US 20150164437A1

a9y United States

12) Patent Application Publication (o) Pub. No.: US 2015/0164437 Al

McCombie et al. (43) Pub. Date: Jun, 18, 2015
(54) GRAPHICAL MAPPING SYSTEM FOR A61B 5/11 (2006.01)
CONTINUOUSLY MONITORING A AG61B 5/0205 (2006.01)
PATIENT’S VITAL SIGNS, MOTION, AND (52) US.CL
LOCATION CPC ..o A61B 5/746 (2013.01); A61B 5/0205
) (2013.01); A61B 5/02028 (2013.01); A61B
(71)  Applicant: SOTERA WIRELESS, INC., San 5/1114 (2013.01); A61B 5/7278 (2013.01);
Diego, CA (US) AG6IB 5/7282 (2013.01); A61B 5/0022
) . . (2013.01); A61B 5/7435 (2013.01); A61B
(72) Inventors: Devin McComble, San Dlego, CA (US), 3/749 (201301), A61B 5/681 (201301)
Marshal Singh Dhillon, San Diego, CA
(US); Matthew Banet, San Diego, CA
(US); Gunnar Trommer, Encinitas, CA 57 ABSTRACT
(US); Jim Moon, San Diego, CA (US) The invention provides a body-worn monitor that measures a
(21) Appl. No.: 14/623,444 patient’s vital signs (e.g. blood pressure, SpO2, heart rate,
T ’ respiratory rate, and temperature) while simultaneously char-
(22) Filed: Feb. 16, 2015 acterizing their activity state (e.g. resting, walking, convuls-
ing, falling). The body-worn monitor processes this informa-
Related U.S. Application Data tion to minimize corruption of the vital signs by motion-
(63) Continuation of application No. 12/469,202, filed on related artifacts. A software framework generates alarms/
) ’ alerts based on threshold values that are either preset or
May 20, 2009, now Pat. No. 8,956,293. A . . .
determined in real time. The framework additionally includes
Publication Classification aseries of ‘heuristic’ rules that take the patient’s activity state
and motion into account, and process the vital signs accord-
(51) Imt.ClL ingly. These rules, for example, indicate that a walking patient
A61B 5/00 (2006.01) is likely breathing and has a regular heart rate, even if their
A61B 5/02 (2006.01) motion-corrupted vital signs suggest otherwise.
1 Accel ter 3
Ccelerometer
14
/ 14q \ Accelerometer 2 N _
Accelerometer 1 ” 14b
24 30\E
% \ ] ECG System
cPU M
Wireless fE 40
35\ / Transmitter 28 \
\ 22 . / 16
|
/J | I 20
12 | 38 \
/—I
34"
f Pneumatic System

Optical System




US 2015/0164437 Al

Jun. 18,2015 Sheet 1 of 22

Patent Application Publication

wa)skg onpwnauy

/

0¢
]

N

wayshs 993

1] 4

\wn

Ik

~v¢

¢l

w—l/.

wa)sAs |pondp

————T——»

Jopjlwusuba)
SSOJoIM

éc

i~ 7 J19)owoI9jedy

M4SN ¢ Jejewous)eddy

Ndd

| Jo)awois|po0y
oy |

/

9¢

\_ 8

0l




US 2015/0164437 Al

Jun. 18,2015 Sheet 2 of 22

Patent Application Publication

N

23 o ™
- -2
-2 W - Q

A | <.
£

=

R

1

b

_

Resting

< = (=)

") epnydwy 903 ('quo) spnydwy 944  ('q0) spnyjdwy JJv

—



US 2015/0164437 Al

Jun. 18,2015 Sheet 3 of 22

Patent Application Publication

o

A=
=
=]
=

A.

quo) spnpdwy 993  (‘quo) epnydwy 9dd  (‘gup) epnydwy DoV

20 30 40 FIG.3

Time (s)

10



US 2015/0164437 Al

Jun. 18,2015 Sheet 4 of 22

e

éff/

40

0

N

20

10

FIG.4

-1

— X-Axis
s Y—AXiG
—-Axis

Time (s)

(‘o) spnydwy 933

Patent Application Publication

(*qu0) apnydwy 9dd

o
I

("qi0) spnyidwy 99y



Patent Application Publication  Jun. 18,2015 Sheet 5 of 22 US 2015/0164437 Al

Falling

ECG Amplitude (arb.)

PPG Amplitude (arb.)

ACC Amplitude (arb.)

Time (s) FIG.5



US 2015/0164437 Al

Jun. 18,2015 Sheet 6 of 22

Patent Application Publication

Falling

ﬂ/WW/.% -
-
SN

[
[=]
~—

(o

Convulsing

/_,70

° o + N
Qo O o o O

D) spnydwy pazi|pulioy

I
60 80
Frequency (Hz)

40

I
<
—

(*q4p) epnyidwy pazijpULION

I T T I
Q0 v - N <
S o o o o

100

Resting

Frequency (Hz)

100

80

Frequency (Hz)

[ I
o «
— <

(*qup) epnydwy pazipuwlioN

FIG.6



Patent Application Publication  Jun. 18,2015 Sheet 7 of 22 US 2015/0164437 Al

falling

Normalized Amplitude (arb.)

convulsing

0 5 10 15 20
Frequency (Hz)

FIG.7



US 2015/0164437 Al

Jun. 18,2015 Sheet 8 of 22

Patent Application Publication

Ha|p/uupjp joseusb jou op

N

v0l (1 #(qo1) ouopso popp
Juupjp buyjoy opsundy asn

,J

£ol

¢buioy

usnod

uorjow

subis |pyiA

8'DId

G8

buisinauoo onsunay  esn

(a1 aiqo)) pusjuo ys|p/uLip

\

101

(1 ajqp)) puequo pap
Juupjp Bupjom onsunay asn

\.\

66

(Z @1gpL) puslud HajD

¢ buisinauod

¢bunsal

juenod

uorjow

subis |pyA

uorjow

subis |pyA

wm\ JULID|D pjoysaly} [puLou 8sn juanod uonow
06 16 ¥6 subls oy £6
Z ~ 6 ’
SLULIOJsADM 0V JO | uopow jo saibep (dW3L ‘Zods ¥4 “¥H

SIOJOWIOIA[R00D ¢ M
SULIOJADM 7))y Inspauwl

ssnJadosd |piodwsy
JRousnbayy szdjpup

pup ‘aimysod ‘o9

Koo juonpd suwLd)ep

‘dg) subis |pyA
aInspdwl Ajsnonunuod




Patent Application Publication  Jun. 18,2015 Sheet 9 of 22 US 2015/0164437 Al
1050 105b 105¢ 105d
S p S N\
0|2 0
ﬁ [é i = r =} S 08
S S 7 5
105e 105f 1059 105h



US 2015/0164437 Al

Jun. 18,2015 Sheet 10 of 22

Patent Application Publication

80|~

vOlL '9OId

(Frow N -
SULEY ON G
(08
9001 26 |€z |0zt |22 i
4 dNEL %2095 Jlds () Jldamna  / JlaH & # Joyuop
\ ) \_3¥3H IWVN NVIDINID TIH STOOHNUN  TITHINVN INZLVA 414 Pom ‘it Ul J
r ™\ s N {BHww ) 'S A
SULE]Y ON Q l SULEY ON Q Aomv I
o< : 08
8001 [z6 0t 2L s | 18°001 |26 €2 |02t eL i
S, dWaL %zods Jl S ﬁ \_#1cquow L dnaL %zods Jlds () Jldama  / J{aH | #onuon
\_FH3H IWVN NVIDINITD TUFH STOD ANHN  THIFH IWVNINILVD 4% PoB ‘it Wl ) | _THTH IWVN NVIDINITO STH STODHNHW  TdTH INVN INTIV 44 PO ekl Wl J
r ) s N (BHwuw ™) s =
SUUBY ON Q l SULE|Y ON Q Aomv %% I
<108
8'001|[z6 a | [go01 26 % ez |0zt |22 o s
EXCLET %z0ds J| ds3y ﬁ \_#10uop | dedWaL %zods Jldsm () Jldamne /JlaH & # Joyuopy
\_T43H IWVN NVIOINTD IHSTOO #NUW  THIHIWYNINALYD s peg et wy ) | THTH JWVN NVIDINITO TIH STIODHNYW  TUTHINVN INTIVA  # PoR ‘e W J
" (B s ™ (Bru "y .
SUUEY ON Q ) AOOMV I suuey ON Q AOOMV I
0c? ﬂ | [g001)fzs ez |0zt [z N
EX: LET %20ds Jl dsi () dH 6 | #Joyuop | 4 3L %zods Jldsm () Jldanva / JlaH D | #omon )
\_Ft3H IWVN NVIOINND RFHSIOO#NUW  IFHIWYNLINALYD 44 pod g wy ) | TUTH JWYN NVIDINITO TUIH STOOHNYN  TITHINVNINILVD 4 POB ‘#e# W J

SSITIIM g5z gz Aenuer “Aepsen)
Wd ¥EZ}

JOVidL

aleH sweN juswuedsq
lendsoH s1aymasid 1S

901



Patent Application Publication  Jun. 18,2015 Sheet 11 0f22  US 2015/0164437 A1

O © 9~ o ™M =+ N © M~ oW
g%O‘—‘—‘—‘—‘—'—‘—i—‘—
wf == = = - -
qdg
~ | OOOUUU|gouod
- ‘
i
TN
2 O'O00UUooo0s
pend
; ’7
k|
/ 7
g
= =]
=
~
()
-
©
' =
s
wn
£ = 3= o8]
5 < @)
g Qﬂﬂ/q:a —
=dEE .
; =N\ G
2 — LL
N o
s
—— ~
™|~
o~
2
5| |2
2| | e
2l lells| |8
Ille(B] |&
el |53 2
g | |L[2 2
2| (28] |5
O wt o
o8| | 3| 3 g
SE( SIS | =
ha S| |5

107
\J



Patent Application Publication  Jun. 18,2015 Sheet 12 0f22  US 2015/0164437 A1

ol |7 m

Hospital Logo
125 | 12:00GMT

—_—————— e —————

=S

- Tuesday
January 28th ‘- _
@ { J {UNLOCK}
FIG.1TTA
o |Y PATIENT 12345

(1mV

HMLJ\NJ\/

/ cNIBP () RESP  SpO2%]|
/
% 69 1 20 12 97|
PATIENT @ TEMP °F
VIEW
| VEW mmHg 102.8

FIG.11B



Patent Application Publication  Jun. 18,2015 Sheet 130f22  US 2015/0164437 A1

FIG.12



Patent Application Publication  Jun. 18,2015 Sheet 14 0f22  US 2015/0164437 A1

FIG.13



Patent Application Publication  Jun. 18,2015 Sheet 150f22  US 2015/0164437 A1

0.265 r0
m I —4
0.255 -
B
e 162 -8 2
= 0.245 ]
e x
o // -=12 =
8
L
0.235 J
P — PTT (milliseconds) | -16
160 — Elbow Height (cm)
0.225 T T T T T T T T -20
0 20 40 60 80 100 120 140 160 180
Time (arb.)

FIG.14



Patent Application Publication  Jun. 18,2015 Sheet 16 0f22  US 2015/0164437 A1

143

FIG.15



Patent Application Publication  Jun. 18,2015 Sheet 170f22  US 2015/0164437 A1

=X




Patent Application Publication

—_
]

Jun. 18,2015 Sheet18 0f22  US 2015/0164437 Al

= 05 -
£ \”\/—’*\P/\/N
E
£ 0 o
e U b
: i
o -0.5 | — x—axis
2 — y—axis
150/1_ — z-0xis
- T I T T T T T 1
0 20 40 60 80 100 120 140 160
Time (s) FIG.17A
lying on
1514 | [0 = stond left side
10 - standing ; —
|1 - lying on back rgl,)'t? s‘;ge
& 3|2 - lyng on chest
2 3 - lying on right side
o 2|4 — lying on left side .
14 lying on lying on
e 1- back chest
standing
0 T T T I I I I 1
0 20 40 60 80 100 120 140 160
Tine (5 FIG.17B



US 2015/0164437 Al

Jun. 18,2015 Sheet 19 of 22

Patent Application Publication

{10f
aI)S

0 = 9)0)§
as/7

[ = 8j0)s

Bg < d #

8L°Old

A

!
Q
A

(0°1}

[Mx=txtx ] =2

QWX Tx X 4]



Patent Application Publication  Jun. 18,2015 Sheet200f22  US 2015/0164437 A1

1 1 — o
08 { 192
o ' 190
o 06 -
E
o 0.4 -
=
0.2+ -—= Upper Arm
—— Lower Arm Walking
0% | | | | |
0 0.2 0.4 0.6 0.8 1
False Positive Rate
FIG.19A
"7 196
0.8 1
o 194
2
g 0.6 ]
g
o 04 -
=
0.2+ -= Upper Am
—— Lower Arm Resting

o
44—

| |
0.2 0.4 0.6 0.8 1
False Positive Rate

FIG.19B

o



US 2015/0164437 Al

Jun. 18,2015 Sheet 21 of 22

Patent Application Publication

d0c¢ Dl

?8358 65 ‘Sdnoy g Sululews.)
JUDWIBINSEIN dGIND 404 uoeangyjuo)

vOcC'Old

(spuodas 09. 154Y)
JUsaWainNsSeaip mC_xw_uC_ 10} Co_um.:gm_..—r_ou



Patent Application Publication  Jun. 18,2015 Sheet 22 0f22  US 2015/0164437 A1

273 204c  204b

204a

202

200




US 2015/0164437 Al

GRAPHICAL MAPPING SYSTEM FOR
CONTINUOUSLY MONITORING A
PATIENT’S VITAL SIGNS, MOTION, AND
LOCATION

CROSS REFERENCES TO RELATED
APPLICATION

[0001] This application is a continuation of U.S. patent
application Ser. No. 12/469,202, filed May 20, 2009, now
U.S. Pat. No. 8,956,293, issued Feb. 17, 2015, which is
hereby incorporated in its entirety including all tables, fig-
ures, and claims

BACKGROUND OF THE INVENTION

[0002] 1. Field of the Invention

[0003] The present invention relates to medical devices for
monitoring vital signs, e.g., arterial blood pressure.

[0004] 2. Description of the Related Art

[0005] False alarms generated by conventional vital sign
monitors can represent up to 90% of all alarms in critical and
peri-operative care, and are therefore a source of concern. A
variety of factors cause false alarms, one of which is motion-
related artifacts. Ultimately false alarms can have a severe
impact on the safety of hospitalized patients: they can desen-
sitize medical professionals toward ‘true positive’ alarms,
lead them to set dangerously wide alarm thresholds, or even
drive them to completely disable alarms. This can have a
particularly profound impact in lower-acuity areas of the
hospital, i.e. areas outside the intensive care unit (ICU), emer-
gency department (ED), or operating room (OR), where the
ratio of medical professionals to patients can be relatively
low. In these areas a single medical professional (e.g. a nurse)
often has to care for a large number of patients, and necessar-
ily relies on automated alarms operating on vital sign moni-
tors to effectively monitor their patients.

