROM) 24 and random access
memory (RAM) 25. A basic input/output system (BIOS) 26,
containing the basic routines that help to transfer information
between elements within the computing device 12, such as
during start-up, is stored in ROM 24. The computing device
12 further includes a hard disk drive 27 for reading from and
writing to a hard disk, not shown, a magnetic disk drive 28 for
reading from or writing to a removable magnetic disk 29, and
an optical disk drive 30 for reading from or writing to a
removable optical disk 31 such as a CD ROM, DVD, or other
optical media.

The hard disk drive 27, magnetic disk drive 28, and optical
disk drive 30 are connected to the system bus 23 by a hard disk
drive interface 32, a magnetic disk drive interface 33, and an
optical disk drive interface 34, respectively. The drives and
their associated computer-readable media provide nonvola-
tile storage of computer-readable instructions, data struc-
tures, program modules, and other data for the computing
device 12. It should be appreciated by those skilled in the art
that any type of computer-readable media which can store
data that is accessible by a computer, such as magnetic cas-
settes, flash memory cards, solid state memory devices
(“SSD”), USB drives, digital video disks, Bernoulli car-
tridges, random access memories (RAMs), read only memo-
ries (ROMs), and the like, may be used in the exemplary
operating environment. As is apparent to those of ordinary
skill in the art, the hard disk drive 27 and other forms of
computer-readable media (e.g., the removable magnetic disk
29, the removable optical disk 31, flash memory cards, SSD,
USB drives, and the like) accessible by the processing unit 21
may be considered components of the system memory 22.

A number of program modules may be stored on the hard
disk drive 27, magnetic disk 29, optical disk 31, ROM 24, or
RAM 25, including an operating system 35, one or more
application programs 36, other program modules 37, and
program data 38. A user may enter commands and informa-
tion into the computing device 12 through input devices such
as a keyboard 40 and pointing device 42. Other input devices
(not shown) may include a microphone, joystick, game pad,
satellite dish, scanner, touch sensitive devices (e.g., a stylus or
touch pad), video camera, depth camera, or the like. These
and other input devices are often connected to the processing
unit 21 through a serial port interface 46 that is coupled to the
system bus 23, but may be connected by otherinterfaces, such
as a parallel port, game port, a universal serial bus (USB), or
awireless interface (e.g., a Bluetooth interface). A monitor 47
or other type of display device is also connected to the system
bus 23 via an interface, such as a video adapter 48. Inaddition
to the monitor, computers typically include other peripheral
output devices (not shown), such as speakers, printers, and
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haptic devices that provide tactile and/or other types physical
feedback (e.g., a force feed back game controller).

The input devices described above are operable to receive
user input and selections. Together the input and display
devices may be described as providing a user interface. The
input devices may be used to receive information from the
patient 230, the support person 330, the caregiver 332, and the
like. The user interface may be used to display messages (e.g.,
notifications and alters) to the patient 230, the support person
330, the caregiver 332, and the like.

The computing device 12 may operate in a networked
environment using logical connections to one or more remote
computers, such as remote computer 49. These logical con-
nections are achieved by a communication device coupled to
or a part of the computing device 12 (as the local computer).
Implementations are not limited to a particular type of com-
munications device. The remote computer 49 may be another
computer, a server, a router, a network PC, a client, a memory
storage device, a peer device or other common network node,
and typically includes many or all of the elements described
above relative to the computing device 12. The remote com-
puter 49 may be connected to a memory storage device 50.
The logical connections depicted in FIG. 10 include a local-
area network (LAN) 51 and a wide-area network (WAN) 52.
Such networking environments are commonplace in offices,
enterprise-wide computer networks, intranets and the Inter-
net.

Those of ordinary skill in the art will appreciate thata LAN
may be connected to a WAN via a modem using a carrier
signal over a telephone network, cable network, cellular net-
work, orpower lines. Such a modem may be connected to the
computing device 12 by a network interface (e.g., a serial or
other type of port). Further, many laptop computers may
connect to a network via a cellular data modem.

When used in a LAN-networking environment, the com-
puting device 12 is connected to the local area network 51
through a network interface or adapter 53, which is one type
of communications device. When used in a WAN-networking
environment, the computing device 12 typically includes a
modem 54, a type of communications device, or any other
type of communications device for establishing communica-
tions over the wide area network 52, such as the Internet. The
modem 54, which may be internal or external, is connected to
the system bus 23 via the serial port interface 46. In a net-
worked environment, program modules depicted relative to
the personal computing device 12, or portions thereof, may be
stored in the remote computer 49 and/or the remote memory
storage device 50. It is appreciated that the network connec-
tions shown are exemplary and other means of and commu-
nications devices for establishing a communications link
between the computers may be used.

