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(57) Abstract: Wrist -worn devices and related methods measure a pulse transit time non-invasively and calculate a blood pressure
value using the pulse transit time. A wrist-worn device includes an accelerometer, a photo-plethysmogram (PPG) or a pulse pressure
sensor, and a controller. The PPG or the pulse pressure sensor coupled to the wrist-worn device for detecting an arrival of a blood
pressure pulse at the user's wrist. The controller is configured to process output signals from the accelerometer to detect when the
blood pressure pulse is propagated from the left ventricle of the user's heart, process a signal from the PPG or the pulse pressure
sensor to detect when the blood pressure pulse arrives at the wrist, calculate a pulse transit time (PTT) for propagation of the blood
pressure pulse from the left ventricle to the wrist, and generate one or more blood pressure values for the user based on the PTT.

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001]

The present application claims the benefit of U.S. Provisional Appln. No.

62/047,472 filed September 8, 2

4; the M disclosure which is incorporated herein by-

reference in its entirety for all purposes.
BACKGROUND
[0

2]

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 accomplishment of effective efforts in treating and/or controlling
the subject's hypertension.
[0003]

A person's blood pressure is a continuously changing vital parameter. As a result,

sporadic office blood pressure 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 pressure measurement. Common hypertension patterns include white

coat hypertension (elevated only during a limited morning period of time), borderline
hypertension (fluctuating above and below definitional levels over time), nocturnal
hypertension (elevated only during sleeping hours), isolated systolic hypertension (elevated
systolic pressure with non-elevated diastolic pressure), and isolated diastolic hypertension

(elevated diastolic pressure with non-elevated systolic pressure). To detect such hypertension
patterns, it may be necessary to perform additional blood pressure measurements over time to
obtain a more complete view of a person's blood pressure characteristics. Although
continuous measurement of blood pressure can be achieved by invasive means, for example,
via an intra-arterial pressure sensing catheter, noninvasi ve blood pressure measurement
approaches are more typically used.
[0

4]

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 characteristics and are often employed in
recommended situations. Ambulatory blood pressure measurement is performed while the
person performs daily life activities. Currently, ambulatory blood pressure measuremenis are

typically performed every 20 to 30 minutes using brachial oscillometric blood pressure
measurement cuffs. Ambulatory blood pressure measurement may be recommended where
the is large variability in office blood pressure measurements, where a high office blood
pressure measurement is made in a person with otherwise low cardiovascular risk, when
office and home blood pressure measurements vary, where resistance to d tg 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 measurement include
isolated self-measurements performed by a person at home. Home blood pressure
measurements may be recommended where information is desired regarding the effectiveness
of blood pressure lowering medication over one or more dose-to-dose intervals and/or where
doubt exists as to the reliability of ambulatory blood pressure measurement.
[0005]

Current ambulatory and home blood pressure measurement approaches, however,

fail to provide continuous measurement of blood pressure. Additionally, when an

oscillometric blood pressure measurement cuff is used to monitor a person's blood pressure
when sleeping, the intermittent inflation and deflation of the cuff can disturb the person's
sleeping pattern, thereby harming the subject to some extent and potentially changing the
person's sleeping blood pressure. Thus, convenient and effective approaches for noninvasive
continuous measurement of blood pressure remain of interest.
BRIEF SUMMARY
[0006]

The following presents a simplified summary of some embodiments of the

invention in order to provide a basic understanding of the invention. This summary is not an
extensive overview of the invention. It is not intended to identify key/critical elements of the
invention or to delineate the scope of the invention its sole puipose is to present some
embodiments of the inv ention in a simplified form as a prelude to the more detailed
description that is presented later.
[0007]

Wrist-worn devices and related methods are provided for noninvasive measurement

of blood pressure of a subject. In many embodiments, the wrist-worn device includes an
accelerometer for detecting when blood pressure pulse begins propagating from the subject's
left ventricle and a photo-plethysmogram (PPG) or a pulse pressure sensor coupled with the

wrist-worn device to detect arrival of the blood pressure pulse at the subject's wrist. A pulse
transit time P ' T) is calculated for the blood pulse's propagation from the left ventricle to the

wrist. The PTT is used to generate one or more blood pressure values for the subject. The

blood-pressure measurement approach used is noninvasive and non-occlusive and therefore
suitable for both ambulatory and home blood pressure measurement and can be used to

continuously monitor blood pressure over a desired period of time.
[0008]

Thus, in one aspect, a wrist-wom device is provided for determining a pressure of

blood within a cardiovascular system of a user. The user's cardiovascular system includes a
heart. The user's wrist is covered with skin. The wrist-worn device includes an

accelerometer, a photo-plethysmogram (PPG) or a pulse pressure sensor, and a controller.
The accelerometer is coupled to the wrist-worn device for detecting when a blood pressure

pulse is propagated from a left ventricle of the user's heart. The PPG or the pulse pressure
sensor is coupled to the wrist- worn device and configured to detect an arrival of the blood

pressure pulse at the user's wrist. The controller is configured to:

1)

process output signals

from the accelerometer to detect when the blood pressure pulse begins propagation from the

left ventricle of the user's heart, 2) process a signal from the PPG or the pulse pressure sensor
to detect when the blood pressure pulse arrives at the wrist, 3) calculate a pulse transit time

(PTT) for propagation of the blood pressure pulse from the left ventricle to the wrist, and 4)

generate one or more blood pressure values for the user based o the PT . The wrist-worn
device can include an elongate band that extends around the wrist when the device is worn by
the user and non-invasively engages the skin on the wrist of the user.
[0009]

The accelerometer can be configured to measure accelerations in one or more

suitable directions for any suitable subsequent processing to detect when the blood pressure

pulse begins propagation from the user's left ventricle. For example, the accelerometer can
be configured to measure accelerations in one, two, or three directions. The wrist-worn
device can include a memory to store acceleration data corresponding to accelerations
measured over a recording time period for subsequent processing. The wrist- worn device can
include a bandpass filter coupled with the accelerometer output signals to process and remove
noise from the output signals of the accelerometer. For example, a bandpass filter that
attenuates frequencies less than about 0.3 Hz and greater than about 1 Hz can be used to

process the accelerometer output to remove acceleration noise outside a frequency range of
interest. The controller can be configured to calculate combined acceleration magnitude

values from the measured accelerations. The controller can be configured to process the
combined acceleration magnitude values to detect when the blood pressure pulse is
propagated from the left ventricle of the user's heart. The combined acceleration magnitudes
values can be based on a combination of the measured accelerations in at least two directions.