[0006] Studies in critical care environments indicate that
the majority of false positive alarms are simple ‘threshold
alarms’, meaning they are generated when a patient’s vital
sign exceeds a predetermined threshold. Patient motion can
result in a vital sign having an erroneous high or low value,
which in turn can trigger the false alarm. In most cases, these
alarms lack any real clinical meaning, and go away after about
20 seconds when they are not acknowledged. Alarms can also
be artificially induced when a patient is moved or manipu-
lated, or if there is an actual problem with the vital sign
monitor. False alarms due to motion-related artifacts are par-
ticularly very high when measured from ambulatory patients.
[0007] Blood pressure is a vital sign that is particularly
susceptible to false alarms. In critical care environments like
the ICU and OR, blood pressure can be continuously moni-
tored with an arterial catheter inserted in the patient’s radial or
femoral artery. Alternatively, blood pressure can be measured
intermittently using a pressured cuff and a technique called
oscillometry. A vital sign monitor performs both the catheter
and cuff-based measurements of blood pressure. Alterna-
tively, blood pressure can be monitored continuously with a
technique called pulse transit time (PTT), defined as the tran-
sit time for a pressure pulse launched by a heartbeat in a
patient’s arterial system. PTT has been shown in a number of
studies to correlate to systolic (SYS), diastolic (DIA), and
mean (MAP) blood pressures. In these studies, PTT is typi-
cally measured with a conventional vital signs monitor that
includes separate modules to determine both an electrocar-
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diogram (ECG) and pulse oximetry (SpO2). During a PTT
measurement, multiple electrodes typically attach to a
patient’s chest to determine a time-dependent ECG compo-
nent characterized by a sharp spike called the ‘QRS com-
plex’. The QRS complex indicates an initial depolarization of
ventricles within the heart and, informally, marks the begin-
ning of the heartbeat and a pressure pulse that follows. SpO2
is typically measured with a bandage or clothespin-shaped
sensor that attaches to a patient’s finger, and includes optical
systems operating in both the red and infrared spectral
regions. A photodetector measures radiation emitted from the
optical systems that transmits through the patient’s finger.
Otherbody sites, e.g., the ear, forehead, and nose, can also be
used in place of the finger. During a measurement, a micro-
processor analyses both red and infrared radiation detected by
the photodetector to determine the patient’s blood oxygen
saturation level and a time-dependent waveform called a pho-
toplethysmograph (‘PPG’). Time-dependent features of the
PPG indicate both pulse rate and a volumetric absorbance
change in an underlying artery caused by the propagating
pressure pulse.

[0008] Typical PTT measurements determine the time
separating a maximum point on the QRS complex (indicating
the peak of ventricular depolarization) and a foot of the opti-
cal waveform (indicating the beginning the pressure pulse).
PTT depends primarily on arterial compliance, the propaga-
tion distance of the pressure pulse (which is closely approxi-
mated by the patient’s arm length), and blood pressure. To
account for patient-dependent properties, such as arterial
compliance, PTT-based measurements of blood pressure are
typically calibrated’using a conventional blood pressure cuff
and oscillometry. Typically during the calibration process the
blood pressure cuffis applied to the patient, used to make one
or more blood pressure measurements, and then left on the
patient. Going forward, the calibration blood pressure mea-
surements are used, along with a change in PTT, to continu-
ously measure the patient’s blood pressure (defined herein as
‘cNIBP). PTT typically relates inversely to blood pressure,
i.e.,adecrease in PTT indicates an increase in blood pressure.
[0009] A number of issued U.S. patents describe the rela-
tionship between PTT and blood pressure. For example, U.S.
Pat. Nos. 5,316,008; 5,857,975, 5,865,755; and 5,649,543
each describe an apparatus that includes conventional sensors
that measure an ECG and PPG, which are then processed to
determine PTT. U.S. Pat. No. 5,964,701 describes a finger-
ring sensor that includes an optical system for detecting a
PPG, and an accelerometer for detecting motion.

SUMMARY OF THE INVENTION

[0010] To improve the safety of hospitalized patients, par-
ticularly those in lower-acuity areas, it is desirable to have a
vital sign monitor operating algorithms featuring: 1) a low
percentage of false positive alarms/alerts; and 2) a high per-
centage of true positive alarms/alerts. The term ‘alarm/alert’,
as used herein, refers to an audio and/or visual alarm gener-
ated directly by a monitor worn on the patient’s body, or
alternatively a remote monitor (e.g., a central nursing station).
To accomplish this, the invention provides a body-worn
monitor that measures a patient’s vital signs (e.g. SYS, DIA,
Sp02, heart rate, respiratory rate, and temperature) while
simultaneously characterizing their activity state (e.g. rest-
ing, walking, convulsing, falling). The body-worn monitor
processes this information to minimize corruption of the vital
signs by motion-related artifacts. A software framework gen-
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erates alarms/alerts based on threshold values that are either
preset or determined in real time. The framework additionally
includes a series of ‘heuristic’ rules that take the patient’s
activity state and motion into account, and process the vital
signs accordingly. These rules, for example, indicate that a
walking patient is likely breathing and has a regular heart rate,
even if their motion-corrupted vital signs suggest otherwise.

[0011] The body-worn monitor features a series of sensors
that measure time-dependent PPG, ECG, motion (ACC), and
pressure waveforms to continuously monitor a patient’s vital
signs, degree of motion, posture and activity level. Blood
pressure, a vital sign that is particularly useful for character-
izing a patient’s condition, is typically calculated from a PTT
value determined from the PPG and ECG waveforms. Once
determined, blood pressure and other vital signs can be fur-
ther processed, typically with a server within a hospital, to
alert a medical professional if the patient begins to decom-
pensate.

[0012] In other embodiments, PTT can be calculated from
time-dependent waveforms other than the ECG and PPG, and
then processed to determine blood pressure. In general, PTT
can be calculated by measuring a temporal separation
between features in two or more time-dependent waveforms
measured from the human body. For example, PTT can be
calculated from two separate PPGs measured by different
optical sensors disposed on the patient’s fingers, wrist, arm,
chest, or virtually any other location where an optical signal
can be measured using a transmission or reflection-mode
optical configuration. In other embodiments, PTT can be
calculated using at least one time-dependent waveform mea-
sured with an acoustic sensor, typically disposed on the
patient’s chest. Or it can be calculated using at least one
time-dependent waveform measured using a pressure sensor,
typically disposed on the patient’s bicep, wrist, or finger. The
pressure sensor can include, for example, a pressure trans-
ducer, piezoelectric sensor, actuator, polymer material, or
inflatable cuff.

[0013] In one aspect, the invention provides a system for
processing at least one vital sign from a patient along with a
motion parameter and, in response, generating an alarm. The
system features two sensors to measure the vital sign, each
with a detector configured to detect a time-dependent physi-
ological waveform indicative of one or more contractile prop-
erties of the patient’s heart. The contractile property, for
example, can be a beat, expansion, contraction, or any time-
dependent variation of the heart that launches both electrical
signals and a bolus of blood. The physiological waveform, for
example, can be an ECG waveform measured from any vector
on the patient, a PPG waveform, an acoustic waveform mea-
sured with a microphone, or a pressure waveform measured
with a transducer. In general, these waveforms can be mea-
sured from any location on the patient. The system includes at
least two motion-detecting sensors (e.g. analog or digital
accelerometers) positioned on locations selected from a fore-
arm, upper arm, and a body location other than the forearm or
upper arm of the patient. Here, ‘forearm’ means any portion
of the arm below the elbow, e.g. the forearm, wrist, hand, and
fingers. “‘Upper arm’ means any portion of the arm above and
including the elbow, e.g. the bicep, shoulder, and armpit. Each
of the motion-detecting sensors generate at least one motion
waveform, and typically a set of three motion waveforms
(each corresponding to a different axis), indicative of motion
of the location on the patient’s body to which it is affixed.
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[0014] A processing component (e.g., an algorithm or any
computation function operating on a microprocessor or simi-
lar logic device in the wrist-worn transceiver) receives and
processes the time-dependent physiological and motion
waveforms. The processing component performs the follow-
ing steps: (i) calculates at least one vital sign (e.g., SYS, DIA,
SpO2, heart rate, and respiratory rate) from the first and
second time-dependent physiological waveforms; and (ii)
calculates at least one motion parameter (e.g. posture, activity
state, arm height, and degree of motion) from the motion
waveforms. A second processing component, which can be
another algorithm or computational function operating on the
microprocessor, receives the vital sign and motion parameter
and determines: (i) a first alarm condition, calculated by
comparing the vital sign to an alarm threshold; (ii) a second
alarm condition, calculated from the motion parameter; and
(iii) an alarm rule, determined by collectively processing the
first and second alarm conditions with an alarm algorithm.
The alarm rule indicates, e.g., whether or not the system
generates an alarm.

[0015] Inembodiments, the motion parameter corresponds
to one of the following activities or postures: resting, moving,
sitting, standing, walking, running, falling, lying down, and
convulsing. Typically the alarm rule automatically generates
the alarm if the motion parameter is one of falling or convuls-
ing, as these activities typically require immediate medical
attention. If the motion parameter corresponds to walking or
most ambulatory motions, then the alarm rule does not nec-
essarily generate an alarm for vital signs such as heart rate,
respiratory rate, and SpO2. Here, the patient is assumed to be
in arelatively safe state since they are walking. However, even
while the patient is in this activity state, the alarm rule can still
generate an alarm if the heart rate exceeds an alarm threshold
that is increased relative to its initial value. If the motion
parameter corresponds to standing, and the vital sign is blood
pressure, then the alarm rule can generate the alarm if the
blood pressure exceeds an alarm threshold that is decreased
relative to its initial value. This is because it is relatively
normal for a patient’s blood pressure to safely drop as the
move from a sitting or lying posture to a standing posture.

[0016] In embodiments, the vital sign is blood pressure
determined from atime difference (e.g. a PTT value) between
features in the ECG and PPG waveforms, or alternatively
using features between any combination of time-dependent
ECG, PPG, acoustic, or pressure waveforms. This includes,
for example, two PPG waveforms measured from different
locations on the patient’s body. The motion parameter can be
calculated by processing either a time or frequency-depen-
dent component from at least one motion waveform. For
example, the processing component can determine that the
patient is walking, convulsing, or falling by: 1) calculating a
frequency-dependent motion waveform (e.g. a power spec-
trum of a time-dependent motion waveform); and ii) analyz-
ing a band of frequency components from the frequency-
dependent waveform. A band of frequency components
between 0-3 Hz typically indicates that the patient is walking,
while a similar band between 0-10 Hz typically indicates that
the patient is convulsing. Finally, a higher-frequency band
between 0-15 Hz typically indicates thata patient is falling. In
this last case, the time-dependent motion waveform typically
includes a signature (e.g. a rapid change in value) that can be
further processed to indicate falling. Typically this change
represents at least a 50% change in the motion waveform’s
value within a time period of less than 2 seconds. In other
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embodiments, the first processing component determines the
motion parameter by comparing a parameter determined
from the motion waveform (e.g., from a time or frequency-
dependent parameter of the waveform) to a pre-determined
ROC threshold value associated with a pre-determined ROC
curve.

[0017] In embodiments, both the first and second process-
ing components are algorithms or computational functions
operating on one or more microprocessors. Typically the
processing components are algorithms operating on a com-
mon microprocessor worn on the patient’s body. Alterna-
tively, the first processing component is an algorithm operat-
ing on a processor worn on the patient’s body, and the second
processing component is an algorithm operating on a remote
computer (located, e.g., at a central nursing station).

[0018] In another aspect, the invention provides a method
for continuously monitoring a patient featuring the following
steps: (i) detecting first and second time-dependent physi-
ological waveforms indicative of one or more contractile
properties of the patient’s heart with first and second body-
worn sensors; (i1) detecting sets of time-dependent motion
waveforms with at least two body-worn, motion-detecting
sensors; (iii) processing the first and second time-dependent
physiological waveforms to determine at least one vital sign
from the patient; (iv) analyzing a portion of the sets of time-
dependent motion waveforms with a motion-determining
algorithm to determine the patient’s activity state (e.g. rest-
ing, moving, sitting, standing, walking, running, falling, lying
down, and convulsing); and (v) generating an alarm by pro-
cessing the patient’s activity state and comparing the vital
sign to a predetermined alarm criteria corresponding to this
state.

[0019] In embodiments, the analyzing step features calcu-
lating a mathematical transform (e.g. a Fourier Transform) of
at least one time-dependent motion waveform to determine a
frequency-dependent motion waveform (e.g. a power spec-
trum), and then analyzing frequency bands in this waveform
to determine if the patient is walking, convulsing, or falling.
This step can also include calculating a time-dependent
change or variation in the time-dependent waveforms, e.g. a
standard deviation, mathematical derivative, or a related sta-
tistical parameter. In other embodiments, the analyzing step
includes determining the motion parameter by comparing a
time-dependent motion waveform to a mathematical function
using, e.g., a numerical fitting algorithm such as a linear least
squares or Marquardt-Levenberg non-linear fitting algorithm.
[0020] The analyzing step can include calculating a logit
variable' from at least one time-dependent motion waveform,
or a waveform calculated therefrom, and comparing the logit
variable to a predetermined ROC curve to determine the
patient’s activity state. For example, the logit variable can be
calculated from at least one time or frequency-dependent
motion waveform, or a waveform calculated therefrom, and
then compared to different ROC curves corresponding to
various activity and posture states.

[0021] In another aspect, the invention provides a system
for continuously monitoring a group of patients, wherein each
patient in the group wears a body-worn monitor similar to
those described herein. Additionally, each body-worn moni-
tor is augmented with a location sensor. The location sensor
includes a wireless component and a location processing
component that receives a signal from the wireless compo-
nent and processes it to determine a physical location of the
patient. A processing component (similar to that described
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above) determines from the time-dependent waveforms at
least one vital sign. one motion parameter, and an alarm
parameter calculated from the combination of this informa-
tion. A wireless transceiver transmits the vital sign, motion
parameter, location of the patient, and alarm parameter
through a wireless system. A remote computer system featur-
ing a display and an interface to the wireless system receives
the information and displays it on a user interface for each
patient in the group.

[0022] In embodiments, the user interface is a graphical
user interface featuring a field that displays a map corre-
sponding to an area with multiple sections. Each section
corresponds to the location of the patient and includes, e.g,,
the patient’s vital signs, motion parameter, and alarm param-
eter. For example, the field can display a map corresponding
to an area of a hospital (e.g. a hospital bay or emergency
room), with each section corresponding to a specific bed,
chair, or general location in the area. Typically the display
renders graphical icons corresponding to the motion and
alarm parameters for each patient in the group. In other
embodiments, the body-worn monitor includes a graphical
display that renders these parameters directly on the patient.
[0023] Typically the location sensor and the wireless trans-
ceiver operate on a common wireless system, e.g. a wireless
system based on 802.11, 802.15.4, or cellular protocols. In
this case a location is determined by processing the wireless
signal with one or more algorithms known in the art. These
include, for example, triangulating signals received from at
least three different base stations, or simply estimating a
location based on signal strength and proximity to a particular
base station. In still other embodiments the location sensor
includes a conventional global positioning system (GPS).
[0024] The body-worn monitor can include a first voice
interface, and the remote computer can include a second voice
interface that integrates with the first voice interface. The
location sensor, wireless transceiver, and first and second
voice interfaces can all operate on a common wireless system,
such as one of the above-described systems based on 802.11
or cellular protocols. The remote computer, for example, can
be a monitor that is essentially identical to the monitor worn
by the patient, and can be carried or worn by a medical
professional. In this case the monitor associate with the medi-
cal professional features a display wherein the user can select
to display information (e.g. vital signs, location, and alarms)
corresponding to a particular patient. This monitor can also
include a voice interface so the medical professional can
communicate with the patient.

[0025] In another aspect, the invention provides a body-
worn monitor featuring optical sensor that measures two
time-dependent optical waveforms (e.g. PPG waveforms)
from the patient’s body, and an electrical sensor featuring at
least two electrodes and an electrical circuit that collectively
measure a first time-dependent electrical waveform (e.g., an
ECG waveform) indicating the patient’s heart rate, and a
second time-dependent electrical waveform (e.g. a waveform
detected with impedance pneumography) indicating the
patient’s respiratory rate. The monitor includes at least two
motion-detecting sensors positioned on two separate loca-
tions on the patient’s body. A processing component, similar
to that described above, determines: (i) a time difference
between features in one of the time-dependent optical and
electrical waveforms; (ii) a blood pressure value calculated
from the time difference; iii) an SpO2 value calculated from
both the first and second optical waveforms; (iii) a heart rate
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calculated from one of the time-dependent electrical wave-
forms; (iv) a respiratory rate calculated from the second time-
dependent electrical waveform; (v) at least one motion
parameter calculated from at least one motion waveform; and
(vi) an alarm parameter calculated from at least one of the
blood pressure value, SpO2 value, heart rate, respiratory rate,
and the motion parameter.