The computing device 12 and related components have
been presented herein by way of particular example and also
by abstraction in order to facilitate a high-level view of the
concepts disclosed. The actual technical design and imple-
mentation may vary based on particular implementation
while maintaining the overall nature of the concepts dis-
closed.

The memory of the database server 370 stores computer
executable instructions that when executed by one or more
processors cause the one or more processors to perform all or
portions of the methods 700, 750, 800, and/or 1100.

The memory 410 of the device 10 stores processor execut-
able instructions that when executed by the processor 435
cause the processor to perform all or portions of the methods
500, 600, 650, 750, 800, and/or 1100.
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Any of the instructions described above, including the
instructions of stored by the memory of the database server
370 and in the memory 410 of the device 10, may be stored on
one or more non-transitory computer-readable media.

The foregoing described embodiments depict different
components contained within, or connected with, different
other components. It is to be understood that such depicted
architectures are merely exemplary, and that in fact many
other architectures can be implemented which achieve the
same functionality. In a conceptual sense, any arrangement of
components to achieve the same functionality is effectively
“associated” such that the desired functionality is achieved.
Hence, any two components herein combined to achieve a
particular functionality can be seen as “associated with” each
other such that the desired functionality is achieved, irrespec-
tive of architectures or intermedial components. Likewise,
any two components so associated can also be viewed as
being “operably connected,” or “operably coupled,” to each
other to achieve the desired functionality.

While particular embodiments of the present invention
have been shown and described, it will be obvious to those
skilled in the art that, based upon the teachings herein,
changes and modifications may be made without departing
from this invention and its broader aspects and, therefore, the
appended claims are to encompass within their scope all such
changes and modifications as are within the true spirit and
scope of this invention. Furthermore, it is to be understood
that the invention is solely defined by the appended claims. It
will be understood by those within the art that, in general,
terms used herein, and especially in the appended claims
(e.g., bodies of the appended claims) are generally intended
as “open” terms (e.g., the term “including” should be inter-
preted as “including but not limited to.” the term “having”
should be interpreted as “having at least,” the term “includes”
should be interpreted as “includes but is not limited to,” etc.).
It will be further understood by those within the art that if a
specific number of an introduced claim recitation is intended,
such an intent will be explicitly recited in the claim, and in the
absence of such recitation no such intent is present. For
example, as an aid to understanding, the following appended
claims may contain usage of the introductory phrases “at least
one” and “one or more” to introduce claim recitations. How-
ever, the use of such phrases should not be construed to imply
that the introduction of a claim recitation by the indefinite
articles “a” or “an” limits any particular claim containing
such introduced claim recitation to inventions containing
only one such recitation, even when the same claim includes
the introductory phrases “one or more” or “at least one” and
indefinite articles such as “a” or “an” (e.g., “a” and/or “an”
should typically be interpreted to mean “at least one” or “one
or more™); the same holds true for the use of definite articles
used to introduce claim recitations. In addition, even if a
specific number of an introduced claim recitation is explicitly
recited, those skilled in the art will recognize that such reci-
tation should typically be interpreted to mean at least the
recited number (e.g., the bare recitation of “two recitations,”
without other modifiers, typically means at least two recita-
tions, or two or more recitations).

Accordingly, the invention is not limited except as by the
appended claims.

The invention claimed is:

1. A system for use with an external device and a patient
monitoring device worn on a limb of a patient, at least one of
the external device and the patient monitoring device com-
prising a display device, the external device and the patient
monitoring device each being connected to the system by at
least one network, the patient monitoring device being opet-
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able to collect at least one measurement of a distance around
the patient’s limb and transmit the at least one measurement
of the distance around the patient’s limb to the system via the
at least one network, the system comprising:

one Or More Processors;

one or more storage devices connected to the one or more

processors, each of the one or more storage devices
storing at least one of data and instructions, the data
comprising a threshold amount and a first model of the
patient’s limb comprising a first circumference mea-
surement associated with a selected location along the
patient’s limb, the instructions being executable by the
one or more processors and when executed thereby
implementing a method comprising:

comparing the at least one measurement of the distance

around the patient’s limb with the first model of the
patient’s limb,

determining whether the distance around the patient’s limb

has increased based on the comparison,

if the one or more processors determine the distance

around the patient’s limb has increased, the method
further comprising:

determining a second circumference measurement associ-

ated with the selected location along the patient’s limb
based on the at least one measurement of the distance
around the patient’s limb,

determining whether the second circumference measure-

ment is greater than the first circumference measure-
ment by more than the threshold amount, and
sending a first message over the at least one network to at
least one of the external device and the patient monitor-
ing device for display thereby on the display device
when the one or more processors determine the second
circumference measurement is greater than the first cir-
cumference measurement by more than the threshold
amount.
2. The system of claim 1, wherein the method further
comprises:
determining more than a threshold amount of time has
elapsed since the system received the at least one mea-
surement of the distance around the patient’s limb; and

sending a second message over the at least one network to
at least one of the external device and the patient moni-
toring device for display thereby on the display device
when the one or more processors determine more than a
threshold amount of time has elapsed since the system
received the at least one measurement of the distance
around the patient’s limb, the second message indicating
the system is not receiving measurements from the
patient monitoring device.

3. The system of claim 1, for use with the patient monitor-
ing device being operable to execute instructions received
from the one or more processors, wherein the method further
comprises:

instructing the patient monitoring device to collect the at

least one measurement of the distance around the
patient’s limb and transmit the at least one measurement
of the distance around the patient’s limb to the system.

4. The system of claim 1, for use with the patient monitor-
ing device being operable to collect an alignment measure-
ment, and transmit the alignment measurement to the system
via the at least one network, wherein the data further com-
prises an expected alignment value, and the method further
comprises:

comparing the alignment measurement to the expected

alignment value;
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determining the patient monitoring device was not prop-
erly positioned on the patient’s limb when the alignment
measurement differs from the expected alignment value
by more than a predetermined amount; and

sending a second message over the at least one network to

at least one of the external device and the patient moni-
toring device for display thereby on the display device
when the one or more processors determine the patient
monitoring device was not properly positioned on the
patient’s limb.

5. The system of claim 1, for use with the patient monitor-
ing device being operable to collect a first distance measure-
ment of a first distance around the patient’s limb and a second
distance measurement of a second distance around the
patient’s limb, wherein the data further comprises a differen-
tial threshold, and the method further comprises:

determining a differential value by subtracting one of the

first and second distance measurements from the other,
determining whether the differential value is greater than
the differential threshold; and

if the one or more processors determine the differential

value is greater than the differential threshold, sending a
second message over the at least one network to at least
one of the external device and the patient monitoring
device for display thereby on the display device, the
second message comprising at least one of an indication
indicating the patient monitoring device is improperly
positioned on the patient’s limb and a request requesting
repositioning of the patient monitoring device on the
patient’s limb.

6. The system of claim 1, for use with the patient monitor-
ing device being operable to collect a first distance measure-
ment of a first distance around the patient’s limb and a second
distance measurement of a second distance around the
patient’s limb, the second distance measurement having been
collected at a predetermined distance from the first distance
measurement along the patient’s limb, the patient monitoring
device being further operable to transmit orientation informa-
tion to the system via the at least one network, the orientation
information identifying the orientation of the patient moni-
toring device when the first and second distance measure-
ments were collected by the patient monitoring device,
wherein the first model comprises a first minimum circum-
ference, and the method further comprises:

determining a differential value by subtracting the first

distance measurement from the second distance mea-
surement;

determining the orientation of the patient monitoring

device based on the orientation information;
identifying first and second measurement positions on the
patient’s limb relative to the first minimum circumfer-
ence whereat the first and second distance measure-
ments, respectively, were collected by the patient moni-
toring device, the first and second measurement
positions being identified based on the differential value
and the orientation of the patient monitoring device
when the first and second distance measurements were
collected by the patient monitoring device;
determining a first model distance around the patient’s
limb at a first position in the first model corresponding to
the first measurement position on the patient’s limb,
wherein comparing the at least one measurement of the
distance around the patient’s limb with the first model of
the patient’s limb comprises comparing the first distance
measurement with the first model distance, and deter-
mining whether the distance around the patient’s limb
has increased based on the comparison comprises deter-
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mining the distance around the patient’s limb has
increased when the first distance measurement is greater
than the first model distance.
7. The system of claim 6, wherein the first model has a first
portion extending away from the first minimum circumfer-
ence in a first direction and a second portion extending away
from the first minimum circumference in a direction opposite
the first direction, and identifying the first and second mea-
surement positions based on the differential value and the
orientation of the patient monitoring device when the first and
second distance measurements were collected by the patient
monitoring device comprises:
identifying in which of the first and second portions of the
first model the first and second measurement positions
are located based on whether the first distance measure-
ment is larger than the second distance measurement,
and the orientation of the patient monitoring device
when the first and second distance measurements were
collected by the patient monitoring device; and