For example, a eigenvec tor-based principle component analysis of the measured
accelerations can be used to calculate the combined acceleration magnitude values so as to
reflect increased variability relative to the measured accelerations.
[0010]

Processing output from the accelerometer to detect when the blood pressure pulse

begins propagation from the left ventricle of the user's heart can include using the detected
time when the pulse arrives at the user's

i t to select a candidate time period within the

recording time period to select the acceleration data to evaluate to identify when the blood
pressure pulse begins propagation from the user' left ventricle. When the acceleration data
within the candidate time period is consistent with two or more blood pressure pulses
propagated from the left ventricle, a time when a blood pressure pulse is propagated from the
left ventricle closest to a target time wiihin the candidate time period can be selected for the
FIT calculation. Any suitable candidate time period can be used. For example, the
candidate time period can be from about 100 ms to about 300 ms before the detected time
when the puise arrives at the user's wrist.
[00

]

The signal from the PPG or the pulse pressure sensor can be processed using any

suitable bandpass filter to remove noise. For example, the signal from the PPG or the pulse
pressure sensor can be processed using a bandpass filter attenuates frequencies less than
about 0.3 Hz and greater than about 0 Hz
[0012]

The signal from the PPG or the pulse pressure sensor can be processed so as to

enhance detection of the arrival time of the pressure pulse to the wrist prior to the arrival of a
reflection of the pressure pulse to the wrist For example, the signal from the PPG or the
pulse pressure sensor can be differentiated with respect to time. The differentiated signal can
then be evaluated to select an arrival time of the pressure pulse o the wrist prior to the arri val
of a reflection of the pressure pulse to the wrist.
[0013]

In embodiments employing a PPG sensor, the PPG sensor can b e configured to

detect the arrive of the blood pressure pulse a greater depth into the wrist as compared to
conventional PPG sensors. For example, the PPG sensor can include a light source and a
plurality of light detectors. At least two of the light detectors can be disposed at different
distances from the light source so o enable detection of different mean penetration depths of
light emitted by the light source. The controller can be configured to process output from the
light detectors to determine the amount of light returned from a deeper penetration depth
relative to the detected mean penetration depths. A t least two of the light detectors can be

disposed i a range of 2 mm to 6 mm from the light source. The PPG sensor can include at
least two light sources configured to emit different wavelengths of light so as to enable
detection of a plurality of mean penetration depths for light emitted by the light sources. For
example, the at least two light sources can include at least two of an infra-red light source, a
red light source, or a green light source. The different wavelengths of light emitted can
include

first wavelength of about 525 nm and a second wavelength of about 940 nm. The

controller can be configured to process output from the detectors to determine the amount of
light returned from a deeper penetration depth relative to the detected mean penetration
depths. The PPG sensor can include both multiple light sources and multiple light detectors

disposed at different distances from one or more of the light sources.
[0014]

The greater detection depth can be used to monitor a deeper layer and/or a deeper

artery within the wrist. For example, the controller can be configured to process signals from
the light detectors to detect when the blood pressure pulse arrives at the deep blood plexus
(DBP) layer at the user's wrist. The PPG sensor can non-invasively engage the skin of the
user's wrist over a radial artery and be configured to detect when the blood pressure pulse
arrives at the user's wrist within the user's radial artery. The controller ca be configured to
process signals from the light detectors to detect when the blood pressure pulse arrives at the
user's wrist within the user's radial artery.
[00 5]

The PPG sensor can be configured to detect levels of vasomotion (e.g., vasodilation,

vasoconstriction) of the user's arteries. For example, the controller can be configured to
process one or more signals from the light detectors to determine a tone of the user's blood
vessels. The blood pressure value generated for the user can be further based on the
determined tone of the user's blood vessels.
[0016]

A pulse pressure sensor can be used instead of, or in combination with, the PPG

sensor. n embodiments employing a pulse pressure sensor, the pulse pressure sensor can be
configured to detect the arrival of the blood pressure pulse at the user's wrist and can include
at least one pressure transducer, accelerometer, or sixain gauge positioned over a radial artery

of the wrist of the user.
[0017]

The generation of the one or more blood pressure values can be further based on an

estimated elevation difference between the wrist-worn device and the user's heart so as to

account for hydrostatic elevation differences in blood pressure within the user. For example,
the controller can be configured to generate the estimated ele vation difference based on

pressure signals from one or more pressure sensors coupled to the wrist-worn device or an
estimated arm posture derived from output signals from the accelerometer.
[0018]

The wrist-worn device can include any suitable combination of the features

described herein. For example, the wrist-worn device can include any of the combinations of
features recited in the claims included herein.
[00 9]