[0026] Inembodiments, the processing component renders
numerical values corresponding to the blood pressure value,
SpO2 value, heart rate, and respiratory rate on a graphical
display. These parameters, however, are not rendered when
the motion parameter corresponds to a moving patient (e.g. a
walking patient). Using the motion waveforms, the monitor
can detect when the patient is lying down, and from the
electrical waveforms if their respiratory rate has ceased for an
extended period of time (e.g. atleast 20 seconds). In this case,
for example, the processing component can generate an alarm
parameter corresponding to apnea. The time-dependent elec-
trical waveforms can be further processed to determine heart
rate along with an additional parameter, such as VFIB, VTAC,
and ASY, defined in detail below. Similarly, the processing
component can analyze the time-dependent optical wave-
forms to determine a pulse rate, and can determine a pulse
pressure from a difference between diastolic and systolic
blood pressures. It determines a ‘significant pulse rate’ if the
pulse rate is greater than 30 beats per minute, and the pulse
pressure is greater than 10 mmHg. The monitor then gener-
ates an alarm parameter corresponding to one of VFIB,
VTAC, and ASY if these parameters are determined from the
patient and a significant pulse rate is not present.

[0027] In other embodiments, the processing component
can process at least one motion waveform to determine a
number of times the patient moves from lying in a first posi-
tion to lying in a different position, and generate an alarm
parameter if the number is less than a threshold value (e.g.
once per four hours). Such an alarm indicates, for example, a
‘bed sore index’, i.e. an index that indicates when the patient
may develop lesions due to inactivity. The monitor can also
include a temperature sensor, configured, e.g., to attach to a
portion of the patient’s chest.

[0028] In another aspect, the invention provides a body-
worn monitor described above for monitoring a patient’s vital
signs using time-dependent ECG and PPG waveforms. The
processing component determines at least one motion param-
eter measured by a motion-detecting sensor (e.g. an acceler-
ometer) representing the patient’s posture, activity state, and
degree of motion. The motion parameter is calculated by
comparing a component determined from a time or fre-
quency-dependent waveform or a ROC curve to a predeter-
mined threshold value. An alarm is generated by collectively
processing a vital sign and the motion parameter with an
alarm algorithm. The monitor can include a graphical display,
worn on the patient’s body, which renders numerical values
indicating the patient’s vital signs, and iconic images indicat-
ing both the motion parameter and the alarm. The graphical
display typically includes a first user interface for a patient,
and a second user interface for a medical professional that is
rendered after the processing unit processes an identifier (e.g.
a barcode or radio frequency identification, or RFID) corre-
sponding to the medical professional. The body-worn moni-
tor can also include a wireless transceiver that transmits the
vital sign, motion parameter, and alarm to a remote computer
which further includes a graphical display for rendering this
information.
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[0029] 1In another aspect, the invention provides a method
for generating an alarm while monitoring vital signs and
posture of a patient. A monitor, similar to that described
above, measures vital signs from time-dependent waveforms
(e.g. any combination of optical, electrical, acoustic, or pres-
sure waveforms) and a patient’s posture with at least one
motion-detecting sensor positioned on the patient’s torso
(e.g., an accelerometer positioned on the patient’s chest). The
processing component analyzes at least a portion of a set of
time-dependent motion waveforms generated by the motion-
detecting sensor to determine a vector corresponding to
motion of the patient’s torso. It then compares the vector to a
coordinate space representative of how the motion-detecting
sensoris oriented on the patient to determine a posture param-
eter, which it then processes along with the vital sign to
generate an alarm. The alarm, for example, is indicated by a
variance of the vital sign relative to a predetermined alarm
criterion, and is regulated according to the patient’s posture.

[0030] Inembodiments, the method generates the alarm in
response to a change in the patient’s posture, e.g. if the patient
is standing up, or if their posture changes from lying down to
either sitting or standing up, or from standing up to either
sitting or lying down.

[0031] To determine the vector the method includes an
algorithm or computation function that analyzes three time-
dependent motion waveforms, each corresponding to a
unique axis of the motion-detecting sensor. The motion wave-
forms can yield three positional vectors that define a coordi-
nate space. In a preferred embodiment, for example, the first
positional vector corresponds to a vertical axis, a second
positional vector corresponds to a horizontal axis, and the
third positional vector corresponds to a normal axis extending
normal from the patient’s chest. Typically the posture param-
eter is an angle, e.g. an angle between the vector and at least
one of the three positional vectors. For example, the angle can
be between the vector and a vector corresponding to a vertical
axis. The patient’s posture is estimated to be upright if the
angle is less than a threshold value that is substantially
equivalent to 45 degrees (e.g., 45 degrees+/-10 degrees);
otherwise, the patient’s posture is estimated to be lying down.
If the patient is lying down, the method can analyze the angle
between the vector and a vector corresponding to a normal
axis extending normal from the patient’s chest. In this case,
the patient’s posture is estimated to be supine if the angle is
less than a threshold value substantially equivalent to 35
degrees (e.g., 35 degrees+/-10 degrees), and prone if the
angle is greater than a threshold value substantially equiva-
lent to 135 degrees (e.g., 135 degrees+/-10 degrees). Finally,
if the patient is lying down, the method can analyze the angle
between the vector and a vector corresponding to a horizontal
axis. In this case, the patient is estimated to be lying on a first
side if the angle is less than a threshold value substantially
equivalent to 90 degrees (e.g., 90 degrees+/-10 degrees), and
lying on an opposing side if the angle is greater than a thresh-
old value substantially equivalent to 90 degrees (e.g., 90
degrees+/-10 degrees).

[0032] Blood pressureis determined continuously and non-
invasively using a technique, based on PTT, which does not
require any source for external calibration. This technique,
referred to herein as the ‘composite technique’, operates on
the body-worn monitor and wirelessly transmits information
describing blood pressure and other vital signs to the remote
monitor. The composite technique is described in detail in the
co-pending patent application entitled: VITAL SIGN M FOR
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MEASURING BLOOD PRESSURE USING OPTICAL,
ELECTRICAL. AND PRESSURE WAVEFORMS (U S. Ser.
No. 12/138,194; filed Jun. 12, 2008), the contents of which
are fully incorporated herein by reference.

[0033] Still other embodiments are found in the following
detailed description of the invention, and in the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0034] FIG. 1 shows a schematic drawing of a body-worn
monitor featuring three accelerometers for detecting motion,
along with ECG, optical, and pneumatic systems for measur-
ing vital signs;

[0035] FIG. 2 shows a graph of time-dependent waveforms
(ECG, PPG, and ACC) generated from a resting patient by,
respectively, the ECG system, the optical system, and the
accelerometer system of FIG. 1;

[0036] FIG. 3 shows a graph of time-dependent waveforms
(ECG, PPG, and ACC) generated from a walking patient by,
respectively, the ECG system, the optical system, and the
accelerometer system of FIG. 1;

[0037] FIG. 4 shows a graph of time-dependent waveforms
(ECG, PPG, and ACC) generated from a convulsing patient
by, respectively, the ECG system, the optical system, and the
accelerometer system of FIG. 1;

[0038] FIG. 5 shows a graph of time-dependent waveforms
(ECG, PPG, and ACC) generated from a falling patient by,
respectively, the ECG system, the optical system, and the
accelerometer system of FIG. 1;

[0039] FIG. 6 shows graphs of frequency-dependent power
spectra generated from the time-dependent ACC waveforms
of FIGS. 2-5;

[0040] FIG.7shows agraphofthe first 20 Hz of three of the
frequency-dependent power spectra of FIG. 6;

[0041] FIG. 8 shows a flow chart describing an algorithm
used to generate alarms/alerts using the body-worn monitor
of FIG. 1;

[0042] FIG. 9 shows a series of icons used to indicate dif-
ferent types of patient motion in graphical user interfaces
(GUI) rendered on the body-worn monitor and remote moni-
tor;

[0043] FIGS. 10A and 10B show, respectively, patient and
map views used in the GUI rendered on the remote monitor;
[0044] FIGS. 11A and 11B show, respectively, patient and
medical professional views used in the GUI rendered on the
body-worn monitor;

[0045] FIG. 12 shows a schematic drawing of a coordinate
system used to calibrate accelerometers used in the body-
worn monitor of FIG. 1;

[0046] FIG. 13 shows a schematic drawing of three accel-
erometers attached to a patient’s arm and connected to the
body-worn monitor of FIG. 1;

[0047] FIG. 14 is a graph of time-dependent waveforms
indicating a patient’s elbow height and corresponding PTT;
[0048] FIG. 15 shows a schematic drawing of a coordinate
system representing an accelerometer coordinate space
superimposed on a patient’s torso;

[0049] FIG. 16 shows the accelerometer coordinate space
of FIG. 15 and a vector representing the direction and mag-
nitude of gravity, along with angles separating the vector from
each axis of the coordinate system;

[0050] FIG. 17A is a graph showing time-dependent
motion waveforms corresponding to different posture states
and measured with an accelerometer positioned on a patient’s
chest;
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[0051] FIG. 17B is a graph showing posture states calcu-
lated using the time-dependent motion waveforms of FIG.
17A and a mathematical model for determining a patient’s
posture;

[0052] FIG. 18 is a schematic drawing of'a calculation used
to determine a type of activity exhibited by a patient;

[0053] FIGS. 19A and 19B are receiver operating charac-
teristic (ROC) curves characterizing, respectively, a patient
that is walking and resting;

[0054] FIGS. 20A and 20B show images of the body-worn
monitor of FIG. 1 attached to a patient with and without,
respectively, a cuff-based pneumatic system used for a cali-
brating indexing measurement; and

[0055] FIG. 21 shows an image of the wrist-worn trans-
ceiver featured in the body-worn monitor of FIGS. 20A and
20B.

DETAILED DESCRIPTION OF THE INVENTION

[0056] System Overview

[0057] FIG. 1 shows a schematic drawing of a body-worn
monitor 10 according to the invention featuring a wrist-worn
transceiver 12 that continuously determines vital signs (e.g.
SYS, DIA, SpO2, heart rate, respiratory rate, and tempera-
ture) and motion (e.g. posture, arm height, activity level, and
degree of motion) for, e.g., an ambulatory patient in a hospi-
tal. The monitor 10 is coupled to a software framework for
determining alarms/alerts that processes both the motion and
vital sign information with algorithms that reduce the occur-
rence of false alarms in, e.g., a hospital. The transceiver 12
connects to three separate accelerometers 14a, 145, 14¢ dis-
tributed along a patient’s arm and torso and connected to a
single cable. Each of these sensors measures three unique
ACC waveforms, each corresponding to a separate axis (X, v,
or z), which are digitized internally and sent to a computer
processing unit (CPU) 22 within the transceiver 12 for pro-
cessing. The transceiver 12 also connects to an ECG system
16 that measures an ECG waveform, an optical system 18 that
measures a PPG waveform, and a pneumatic system 20 for
making cuff-based ‘indexing’ blood pressure measurements
according to the composite technique. Collectively, these sys-
tems 14a-c, 16,18, and 20 continuously measure the patient’s
vital signs and motion, and supply information to the software
framework that calculates alarms/alerts.

[0058] The ECG 16 and pneumatic 20 systems are stand-
alone systems that include a separate microprocessor and
analog-to-digital converter. During a measurement, they con-
nect to the transceiver 12 through connectors 28, 30 and
supply digital inputs using a communication protocol that
runs on a controller-area network (CAN) bus. The CAN bus is
a serial interface, typically used in the automotive industry,
which allows different electronic systems to effectively com-
municate with each other, even in the presence of electrically
noisy environments. A third connector 32 also supports the
CAN bus and is used for ancillary medical devices (e.g. a
glucometer) that is either worn by the patient or present in
their hospital room.

[0059] The optical system 18 features an LED and photo-
detector and, unlike the ECG 16 and pneumatic 20 systems,
generates an analog electrical signal that connects through a
cable 36 and connector 26 to the transceiver 12. As is
described in detail below, the optical 18 and ECG 16 systems
generate synchronized time-dependent waveforms that are
processed with the composite technique to determine a PTT-
based blood pressure along with motion information.
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[0060] The first accelerometer 14a is surface-mounted on a
printed circuited board within the transceiver 12, which is
typically worn on the patient’s wrist like a watch. The second
145 accelerometer is typically disposed on the upper portion
of the patient’s arm and attaches to a cable 40 that connects
the ECG system 16 to the transceiver 12. The third acceler-
ometer 14¢ is typically worn on the patient’s chest proximal
to the ECG system 16. The second 145 and third 14¢ accel-
erometers integrate with the ECG system 16 into a single
cable 40, as is described in more detail below, which extends
from the patient’s wrist to their chest and supplies digitized
signals over the CAN bus. Intotal, the cable 40 connects to the
ECG system 16, two accelerometers 145, 14¢, and at least
three ECG electrodes (shown in FIGS. 20A and 20B, and
described in more detail below). The cable typically includes
5 separate wires bundled together with a single protective
cladding: the wires supply power and ground to the ECG
system 16 and accelerometers 145, 14¢, provide high signal
and low signal transmission lines for data transmitted over the
CAN protocol, and provide a grounded electrical shield for
each of these four wires. It is held in place by the ECG
electrodes, which are typically disposable and feature an
adhesive backing, and a series of bandaid-like disposable
adhesive strips. This simplifies application of the system and
reduces the number of sensing components attached to the
patient.

[0061] To determine posture, arm height, activity level, and
degree of motion, the transceiver’s CPU 22 processes signals
from each accelerometer 14a-c with a series of algorithms,
described in detail below. In total, the CPU can process nine
unique, time-dependent signals (ACC, ) corresponding to
the three axes measured by the three separate accelerometers.
Specifically, the algorithms determine parameters such as the
patient’s posture (e.g., sitting, standing, walking, resting,
convulsing, falling), the degree of motion, the specific orien-
tation of the patient’s arm and how this affects vital signs
(particularly blood pressure), and whether or not time-depen-
dent signals measured by the ECG 16, optical 18, or pneu-
matic 20 systems are corrupted by motion. Once this is com-
plete, the transceiver 12 uses an internal wireless transmitter
24 to send information in a series of packets, as indicated by
arrow 34, to a remote monitor within a hospital. The wireless
transmitter 24 typically operates on a protocol based on 802.
11 and communicates with an existing network within the
hospital. This information alerts a medical professional, such
as a nurse or doctor, if the patient begins to decompensate. A
server connected to the hospital network typically generates
this alarm/alert once it receives the patient’s vital signs,
motion parameters, ECG, PPG, and ACC waveforms, and
information describing their posture, and compares these
parameters to preprogrammed threshold values. As described
in detail below, this information, particularly vital signs and
motion parameters, is closely coupled together. Alarm con-
ditions corresponding to mobile and stationary patients are
typically different, as motion can corrupt the accuracy of vital
signs (e.g., by adding noise), and induce changes in them
(e.g., through acceleration of the patient’s heart and respira-
tory rates).

[0062] General Methodology for Alarms/Alerts

[0063] Algorithms operating on either the body-worn
monitor or remote monitor generate alarms/alerts that are
typically grouped into three general categories: 1) motion-
related alarms/alerts indicating the patient is experiencing a
traumatic activity, e.g. falling or convulsing; 2) life-threaten-
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ing alarms/alerts typically related to severe events associated
with a patient’s cardiovascular or respiratory systems, e.g.
asystole (ASY), ventricular fibrillation (VFIB), ventricular
tachycardia (VTAC), and apnea (APNEA); and 3) threshold
alarms/alerts generated when one of the patient’s vital signs
(SYS, DIA, SpO2, heart rate, respiratory rate, or temperature)
exceeds a threshold that is either predetermined or calculated
directly from the patient’s vital signs. The general methodol-
ogy for generating alarms/alerts in each of these categories is
described in more detail below.

[0064] Motion-Related Alarms/Alerts

[0065] FIGS. 2-5 show time-dependent graphs of ECG,
PPG, and ACC waveforms for a patient who is resting (FIG.
2), walking (FIG. 3), convulsing (FIG. 4), and falling (FIG.
5). Each graph includes a single ECG waveform 50, 55, 60,
65, PPG waveform 51, 56, 61, 66, and three ACC waveforms
52, 57, 62, 67. The ACC waveforms correspond to signals
measured along the x, y, and z axes by a single accelerometer
worn on the patient’s wrist (e.g., ACC, ;). The body-worn
monitor includes additional accelerometers (typically worn
on the patient’s bicep and chest) that measure the remaining
six ACC waveforms (e.g., ACC, ;). Sensors that measure the
ECG, PPG, and ACC waveforms are shown in FIGS. 204,
20B, and 21, and described in detail below.