identifying the first position and a second position in the
identified portion of the first model, the first position
being spaced apart from the second position by the pre-
determined distance along the patient’s limb, the first
model identifying the first model distance at the first
position and a second model distance at the second posi-
tion, a differential value calculated by subtracting the
first model distance from the second model distance
being substantially identical to the differential value of
the first and second distance measurements.

8. The system of claim 1, wherein the first model comprises
a minimum circumference, and the first circumference mea-
surement associated with the selected location along the
patient’s limb is the minimum circumference of the first
model.

9. The system of claim 8, wherein determining the second
circumference measurement based on the at least one mea-
surement of the distance around the patient’s limb comprises:

creating a second model of the patient’s limb based on the

first model, the second model comprising a minimum
circumference, the second circumference measurement
being the minimum circumference of the second model.

10. The system of claim 9, wherein the first model com-
prises a first contoured line identifying a distance around the
patient’s limb for each position along a portion of the
patient’s limb, and

the second model comprises a second contoured line sub-

stantially identical to the first contoured line but shifted
relative to the first contoured line by a difference
between the second circumference measurement and the
first circumference measurement.

11. The system of claim 10, wherein the first and second
contoured lines each have a parabolic shape.

12. The system of claim 1, wherein the method further
comprises:

receiving the threshold amount and patient instructions

associated with the threshold amount from the external
device over the at least one network; and

sending the patient instructions with the first message over

the at least one network to the at least one of the external
device and the patient monitoring device for display
thereby on the display device when the one or more
processors determine the second circumference mea-
surement is greater than the first circumference mea-
surement by more than the threshold amount.

13. The system of claim 1, wherein the method further
comprises:
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constructing the first model of the patient’s limb from a
plurality of measurements of the distance around the
patient’s limb collected at a plurality of locations along
the patient’s limb.

14. The system of claim 1, wherein the first model com-
prises a parabola and the method further comprises perform-
ing a curve fitting operation on a plurality of measurements of
the distance around the patient’s limb collected at a plurality
of locations along the patient’s limb to generate the first
model.

15. The system of claim 1, for use with the patient moni-
toring device being operable to collect a patient activity log,
and transmit the patient activity log to the system via the at
least one network, wherein the data further comprises an
activity threshold, and the method further comprises:

determining an amount of activity based on the patient
activity log;

determining whether the amount of activity is below the
activity threshold; and

sending a second message over the at least one network to
at least one of the external device and the patient moni-
toring device for display thereby on the display device
when the one or more processors determine the amount
of activity is below the activity threshold.

16. The system of claim 1, wherein the first message com-

prises instructions to be executed by the patient.

17. The system of claim 16, wherein the instructions com-
prise a predefined treatment plan.

18. The system of claim 17, wherein the predefined treat-
ment plan comprises an instruction to modify a dosage of at
least one medication.

19. A method for use with a patient’s limb, a threshold
amount, and a first model of the patient’s limb, the first model
comprising a first circumference measurement associated
with a selected location along the patient’s limb, the method
comprising:

receiving, by a computing system, at least one measure-
ment of a distance around the patient’s limb transmitted
by a patient monitoring device configured to collect and
transmit the at least one measurement to the computing
system;

comparing, by the computing system, the at least one mea-
surement of the distance around the patient’s limb with
the first model of the patient’s limb; and

determining, by the computing system, whether the dis-
tance around the patient’s limb has increased based on
the comparison, when the computing system determines
the distance around the patient’s limb has increased, the
method further comprises:

determining, by the computing system, a second circum-
ference measurement associated with the selected loca-
tion along the patient’s limb based on the at least one
measurement of the distance around the patient’s limb,

determining, by the computing system, whether the second
circumference measurement is greater than the first cir-
cumference measurement by more than the threshold
amount, and

sending, by the computing system, a first message to at
least one computing device operated by at least one of
the patient, a caregiver, and a support person when the
second circumference measurement is greater than the
first circumference measurement by more than the
threshold amount.