In another aspect, a method is provided for determining a pressure of blood within

a cardiovascular system of a user. The user's cardiovascular system includes a heart. The
user's wist is covered by skin. The method includes: 1) detecting, with an accelerometer of
a wrist-worn device non-invasively engaging an anterior surface of the wrist of the user, a
first signal indicative of when blood is ejected from the left ventricle of the subject's heart; 2)
detecting, with a PPG or a pulse pressure sensor of the wrist-worn device non-invasively
engaging the skin on the wrist of the user, a second signal indicative when a blood pressure
pulse corresponding to the blood ejection arrives at the wrist; 3) calculating a pulse transit
time (PTT) for the blood pressure pulse from the ejection of the blood from the left ventricle
to arrival of the blood pressure pulse at the wrist; and 4) generating one or more relative

blood pressure values for the subject based on the PTT. The method can include detecting
when the accelerometer is positioned on the user' chest.
[0020]

The method can include storing acceleration data corresponding to the

accelerometer output for a recording time period. The detected arrival time of the blood
pressure pulse at the wrist can be used to select a candidate time period within the recording
time period to select the acceleration data to evaluate to identify when the blood is ejected
from the left ventricle. When the evaluation of the selected acceleration data identifies two or

more candidate times for when the blood is ejected from the left ventricle within the
candidate time period, one of the candidate times closest to a target time within the candidate
time period can be selected for the PTT calculation. Any suitable candidate time period can
be used. For example, the candidate time period can be from about 100 ms to about 300 ms
before the detected time when the pulse arrives at the user's wrist.
[0021]

The method can include processing the accelerometer output with any suitable

bandpass filter to remove noise. For example, the accelerometer output can be processed
using a bandpass filter that attenuates frequencies less than about 0.3 Hz and greater than
about

Hz

[0022]

The method ca include processing the PPG or pressure sensor output with any

suiiable bandpass filter to remove noise. For exampie, the PPG or pressure sensor outpui can
be processed using a bandpass filter attenuates frequencies less than about 0.3 Hz and greater
than about 0 Hz.
[0023]

The method can include processing the signal from the PPG or the pulse pressure

sensor so as to enhance detection of the arrival time of the pressure pulse to the wrist prior to
the arrival of a reflection of the pressure pulse to the wrist. For exampie, the signal from the

PPG or the pulse pressure sensor can be differentiated with respect to time. The
differentiated signal can then be evaluated to select an arrival time of the pressure pulse to the
wrist prior to the arrival of a reflection of the pressure pulse to the wrist.
[0024]

The method can include measuring accelerations in two or more directions. For

example, the accelerometer output can include accelerations measured in three directions.
The method can include calculating combined acceleration magnitude values from the
measured accelerations. The combined acceleration magnitudes values can be based on a
combination of the measured acceleration i at least two directions. The method can include
processing the combined acceleration magnitude values to detect when blood is ejected from
the left ventricle of the user's heart. The method can include performing an eigenvectorbased principle component analysis of the measured accelerations to calculate the combined
acceleration magnitude values so as to reflect increased sensitivity to blood ejections from the
left ventricle.
[0025]

The method can include processing output from the PPG sensor to determine a tone

of the subject's blood vessels. The one or more blood pressure values generated for the
subject can be further based on the determined tone of the subject's blood vessels.
[0026]

The generation of the one or more blood pressure values can be further based on

calibration data including measured blood pressure values and corresponding PTTs for the
subject. For example, an oscillometrie 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 the method is used to calculate a corresponding one or more PTTs for the subject.
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 exampie, a least squares method can be used to
determine a suitable equation for blood pressure of the subject as a function of PTT. As

another example, a suitable equation for blood pressure of the subject as a function of PTT
can be predefined using any suita ble approach, such as by entering coefficients of the
equation or selecting a predefined equation based on one or more characteristics of the
subject (e.g., age of the subject, whether the subject is ma e or female, and/ or height to waist
diameter of the subject).
[0027]

The method can further include calculating trending data for a time period based on

the one or more relative blood pressure values. Any suitable time period can be used, for

example, one or more days, one or more weeks, one or more months, or one or more years.
[0028]

The method can further include transmitting the one or more relative blood pressure

measurements and/or the trending data to a suitable device. For example, the one or more
blood pressure measurements and/or the trending data ca be transmitted to a mobile device,
table, computer, or database.
[0029]

The method ca further include detecting different mean penetration depths of light

emitted by the PPG sensor by at east one of: a) using at least two light detectors disposed at
different distances from a light source of the PPG sensor; and b) using a plurality of light
sources configured to emit different wavelengths of light. The method can include
processing output from the light detectors to determine the amount of light returned from a
deeper penetration depth relative to detected mean penetration depths.
[0030]

The method ca further include processing one or more signals fro

the PPG sensor

to detect when the blood pressure pulse corresponding to the ejected blood arrives at a

selected depth and/or location at the wrist. For example, the method can include processing
one or more signals from the PPG sensor to detect when the blood pressure pulse

corresponding to the ejected blood arrives at the deep blood plexus (DBP) layer at the
subject's wrist. As another example, the method can include processing one or more signals
from the PPG sensor to detect when the blood pressure pulse corresponding to the ejected
blood arrives at the subject's wrist within the subject's radial artery.
[0031]

The method can include estimating an elevation difference between the wrist-worn

device and the user's heart so as to account for hydrostatic elevation differences in blood
pressure within the user. For example, the estimated elevation difference can be based on
output from one or more pressure sensors or an estimated arm posture derived from output
from the accelerometer.