[0066] The figures indicate that time-dependent properties
of both ECG 50, 55, 60, 65 and PPG 51, 56, 61, 66 waveforms
are strongly affected by motion, as indicated by the ACC
waveforms 52,57, 62, 67. Accuracy of the vital signs, such as
SYS, DIA, heart rate, respiratory rate, and SpQ2, calculated
from these waveforms is therefore affected as well. Body
temperature, which is measured from a separate body-worn
sensor (typically a thermocouple) and does not rely on these
waveforms, is relatively unaffected by motion.

[0067] FIG. 2 shows data collected from a patient at rest.
This state is clearly indicated by the ACC waveforms 52,
which feature a relatively stable baseline. High-frequency
noise in allthe ACC waveforms 52, 57, 62, 67 shown in FIGS.
2-5 is due to electrical noise, and is not indicative of patient
motion in any way. The ECG 50 and PPG 51 waveforms for
this patient are correspondingly stable, thus allowing algo-
rithms operating on the body-worn monitor to accurately
determine heart rate and respiratory rate (from the ECG
waveform 50), blood pressure (from a PTT extracted from
both the ECG 50 and PPG 51 waveforms), and SpO2 (from
PPG waveforms, similar to PPG waveform 51, measured at
both 900 nm and 600 nm using the finger-worn optical sen-
sor). Respiratory rate slightly modulates the envelope of the
ECG 50 and PPG 51 waveforms. Based on the data shown in
FIG. 2, algorithms operating on the body-worn monitor
assume that vital signs calculated from a resting patient are
relatively stable; the algorithm therefore deploys normal
threshold criteria for alarms/alerts, described below in Table
2, for patients in this state.

[0068] FIG. 3 shows ECG 55, PPG 56, and ACC 57 wave-
forms measured from a walking patient wearing the body-
worn monitor. In this case, the ACC waveform 57 clearly
indicates a quasi-periodic modulation, with each ‘bump’ in
the modulation corresponding to a particular step. The ‘gaps’
in the modulation, shown near 10, 19, 27, and 35 seconds,
correspond to periods when the patient stops walking and
changes direction. Each bump in the ACC waveform includes
relatively high-frequency features (other than those associ-
ated with electrical noise, described above) that correspond to
walking-related movements of the patient’s wrist.
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[0069] The ECG waveform 55 measured from the walking
patient is relatively unaffected by motion, other than indicat-
ing an increase in heart rate (i.e., a shorter time separation
between neighboring QRS complexes) and respiratory rate
(i.e. a higher frequency modulation of the waveform’s enve-
lope) caused by the patient’s exertion. The PPG waveform 56,
in contrast, is strongly affected by this motion, and becomes
basically immeasurable. Its distortion is likely due to a quasi-
periodic change in light levels, caused by the patient’s swing-
ing arm, and detected by the optical sensor’s photodetector.
Movement of the patient’s arm additionally affects blood
flow in the thumb and can cause the optical sensor to move
relative to the patient’s skin. The photodetector measures all
of these artifacts, along with a conventional PPG signal (like
the one shown in FIG. 2) caused by volumetric expansion in
the underlying arteries and capillaries within the patient’s
thumb. The artifacts produce radiation-induced photocurrent
that is difficult to deconvolute from normal PPG signal used
to calculate PTT-based blood pressure and SpO2. These vital
signs, and particularly blood pressure because of its sensitiv-
ity to temporal separation from the ECG’s QRS complex, are
thus difficult to measure when the patient is walking.

[0070] The body-worn monitor deploys multiple strategies
to avoid generating false alarms/alerts during a walking activ-
ity state. As described in detail below, the monitor can detect
this state by processing the ACC waveforms shown in FIG. 3
along with similar waveforms measured from the patient’s
bicep and chest. As described in Table 1A, walking typically
elevates heart rate, respiratory rate, and blood pressure, and
thus alarm thresholds for these parameters are systematically
and temporarily increased when this state is detected. Values
above the modified thresholds are considered abnormal, and
trigger an alarm. PTT-based SYS and DIA are difficult to
measure from a walking patient, and alternatively can be
measured directly from the ECG waveform. An accurate
measurement of SpO2 depends on relative optical absorption
measurements made at both 900 and 600 nm, and does not
necessarily rely on having a PPG waveform that is completely
free of motion-related artifacts. Still, it is more difficult to
measure an accurate value of SpO2 when a patient is walking.
Moreover, SpO2, unlike heart rate, respiratory rate and blood
pressure, does not typically increase with exertion. Thus the
alarm thresholds for this parameter, as shown in Table 1A, do
not change when the patient 1s walking. Body temperature
measured with the body-worn monitor typically increases
between 1-5%, depending on the physical condition of the
patient and the speed at which they are walking.

TABLE 1A
motion-dependent alarm/alert thresholds and heuristic rules for a walking
patient
Modified
Motion Threshold for Heuristic Rules for
Vital Sign State Alarms/Alerts Alarms/Alerts

Blood Walking  Increase (+10-30%) Use Modified Threshold;
Pressure Alarmv/Alert if Value
(SYS, DIA) Exceeds Threshold
Heart Rate  Walking  Increase Ignore Threshold; Do
(+10-300%) Not Alarm/Alert
Respiratory Walking  Increase Ignore Threshold; Do
Rate (+10-300%) Not Alarm/Alert
Sp0O2 Walking  No Change Ignore Threshold; Do
Not Alarm/Alert
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TABLE 1A-continued

motion-dependent alarm/alert thresholds and heuristic rules for a walking

patient
Modified
Motion Threshold for Heuristic Rules for
Vital Sign State Alarms/Alerts Alarms/Alerts

Temperature Walking  Increase (+10-30%) Use Original Threshold;
Alarm/Alert if Value

Exceeds Threshold

[0071] To further reduce false alarms/alerts, software asso-
ciated with the body-worn monitor or remote monitor can
deploy a series of heuristic rules determined beforehand
using practical, empirical studies. These rules, for example,
can indicate that a walking patient is likely healthy. breathing,
and characterized by a normal SpO2. Accordingly, the rules
dictate that respiratory rate and SpO2 values that are mea-
sured during a walking state and exceed predetermined alarm/
alert thresholds are likely corrupted by artifacts; the system,
in turn, does not sound the alarm/alert in this case. Heart rate,
as indicated by FIG. 2, and body temperature can typically be
accurately measured even when a patient is walking; the
heuristic rules therefore dictate that alarms/alerts can be gen-
erated from these vital signs, but that the modified thresholds
listed in Table 1A be used for this process.

[0072] FIG. 4 shows ECG 60, PPG 61, and ACC 62 wave-
forms measured from a patient that is simulating convulsing
by rapidly moving their arm back and forth. A patient under-
going a Grand-mal seizure, for example, would exhibit this
type of motion. As is clear from the waveforms, the patient is
at rest for the initial 10 seconds shown in the graph, during
whichthe ECG 60 and PPG 61 waveforms are uncorrupted by
motion. The patient then begins a period of simulated, rapid
convulsing that lasts for about 12 seconds. A brief 5-second
period of rest follows, and then convulsing begins for another
12 seconds or so.

[0073] Convulsing modulates the ACC waveform 62 due to
rapid motion of the patient’s arm, as measured by the wrist-
worn accelerometer. This modulation is strongly coupled into
the PPG waveform 61, likely because of the phenomena
described above, i.e.: 1) ambient light coupling into the opti-
cal sensor’s photodiode; 2) movement of the photodiode rela-
tive to the patient’s skin; and 3) disrupted blow flow under-
neath the optical sensor. Note that from about 23-28 seconds
the ACC waveform 62 is not modulated, indicating that the
patient’s arm is at rest. During this period the ambient light is
constant and the optical sensor is stationary relative to the
patient’s skin. But the PPG waveform 61 is still strongly
modulated, albeit at a different frequency than the modulation
that occurred when the patient’s arm was moving, This indi-
cates modulation of the PPG waveform 61 is likely caused by
at least the three factors described above, and that disrupted
blood flow underneath the optical sensor continues even after
the patient’s arm stops moving. Using this information, both
BECG and PPG waveforms similar to those shown in FIG. 4
can be analyzed in conjunction with ACC waveforms mea-
sured from groups of stationary and moving patients. These
data can then be analyzed to estimate the effects of specific
motions and activities on the ECG and PPG waveforms, and
then deconvolute them using known mathematical techniques
to effectively remove any motion-related artifacts. The
deconvoluted ECG and PPG waveforms can then be used to
calculate vital signs, as described in detail below.
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[0074] The ECG waveform 60 is modulated by the patient’s
arm movement, but to a lesser degree than the PPG waveform
61. In this case, modulation is caused primarily by electrical
‘muscle noise’ instigated by the convulsion and detected by
the ECG electrodes, and well as by convulsion-induced
motion in the ECG cables and electrodes relative to the
patient’s skin. Such motion is expected to have a similar
affect on temperature measurements, which are determined
by a sensor that also includes a cable.

[0075] Table 1B, below, shows the modified threshold val-
ues and heuristic rules for alarms/alerts generated by a con-
vulsing patient. In general, when a patient experiences con-
vulsions, such as those simulated during the two 12-second
periods in FIG. 4, it is virtually impossible to accurately
measure any vital signs from the ECG 60 and PPG 61 wave-
forms. For this reason the threshold values corresponding to
each vital sign are not adjusted when convulsions are
detected. Heart rate determined from the ECG waveform, for
example, is typically erroneously high due to high-frequency
convulsions, and respiratory rate is immeasurable from the
distorted waveform. Strong distortion of the optical wave-
form also makes both PPT-based blood pressure and SpO2
difficult to measure. For this reason, algorithms operating on
either the body-worn monitor or a remote monitor will not
generate alarms/alerts based on vital signs when a patient is
convulsing, as these vital signs will almost certainly be cor-
rupted by motion-related artifacts.

TABLE 1B

motion-dependent alarm/alert thresholds and heuristic rules for a
convulsing patient

Modified
Motion Threshold for ~ Heuristic Rules for
Vital Sign State Alarms/Alerts  Alarms/Alerts
Blood Convulsing  No Change Ignore Threshold;
Pressure (SYS, Generate Alarm/Alert
DIA) Because of Convulsion
Heart Rate Convulsing  No Change Ignore Threshold;
Generate Alarm/Alert
Because of Convulsion
Respiratory Rate  Convulsing ~ No Change Ignore Threshold;
Generate Alarm/Alert
Because of Convulsion
SpO2 Convulsing  No Change Ignore Threshold;
Generate Alarm/Alert
Because of Convulsion
Temperature Convulsing ~ No Change Ignore Threshold;
Generate Alarm/Alert
Because of Convulsion
[0076] Table 1B also shows the heuristic rules for convuls-

ing patients. Here, the overriding rule is that a convulsing
patient needs assistance, and thus an alarm/alert for this
patient is generated regardless of their vital signs (which, as
described above, are likely inaccurate due to motion-related
artifacts). The system always generates an alarm/alert for a
convulsing patient.

[0077] FIG. 5 shows ECG 65, PPG 66, and ACC 67 wave-
forms measured from a patient that experiences a fall roughly
13 seconds into the measuring period. The ACC waveform 67
clearly indicates the fall with a sharp decrease in its signal,
followed by a short-term oscillatory signal, due (literally) to
the patient bouncing on the floor. After the fall, ACC wave-
forms 67 associated with the x, y, and z axes also show a
prolonged decrease in value due to the resulting change in the
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patient’s posture. In this case, both the ECG 65 and PPG 66
waveforms are uncorrupted by motion prior to the fall, but
basically immeasurable during the fall, which typically takes
only 1-2 seconds. Specifically, this activity adds very high
frequency noise to the ECG waveform 65, making it impos-
sible to extract heart rate and respiratory rate during this short
time period. Falling causes a sharp drop in the PPG waveform
66, presumably for the same reasons as described above (i.e.
changes in ambient light, sensor movement, disruption of
blood flow) for walking and convulsing.

[0078] Afterafall, boththe ECG 65 and PPG 66 waveforms
are free from artifacts, but both indicate an accelerated heart
rate and relatively high heart rate variability for roughly 10
seconds. During this period the PPG waveform 66 also shows
a decrease in pulse amplitude. Without being bound to any
theory, the increase in heart rate may be due to the patient’s
baroreflex, which is the body’s hemostatic mechanism for
regulating and maintaining blood pressure. The baroreflex,
for example, is initiated when a patient begins faint. In this
case, the patient’s fall may cause a rapid drop in blood pres-
sure, thereby depressing the baroreflex. The body responds by
accelerating heart rate (indicated by the ECG waveform 65)
and increasing blood pressure (indicated by a reduction in
PTT, as measured from the ECG 65 and PPG 66 waveforms)
in order to deliver more blood to the patient’s extremities.
[0079] Table 1C shows the heuristic rules and modified
alarm thresholds for a falling patient. Falling, similar to con-
vulsing, makes it difficult to measure waveforms and the vital
signs calculated from them. Because of this and the short time
duration associated with a fall, alarms/alerts based on vital
signs thresholds are not generated when a patient falls. How-
ever, this activity, optionally coupled with prolonged station-
ary period or convulsion (both determined from the following
ACC waveform), generates an alarm/alert according to the
heuristic rules.

TABLE 1C
motion-dependent alarm/alert thresholds and heuristic rules for a falling
patient
Modified
Motion Threshold for ~ Heuristic Rules for
Vital Sign State Alarms/Alerts  Alarms/Alerts
Blood Falling No Change Ignore Threshold; Generate
Pressure (SYS, Alarm/Alert Because of Fall
DIA)
Heart Rate Falling No Change Ignore Threshold; Generate
Alarm/Alert Because of Fall
Respiratory Falling No Change Ignore Threshold; Generate
Rate Alarm/Alert Because of Fall
SpO2 Falling No Change Ignore Threshold; Generate
Alarm/Alert Because of Fall
Temperature Falling No Change Ignore Threshold; Generate
Alarm/Alert Because of Fall
[0080] As described in detail below, the patient’s specific

activity relates to both the time-dependent ACC waveforms
and the frequency-dependent Fourier Transforms of these
waveforms. FIG. 6, for example, shows power spectra 70,71,
72, 73 corresponding to ACC waveforms generated during,
respectively, convulsing, falling, walking, and resting. These
power spectra were generated from both real and imaginary
components of Fourier Transforms calculated from the cor-
responding time-dependent waveforms.

[0081] The ACC waveform corresponding to a resting
patient (52 in FIG. 2) lacks any time-dependent features cor-



US 2015/0164437 Al

responding to patient motion; the high-frequency features in
this waveform (i.e., those greater than about 20 Hz) are due
solely to electrical noise generated by the accelerometer. The
power spectrum 73 shown in the lower right-hand corner of
FIG. 6 thus lacks any features in a frequency range (typically
less than 20 Hz) corresponding to human motion. In contrast,
convulsing typically represents a well-defined, quasi-peri-
odic motion; this corresponds to a strong, narrow peak occut-
ring near 6 Hz that dominates the power spectrum 70 shown
in the upper left-hand corner of the figure. The bandwidth of
this peak, which is best represented by a Gaussian function,
indicates a distribution of frequencies centered around 6 Hz.
Falling and walking, as indicated by spectra 71, 72 shown,
respectively, in the upper right-hand and lower left-hand por-
tions of the figure, are more complicated motions. The spec-
trum for walking, for example, is characterized by relatively
weak peaks occurring near 1 and 2 Hz; these correspond to
frequencies associated with the patient’s stride. A relatively
large peak in the spectrum near 7 Hz corresponds to higher
frequency motion of the patient’s hand and arm that naturally
occurs during walking. Falling, unlike walking or convulsing,
lacks any well-defined periodic motion. Instead it is charac-
terized by a sharp time-dependent change in the ACC wave-
form (67 in FIG. 5). This event is typically composed of a
collection of relatively high-frequency components, as indi-
cated by the multiple harmonic peaks, ranging every 2 Hz,
between 2-12 Hz. Note that the spectral power associated
with convulsions 70 is significantly higher than that associ-
ated with both falling 71 and walking 72. For this reason the
higher frequency spectral components associated with the
accelerometer’s electrical noise, shown clearly in the resting
power spectrum 73, are evident in these spectra 71, 72, but not
in the spectrum 70 for convulsions.

