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(57) ABSTRACT

The present invention provides non-invasive devices, meth-
ods, and systems for determining a pressure of blood within
a cardiovascular system of a user, the cardiovascular system
including a heart and the user having a wrist covered by skin.
More particularly, the present invention discloses a variety
of wrist-worn devices having a variety of sensors configured
to non-invasively engage the skin on the wrist of the user for
sensing a variety of user signals from the cardiovascular
system of the user. Generally, approaches disclosed herein
may passively track blood pressure values without any
interaction required on the part of the user or may allow for
on demand or point measurements of blood pressure values
by having a user actively interact with the sensors of the
wrist-worn device. Approaches disclosed herein further
allow for absolute blood pressure values to be determined
directly without the requirement for any periodic calibra-
tions or for relative blood pressure values to be tracked so as
to provide relative blood pressure indices.

70




Patent Application Publication  Nov. 30,2017 Sheet 1 of 39 US 2017/0340209 A1

Pulse arrival
at wrist-wormn
device

FiG. 1



Patent Application Publication  Nov. 30,2017 Sheet 2 of 39 US 2017/0340209 A1
/20
PTT — Pulse Transit Time PAT >
PEP — Pre-Ejection Period <-PEP—>{4—PTT >
PAT - Pulse Arrival Time J \\ /
22 18
12
EKG .
Ventricular
Ejection  =m=smemmsmmemssnsenocnees "'_L
24
ICG . >
-dZ/ct )\/1 S
14
PPG serereseesersessemsnsaenes G
16
FIG. 2
32
30
JE—— '/—
/40
34 42 44 / 36

FIG. 3



Patent Application Publication  Nov. 30,2017 Sheet 3 of 39 US 2017/0340209 A1

/50

FIG. 4

FIG. 5



Patent Application Publication  Nov. 30,2017 Sheet 4 of 39 US 2017/0340209 A1

58

M-

==
l

A

Q
5 ©
)
o)
0
)
Q2 ©
Q@
/ s o] - T (D
m .
W
o
©

60

60




Patent Application Publication  Nov. 30,2017 Sheet 5 of 39 US 2017/0340209 A1

58 22

—— -

/ \
h | \
\ )

\ 64

- —
o — —

58




Patent Application Publication  Nov. 30,2017 Sheet 6 of 39 US 2017/0340209 A1

WRIST\WORN DEVICE - 52
ROM- 96 RAM- 98
PROCESSOR(S)- 82
MEMORY- 84
#
s DISPLAY- 86
| INPUTIOUTPUT
DATABUS- 90 DEVICE(S)- 88
. A ¥y
U N N -
| Lo | § v |
ICGEK

§ SGW | | 1| PPOLLUMNATON |
g PROCESSNG | ¢ ! UNIT-108 | | PPGCONTROL
§ UNIT-100; ¢ ! § UNIT-%4
! J t 1] FRST | [SECOND} | | 2
i boUbLUGHT ) UeHT i
§ D‘%ﬁﬁ% CEERE™ 1 i | [SOURCE- [SOURCE-) | Lo e ey
; ANALOGTO | ¢ 3] 112 114 PPGSENSOR- | ¢
1] ANAOG DIGTALUNIT-{ ¢ 6 ;
yi UNIT- 106 R TSN - = ;
H ﬂ )g( f k-4 k- § . H
: ; T e |
; - e L0 INEARRAY- |
§ | omaos {80] g " ;
; "} FRONTEND | 1 res w«ﬁizg M ;
! ICOEKGUNIT- UNT-104 | ¢ = f
¢ TR T e vl {
§ 92 i 4 § j'@ i
Fo s oo o ot s s S e o ot d b e e i e s s s v o o

FIG. 7



& Ol

(s) sung

US 2017/0340209 A1

SHWIT paZiBUWON

et XTLTE ECTETETELE SEPTELTATES

aoel] N pue ©HOJ sjdwexy

Nov. 30,2017 Sheet 7 of 39

2 09

T ¥ ¥

................. i .M.........-. —-eAZ- m
- =
2 " 03
s . 3 (0d U0G9~ uo)
= : ¢@  ddooos
= i H o
A~ -~ S St | RSO ¢ ; v o,
g : : : . :
= o s Faoemesseenanesees : fromemeaneeee s 19 H
& : H H : R AR
= j i i i M o i i
Ml jeubig o0y [eoidAy Zp P aouepeadul] Apog OV |eoidA L
=
W
=
=™



Patent Application Publication  Nov. 30,2017 Sheet 8 of 39 US 2017/0340209 A1
/220
PTT — Pulse Transit Time PAT >
PEP — Pre-Ejection Period <PEP—>¢—PTT >
PAT — Pulse Arrival Time ) \ /
R 222 218
e
212
p T
EKG y
QS
Ventricular "L
E‘ t' ......................... wv——
jection o4
BCGSCG A |
Accelerometer
216
PPG reressesseessssssasseases -\\L_\

224

/210




Patent Application Publication  Nov. 30,2017 Sheet 9 of 39 US 2017/0340209 A1

X 103 Typical Time-Domain SCG
8 , ] ! 1 1
' 242 244
6k / 244 ‘ L
/ _
4 = & o
2 3 b3
2k ; .
Ak -
P i
Heartbeat Period
8 [ 3 1 1
150 151 152 153 154 155
Time (s)
FIG. 11
Typical Frequency-Domain SCG
30 T Y ¥ Y ¥ !
o5 b P e Heart beat i
N
I
> 0p -
m
z Respiration
UD_) 15pF /
o
B
N 10 .
©
£
Z 5
Accelerometer Noise Floor
_5 1 ] 1 § [ ]
0.5 1 15 2 2.5 3 3.5
Frequency (Hz)

FIG. 12



Patent Application Publication  Nov. 30,2017 Sheet 10 of 39  US 2017/0340209 A1

Heart rate

Typical Spectrogram SCG

50

100

Frequency (cycles/min)

150

200 |

50 100 150 200° 250° 300 350 400 450
Time (s)

FIG. 13



US 2017/0340209 A1

Nov. 30,2017 Sheet 11 of 39

Patent Application Publication

G0¢  ¥0¢

waua

| uojsseg ‘Zge 109lang
(s) aulL
G0E  y0g  €0E  20¢

enmmrehumamennnny o

| uoissag ‘zge 108lang

viL Old

(Bu) [eubig sixy-A 903

(Buw) |eublg je101Y 908

‘Z8¢ 1olgng

(Buw) [eubis sixy-X 908

(Bu) eubig sixy-Z 908



US 2017/0340209 A1

Nov. 30,2017 Sheet 12 of 39

Patent Application Publication

(s) swiny

G0e $0€ €0€ <20€ 10E 00€

......... TR | .
: H | s %
SR Mt\*f
w« um mw.&%”m% %MWM“W i
...........
Z uoissag ‘zgg 18lgng
(s) swiy

GoE +0E €0€ <20t 1L0E 00€

nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn

Z uoisseg ‘zg¢ 18lgng

gL 'old

ml

0]

.VI

(Bwy) [eubig sixy-A 994

(Bw) jeubis @101y 9049

(s) st
G0E ¥0E€ €0E€ 20E€ LOE 00¢

v v H
' H 1

Z uolsssg ‘zgg 108lgqng

(Bw) |eubig sixy-X 904

(Bw) |eubis sixy-Z 9504g



Patent Application Publication  Nov. 30,2017 Sheet 13 of 39  US 2017/0340209 A1

WRISTWORNDEVICE- 210

ROM- 296 RAM- 298

PROCESSOR(S)- 282

MEMORY - 84

4

DISPLAY - 286

| NPUTIOUTRUT
"l DEVICE(S)-288

DATABUS - 290

& . b
S
3 S vt o o s i i e st -
| |
Pl PRGILLUMNATION |
! UNIT-08 | PPGCONTROL
HCRRST | [SEcow ] | ¢ | T
UG | e | 1
! | 1SOURCE-| 1SOURCE | Lo oo
| 312 U PPGSENSOR- |
! i
AU RNV S 2% i
¥ L ;
— 3] z
; DETECTOR | |
ACCELEROMETER- 230 ~238] NEARRAY- |
a3 B0
H j
@ |
§ o o o i it st s s e wd

FIG. 16



US 2017/0340209 A1

Nov. 30,2017 Sheet 14 of 39

Patent Application Publication

09¢

~———| UONB|81i0D) $S040)

ZL "Old

12595

41>

PADdd)P e

o)l

ssedpueg ‘ 9dd

[zH 0l 'ZH £ 0]

9G¢

8G¢

908/908

0S¢ \

(feuondo)
L-YOd 40 OV

1o}i4

il ssedpueg

— I0J08A-D0V

[zH 01 zH £°0]




US 2017/0340209 A1

Nov. 30,2017 Sheet 15 of 39

Patent Application Publication

8L Old

Riopy —
UIBA-

%L P T UOIOBI) DWINJOA pOooig
wn 0z 1L~08 " snxse|d jeu poojq desaq

%E8 0 uoijoel] slUnjoA pooig
Ej oomm‘loo‘v“\ --------------- w_ELQU Lm_Do_Hmm

%l LT uonoey) SWNJOA POO|g
whn Oow\low ............. WSXO_Q _m_o_tmajm
wn Q0g~0GL" " siwuop Asejjided

wn OO —\(OO@ ................... W_ELQU_QG @Cm>_l— )

QR Qg WNBUIod WNBIS

L—JB) SnosuURINOANG

— siag

— siuepidy




US 2017/0340209 A1

Nov. 30,2017 Sheet 16 of 39

Patent Application Publication

siohe} ajesing

ajiyes{induou ‘%09 :Z0S ‘%1’ :poojg siwep Arejided ¢ Jjefe

6L 'Old

(W) 8ouelsi(] 10108)9(1-824N0S
6C [4 g L G0

%80 -pooid
1B} SNosuUBINOgNS @/ JokeT]

%09 208, ‘%1 ¥ :pooig
snxsajd 18U pooyq des(] g Jeke]

%09 :Z0S ‘%E£8°0 -po0ig

SiUIBP Jejnogey G Jehe L
%09 :Z0S %1} pooig G0 .
snxafd [eoiiadng p 19AR Lk Eﬂ%mw%% mcmmw: m
i siuuspidy izwL 8AeT
) i 1 wuges
J0}08ie( Juiod uieag jousd
J010818Q 201n0g b



0c ‘Sl

(ww) uoyesedsg 1010818 (1-92UN0S (Ww) uonetedss 1019818(]-03.N0G

US 2017/0340209 A1

T ; ; ) ) 0

#00 % %um S R .......... ; .......... demennens [ A 460

900 % 3 ; : w W &
oA ‘q % = : : : ; S
i 0% | becbol 4, 8
© 1'0 g i i i : i ool
~ . \W’ nUb : : H : : %
< | e0g % W g
S : 710 = : : i : )
= ; I s Do A N S 44V 3
g i i " : 40 S e e L
o i i i i 810 i i i i m 7
=4
(o]
w, (ww) souBisiq (ww) souesiq (ww) 8vueIsiq {wiw) souelsiq
2 10)0919(]-82In0g 10159}8(7-904N08 1019818(-92.n0g 1010818(1-801N0G
z L9 S ¥ ¢ ¢ + 0L 9 ¢ ¥ € ¢ L 0L 9 § ¥ ¢ € 1 g ¢ ¥ ¢ ¢ I 0

EEw EE# T EEWA EE.N.
wugezs yibusiaaep 1ybI,

Patent Application Publication



=
N IZ 214
(=]
o
S
m (ww) uonesedeg 1019919(Q-82iN08 (ww) uonesedag J010918(Q-80IN0Q
- 0 8 9 y Z 0 9 g 7 £ 4 | 0
(=]
N _ ; ; ; 0 ; _ ) _ a 0
wn H 1 v H v v : 3 \ =
= e 00 I g
: H H P AP P, S S SN N =
............ R IEY A A R 0
o } : ; H oS ; : : : =
e AT A— SR— SRS /- {0 22 ; 3
5 | w | " .oz [T s e b g
© 0 Mg e W g g _ o s
< pn SR A— — N T o i 8
=5y . . —y Pt
2 m m " "33 =
s [ : : m : go 3 E
e R : g : 740 A 2
= m m m : m m : m m
m H 1 £ i 910 3 i i 1 i
=3
e
w. (ww) aouesiq {ww) souessi (wiw) sourysiq (ww) soueysiq
Z J010919(g-90.n0g Jopale(-80inos J0}0818(1-824n08 J0}0818(1-92In0S
L9 § v € ¢ Vv 02l 9 S ¥ £ T L D 9 § ¢ ¢ T L 0 9 ¢ v € 7 1 0

o
200
€00
700

500

g Wiy Witlg Wikiig
Wuobs ‘ibusierepm b,

Patent Application Publication



Patent Application Publication

Steps/Total Steps (%)

Steps/Total Steps (%)

86

ok

L=x}
Do)

<
e

g
[

L]
D

[ o]
<

e
-3

Nov. 30,2017 Sheet 19 of 39

US 2017/0340209 A1

525nm

T

7

AR
T,

iRy

5

e e

.

| EA 2mm
am
imifin ol

bmm [

)

P2

Epidenmis &
Papillary Dermis

Superficial
Plexus

Reticular
Dermis

FIG. 22

Deepbloodnet
Plexus

Subcutaneous
Fat

440nm

i )

RN

.

o

i

Zmm

dam |
(4o

""" fam |

\E

Ll
o
o
mm@ S

‘Epidermis &
Papillary Dermis

Superficial '
Plexus

Reticular
Dermis

FIG. 23

Deepbloodnet
Plexus

Subcutaneous
Fat



US 2017/0340209 A1

Nov. 30,2017 Sheet 20 of 39

Patent Application Publication

940nm

===-=52%mm

(wuwi) yydep uonensusd uesp

Source-Detector Separation (mm)

FIG. 24

525nm

i :

i :

: :

: : : //

% £ & 3. W
o~ L = v =
(=3 ~ (=3 <>

oes -

(ww) 210} 0} dAQ ol suojoyd jo ofjey

Source-Detector Separation (mm)

FIG. 25



Patent Application Publication  Nov. 30,2017 Sheet 21 of 39  US 2017/0340209 A1

e
Ventricular %
Ejecnn ? 430

Pulse arrival at
arm-worn auxiliary
PPG sensor

432

Pulse arrival at
wrist-worn
device

FIG. 26



Patent Application Publication  Nov. 30,2017 Sheet 22 of 39  US 2017/0340209 A1

/430

434

FIG. 27

464

FIG. 28



Patent Application Publication  Nov. 30,2017 Sheet 23 of 39  US 2017/0340209 A1

510
N\

Apply a constant pressure at the wrist by urging a
pressure sensor against the wrist with a pressure
actuator 812

W
Receive pressure measurements from a pressure
sensor coupled to the wrist 514

k2
Instruct user to sweep arm between a first height
and a second height 516

k4

Receive a swept pressure signal 518

A
ldentify a maximum pressure pulse in the swept
pressure signal 520

k4

Obtain a hydrostatic pressure acting at the wrist of
the user during the measurement of the maximum
pressure pulse 522

k-2

Calculate a mean arterial pressure based on the

hydrostatic pressure and the constant pressure
applied to the wrist 524

¥
Qutput an indication to the user indicative of the
calculated mean arterial pressure 526

FIG. 29



US 2017/0340209 A1

Nov. 30,2017 Sheet 24 of 39

Patent Application Publication

2 N\

Fig. 298



Patent Application Publication  Nov. 30,2017 Sheet 25 of 39  US 2017/0340209 A1

Receive a signal indicative of an angle of the pressure
sensor while the pressure sensor abtains the swept
pressure signal 530
528

g ’

kd

Obtain a shoulder-to-wrist length of the user 532 i«

-4

Calculate a height of the pressure sensor relative to the

user's shoulder using the signal indicative of the angle

of the pressure sensor and the shoulder-to-wrist length
of the user 534

¥

Direct User
Input 546

Anthropometric Data
User Input 548

W

Obtain a user shoulder height 536 <

Calculate a wrist height based on the user shoulder
height and the sensor height relative to the shoulder
538

b

B Obtain a user heart height 540 —

7

Calculate a height difference between the sensor and
the heart 542

¥

Calculate a hydrostatic pressure acting on the wrist
based on the calculated height difference 544

FIG. 30



US 2017/0340209 A1

Nov. 30,2017 Sheet 26 of 39

Patent Application Publication

08s

899

08¢

PGS~

O e G0 G e 0D e €0




Patent Application Publication  Nov. 30,2017 Sheet 27 of 39  US 2017/0340209 A1

562 LINEAR ACTUATOR (LCA)
FOR Z AXIS APPLANATION,

STROKE 19.05, STEP 0.0015

572

TIP FOR SENSOR
INSTALLATION

WRIST STRAP
64

Fig. 32

574 SLOT FOR PRESSURE BLADDER
(DIRECT CONTACT WITH SENSOR)

78 %

576
SLOTSFOR 58 -
SENSOR LEADS

SLOT FOR580
VELCRO TAPE TO

TIGHTEN ON % :
WRIST Fig. 33



Patent Application Publication Nov. 30,2017 Sheet 28 of 39  US 2017/0340209 A1

508
'x\ NSERTTOFIXT
) 502 VELCRO TAPE HERE
MOVING T TO TO TIGHTEN ON WRIST
VIOUNT SENSOR
596
SLOTFOR PRESSURE BLADDER |
594
\\\
FAGLOSURE 590~
\\

VELCRC TAPEHERE
TO TIGHTEN DN WRIST

CORNECTTO
WRIGT STRAP

608

INFLATION

et
/’< ELASTIC HOUSING BAND
S e
- \
610

ACCORDICN BLADDER HOUSING
SENSOR WILL BE MOUNTED ON
BLADDER SURFACE

Fig 35



Patent Application Publication  Nov. 30,2017 Sheet 29 of 39  US 2017/0340209 A1

622

624

624

Fig. 36



Patent Application Publication  Nov. 30,2017 Sheet 30 of 39  US 2017/0340209 A1

628

N

324
SENSOR __ 1
ELEMENT T~
630 :12 4[.
CABLE TO USB
INTERFACE
632
Fig. 37
634
636 638

644

R V)

[
Xgl

W
.
\

- 642

Fig. 38



Patent Application Publication  Nov. 30,2017 Sheet 31 of 39  US 2017/0340209 A1

646

SENGOR ARRAY

ACTUATOR ARRAY

Fig. 39



Patent Application Publication  Nov. 30,2017 Sheet 32 of 39  US 2017/0340209 A1

660
\ Actuate a first subset of the actuators to urge a first subset of the
: sensors against the wrist 662

k4
- Recsive one or more pressure signals from the first subset of sensors
664

k4
Generate one or more swept pressure signals from the received
pressure signals from the first subset of sensors by varying an applied
pressure with the first subset of actuators 668

ki
~ Actuate a second subset of the actuators to urge a second subset of
the sensors against the wrist 668

k4
Receive one or more pressure signals from the second subset of
sensors 670

k4
Generate one or more swept pressure signals from the received

pressure signals from the second subset of sensors by varying an
applied pressure with the second subset of actuators 672

v

ldentify a maximum pressure pulse in each of the swept pressure
signals 674

k4
Identify a maximum pressure pulse out of the identified maximum
pressure pulses with the largest amplitude 676

Identify the pressure sensor that recorded the maximum pressure pulse
with the largest amplitude as the preferred sensor 678

\ 4
Identify the location of the preferred sensor as the preferred
measurement location 680

Fig. 40



Patent Application Publication  Nov. 30,2017 Sheet 33 of 39  US 2017/0340209 A1

690

>/682

698 696
Fig. 41



US 2017/0340209 A1

Nov. 30,2017 Sheet 34 of 39

Patent Application Publication

NN

S S R e S S S T - S S = e s
e Ko e T E = i e S O e




Patent Application Publication  Nov. 30,2017 Sheet 35 of 39  US 2017/0340209 A1

Filename: sub1-test3-6mmdepth-25stp speed-15cm.csv, BP: 123/78 mmHg

—_— —
<> [l
<> <>

Total Pressure Waveform of Element 20 (mmHg)

60
0
20 1 i i ]
0 2 4 60 80 100
TIHE (5
Fig. 464

Filename: sub1-test3-6mmdepth-25stp speed-15cm.csv, BP: 123/78 mmHg

4 : : ! !
| | llllll““h

Ca2
T
i
|
|
T
|
i
.
1
|
|

AC Pressure Waveform of Element 20 (mmHg)




Patent Application Publication

Relative Pulse Amplitude

Nov. 30,2017 Sheet 36 of 39

US 2017/0340209 A1

Filename: sub1-test3-6mmdepth-25stp speed-15cm.csv, BP: 123/78 mmHg

o A B R V20 )\ B
% R SO SO SO RSN SN2 SO
08 e N
0 WL VZ% W T -0 N B
Y SN /A . — SRS S o 1 —
I I AR S ......... i
04 bl USNSE SNSSNN SN S S—
R e S ~~~~~~~~~ .
e S S R s S A S —
8 T  MWetdndsgmtg | -
0 R T A MU T N N
2 30 40 0 60 70 80 v w0 1

Element 20 Baseline (mmHg)

Fig. 46C



Patent Application Publication  Nov. 30,2017 Sheet 37 of 39  US 2017/0340209 A1

SENSING A FIRST USER SIGNAL INDICATIVE OF | /910
VENTRICULAR EJECTION

Y

SENSING A SECOND USER SIGNAL INDICATIVE e 912
OF ARRIVAL OF A PRESSURE PULSE IN THE
WRIST

Y

DETERMINING A RELATIVE BLOOD PRESSURE |/~ 914
VALUE FROM PPT

Y

RECEIVING A REFERENCE BLOOD PRESSURE | s~ 916
MEASUREMENT

Y

e 918
DETERMINING AN ABSOLUTE BLOOD PRESSURE

Y

COMPARING THE DETERMINED ABSOLUTE | s/~ 940
BLOOD PRESSURE TO STANDARD THRESHOLD

922
CALBRATING EXISTING ORNEWDATA =
FILTERING BASED ON CONTEXTUAL 9
> INFORMATION
TRANSMITTING MEASUREMENTS TO SECOND |/~ 928
> ELECTRONIC DEVICE OR DATABASE ||

Fig. 47



US 2017/0340209 A1

Nov. 30,2017 Sheet 38 of 39

Patent Application Publication

8t O

¥96

i

R (L Q244 30U NOW NS

Isvavlva BTt
anoo
Tﬂﬁ wpuon fEam) ...mn;s:/
. iPass
596 S - 096
__ 9% 796
TSVavIva =
NIE]
— ov6 T, 96 56 S
956 756 776
SHOSNIS HOSNIS SHOSNIS
AVdsia o AMLINITAL ik TuNSS 394 dooTg| | ASLINTTEL
. sy
056 266 86 0r6 8t6 o€k
H3IMOd AHOWIN | | ¥0SS300Nd HIMOd AHOWIN ¥OSSIN0Hd
ommk wNm.\




Patent Application Publication  Nov. 30,2017 Sheet 39 of 39  US 2017/0340209 A1

968
(

994

970
972

928 FIG. 49A

FIG. 49B
982

994

FIG. 49C

994

930 986
4 990

928

FIG. 50



US 2017/0340209 A1

BLOOD PRESSURE MONITORING USING A
MULTI-FUNCTION WRIST-WORN DEVICE

CROSS-REFERENCES TO RELATED
APPLICATIONS

[0001] The present application claims the benefit of U.S.
Provisional Appln. No. 62/047,452 filed Sep. 8, 2014; the
full disclosure which is incorporated herein by reference in
its entirety for all purposes.