[0032]

The method can include any suitable combination of the acts and/or features

described herein. For exanipie, the method can include any of the combinations of acts
and/or features recited in the claims included herein.
[0033]

For a fuller understanding of the nature and advantages of the present invention,

reference should be made to the ensuing detailed description and accompanying drawings.
BRIEF DESCRIPTION OF THE DRAWINGS
[0034]

FIG. 1 illustrates a propagation path of a blood pressure pulse from the left

ventricle to a wrist on which a wrist-worn blood pressure measurement device is worn, in
accordance with many embodiments.
[0035]

FIG. 2 illustrates accelerometer and PPG signals relative to a pulse transit time

(FIT) for a blood pressure pulse propagating from the left ventricle to a wrist on which a
blood pressure measurement device is worn, in accordance w h many embodiments.
[0036]

FIG. 3 is a schematic side view of a wrist-worn blood pressure measurement device

held in contact with a user's chest, in accordance with many embodiments.
[0037]

FIG. 4 is a typical time-domain trace of a measured Seismo-Cardiogram

acceleration oriented normal to a user's chest surface, in accordance with many
embodiments.
[ 038]

FIG. 5 is a typical frequency-domain Seismo-Cardiogram, in accordance with many

embodiments.
[0039]

FIG. 6 is a typical spectrogram Seismo-Cardiogram, in accordance with many

embodiments.
[0040]

FIG. 7 shows x-axis acceleration, y-axis acceleration, z-axis acceleration, and

vector-sum acceleration Seismo-Cardiogram plots, in accordance with many embodiments.
[0041]

FIG. 8 shows x-axis acceleration, y-axis acceleration, z-axis acceleration, and

vector-sum acceleration Ballisto-Cardiogram plots, in accordance with many embodiments.
[0042]

FIG. 9 is a schematic diagram of a wrist-worn blood-pressure measurement device,

in accordance with many embodiments.

[0043]

FIG.

1(5

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, in accordance
with many embodiments
[0044]

FIG. 11 illustrates subsurface layers of a subject.

[0045]

FIGS. 12 through 14 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, in accordance with many embodiments.
[(5046]

FIGS.

and

sho

relative contribution by subsurface layer to returning light

detected by the light detectors disposed at different distances for two different light source
wavelengths, i accordance with many embodiments.
[0047]

FIG. 17 illustrates variation of mean penetration depth as a function of source-

detector separation for two different source light wavelengths, in accordance with many
embodiments.
[0048]

FIG. 18 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, in accordance with many embodiments.
DETAILED DESCRIPTION
[(5049]

In the following description, various embodiments of the present invention will b e

described. For purposes of explanation, specific configurations and details are set forth in
order to provide a thorough understanding of the embodiments. However, it will also be
apparent to one ski ed in the art that the present invention may be practiced without the
specific details. Furthermore, well-known features may be omitted or simplified in order not
to obscure the embodiment being described.
[ 050]

Referring now to the drawings, in which like reference numerals represent like parts

throughout the several views, 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
wrist-worn device

0 is worn, in accordance with many embodiments. The

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 0 . The wrist-worn device 1 is configured to
calculate 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 0. The determined PTT is
then used to determine one or more blood-pressure values for the subject.
In general, 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 thickness, and

arterial inner diameter. Equation (1) provides a functional relationship between PTT and
mean arterial blood pressure (MAP).
pD{Ad) 2
E PTT

MAP = - in
[0053]

where:

t l

MAP is mean arterial blood pressure;

PTT

'

Pulse Transit Time;

h is arterial wall thickness;
D is artery diameter;
p is density of blood;
E

is the Young's modulus of the artery at zero pressure;
is a subject dependent physiological constant; and

Ad is the arterial distance between the subjects left ventricle and the
wrist.
[0054]

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 ( ), for
example, arterial wail thickness (h), artery diameter (D) and Young's modulus of the artery
at zero pressure (/¾), wi l 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 ventricle 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).
)55]

MA P

In _

1

(PTT) 2 }

'

where:

K

=

is suitable for the subject and the arteriai tree

segment over which PTT is being measured.
[ 057]

The values of

and (a) can be determined using any suitable approach. For

K)

example, an oscillomefric 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

.

Suitable calibration data can then be formulated using the oseillometric blood pressure

measurement cuff measured blood pressure values and the corresponding one or more PTTs
for the subject using known approaches. For example, a least squares method can be used to
determine suitable values or relationships for determining the values of (K) and («).
[0058]

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 PT .
[0059]

MAP = K MAP X [log(P7T) —iog(P7T 0 )] +

where:

MAP BASELINE
K AP

where:

is the measured pulse transit time; and

the measured pulse transit time for MAP

[0064]

where:

(4)

BASEUNE

a baseline measured systolic blood pressure;

KS

is a subject dependent constant for systolic blood pressure;

PTT

is the measured pulse transit time; and

PTT 'o i

DBP

o)] + SBP

BA SELINE-

is predicted systolic blood pressure;

SBPBASELINE

[0063]

(3)

is a baseline measured MAP;

K S B p X [log(P7T) - log P
SBP

NE

is a subject dependent constant for MAP;

PTT 'o is

SBP

A E

is predicted mean arteriai blood pressure;

MAP

PTT

AP

the measured pulse transit time for SBPB

K DBP X [iog(P7T)
DBP

iog(P77 ) ] + DBP

A

A SEUNE-

N

(5)

is predicted diastolic blood pressure;

DBPBASELJNE

is a baseline measured diastolic blood pressure;

K

is a subject dependent constant for diastolic blood pressure;

PIT

is the measured pulse transit time; and

PTT 'o

S
'

[ 06 ]

is the measured pulse transit time for DBP

BASELINE¬

FIG. 2 shows an electrocardiogram (EKG) trace segment 12, a Ballisto

cardiogram (BCG) or Seismo-Cardiogram (SCG) trace segment 14, and a PPG signal 16
relative to a pulse transit time (P T ) 8 for a blood pressure pulse between the left ventricle
of the subject to the wrist- worn device

. In many embodiments, the wrist-worn device 0

includes an aceelerometer and a PPG or a pulse pressure sensor. The aceelerometer measures
0

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 12 is shown
for reference in describing the operation of the heart. The EKG trace segment 12 has a
segment (QRS) known as the QRS complex, which reflects the rapid depolarization of the
5

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) 20 is the time between the
peak (R) of the EKG trace and arrival of the blood pressure pulse at the wrist-worn device

.