[0082] FIG. 7 shows a graph 80 of frequency-dependent
power spectra between 0-20 Hz of the falling, walking, and
convulsing activities indicated in FIG. 6. This frequency
range, as described above, corresponds to human motion. The
graph 80 additionally includes a series of bars 81 divided into
roughly 0.5 Hz increments that extend up to 10 Hz. The power
of the individual spectra in these increments, as indicated by
Table 5 and used in equations (36) and (37) below, can be
processed along with time-dependent features of the ACC
waveforms to estimate the patient’s specific activity level.
The distribution of frequencies in the graph 80 indicates, to
some extent, how this algorithm works. For example, con-
vulsing is typically characterized by a single well-defined
frequency, in this case centered near 6 Hz. This activity has a
bandwidth of approximately 1.5 Hz, and therefore yields a
relatively high power for the spectral increments in this range.
Falling, in contrast, yields relatively equivalent power in
increments ranging from 2 to 10 Hz. The power spectrum
corresponding to walking is relatively complex, resulting
measurable power in low-frequency increments (typically
1-2 Hz, due to the patient’s stride), and higher power in
relatively high-frequency increments (near 7 Hz, due to the
patient’s hand and arm motion). To characterize a patient’s
activity, a model is built by analyzing activities from a col-
lection of patients from a variety of demographics, and then
analyzing these data with a statistical approach, as described
in detail below.

[0083] Life-Threatening Alarms/Alerts

[0084] ASY and VFIB are typically determined directly
from the ECG waveform using algorithms known in the art.
To reduce false alarms associated with these events, the body-
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worn monitor calculates ASY and VFIB from the ECG wave-
form, and simultaneously determines a ‘significant pulse’
from both the PPG waveform and cNIBP measurement,
described below. A significant pulse occurs when the monitor
detects apulse rate from the PPG waveform (see, for example,
511in FIG. 2) ranging from 30-150 bpm, and a pulse pressure
separating SYS and DIA greater than 30 mmHg. When ASY
and VFIB are detected from the ECG waveform, the monitor
continuously checks for a significant pulse and compares the
patient’s current pulse rate to that measured during the entire
previous 60 seconds. The alarm/alert related to ASY and
VFIB are delayed. typically by 10-20 seconds, if the pulse is
significant and the pulse rate measured during this period
differs from patient’s current pulse rate by less than 40%. The
monitor sounds an alarm/alert if ASY and VFIB measured
from the ECG waveform persists after the delay period. The
alarm/alert is not generated if ASY and VFIB are no longer
detected after the delay period.

[0085] The alarm/alert for ASY and VFIB additionally
depends on the patient’s activity level. For example, if the
monitor determines ASY and VFIB from the ECG, and that
the patient is walking from the ACC waveforms, it then
checks for a significant pulse and determines pulse rate from
the PPG waveform. In this situation the patient is assumed to
be in an activity state prone to false alarms. The alarms/alerts
related to ASY and VFIB are thus delayed, typically by 20-30
seconds, if the monitor determines the patient’s pulse to be
significant and their current pulse differs from their pulse rate
measured during the previous 60 seconds by less than 40%.
The monitor sounds an alarm only if ASY and VFIB remain
after the delay period and once the patient stops walking. In
another embodiment, an alarm/alert is immediately sounded
if the monitor detects either ASY or VFIB, and no significant
pulse is detected from the PPG waveform for between 5-10
seconds.

[0086] Themethodology for alarms/alerts is slightly differ-
ent for VTAC due to the severity of this condition. VTAC, like
ASY and VFIB, is detected directly from the ECG waveform
using algorithms know in the art. This condition is typically
defined as five or more consecutive premature ventricular
contractions (PVCs) detected from the patient’s ECG. When
VTAC is detected from the ECG waveform, the monitor
checks for a significant pulse and compares the patient’s
current pulse rate to that measured during the entire previous
60 seconds. The alarmy/alert related to VTAC is delayed, typi-
cally by 20-30 seconds, if the pulse is determined to be
significant and the pulse rate measured during this period
differs from patient’s current pulse rate by less than 25%. The
monitor immediately sounds an alarm/alert if VTAC mea-
sured from the ECG waveform meets the following criteria:
1) its persists after the delay period; 2) the deficit in the pulse
rate increases to more than 25% at any point during the delay
period; and 3) no significant pulse is measured for more than
8 consecutive seconds during the delay period. The alarm for
VTAC is not generated if any of these criteria are not met.

[0087] APNEA refers to a temporary suspension in a
patient’s breathing and is determined directly from respira-
tory rate. The monitor measures this vital sign from the ECG
waveform using techniques called ‘impedance pneumogra-
phy’ or ‘impedance rheography’, both of which are known in
the art. The monitor sounds an alarm/alert only if APNEA is
detected and remains (i.e. the patient does not resume normal
breathing) for a delay period of between 20-30 seconds.
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[0088] The monitor does not sound an alarm/alert if it
detects ASY, VFIB, VTAC, or APNEA from the ECG wave-
form and the patient is walking (or experiencing a similar
motion that, unlike falling or convulsing, does not result in an
immediate alarm/alert). The monitor immediately sounds an
alarm during both the presence and absence of these condi-
tions if it detects that the patient is falling, has fell and remains
on the ground for more than 10 seconds, or is having a
Grand-mal seizure or similar convulsion. These alarm criteria
are similar to those described in the heuristic rules, above.

[0089] Threshold Alarms/Alerts

[0090] Threshold alarms are generated by comparing vital
signs measured by the body-worn monitor to fixed values that
are either preprogrammed or calculated in real time. These
threshold values are separated, as described below, into both
outer limits (OL) and inner limits (IL). The values for OL are
separated into an upper outer limit (UOL) and a lower outer
limit (LOL). Default values for both UOL and LOL are typi-
cally preprogrammed into the body-worn monitor during
manufacturing, and can be adjusted by a medical professional
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cally, the time periods for the UOL/LOL are shorter than
those for the UIL/LIL, as alarm limits corresponding to these
extremities represent a relatively large deviation for normal
values of the patient’s vital signs, and are therefore consid-
ered to be more severe. Typically the delay time periods for
alarms/alerts associated with all vital signs (other than tem-
perature, which tends to be significantly less labile) are 10s
for the UOL/LOL, and 120-180s for the UIL/LIL. For tem-
perature, the delay time period for the UOL/LOL is typically
600s, and the delay time period for the UIL/LIL is typically
300s.

[0097] Other embodiments are also possible for the thresh-
old alarms/alerts. For example, the body-worn monitor can
sound alarms having different tones and durations depending
if the vital sign exceeds the UOL/LOL or UIL/LIL. Similarly,
the tone can be escalated (in terms of acoustic frequency,
alarm ‘beeps’ per second, and/or volume) depending on how
long, and by how much, these thresholds are exceeded.
Alarms may also sound due to failure of hardware within the
body-worn monitor, or if the monitor detects that one of the
sensors (e.g. optical sensor, ECG electrodes) becomes
detached from the patient.

TABLE 2

default alarm/alert values for UOL, UIV, LIV, and LOL
Algorithm for Generating Alarms/Alerts

Default
Default Default Default Lower
Upper Outer Upper Inner Lower Inner Outer Limit
Vital Sign Limit (UOL)  Value (UIV) Value (LIV) (LOL)
Blood Pressure (SYS) 180 mmHg 160 mmHg 90 mmHg 80 mmHg
Blood Pressure (MAP) 130 mmHg 120 mmHg 70 mmHg 60 mmHg
Blood Pressure (DIA) 120 mmHg 110 mmHg 60 mmHg 50 mmHg
Heart Rate 150 bpm 135 bpm 45 bpm 40 bpm
Respiratory Rate 30 bmp 25 bmp 7 bpm 5 bpm
Sp02 100% O2 90% 02 93% 02 85% 02
Temperature 103 deg.F. 101 deg. F. 95 deg. F. 96.5 deg.F.

once the monitor is deployed. Table 2, below, lists typical
default values corresponding to each vital sign for both UOL
and LOL.

[0091] Values for IL are typically determined directly from
the patient’s vital signs. These values are separated into an
upper inner limit (UIL) and a lower inner limit (LIL), and are
calculated from the UOL and LOL, an upper inner value
(UIV), and a lower inner value (LIV). The UIV and LIV can
either be preprogrammed parameters (similar to the UOL and
LOL, described above), or can be calculated directly from the
patient’s vital signs using a simple statistical process
described below:

UIL=UIV+(UOL-UIV)/3

[0092] (option A): UIV-—spreset factory parameter
adjusted by medical professional

[0093] (option B): UIV—1.3xweighted average of vital
sign over previous 120s

LIL=LIV+(LOL-LIV)/3

[0094] (option A): LIV-spreset factory parameter
adjusted by medical professional
[0095] (option B): LIV—0.7xweighted average of vital
sign over previous 120s
[0096] Ina preferred embodiment the monitor only sounds
an alarm/alert when the vital sign of issue surpasses the UOL/
LOL and the UIL/LIL for a predetermined time period. Typi-

[0098] FIG. 8 shows a flow chart describing a high-level
algorithm 85 for processing a patient’s vital signs, along with
their motion and activity level, to generate alarms/alerts for a
hospitalized patient. It begins with continuously measuring
the patient’s vital signs with the body-worn monitor, optical
sensor, and ECG electrodes, which are worn, respectively, on
the patient’s wrist, thumb, and chest (step 93). Simulta-
neously, three accelerometers associated with the monitor
measure time-dependent ACC waveforms from the patient’s
wrist, bicep, and chest (step 90). The algorithm 85 determines
the frequency-dependent power spectra of the ACC wave-
forms, and then analyzes the waveforms’ temporal and fre-
quency content (step 91). A statistical model, described in
detail below, processes this information to determine
patient’s activity level, posture, and degree of motion (step
92). Once this information is determined, the algorithm pro-
cesses it to generate a high percentage of ‘true positive’
alarms/alerts for one or more hospitalized patients. This is
done with a series of separate algorithmic modules 94, 95,96,
97 within the algorithm 85, with each module corresponding
to a different activity state. Note that the algorithm 85 shown
in FIG. 8 includes four modules (corresponding to resting,
walking, convulsing, and falling), but more could be added,
presuming they could accurately identify a specific activity
state. Ultimately this depends how well a ROC curve (similar
to those shown below in FIGS. 19A, B) associated with the
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specific activity state can predict the activity. The nature of
these curves, in turn, depends on the uniqueness of activity-
dependent features in both the time-dependent ACC wave-
forms and their power spectra. For example, the power spec-
tra of ACC waveforms corresponding to a patient lying on
their back will have essentially the same AC values compared
to those measured when the patient is lying on their side.
However, due to the relative positioning of their limbs in these
two states, the DC values of the time-dependent ACC wave-
forms will differ. This means these two states can likely be
distinguished. In contrast, a patient brushing their teeth will
exhibit both time-dependent ACC waveforms and associated
power spectra that are virtually identical to those of a patient
having a Grand-mal seizure. For this reason these two activity
states cannot likely be distinguished.

[0099] The first module 94 corresponds to a resting patient.
In this state, the patient generates ECG, PPG, and ACC wave-
forms similar to those shown in FIG. 2. The module 94
processes motion and vital sign information extracted from
these waveforms to determine if the patient is indeed resting.
If'so, the module 94 uses the threshold alarm/alert criteria for
each vital sign described in Table 2. If the module 94 deter-
mines that the patient is not resting, the algorithm 85
progresses to the next module 95, which analyzes the motion
data to determine if the patient is walking. If'so, the module 95
uses the heuristic alarm/alert criteria described in Table 1A,
and if necessary generates an alarm/alert based on the
patient’s vital signs (step 99). If the module 95 determines
that the patient is not walking, the algorithm 85 progresses to
the next module 96, which determines if the patient is con-
vulsing (e.g. having a Grand-mal seizure). If so, the module
95 uses the heuristic alarm/alert criterion described in Table
1B (step 101). This criterionignores any alarm/alert threshold
values, and automatically generates an alarm/alert because of
the convulsing patient. Finally, if the module 95 determines
that the patient is not convulsing, the algorithm 85 proceeds to
the next module 97, which determines if the patient is falling.
Ifthe patient has fallen the algorithm uses the heuristic alarm/
alert criterion described in Table 1C, which, like step 101,
ignores any threshold values and automatically generates an
alarm/alert (step 103). If the module 97 determines that the
patient has not fallen, the algorithm 85 does not generate any
alarm/alert, and the process is repeated, beginning with steps
90 and 93. In a typical embodiment, the algorithm 85 is
repeated every 10-20 seconds using computer code operating
on the body-worn monitor.

[0100] Method for Displaying Alarms/Alerts Using
Graphical User Interfaces

[0101] Graphical user interfaces (GUI) operating on both
the body-worn module and the remote monitor can render
graphical icons that clearly identify the above-described
patient activity states. FIG. 9 shows examples of such icons
105a-h, and Table 3, below, describes how they correspond to
specific patient activity states. As shown in FIGS. 10A, B and
11A, B, these icons are used in GUIs for both the body-worn
monitor and remote monitor.

TABLE 3

description of icons shown in FIG. 9 and used in GUIs for both
body-worn monitor and remote monitor

Tcon Activity State
105a Standing
105b Falling
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TABLE 3-continued

description of icons shown in FIG. 9 and used in GUIs for both
bodv-worn monitor and remote monitor

ITcon Activity State

105¢ resting; lying on side
105d Convulsing

105e Walking

105 Sitting

105g resting; lying on stomach
105h resting; lying on back

[0102] FIGS. 10A and 10B show patient (106 in FIG. 10A)
and map (107 in FIG. 10B) views from a GUI typically
rendered on a remote monitor, such as a monitoring station
deployed at a central nursing station in the hospital. The
remote monitor simultaneously communicates with multiple
body-worn monitors, each deployed on a patient in an area of
the hospital (e.g. a bay of hospital beds, or an ED). The
body-worn monitors communicate through an interface that
typically includes both wireless and wired components.
[0103] The patient view 106 is designed to give a medical
professional, such as a nurse or doctor, a quick, easy-to-
understand status of all the patients of all the patients in the
specific hospital area. In a single glance the medical profes-
sional can determine their patients’ vital signs, measured
continuously by the body-worn monitor, along with their
activity state and alarm status. The view 106 features a sepa-
rate area 108 corresponding to each patient. Each area 108
includes text fields describing the name of the patient and
supervising clinician; numbers associated with the patient’s
bed, room, and body-worn monitor; and the type of alarm
generated from the patient. Graphical icons, similar to those
shown in FIG. 9, indicate the patient’s activity level. Addi-
tional icons show the body-worn monitor’s battery power,
wireless signal strength, and whether or not an alarm has been
generated. Each area 108 also clearly indicates numerical
values for each vital sign measured continuously by the body-
worn monitor. The monitor displaying the patient view 106
typically includes a touchpanel. Tapping on the patient-spe-
cific area 108 generates a new view (not shown in the figure)
that expands all the information in the area 108, and addition-
ally shows time-dependent waveforms (similar to those
shown in FIGS. 2-5) corresponding to the patient.

[0104] FIG. 10B shows a map view 107 that indicates the
location and activity state of each patient in the hospital area.
Each patient’s location is typically determined by processing
the wireless signal from their body-worn monitor (e.g., by
triangulating on signals received by neighboring 802.11 base
stations, or simply using proximity to the base station) or by
using more advanced methods (e.g. time-of-flight analysis of
the wireless signal, or conventional or network-assisted
GPS), both of which are done using techniques known in the
art. The patient’s location is mapped to a grid representing the
distribution of beds in the hospital area to generate the map
view 107. The map view 107 typically refreshes every 10-20
seconds, showing an updated location and activity state for
each patient.

[0105] FIGS. 11A and 11B show GUIs rendered by a dis-
play screen directly on the body-worn monitor. The GUIs
feature screens 125, 126 that are designed for the patient (125
in FIG. 11A) and medical professional (126 in FIG. 11B). The
patient view 125 purposefully lacks any content related to
vital signs, and instead is designed to be relatively generic,
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featuring the time, date, and icons indicating the patient’s
activity level, whether or not an alarm has been generated,
battery life, and wireless signal strength. The display screen is
atouch panel, and features a graphical ‘call nurse’ button that,
once depressed, sends a signal to the central nursing station
indicating that the patient needs assistance from a nurse. The
patient view 125 includes a button labeled ‘UNLOCK” that,
once activated, allows anurse or doctor to activate the medical
professional view 126 shown in FIG. 11B. Tapping the
UNLOCK button powers an infrared barcode scanner in the
body-worn monitor; this scans a barcode printed on a badge
of the nurse of doctor and compares an encoded identifier to
adatabase stored in an internal memory. A match prompts the
monitor to render the medical professional view 126, shown
in FIG. 11B.