[0002] The present application is related to U.S. Provi-
sional Appln. Nos. 62/047,431 entitled “Systems, Devices,
and Methods for Measuring Blood Pressure of a User;”
62/047,472 entitled “Wrist Worn Accelerometer For Pulse
Transit Time (PTT) Measurements of Blood Pressure;” and
62/047,486 entitled “Electrical Coupling of Pulse Transit
Time (PTT) Measurement System to Heart for Blood Pres-
sure Measurement;” all of which were filed on Sep. 8, 2014,
and are incorporated herein by reference in their entirety for

all purposes.

BACKGROUND OF THE INVENTION

[0003] Elevated blood pressure (a.k.a. hypertension) is a
major risk factor for cardiovascular disease. As a result,
blood pressure measurement is a routine task in many
medical examinations. Timely detection of hypertension can
help inhibit related cardiovascular damage via accomplish-
ment of effective efforts in treating and/or controlling the
subject’s hypertension.

[0004] A person’s blood pressure is a continuously chang-
ing vital parameter. As a result, sporadic office blood pres-
sure measurements may be insufficient to detect some forms
of hypertension. For example, hypertension can occur in a
pattern that evades detection via isolated office blood pres-
sure measurement. Common hypertension patterns include
white coat hypertension (elevated only during a limited
period of time), borderline hypertension (fluctuating above
and below definitional levels over time), nocturnal hypet-
tension (elevated only during sleeping hours or not showing
the normal drop in pressure during sleep), isolated systolic
hypertension (elevated systolic pressure with non-elevated
diastolic pressure), and isolated diastolic hypertension (el-
evated diastolic pressure with non-elevated systolic pres-
sure). To detect such hypertension patterns, it may be
necessary to perform additional blood pressure measure-
ments over time to obtain a more complete view of a
person’s blood pressure characteristics. Although continu-
ous measurement of blood pressure can be achieved by
invasive means, for example, via an intra-arterial pressure
sensing catheter, noninvasive blood pressure measurement
approaches are more typically used.

[0005] Current noninvasive blood pressure measurement
approaches include ambulatory and home blood pressure
measurement strategies. These strategies provide such a
more complete view of a person’s blood pressure charac-
teristics and are often employed in recommended situations.
Ambulatory blood pressure measurement is performed
while the person performs daily life activities. Currently,
ambulatory blood pressure measurements are typically per-
formed every 20 to 30 minutes using brachial oscillometric
blood pressure measurement cuffs. Ambulatory blood pres-
sure measurement may be recommended where there is
large variability in office blood pressure measurements,
where a high office blood pressure measurement is made in
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a person with otherwise low cardiovascular risk, when office
and home blood pressure measurements vary, where resis-
tance to drug treatment of blood pressure is noted or
suspected, where hypotensive episodes are suspected, or
where pre-clampsia is suspected in pregnant women. Home
blood pressure measurements include isolated self-measure-
ments performed by a person at home. Home blood pressure
measurements may be recommended where information is
desired regarding the effectiveness of blood pressure low-
ering medication over one or more dose-to-dose intervals
and/or where doubt exists as to the reliability of ambulatory
blood pressure measurement.

[0006] Current ambulatory and home blood pressure mea-
surement approaches, however, fail to provide continuous
measurement of blood pressure. Thus, convenient and effec-
tive approaches for noninvasive continuous measurement of
blood pressure remain of interest.

BRIEF SUMMARY OF THE INVENTION

[0007] The present invention provides non-invasive
devices, methods, and systems for determining a pressure of
blood within a cardiovascular system of a user, the cardio-
vascular system including a heart and the user having a wrist
covered by skin. More particularly, the present invention
discloses a variety of wrist-worn devices having a variety of
sensors configured to non-invasively engage the skin on the
wrist of the user for sensing a variety of user signals from the
cardiovascular system of the user. Generally, approaches
disclosed herein may passively track blood pressure values
without any interaction required on the part of the user,
which is of particular benefit during overnight monitoring
when the user is asleep or for other periods of extended
monitoring. Passive tracking is particularly ideal as blood
pressure values may be obtained consistently, frequently,
and/or continuously over a period of time for potentially
longer and more accurate and complete data sets as this
approach is not dependent on user compliance and elimi-
nates any artifacts (e.g., artificially elevated blood pressure
value) associated with the act of taking the actual blood
pressure measurement (e.g., white coat syndrome). Alterna-
tively, approaches may allow for on demand or point mea-
surements of blood pressure values by having a user actively
interact with the sensors of the wrist-worn device to initiate
the blood pressure measurements. For example, the user
may engage sensors of the wrist-worn device with another
part of their body (e.g., arm, fingers, sternum, ear) or the user
may need to engage the arm on which the wrist device is
worn (e.g., volume or pressure oscillometry).

[0008] Approaches disclosed herein further allow for
absolute blood pressure values to be determined directly
without the requirement for any periodic calibrations (e.g,,
applanation tonometry as described in greater detail below)
or for relative blood pressure values to be tracked so as to
provide relative blood pressure indices. The relative blood
pressure values may be calibrated with a reference measure-
ment to determine blood pressure values on an absolute
scale. However, relative blood pressure values, even if not
calibrated to provide absolute blood pressure values, can be
of clinical benefit to the user or the health care professional.
For example, providing a blood pressure index can show
variations or patterns over time (e.g., trending data) which
may be of particular diagnostic or therapeutic value for the
user or health care professional. Still further, the present
invention provides wrist-worn devices that are portable and
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compact in design and can be easily and comfortably worn
for extended of periods of time. In particular, the wrist-worn
devices of the present invention provide accurate and robust
blood pressure monitoring and tracking outside the conven-
tional hospital setting, which in turn reduces health care
costs and empowers users and their caregivers and/or health
care professionals to make more informed decisions.

[0009] Methods utilizing hydrostatic pressure changes to
determine a mean or absolute blood pressure, and more
specifically employing modified volume or pressure oscil-
lometry techniques, are disclosed. In particular, such meth-
odologies advantageously utilize the pressure changes asso-
ciated with the natural vertical movement of the user’s arm
(e.g., actively raising and lowering their fully extended arm)
not as a source of error, but instead to non-invasively
measure a mean blood pressure. Methods of the present
invention for determining a pressure of blood within a
cardiovascular system of a user may comprise receiving a
plurality of user signals from the cardiovascular system of
the user with a sensor. The sensor non-invasively engages
the skin of the user over the wrist of the user, each of the user
signals being received by the sensor while the sensor has an
associated height relative to the heart of the user. The user
moves the wrist between the signals so that the heights of the
sensor differ within a range of heights relative to the heart of
the user. The different heights are maintained for a sufficient
length of time for the device to measure blood pressure at
each height. For example, the user may slowly raise their
arm from a starting position below the heart to and end
position above their head or vice versa, wherein the range of
heights relative to the heart of the user may comprises a
range from about 1 cm to about 40 cm resulting in a
hydrostatic pressure differential in range from just below 1
mmHg to about 31 mmHg. A signal variation amplitude of
the plurality of signals associated with the range of heights
is identified and a standard pressure of the blood of the user
based on the signal variation amplitude and the plurality of
signals is determined, the standard pressure having an asso-
ciated standard blood pressure measurement height relative
to the heart.

[0010] The plurality of user signals may comprise volume
or pressure waveform signals from at least one photopl-
ethysmogram (PPG) or pressure sensor (e.g., pressure sweep
for applanation tonometry approaches disclosed in greater
below) respectively non-invasively engaging the skin of the
user over the wrist. In this example, the signal variation
amplitude may be identified from a maximum volume or
pressure waveform signal based on an oscillation or ampli-
tude of the plurality of volume or pressure waveform signals
of the user. In particular, the volume or pressure waveform
signal associated with the highest oscillation or amplitude
comprises the maximum volume or pressure waveform
signal.

[0011] A signal indicative of the height of the sensor
relative to the heart associated with the maximum volume or
pressure waveform signal may be received and/or calculated
from at least a height sensor, accelerometer, and/or a baro-
metric pressure sensor coupled to the wrist-worn device.
Still further, user input (e.g., length of arm, height from heart
to shoulder, etc.), or other anthropometric data may also be
utilized in combination with the height sensor, accelerom-
eter, and/or a barometric pressure sensor signals to deter-
mine a height measurement associated with the highest
oscillation or amplitude. Ideally, the height measurement
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provides accuracy of +6 cm for ensuring pressure errors of
less than 3-5 mmHg. The standard or mean arterial pressure
may be determined based on the maximum volume or
pressure waveform signal and the signal indicative of the
height of the sensor relative to the heart associated with the
maximum volume or pressure waveform signal (e.g., hydro-
static pressure component).

[0012] The mean arterial pressure may be generally cor-
related to the hydrostatic pressure component determined
above plus a relatively constant, low pressure applied exter-
nally to a radial artery beneath the skin of the wrist of the
user as the user raises or lowers their arm though the range
of heights relative to the heart. This relatively constant
pressure may be applied over the radial artery by an actuator
coupled to the wrist-worn device or by user actuation, such
as snugly tightening the band of the device around their
wrist. This constant pressure range should be within the
range of known or expected mean arterial pressure, so that
as the local pressure changes with changes in the arm height,
the applied pressure becomes equal to the temporary local
pressure at some height of the arm relative to the heart. A
pressure sensor or an array thereof may be coupled to the
wrist-worn device and non-invasively engaging the skin of
the wrist to measure the pressure applied to the wrist as the
at least one PPG or pressure sensor is swept through the
range of heights relative to the heart of the user for deter-
mining the mean arterial pressure. The mean arterial pres-
sure point measurement may further be utilized as a refer-
ence blood pressure measurement for calibrating relative
blood pressure signals, as described in greater detail below.
Still further, the determined mean arterial pressure may be
transmitted to a second wrist-worn device (e.g., watch),
mobile device, tablet, computer, or database for further
processing (e.g., calibration of relative blood pressure sig-
nals absolute blood pressure tracking). storage (e.g., elec-
tronic medical record), retrieval by other devices or pro-
grams (e.g., health software application), and/or display to
the user or their health care professional.

[0013] As described above, relative blood pressure values
may be calibrated with a reference measurement to deter-
mine blood pressure values on an absolute scale. Methods of
the present invention for obtaining a blood pressure mea-
surement of a user comprise sensing, with a first sensor of
a wrist-worn device non-invasively engaging the skin on the
wrist of the user, a first user signal indicative of ventricular
ejection of blood (or when a pressure pulse begins propa-
gation) from the heart of the user, the first sensed ventricular
ejection signal having an associated ventricular ejection
time. The method may further comprise sensing, with a
second sensor of the wrist-worn device non-invasively
engaging the skin on the wrist of the user, a second user
signal indicative of arrival of a pressure pulse in the wrist,
the second sensed pressure pulse signal associated with the
first sensed ventricular ejection signal and having an asso-
ciated pulse arrival time. A relative blood pressure value
may be determined in response to a first pulse transit time
(PTT) identified from a difference between the ventricular
ejection time and the pulse arrival time. An absolute refer-
ence blood pressure measurement obtained in coordination
with the relative blood pressure may be received from an
accurate reference measurement device and the absolute
blood pressure of the relative blood pressure value deter-
mined in response to a difference between the relative blood
pressure and the absolute reference blood pressure.
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[0014] A plurality of relative blood pressure values deter-
mined prior to or subsequent the first PTT may further be
calibrated based on the difference between the relative blood
pressure associated with the first PTT and the absolute
reference blood pressure (e.g., backward or retroactive cali-
bration of existing data or forward calibration of new data).
For example, a second PTT may be determined using the
first and second sensors of the wrist-worn device, and the
absolute blood pressure of the second PTT determined in
response to the difference between the relative blood pres-
sure and the absolute reference blood pressure. In another
example, an absolute blood pressure of a second PTT
determined from the first and second sensors of the wrist-
worn device and prior to the first PTT is determined in
response to the difference between the relative blood pres-
sure and the absolute reference blood pressure. It will be
appreciated that the plurality of relative blood pressure
values may further be adjusted based on a variety of other
factors, such as anthropometric information, vasomotor
effects, hydrostatic effects, ambient temperature, user
actively level, skin perfusion, skin temperature, or body
posture.

[0015] Ideally, the plurality of relative blood pressure
values are measured when the user is relatively stationary
for a short period of time, for example 30 seconds or less, 20
seconds or less, or 10 seconds or less. Further, in some
instances, the plurality of relative blood pressure values are
preferably measured at a substantially constant sensor height
relative to the heart of the user to minimize errors due to
hydrostatic pressure effects, as discussed in greater below.
The absolute reference blood pressure measurement may be
obtained from a variety of sources including volume oscil-
lometry (as described herein), applanation tonometry
devices (as described herein), an oscillometric cuff, or an
input by the user. In some instances, if the difference
between the determined absolute blood pressure and the
reference blood pressure is greater than +5 mmHg mean
error or 8 mmHg sigma error, a second absolute reference
blood pressure measurement may be required for accurate
calibration of the relative pressure values. In this instance, a
blood pressure index of the relative blood pressure values
may be displayed or transmitted instead of the absolute
blood pressure values.

[0016] Generally, user-dependent calibration of the rela-
tive blood pressure values may be periodically carried out at
least once a week, monthly, or yearly, wherein active mea-
surement approaches may require more frequent recalibra-
tion intervals than passive measurement approaches. Meth-
ods of the present invention further include recalibration,
wherein the absolute reference blood pressure measurement
is obtained at a first time period and a second absolute
reference blood pressure measurement is obtained in coor-
dination with a second relative blood pressure at a second
time period later than the first time period (e.g., 1 month
later). An absolute blood pressure of the second relative
blood pressure value may then be determined in response to
a difference between the second relative blood pressure and
the second absolute reference blood pressure.

[0017] Calibration may be carried out locally by a con-
troller coupled to the wrist-worn device or externally of the
wrist-worn device by a mobile device, tablet, computer, or
database. Further, the plurality of calibrated relative blood
pressure values may be transmitted to a second wrist-worn
device, mobile device, tablet, computer, or database for
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further processing, storage, retrieval, or display as described
herein. The wrist-worn device of the present invention may
comprise an active band, watch, and/or heart rate monitor.
For example, the device may comprise a single integral
electronic watch device that includes both a heart rate
monitor and blood pressure monitor. Still further, the blood
pressure monitor may be incorporated into a separate active
band that is connectable to the watch device as described in
greater detail below.

[0018] The first sensor may comprise at least one imped-
ance cardiogram (ICG), electrocardiogram (ECG/EKG),
ballistocardiogram (BCG), phonocardiogram (PCG), or
seismocardiogram (SCG) sensor coupled to the wrist-worn
device for sensing the first user signal indicative of ven-
tricular ejection of blood from the heart of the user. For
example, the at least one ICG or ECG sensor comprise at
least a first pair of dry electrodes non-invasively engaging
glabrous skin on an anterior surface of the wrist of the user
and a second pair of dry electrodes contacted by at least two
separate fingers (or a thumb, palm, or wrist) of a hand
opposite a hand on which the device is worn to provide
cross-body dynamic impedance or electrical potential mea-
surements respectively. In another example, the at least one
ICG or ECG sensor comprise at least a first pair of dry
electrodes non-invasively engaging glabrous skin on an
anterior surface of the wrist of the user and a second pair of
dry electrodes, wherein the second pair of dry electrodes
and/or wrist-worn device non-invasively engage a skin
surface of a sternum of the user. In addition or alternatively,
the least one BCG sensor comprises an accelerometer non-
invasively engaging an anterior surface of the wrist so as to
passively measure a relative blood pressure. It will be
appreciated that engagement with a glabrous skin surface
provides improved electrical contact, but the sensors
described herein can also engage the posterior surface of the
wrist for measurements. Still further, the at least one PCG
sensor comprises a sound sensor and the sound sensor,
wrist-worn device and/or hand of the wrist-worn device
non-invasively engage a skin surface of a sternum of the
user. Optionally, the at least one SCG sensor comprises an
accelerometer and the accelerometer, wrist-worn device
and/or hand of the wrist-worn device non-invasively engage
the sternum.

[0019] The second sensor may comprise at least one PPG
sensor or pressure sensor coupled to the wrist-worn device
for sensing the second user signal indicative of arrival of the
pressure pulse in the wrist. The at least one PPG sensor may
comprise at least one infra-red, red, or green optical source
and a detector positioned over a radial artery of the wrist (or
the finger or arm) of the user. The pressure sensor may
comprise at least one pressure transducer, accelerometer, or
strain gauge configured to be positioned over a radial artery
of the wrist of the user.

[0020] It will be appreciated that multiple combinations of
sensors may be utilized on the wrist-worn device for mea-
suring the first and/or second user signals. For example, the
first sensor may comprise first and second cardiogram
sensors coupled to the wrist-worn device for sensing the first
user signal indicative of ventricular ejection of blood from
the heart of the user, wherein the second cardiogram sensor
is different than the first cardiogram sensor. In this example,
the first cardiogram may comprise an ICG sensor for a cross
body measurement and the second cardiogram sensor may
comprise a BCG sensor for comparison to a passive mea-
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surement or a SCG/PCG sensor for comparison to an active
measurement that has little or no error due to hydrostatic
pressure changes as the SCG/PCG measurement is made at
the chest which is relatively aligned with a height of the
heart.

[0021] Ttwill be appreciated that multiple combinations of
sensors may be utilized on both the wrist-worn device and
separate non-wrist worn devices (e.g., mobile device, tablet,
stand-alone or attached accessory) for measuring the first
and/or second user signals. In another example, an acceler-
ometer of a mobile device may be utilized to provide a SCG
measurement of the first user signal indicative of ventricular
ejection of blood from the heart of the user by having the
mobile device held or strapped against the chest or placed in
the user’s shirt pocket while the PPG sensor of the wrist-
worn device measures the second user signal indicative of
arrival of the pressure pulse in the wrist. Still further,
non-wrist worn devices may be utilized to provide ECG/ICG
measurements nominally across the heart, a pressure pulse
over the radial artery (or a carotid or femoral artery), or a
PPG measurement over a finger, thumb, neck, thigh, fore-
head, or earlobe. For multi-device implementations of wrist-
worn and non-wrist worn devices, time synchronization
between devices may be carried out via a wireless or
telemetry interface (e.g., Bluetooth or WiFi) or by conduct-
ing a signal through the user’s body (e.g., small electrical
pulse) as a reference strobe.