20. The method of claim 19, further comprising:

obtaining, by the computing system, an alignment mea-
surement from the patient monitoring device;
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comparing, by the computing system, the alignment mea-

surement to an expected alignment value;

determining, by the computing system, the patient moni-

toring device was not properly positioned on the
patient’s limb when the alignment measurement differs
from the expected alignment value by more than a pre-
determined amount; and

sending, by the computing system, a second message to the

at least one computing device operated by the at least
one of the patient, the caregiver, and the support person
when the computing system determines the patient
monitoring device was not properly positioned on the
patient’s limb.

21. The method of claim 19, wherein the at least one
measurement of the distance around the patient’s limb com-
prises a first distance measurement of a first distance around
the patient’s limb and a second distance measurement of a
second distance around the patient’s limb, and the method
further comprises:

determining, by the computing system, a differential value

by subtracting one of the first and second distance mea-
surements from the other,
determining, by the computing system, whether the differ-
ential value is greater than a differential threshold, and

if the differential value is greater than the differential
threshold, sending, by the computing system, a second
message to the at least one computing device operated
by the at least one of the patient, the caregiver, and the
support person, the second message comprising at least
one of an indication indicating the patient monitoring
device is improperly positioned on the patient’s limb
and a request requesting repositioning of the patient
monitoring device on the patient’s limb.

22. The method of claim 19, whetrein the first model com-
prises a first minimum circumference,

the at least one measurement of the distance around the

patient’s limb comprises a first distance measurement of
a first distance around the patient’s limb and a second
distance measurement of a second distance around the
patient’s limb, the second distance measurement having
been collected at a predetermined distance from the first
distance measurement along the patient’s limb, and

the method further comprises:

receiving, by the computing system, orientation informa-

tion from the patient monitoring device identifying the
orientation of the patient monitoring device when the
first and second distance measurements were collected
by the patient monitoring device,

determining, by the computing system, a differential value

by subtracting the first distance measurement from the
second distance measurement;

determining, by the computing system, the orientation of

the patient monitoring device based on the orientation
information;

identifying, by the computing system, first and second

measurement positions on the patient’s limb relative to
the first minimum circumference whereat the first and
second distance measurements, respectively, were col-
lected by the patient monitoring device, the first and
second measurement positions being identified based on
the differential value and the orientation of the patient
monitoring device when the first and second distance
measurements were collected by the patient monitoring
device; and
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determining, by the computing system, a first model dis-
tance around the patient’s limb at a first position in the
first model corresponding to the first measurement posi-
tion on the patient’s limb,
wherein comparing the at least one measurement of the
distance around the patient’s limb with the first model of
the patient’s limb comprises comparing the first distance
measurement with the first model distance, and deter-
mining whether the distance around the patient’s limb
has increased based on the comparison comprises deter-
mining the distance around the patient’s limb has
increased when the first distance measurement is greater
than the first model distance.
23. The method of claim 22, wherein the first model has a
first portion extending away from the first minimum circum-
ference in a first direction and a second portion extending
away from the first minimum circumference in a direction
opposite the first direction, and identifying the first and sec-
ond measurement positions based on the differential value
and the orientation of the patient monitoring device when the
first and second distance measurements were collected by the
patient monitoring device comprises:
identifying in which of the first and second portions of the
first model the first and second measurement positions
are located based on whether the first distance measure-
ment is larger than the second distance measurement,
and the orientation of the patient monitoring device
when the first and second distance measurements were
collected by the patient monitoring device; and

identifying the first position and a second position in the
identified portion of the first model, the first position
being spaced apart from the second position by the pre-
determined distance along the patient’s limb, the first
model identifying the first model distance at the first
position and a second model distance at the second posi-
tion, a differential value calculated by subtracting the
first model distance from the second model distance
being substantially identical to the differential value of
the first and second distance measurements.

24. The method of claim 19 for use with the first model
comprising a minimum circumference, wherein the first cir-
cumference measurement associated with the selected loca-
tion along the patient’s limb is the minimum circumference of
the first model, and

determining the second circumference measurement based

on the at least one measurement of the distance around
the patient’s limb comprises creating a second model of
the patient’s limb based on the first model, the second
model comprising a minimum circumference, the sec-
ond circumference measurement being the minimum
circumference of the second model.