[0106] The medical professional view 126 is designed to
have a look and feel similar to each area 108 shown in FIG.
10A. This makes it relatively easy for the nurse to interpret
information rendered on both the body-worn monitor and
remote monitor. The view 126 features fields for a patient
identifier, numerical values for vital signs, a time-dependent
ECG waveform with a span of approximately 5 seconds, and
icons indicating battery life, wireless signal strength, and
whether or not an alarm has been generated. A fixed bar
proximal to the ECG waveform indicates a signal strength of
1 mV, as required by the AAMI: ANSI EC13 specification for
cardiac monitors. Depressing the ‘PATTENT VIEW’ button
causes the GUI to revert back to the patient view 125 shown
in FIG. 11A.

[0107] Algorithms for Determining Patient Motion, Pos-
ture, Arm Height, Activity Level and the Effect of these
Properties on Blood Pressure

[0108] Described below is an algorithm for using the three
accelerometers featured in the above-described body-worn
monitor to calculate a patient’s motion, posture, arm height,
activity level. Each of these parameters affects both blood
pressure and PTT, and thus inclusion of them in an algorithm
can improve the accuracy of these measurements, and conse-
quently reduce false alarms/alerts associated with them.
[0109] Calculating Arm Height

[0110] To calculate a patient’s arm height it is necessary to
build a mathematical model representing the geometric ori-
entation of the patient’s arm, as detected with signals from the
three accelerometers. FIG. 12 shows a schematic image of a
coordinate system 129 centered around a plane 130 used to
build this model for determining patient motion and activity
level, and arm height. Each of these parameters, as discussed
in detail below, has an impact on the patient’s vital signs, and
particularly blood pressure.

[0111] The algorithm for estimating a patient’s motion and
activity level begins with a calculation to determine their arm
height. This is done using signals from accelerometers
attached to the patient’s bicep (i.e., with reference to FIG.
20A, an accelerometer included in the bulkhead portion 296
of cable 286) and wrist (i.e. the accelerometer surface-
mounted to a circuit board within the wrist-worn transceiver
272). The mathematical model used for this algorithm fea-
tures a calibration procedure used to identify the alignment of
an axis associated with a vector R ;, which extends along the
patient’s arm. Typically this is done by assuming the body-
worn monitor is attached to the patient’s arm in a manner
consistent with that that shown in FIGS. 20A, B, and by using
preprogrammed constants stored in memory associated with
the CPU. Alternatively this can be done by prompting the
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patient (using, e.g., the wrist-worn transceiver) to assume a
known and consistent position with respect to gravity (e.g.,
hanging their arm down in a vertical configuration). The axis
of their arm is determined by sampling a DC portion of
time-dependent ACC waveforms along the x, y, and z axes
associated with the two above-mentioned accelerometers (i.e.
ACC, ¢; the resultant values have units of g’s) during the
calibration procedure, and storing these numerical values as a
vector in memory accessible with the CPU within the wrist-
worn transceiver.

[0112] The algorithm determines a gravitational vector
R, at alater time by again sampling DC portions of ACC .
Once this is complete, the algorithm determines the angle GA
between the fixed arm vector R , and the gravitational vector
R, by calculating a dot product of the two vectors. As the
patient moves their arm, signals measured by the two accel-
erometers vary, and are analyzed to determine a change in the
gravitational vector R, and, subsequently, a change in the
angle GA. The angle GA can then be combined with an
assumed, approximate length of the patient’s arm (typically
0.8 m) to determine its height relative to a proximal joint, e.g.
the elbow.

[0113] FIG. 13 indicates how this model and approach can
be extended to determine the relative heights of the upper 137
and lower 136 segments of a patient’s arm 135. In this deri-
vation, described below, 1, J, k represent the vector directions
of, respectively, the x, y, and z axes of the coordinate system
129 shown in FIG. 12. Three accelerometers 132a-c are dis-
posed, respectively, on the patient’s chest just above their
armpit, near their bicep, and near their wrist; this is consistent
with positioning within the body-worn monitor, as described
in FIGS. 20A,B. The vector R extending along the upper
portion 137 of the patient’s arm is defined in this coordinate
system as:

RB:rB)c?"'rBy;Z"'rBzi{ [0y

[0114] At any given time, the gravitational vector R ;5 is
determined from ACC waveforms (ACC, ;) using signals
from the accelerometer 1325 located near the patient’s bicep,
and is represented by equation (2) below:

R o=y fnfisys, inlisp.ink @

[0115] Specifically, the CPU in the wrist-worn transceiver
receives digitized signals representing the DC portion of the
ACC, _, signals measured with accelerometer 1325, as repre-
sented by equation (3) below, where the parameter n is the
value (having units of g’s) sampled directly from the DC
portion of the ACC waveform:

VBl =YD Bicep <l VBAM =YD C Bicep oM YB:I1]
=YDCBicep AN (3)
[0116] Thecosine of the angle GB separating the vector R,
and the gravitational vector R ;5 is determined using equation

*):

R B )
cosfaalnl) = LD
| Bealn)]|IRsll
[0117] The definition of the dot product of the two vectors

Ryand R, is:

R calnf R 2=Wanjxr, Bx)+(yBy[ nfxr; By)*'(,VBz[ nixrp,) ®
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and the definitions of the norms or magnitude of the vectors
R and R 45 are:

IR 6ol o] P+vm, [0+ (v, [1]? ®

and

IRV 05,413, 4015, ™
[0118] Using the norm values for these vectors and the

angle GB separating them, as defined in equation (4), the
height ofthe patient’s elbow relative to their shoulder joint, as
characterized by the accelerometer on their chest (hy), is
determined using equation (8), where the length of the upper
arm is estimated as Lg:

hgn]=—Lgxcos(Bpfn]) (8)
[0119] As is described in more detail below, equation (8)
estimates the height of the patient’s arm relative to their heart.
And this, in turn, can be used to further improve the accuracy
of PTT-based blood pressure measurements.
[0120] The height of the patient’s wrist joint hy,, is calcu-
lated in a similar manner using DC components from the
time-domain waveforms (ACC,_) collected from the accel-
erometer 132¢ mounted within the wrist-worn transceiver.
Specifically, the wrist vector R, is given by equation (9):

R i Wy}+r ek ©
and the corresponding gravitational vector R ;- is given by
equation (10):

R ] =y ]+ ]+ (] (10)

[0121] The specific values used in equation (10) are mea-
sured directly from the accelerometer 132q; they are repre-
sented as n and have units of g’s, as defined below:
Yl =Yoo, mrisesdtl ¥ Wy[n] “Yoe, Wn‘sz,y[ nl; ywn]

=Vpc, s (11
[0122] The vectors Ry and Ry, described above are used
to determine the cosine of the angle GW separating them
using equation (12):

? R (12)
cosfguln) = PR
[RuslIIRwl
[0123] The definition of the dot product between the vec-
tors Ry-and Ry, 1s:
RGW[”]'
7{W;(yWx[n]err)"'(y%[njxr%:H'(/VWz[njerz) (13)

and the definitions of the norm or magnitude of both the
vectors Ry, and R, are:

IR o3IV o]+ [0+ ] P (14)

and

I SEY (o P+ (P 7,2 (19

[0124] The height of the patient’s wrist h,;, can be calcu-
lated using the norm values described above in equations (14)
and (15), the cosine value described in equation (12), and the
height of the patient’s elbow determined in equation (8):

hygfn]=hg[n]-Lyxcos Ocu{n]) (16)
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[0125] Insummary, the algorithm can use digitized signals
from the accelerometers mounted on the patient’s bicep and
wrist, along with equations (8) and (16), to accurately deter-
mine the patient’s arm height and position. As described
below, these parameters can then be used to correct the PTT
and provide a blood pressure calibration, similar to the cuff-
based indexing measurement described above, that can fur-
ther improve the accuracy of this measurement.

[0126] Calculating the Influence of Arm Height on Blood
Pressure
[0127] A patient’s blood pressure, as measured near the

brachial artery, will vary with their arm height due to hydro-
static forces and gravity. This relationship between arm
height and blood pressure enables two measurements: 1) a
blood pressure ‘correction factor’, determined from slight
changes in the patient’s arm height, can be calculated and
used to improve accuracy of the base blood pressure measure-
ment; and 2) the relationship between PTT and blood pres-
sure can be determined (like it is currently done using the
indexing measurement) by measuring PTT at different arm
heights, and calculating the change in PTT corresponding to
the resultant change in height-dependent blood pressure. Spe-
cifically, using equations (8) and (16) above, and (21) below,
an algorithm can calculate a change in a patient’s blood
pressure (BP) simply by using data from two accelerometers
disposed on the wrist and bicep. The BP can be used as the
correction factor. Exact blood pressure values can be esti-
mated directly from arm height using an initial blood pressure
value (determined, e.g., using the cuff-based module during
an initial indexing measurement), the relative change in arm
height, and the correction factor. This measurement can be
performed, for example, when the patient is first admitted to
the hospital. PTT determined at different arm heights pro-
vides multiple data points, each corresponding to a unique
pair of blood pressure values determined as described above.
The change in PTT values (PTT) corresponds to changes in
arm height.

[0128] From these data, the algorithm can calculate for
each patient how blood pressure changes with PTT, i.e.
BP/PTT. This relationship relates to features of the patient’s
cardiovascular system, and will evolve over time due to
changes, e.g., in the patient’s arterial tone and vascular com-
pliance. Accuracy of the body-worn monitor’s blood pressure
measurement can therefore be improved by periodically cal-
culating BP/PTT. This is best done by: 1) combining a cuff-
based initial indexing measurement to set baseline values for
SYS, DIA, and MAP, and then determining BP/PTT as
described above; and 2) continually calculating BP/PTT by
using the patient’s natural motion, or alternatively using well-
defined motions (e.g., raising and lower the arm to specific
positions) as prompted at specific times by monitor’s user
interface.

[0129] Going forward, the body-worn monitor measures
PTT, and can use this value and the relationship determined
from the above-described calibration to convert this to blood
pressure. All future indexing measurements can be performed
on command (e.g., using audio or visual instructions deliv-
ered by the wrist-worn transceiver) using changes in arm
height, or as the patient naturally raises and lowers their arm
as they move about the hospital.

[0130] To determine the relationship between PTT, arm
height, and blood pressure, the algorithm running on the
wrist-worn transceiver is derived from a standard linear
model shown in equation (17):
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[0131] Assuming a constant velocity of the arterial pulse
along an arterial pathway (e.g., the pathway extending from
the heart, through the arm, to the base of the thumb):

A(PWYV) (13)
=0
ar

the linear PTT model described in equation (17) becomes:

a(PTIT) Iy 1 - 19
o = (7l x5
[0132] Equation (19) can be solved using piecewise inte-

gration along the upper 137 and lower 136 segments of the
arm to yield the following equation for height-dependent
PTT:

PIT = (20)

(m%p ><MAP+B] - % X [(L—Ll)[pGZhE ] * (%)(%;(hw * hE)]]

[0133] From equation (20) it is possible to determine a
relative pressure change P, induced in a cNIBP measure-
ment using the height of the patient’s wrist (h,,) and elbow

(hy):

Ly pGhglnly  (Lay(pG 2n
Pl = (2 E5E ) () bt + )|
[0134] As described above, P,,, can be used to both cali-

brate the cNIBP measurement deployed by the body-worn
monitor, or supply a height-dependent correction factor that
reduces or eliminates the effect of posture and arm height on
a PTT-based blood pressure measurement.

[0135] FIG. 14 shows actual experimental data that illus-
trate how PTT changes with arm height. Data for this experi-
ment were collected as the subject periodically raised and
lowered their arm using a body-worn monitor similar to that
shown in FIGS. 20A and 20B. Such motion would occur, for
example, if the patient was walking. As shown in FIG. 14,
changes in the patient’s elbow height are represented by
time-dependent changes in the DC portion of an ACC wave-
form, indicated by trace 160. These data are measured
directly from an accelerometer positioned near the patient’s
bicep, as described above. PTT is measured from the same
arm using the PPG and ECG waveforms, and is indicated by
trace 162. As the patient raises and lowers their arm their PTT
rises and falls accordingly, albeit with some delay due to the
reaction time of the patient’s cardiovascular system.

[0136] Calculating a Patient’s Posture

[0137] As described above in Tables 1A-C, a patient’s pos-
ture can influence how the above-described system generates
alarms/alerts. The body-worn monitor can determine a
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patient’s posture using time-dependent ACC waveforms con-
tinuously generated from the three patient-worn accelerom-
eters, as shown in FIGS. 20A, B. In embodiments, the accel-
erometer worn on the patient’s chest can be exclusively used
to simplify this calculation. An algorithm operating on the
wrist-worn transceiver extracts DC values from waveforms
measured from this accelerometer and processes them with
an algorithm described below to determine posture. Specifi-
cally, referring to FIG. 15, torso posture is determined for a
patient 145 using angles determined between the measured
gravitational vector and the axes of a torso coordinate space
146. The axes of this space 146 are defined in a three-dimen-

sional Euclidean space where R .;-is the vertical axis, R -, is

the horizontal axis, and R . is the normal axis. These axes
must be identified relative to a ‘chest accelerometer coordi-
nate space’ before the patient’s posture can be determined.

[0138] The first step in this procedure is to identify align-

ment of R oy 10 the chest accelerometer coordinate space.
This can be determined in either of two approaches. In the first

approach, ﬁCVis assumed based ona typical alignment ofthe
body-worn monitor relative to the patient. During manufac-
turing, these parameters are then preprogrammed into firm-
ware operating on the wrist-worn transceiver. In this proce-
dure it is assumed that accelerometers within the body-worn
monitor are applied to each patient with essentially the same

configuration. In the second approach, K .,-is identified ona
patient-specific basis. Here, an algorithm operating on the
wrist-worn transceiver prompts the patient (using, e.g., video
instruction operating on the display, or audio instructions
transmitted through the speaker) to assume a known position
with respect to gravity (e.g., standing up with arms pointed

straight down). The algorithm then calculates R ., from DC
values corresponding to the x, y, and z axes of the chest
accelerometer while the patient is in this position. This case,
however, still requires knowledge of which arm (left or right)
the monitor is worn on, as the chest accelerometer coordinate
space can be rotated by 180 degrees depending on this orien-
tation. A medical professional applying the monitor can enter
this information using the GUI, described above. This poten-
tial for dual-arm attachment requires a set of two pre-deter-
mined vertical and normal vectors which are interchangeable
depending on the monitor’s location. Instead of manually
entering this information, the arm on which the monitor is
worn can be easily determined following attachment using
measured values from the chest accelerometer values, with

the assumption that K ., is not orthogonal to the gravity
vector.

[0139]

alignment of R, in the chest accelerometer coordinate
space. The monitor can determine this vector, similar to the

The second step in the procedure is to identify the

way it determines ﬁCV, with one of two approaches. In the
first approach the monitor assumes a typical alignment of the
chest-worn accelerometer on the patient. In the second
approach, the alignment is identified by prompting the patient
to assume a known position with respect to gravity. The

monitor then calculates R ., from the DC values of the time-
dependent ACC waveform.
[0140] The third step in the procedure is to identify the

alignment of R, in the chest accelerometer coordinate
space. This vector is typically determined from the vector
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cross product of R .-and R ., or it can be assumed based on
the typical alignment of the accelerometer on the patient, as
described above.

[0141] FIG. 16 shows the geometrical relationship between

R cy 140, ﬁCN 141, and ﬁCH 142 and a gravitational vector

R 143 measured from a moving patient in a chest acceler-
ometer coordinate space 139. The body-wom monitor con-
tinually determines a patient’s posture from the angles sepa-
rating these vectors. Specifically, the monitor continually

calculates ﬁG 143 for the patient using DC values from the
ACC waveform measured by the chest accelerometer. From
this vector, the body-worn monitor identifies angles (8,

Oue» and 0, separating it from R, 140, K, 141, and

KCH 142. The body-worn monitor then compares these three
angles to a set of predetermine posture thresholds to classify
the patient’s posture.