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 pre0

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
BCG/SCG trace 14 can be processed to identify when the aortic valve opens. The ejection of
blood from the left- ventricle into the aorta resu lts in an associated acceleration of the chest
cavity that is detected via the aceelerometer included in the wrist-worn device 10. In many

5

embodiments, the arrival of the blood pressure pulse is detected via the PPG signal 1 , which
includes an inflection point 24 that occurs upon arrival of the blood pressure pulse to the
wrist-worn device 0 .
[0066]

FIG. 3 shows a schematic side view of the wrist-worn device 1 held in contact

with a user's chest 25, in accordance with many embodiments. When the wrist-worn device
0

10 is held in contact with a user's chest, SCG data is generated. When the wrist-worn device
1 is not held in contact with a user's chest, BCG data is generated. The wrist-worn device

includes a main unit 26, a wrist-worn elongate band 28, an aceelerometer 30, and a PPG
sensor 32. The aceelerometer 30 and the PPG sensor 32 are supported on the wrist-worn

elongate band 28 and operatively connected with the main unit 26. The PPG sensor 32 is
positioned and orienied to interface with a wrist 34 of the user when the device 10 is worn on
the wrist 34. The main uni 26 includes circuitry and/or software for processing output from
the accelerometer 30 and the PPG sensor 32 so as to measure a PTT and calculate one or
more blood pressure values for the subject based on the PTT. In the illustrated embodiment,
the PPG sensor

32.

is located on the wrist-worn band 28 so as to be disposed to sense the

arrival of the blood-pressure pulse within a radial artery 36 of the subject. Cross sections of
the ulna bone 38 and the radius bone 40 of the subject are shown for reference. In described

embodiments, the accelerometer 30 is oriented to measure accelerations in each of axes Ax
and Ay (in the plane of the user's chest 25) and axis Az (which is perpendicular to the user's

chest 25).
[0067]

FIG. 4 shows a typical time-domain SCO trace 42 for acceleration measured in a

direction normal to a user's chest surface, in accordance with many embodiments. The SCG
trace 42 has localized peaks 44, which correspond to the opening of the aortic valve and
associated ejection of blood into the aorta from the user's left ventricle. The SCG trace 42
can be processed to identify the localized peaks 44 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 32 or alternatively via
a pulse pressure sensor to calculate a PTT for the propagation of the blood pressure pulse
from the left ventricle 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.
[0068]

FIGS. 5 and 6 show additional plots that can be generated from output of the

accelerometer 30. FIG. 5 shows a typical frequency-domain SCG 46 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 44 are separated by a time interval

consistent with the identified heart rate. FIG. 6 shows a typical spectrogram SCG, which can
also be used to identify heart rate for the user
[0069]

FIG. 7 shows example x-axis acceleration, y-axis acceleration, z-axis acceleration,

and vector-sum acceleration SCG plots measured using an accelerometer held in contact with

a subject's chest. Each of the z-axis acceleration (normal to the subject's chest) and the
vector-sum acceleration (Atoial) exhibits clear acceleration peaks corresponding to respective
ejections of blood from the subject'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 xaxis acceleration (also in plane with the subject's chest) is the least clear with respect to

having acceleration peaks corresponding to respective ejections of blood from the subject's
left ventricle.
[0070]

FIG. 8 shows example x-axis acceleration, y-axis acceleration, z-axis acceleration,

and vector-sum acceleration BCG plots measured using an accelerometer coupled to a wristworn 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 acceleration 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 respective ejections of blood from the
subject's left ventricle. As is described herein with reference to FIG. 1 , 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.
[ 071]

FIG. 9 schematically represents an embodiment of the wrist- worn device

. In the

illustrated embodiment, the wrist-worn device 10 includes one or more processors 82,
memory 84, a display 86, one or more input/output devices 88, a data bus 90, the
accelerometer 30, the PPG sensor 32, 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). The accelerometer 30

can be any suitable accelerometer (e.g., a three-axis low noise accelerometer).
[0072]

The PPG sensor unit 64 includes a PPG illumination unit

8 and detector line

array 10. The PPG illumination unit 108 includes two light sources 12, 1 4 which transmit

light having different wavelengths onto the wrist. While any suitable wavelengths can be
used, the first light source
second light source

generates a beam of light having a wavelength of 525 rim. The

4 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

0 can include any suitable number of light detectors.

n many embodiments, the light

detectors are disposed at a plurality of different distances from the light sources

2,

4 so

that the detected light is associated w h 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
8, 120, 122, with each of the light detectors

6,

0 includes four light detectors

6,

8, 2 0, 122 being disposed at a

different distance from the light sources 112, 14. For example, the light def ectors 16, 18,
120,

2 can be disposed at 2 mm, 3 mm, 4 mm, and 6 mm, respectively, from each of the

light sources

12,

4 . Signals generated by the light detectors 1 6, 1 8, 20,

2 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
sources 112,

2,

14, and can alternately illuminate the light

4 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
[0073]

1 , 114.

Measured acceleration 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:

) 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
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 98, 2) displayed on the display 86,

and/or 3) output via the input/output devices 8 for any suitable purpose such as to a health
care professional and/or a monitoring service.
[ 074]

FIG. 10 illustrates an approach 50 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.