[0022] The present invention further includes a first wrist-
worn device for determining a pressure of blood within a
cardiovascular system of a user. The device may comprise
an elongate band non-invasively engaging the skin on the
wrist of the user, wherein the elongate band is releasably
coupleable to a second wrist-worn electronic device. At least
one PTT or pressure sensor may be coupled to the elongate
band, the sensor non-invasively engaging the skin over the
wrist of the user for measuring user signals from the
cardiovascular system of the user. A controller may be
coupled to the elongate band and at least one PTT or
pressure sensor for determining relative or absolute blood
pressure signals based on the user signals. A power source
may be coupled to the elongate band and the controller or the
at least one PTT or pressure sensor for providing power to
the wrist-worn device. A telemetry/wireless interface (e.g.,
Bluetooth or WiFi) may be coupled to the elongate band and
the controller.

[0023] The second wrist-worn electronic device may com-
prise a watch or heart rate monitor having a housing encas-
ing a second controller, second power source, and second
telemetry interface that are distinct and separate from the
first wrist-worn blood pressure monitoring band. Advanta-
geously, providing bands that are releasably coupleable to
the second wrist-worn device (e.g., watch) provides for user
customization of the watch based on the desired sensor
monitoring. For example, a first band may comprise an
ICG/PPG sensor combination for measuring relative blood
pressure values while a second band may comprise a pres-
sure sensor/actuator combination for measuring absolute
blood pressure values. Still further, a third band may monitor
an entirely different diagnostic than blood pressure (e.g.,
heart rate monitor). The user may selectively choose
between the first, second, or third bands for the desired
sensor monitoring and may further interchange the bands at
any time period as desired (e.g., a fourth band comprising a
passive BCG/PPG sensor combination for night time blood
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pressure monitoring and a fifth band comprising an active
ECG/PPG sensor combination for day time blood pressure
monitoring) via a releasable coupling feature. Still further,
the first wrist-worn device may easily communicate (e.g.,
transmit blood pressure values, receive updated instructions,
such as new calibration equations, etc.) with the second
wrist-worn device via WiFi or Bluetooth. The elongate band
further comprises at least one releasable connection or
coupling feature for securing the selected band to the watch
or heart rate monitor. For example, the connection or cou-
pling feature may be mechanical (pin/peg connection, clasp,
snap fit, set-screw, or slide-in connector) or magnetic. It will
be appreciated still further that some embodiments of the
present invention may utilize the same controller, power
source, or telemetry interface for both the first and second
wrist-worn devices. Still further, the first and second wrist-
worn devices (e.g., blood pressure monitor and hear rate
monitor) may be incorporated into a single integral elec-
tronic watch device.

[0024] As described above, the least one PTT sensor may
comprise a first and second sensors. The first sensor is
configured to measure a first user signal indicative of
ventricular ejection of blood from the heart of the user, the
first sensed ventricular ejection signal having an associated
ventricular ejection time. The second sensor is configured to
measure a second user signal indicative of arrival of a
pressure pulse in the wrist, the second sensed pressure pulse
signal associated with the first sensed ventricular ejection
and having an associated pulse arrival time, wherein the
relative blood pressure signal is determined from a differ-
ence between the ventricular ejection time and the pulse
arrival time. As described above, the first sensor may
comprises at least one (or combination thereof) ICG, ECG,
BCG, PCG, and/or SCG sensor coupled to the elongate
band. The second sensor may comprise at least one PPG
sensor or physical pressure pulse sensor coupled to the
elongate band.

[0025] Absolute blood pressure bands (e.g., applanation
tonometry approaches) may incorporate at least one pressure
sensor comprising at least one pressure transducer, piezo-
electric film, or piezoresistive film configured to non-inva-
sively engage an anterior surface of the wrist of the user and
be positioned over a radial artery so as to passively or
actively measure the absolute blood pressure signals. The
elongate band may further comprise at least one actuator
configured to apply a constant or variable pressure over a
radial artery of the wrist. Still further, at least one height
sensor, barometric pressure sensor, gyroscope, or acceler-
ometer may be coupled to the elongate band so as to account
for hydrostatic pressure effects.

[0026] The telemetry interface of the elongate band may
be configured to transmit the relative or absolute blood
pressure signals to the second wrist-worn electronic device,
a mobile device, tablet, computer, or database for further
processing, storage, retrieval by other devices or programs,
and/or display. For example, the telemetry interface of the
elongate band may be configured to transmit the relative or
absolute blood pressure signals to an electronic health or
medical record (e.g., on a database) or health application
software (e.g., on a mobile device, tablet, or computer). In
another example, the telemetry interface of the elongate
band may be configured to transmit the relative or absolute
blood pressure signals to a display on the second wrist-worn
electronic device or a third non-wrist device (e.g., a mobile
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device, tablet, computer), the display viewable by the user or
a health care professional for use in diagnostic or therapeutic
decision making. The telemetry interface of the elongate
band may also be configured to transmit trending data (e.g.,
blood pressure index) for a time period based on the relative
blood pressure signals, wherein the time period comprises
one or more days, weeks, months, or years.

[0027] Embodiments of the present invention further
include methods for providing a plurality of active bands for
blood pressure monitoring of a user as described above. In
one method, a first wrist-worn band is provided having at
least one PIT sensor coupled to the first wrist-worn band and
configured to non-invasively engage the skin over the wrist
of the user for measuring user signals from the cardiovas-
cular system for determining relative blood pressure signals.
A second wrist-worn band is provided having at least one
pressure sensor coupled to the second wrist-worn band and
configured to non-invasively engage the skin over the wrist
of the user for measuring user signals from the cardiovas-
cular system for determining absolute blood pressure sig-
nals. The user is able to selectively choose and/or inter-
change between the first and second wrist-worn bands,
wherein the selected first or second band is releasably
coupleable to a wrist-worn electronic device. As discussed
above, it will be appreciated that several other combinations
of bands having various sensing modalities are possible
(e.g., first band requiring user interaction for blood pressure
measurement while the second band is passive for blood
pressure measurement).

[0028] Embodiments of the present invention further
include methods for obtaining and transmitting relative
blood pressure measurements of a user. One method com-
prising sensing, with a first sensor of a wrist-worn device
non-invasively engaging the skin on the wrist of the user,
first user signals indicative of ventricular ejections of blood
from the heart of the user, the first sensed ventricular
ejection signals each having an associated ventricular ejec-
tion time. A second sensor of the wrist-worn device non-
invasively engaging the skin on the wrist of the user,
measures second user signals indicative of pressure pulse
arrivals in the wrist, the second sensed pressure pulse signals
associated with the first sensed ventricular ejection signals,
each of the second sensed pressure signals having an asso-
ciated pulse arrival time. FIT measurements are identified
from a difference between the first sensed ventricular ejec-
tion signals and the second sensed pressure signals and the
PTT measurements are transmitted directly to a second
electronic device or database in a non-calibrated (e.g.,
non-manipulated) format. For example, the second elec-
tronic device may comprise a watch, phone, tablet, or a
computer. The second electronic device or database may be
better suited in some instances to store individual calibration
equations and process the PTT measurements to determine
absolute blood pressure values. In some instances, the PTT
measurements may be transmitted to a phone or tablet, and
then re-transmitted to a cloud database for further process-
ing. In other instances, the PTT measurements may be
transmitted specifically to an electronic health or medical
record or health application software. Still further, trending
data may be transmitted for a specified time period based on
the PTT measurements, wherein the time period comprises
one or more days, weeks, months, or years. As discussed
above, the second electronic device or database may not
only process the PTT measurements (e.g., calibration of
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relative blood pressure signals), but also allow for storage of
the data in a variety of formats (e.g., non-calibrated PTT
measurements, trending data, absolute blood pressure val-
ues), retrieval of the data by other devices or programs,
and/or display of the data.

[0029] Embodiments of the present invention further
include methods for filtering non-invasive blood pressure
measurements from a wrist-worn device. One method com-
prises receiving a plurality of relative or absolute blood
pressure signals from at least one pulse transit time (PTT) or
pressure sensor coupled to a wrist of a user, filtering the
relative or absolute blood pressure signals based on contex-
tual information associated with the user, and discarding or
masking the filtered relative or absolute blood pressure
signals. Contextual filtering may be based on a variety of
information that may provide context for any measured
blood pressure changes or artifacts. The contextual infor-
mation associated with the user may comprise at least one of
the following: (a) input from the user, (b) health application
software information associated with the user, (c) an elec-
tronic medical record information associated with the user,
(d) location information associated with the user (e.g., GPS),
(e) calendar information associated with the user, (f) time
information, (g) temperature information, (h) current activ-
ity as entered by the user or detected by the device (e.g.
sitting, standing, walking, sleeping, driving), or (i) medica-
tion usage/dosage. For example, location information may
allow filtering of blood pressure signals when the user is
driving, calendar information may allow filtering of blood
pressure signals when the user is at an exercise class, and
temperature information may allow filtering of blood pres-
sure signals when the user is in an extremely cold environ-
ment. Filtering relative or absolute blood pressure signals
may also reduce power consumption of the wrist-worn
device as only non-filtered relative or absolute blood pres-
sure signals are transmitted to a second wrist worn device,
mobile device, tablet, computer, or database. In addition to
filtering to remove certain measurements, the contextual
information can also be used to annotate blood pressure
information over time, in order to discern trends that affect
blood pressure (e.g. blood pressure reduction after walking,
blood pressure increase during driving).

[0030] Embodiments of the present invention further
include methods for accounting for hydrostatic effects, par-
ticularly for non-invasive blood pressure measurements
from a wrist-worn device having ICG/ECG sensors for cross
body measurements (e.g., finger to opposite wrist-worn
device) or a BCG sensor for passive measurements. For
example, pressure differentials as large as 30 mmHg can be
due to a 40 cm variation in the height of the sensor relative
to the heart during a measurement. Methods are provided
herein for addressing pressure differentials due to taking a
measurement when the user’s wrist is at a various heights
(e.g., down by their side, up in the air, folded across, etc.)
relative to the heart. One method comprises receiving rela-
tive blood pressure signals from PIT measurements from a
wrist-worn device, wherein each PTT measurement com-
prises a time period from ventricular ejection of a heart to
pulse arrival at a wrist and the PTT ventricular ejection of
the heart is determined from at least one ICG, ECG, or BCG
sensor. A signal is received indicative of a height of the
sensor relative to the heart associated with each PTT mea-
surement and the relative blood pressure signals adjusted
based on the height of the sensor relative to the heart signal
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associated with each PTT measurement so as to account for
hydrostatic pressure differentials. For example, the height
signal may be received and/or calculated from at least a
height sensor, accelerometer, gyroscope, and/or a barometric
pressure sensor coupled to the wrist-worn device. Still
further, user input or anthropometric data may also be
utilized in combination with the height sensor, accelerom-
eter, gyroscope, and/or a barometric pressure sensor signals
to determine the height measurement. It will be appreciated
however that hydrostatic effects may also be negated by
taking measurements while the user is lying down (e.g.,
BCG passive monitoring while the user is asleep) so that
there is little to no variation between the height of the wrist
sensor relative to the heart or by aligning the wrist sensor
relative to the height of the heart during a measurement (e.g.,
ICG contact with the sternum).

[0031] The details of one or more implementations are set
forth in the accompanying drawings and the description
below. A better understanding of the features and advantages
of the present invention will be obtained by reference to the
description and drawings, and from the claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0032] FIG. 1 illustrates a propagation path of a blood
pressure pulse from ejection from the left ventricle of the
heart to a wrist on which a wrist-worn blood pressure
measurement device is worn according to embodiments of
the present invention.

[0033] FIG. 2 illustrates EKG, ICG, and PPG signals
relative to a PIT for a blood pressure pulse propagating from
the left ventricle to a wrist on which a wrist-worn blood
pressure measurement device is worn according to embodi-
ments of the present invention.

[0034] FIG. 3 schematically illustrates a four-electrode
configuration used to measure impedance of a subject
according to embodiments of the present invention.

[0035] FIGS. 4-5 are schematic side views of wrist-worn
blood-pressure measurement devices according to embodi-
ments of the present invention

[0036] FIG. 6 schematically illustrates electrode locations
and related body impedances in an approach for measuring
chest-cavity impedance variations according to embodi-
ments of the present invention.

[0037] FIG. 6A is a cross-sectional view of another wrist-
worn blood-pressure measurement device having exterior
electrodes shown engaged with skin of a user’s thorax
according to embodiments of the present invention.

[0038] FIG. 7 is a schematic diagram of a wrist-worn
blood-pressure measurement device main unit according to
embodiments of the present invention.

[0039] FIG. 8 shows typical EKG and ICG data traces
according to embodiments of the present invention.

[0040] FIG. 9 illustrates accelerometer and PPG signals
relative to a PTT for a blood pressure pulse propagating
from the left ventricle to a wrist on which a blood pressure
measurement device is worn according to embodiments of
the present invention.

[0041] FIG. 10 is a schematic side view of a wrist-worn
blood pressure measurement device held in contact with a
user’s chest according to embodiments of the present inven-
tion.
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[0042] FIG. 11 is a typical time-domain trace of a mea-
sured Seismo-Cardiogram acceleration oriented normal to a
user’s chest surface according to embodiments of the present
invention.

[0043] FIG. 12 is a typical frequency-domain Seismo-
Cardiogram according to embodiments of the present inven-
tion.

[0044] FIG. 13 is a typical spectrogram Seismo-Cardio-
gram according to embodiments of the present invention.
[0045] FIG. 14 shows x-axis acceleration, y-axis accelera-
tion, z-axis acceleration, and vector-sum acceleration
Seismo-Cardiogram plots according to embodiments of the
present invention.

[0046] FIG. 15 shows x-axis acceleration, y-axis accelera-
tion, z-axis acceleration, and vector-sum acceleration Bal-
listo-Cardiogram plots according to embodiments of the
present invention.

[0047] FIG. 16 is a schematic diagram of a wrist-worn
blood-pressure measurement device according to embodi-
ments of the present invention.

[0048] FIG. 17 is a schematic diagram of an approach for
processing recorded acceleration data to identify when blood
is ejected from the left ventricle of a user’s heart according
to embodiments of the present invention.

[0049] FIG. 18 illustrates a cross-section of tissue layers
between a wrist skin surface and an underlying artery of a
subject.

[0050] FIGS. 19-21 illustrate detection of different mean
penetration depths of light emitted by a PPG sensor having
returning light detectors disposed at different distances from
each of two light sources of the PPG sensor according to
embodiments of the present invention.

[0051] FIGS. 22-23 show relative contribution by subsur-
face layer to returning light detected by the light detectors
disposed at different distances for two different light source
wavelengths according to embodiments of the present inven-
tion.

[0052] FIG. 24 illustrates variation of mean penetration
depth as a function of source-detector separation for two
different source light wavelengths according to embodi-
ments of the present invention.

[0053] FIG. 25 illustrates variation of the ratio of photons
from the deep blood plexus (DBP) layer as a function of
source-detector separation for two different source light
wavelengths according to embodiments of the present inven-
tion.

[0054] FIG. 26 illustrates a propagation path of a blood
pressure pulse from ejection from the left ventricle past an
auxiliary PPG sensor to a wrist on which a wrist-worn
blood-pressure measurement device is wom according to
embodiments of the present invention.

[0055] FIG. 27 is a schematic side view of an arm-worn
auxiliary PPG sensor for a wrist-worn blood-pressure mea-
surement device according to embodiments of the present
invention.

[0056] FIG. 28 is a cross-sectional view of another wrist-
worn blood-pressure measurement device that can be used
with the auxiliary PPG sensor of FIG. 27 according to
embodiments of the present invention.

[0057] FIG. 29 illustrates a method for calculating a mean
arterial pressure of a user according to embodiments of the
present invention.

[0058] FIG. 29A shows a piezoelectric film sensor accord-
ing to embodiments of the present invention.
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[0059] FIG. 29B shows a piezoelectric pressure sensor
according to embodiments of the present invention.

[0060] FIG. 30 illustrates a method for determining a
hydrostatic pressure acting on the wrist of a user according
to embodiments of the present invention.

[0061] FIGS.31A-31C illustrate a method of changing the
hydrostatic pressure at the wrist of the user according to
embodiments of the present invention.

[0062] FIGS. 32-35 illustrate various applanation tonom-
etry devices for measuring pressure pulses at the wrist of the
user according to embodiments of the present invention.
[0063] FIG. 36 illustrates a fluid bladder according to
embodiments of the present invention.

[0064] FIGS. 37-39 illustrate various pressure sensor
arrays that may be used with embodiments of the present
invention.

[0065] FIG. 40 illustrates a method of selectively actuat-
ing subsets of the plurality of pressure sensors against a wrist
of a user according to embodiments of the present invention.
[0066] FIG. 41 illustrates the coupling of a device having
a plurality of sensors and a plurality of actuators to a wrist
of a user according to embodiments of the present invention.
[0067] FIGS. 42-45 illustrate selective actuation of a skin
interface against a wrist of a user according to embodiments
of the present invention.

[0068] FIG. 46A-46C show pressure sensor data obtained
from an array of pressure sensors applied to a user according
to embodiments of the present invention.

[0069] FIG. 47 illustrates a method of calibrating relative
blood pressure signals according to embodiments of the
present invention.

[0070] FIG. 48 illustrates a schematic diagram of an
overall system including a wrist-worn band, wrist-worn
electronic device, and a mobile phone according to embodi-
ments of the present invention.

[0071] FIGS. 49A-49C schematically illustrate a plurality
of wrist-worn bands for coupling to a wrist-worn electronic
device according to embodiments of the present invention.
[0072] FIG. 50 schematically illustrates an active band
releasably coupleable to a wrist-worn electronic device
according to embodiments of the present invention.

DETAILED DESCRIPTION OF THE
INVENTION

[0073] FIG. 1 illustrates a propagation path of a blood
pressure pulse from ejection from the left ventricle of a
subject’s heart to a wrist on which a wrist-worn blood-
pressure measurement device 10 is worn, in accordance with
many embodiments. The wrist-worn device 10 is configured
to detect when the blood corresponding to the blood pressure
pulse is ejected from the left ventricle of a subjects heart and
when the blood pressure pulse arrives at the wrist-worn
device 10. The wrist-worn device 10 is configured to cal-
culate a pulse transit time (PTT) for the blood pressure pulse
for the transit of the blood pressure pulse from the left
ventricle to the wrist-worn device 10. The determined PTT
is then used to determine one or more blood-pressure values
for the subject.

[0074] In general, a PTT is the time it takes for a pulse
pressure wave to propagate through a length of a subject’s
arterial tree. PTT has a nonlinear relationship with blood
pressure. Factors that can impact how fast a blood pressure
pulse will travel at a given blood-pressure in a particular
artery. include, for example, arterial stiffness, arterial wall
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thickness, and arterial inner diameter. Equation (1) provides
a functional relationship between PTT and mean arterial
blood pressure (MAP).

1
MAP= —ln[
3

pD(ADY o)
hEy(PTTY?

[0075] where: MAP is mean arterial blood pressure;

[0076] PTT is Pulse Transit Time;

[0077] h is arterial wall thickness;

[0078] D is artery diameter;

[0079] p is density of blood,

[0080] E, is the Young’s modulus of the artery at zero
pressure;

[0081] « is a subject dependent physiological constant;
and

[0082] Ad is the arterial distance between the subjects

left ventricle and the wrist.

[0083] The pressure pulse travels through different arteries
during its transit from the left ventricle to the wrist. As a
result, variation in corresponding variables in equation (1),
for example, arterial wall thickness (h), artery diameter (D),
and Young’s modulus of the artery at zero pressure (E,), will
change the relationship between blood pressure and how fast
the blood pressure pulse travels through the respective
artery. Each blood pressure pulse, however, will travel
through the same arteries during transit from the left ven-
tricle to the wrist. Accordingly, a relationship between the
overall PTT from the left ventricle to the wrist and MAP can
be given by replacing arterial wall thickness (h), artery
diameter (D), and Young’s modulus of the artery at zero
pressure (E,) with respective effective values suitable for the
combination of all the arteries through which the pressure
pulse travels from the left ventricle to the wrist. Therefore,
equation (1) can be simplified to the relationship given
below in equation (2).

MAP:lln[ K ] @)
@ L(PTT)?
where

_ pD(Ag)?

B hEO

is suitable for the subject and the arterial tree segment over
which PIT is being measured.