25. The method of claim 24 for use with the first model
comprising a first contoured line identifying a distance
around the patient’s limb for each position along a portion of
the patient’s limb, wherein the second model comprises a
second contoured line substantially identical to the first con-
toured line but shifted relative to the first contoured line by a
difference between the second circumference measurement
and the first circumference measurement.

26. The method of claim 19, further comprising:

obtaining, by the computing system, patient instructions

associated with the threshold amount; and

sending, by the computing system, the patient instructions

with the first message to the at least one computing
device operated by the at least one of the patient, the
caregiver, and the support person when the second cir-
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cumference measurement is greater than the first cir-
cumference measurement by more than the threshold
amount.

27. The method of claim 19, further comprising:

obtaining, by the computing system, a plurality of mea-

surements of the distance around the patient’s limb col-
lected at a plurality of locations along the patient’s limb;
and

constructing, by the computing system, the first model of

the patient’s limb from the plurality of measurements of
the distance around the patient’s limb.

28. The method of claim 27, wherein constructing the first
model comprises performing a curve fitting operation on the
plurality of measurements of the distance around the patient’s
limb.

29. The method of claim 19, further comprising:

obtaining, by the computing system, a patient activity log;

determining, by the computing systeni, an amount of activ-
ity based on the patient activity log;
determining, by the computing system, whether the
amount of activity is below an activity threshold; and

sending, by the computing system, a second message to the
at least one computing device operated by the at least
one of the patient, the caregiver, and the support person
when the amount of activity is below the activity thresh-
old.

30. The method of claim 19, wherein the first message
comprises instructions to be executed by the at least one of the
patient, the caregiver, and the support person.

31. The method of claim 30, wherein the instructions com-
prise a predefined treatment plan.

32. The method of claim 31, wherein the predefined treat-
ment plan comprises an instruction to modify a dosage of at
least one medication.

33. A system for use with a patient’s limb, the system
comprising:

at least one computing device having a memory storing

instructions, a threshold amount, and a first model of the
patient’s limb, the first model comprising a first circum-
ference measurement associated with a selected location
along the patient’s limb, the at least one computing
device comprising at least one processor configured to
execute the instructions, which when executed cause the
system to perform a method comprising:

receiving at least one measurement of the distance around

the patient’s limb from a patient monitoring device, the
at least one measurement of the distance around the
patient’s limb comprising a first distance measurement
of a first distance around the patient’s limb and a second
distance measurement of a second distance around the
patient’s limb;

determining a differential value by subtracting one of the

first and second distance measurements from the other;

determining whether the differential value is greater than a

differential threshold;

when the differential value is greater than the differential

threshold, sending a second message to a different com-
puting device, the second message comprising at least
one of an indication and a request, the indication indi-
cating the patient monitoring device is improperly posi-
tioned on the patient’s limb, the request requesting repo-
sitioning of the patient monitoring device on the
patient’s limb;

comparing the at least one measurement of the distance

around the patient’s limb with the first model of the
patient’s limb; and
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determining whether the distance around the patient’s limb
has increased based on the comparison, when the at least
one computing device determines the distance around
the patient’s limb has increased, the method further
comprises:

determining a second circumference measurement associ-

ated with the selected location along the patient’s limb
based on the at least one measurement of the distance
around the patient’s limb,

determining whether the second circumference measure-

ment is greater than the first circumference measure-
ment by more than the threshold amount, and

sending a first message to the different computing device

when the second circumference measurenient is greater
than the first circumference measurement by more than
the threshold amount.

34. The system of claim 33, wherein the first model com-
prises a first minimum circumference,

the second distance measurement was collected at a pre-

determined distance from the first distance measurement
along the patient’s limb, and
the method further comprises:
receiving orientation information from the patient moni-
toring device identifying the orientation of the patient
monitoring device when the first and second distance
measurements were collected by the patient monitoring
device,
determining the orientation of the patient monitoring
device based on the orientation information;

identifying first and second measurement positions on the
patient’s limb relative to the first minimum circumfer-
ence whereat the first and second distance measure-
ments, respectively, were collected by the patient moni-
toring device, the first and second measurement
positions being identified based on the differential value
and the orientation of the patient monitoring device
when the first and second distance measurements were
collected by the patient monitoring device; and

determining a first model distance around the patient’s
limb at a first position in the first model corresponding to
the first measurement position on the patient’s limb,

wherein comparing the at least one measurement of the
distance around the patient’s limb with the first model of
the patient’s limb comprises comparing the first distance
measurement with the first model distance, and deter-
mining whether the distance around the patient’s limb
has increased based on the comparison comprises deter-
mining the distance around the patient’s limb has
increased when the first distance measurement is greater
than the first model distance.