n the approach 50, output from the PPG sensor 32 is processed with a

suitable bandpass filter 152 (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 154) so as to produce a signal that more clea y
exhibits when the blood pressure pulse firs arrives to the wrist prior to the arrival to the wrist
of a reflection of the blood pressure pulse

n a similar fashion, the output from the

accelerometer 30 (three component acceleration vector data, which varies over time) is also
processed with a suitable bandpass filter 156 (e.g., a bandpass filter that attenuates
frequencies less than 0 3 Hz and frequencies greater than 0 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 corresponding to respective ejections of blood
from the subject's left ventricle. In one variation of the approach 50, a magnitude trace is

calculated from the three component acceleration vector data (act 158). As illustrated in
FIGS. 7 and 8 for each of the vector-sum acceleration data plots (Atotal) for both SCG and
BCG, such a magnitude trace can exhibit clear acceleration magnitude peaks corresponding
to respective ejections of blood from the subject's left ventricle. In another variation of the

approach 150, principal component analysis (PCA) can be performed (act 158) to identify a
linear combination of the three components of the acceleration data that exhibits maximum
acceleration variability, thereby increasing the likelihood that the identified combination will
exhibit clear acceleration magnitude peaks corresponding to respective ejections of blood
from the subject's left ventricle while allowing for flexibility in accelerometer orientation on
the wrist. The principal component analysis ca be accomplished by calculating the threedimensional eigenvector associated with the maximum 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- of the acceleration
components. The resulting linear combination time samples can then be evaluated to identify
peaks corresponding to respective 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 160, identified time points for the arrival of blood pressure pulses to
the wrist are correlated with respective time points fo the ejection of blood from the user's
left ventricle (i.e., acceleration 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 period (e.g., from
prior to the arrival of the blood pressure pulse to the wrist

0 m s to 300 m s

Any suitable preceding time

period can be used. And the preceding time period used can be customized to a particular
subject to reflect individual variations in pulse wave velocity related characteristics, such as
relative differences in arterial stiffness.

[0075]

FIG. 11 illustrates subsurface layers of a subject. The illustrated layers include: 1)

the stratum corneum (about 2.0 um thick),

2.)

the livi g epidermis (80 to 00 µη thick), 3) the

papillary dermis ( 50 to 200 µη thick), 4) the superficial plexus (80 to 100 µτη thick with a
blood volume fraction of about 1.1%), 5) the reticular dermis (1400 to 1600 µ η thick with a
blood volume faction of about 0.83%), and 6) the deep blood net plexus (80 to 12.0 µ η 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.
A s 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 mayincrease the strength of the correlation between blood pressure and FIT by reducing
vasomotion induced variability ofPTT in shallower layers more subject to vasomotion
induced variation in pulse wave velocity of the blood pressure pulse.
[

76]

FIGS. 1 through 14 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, in accordance with many embodiments.
FIG. 12 illustrates distribution of sensing depths for a combination of a 525 m light source
and a point detector disposed 2 m m from the 525 nm light source. FIG. 13 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 dep th 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. 14 illustrates distributions of sensing depths for the combination of a 940 nm light

source a d point detectors disposed at 2 mm, 3 mm, 4 mm, and 6 m m 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 sourcedetector separation. FIGS.

and

show contribution of the total detected returned light

for each layer for each wavelength and source-detector separation. FIGS. 17 and 18 show
combined graphs corresponding to the graphs of FIGS. 13 and 14.
[0077]

Using the data illustrated in FIGS,

through 18, the signals from the detectors

1 16, 18, 12.0, 122 generated for each of the light wavelengths generated by the light sources
1 12,

4 ca 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 reticular dermis layer can be detected first due to the large percentage of the
returning light incident on the detectors

16, 1 8, 120,

2 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 arriva l of the blood
pressure pulse to the deep blood plexus layer. Typically, infrared {e.g., 940 nm wavelength)
fight 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 capillaries 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.
[0078]

It will be appreciated that personal information data may be utilized in a number of

ways to provide benefits to a user of a device. For example, personal information such as
health or biometric dat 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 measurements) may be used to provide
feedback about the user's health ami or fitness levels. It will further be appreciated that
entities responsible for collecting, analyzing, storing, transferring, disclosing, and/or
otherwise utilizing personal information data are in compliance with established privacy and

security policies and/or practices that meet or exceed industry 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 safeguarding and securing access to collected personal
information 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
numbers, touch gestures, or other authentication methods known to those skilled in the art.
[0079]

Other variations are within the spirit of the present invention. Thus, while the

invention is susceptible to various modifications and alternative constructions, certain
illustrated embodiments thereof are shown in the drawings and have been described above in
detail. It should be understood, however, that there is no intention to limit the invention to

the specific form or forms disclosed, but on the contrary, the intention is to cover all
modifications, alternative constructions, and equivalents failing within the spirit and scope of
the invention, as defined in the appended claims.
[0080]

The use of the terms "a" and "an" and "the" and similar referents in the context of

describing the invention (especially in the context of the following claims) are to be
construed to cover both the singular and the plural, unless otherwise indicated herein or
clearly contradicted by context. The terms "comprising," "having," "including," and
"containing" are to be construed as open-ended terms (i.e., meaning "including, but not
limited to,") unless otherwise noted. The term "connected" is to be construed as partly or
wholly contained within, attached to, or joined together, even if there is something
intervening. Recitation of ranges of values herein are merely intended to serve as a shorthand
method of referring individually to each separate value falling within the range, unless
otherwise indicated herein, and each separate value is incorporated into the specification as if
it were individually recited herein. All methods described herein can be performed in any

suitable order unless otherwise indicated herein or otherwise clearly contradicted by context.
The use of any and all examples, or exemplary language (e.g., "such as") provided herein, is
intended merely to better illuminate embodiments of the invention and does not pose a
limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.
[0081]

Preferred embodiments of this invention are described herein, including the best

mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or
otherwise clearly contradicted by context.
[0082]

All references, including publications, patent applications, and patents, cited herein

are hereby incorporated by reference to the same extent as if each reference were individually

and specifically indicated to be incorporated by reference and were set forth in its entirety
herein.