[0084] The values of (K) and (o) can be determined using
any suitable approach. For example, an oscillometric blood
pressure measurement cuff can be used to measure one or
more blood pressure values for the subject at or at about the
same time as when corresponding one or more PTTs are
determined for the subject via the wrist-worn device 10.
Suitable calibration data can then be formulated using the
oscillometric blood pressure measurement cuff measured
blood pressure values and the corresponding one or more
PTTs for the subject using known approaches. For example,
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a least squares method can be used to determine suitable
values or relationships for determining the values of (K) and
(c).

[0085] A similar approach can be used to predict MAP,
systolic blood pressure (SBP), and diastolic blood pressure
(DBP) values based on a measured PTT value. For example,
equations (3), (4), and (5) are example regression equations
that can be used to predict MAP, SBP, and DBP, respectively,
from a measured PTT.

MAP=K; px[log(PTT)-log(PTTo) WMAP 4551 i 3
[0086]

sure;
[0087]
[0088]
[0089]
[0090]

MAPBASELINE .
SBP=Ksppx|log(PTT)-log(PTTo)1+SBPp sse1ine ()

[0091] where: SBP is predicted systolic blood pressure;
[0092] SBPg e 18 @ baseline measured systolic
blood pressure;
[0093] Kgzp is a subject dependent constant for systolic
blood pressure;
[0094] PTT is the measured pulse transit time; and
[0095] PTT, is the measured pulse transit time for

SBPBASELINE'
DBP=Kpppx[log(PTT)-log(PTTo)+DBPp 4sz1inE (©)

[0096] where: DBP is predicted diastolic blood pressure;
[0097] DBPg ez vz 15 @ baseline measured diastolic
blood pressure;
[0098] K,z is a subject dependent constant for dia-
stolic blood pressure;
[0099] PTT is the measured pulse transit time; and
[0100] PTT, is the measured pulse transit time for
DBPEASELIZVE'
[0101] FIG. 2 shows an EKG trace segment 12, an ICG
trace segment 14, and a PPG signal 16 relative to a pulse
transit time (PTT) 18 for a blood pressure pulse between the
left ventricle of the subject to the wrist-worn device 10. In
many embodiments, the wrist-worn device 10 includes
electrodes used to generate an EKG trace and an ICG trace
for the subject and a PPG sensor to generate a PPG signal for
the subject. The EKG trace segment 12 has a segment (QRS)
known as the QRS complex, which reflects the rapid depo-
larization of the right and left ventricles. The prominent peak
(R) of the EKG trace corresponds to beginning of contrac-
tion of the left ventricle. A pulse arrival time (PAT) 20 is the
time between the peak (R) of the EKG trace and arrival of
the blood pressure pulse at the wrist-worn device 10. As the
left ventricle contacts, pressure builds within the left ven-
tricle to a point where the pressure exceeds pressure in the
aorta thereby causing the aortic valve to open. A pre-ejection
period (PEP) 22 is the time period between the peak (R) of
the EKG trace and the opening of the aortic valve. The PEP
22 correlates poorly with blood pressure. The ICG trace 14
provides a better indication as to when the aortic valve
opens. The ejection of blood from the left-ventricle into the
aorta results in a significant temporary decrease in the
thoracic impedance of the subject, which corresponds to a
temporary increase in the ICG trace, which is the negative
of the change of impedance with time. Accordingly, in many
embodiments, the ICG trace 14 is processes to identify a

where: MAP is predicted mean arterial blood pres-

MAP, s e 18 @ baseline measured MAP;
K, .7 18 a subject dependent constant for MAP;
PTT is the measured pulse transit time; and
PTT, is the measured pulse transit time for
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start 24 of the temporary increase in the ICG trace as
corresponding to the opening of the aortic valve and the start
of the propagation of the blood pressure pulse. In many
embodiments, the arrival of the blood pressure pulse is
detected via the PPG signal 16, which includes an inflection
point 26 that occurs upon arrival of the blood pressure pulse
to the wrist-worn device 10.

[0102] FIG. 3 schematically illustrates a four-electrode
configuration 30 used to measure impedance of a subject, in
accordance with many embodiments. The four-electrode
configuration 30 includes a drive current generator 32 elec-
trically coupled with a first drive current electrode 34 and a
second drive current electrode 36. In many embodiments,
the drive current generator 32 imparts an alternating current
to a subject 38 via the electrodes 34, 36. The four-electrode
configuration 30 also includes a voltage sensor 40 electri-
cally coupled with a first sense electrode 42 and a second
sense electrode 44. The use of the sense electrodes 42, 44,
which are separated from the drive current electrodes 34, 36,
serves to reduce the impact of impedance and contract
resistance by sensing voltage with electrodes that are trans-
ferring much lower levels of current relative to the current
drive electrodes 34, 36. In many embodiments, the alternat-
ing drive current has a frequency between 20 kHz and 100
kHz. Drive currents below 20 kHz may create muscle
excitation. And while drive currents at 100 kHz produces
skin-electrode impedance approximately 100 times lower
than at low frequencies, applied drive currents at greater
than 100 kHz may result in stray capacitance. A drive current
of about 85 kHz is preferred.

[0103] FIG. 4 shows a side view of a wrist-worn blood-
pressure measurement device 50, in accordance with many
embodiments. The wrist-worn device 50 includes a main
unit 52, a wrist-worn elongate band 54, a first drive current
electrode 56, a first sense electrode 58, a second drive
current electrode 60, a second sense electrode 62, and a PPG
sensor 64. The first drive current electrode 56, the first sense
electrode 58, and the PPG sensor 64 are: 1) supported on the
wrist-worn elongate band 54, 2) positioned and oriented to
interface with a subject’s wrist upon which the wrist-worn
device 50 is worn, and 3) operatively connected with the
main unit 52. The second drive current electrode 60 and the
second sense electrode 62 are: 1) supported on the wrist-
worn elongate band, 2) positioned and oriented to be inter-
faceable with the subject so that the drive current travels
through the thoracic cavity of the subject (e.g., with separate
fingers on the arm opposite to the arm on which the
wrist-worn device 50 is worn), and 3) operatively connected
with the main unit 52. The main unit 52 includes circuitry
and/or software for imparting drive current through the
subject via the first and second drive current electrodes 56,
60 and for processing signals from the PPG sensor 64 and
the first and second sense electrodes 58, 62 so as to measure
a PTT and calculate one or more blood pressure values for
the subject based on the PTT.

[0104] FIG. 5 shows a side view of another wrist-worn
blood-pressure measurement device 70, in accordance with
many embodiments. The wrist-worn device 70 includes the
same components as for the wrist-worn device 50, but has
the first drive current electrode 56 and the first sense
electrode 58 located to enhance contact pressure with a wrist
72 of the subject. In the illustrated embodiment, the first
drive current electrode 56 is disposed on a directly opposite
inside surface of the wrist-worn band 54 relative to the
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second drive current electrode 60 such that contact pressure
between, for example, a finger of the subject and the second
drive current electrode 60 transfers compression through the
wrist-worn band 54 to the first drive current electrode 56,
thereby increasing contact pressure between the first drive
current electrode 56 and the wrist 72. In a similar fashion,
the first sense electrode 58 is disposed on a directly opposite
inside surface of the wrist-worn band 54 relative to the
second sense electrode 62 such that contact pressure
between, for example, a finger of the subject and the second
sense electrode 62 transfers compression through the wrist-
worn band 54 to the first sense electrode 58, thereby
increasing contact pressure between the first sense electrode
58 and the wrist 72. Any suitable variation can be used. For
example, the locations of the first drive current electrode 56
and the first sense electrode 58 can be exchanged. As another
example, the electrodes 56, 58, 60, 62 can be located at any
other suitable locations on the wrist-worn band 54. As
another example, any suitable number of the electrodes 56,
58, 60, 62 can be disposed on the main unit 52.

[0105] Inthe illustrated embodiment, the PPG sensor 64 is
located on the wrist-worn band 54 so as to be disposed to
sense the arrival of the blood-pressure pulse within a radial
artery 74 of the subject. Cross sections of the ulna bone 76
and the radius bone 78 of the subject are shown for refer-
ence.

[0106] FIG. 6 schematically illustrates electrode locations
and related body impedances in an approach for measuring
chest cavity impedances, in accordance with many embodi-
ments. In the illustrated approach, the first drive current
electrode 56 and the first sense electrode 58 are held in
contact with the left wrist of the subject. The second drive
current electrode 60 is contacted by the right index finger of
the subject. The second sense electrode 62 is contacted by
the right thumb of the subject. The first and second drive
current electrodes 56, 60 impart a cross-body alternating
drive current 80 between the drive current electrodes 56, 60.
The cross-body drive current 80 propagates through the left
wrist, through the left arm, through the thoracic cavity,
through the right arm, and through the right index finger. The
combined impedance of the left wrist local to the first drive
current electrode 56 and the contact impedance of the first
drive current electrode 56 and the left wrist is schematically
represented as an impedance (Z1). The combined impedance
of the right index finger in contact with the second drive
current electrode 60 and the contact impedance of the
second drive current electrode 60 and the right index finger
is schematically represented as an impedance (73). The net
cross-body impedance between the impedances (71 and 73)
is schematically represented as an impedance (Z5). The
combined impedance of the left wrist local to the first sense
electrode 58 and the contact impedance of the first sense
electrode 58 and the left wrist is schematically represented
as an impedance (72). The combined impedance of the right
thumb in contact with the second sense electrode 62 and the
contact impedance of the second sense electrode 62 and the
right thumb is schematically represented as an impedance
(Z4). In many embodiments, because the first and second
sense electrodes 58, 62 are configured to measure a voltage
difference without transferring any significant amount of
current, the resulting voltage drops across the impedances
(72 and 74) are small so that the voltage difference sensed
by the first and second sense electrodes 58, 62 matches the
voltage difference across the impedance (Z5).
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[0107] FIG. 6A shows a side view of another wrist-worn
blood-pressure measurement device 71, in accordance with
many embodiments. The wrist-worn device 71 includes the
same components as for the wrist-worn device 70, but has
the second drive current electrode 60 and the second sense
electrode 62 located so that they can be engaged with
another portion of the user via the user positioning the arm
on which the wrist-worn device 71 is worn so as to press the
electrodes 60, 62 into contact with any suitable skin portion
of the user. For example, FIG. 6A illustrates the electrodes
60, 62 being pressed against a skin location on the user’s
thorax 73 (e.g., lower breast skin opposite to the arm on
which the device 71 is worn). As another example, the
electrodes 60, 62 can be pressed against skin on the user’s
arm opposite to the arm on which the device 71 is worn.

[0108] FIG. 7 schematically represents an embodiment of
a wrist-worn device for measuring blood pressure. In the
illustrated embodiment, the wrist-worn device includes one
or more processors 82, memory 84, a display 86, one or
more input/output devices 88, a data bus 90, an ICG/EKG
unit 92, the PPG sensor 64, and a PPG sensor control unit 94.
In many embodiments, the memory 84 includes read only
memory (ROM) 96, and random access memory (RAM) 98.
The one or more processors 82 can be implemented in any
suitable form, including one or more field-programmable
gate arrays (FPGA).

[0109] The ICG/EKG unit 92 includes an ICG/EKG signal
processing unit 100, an ICG/EKG digital to analog unit 102,
an ICG/EKG analog front end unit 104, and an ICG/EKG
analog to digital unit 106. The signal processing unit 100
generates a digital alternating drive signal (e.g., a digital
drive signal corresponding to an 85 kHz sinusoidal drive
current) and supplies the digital alternating drive signal to
the digital to analog unit 102. The digital to analog unit 102
generates a sinusoidal drive current matching the digital
alternating drive signal and supplies the sinusoidal drive
current to the analog front end unit 104. The analog front end
100 supplies the sinusoidal drive current to the first and
second drive current electrodes 56, 60 for propagation
through the subject (e.g., as the cross-body alternating drive
current 80 illustrated in FIG. 6). Resulting voltage levels are
sensed via the first and second sense electrodes 58, 62.
Signals from the sense electrodes 58, 62 are processed by the
analog front end 104 to generate an analog voltage signal
supplied to the analog to digital unit 106. The analog to
digital unit 106 converts analog voltage signal to a corre-
sponding digital signal that is supplied to the signal pro-
cessing unit 100. The signal processing unit 100 then
generates corresponding ICG/EKG digital data that can be
processed by the one or more processors 82 to determine the
opening of the aortic valve and therefore the corresponding
start of the propagation of a blood pressure pulse from the
left ventricle to the wrist-worn device.

[0110] The PPG sensor unit 64 includes a PPG illumina-
tion unit 108 and detector line array 110. The PPG illumi-
nation unit 108 includes two light sources 112, 114 which
transmit light having different wavelengths onto the wrist.
While any suitable wavelengths can be used, the first light
source 112 generates a beam of light having a wavelength of
525 nm. The second light source 114 generates a beam of
light having a wavelength of 940 nm. Any suitable number
of light sources and corresponding wavelengths can be used
and selected to provide desired variation in tissue penetrat-
ing characteristics of the light. The detector line array 110
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can include any suitable number of light detectors. In many
embodiments, the light detectors are disposed at a plurality
of different distances from the light sources 112, 114 so that
the detected light is associated with different mean penetra-
tion depths so as to enable detection of the arrival of the
blood pressure pulse at different layers and/or within a layer
of the wrist deeper than a layer sensed by a single light
source and single detector PPG sensor. In the illustrated
embodiment, the detector line array 110 includes four light
detectors 116, 118, 120, 122, with each of the light detectors
116, 118, 120, 122 being disposed at a different distance
from the light sources 112, 114. For example, the light
detectors 116, 118, 120, 122 can be disposed at 2 mm, 3 mm,
4 mm, 6 mm, or 10 mm respectively, from each of the light
sources 112, 114. Signals generated by the light detectors
116, 118, 120, 122 are supplied to the PPG control unit 94,
which includes an analog to digital converter to generate
PPG sensor digital data that can be processed by the one or
more processors 82 to determine the arrival of the blood
pressure pulse to the wrist-worn device. The PPG control
unit 94 controls activation of the light sources 112, 114, and
can alternately illuminate the light sources 112, 114 at a
frequency sufficiently high to enable combined assessment
of the PPG sensor digital data generated by illumination of
the wrist with the different wavelengths provided by the light
sources 112, 114.

[0111] The generated ICG/EKG digital data and the PPG
sensor digital data can be transferred to, and stored in, the
RAM 98 for any suitable subsequent use. For example, the
data can be: 1) processed by the one or more processors 82
to determine PTTs and corresponding blood pressure values
for the subject, 2) displayed on the display 86, and/or 3)
output via the input/output devices 88 for any suitable
purpose such as to a health care professional and/or a
monitoring service. In many embodiments, the one or more
processors 82 processes the ICG/EKG and PPG sensor
digital data to generate trending data for a time period based
on the one or more relative blood pressure values. Such
trending data can be generated for any suitable time period,
for example, for one or more days, one or more weeks, one
or more months, and/or one or more years. One or more
blood pressure values and/or associated trending data can
be: 1) stored in the RAM 98, 2) displayed on the display 86,
and/or 3) output via the input/output devices 88 for any
suitable purpose such as to a health care professional and/or
a monitoring service.

[0112] FIG. 8 shows typical EKG and ICG data traces, in
accordance with many embodiments. AC body impedance
Z(t) is calculated using the applied drive current I(t) and the
measured resulting voltage difference signal V(t) per equa-
tion (6).

ZO=VI0) 6

[0113] The ICG signal is then generated by calculating the
negative time differential of Z(t) as shown in equation (7).

ICG Signal=—dZ/ds )

[0114] The EKG signal is generated by voltages generated
within the body having variations at a much lower frequency
(e.g., 0.05-100 Hz) in comparison to the relatively higher
frequency of the impedance drive current (e.g., 85 kHz).
Accordingly, signals from the first and second sense elec-
trodes 58, 62 can be processed to generate both the [CG and
the EKG traces. When both the EKG and the ICG traces are
generated, the pre-ejection period (PEP) can be determined.
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While the PEP time period does not correlate well with
blood pressure, it may correlate with an extent to vasomo-
tion (vasodilation and vasoconstriction) and thereby serve as
an additional factor that can be used to correlate blood
pressure with measured PTT. For example, a relationship
can be developed where predicted blood pressure is a
correlated function of both PTT and PEP.

[0115] FIG. 9 shows an electrocardiogram (EKG) trace
segment 212, a Ballisto-Cardiogram (BCG) or Seismo-
Cardiogram (SCG) trace segment 214, and a PPG signal 216
relative to a pulse transit time (PTT) 218 for a blood pressure
pulse between the left ventricle of the subject to the wrist-
worn device 210. In many embodiments, the wrist-worn
device 210 includes an accelerometer and a PPG or pulse
pressure sensor. The accelerometer measures one or more
accelerations used to generate a BCG and/or a SCG, which
can be processed to identify when the blood pressure pulse
originates from the subject’s left ventricle. A PPG sensor is
used to generate a PPG signal for the subject. The EKG trace
segment 212 is shown for reference in describing the opera-
tion of the heart. The EKG trace segment 212 has a segment
(QRS) known as the QRS complex, which reflects the rapid
depolarization of the right and left ventricles. The prominent
peak (R) of the EKG trace corresponds to beginning of
contraction of the left ventricle. A pulse arrival time (PAT)
220 is the time between the peak (R) of the EKG trace and
arrival of the blood pressure pulse at the wrist-worn device
210. As the left ventricle contacts, pressure builds within the
left ventricle to a point where the pressure exceeds pressure
in the aorta thereby causing the aortic valve to open. A
pre-ejection period (PEP) 222 is the time period between the
peak (R) of the EKG trace and the opening of the aortic
valve. The PEP 222 correlates poorly with blood pressure.
The BCG/SCG trace 214 can be processed to identify when
the aortic valve opens. The ejection of blood from the
left-ventricle into the aorta results in an associated accel-
eration of the chest cavity that is detected via the acceler-
ometer included in the wrist-worn device 210. In many
embodiments, the arrival of the blood pressure pulse is
detected via the PPG signal 216, which includes an inflec-
tion point 224 that occurs upon arrival of the blood pressure
pulse to the wrist-worn device 210.

[0116] FIG. 10 shows a schematic side view of the wrist-
worn device 210 held in contact with a user’s chest 225, in
accordance with many embodiments. When the wrist-worn
device 210 is held in contact with a user’s chest, SCG data
is generated. When the wrist-worn device 210 is not held in
contact with a user’s chest, BCG data is generated. The
wrist-worn device 210 includes a main unit 226, a wrist-
worn elongate band 228, an accelerometer 230, and a PPG
sensor 232. The accelerometer 230 and the PPG sensor 232
are supported on the wrist-worn elongate band 228 and
operatively connected with the main unit 226. The PPG
sensor 232 is positioned and oriented to interface with a
wrist 234 of the user when the device 210 is worn on the
wrist 234. The main unit 226 includes circuitry and/or
software for processing output from the accelerometer 230
and the PPG sensor 232 so as to measure a PIT and calculate
one or more blood pressure values for the subject based on
the PTT. In the illustrated embodiment, the PPG sensor 232
is located on the wrist-worn band 228 so as to be disposed
to sense the arrival of the blood-pressure pulse within a
radial artery 236 of the subject. Cross sections of the ulna
bone 238 and the radius bone 240 of the subject are shown
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for reference. In described embodiments, the accelerometer
230 is oriented to measure accelerations in each of axes Ax
and Ay (in the plane of the user’s chest 225) and axis Az
(which is perpendicular to the user’s chest 225).

[0117] FIG. 11 shows a typical time-domain SCG trace
242 for acceleration measured in a direction normal to a
user’s chest surface, in accordance with many embodiments.
The SCG trace 242 has localized peaks 244, which corre-
spond to the opening of the aortic valve and associated
ejection of blood into the aorta from the user’s left ventricle.
The SCG trace 242 can be processed to identify the localized
peaks 244 and the associated time points at which the
localized peaks occur, thereby identifying one or more time
points for one or more ejections of blood from the left
ventricle into the user’s aorta. The identified one or more
time points can be used in conjunction with one or more time
points when the respective blood pressure pulses arrive at
the wrist as detected by the PPG sensor 232 or alternatively
via a pulse pressure sensor to calculate a PTT for the
propagation of the blood pressure pulse from the left ven-
tricle to the user’s wrist. The calculated PTT can then be
used to generate one or more blood pressure values for the
user as described herein.

[0118] FIGS. 12 and 13 show additional plots that can be
generated from output of the accelerometer 230. FIG. 12
shows a typical frequency-domain SCG 246 generated from
the output of an accelerometer held in contact with a user’s
chest. The frequency-domain SCG, which can be used to
identify heart rate for the user, which can be used to double
check that the time points corresponding to the localized
peaks 244 are separated by a time interval consistent with
the identified heart rate. FIG. 13 shows a typical spectro-
gram SCG, which can also be used to identify heart rate for
the user.