[0142] Thederivation of this algorithm is as follows. Based
on either an assumed orientation or a patient-specific calibra-

tion procedure described above, the alignment of R ., in the
chest accelerometer coordinate space is given by:

ﬁcf” Cng*" CVy]Al+r Cszf (e2))

[0143] At any given moment, ﬁG is constructed from DC
values of the ACC waveform from the chest accelerometer
along the x, y, and z axes:

Rofnj=vednfivye fmlivyetnik (23)

[0144] Equation (24) shows specific components of the
ACC waveform used for this calculation:

Vel I=Yp e chesexl®: Y cy[ nj :)’Dc,chesz,y[ nl: yeln]
=YD chestcd?] @24

[0145] Theanglebetween R ., and R ,is given by equation
(25):

Reln]-R, 25
Oyaln] :arccos[ Reln)- Rey ]

[RelrlIiBev

where the dot product of the two vectors is defined as:
Roln]

ﬁcv:(})Cx[ )X cp Al RIXF cp ) Ve nI%r cre) (26)

[0146] The definition of the norms of R - and R, are
given by equations (27) and (28):

IR 61V (realm) 4+ ey 8]+ (e, [m])? @7

IR cA=V Geva ™+ CVy)2+(r v (28)

[0147] As shown in equation (29), the monitor compares
the vertical angle 0, to a threshold angle to determine
whether the patient is vertical (i.e. standing upright) or lying
down:

if 05<45° then Torso State=0, the patient is upright 29)

[0148] Ifthe condition in equation (29) is met the patient is
assumed to be upright, and their torso state, which is a
numerical value equated to the patient’s posture, is equal to 0.
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The torso state is processed by the body-worn monitor to
indicate, e.g., a specific icon corresponding to this state, such
as icon 1054 in FIG. 9. The patient is assumed to be lying
down if the condition in equation (8) is not met, i.e. 0,,;>45
degrees. Their lying position is then determined from angles
separating the two remaining vectors, as defined below.

[0149] The angle 0,,; between ﬁCN and ﬁG determines if
the patient is lying in the supine position (chest up), prone
position (chest down), or on their side. Based on either an
assumed orientation or a patient-specific calibration proce-

dure, as described above, the alignment of K . is given by
equation (30), where i, j, k represent the unit vectors of the x,
y, and 7z axes of the chest accelerometer coordinate space
respectively:

R on=rewd+r, CNy}+r ook (30)

[0150] The angle between KCN and ﬁG determined from
DCvalues extracted from the chest accelerometer ACC wave-
form is given by equation (31):

Re[n]-R BDh
ONG[n]:arccos[ Roln]- Rey ]

[RotrlllI Renl

[0151] The body-worn monitor determines the normal
angle 0y and then compares it to a set of predetermined
threshold angles to determine which position the patient is
lying in, as shown in equation (32):

if Oy;=35° then Torso State=1, the patient is supine

if B2 135° then Torso State=2, the patient is prone (32)

[0152] Icons corresponding to these torso states are shown,
for example, as icons 105/ and 105¢g in FIG. 9. If the condi-
tions in equation (32) are not met then the patient is assumed
to be lying on their side. Whether they are lying on their right
or left side is determined from the angle calculated between
the horizontal torso vector and measured gravitational vec-
tors, as described above.

[0153] Thealignment of R crr1s determined using either an
assumed orientation, or from the vector cross-product of KCV

and KCN as given by equation (33), where 1, j, k represent the
unit vectors of the x, y, and z axes of the accelerometer
coordinate space respectively. Note that the orientation of the
calculated vector is dependent on the order of the vectors in
the operation. The order below defines the horizontal axis as
positive towards the right side of the patient’s body.

ﬁCHZVCin"‘rCVy/""VCVzk:ﬁCVXR’CN (33)

[0154] Theangle 6, between R ., and R is determined
using equation (34):

Bl B (34)
Oncln] = arccos[M]

|Ralrl|IRel

[0155] The monitor compares this angle to a set of prede-
termined threshold angles to determine if the patient is lying
on their right or left side, as given by equation (35):
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1f 0,;6290° then Torso State=3, the patient is on their
right side

if B,y5<90° then Torso State=4, the patient is on their
left side (3%

[0156] Table 4 describes each of the above-described pos-
tures, along with a corresponding numerical torso state used
to render, e.g., a particular icon:

TABLE 4

postures and their corresponding torso states

Posture Torso State

TUpright

supine: lying on back
prone: lying on chest
lying on right side
lying on left side
undetermined posture

[ N N N =]

[0157] FIGS. 17A and 17B show, respectively, graphs of
time-dependent ACC waveforms 150 measured along the x, ,
and z-axes, and the torso states (i.e. postures) 151 determined
from these waveforms for a moving patient. As the patient
moves, the DC values of the ACC waveforms measured by the
chest accelerometer vary accordingly, as shown by the graph
150 in FIG. 17A. The body-worn monitor processes these

values as described above to continually determine ﬁG and
the various quantized torso states for the patient, as shown in
the graph 151 in FIG. 17B. The torso states yield the patient’s
posture as defined in Table 4. For this study the patient rapidly
alternated between standing, lying on their back, chest, right
side, and left side within about 150 seconds. As described
above, different alarm/alert conditions (e.g. threshold values)
for vital signs can be assigned to each of these postures, or the
specific posture itself may result in an alarm/alert. Addition-
ally, the time-dependent properties of the graph 151 can be
analyzed (e.g. changes in the torso states can be counted) to
determine, for example, how often the patient moves in their
hospital bed. This number can then be equated to various
metrics, such as a “bed sore index’ indicating a patient that is
so stationary in their bed that lesions may result. Such a state
could then be used to trigger an alarm/alert to the supervising
medical professional.

[0158] Calculating a Patient’s Activity

[0159] An algorithm can process information generated by
the accelerometers described above to determine a patient’s
specific activity (e.g., walking, resting, convulsing), which is
then used to reduce the occurrence of false alarms. This
classification is done using a ‘logistic regression model clas-
sifier’, which is a type of classifier that processes continuous
data values and maps them to an output that lies on the interval
between 0 and 1. A classification ‘threshold’ is then set as a
fractional value within this interval. If the model output is
greater than or equal to this threshold, the classification is
declared ‘true’, and a specific activity state can be assumed
for the patient. If the model output falls below the threshold,
then the specific activity is assumed not to take place.
[0160] This type of classification model offers several
advantages. First, it provides the ability to combine multiple
input variables into a single model, and map them to a single
probability ranging between 0 and 1. Second, the threshold
that allows the maximum true positive outcomes and the
minimum false positive outcomes can be easily determined
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from a ROC curve, which in turn can be determined using
empirical experimentation and data. Third, this technique
requires minimal computation.

[0161] The formula for the logistic regression model is
given by equation (36) and is used to determine the outcome,
P, for a set of buffered data:

1 (36)
1 —exp(-2)

[0162] Thelogit variable z is defined in terms of a series of
predictors (x,), each affected by a specific type of activity, and
determined by the three accelerometers worn by the patient,
as shown in equation (37):

2=bgtb X\ +b X+ . . . +b, X, (37

[0163] Inthis model, the regression coefficients (b,,i=0,1, .

., m) and the threshold (P,,) used in the patient motion
classifier and signal corruption classifiers are determined
empirically from data collected on actual subjects. The clas-
sifier results in a positive outcome as given in equation (38) if
the logistic model output, P, is greater than the predetermined
threshold, P,

If P=P,, then Classifier State=1 (38)

[0164] FIG. 18 shows a block diagram 180 indicating the
mathematical model used to determine the above-described
logistic regression model classifier. In this model, the series of
predictor variables (x,) are determined from statistical prop-
erties of the time-dependent ACC waveforms, along with
specific frequency components contained in the power spec-
tra of these waveforms. The frequency components are deter-
mined in a low-frequency region (0-20 Hz) of these spectra
that corresponds to human motion, and are shown, for
example, by the series of bars 81 in FIG. 7. Specifically, the
predictor variables can be categorized by first taking a power
spectrum of a time-dependent ACC waveform generated by
an accelerometer, normalizing it, and then separating the
fractional power into frequency bands according to Table 5,
below:

TABLE 5

predictor variables and their relationship to the accelerometer signal

predictor variable Description

X; normalized power of the AC component of the time-
dependent accelerometer signal

X5 average arm angle measured while time-dependent
accelerometer signal is collected

X3 standard deviation of the arm angle while time-
dependent accelerometer signal is collected

X4 fractional power of the AC component of the
frequency-dependent accelerometer signal between
0.5-1.0 Hz

X5 fractional power of the AC component of the
frequency-dependent accelerometer signal between
1.0-2.0 Hz

Xg fractional power of the AC component of the
frequency-dependent accelerometer signal between
2.0-3.0 Hz

X5 fractional power of the AC component of the
frequency-dependent accelerometer signal between
3.0-4.0 Hz
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TABLE 5-continued

predictor variables and their relationship to the accelerometer signal

predictor variable Description

Xg fractional power of the AC component of the
frequency-dependent accelerometer signal between
4.0-5.0 Hz

fractional power of the AC component of the
frequency-dependent accelerometer signal between
3.0-6.0 Hz

fractional power of the AC component of the
frequency-dependent accelerometer signal between
6.0-7.0 Hz

[0165] The predictor variables described in Table 5 are
typically determined from ACC signals generated by accel-
erometers deployed in locations that are most affected by
patient motion. Such accelerometers are typically mounted
directly on the wrist-wormn transceiver, and on the bulkhead
connector attached to the patient’s arm. The normalized sig-
nal power (x,) for the AC components (y,,, i7X,y,z) calcu-
lated from the ACC is shown in equation (39), where F,
denotes the signal sampling frequency, N is the size of the
data buffer, and x,,,,., is a predetermined power value:

N (39

[0166] The average arm angle predictor value (x,) was
determined using equation (40):

N 40)
X = (%]Z cos(f¢w [n])

n=l

[0167] Note that, for this predictor value, it is unnecessary
to explicitly determine the angle GW using an arccosine
function, and the readily available cosine value calculated in
equation (12) acts as a surrogate parameter indicating the
mean arm angle. The predictor value indicating the standard
deviation of the arm angle (x,) was determined using equa-
tion (41) using the same assumptions for the angle GW as
described above:

1y
=53

C3Y)
2 (cos(fgw[n)) - x)*

=

[0168] The remaining predictor variables (x,-x,,) are
determined from the frequency content of the patient’s
motion, determined from the power spectrum of the time-
dependent accelerometer signals, as indicated in FIG. 7. To
simplify implementation of this methodology, it is typically
only necessary to process a single channel of the ACC wave-
form. Typically, the single channel that is most affected by
patient motion is y, which represents motion along the long
axis of the patient’s lower arm, determined from the acceler-
ometer mounted directly in the wrist-worn transceiver. Deter-
mining the power requires taking an N-point Fast Fourier

17
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Transform (FFT) of the accelerometer data (X,[m]); a
sample FFT data point is indicated by equation (42):

Xyim]=a,+b,,

[0169] Once the FFT is determined from the entire time-
domain ACC waveform, the fractional power in the desig-
nated frequency band is given by equation (43), which is
based on Parseval’s theorem. The term mStart refers to the
FFT coefficient index at the start of the frequency band of
interest, and the term mEnd refers to the FFT coefficient index
at the end of the frequency band of interest:

(42)

|y mBd (43)
= (P_r W%an (@ + by ) (O — b)

[0170] Finally, the formula for the total signal power, Py, is
given in equation (44):

Nf2
Pr=" (@n+ibu)an - ibn)

m=0

@4

[0171] As described above, to accurately estimate a
patient’s activity level, predictor values x, -x, , defined above
are measured from a variety of subjects selected from a range
of demographic criteria (e.g., age, gender, height, weight),
and then processed using predetermined regression coeffi-
cients (b)) to calculate a logit variable (defined in equation
(37)) and the corresponding probability outcome (defined in
equation (36)). A threshold value is then determined empiri-
cally from an ROC curve. The classification is declared true if
the model output is greater than or equal to the threshold
value. During an actual measurement, an accelerometer sig-
nal is measured and then processed as described above to
determine the predictor values. These parameters are used to
determine the logit and corresponding probability, which is
then compared to a threshold value to estimate the patient’s
activity level.

[0172] FIGS. 19A B show actual ROC curves, determined
using accelerometers placed on the upper and lower arms of a
collection of patients. An ideal ROC curve indicates a high
true positive rate (shown on the y-axis) and a low false posi-
tive rate (shown on the x-axis), and thus has a shape closely
representing a 90 deg. angle. From such a curve a relatively
high threshold can be easily determined and used as described
above to determine a patient’s activity level. Ultimately this
results in a measurement that yields a high percentage of “true
positives’, and a low percentage of “false positives’. FIG. 19A
shows, for example, a ROC curve generated from the
patients’ upper 192 and lower 190 arms during walking. Data
points on the curves 190, 192 were generated with acceler-
ometers and processed with algorithms as described above.
The distribution of these data indicates that this approach
vields a high selectivity for determining whether or not a
patient is walking.

[0173] FIG. 19B shows data measured during resting. The
ACC waveforms measured for this activity state feature fewer
well-defined frequency components compared to those mea-
sured for FIG. 19A, mostly because the act of ‘resting’ is not
as well defined as that of ‘walking’. That is why the ROC
curves measured from the upper 194 and lower 196 arms have
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less of an idealized shape. Still, from these data threshold
values can be determined that can be used for future measure-
ments to accurately characterize whether or not the patient is
resting.

[0174] ROC curves similar to those shown in FIGS. 19A, B
can be generated empirically from a set of patients undergo-
ing a variety of different activity states. These states include,
among others, falling, convulsing, running, eating, and under-
going a bowel movement. A threshold value for each activity
state is determined once the ROC curve is generated, and
going forward this information can be incorporated in an
algorithm for estimating the patient’s activity. Such an algo-
rithm, e.g., can be uploaded wirelessly to the wrist-worn
transceiver.

[0175] Hardware System for Body-Worn Monitor

[0176] FIGS.20A and 20B show how the body-worn moni-
tor 10 described above attaches to a patient 270. These figures
show two configurations of the system: FIG. 20A shows the
system used during the indexing portion of the composite
technique, and includes a pneumatic, cuff-based system 285,
while FIG. 20B shows the system used for subsequent cNIBP
measurements. The indexing measurement typically takes
about 60 seconds, and is typically performed once every 4
hours. Once the indexing measurement is complete the cuff-
based system 285 is typically removed from the patient. The
remainder of the time the system 10 performs the cNIBP
measurement.

[0177] The body-worn monitor 10 features a wrist-worn
transceiver 272, described in more detail in F1G. 21, featuring
a touch panel interface 273 that displays blood pressure val-
ues and other vital signs. FIGS. 11A,B show examples of the
touchpanel interface 273. A wrist strap 290 affixes the trans-
ceiver 272 to the patient’s wrist like a conventional wrist-
watch. A cable 292 connects an optical sensor 294 that wraps
around the base of the patient’s thumb to the transceiver 272.
During a measurement, the optical sensor 294 generates a
time-dependent PPG which is processed along with an ECG
to measure blood pressure. PTT-based measurements made
from the thumb yield excellent correlation to blood pressure
measured with a femoral arterial line. This provides an accu-
rate representation of blood pressure in the central regions of
the patient’s body.

[0178] To determine ACC waveforms the body-worn moni-
tor 10 features three separate accelerometers located at dif-
ferent portions on the patient’s arm. The first accelerometer is
surface-mounted on a circuit board in the wrist-worn trans-
ceiver 272 and measures signals associated withmovement of
the patient’s wrist. The second accelerometer is included in a
small bulkhead portion 296 included along the span of the
cable 286. During a measurement, a small piece of disposable
tape, similar in size to a conventional bandaid, affixes the
bulkhead portion 296 to the patient’s arm. In this way the
bulkhead portion 296 serves two purposes: 1) it measures a
time-dependent ACC waveform from the mid-portion of the
patient’s arm, thereby allowing their posture and arm height
to be determined as described in detail above; and 2) it secures
the cable 286 to the patient’s arm to increase comfort and
performance of the body-worn monitor 10, particularly when
the patient is ambulatory.