WHAT IS CLAIMED IS:
A wrist- worn device 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 device comprising:
an accelerometer coupled to the wrist-worn device for detecting when a blood

pressure pulse is propagated from a left ventricle of the user's heart ;
a photo-piethysmogram (PPG) or a pulse pressure sensor coupled to the wristworn device for detecting a arrival of the blood pressure pulse at the user's wrist; and
a controller configured to:
process output signals from the accelerometer to detect when the blood
pressure pulse begins propagation fro the left ventricle of the user's heart;
process a signal from the PPG or the pulse pressure sensor to detect
when the blood pressure pulse arrives at the wrist;
calculate a pulse transit time (PTT) for propagation of the blood

pressure pulse from the left ventricle to the wrist; and
generate one or more blood pressure values for the user based on the
PTT.
2

The wrist- worn device of claim

1,

further comprising an elongate band

that extends around the wrist when the device is worn by the user and non-invasively engages
the skin on the wrist of the user, and wherein the accelerometer is coupled to the elongate
band.

3.

The wrist- worn device of any one of claims 1 and 2, wherein the

accelerometer is configured to measure accelerations in three directions.
4.

The wrist-worn device of any one of claims 1 through 3 further

comprising a memory device configured to store acceleration data corresponding to
accelerations measured over a recording time period.
5.

The wrist- worn device of claim 4, further comprising a bandpass filter

coupled to the accelerometer configured to process and remove noise from output signa of
the accelerometer.

The wrist- orn device of claim 5, wherein the bandpass filter

6.

attenuates frequencies less than about 0.3 Hz and greater than about 10 Hz.
The wrist-worn de vice of any one of claims 1 through 6, wherein he

7.

controller is further configured to:
calculate combined acceleration magnitude values from the measured
accelerations, the combined acceleration magnitudes values being based on a combination of

the measured accelerations in at least two directions; and

process the combined acceleration magnitude values to detect when the blood
pressure pulse is propagated from the left ventricle of the user's heart.
The wrist- worn device of claim 7, wherein an eigenvector-based

8.

principle component analysis of the measured accelerations is used to calculate the combined
acceleration magnitude values so as to reflect increased variability relative to the measured
accelerations.

The wrist- worn device of any one of claims 1 through 8, wherein

9.

processing the aecelerometer output signals o detect when the blood pressure pulse is
propagated from the left ventricle of the user's heart comprises using a detected time when
the pulse arrives at the user's wrist to select a candidate time period within the recording time

period to select the acceleration data to identify when the blood pressure pulse is propagated
from the left ventricle.

10.

The wrist- worn device of claim 9, wherein when the acceleration data

within the candidate time period is consistent with two or more blood pressure pulses

propagated from the left ventricle, a time when a blood pressure pulse is propagated from the
left ventricle closest to a target time within the candidate time period is selected for the PTT
calculation.

.

The wrist-worn device of any one of claims 9 and 0, wherein the

candidate time period is from about
the pulse arrives at the user's wrist.

0 ms to about 300 ms before the detected time when

12.

The wrist- orn device of any one of claims 1 through

,

further

comprising a bandpass filter configitred to process and remove noise from the PPG or the
pulse pressure sensor signal
13.

The wrist-worn detection device of claim 12, wherein the bandpass

filter attenuates frequencies less than about 0.3 Hz and greater than about 0 Hz.

14.

The wrist-worn device of any one of claims 1 through 13, wherein the

PPG or the pulse pressure sensor signal is differentia!ed with respect to time and the
differentiated signal is evaluated to select an arrival time of the pulse to the wrist prior to the
arrival of a reflection of the blood pressure pulse to the wist.

15.

The wrist-worn device of any one of claims 1 through 14, wherein the

PPG sensor comprises a light source and a plurality of light def ectors, at least two of the light
detectors being disposed at different distances from the light source so to enable detection of
different mean penetration depths of light emitted by the light source.

6.

The wrist-worn device of claim 15, wherein the controller is

configured to determine the amount of light returned from a deeper penetration depth relative
to the detected mean penetration depths.

7.

The wrist- orn device of any one of claims 1 and 16, wherein at least

two of the light detectors are disposed in a range of 2 mm to 6 mm from the fight source.
8.

The wrist- worn device of any one of claims 5 through 1 , wherein the

controller is configured to process signals from the light detectors to detect when the blood
pressure pulse corresponding to the ejected blood arrives at the deep blood plexus (DBP)
layer at the user's wrist.

.

The wrist-worn device of any one of claims 5 through

, wherein:

the PPG sensor non-invasively engages the skin of the wrist of the user, is
positioned over a radial artery of the wrist of the user, and is configured to detect when the
blood pressure pulse arrives at the user's wrist within the user's radial artery; and
the controller is configured to process signals from the light detectors to detect

when the blood pressure pulse arrives at the user's wrist within the user's radial artery.

20.

The wrist- worn device of any one of claims

through 19, wherein the

controller is configured to process one or more signals from the light detectors to determine a
tone of the user's blood vessels, and wherein the one or

ore blood pressure values generated

for the user is further based on the determined tone of the user's blood vessels
.

The wrist- worn device of any one of claims 1 through 2 0, wherein the

PPG sensor comprises at least two light sources configured to emit different wavelengths of
light so as to enable detection of a plurality of mean penetration depths for light emitted by
the light sources.
2.2 .

The wrist- worn device of claim 21, wherein the at least two light

sources include at least two of an infra-red light source, a red light source, or a green light
source
23.

The wrist-worn device of any one of claims 2 1 and 22, wherein the

different wavelengths of light emitted include a first wavelength of about 525 nm and a

second wavelength of about 940 nm.
24.

The wrist- orn device of any one of claims 2 1 through 23, wherein the

PPG sensor comprises a plurality of light detectors, at least two of the light detectors being
disposed at different distances from each of the at least two light sources so to detect different
mean penetration depths of light emitted by each the at least two light sources.

25.

The wrist-worn device of any one of claims 1 through 24, wherein the

generation of the one or more blood pressure values is further based on an estimated
elevation difference between the wrist-worn device and the user's heart so as to account for
hydrostatic elevation differences in blood pressure within the user.
26.