[0119] FIG. 14 shows example x-axis acceleration, y-axis
acceleration, z-axis acceleration, and vector-sum accelera-
tion SCG plots measured using an accelerometer held in
contact with a subject’s chest. Each of the z-axis accelera-
tion (normal to the subject’s chest) and the vector-sum
acceleration (Atotal) exhibits clear acceleration peaks cor-
responding to respective ejections of blood from the sub-
ject’s left ventricle. The y-axis acceleration (in plane of the
subject’s chest) is relatively less clear with respect to having
acceleration peaks corresponding to respective ejections of
blood from the subject’s left ventricle. And the x-axis
acceleration (also in plane with the subject’s chest) is the
least clear with respect to having acceleration peaks corre-
sponding to respective ejections of blood from the subject’s
left ventricle.

[0120] FIG. 15 shows example x-axis acceleration, y-axis
acceleration, z-axis acceleration, and vector-sum accelera-
tion BCG plots measured using an accelerometer coupled to
a wrist-worn device that is not held in contact with the
subject’s chest. These BCG plots show a different order with
respect to which acceleration plots exhibit acceleration
peaks corresponding to respective ejections of blood from
the subject’s left ventricle. Specifically, the y-axis accelera-
tion BCG plot exhibits the most clear acceleration peaks
corresponding to respective ejections of blood from the
subject’s left ventricle. The vector-sum acceleration (Atotal)
BCG plot is the next most clear after the y-axis acceleration
BCG plot. Finally, each of the x-axis acceleration and the
z-axis acceleration BCG plots appear to be similarly exhibit
the least clear acceleration peaks corresponding to respec-
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tive ejections of blood from the subject’s left ventricle. As
is described herein with reference to FIG. 17, combinations
of the component accelerations can be accomplished so as to
exhibit greater signal variability, thereby having clearer
acceleration peaks with respect to respective ejections of
blood from the subject’s left ventricle.

[0121] FIG. 16 schematically represents an embodiment
of the wrist-worn device 210. In the illustrated embodiment,
the wrist-worn device 210 includes one or more processors
282, memory 284, a display 286, one or more input/output
devices 288, a data bus 290, the accelerometer 230, the PPG
sensor 232, and a PPG sensor control unit 294. In many
embodiments, the memory 284 includes read only memory
(ROM) 296, and random access memory (RAM) 298. The
one or more processors 282 can be implemented in any
suitable form, including one or more field-programmable
gate arrays (FPGA) or integrated circuits. The accelerometer
230 can be any suitable accelerometer (e.g., a three-axis low
noise accelerometer).

[0122] The PPG sensor unit 232 includes a PPG illumi-
nation unit 308 and detector line array 310. The PPG
illumination unit 308 includes two light sources 312, 314
which transmit light having different wavelengths onto the
wrist. While any suitable wavelengths can be used, the first
light source 312 generates a beam of light having a wave-
length of 525 nm. The second light source 314 generates a
beam of light having a wavelength of 940 nm. Any suitable
number of light sources and corresponding wavelengths can
be used and selected to provide desired variation in tissue
penetrating characteristics of the light. The detector line
array 310 can include any suitable number of light detectors.
In many embodiments, the light detectors are disposed at a
plurality of different distances from the light sources 312,
314 so that the detected light is associated with different
mean penetration depths so as to enable detection of the
arrival of the blood pressure pulse at different layers and/or
within a layer of the wrist deeper than a layer sensed by a
single light source and single detector PPG sensor. In the
illustrated embodiment, the detector line array 310 includes
four light detectors 316, 318, 320, 322, with each of the light
detectors 316, 318, 320, 322 being disposed at a different
distance from the light sources 312, 314. For example, the
light detectors 316, 318, 320, 322 can be disposed at 2 mm,
3 mm, 4 mm, and 6 mm, respectively, from each of the light
sources 312, 314. Signals generated by the light detectors
316, 318, 320, 322 are supplied to the PPG control unit 294,
which includes an analog to digital converter to generate
PPG sensor digital data that can be processed by the one or
more processors 282 to determine the arrival of the blood
pressure pulse to the wrist-worn device. The PPG control
unit 294 controls activation of the light sources 312, 314,
and can alternately illuminate the light sources 312, 314 at
a frequency sufficiently high to enable combined assessment
of the PPG sensor digital data generated by illumination of
the wrist with the different wavelengths provided by the light
sources 312, 314.

[0123] Measured acceleration data and the PPG sensor
digital data can be transferred to, and stored in, the RAM
298 for any suitable subsequent use. For example, the data
can be: 1) processed by the one or more processors 282 to
determine PTTs and corresponding blood pressure values for
the subject, 2) displayed on the display 286, and/or 3) output
via the input/output devices 288 for any suitable purpose
such as to a health care professional and/or a monitoring
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service. In many embodiments, the one or more processors
282 processes the acceleration data and PPG sensor digital
data to generate trending data for a time period based on the
one or more relative blood pressure values. Such trending
data can be generated for any suitable time period, for
example, for one or more days, one or more weeks, one or
more months, and/or one or more years. One or more blood
pressure values and/or associated trending data can be: 1)
stored in the RAM 298, 2) displayed on the display 286,
and/or 3) output via the input/output devices 288 for any
suitable purpose such as to a health care professional and/or
a monitoring service.

[0124] FIG. 17 illustrates an approach 350 for processing
recorded acceleration data to identify when blood is ejected
from the left ventricle of a user’s heart, in accordance with
many embodiments. In the approach 350, output from the
PPG sensor 232 is processed with a suitable bandpass filter
352 (e.g., a bandpass filter that attenuates frequencies less
than 0.3 Hz and frequencies greater than 10 Hz) to reduce
noise. The filtered PPG sensor output is then differentiated
with respect to time (act 354) so as to produce a signal that
more clearly exhibits when the blood pressure pulse first
arrives to the wrist prior to the arrival to the wrist of a
reflection of the blood pressure pulse. In a similar fashion,
the output from the accelerometer 230 (three component
acceleration vector data, which varies over time) is also
processed with a suitable bandpass filter 356 (e.g., a band-
pass filter that attenuates frequencies less than 0.3 Hz and
frequencies greater than 10 Hz) to reduce noise. The filtered
acceleration vector data is then selectively combined so that
the combined acceleration values exhibit greater variability
with respect to ejections of blood from the subject’s left
ventricle, thereby exhibiting clearer acceleration peaks cor-
responding to respective ejections of blood from the sub-
ject’s left ventricle. In one variation of the approach 350, a
magnitude trace is calculated from the three component
acceleration vector data (act 358). As illustrated in FIGS. 14
and 15 for each of the vector-sum acceleration data plots
(Atotal) for both SCG and BCG, such a magpitude trace can
exhibit clear acceleration magnitude peaks corresponding to
respective ejections of blood from the subject’s left ven-
tricle. In another variation of the approach 350, a principal
component analysis (PCA) can be performed (act 358) to
identify a linear combination of the three components of the
acceleration data that exhibits maximum acceleration vari-
ability, thereby increasing the likelihood that the identified
combination will exhibit clear acceleration magnitude peaks
corresponding to respective ejections of blood from the
subject’s lefi ventricle while allowing for flexibility in
accelerometer orientation on the wrist. The principal com-
ponent analysis can be accomplished by calculating the
three-dimensional eigenvector associated with the maxi-
mum eigenvalue of the covariance matrix of the measured
acceleration vector samples within a time window. The
components of this eigenvector are used as the coefficients
in the linear combination PCA-1 of the acceleration com-
ponents. The resulting linear combination time samples can
then be evaluated to identify peaks corresponding to respec-
tive ejections of blood from the subject’s left ventricle. The
PCA procedure is repeated for subsequent time windows of
interest that contain measured acceleration data. In act 360,
identified time points for the arrival of blood pressure pulses
to the wrist are correlated with respective time points for the
ejection of blood from the user’s left ventricle (i.e., accel-
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eration peaks identified in the combination of the three
component acceleration vector data). For example, each
time point for the arrival of a blood pressure pulse can be
correlated with a respective time point for the ejection of
blood from the left ventricle that falls within a preselected
preceding time span (e.g., from 100 ms to 300 ms prior to
the arrival of the blood pressure pulse to the wrist. Any
suitable preceding time span can be used. And the preceding
time span used can be customized to a particular subject to
reflect individual variations in pulse wave velocity related
characteristics, such as relative differences in arterial stiff-
ness.

[0125] FIG. 18 illustrates subsurface layers of a subject.
The illustrated layers include: 1) the stratum corneum (about
20 pum thick), 2) the living epidermis (80 to 100 pm thick),
3) the papillary dermis (150 to 200 pm thick), 4) the
superficial plexus (80 to 100 pum thick with a blood volume
fraction of about 1.10/), 5) the reticular dermis (1400 to 1600
pm thick with a blood volume faction of about 0.83%), and
6) the deep blood net plexus (80 to 120 um thick with a
blood volume fraction of about 4.1%). Upon arrival to the
wrist, the blood pressure pulse arrives at the deep blood net
plexus layer before propagating to the overlying layers. As
vasomotion (vasodilation and vasoconstriction) plays an
important role in regulating blood flow in arterioles and
capillaries further downstream in the arterial tree, using the
PPG sensor to detect the arrival of the blood pressure pulse
in the deep blood net plexus layer may increase the strength
of the correlation between blood pressure and PIT by
reducing vasomotion induced variability of PTT in shal-
lower layers more subject to vasomotion induced variation
in pulse wave velocity of the blood pressure pulse.

[0126] FIGS. 19 through 21 illustrate detection of different
mean penetration depths of light emitted by a PPG sensor
having returning light detectors disposed at different dis-
tances from each of two light sources of the PPG sensor, in
accordance with many embodiments. FIG. 19 illustrates
distribution of sensing depths for a combination of a 525 nm
light source and a point detector disposed 2 mm from the
525 nm light source. FIG. 20 illustrates distributions of
sensing depths for the combination of a 525 nm light source
and point detectors disposed at 2 mm, 3 mm, 4 mm, and 6
mm from the 525 nm light source, as well as corresponding
graphs of mean penetration depth and ratio of photons from
the deep blood net plexus layer to the total detected returned
light as a function of source-detector separation. FIG. 21
illustrates distributions of sensing depths for the combina-
tion of a 940 nm light source and point detectors disposed at
2 mm, 3 mm, 4 mm, and 6 mm from the 940 nm light source,
as well as corresponding graphs of mean penetration depth
and ratio of photons from the deep blood net plexus layer to
the total detected returned light as a function of source-
detector separation. FIGS. 22 and 23 show contribution of
the total detected returned light for each layer for each
wavelength and source-detector separation. FIGS. 24 and 25
show combined graphs corresponding to the graphs of FIGS.
20 and 21.

[0127] Using the data illustrated in FIGS. 19 through 25,
the signals from the detectors 116, 118, 120, 122, 316, 318,
320, 322 generated for each of the light wavelengths gen-
erated by the light sources 112, 114, 312, 314 can be
processed to detect arrival of the blood pressure pulse within
a selected layer (e.g., with the deep blood net plexus layer).
For example, arrival of the blood pressure pulse within the
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reticular dermis layer can be detected first due to the large
percentage of the returning light incident on the detectors
116, 118, 120, 122, 316, 318, 320, 322 that returns from the
reticular dermis layer. Once the arrival time to the reticular
dermis layer is determined, the signals during a suitable time
interval prior to the arrival time to the reticular dermis layer
can be combined and/or processed to focus attention on
detecting the earlier arrival of the blood pressure pulse to the
deep blood plexus layer. Typically, infrared (e.g., 940 nm
wavelength) light penetrates deeper into the skin compared
to visible light such as green (e.g., 525 nm wavelength) or
red (e.g., 660 nm wavelength). Hence, a PPG waveform
recorded from infrared light corresponds to light reflected
from deeper blood vessels, while a PPG waveform recorded
from green light corresponds to light reflected from capil-
laries near the skin surface. Since the blood pulse arrives at
deeper blood vessels earlier than capillaries near the skin
surface, the blood pulse appears in the infrared PPG before
the green PPG at the same location (e.g., on the wrist). A
cross correlation of infrared and green PPG signals can be
used to determine the relative delay between the arrival of
the blood pulse at deeper blood vessels and the arrival of the
blood pulse at capillaries near the skin surface.

[0128] The PPG signal can first be filtered in one of
several ways, for example with a low-pass filter or with a
regression filter. The pulse arrival can be detected as the
peak of the amplitude of the PPG signal, or the “zero
crossing point”. Alternatively, the PPG signal can be differ-
entiated with respect to time and the differentiated signal
used to determine a pulse arrival time. This signal process-
ing can be performed on single pulses, leading to PTTs for
each heartbeat. Or, the processing can be performed on
signals that are an average from more than one pulse. One
multi-beat averaging method is to first transform the signals
(ICG or ECG, and also PPQ) into the frequency domain
using a Fourier Transform. Then a cross-correlation between
the two transformed signals will give a PTT value.

[0129] FIG. 26 illustrates another approach for measuring
a PTT that can be used to generate one or more blood
pressure values for a subject. The PTT measured in this
approach is for the propagation of a blood pressure pulse
from an arm-worn auxiliary device 430 to arrival at a
wrist-worn device 432. The auxiliary device 430 and the
wrist-worn device 432 can use any suitable approach for
detecting the arrival of the blood-pressure pulse, such as via
a PPG sensor as described herein.

[0130] FIGS. 27 and 28 show side views of the auxiliary
device 430 and the wrist-worn device 432. The auxiliary
device 430 includes an arm-worn elongate band 434 and an
auxiliary PPG sensor 436 coupled to the band 434. The
auxiliary device 430 can include one or more reference
features or marks to as to enable reliable positioning and/or
orientation of the auxiliary PPG sensor 436 relative to a
selected underlying artery so as to detect arrival of the blood
pressure pulse within the selected underlying artery. The
wrist-worn device 432 can be configured similar to any of
the wrist-worn devices described herein with respect to the
PPG sensor 464 and can have a main unit 438 that is
configured similar to any of the main units described herein
with respect to all relevant functionality thereof.

[0131] FIG. 29 illustrates an exemplary method 510 for
calculating a mean arterial pressure with a wrist-worn pres-
sure sensor. At step 510, after the wrist-worn device is
coupled with a user’s wrist, a constant pressure may be
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applied to the wrist with a pressure sensor coupled with a
pressure actuator. Pressure measurements from the wrist
may be received from the pressure sensor once it is urged
against the wrist 514. The user may then be instructed to
sweep their arm between a first height and a second height
516 to vary the hydrostatic pressure experienced at the wrist.
As the user sweeps their arm from the first height to the
second height, a swept pressure signal may be received from
the pressure sensor where the pressure pulses vary in ampli-
tude due to the changes in hydrostatic pressure experienced
at the wrist as the user moves their arm. The swept pressure
signal may be analyzed to identify a maximum pressure
pulse in the swept pressure signal 520. A hydrostatic pres-
sure associated with the maximum pressure pulse is obtained
522 after identifying the maximum pressure pulse. A mean
arterial pressure may then be calculated 524 based on the
obtained hydrostatic pressure and the constant pressure
applied to the wrist. An indication may then be outputted
526 to provide a user an indication of the obtained mean
arterial pressure. It will be appreciated however that a PPG
sensor of the wrist-worn devices described above may
alternatively be utilized, instead of a pressure sensor, to
provide optical volume waveform signals, wherein a maxi-
mum volume waveform signal is identified to determine the
mean arterial pressure according to FIG. 29.

[0132] The exemplary method 510 utilizes the changes in
hydrostatic pressure for applanation of an artery of the user.
In many embodiments, the method 510 may be used for
applanation of the radial artery or other superficial artery
with sufficient bony support of a user. As the wrist changes
in height relative to the heart of the user, the amount of
hydrostatic pressure will vary and apply different amounts of
pressure at the wrist of the user for applanation of the target
artery. This exemplary method 510 for calculating mean
arterial pressure is counterintuitive as many prior non-
invasive methods of measuring and monitoring blood pres-
sure teach away from arm movement during blood pressure
monitoring. More specifically, many prior methods require
or suggest that a user maintain their arm in preferred position
throughout the measurement and/or monitoring of the user’s
blood pressure. Further, some methods of monitoring or
measuring blood pressure may require wrist harnesses that
lock the user’s wrist in a preferred orientation while the
measurements are taken. A method where the user may
obtain blood pressure measurements and/or monitoring
without the need for bulky wrist harnesses may provide a
more convenient method in which users can easily measure
their own arterial pressure on the go and outside of a clinic
setting.

[0133] In many embodiments, after the user has coupled
the device to their wrist, a constant pressure may be applied
512 by urging a pressure sensor against the wrist of the user.
The constant pressure may be applied by a number of
different ways. For example, wrist-worn device straps may
be manually tightened (e.g., a Velcro strap, adjustable strap,
or the like etc.) or mechanically tightened (e.g., through a
ratcheting mechanism, or the like, etc.). The straps can be
tightened using micro-linear actuator, or electroactive poly-
mer (artificial muscles). In many embodiments a pressure
actuator may be used to urge the pressure sensor against the
wrist of the user. For example, solenoids, linear actuators,
fluid bladders or the like may be coupled with a pressure
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sensor and actuated to urge the pressure sensor against the
wrist and may also be actuated to reduce an amount of
pressure applied.

[0134] In some embodiments, the applied constant pres-
sure could be selected in the range 80-120 mmHg, which is
close to the range of mean arterial pressures of interest. The
use of applanation tonometry to determine mean arterial
pressure requires that the transmural pressure equals zero,
P_transmural=0. The transmural pressure acting across an
arterial wall is defined as the difference between the internal
pressure and external pressure, P_transmural=P_internal-P_
external. Under the assumption of negligible resistance from
the aorta to large peripheral arteries, the internal pressure
P_internal at a peripheral artery is the sum of the central
aortic blood pressure and the hydrostatic pressure at the
peripheral artery relative to the aorta. Hence, the internal
pressure of a peripheral artery that is below the aorta is
greater than the blood pressure of the aorta; similarly, the
internal pressure of a peripheral artery that is above the aorta
is less than the blood pressure of the aorta. For a constant
external pressure, the transmural pressure is largest when the
peripheral artery is at its lowest point and smallest when the
peripheral artery is at its highest point. When the artery is at
its lowest point, the transmural pressure is typically greater
than zero. As the artery is raised from its lowest point, the
transmural pressure decreases until it reaches zero and
begins to become negative. It follows that for a constant
external pressure P_external, the transmural pressure will
reach zero at a height that depends on the central aortic
blood pressure. As the central aortic blood pressure
increases, the transmural pressure equals zero at increasing
peripheral artery heights. Conversely, as the central aortic
blood pressure decreases, the transmural pressure equals
zero at decreasing peripheral artery heights. For example, a
constant pressure may be applied at the wrist such that
transmural pressure at the wrist is positive when the user’s
arm is at a resting position (e.g., by the user’s side when
standing). The constant pressure may also be configured to
allow the transmural pressure to turn negative after the user
raises their arm a height relative to the user’s heart. With
such a configuration, an applanation of a target artery where
the arterial wall is flattened and transmural pressure turns to
zero. Here, the arterial pressure is perpendicular to the
surface may occur at a height between the resting position
where transmural pressure is positive state and the raised
position where transmural pressure is negative. At the this
height of the wrist, the hydrostatic pressure acting on the
user’s wrist and the constant pressure applied at the wrist
may applanate the artery such that the arterial pressure is the
only pressure detected by the pressure sensor (e.g., a desired
applanation).

[0135] Once the pressure sensor is coupled with the wrist
of the user, a pressure signal/measurement may be received
from the pressure sensor 514. The received pressure signal
may correspond to an arterial pressure of the user. In some
embodiments, the pressure sensor may be a capacitive
pressure sensor, a piezoelectric film pressure sensor, a
piezoresistive microelectromechanical system (MEMS)
pressure sensor, bladder fluid or gas pressure sensor, or the
like. FIG. 29A shows an exemplary piezoelectric film sensor
that may be used with embodiments of the present invention
described herein. FIG. 29B shows an exemplary piezoresis-
tive pressure sensor that may be used with embodiments of
the present invention described herein.
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[0136] Insome embodiments a piezoelectric film pressure
sensor may be preferable as the film may be thin and may
better conform to the contours of the user’s wrists. When
using a piezoelectric film pressure sensor, some embodi-
ments may actuate the piezoelectric film pressure sensor
with a fluid bladder. A fluid bladder pressure sensor identi-
fying an applied pressure by the fluid bladder may be used
to measure static pressure while the piezoelectric film pres-
sure sensor measures dynamic pressure. The piezoelectric
film measures the dynamic pressure oscillations from the
artery, while the fluid bladder pressure sensor measures the
static applied pressure from the fluid bladder.