35. The system of claim 34, wherein the first model has a
first portion extending away from the first minimum circum-
ference in a first direction and a second portion extending
away from the first minimum circumference in a direction
opposite the first direction, and identifying the first and sec-
ond measurement positions based on the differential value
and the orientation of the patient monitoring device when the
first and second distance measurements were collected by the
patient monitoring device comprises:

identifying in which of the first and second portions of the

first model the first and second measurement positions
are located based on whether the first distance measure-
ment is larger than the second distance measurement,
and the orientation of the patient monitoring device
when the first and second distance measurements were
collected by the patient monitoring device; and
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identifying the first position and a second position in the
identified portion of the first model, the first position
being spaced apart from the second position by the pre-
determined distance along the patient’s limb, the first
model identifying the first model distance at the first
position and a second model distance at the second posi-
tion, a differential value calculated by subtracting the
first model distance from the second model distance
being substantially identical to the differential value of
the first and second distance measurements.

36. The system of claim 33 for use with the first model
comprising a minimum circumference, wherein the first cir-
cumference measurement associated with the selected loca-
tionalong the patient’s limb is the minimum circumference of
the first model, and

determining the second circumference measurement based

on the at least one measurement of the distance around
the patient’s limb comprises creating a second model of
the patient’s limb based on the first model, the second
model comprising a minimum circumference, the sec-
ond circumference measurement being the minimum
circumference of the second model.

37. The system of claim 36 for use with the first model
comprising a first contoured line identifying a distance
around the patient’s limb for each position along a portion of
the patient’s limb, wherein the second model comprises a
second contoured line substantially identical to the first con-
toured line but shifted relative to the first contoured line by a
difference between the second circumference measurement
and the first circumference measurement.

38. The system of claim 33, wherein the method further
comprises:

obtaining patient instructions associated with the threshold

amount; and

sending the patient instructions with the first message to

the different computing device when the second circum-
ference measurement is greater than the first circumfer-
ence measurement by more than the threshold amount.

39. The system of claim 33, wherein the method further
comprises:

obtaining a plurality of measurements of the distance

around the patient’s limb collected at a plurality of loca-
tions along the patient’s limb; and

constructing the first model of the patient’s limb from the

plurality of measurements of the distance around the
patient’s limb.

40. The system of claim 39, wherein constructing the first
model comprises performing a curve fitting operation on the
plurality of measurements of the distance around the patient’s
limb.

41. The system of claim 33, wherein the method further
comprises:

obtaining a patient activity log;

determining an amount of activity based on the patient

activity log;

determining whether the amount of activity is below an

activity threshold; and

sending a second message to the different computing

device when the amount of activity is below the activity
threshold.

42. The system of claim 33, wherein the first message
comprises instructions to be executed by at least one of the
patient, a caregiver, and a support person.

43. The system of claim 42, wherein the instructions com-
prise a predefined treatment plan.
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44. The system of claim 43, wherein the predefined treat-
ment plan comprises an instruction to modify a dosage of at
least one medication.

45. A method for use with a threshold amount and a first
model of apatient’s limb comprising a first minimum circum-
ference, and a first circumference measurement, the first cit-
cumference measurement being associated with a selected
location along the patient’s limb, the method comprising:

receiving, at acomputing system, at least one measurement

of the distance around the patient’s limb from a patient
monitoring device, the at least one measurement of the
distance around the patient’s limb comprising a first
distance measurement of a first distance around the
patient’s limb, and a second distance measurement of a
second distance around the patient’s limb, the second
distance measurement having been collected at a prede-
termined distance from the first distance measurement
along the patient’s limb;

receiving, at the computing system, orientation informa-

tion from the patient monitoring device identifying the
orientation of the patient monitoring device when the
first and second distance measurements were collected
by the patient monitoring device;

determining, by the computing system, a differential value

by subtracting the first distance measurement from the
second distance measurement;