The wrist-worn device of claim 25, wherein the controller is

configured to generate the estimated elevation difference based on pressure signals from one
or more pressure sensors coupled to the wrist-worn device or an estimated arm posture

derived from output signals from the accelerometer
27.

The wrist-worn device of any one of claims 1 through 26, wherein the

pulse pressure sensor comprises at least one pressure transducer, accelerometer, or strain
gauge positioned over a radial artery of the wrist of the user.
28.

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:
detecting, with an accelerometer of a wrist-worn device non-invasively

engaging an anterior surface of the wrist of the user, a first signal indicative of when blood is

ejected from the left ventricle of the subject's heart;
detecting, with a PPG or a pulse pressure sensor of the wrist-worn device non-

invasively engaging the skin on the wrist of the user, a second signal indicative when a blood
pressure pulse corresponding to the blood ejection arrives at the wrist;
calculating a pulse transit time (PTT) for the blood pressure pulse irom the
ejection of the blood from the left ventricle to arrival of the blood pressure pulse at the wrist;

and

generating one or more relative blood pressure values for the subject based on
the PTT.
29.

The method of claim 28, comprising detecting when the accelerometer

is positioned on the user's chest.

30.

The method of any one of claims 28 and 29, comprising:

storing acceleration data corresponding to the accelerometer output for a

recording time period; and
using the detected arrival time of the blood pressure pulse at the wrist to select

a candidate time period within the recording time period to select the acceleration data to
evaluate to identify when the blood ejection from the user's left ventricle occurred
corresponding to the blood pressure pulse.

3 .

The method of claim 30, comprising:

based on evaluation of the accelerometer output, identifying two or more
candidate times for when the blood ejection from the left ventricle occurred within the
candidate time period; and

selecting one of the candidate times closest to a target time within the
candidate time period for the PTT calculation.
32.

The method of any one of claims 30 and 3 , wherein the candidate

time period is from about

0 ms to about 300 ms before a detected time when the pulse

arrives at the user's wist.
33.

'The

method of any one of claims 28 through 32, comprising processing

the accelerometer output with a bandpass filter to remove noise.
34.

The method of claim 33, wherein the bandpass filter attenuates

frequencies less than about 0.3 Hz and greater than abou
35.

Hz.

The method of any one of claims 28 through 34, comprising processing

the PPG or pressure sensor output with a bandpass filter to remove noise.
36.

The method of claim 35, wherein the bandpass filter attenuates

frequencies less than about 0.3 Hz and greater than about 0 Hz.
37.

The method of any one of claims 28 through 36, comprising:

differentiating the PPG or pressure sensor signal with respect to time; and

evaluating the differentiated signal to select a time of arrival of the pressure
pulse at the wrist prior to arrival of a reflection of the blood pressure pulse at the wrist.
38.

The method of any one of claims 28 through 37, wherein the

accelerometer output comprises accelerations measured in three directions, and the method
further comprises:
calculating combined acceleration magnitude values from the measured
accelerations, the combined acceleration magnitudes values being based on a combination of

the measured acceleration in at least two directions; and
processing the combined acceleration magnitude values to detect when blood
is ejected from the left ventricle of the user's heart.

39.

The method of claim 38, comprising performing an eigenvector-based

principle component analysis of the measured accelerations to calculate the combined
acceleration magnitude values so as to reflect increased sensitivity to blood ejections from the
left ventricle.
40.

The method of any one of claims 28 through 39, further comprising

processing output from the PPG sensor to determine a tone of the subject's blood vessels, and
wherein the one or more blood pressure values generated for the subject is further based on
the determined tone of the subject's blood vessels.
4

.

The method of any one of claims 28 through 40, wherein the

generation of the one or more blood pressure values is further based on calibration data
including measured blood pressure values and corresponding PTTs for the subject.
42.

The method of any one of claims 28 through 41, further comprising

calculating trending data for a time period based on the one or more relative blood pressure
values.
43.

The method of claim 42, wherein the time period comprises one or

more days, one or more weeks, one or more months, or one or more years.

44.

The method of any one of claims 28 through 43, further comprising

transmitting the one or more relative blood pressure measurements to a mobile device, table,
computer, or database.
45.

The method of any one of claims 28 through 44 further comprising

detecting different mean penetration depths of fight emitted by the PPG sensor by at least one
of: a) using at least two light detectors disposed at different distances from a light source of

the PPG sensor; and b) using a plurality of light sources configured to emit different

wavelengths of light.
46.

The method of claim 45, further comprising using at least two different

mean penetration depths to evaluate light returned from a deeper penetration depth relative to
the two different mean penetration depths.
47.

The method of any one of claims 45 and 46, comprising processing

one or more signals from the PPG sensor to detect when the blood pressure pulse

corresponding to the ejected blood arrives at the deep blood plexus (DBP) layer at the
subject's wrist.
48.

The method of any one of claims 45 through 47 comprising processing

one or more signals from the PPG sensor to detect when the blood pressure pulse

corresponding to the ejected blood arrives at the subject's wrist within the subject's radial
artery.
49.

The method of any one of claims 45 through 48, comprising processing

one or more signals from the PPG sensor to determine a tone of the subject's blood vessels,

and wherein the one or more blood pressure values generated for the subject is further based
on the determined tone of the subject's blood vessels.

50.

The method of any one of claims 28 through 49, wherein generating

the one o more relative blood pressure values for the subject based on the PTT comprises:

generating an estimated elevation difference between the wrist-worn device
and the user's heart; and
using the estimated elevation difference to account for hydrostatic elevation

differences in blood pressure within the user.
5

.

The method of claim 50, wherein the estimated elevation difference

between the wrist-worn device and the user's heart is generated based on output from one or
more pressure sensors or an estimated arm posture derived from output from the
accelerometer.
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