[0137] In some embodiments a piezoresistive may be
preferable as the film may also conform to the contours of
the user’s wrist and may further measure a static and
dynamic pressure.

[0138] In many embodiments, an array of pressure sensors
may be used to ensure that at least one of the pressure
sensors of the array is positioned at a preferable location
relative the target artery of the user. For example, in some
embodiments, a 12x1 array, two 12x1 arrays, a 3x4 array,
two 3x4 arrays, or the like of pressure sensors may be
applied transverse to the radial artery of the wrist. In some
embodiments, a single pressure actuator may be used to urge
the entire array of sensors against the target artery. In other
embodiments, multiple pressure actuators may be used to
urge portions of the array of sensors against the target artery.
For example, some embodiments of the wrist-worn device
may have each pressure sensor coupled with a pressure
actuator such that each individual pressure sensor may be
individually urged against and away from the wrist by a
desired amount and at different times. Further details of
exemplary devices are discussed further below.

[0139] The user may be instructed to sweep their arm
between a first height and a second height 516. The first
height and second heights may be, for example, a resting
position where the user’s arm rests against their side when
standing and a raised position where the user’s arm is raised
above their head. In many embodiments, it may be prefer-
able to instruct that the user slowly sweep their hand to
different heights so that a plurality of pressure pulses may be
measured at different heights. Further, while not essential, it
may be preferable to instruct the user to maintain their arm
in an extended position or straight orientation (e.g., where
the elbow is locked) so that a wrist height measurement,
relative to the user’s shoulder, may be calculated using an
angle of the arm and a shoulder-to-wrist length.

[0140] As the user moves their arm to different heights, a
swept pressure signal may be received 518. The swept
pressure signal may include a plurality of pressure pulses
that vary in amplitude due to changing hydrostatic pressure
experienced at the wrist at the different heights.

[0141] As discussed above, a desired applanation of a
target artery where the arterial wall is flattened and the
arterial pressure is perpendicular to the surface may occur at
a desired height between the first wrist height (e.g., resting
position where the arm is positioned by the user’s side)
where the transmural pressure is positive and a second wrist
height (e.g., a raised position above the resting position)
where the transmural pressure is negative or vice-versa. At
this desired height where the transmural pressure is zero, the
hydrostatic pressure acting on the user’s wrist and the
constant pressure applied at the wrist may applanate the
artery such that the arterial pressure stress is measured by the
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pressure sensor. Accordingly, in a height swept pressure
signal with a plurality of pressure pulses measured at
different heights, the desired applanation of the target artery
is associated with the pressure pulse with the largest ampli-
tude (i.e., “maximum pressure pulse”). Thus, after receiving
the swept pressure signal 518, a maximum pressure pulse in
the swept pressure signal is identified 520 as it is associated
with the desired applanation of the target artery and a
corresponding hand height, location, and/or orientation may
be recorded for calculating a hydrostatic pressure.

[0142] To calculate a mean arterial pressure 524, the
applied constant pressure and a hydrostatic pressure acting
on the wrist during the measurement of the maximum
pressure pulse are obtained. The mean arterial pressure
(MAP) may be calculated by the following formula:

MAP=P applied_P hydrostatics ®

[0143] where: P, ;. is the constant pressure applied at
the wrist and P, /., .,z 15 the hydrostatic pressure acting on
the wrist during the measurement of the maximum pressure
pulse.

[0144] Py, 0 sas. may be calculated by:
P, hydro:tatic:/ugh’ (83)

[0145] where: p is the density of blood, g is the gravita-
tional constant, and h is the height difference between the
heart and the wrist of the user (“heart-to-wrist height”). The
average density of blood is approximately 1060 kg/m’>. The
gravitational constant is approximately 9.8 m/s>. The height
difference, h, may be defined as:

h:Heightheart_Heightwrisn (9)

[0146] where h is obtained in centimeters (cm) and where
MAP is outputted in mmHg, equation (1) may be rewritten
to:

mmfg (10)

MAP(mmHg) = Pressureapplicd — 0.78( ) #h(cm),

cm

[0147] Accordingly, MAP may be calculated by obtaining
the constant pressure applied at the wrist and by obtaining
the heart-to-wrist height of the user that is associated with
the measurement of the maximum pressure pulse.

[0148] FIG. 30 illustrates an exemplary method 528 of
calculating the hydrostatic pressure at the wrist 522. At step
530, a signal indicative of an angle of the pressure sensor
may be received while the pressure sensor obtains the swept
pressure signal. A shoulder-to-wrist length of user may be
obtained 532. A height of the sensor relative to the user’s
shoulder may be calculated 534 using the signal indicative
of the angle of the pressure sensor and the obtained shoul-
der-to-wrist length. A height of the user’s shoulder may then
be obtained 536 for use in calculating a wrist height 38 based
on the shoulder height and the sensor height relative to the
shoulder. A user’s heart height may then be obtained 540. A
height difference between the pressure sensor/wrist and the
heart may then be calculated 542 based on the obtained user
heart height 540 and the calculated wrist height 538. Using
the calculated height difference, a hydrostatic pressure act-
ing on the wrist at the height of the sensor may be calculated
544 and used to calculate the MAP 524 (e.g.. using equation
10).
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[0149] In some embodiments, an accelerometer may be
coupled with the wrist-worn device and may output an angle
of the pressure sensor 530 while receiving the swept pres-
sure signal. The received angle information 530 may be used
with an obtained shoulder-to-wrist height 532 to identify a
height of the pressure sensor and wrist of the user relative to
the shoulder of the user. For example, a shoulder-to-wrist
height (Height,;,,,100rr0mmis) May be calculated with the
following:

Height g, o iger-somrist = Lsoutder-towrist
[0150]

where: 1. izer-ro-wrise 15 the length of the shoulder
to the wrist of the user, and theta is the angle of the
wrist/pressure sensor relative to horizontal identified by the
accelerometer.

[0151] Optionally, if the accelerometer returned an angle,
¢, of the pressure sensor 530 relative to vertical (e.g., where
an arm raised straight up returns an angle of 0° and an arm
position straight down returns an angle of 180°), shoulder-
to-wrist height may be calculated with the following;

*sin 0 11
st

1 = * )
Heighton outder—to-vrise=Ishortder—tomist €08 Pupise (12

[0152] The length of the shoulder to the wrist of the user
may be obtained 532 directly from a user input 546 for use
in equation (11) or (12). For example, a user interface may
be provided that requests the user to input a shoulder-to-
wrist length. In response to a user input indicative of the
shoulder-to-wrist length, the device may store the received
user input for use in equation (11) and/or (12).

[0153] In some embodiments of the invention, the user
may input anthropometric data 548 and the length of the
shoulder to the wrist of the user may be estimated based on
the user inputted anthropometric data. For example, in some
embodiments, a user may input a gender and a height. In
further embodiments, other anthropometric data may be
obtained such as a user’s age, weight, ethnicity, etc. Based
on received anthropometric data, shoulder-to-wrist length
may be estimated. For example, in some embodiments, a
shoulder-to-wrist length of a male user may be estimated as
approximately 30%-36% of the user’s inputted height, and
in some embodiments preferably about 330%-34% of the
user’s inputted height and in further embodiments, even
more preferably about 33.4%-33.5% of the user’s inputted
height. For some embodiments, a shoulder-to-wrist length of
a female user may be estimated as approximately 31%-37%
of the user’s inputted height, and in some embodiments,
even more preferably about 33%-35% of the user’s inputted
height, and in further embodiments, even more preferably
about 33.3%-34.5% of the user’s inputted height.

[0154] Thereafter, a user’s wrist height (Height,,,,,,) may
be calculated 538 by obtaining a user shoulder height 536
with the following:

Height,,, . ~Heighteousiat el outder-toswrise (13)
[0155] Optionally, equation (13) may be substituted into
equation (9) to provide:

h=Heighty gy yyris~Heightyey~ (Heighty,guger+
Height

shoulder-to-wrist/*

(14)

[0156] Ina similar manner to receiving a shoulder to wrist
length, a shoulder height may be requested and received
through a user input 546 or may be estimated using received
anthropometric data 548. For example, in some embodi-
ments, a shoulder height of a male user may be estimated as
approximately between 80%-84% of the user’s height, and
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in further embodiments, preferably between about 81.5%-
82.5% of the user’s height, and even more preferably about
81.9%-82% of the users height. For a female user, a shoulder
height may be estimated as approximately between 81.5%-
83.5% of the user’s inputted height, and in further embodi-
ments, preferably between 82%-83% of the user’s inputted
height, and even more preferably about 82.4%-82.6% of the
user’s inputted height.

[0157] To calculate for Height,_ ..., using equation
(13) or equation (14), a user heart height 540 may be
obtained directly through user input 542 (user inputted and
stored for subsequent use) or may be estimated based on
anthropometric data inputted by the user 548 (e.g., gender,
height, or the like). In some embodiments, a height of the
user’s heart may be estimated as approximately 70-75% of
the user inputted height, in further embodiments, preferably
about 72%-73% of the user inputted height and even more
preferably about 72.5% of the user inputted height.

[0158] Once Height, . ... is obtained, a hydrostatic
pressure acting on the wrist may be calculated 544 using
equation (8a) and a MAP may be calculated 524 using
equation (10).

[0159] After calculating an MAP for a user, the method
510 may then proceed to output an indication to the user that
1s indicative of the calculated MAP 526. The output may
comprise the calculated MAP. Alternatively, the output may
be a general indicator that indicates where the calculated
MAP falls on a spectrum (e.g., good MAP, intermediate
MAP, bad MAP). The output may be audio (e.g., a voice or
other audio indicator) or visual. For example, the output may
be outputted to a display of the device or LEDs may be
illuminated to provide the indication. In some embodiments,
the output may be communicated to a separate wearable
device coupled with the wrist-worn blood pressure moni-
toring device. For example, in some embodiments, the
wrist-worn blood pressure monitoring device may be
coupled with a separate wrist-worn electronics device. The
separate device may include a separate power source, pro-
cessor, communications port, memory, and inputs/outputs,
etc. In further embodiments, the output may be transmitted
(e.g., wirelessly) to a mobile device of a user. For example,
an indication of the calculated MAP may be transmitted to
a smartphone, or other portable electronic device (e.g.,
tablets, PDAs, laptops, or the like) for recordation, analysis,
and documentation.

[0160] In some embodiments, the wrist-worn blood pres-
sure monitor may output or otherwise transmit received
sensor signals (e.g., wrist angle, pressure signal, swept
pressure signal or the like) to a separate device for further
processing and recordation. This may be advantageous in
reducing the processing power needed in the wrist-worn
device, thereby allowing the device to have a smaller
footprint and may allow the device to be operated for longer
periods of time due to a lower power consumption. Further,
by transmitting the data to a secondary device (e.g., watch,
phone, tablet, or the like) on-board storage and battery
requirements may be reduced, thereby further allowing the
device to have a smaller footprint.

[0161] While generally discussed as instructing the user to
actively, intentionally, and/or knowingly carry out the arm
sweep for generating the swept pressure pulse, other
embodiments may be passive where the pressure signals
may be received throughout a period of time as the user
carries out daily activities. Other sensor data (e.g., acceler-

Nov. 30,2017

ometer data) may indicate the movement of the sensor to
different heights and may indicate the receipt of a swept
pressure signal. The passively received swept pressure sig-
nal (e.g., where the user does not carry out the arm sweep in
response to instructions), may then be analyzed for calcu-
lating a MAP of the user per the methods described above.
[0162] Optionally, in some embodiments, an accelerom-
eter and gyroscope on the wrist could be used to trace the
trajectory of the wrist during daily movements and, hence,
determine the height between the wrist and the shoulder, the
heart-to-wrist height can then be determined by a single
measurement of the shoulder-to-heart height.

[0163] FIGS. 31A-31C illustrate a user 550 sweeping his
arm for producing the swept pressure signal for the exem-
plary method 510. FIG. 31A illustrates the user 550 with a
wrist-worn device 552 at a first height 554 relative to his
heart 556 where the wrist/wrist-worn device 552 is below
the user’s heart 556. FIG. 31B illustrates the user 550 with
the wrist-worn device 552 at an height 558 where the
wrist/wrist-worn device 552 is approximately equal to a
height of his heart 556. FIG. 31C illustrates the user 550
with the wrist-worn device 552 at a second height 560
relative to his heart 556 where the wrist/wrist-worn device
552 is above the user’s heart 556.

[0164] InFIG.31A, Height,,,., ... has a positive value as
the heart height is greater than the wrist height. Accordingly,
per equation (8a), the user 550 experiences a positive
hydrostatic pressure at the wrist when the wrist is below the
heart 556 of the user. For example, using equation (8a), the
user experiences +40 mmHg of hydrostatic pressure at the
wrist when the wrist is about 51.28 cm below the heart 556.
Thus if the desired applanation of the target artery (or a
measurement of the maximum pressure pulse) occurs when
the wrist is below the heart height 556, the calculated MAP
is less than the applied pressure.

[0165] In FIG. 31B, Height, ., ..., 1S approximately
zero. Accordingly, per equation (8a), at this height, no
hydrostatic pressure acts on the wrist relative to the heart
556. If the desired applanation of the target artery (or a
measurement of the maximum pressure pulse) occurs when
the wrist height is equal to the heart height, the calculated
MARP is equal to the applied pressure.

[0166] In FIG. 31C, Height,.,,,.....; has a negative value
as the heart height is less than the wrist height, (see equation
(9)). Accordingly, per equation (8a), the user 550 experi-
ences a negative hydrostatic pressure at the wrist relative to
the heart when the wrist is above the heart 556 of the user
550. For example, using equation (8a), the user experiences
-40 mmHg of hydrostatic pressure at the wrist when the
wrist is about 51.28 cm above the heart 556. If the desired
applanation of the target artery (or a measurement of the
maximum pressure pulse) occurs when the wrist is above the
heart height 556, the calculated MAP is greater than the
applied pressure.

[0167] In many embodiments, the transmural pressure at a
low end of the arm sweep may be positive where the wrist
and device are positioned below the heart (e.g., FIG. 31A)
and may be negative at a high end of the arm sweep where
the wrist and device are positioned above the heart (e.g,,
FIG. 31C). In such instances, the desired applanation of the
target artery and measurement of the maximum pressure
pulse will occur at an intermediate height between the low
end of the arm sweep and the high end of the arm sweep
where the transmural pressure is zero.
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[0168] FIG. 32 shows an exemplary device 562 for moni-
toring and/or measuring blood pressure of a user. The device
562 may include a wrist strap 564 and an actuator system
566 supported by the wrist strap 564. The actuator system
566 may include a tip 567 for coupling with a pressure
sensor (not shown) and may be configured to position the
pressure sensor at a desired location relative to a coupled
wrist.

[0169] The wrist strap 564 may be provided for coupling
with a wrist of the user. While illustrated as configured to
partially wrap around a user’s wrists, other embodiments
may fully wrap around a user’s wrist. As discussed above,
wrist strap 564 may be tightened around the wrist of a user
to apply the constant pressure during an MAP measurement.
The wrist strap 564 may include clasps, ratcheting mecha-
nisms, or other engagement/tightening features for coupling
and/or tightening the device 562 with a wrist of the user.
[0170] In some embodiments, the wrist strap 564 may be
configured to couple with/modify a separate wearable device
with a strap. For example, the wrist strap 564 may couple to
the inner surface/contact surface of a strap of a separate
wearable device. In some embodiments, the separate device
may also be a wrist worn device, such as a watch or the like.
[0171] Actuator system 566 may be supported relative to
a wrist of the user via wrist strap 564. The actuator system
566 may provide a number of degrees of freedom to a
pressure sensor coupled a tip 567 of the actuator system 566
relative to the wrist so that a pressure sensor may be
preferentially placed at a desired location on the wrist and
with a desired amount of pressure. For example, as illus-
trated actuator system 566 includes a first rail 568 for
positioning a coupled pressure sensor perpendicular or trans-
verse to a coupled wrist of a user. Actuator system 566 may
further include a second rail 570 for positioning the tip 567
along the length of a target artery. Further, actuator system
566 may include a linear actuator 572 for urging a pressure
sensor coupled thereto against a wrist of a user (e.g., for
applying the constant pressure for measuring MAP). In
some embodiments, the 2 rail system can be replaced by an
automatic step controlled linear stage positioning system.
And the linear actuator 572 can be replaced with a voice coil
actuator (VCA) or a piezoelectric stack actuator.

[0172] The exemplary device 562 may be configured to
carry out the exemplary method 510. In some embodiments,
the exemplary device 562 may be used to monitor blood
pressure using applanation tonometry where the actuator
572 is configured to perform a pressure sweep in the Z
direction (i.e. into the wrist) for identifying an MAP and
then actuated to apply a preferred pressure so that the
pressure sensor provides continuous blood pressure moni-
toring.

[0173] FIG. 33 illustrates another exemplary) device 574
for monitoring and/or measuring blood pressure of a user.
The device 574 may include a housing 576 with a curved
configuration with an inner surface 578 configured to match
the curvature of the underside of the wrist of a user. Housing
576 may include slots or engagement features 580 for
coupling with a wrist strap (not shown). The housing 576
may include recessed surfaces/slots 582 for receiving a
sensor array and corresponding recessed surfaces/slots 584
for receiving sensor leads of a received sensor array. Further,
in some embodiments, housing 576 may include a recessed
surface/slot 586 for receiving a pressure actuator for urging
a received sensor array against a wrist of a user.
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[0174] Slots 580 may be configured to receive a wrist strap
for coupling the device 574 to a wrist of the user. The slot
may, for example, receive a hook-and-loop fastener strap
(e.g., Velcro® tape, or the like) for securing the device 574
to the wrist.

[0175] The recessed surface 582 may be configured for
receiving a pressure sensor array. In some embodiments the
pressure sensor array may comprise capacitive pressure
sensors, piezoresistive MEMS pressure sensors, piezoelec-
tric film pressure sensors, or the like. In some embodiments
a 12x1 pressure sensor array may be received. The recessed
surface 582 may align a received sensor array parallel with
the wrist strap so that the sensor array traverses the target
artery (e.g., radial artery). This may ensure that at least one
of the pressure sensors of the pressure sensor array is
positioned over the target artery. In the illustrated embodi-
ment, two recessed surfaces 582 are provided for two 12x1
sensor arrays. While illustrated with two recessed surfaces
582 for receiving 12x1 sensor arrays, it should be under-
stood that other embodiments may include single recessed
surface 582 or may include three or more recessed surfaces
582 for receiving sensor arrays. Further, while the recessed
surfaces 582 are described as configured to receive 12x1
sensor arrays, it should be understood that embodiments are
not limited to receiving 12x1 sensor arrays. Embodiments
may have recessed surfaces to receive other sensor arrays
configurations (e.g., 2x1 sensor arrays, 3x3 sensor arrays,
4x4 sensor arrays, 4x3 sensor arrays, 4x6 sensors arrays or
the like). Examples of array geometries include, but are not
limited to, rectangular, hexagonal, and arrays with staggered
rows or columns.

[0176] Recessed surface 586 may be further recessed than
recessed surface 582 so that the received pressure actuator
may urge the received pressure sensors against the wrist of
the user. In some embodiments, the recessed surface 586
may be configured to receive a fluid bladder pressure
actuator. The fluid bladder actuator may be configured to be
filled with various amounts of fluid to urge a received
pressure sensor against a wrist with vary amounts of pres-
sure. Some embodiments may include a fluid bladder pres-
sure sensor for providing a signal indicative of the fluid
pressure within the bladder. The recessed surface 586 and
the received fluid bladder may extend transverse to the
recessed surfaces 582 so that a single fluid bladder may be
actuated to urge a plurality of received pressure sensor
arrays against the wrist of the user with a single actuation.
The bladder actuator in recessed surface 586 may also be
configured as an array of bladders to actuate the pressure
Sensot Or Sensor array.

[0177] The device 574 may be configured to carry out the
exemplary method 510. In some embodiments, the exem-
plary device 574 may be used to monitor blood pressure
using applanation tonometry where a received pressure
actuator in recess 586 is configured to perform a pressure
sweep in the 7 direction for identifying an MAP and then
actuated to apply a preferred pressure so that the pressure
sensor(s) provide continuous blood pressure monitoring.
[0178] FIG. 34 illustrates another exemplary device 588
for monitoring and/or measuring blood pressure of a user.
Exemplary device 588 may include an enclosure 590 having
slots 592 for receiving a wrist strap for coupling the device
588 to a wrist of a user. Enclosure 590 may include a slot
594 for receiving a pressure bladder or other type of actua-
tor. Enclosure 590 may further house a driver 596 and
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disposed between the received pressure actuator and pres-
sure sensor. The device 588 may further include a pressure
sensor (not shown) coupled to a surface of the driver 596
that is opposite a surface that couples with the received
pressure actuator. The pressure sensor or pressure sensor
array can be attached to the moving part 596, then be urged
against artery.