determining, by the computing system, the orientation of

the patient monitoring device based on the orientation
information;

identifying, by the computing system, first and second

measurement positions on the patient’s limb relative to
the first minimum circumference whereat the first and
second distance measurements, respectively, were col-
lected by the patient monitoring device, the first and
second measurement positions being identified based on
the differential value and the orientation of the patient
monitoring device when the first and second distance
measurements were collected by the patient monitoring
device;

determining, by the computing system, a first model dis-

tance around the patient’s limb at a first position in the
first model corresponding to the first measurement posi-
tion on the patient’s limb,
comparing, by the computing system, the first distance
measurement with the first model distance; and

determining, by the computing systemny, the distance around
the patient’s limb has increased when the first distance
measurement is greater than the first model distance, if
the computing system determines the distance around
the patient’s limb has increased, the method further
comprises:
determining, by the computing system, a second circum-
ference measurement associated with the selected loca-
tion along the patient’s limb based on the at least one
measurement of the distance around the patient’s limb,

determining, by the computing system, whether the second
circumference measurement is greater than the first cir-
cumference measurement by more than the threshold
amount, and

sending, by the computing system, a first message to a

computing device associated with at least one of the
patient, a caregiver, and a support person when the sec-
ond circumference measurement is greater than the first
circumference measurement by more than the threshold
amount.

46. The method of claim 45, wherein the first model has a
first portion extending away from the first minimum circum-
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ference in a first direction and a second portion extending
away from the first minimum circumference in a direction
opposite the first direction, and identifying the first and sec-
ond measurement positions based on the differential value
and the orientation of the patient monitoring device when the
first and second distance measurements were collected by the
patient monitoring device comprises:

identifying, by the computing system, in which of the first

and second portions of the first model the first and sec-
ond measurement positions are located based on
whether the first distance measurement is larger than the
second distance measurement, and the orientation of the
patient monitoring device when the first and second
distance measurements were collected by the patient
monitoring device; and

identifying, by the computing system, the first position and

a second position in the identified portion of the first
model, the first position being spaced apart from the
second position by the predetermined distance along the
patient’s limb, the first model identifying the first model
distance at the first position and a second model distance
at the second position, a differential value calculated by
subtracting the first model distance from the second
model distance being substantially identical to the dif-
ferential value of the first and second distance measure-
ments.

47. The method of claim 45, wherein the first circumfer-
ence measurement associated with the selected locationalong
the patient’s limb is the first minimum circumference of the
first model, and

determining the second circumference measurement based

on the at least one measurement of the distance around
the patient’s limb comprises creating a second model of
the patient’s limb based on the first model, the second
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the second circumference measurement being the sec-
ond minimum circumference of the second model.

48. The method of claim 47 for use with the first model
comprising a first contoured line identifying a distance
around the patient’s limb for each position along a portion of
the patient’s limb, wherein the second model comprises a
second contoured line substantially identical to the first con-
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toured line but shifted relative to the first contoured line by a
difference between the second circumference measurement
and the first circumference measurement.

49. The method of claim 45, further comprising:

obtaining, by the computing system, patient instructions

associated with the threshold amount; and

sending, by the computing system, the patient instructions

with the first message to the computing device when the
second circumference measurement is greater than the
first circumference measurement by more than the
threshold amount.

50. The method of claim 45, further comprising:

obtaining, by the computing system, a plurality of mea-

surements of the distance around the patient’s limb col-
lected at a plurality of locations along the patient’s limb;
and

constructing, by the computing system, the first model of

the patient’s limb from the plurality of measurements of
the distance around the patient’s limb.

51. The method of claim 50, wherein constructing the first
model comprises performing a curve fitting operation on the
plurality of measurements ofthe distance around the patient’s
limb.

52. The method of claim 45, further comprising:

obtaining, by the computing system, a patient activity log;

determining, by the computing system, an amount of activ-
ity based on the patient activity log;
determining, by the computing system, whether the
amount of activity is below an activity threshold; and

sending, by the computing system, a second message to the
computing device when the amount of activity is below
the activity threshold.

53. The method of claim 45, wherein the first message
comprises instructions to be executed by at least one of the
patient, the caregiver, and the support person.

54. The method of claim 53, wherein the instructions com-
prise a predefined treatment plan.

55. The method of claim 54, wherein the predefined treat-
ment plan comprises an instruction to modify a dosage of at
least one medication.
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