[0179] The cuff-based module 285 features a pneumatic
system 276 that includes a pump, valve, pressure fittings,
pressure sensor, analog-to-digital converter, microcontroller,
and rechargeable battery. During an indexing measurement, it
inflates a disposable cuff 284 and performs two measure-
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ments according to the composite technique: 1) it performs an
inflation-based measurement of oscillometry to determine
values for SYS, DIA, and MAP; and 2) it determines a
patient-specific relationship between PTT and MAP. These
measurements are performed according to the composite
technique, and are described in detail in the above-referenced
patent application entitled: “VITAL SIGN MONITOR FOR
MEASURING BLOOD PRESSURE USING OPTICAL,
ELECTRICAL, AND PRESSURE WAVEFORMS’ (U.S.
Ser. No. 12/138,194; filed Jun. 12, 2008), the contents of
whichhave been previously incorporated hereinby reference.

[0180] The cuff 284 within the cuff-based pneumatic sys-
tem 285 is typically disposable and features an internal, air-
tight bladder that wraps around the patient’s bicep to deliver
a uniform pressure field. During the indexing measurement,
pressure values are digitized by the internal analog-to-digital
converter, and sent through a cable 286 according to the CAN
protocol, along with SYS, DIA, and MAP blood pressures, to
the wrist-worn transceiver 272 for processing as described
above. Once the cuff-based measurement is complete, the
cuff-based module 285 is removed from the patient’s arm and
the cable 286 is disconnected from the wrist-worn transceiver
272. cNIBP is then determined using PTT, as described in
detail above.

[0181] To determine an ECG, the body-worn monitor 10
features a small-scale, three-lead ECG circuit integrated
directly into a bulkhead 274 that terminates an ECG cable
282. The ECG circuit features an integrated circuit that col-
lects electrical signals from three chest-worn ECG electrodes
278a-c connected through cables 280a-c. The ECG elec-
trodes 278a-c are typically disposed in a conventional
‘Einthoven’s Triangle’ configuration which is a triangle-like
orientation of the electrodes 278a-c on the patient’s chest that
features three unique ECG vectors. From these electrical
signals the ECG circuit determines up to three ECG wave-
forms, which are digitized using an analog-to-digital con-
verter mounted proximal to the ECG circuit, and sent through
a five-wire cable 282 to the wrist-worn transceiver 272
according to the CAN protocol. There, the ECG is processed
with the PPG to determine the patient’s blood pressure. Heart
rate and respiratory rate are determined directly from the
ECG waveform using known algorithms, such as those
described in the following reference, the contents of which
are incorporated herein by reference: ‘ECG Beat Detection
Using Filter Banks’, Afonso etal., IEEE Trans. Biomed Eng,,
46:192-202 (1999). The cable bulkhead 274 also includes an
accelerometer that measures motion associated with the
patient’s chest as described above.

[0182] There are several advantages of digitizing ECG and
ACC waveforms prior to transmitting them through the cable
282. First, a single transmission line in the cable 282 can
transmit multiple digital waveforms, each generated by dif-
ferent sensors. This includes multiple ECG waveforms (cor-
responding, e.g., to vectors associated with three, five, and
twelve-lead ECG systems) from the ECG circuit mounted in
the bulkhead 274, along with waveforms associated with the
X, ¥, and z axes of accelerometers mounted in the bulkheads
275, 296. Limiting the transmission line to a single cable
reduces the number of wires attached to the patient, thereby
decreasing the weight and cable-related clutter of the body-
worn monitor. Second, cable motion induced by an ambula-
tory patient can change the electrical properties (e.g. electri-
cal impendence) of its internal wires. This, in turn, can add
noise to an analog signal and ultimately the vital sign calcu-
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lated from it. A digital signal, in contrast, is relatively immune
to such motion-induced artifacts.

[0183] More sophisticated ECG circuits can plug into the
wrist-worn transceiver to replace the three-lead system
shown in FIGS. 20A and 20B. These ECG circuits can
include, e.g., five and twelve leads.

[0184] FIG. 21 shows a close-up view of the wrist-worn
transceiver 272. As described above, it attaches to the
patient’s wrist using a flexible strap 290 which threads
through two D-ring openings in a plastic housing 206. The
transceiver 272 features a touchpanel display 200 that renders
a GUI 273, similar to that shown in FIGS. 11A,B, which is
altered depending on the viewer (typically the patient or a
medical professional). Specifically, the transceiver 272
includes a small-scale infrared barcode scanner 202 that,
during use, can scan a barcode worn on a badge of a medical
professional. The barcode indicates to the transceiver’s soft-
ware that, for example, a nurse or doctor is viewing the user
interface. In response, the GUI 273 displays vital sign data
and other medical diagnostic information appropriate for
medical professionals. Using this GUI 273, the nurse or doc-
tor, for example, can view the vital sign information, set alarm
parameters, and enter information about the patient (e.g. their
demographic information, medication, or medical condition).
The nurse can press a button on the GUI 273 indicating that
these operations are complete. At this point, the display 200
renders an interface that is more appropriate to the patient,
e.g. something similar to FIG. 11A that displays parameters
similar to those from a conventional wristwatch, such as time
of day and battery power.

[0185] As described above, the transceiver 272 features
three CAN connectors 204a-c on the side of its upper portion,
each which supports the CAN protocol and wiring schemat-
ics, and relays digitized data to the internal CPU. Digital
signals that pass through the CAN connectors include a
header that indicates the specific signal (e.g. ECG, ACC, or
pressure waveform from the cuff-based module) and the sen-
sor from which the signal originated. This allows the CPU to
easily interpret signals that arrive through the CAN connec-
tors 204a-c, and means that these connectors are not associ-
ated with a specific cable. Any cable connecting to the trans-
ceivercan be plugged into any connector 204a-c. As shown in
FIG. 20A, the first connector 204a receives the five-wire
cable 282 that transports a digitized ECG waveform deter-
mined from the ECG circuit and electrodes, and digitized
ACC waveforms measured by accelerometers in the cable
bulkhead 274 and the bulkhead portion 296 associated with
the ECG cable 282.

[0186] The second CAN connector 2045 shown in FIG. 21
receives the cable 286 that connects to the pneumatic cuff-
based system 285 used for the pressure-dependent indexing
measurement. This connector receives a time-dependent
pressure waveform delivered by the pneumatic system 285 to
the patient’s arm, along with values for SYS, DIA, and MAP
values determined during the indexing measurement. The
cable 286 unplugs from the connector 2045 once the indexing
measurement is complete, and is plugged back in after
approximately four hours for another indexing measurement.
[0187] The final CAN connector 204¢ can be used for an
ancillary device, e.g. a glucometer, infusion pump, body-
worn insulin pump, ventilator, or end-tidal CO, delivery sys-
tem. As described above, digital information generated by
these systems will include a header that indicates their origin
so that the CPU can process them accordingly.
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[0188] The transceiver includes a speaker 201 that allows a
medical professional to communicate with the patient using a
voice over Internet protocol (VOIP). For example, using the
speaker 101 the medical professional could query the patient
from a central nursing station or mobile phone connected to a
wireless, Internet-based network within the hospital. Or the
medical professional could wear a separate transceiver simi-
lar to the shown in FIG. 21, and use this as a communication
device. In this application, the transceiver 272 worn by the
patient functions much like a conventional cellular telephone
or ‘walkie talkie’: it can be used for voice communications
with the medical professional and can additionally relay
information describing the patient’s vital signs and motion.

[0189] In addition to those methods described above, a
number of additional methods can be used to calculate blood
pressure from the optical and electrical waveforms. These are
described in the following co-pending patent applications, the
contents of which are incorporated herein by reference: 1)
CUFFLESS BLOOD-PRESSURE MONITOR AND
ACCOMPANYING WIRELESS, INTERNET-BASED
SYSTEM (U.S. Ser. No. 10/709,015; filed Apr. 7, 2004); 2)
CUFFLESS SYSTEM FOR MEASURING BLOOD PRES-
SURE (U.S. Ser. No. 10/709,014; filed Apr. 7, 2004); 3)
CUFFLESS BLOOD PRESSURE MONITOR AND
ACCOMPANYING WEB SERVICES INTERFACE (U.S.
Ser. No. 10/810,237; filed Mar. 26, 2004); 4) CUFFLESS
BLOOD PRESSURE MONITOR AND ACCOMPANYING
WIRELESS MOBILE DEVICE (U.S. Ser. No. 10/967,511;
filed Oct. 18, 2004); 5) BLOOD PRESSURE MONITOR-
ING DEVICE FEATURING A CALIBRATION-BASED
ANALYSIS (U.S. Ser. No. 10/967,610; filed Oct. 18, 2004);
6) PERSONAL COMPUTER-BASED VITAL SIGN MONI-
TOR (U.S. Ser. No. 10/906,342; filed Feb. 15, 2005); 7)
PATCH SENSOR FOR MEASURING BLOOD PRESSURE
WITHOUT A CUFF (U.S. Ser. No. 10/906,315; filed Feb. 14,
2005); 8) PATCH SENSOR FOR MEASURING VITAL
SIGNS (U.S. Ser. No. 11/160,957; filed Jul. 18, 2005); 9)
WIRELESS, INTERNET-BASED SYSTEM FOR MEA-
SURING VITAL SIGNS FROM A PLURALITY OF
PATIENTS IN A HOSPITAL OR MEDICAL CLINIC (U.S.
Ser. No. 11/162,719; filed Sep. 9, 2005); 10) HAND-HELD
MONITOR FOR MEASURING VITAL SIGNS (U.S. Ser.
No. 11/162,742; filed Sep. 21, 2005); 11) CHEST STRAP
FOR MEASURING VITAL SIGNS (U.S. Ser. No. 11/306,
243; filed Dec. 20, 2005); 12) SYSTEM FOR MEASURING
VITAL SIGNS USING AN OPTICAL MODULE FEATUR-
ING A GREENLIGHT SOURCE (U.S. Ser. No. 11/307,375;
filed Feb. 3, 2006); 13) BILATERAL DEVICE, SYSTEM
AND METHOD FOR MONITORING VITAL SIGNS (U.S.
Ser. No. 11/420,281; filed May 25, 2006); 14) SYSTEM FOR
MEASURING VITAL SIGNS USING BILATERAL PULSE
TRANSIT TIME (U.S. Ser. No. 11/420,652; filed May 26,
2006); 15) BLOOD PRESSURE MONITOR (U.S. Ser. No.
11/530,076; filed Sep. 8, 2006); 16) TWO-PART PATCH
SENSOR FOR MONITORING VITAL SIGNS (U.S. Ser.
No. 11/558,538; filed Nov. 10, 2006); and, 17) MONITOR
FOR MEASURING VITAL SIGNS AND RENDERING
VIDEO IMAGES (U.S. Ser. No. 11/682,177; filed Mar. 5,
2007).

[0190] Other embodiments are also within the scope of the
invention. For example, other techniques, such as conven-
tional oscillometry measured during deflation, can be used to
determine SYS for the above-described algorithms.
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[0191] Still other embodiments are within the scope of the
following claims.

What is claimed is:

1. A system for continuously monitoring a plurality of
patients, the system comprising:

apatient monitor configured to be worn on the body of each

of the plurality of patients, each patient monitor com-

prising:

a first sensor comprising a first detector configured to
detect a first time-dependent physiological waveform
indicative of one or more contractile properties of the
patient’s heart;

a second sensor comprising a second detector config-
ured to detect a second time-dependent physiological
waveform indicative of one or more contractile prop-
erties of the patient’s heart;

at least two motion-detecting sensors positioned on
locations selected from a forearm, upper arm, and a
body location other than the forearm or upper arm of
the patient, each of the motion-detecting sensors gen-
erating at least one motion waveform indicative of
motion of a body location onto which the motion-
detecting sensor is affixed;

alocation sensor comprising a wireless component and
a location processing component, the location pro-
cessing component configured to receive a signal
from the wireless component and process this signal
to determine a physical location of the patient to
which the location sensor is attached,;

a processing component configured to receive the time-
dependent physiological and motion waveforms and
determine therefrom: (i) at least one vital sign calcu-
lated using at least one of the first and second time-
dependent physiological waveforms; (ii) at least one
motion parameter selected from the patient’s posture,
activity state, and degree of motion calculated using at
least one motion waveform generated by each of the
motion-detecting sensors; and (iii) an alarm param-
eter calculated from the at least one of the vital sign
and motion parameter; and,

a wireless transceiver configured to wirelessly transmit
the vital sign, motion parameter, location of the
patient, and alarm parameter through a wireless sys-
tem; and,

a remote computer system comprising a display and an
interface to the wireless system, the interface config-
ured to receive from the wireless system a vital sign,
motion parameter, location of the patient, and alarm
parameter corresponding to each of the plurality of
patients comprising a patient monitor, and the display
configured to render a user interface that describes at
least one of a vital sign, motion parameter, location of
the patient, and alarm parameter for each patient of
the plurality of patients comprising a patient monitor.

2. The system of claim 1, wherein the display is configured
to render a graphical user interface.

3. The system of claim 2, wherein the display is configured
to render a graphical user interface comprising a field that
displays a map corresponding to an area comprising a plural-
ity of sections, with each section corresponding to the loca-
tion of the patient and comprising: a field that displays the
vital sign corresponding to the unique patient, a field that
displays the motion parameter corresponding to the unique
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patient, and a field that displays the alarm parameter corre-
sponding to the unique patient.

4. The system of claim 3, wherein the display is configured
to render a graphical user interface comprising a field that
displays a map corresponding to an area of a hospital.

5. The system of claim 3, wherein the display is configured
to render a graphical user interface comprising a field that
displays a map corresponding to an area of a hospital, and
each of the plurality of sections corresponds to a specific bed
in the area of the hospital.

6. The system of claim 1, wherein the display is configured
to render a graphicalicon corresponding to the motion param-
eter for each of the plurality of patients comprising a patient
MONitor.

7. The system of claim 1, wherein the display is configured
to render a graphical icon corresponding to the motion param-
eter for each of the plurality of patients comprising a patient
monitor.

8. The system of claim 1, wherein the display is configured
to render a graphical icon corresponding to the alarm param-
eter for each of the plurality of patients comprising a patient
monitor.

9. The system of claim 1, wherein the patient monitor
display is further configured to display the vital sign corre-
sponding to the specific patient to which the patient monitor
is attached, the motion parameter corresponding to the spe-
cific patient to which the patient monitor is attached, and the
alarm parameter corresponding to the specific patient to
which the patient monitor is attached.

10. The system of claim 1, wherein the wireless component
comprised by the location sensor and the wireless transceiver
are comprised by a common wireless system.

11. The system of claim 10, wherein the common wireless
system operates a protocol based on 802.11.

12. The system of claim 10, wherein the common wireless
system is comprised by a cellular network.

13. The system of claim 1, wherein the patient monitor
configured to be worn on the body of each of the plurality of
patients further comprises a first voice interface.

14. The system of claim 13, wherein the remote computer
further comprises a second voice interface that integrates with
the first voice interface.

15. The system of claim 1, wherein the wireless component
comprised by the location sensor, the wireless transceiver,
and the first and second voice interfaces are all comprised by
a common wireless system.

16. The system of claim 15, wherein the common wireless
system operates a protocol based on 802.11.

17. The system of claim 16, wherein the common wireless
system is comprised by a cellular network.

18. The system of claim 1, wherein the remote computer
system is comprised by a medical monitor, configured to be
worn on the body of a person other than the patient, which is
essentially identical to the patient monitor.

19. The system of claim 18, wherein the medical monitor
configured to be worn on the body of the person other than the
patient comprises a medical monitor display.

20. The system of claim 19, wherein the medical monitor
display is further configured to select and display at least one
of: the vital sign corresponding to a specific patient to which
the patient monitor is attached, the motion parameter corre-
sponding to the specific patient to which the patient monitor
is attached, the location of the patient to which the patient
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monitor is attached, and the alarm parameter corresponding
to the specific patient to which the patient monitor is attached.

21. The system of claim 20, wherein the patient monitor
configured to be worn on the body of each of the plurality of
patients further comprises a first voice interface.

22. The system of claim 21, wherein the medical monitor
configured to be worn on the body of a person other than the
patient further comprises a second voice interface that inte-
grates with the first voice interface.
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