[0179] Similar to the embodiment 574 illustrated in FIG.
33, device 588 may receive straps through slots 592 for
coupling the device 588 with a wrist of the user. Further, the
received straps may be used to tighten or to urge the device
588 and a pressure sensor of the device 588 against the wrist
of the user. The enclosure 590 may position a driver 596
between a pressure actuator (e.g., a fluid bladder) and a
pressure sensor. The driver 596 may be configured to evenly
distribute forces from the pressure actuator across the pres-
sure sensor. This may be preferred when device 588 couples
with a plurality of pressure sensors and where the pressure
actuator comprises a pressure bladder. In some embodi-
ments, a pressure bladder surface may project and retract
unevenly or otherwise have a bulge that applies different
amounts of pressure depending on a contact location along
the bladder surface. Thus, with a pressure sensor array, some
pressure sensors may be applied to a wrist with a different
pressure compared to other pressure sensors in the array. A
rigid driver 596 disposed between a fluid bladder and one or
more pressure sensors of device 588 may alleviate these
issues by evenly distributing pressure from the fluid bladder
across the pressure sensor array.

[0180] In the illustrated embodiment, the driver 596 may
have a cross section that generally resembles a “T,” however
other configurations are possible. The enclosure 590 may
include a T opening 598 in a sidewall 600 of the enclosure
590. The opening 598 may be dimensioned to receive driver
596 during assembly of enclosure 590. Once the driver 596
is inserted within the enclosure 590, an insert 602 may be
positioned between the driver 596 and the opening 598 to
secure the driver 596 within the enclosure 590.

[0181] Device 588 may couple with capacitive, piezoelec-
tric film, piezoresistive pressure sensors or the like for
measuring pressure. Further while discussed as using a fluid
bladder as a pressure actuator, other actuators may be used
(e.g., linear actuators, solenoids or the like). In some
embodiments, utilizing one or more fluid bladders, fluid
bladder pressure sensors may be used to provide a signal
indicative of a fluid pressure with the one or more bladders.

[0182] Similar to the embodiments described above, the
device 588 may be used to carry out method 510. Further in
some embodiments, the exemplary device 588 may be used
to monitor blood pressure using applanation tonometry
where a received pressure actuator (e.g., fluid bladder) in
slot 584 is configured to perform a pressure sweep in the Z
direction by urging driver 596 and coupled pressure sensors
against the wrist for identifying an MAP and then actuated
to apply a preferred pressure so that the pressure sensor(s)
provide continuous blood pressure monitoring.

[0183] FIG. 35 illustrates yet another exemplary device
604 for measuring or monitoring blood pressure of a user.
The exemplary device 604 includes an elastic housing band
606 configured to couple with a wrist of a user. The elastic
housing band 606 may include engagement features 608 for
coupling to a wrist strap. The elastic housing band 606 may
further define a housing for receiving a fluid bladder 610. An
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inflation port 612 may extend from the fluid bladder housing
610 to an outer surface of the elastic housing band 606.

[0184] Elastic housing band 606 may generally have a
curved configuration with an inner surface 614 configured to
match the curvature of a user’s wrist. The outer surface of
the elastic housing band 606 may include ribs 618 and
grooves 620 that run transverse to a length of the elastic
housing band 606. The ribs 618 and grooves 620 may be
configured to provide additional flexibility in elastic housing
band 606, thereby allowing elastic housing band 606 to
better conform to the curvature of a user’s wrists.

[0185] Fluid bladder housing 610 may be configured to
receive a fluid bladder. In many embodiments the device 604
may include an accordion bladder for urging one or more
pressure sensors against the wrist of the user. An accordion
bladder may avoid applying varying pressure along a contact
face of the bladder and may thereby provide even distribu-
tion of pressure along a pressure sensor or pressure sensor
array.

[0186] FIG. 36 illustrates an exemplary accordion bladder
622. Accordion bladder 622 may have side walls 624 that
generally define a volume for receiving fluid for expanding
accordion bladder 622 a desired amount. The defined vol-
ume may be in fluid communication with inflation port 622.
The side walls 624 may be generally defined by a plurality
of pleats or bellows that expand and contract with the filling
and removal of fluid from the bladder 622. Accordion
bladder 622 may further include a generally flat distal face
626 for coupling with a pressure sensor or pressure sensor
array. Due to the accordion configuration of the bladder 622,
fluid filling of the bladder 622 projects the distal face 626 of
the bladder 622 linearly and evenly, thus increasing surface
contact between the bladder 622 and a pressure sensor or
array of sensors and reducing a bladder intramural stress. In
this case the fluid pressure inside the bladder will be evenly
exerted on surface 626 and been acting directly on the sensor
or sensor array, and in turn to the artery. Pressure may then
be applied to the pressure sensor/pressure sensor array and
the wrist evenly. Accordingly, in some embodiments, a need
for a driver disposed between the pressure actuator and the
pressure sensor/pressure sensor array may be avoided by
using such a bladder 622. The accordion type bladder can be
made of thermoplastics (e.g. nylon, polyethylene, Teflon,
ete.).

[0187] Device 604 may couple with capacitive, piezoelec-
tric film, piezoresistive MEMS pressure sensors or the like
for measuring pressure. Further while discussed as using a
fluid bladder as a pressure actuator, other actuators may be
used (e.g., linear actuators, solenoids or the like). In some
embodiments, utilizing one or more fluid bladders, fluid
bladder pressure sensors may be used to provide a signal
indicative of a fluid pressure with the one or more bladders
and the signal may be used for calibrating one or more
pressure sensors of the device.

[0188] Similar to the embodiments described above, the
device 604 may be used to carry out method 510. Further in
some embodiments, the exemplary device 604 may be used
to monitor blood pressure using applanation tonometry
where a received pressure actuator (e.g., accordion fluid
bladder) in fluid bladder housing 610 is configured to
perform a pressure sweep in the 7 direction by urging a
coupled pressure sensor/pressure sensor array against the
wrist for identifying an MAP and then actuated to apply a
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preferred pressure so that the pressure sensor(s) provide
continuous blood pressure monitoring.

[0189] FIG. 37 shows an exemplary pressure sensor array
628 that may be used with the devices and methods
described above. Pressure sensor array 628 may be 46
mmx46 mm in dimension and may comprises a plurality of
capacitive pressure sensors 630 arranged in a 16x16 array.
The pressure sensor array 628 may include a cable 632 to
couple the pressure sensor array to a processing device
(controller).

[0190] Each element may be approximately 2 mmx2 mm
in size, thus providing an active area size of 32 mmx32 mm.
The thickness of the active area may be approximately 1
mm. A scan rate may be up to 39 Hz.

[0191] FIG. 38 illustrates another exemplary pressure sen-
sor array 634. The array 634 comprises a first array 636 and
a second array 638. The first array 636 may comprise a 4x3
capacitive pressure sensor array and the second array 638
may similarly comprise a 4x3 capacitive pressure sensor
array. Bach pressure sensor may be 2x2 mm. Accordingly
the array 634 may have an active area size of 16 mmx6 mm.
The wiring 640 associated with the first array 636 may be
routed to a first side of the pressure sensor array 634 and the
wiring 642 associated with the second array 638 may be
routed to a second side of the pressure sensor array 634.
Wiring 640, 642 may each comprise twelve wires that
correspond to each of the pressure sensors in the respective
arrays.

[0192] The first array 636 and the second array 638 may
be symmetric so that the application of this sensor array 634
against the user’s wrist may also symmetric. This type of
array 634 may reduce the cantilever beam loading situation
(when sensor array with only one side wiring structure is
been pressed against artery, the array will undergo a bending
mode between sensor array and wiring pack) and provide a
more symmetric load on the sensor array 634.

[0193] The wiring 640, 642 for the sensor array 634 may
be backed by a fabric material 644 (e.g., a cloth material). A
fabric backing material 644 may facilitate installation within
a monitoring device and may also reduce undesired bending
or stretching loads being applied to the sensor array 634.
[0194] FIG. 39 illustrates an exemplary pressure actuator-
pressure sensor assembly 646 that may be used with the
devices and methods disclosed herein. Assembly 646 may
include an actuator array 648 coupled with a sensor array
650. Each actuator 652 of the actuator array 648 may be
coupled to a pressure sensor 654 in the pressure sensor array
650. Each of the actuators 652 in the pressure actuator array
648 may be individually controlled to urge each of the
pressure sensors 654 of the pressure sensor array 650 against
a wrist/target artery of the user by different amounts. For
example, different sensors may be urged different distances
or amounts depending on the curvature, contours, or location
on the wrist where the sensor is to be urged against. Thus
some embodiments, may be configured to tailor to different
user wrist curves and contours and may thereby provide
more accurate pressure measurements. Accordingly, subsets
of the pressure sensor array may be urged against different
portions of the wrist. Based on pressure sensor readings, a
preferred sensor, sensor location, or sensor signal may be
identified and used for blood pressure measurements and/or
monitoring.

[0195] In some instances when a constant actuation pres-
sure (e.g., 80 mmHg) is applied, the sensor array element
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with the largest static pressure value may be different from
the element with the largest dynamic pressure value. In such
instances, the actuator can be moved or a different actuator
can be used at a different position until the same element
exhibits the largest static pressure as well as the largest
dynamic pressure when a constant actuation pressure is
applied.

[0196] While the array of actuators 648 is illustrated as a
5x9 array and the array of sensors 650 similarly illustrated
as a 5x9 array, other array sizes are possible (e.g., smaller or
larger). Further, the actuators 652 are illustrated as linear
actuators, however other actuators may be used, including
but not limited to, fluid bladders, rails actuators, solenoids,
or the like. The pressure sensors 654 may be capacitive,
piezoresistive, piezoelectric film sensor or the like. The
pressure sensor array can be mounted entirely with some
backing material to the linear actuator array, or individual
elements may be mounted on individual actuators to form
the entire array.

[0197] FIG. 40 illustrates an exemplary method 660 of
operating the exemplary assembly 646 of FIG. 39. At step
662, a first subset of the actuators are activated to urge a first
subset of the sensors against the wrist. Pressure signals from
the first subset of pressure sensors may then be received 664.
One or more swept pressure signals may be received by
varying an applied pressure with the first subset of actuators
666. Thereafter, a second subset of the actuators may be
activated to urge a second subset of the sensors against the
wrist 668. One or more pressure signals from the second
subset of sensors may then be received 670. One or more
swept pressure signals may be generated by varying the
applied pressure with the second subset of actuators 672. A
maximum pressure pulse may then be identified in each of
the swept pressure signals 674. A maximum pressure pulse
with the largest amplitude out of the identified maximum
pressure pulses may then be identified 676. In some embodi-
ments, the method may include identifying the pressure
sensor that recorded the maximum pressure pulse with the
largest amplitude 678 and identifying a location of the
identified sensor relative to the wrist of the user 680. In some
embodiments, the identified sensor and the identified loca-
tion may be a preferred sensor and location that most closely
identifies a blood pressure of the user and may be used for
MAP measurements and blood pressure monitoring via
applanation tonometry.

[0198] The first/second subset of actuators and the first/
second subset of pressure sensors may be a single actuator
and a single pressure sensor or may be more than one
actuator and more than one sensor. In some embodiments,
the first subset of actuators and sensors may be a first half of
an array of actuator-sensor assemblies, while the second
subset of actuators and sensors may be a second half of the
array of actuator-sensor assemblies. In some embodiments,
the first subset may be a quarter of an array of actuator-
sensor assemblies, and the second subset may be another
quarter of the array of actuator-sensor assemblies. Where the
first subset and the second subset of actuator-sensor assem-
blies are less than the total number of actuator-sensor
assemblies of the device, the method 660 may be repeated
for additional subsets of actuator-sensor assemblies that
remain.

[0199] While discussed as generating the swept pressure
signal by varying the pressure applied by a coupled actuator,
a swept pressure signal may, in some embodiments be
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generated by a change in height of the wrist relative to the
heart of the user similar to embodiments described above.
However, in many embodiments, a passive method (i.e., that
does not require user arm movement) may be preferable as
such methods may be performed with little to no inconve-
nience to the user.

[0200] Further, in some embodiments, prior to receiving
the one or more pressure signals from the second subset of
sensors 670, the first subset of sensors may be retracted
away from the wrist.

[0201] Additionally, while method 660 is described with
steps for processing the data by identifying a maximum
pressure pulse with the largest amplitude out of a plurality
of identified maximum pressure pulses within each pressure
signal, other methods of signal analysis may be provided.
[0202] FIG. 41 illustrates the coupling of a device 682
having a plurality of sensor-actuator assemblies 684 to a
wrist 686 of a user according to embodiments of the present
invention. The device 682 may be configured to measure the
blood pressure of a user through applanation of the radial
artery 688.

[0203] The device 682 includes a strap 690 extends around
the wrist 686 and supports each of the plurality sensor-
actuator assemblies 684 against the wrist 686. The sensor-
actuator assemblies 684 may comprise an actuator 692
coupled with a pressure sensor 694. The plurality of sensor-
actuator assemblies 684 may couple with the wrist 686 at a
device skin interface 696.

[0204] The actuators 692 may be configured to selectively
and/or sequentially urge regions of the skin interface 696
adjacent the respective actuators 692 and disposed between
the actuators 692 and the wrist against the wrist 686 of the
user. The coupled pressure sensor 694 may measure pressure
experienced between the actuators 692 and the wrist 686 and
provide a respective pressure signal to a processor (not
shown). Accordingly, the skin interface 696 may comprise a
plurality of regions along the wrist 686. While illustrated as
a cross-section, it should be understood that skin interface
696 may comprise an array of regions that correspond to an
array of actuators 692.

[0205] As illustrated, the skin interface 696 of the device
682 is generally disposed over the radial artery 688. While
the radial artery 688 has a small footprint, a sensor or sensor
array that covers a large region of the wrist circumference
may ensure that the sensor or at least one sensor of a sensor
array is positioned and/or oriented over the radial artery 688
in a desired manner. In some embodiments, given that not all
sensors 694 of the device 682 are in a preferred position
(e.g., where the face of the sensor is perpendicular to a
pressure pulse from the target artery), it may be preferable
to identify a preferred sensor 694 and a preferred region for
applanation of the radial artery 688. This may be carried out
by analyzing and comparing the signals from the plurality of
sensors 694. For example, the sensors 694 disposed further
from the radial artery 688 may provide weaker pressure
signals that are not as meaningful for determining a blood
pressure of a user.

[0206] In the illustrated embodiment with a plurality of
sensors 694, the actuators 692 may be selectively and/or
sequentially activated to urge different regions of the skin
interface 696 against the wrist 686 in order to identify a
preferred region for applanation of the radial artery 688. The
preferred region for applanation of the radial artery 688 may
be identified based on pressure signals received from the one
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or more sensors 694 of the device 682. For example, the skin
interface region disposed between sensor-actuator assembly
698 may be urged against the wrist 686 and a signal may be
received from the corresponding sensor 694 of sensor-
actuator assembly 698. Additionally, the skin interface
region disposed between the sensor-actuator assembly 700
may be urged against the wrist 686 and a signal may be
received from the corresponding sensor 694 of the sensor-
actuator assembly 700. The signals from the sensor of
assembly 698 and the sensor of assembly 700 may then be
compared to determine which signal is stronger and/or
preferred. Given that the sensor-actuator assembly 700 is
positioned closer to radial artery 688 and that the surface
face of the sensor of assembly 700 is more perpendicular to
pressure pulses from the radial artery 688, the signal from
the sensor of assembly 700 may be stronger and preferred in
comparison to the signal of the sensor of assembly 698 as it
is further from the radial artery 688 and oriented at an angle
relative to pressure pulses from the artery 688 and may
suffer from increased signal loss.

[0207] The regions of the skin interface 696 may be
selectively urged such that subsets of the regions of the skin
interface 696 are urged against the wrist 686 at a time. The
subsets of regions may be urged by multiple actuators 692
where a subset of the actuators 692 are activated (e.g., half
the actuators, a quarter of the actuators, a single actuator
etc.). Accordingly, in some embodiments the subsets of
regions may each be urged selectively and sequentially by a
single actuator 692 for identifying a preferred region and
sensor 694.

[0208] FIG. 42 illustrates the selective actuation of a
single region of a skin interface 710 against a wrist of a user
according to embodiments of the present invention. Device
701 may include pressure sensors 702 that may be coupled
with one of a plurality of actuators 704. The actuators 704
may be supported adjacent the wrist by a strap 706. The
sensors 702 may couple with the skin 708 of the user via skin
interface 710. As illustrated in FIG. 42, in some embodi-
ments, a single region of the skin interface 710 disposed
between an actuator 704 and the wrist may be urged against
the wrist for applanation of the artery 712 using a single
actuator 704. While applanating the artery 712 with the
single actuator 704, the remaining actuators 704 may not be
actively urging respective regions of the skin interface 710
against the wrist. This manner of actuation of regions of the
skin interface 710 against the wrist may be performed
selectively and sequentially in order to identify a preferred
region for applanation of the artery 712 and a preferred
sensor signal from one of the sensors 702.

[0209] FIG. 43 illustrates device 701 selectively actuating
more than one region of a skin interface 710 against a wrist
of the user according to embodiments of the present inven-
tion. As illustrated in FIG. 43, a subset of regions (e.g., the
right half the regions) of the skin interface 710 positioned
between actuators 704 and the wrist are urged against a wrist
of a user by activating two of the actuators 704 while the
other two actuators 704 may not be actively urging respec-
tive regions of the skin interface 710 against the wrist. In
some embodiments, pressure signals may only be processed
from the advanced pressure sensors 702. In some embodi-
ments, pressure signals may only be received from the
advanced pressure sensors 702. In some embodiments, the
received pressure signals may be processed to identify a
blood pressure of the user or compared to identify a pre-
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ferred pressure sensor 702 between the two advanced pres-
sure sensors 702 and a preferred region for applanation. In
such a method, processing time may be reduced as only a
subset of pressure signals may be received from the subset
urged regions.

[0210] While FIG. 41-FIG. 43 illustrate devices with a
plurality of individual sensors 702, other embodiments may
utilize a sensor system comprising a pressure film sensor.
For example, FIG. 44 illustrates a device 800 that includes
a pressure film sensor 802 that may be coupled with a
plurality of actuators 804. The actuators 804 may be sup-
ported adjacent the wrist by a strap 806. The sensor 802 may
couple with the skin 808 of the user via skin interface §10.
As illustrated in FIG. 44, in some embodiments, a single
region of pressure film sensor 802 and a single region of the
skin interface 810 may be urged against the wrist for
applanation of the artery 812 using a single actuator §04.
While applanating the artery 812 with the single actuator
804, the remaining actuators 804 may not be actively urging
respective regions of the pressure film sensor 802 and the
skin interface 810 against the wrist. This selective actuation
of regions of the pressure film sensor 802 against the wrist
may be performed selectively and sequentially in order to
identify a preferred region of the pressure film sensor 802
and skin interface 810 for applanation of the artery §12.

[0211] FIG. 45 illustrates device 800 selectively actuating
a subset of regions of a skin interface 810 and pressure film
sensor 802 against a wrist of the user according to embodi-
ments of the present invention. As illustrated in FIG. 45, a
subset of regions (e.g., the right half the regions) of the skin
interface 810 are urged against a wrist of a user by activating
two of the actuators 804 on the right while the other two
actuators 804 on the left may not be actively urging the
respective regions of the pressure film sensor 802 against the
wrist. Regions of the pressure film sensor 802 may be
selectively and/or sequentially urged against the wrist to
identify a preferred region of the skin interface 810 for
applanation of the target artery 812 and a preferred region of
the pressure film sensor 802 for receiving pressure signals.

[0212] FIG. 46A-46C show sensor data obtained from an
array of pressure sensors applied to a user according to
embodiments of the present invention. The data was
received from a 1x12 array of pressure sensors applied to a
subject’s wrist at the radial artery. The pressure actuator was
a linear actuator that traveled approximately 6 mm perpen-
dicularly to the wrist surface with a speed of 25 steps/s (each
step was approximately 38 pm). The wrist was approxi-
mately 15 cm below the heart. The reference blood pressure
taken from an oscillometric brachial monitor was systolic
blood pressure (123 mmHg) and diastolic blood pressure (78
mmHg). The reference mean arterial pressure was estimated
by mean arterial pressure="5*(systolic blood pressure)+%5*
(diastolic blood pressure). The total (i.e., AC and baseline)
pressure waveform from the sensor element with the stron-
gest pulsatile (i.e., AC) component is illustrated in the
pressure vs. time chart shown in FIG. 46 A. The AC pressure
waveform versus time for the same sensor element is
illustrated in FIG. 46B. FIG. 46C shows the relative AC
amplitude vs. baseline from the same sensor element. Ele-
ment 20 had the largest pressure amplitude measurements
while the remaining received relatively weaker pressure
signals Accordingly, element 20 may be a preferred sensor
and may be considered to be placed at a preferred region
and/or orientation adjacent the target artery. Thus, in some
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embodiments, a blood pressure measurement may be calcu-
lated based on this pressure signal alone.

[0213] FIG. 47 illustrates a method of calibrating relative
blood pressure signals according to embodiments of the
present invention. As described above, relative blood pres-
sure values may be calibrated with a reference measurement
to determine blood pressure values on an absolute scale. At
step 910, a first sensor of a wrist-worn device non-invasively
engaging the skin on the wrist of the user, senses a first user
signal indicative of ventricular ejection of blood from the
heart of the user. The first sensed ventricular ejection signal
has an associated ventricular ejection time. At step 912, a
second sensor of the wrist-worn device non-invasively
engaging the skin on the wrist of the user, senses a second
user signal indicative of arrival of a pressure pulse in the
wrist. The second sensed pressure pulse signal is associated
with the first sensed ventricular ejection signal and has an
associated pulse arrival time. A relative blood pressure value
may be then determined in response to a first PTT identified
from a difference between the ventricular ejection time and
the pulse arrival time per step 914.

[0214] At step 916, an absolute reference blood pressure
measurement obtained in coordination with the relative
blood pressure may be received from an accurate reference
measurement device. The absolute reference blood pressure
measurement may be obtained from a variety of sources
including volume oscillometry (as described herein), an
oscillometric cuff, or an input by the user. In step 918, the
absolute blood pressure of the relative blood pressure value
may then be determined in response to a difference between
the relative blood pressure and the absclute reference blood
pressure. The determined absolute blood pressure may be
compared to a standard performance threshold (e.g., refer-
ence measurement) per step 920. For example, if the differ-
ence between the threshold value is greater than +5 mmHg
mean error or +8 mmHg sigma error, a blood pressure index
of the relative blood pressure values may be transmitted
instead of the absolute blood pressure values per step 926.
In addition, a plurality of relative blood pressure values
determined prior to or subsequent the first PTT may further
be calibrated based on the difference between the relative
blood pressure associated with the first PTT and the absolute
reference blood pressure for backward or retroactive cali-
bration of existing data or forward calibration of new data
per step 922.

[0215] Theblood pressure signals may be filtered based on
contextual information associated with the user per step 924.
As described above, contextual filtering may be based on a
variety of information that may provide context for any
measured blood pressure changes or artifacts. Accordingly,
the filtered blood pressure signals may be masked, dis-
carded, or automatically annotated. The plurality of cali-
brated and/or non-filtered blood pressure values may then be
transmitted to a second electronic device (e.g., watch,
mobile device, tablet, or computer) or database for further
processing (e.g., absolute blood pressure tracking), storage
(e.g., electronic medical record), retrieval by other devices
or programs (e.g., health software application), and/or dis-
play to the user or their health care professional per step 926.
It will be appreciated that in some situations, PTT measure-
ments from step 914 may be directly filtered per step 924
and/or transmitted per step 926 directly to the second
electronic device or database in a non-calibrated (e.g.,
non-manipulated) format. The second electronic device or
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database may be better suited in some instances to store
individual calibration equations and process the PTT mea-
surements to determine absolute blood pressure values. As
discussed above, the second electronic device or database
may not only process the PTT measurements (e.g., calibra-
tion of relative blood pressure signals), but also allow for
storage of the data in a variety of formats (e.g., non-
calibrated PTT measurements, trending data, absolute blood
pressure values), retrieval of the data by other devices or
programs, and/or display of the data.

[0216] FIG. 48 illustrates a schematic example of an
overall system including a first wrist-worn band 928, a
second wrist-worn electronic device (e.g., watch 930), and a
third non-wrist device (e.g., a mobile device 932) according
to embodiments of the present invention. The first wrist-
worn band 928 may comprise any one of the blood pressure
monitoring sensor arrangements disclosed herein and is
configured to non-invasively engage the skin on the wrist of
the user. The elongate band 928 is releasably coupleable to
a second wrist-worn watch 930 as described in greater detail
below. At least one PTT or pressure sensor 934 may be
coupled to the elongate band 928, the sensor non-invasively
engaging the skin over the wrist of the user for measuring
user signals from the cardiovascular system of the user. In
addition, a height sensor 944 may be coupled to the elongate
band 928 so as to account for any hydrostatic pressure
effects associated with the measured cardiovascular user
signals. One or more processors 936 may be coupled to the
elongate band 928 and the at least one PTT or pressure
sensor 934 for determining relative or absolute blood pres-
sure signals based on the user signals. The one or more
processors 936 can be implemented in any suitable form,
including one or more field-programmable gate arrays
(FPGA). The elongate band 928 may further include
memory 938, such as read only memory (ROM) and/or
random access memory (RAM). A power source 940 may
also be coupled to the elongate band 928 and the processor
936 or the at least one PTT or pressure sensor 934 for
providing power to the wrist-worn band 928. A telemetry/
wireless interface 942 (e.g., Bluetooth or WiFi) may also be
coupled to the elongate band 928 and the processor 936.

[0217] The second wrist-worn watch 930 may comprise
one or more heart rate monitor sensor(s) 946, a second
processor 948, a second power source 950, a second
memory 952, a second telemetry interface 954, and/or a user
display 956 that are enclosed within a distinct and separate
housing from the first wrist-worn blood pressure monitoring
band 928. The first wrist-worn band 928 may easily com-
municate (e.g., transmit blood pressure values, receive
updated instructions, such as new calibration equations, etc.)
with the second wrist-worn watch 930 via WiFi or Blu-
etooth. Still further, the telemetry interface 942 of the
elongate band 928 may be configured to communicate not
only with the second wrist-worn watch 930, but also with the
third non-wrist device (mobile device 932). For example, the
telemetry interface 942 of the elongate band 928 may be
configured to transmit the relative or absolute blood pressure
signals to a health application software 958 on the mobile
device 932. The mobile device 932 may in turn display the
relative blood pressure signals 960 and/or the absolute blood
pressure signals 962 in a graphical format dictated by the
health application software 958 for a time period of a day,
week, month, or year. The blood pressure graphs 960, 962
may then be viewable by the user or a health care profes-
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sional for use in diagnostic or therapeutic decision making.
Still further, the mobile device 932 may be configured to
receive the blood pressure signals from the wrist-worn band
928 and/or wrist-worn watch 930 and in turn re-transmit this
data to a cloud database 964 for further processing, storage,
or retrieval by other devices or programs. For example, the
blood pressure measurements may be transmitted specifi-
cally to an electronic health or medical record database 966.

[0218] Referring now to FIGS. 49A-49C, providing bands
928 that are releasably coupleable to the watch 930 provides
for user customization of the watch 930 based on the desired
sensor monitoring (e.g., absolute, relative, passive, active,
etc.). For example, a first applanation tonometry band 968 as
illustrated in FIG. 49 A may comprise a plurality of pressure
sensors 970 and actuators 972 for measuring absolute blood
pressure values. The pressure sensors 970 may comprise
pressure transducers as illustrated or still further a piezo-
electric film or piezoresistive film for sensing. The pressure
sensors 970 are configured to non-invasively engage an
anterior surface of the wrist of the user and be positioned
over a radial artery so as to passively or actively measure the
absolute blood pressure signals. The actuators 972 urge each
of the pressure sensors 970 against the wrist of the user by
applying a constant or variable pressure thereto.

[0219] FIGS. 49B and 49C illustrate bands 974, 982 for
measuring relative blood pressure values. As described
above, the least one PTT sensor may comprise first and
second sensors. The first sensor is configured to measure a
first user signal indicative of ventricular ejection of blood
from the heart of the user, the first sensed ventricular
ejection signal having an associated ventricular ejection
time. The second sensor is configured to measure a second
user signal indicative of arrival of a pressure pulse in the
wrist, the second sensed pressure pulse signal associated
with the first sensed ventricular ejection and having an
associated pulse arrival time, wherein the relative blood
pressure signal is determined from a difference between the
ventricular ejection time and the pulse arrival time. The first
sensor may comprises at least one (or combination thereof)
1CG, ECG, BCG, PCG, and/or SCG sensor coupled to the
elongate band. The second sensor may comprise at least one
PPG sensor or physical pressure pulse sensor coupled to the
elongate band.

[0220] With reference to FIG. 49B, a second band 974
may comprise an ICG/PPG sensor arrangement for measur-
ing relative blood pressure values. In particular, the at least
one ICG sensor may comprise at least a first pair of dry
electrodes 976 non-invasively engaging glabrous skin on an
anterior surface of the wrist of the user and a second pair of
dry electrodes 978 contacted by at least two separate fingers
(or a thumb, palm, or wrist) of a hand opposite a hand on
which the device is worn to provide cross-body dynamic
impedance measurements. The PPG sensor 980 may com-
prise at least one infra-red, red, or green optical source and
a detector positioned over a radial artery of the wrist (or the
finger or arm) of the user. With reference to FIG. 49C, a third
band 982 may comprise a BCG/PPG sensor arrangement for
passive monitoring of relative blood pressure values. The
BCG sensor 984 may comprise an accelerometer non-
invasively engaging an anterior surface of the wrist so as to
passively measure a relative blood pressure. At least one
height sensor 996 may be coupled to the elongate band 982
so as to account for hydrostatic pressure effects. The user
may selectively choose between the first 968, second 974, or
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third bands 982 for the desired sensor monitoring and may
further interchange the bands at any time period as desired
via a releasable coupling feature 994. The at least one
releasable connection or coupling feature 994 of the elon-
gate bands 968, 974, or 982 may help secure the selected
band 986 to the heart rate monitor watch device 930.

[0221] As shown in FIG. 50, a fourth selected band 986 is
releasably coupleable to the watch device 930 and includes
two types of sensor monitoring arrangements. An ECG
sensor arrangement is provided for cross-body electrical
potential measurements and a SCG sensor arrangement for
comparison of the ECG measurement to another active
measurement that has little or no error due to hydrostatic
pressure changes as the SCG measurement is made at the
chest which is relatively aligned with a height of the heart.
The ECG sensor comprises a first pair of dry electrodes 988
non-invasively engaging glabrous skin on an anterior sur-
face of the wrist of the user and a second pair of dry
electrodes 990 contacted by at least two separate fingers (or
a thumb, palm, or wrist) of a hand opposite a hand on which
the device is worn. The SCG sensor 992 comprises an
accelerometer and the accelerometer 992, wrist-worn band
986 and/or hand of the wrist-worn device non-invasively
engage the sternum.

[0222] It will be appreciated that personal information
data may be utilized in a number of ways to provide benefits
to auser of a device. For example, personal information such
as health or biometric data may be utilized for convenient
authentication and/or access to the device without the need
of a user having to enter a password. Still further, collection
of user health or biometric data (e.g., blood pressure mea-
surements) may be used to provide feedback about the user’s
health and/or fitness levels. It will further be appreciated that
entities responsible for collecting, analyzing, storing, trans-
ferring, disclosing, and/or otherwise utilizing personal infor-
mation data are in compliance with established privacy and
security policies and/or practices that meet or exceed indus-
try and/or government standards, such as data encryption.
For example, personal information data should be collected
only after receiving user informed consent and for legitimate
and reasonable uses of the entity and not shared or sold
outside those legitimate and reasonable uses. Still further,
such entities would take the necessary measures for safe-
guarding and securing access to collected personal informa-
tion data and for ensuring that those with access to personal
information data adhere to established privacy and security
policies and/or practices. In addition, such entities may be
audited by a third party to certify adherence to established
privacy and security policies and/or practices. It is also
contemplated that a user may selectively prevent or block
the use of or access to personal information data. Hardware
and/or software elements or features may be configured to
block use or access. For instance, a user may select to
remove, disable, or restrict access to certain health related
applications that collect personal information, such as health
or fitness data. Alternatively, a user may optionally bypass
biometric authentication methods by providing other secure
information such as passwords, personal identification num-
bers, touch gestures, or other authentication methods known
to those skilled in the art.

[0223] In the foregoing specification, the invention is
described with reference to specific embodiments thereof,
but those skilled in the art will recognize that the invention
is not limited thereto. Various features and aspects of the
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above-described invention can be used individually or
jointly. Further, the invention can be utilized in any number
of environments and applications beyond those described
herein without departing from the broader spirit and scope of
the specification. The specification and drawings are,
accordingly, to be regarded as illustrative rather than restric-
tive. It will be recognized that the terms “comprising,”
“including,” and “having,” as used herein, are specifically
intended to be read as open-ended terms of art.

[0224] While the exemplary embodiments have been
described in some detail, by way of example and for clarity
of understanding, those of skill in the art will recognize that
a variety of modifications, adaptations, and changes may be
employed.

1. A method for determining a pressure of blood within a
cardiovascular system of a user, the cardiovascular system
including a heart and the user having a wrist covered by skin,
the method comprising:
receiving a plurality of user signals from the cardiovas-
cular system of the user with a sensor, the sensor
non-invasively engaging the skin of the user over the
wrist of the user, each of the user signals being received
by the sensor while the sensor has an associated height
relative to the heart of the user, wherein the user moves
the wrist between the signals so that the heights of the
sensor differ within a range of heights relative to the
heart of the user;
identifying a signal variation amplitude of the plurality of
signals associated with the range of heights; and

determining a standard pressure of the blood of the user
based on the signal variation amplitude and the plural-
ity of signals, the standard pressure having an associ-
ated standard blood pressure measurement height rela-
tive to the heart.

2. The method of claim 1, wherein the plurality of user
signals comprises volume or pressure waveform signals
from at least one photoplethysmogram (PPG) or pressure
sensor respectively non-invasively engaging the skin of the
user over the wrist.

3. The method of claim 2, wherein identifying the signal
variation amplitude further comprises identifying a maxi-
mum volume or pressure waveform signal based on an
oscillation or amplitude of the plurality of volume or pres-
sure waveform signals of the user.

4. The method of claim 3, wherein a volume or pressure
waveform signal associated with the highest oscillation or
amplitude comprises the maximum volume or pressure
waveform signal.

5. The method of claim 3, further comprising receiving a
signal indicative of the height of the sensor relative to the
heart associated with the maximum volume or pressure
waveform signal.

6. The method of claim 5, wherein receiving a signal
indicative of the height of the sensor relative to the heart
further comprises calculating a height measurement from at
least a height sensor, accelerometer, gyroscope, user input,
anthropometric data, or a barometric pressure sensor.

7. The method of claim 5, wherein determining the
standard pressure of the blood of the user comprises deter-
mining a mean arterial pressure based on the maximum
volume or pressure waveform signal and the signal indica-
tive of the height of the sensor relative to the heart associated
with the maximum volume or pressure waveform signal.
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8. The method of claim 7, further comprising receiving a
pressure measurement applied to a radial artery beneath the
skin of the wrist of the user for determining the mean arterial
pressure, wherein a relatively constant pressure is applied
over the radial artery as the at least one PPG or pressure
sensor is swept through the range of heights relative to the
heart of the user.

9. The method of claim 7, further comprising calibrating
non-invasive relative blood pressure signals based on the
determined mean arterial pressure of the user.

10. The method of claim 1, wherein the range of heights
relative to the heart of the user comprises a range from about
1 cm to about 40 cm.

11. The method of claim 1, further comprising transmit-
ting the determined mean arterial pressure to a second
wrist-worn device, mobile device, tablet, computer, or data-
base.

12.-33. (canceled)

34. A first wrist-worn device for determining a pressure of
blood within a cardiovascular system of a user, the cardio-
vascular system including a heart and the user having a wrist
covered by skin, the device comprising:

an elongate band extending around the wrist and non-
invasively engaging the skin on the wrist of the user,
wherein the elongate band is releasably coupleable to a
second wrist-worn electronic device;

at least one pulse transit time (PTT) or pressure sensor
coupled to the elongate band and non-invasively engag-
ing the skin over the wrist of the user for measuring
user signals from the cardiovascular system of the user;

a controller coupled to the elongate band and at least one
PTT or pressure sensor for determining relative or
absolute blood pressure signals based on the user
signals;

a power source coupled to the elongate band and the
controller or the at least one PTT or pressure sensor;
and

atelemetry interface coupled to the elongate band and the
controller.

35. The device of claim 34, wherein the second wrist-
worn electronic device comprises a watch or heart rate
monitor having a housing encasing a second controller,
second power source, and second telemetry interface,
wherein the elongate band further comprises at least one
connection feature for securing the band to the watch or
heart rate monitor.

36. (canceled)

37. The device of claim 34, wherein the at least one PTT
sensor comprises:

a first sensor configured to measure a first user signal
indicative of ventricular ejection of blood from the
heart of the user, the first sensed ventricular ejection
signal having an associated ventricular ejection time;
and

a second sensor configured to measure a second user
signal indicative of arrival of a pressure pulse in the
wrist, the second sensed pressure pulse signal associ-
ated with the first sensed ventricular ejection and
having an associated pulse arrival time, wherein the
relative blood pressure signal is determined from a
difference between the ventricular ejection time and the
pulse arrival time.

38. The device of claim 37, wherein the first sensor

comprises at least one impedance cardiogram (ICG), elec-
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trocardiogram (ECG), ballistocardiogram (BCG), phonocar-
diogram (PCG), or seismocardiogram (SCG) sensor coupled
to the elongate band.

39. The device of claim 38, wherein the at least one ICG
or ECG sensor comprises at least a first pair of dry electrodes
configured to non-invasively engage glabrous skin on an
anterior surface of the wrist and a second pair of dry
electrodes configured to be contacted by at least two fingers
of an opposite hand.

40. The device of claim 38, wherein the at least one ICG
or ECG sensor comprises at least a first pair of dry electrodes
configured to non-invasively engage glabrous skin on an
anterior surface of the wrist and a second pair of dry
electrodes configured to non-invasively engage a sternum.

41. The device of claim 38, wherein the at least one BCG
sensor comprises an accelerometer configured to non-inva-
sively engage an anterior surface of the wrist so as to
passively measure a relative blood pressure.

42. The device of claim 38, wherein the at least one PCG
sensor comprises a sound sensor configured to non-inva-
sively engage a sternum.

43. The device of claim 38, wherein the at least SCG
sensor comprises an accelerometer configured to non-inva-
sively engage a sternum.

44. The device of claim 37, wherein the first sensor
comprises first and second cardiogram sensors coupled to
the elongate band for sensing the first user signal indicative
of ventricular ejection of blood from the heart of the user,
wherein the second cardiogram sensor is different than the
first cardiogram sensor, wherein the first and second cardio-
gram sensors comprise an impedance cardiogram (ICG),
electrocardiogram (ECG), ballistocardiouram (BCG), pho-
nocardiogram (PCG), or seismocardiogram (SCG) sensor.

45. (canceled)

46. The device of claim 37, wherein the second sensor
comprises at least one photoplethysmogram (PPG) sensor or
physical pressure pulse sensor coupled to the elongate band,
wherein the at least one PPG sensor comprises at least one
infra-red, red, or green optical source and a detector con-
figured to be positioned over a radial artery of the wrist of
the user, wherein the physical pressure pulse sensor com-
prises at least one pressure transducer, accelerometer, or
strain gauge configured to be positioned over a radial artery
of the wrist of the user.

47 .-48. (canceled)

49. The device of claim 34, wherein the pressure sensor
comprises at least one pressure transducer, piezoelectric
film, or piezoresistive sensor configured to non-invasively
engage an anterior surface of the wrist of the user and be
positioned over a radial artery so as to passively or actively
measure the absolute blood pressure signals, further com-
prising at least one actuator coupled to the elongate band and
configured to apply a constant or variable pressure over a
radial artery of the wrist.

50. (canceled)

51. The device of claim 34, further comprising at least one
height sensor, barometric pressure sensor, gyroscope, or
accelerometer coupled to the elongate band so as to account
for hydrostatic pressure effects.

52. The device of claim 34, wherein the telemetry inter-
face of the elongate band is configured to transmit the
relative or absolute blood pressure signals to the second
wrist-worn electronic device, a mobile device, tablet, com-
puter, or database.
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53. The device of claim 34, wherein the telemetry inter-
face of the elongate band is configured to transmit the
relative or absolute blood pressure signals to an electronic
health or medical record or health application software.

54. The device of claim 34, wherein the telemetry inter-
face of the elongate band is configured to transmit the
relative or absolute blood pressure signals to a display on the
second wrist-worn electronic device or a third non-wrist
device, the display viewable by the user or a health care
professional.

55. The device of claim 34, wherein the telemetry inter-
face of the elongate band is configured to transmit trending
data for a time period based on the relative blood pressure
signals, wherein the time period comprises one or more
days, weeks, months, or years.

56.-68. (canceled)
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