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(57) ABSTRACT

A pulse waveform measurement system includes an LED
light source providing an incident beam having a predeter-
mined wavelength onto a radial or other artery, samples
reflected light at a predetermined sample rate, computes, and
displays a pulse waveform and various parameters associ-
ated therewith. The wavelength and sample rate are set so as
to provide desired data quality.
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WEARABLE PULSE WAVEFORM
MEASUREMENT SYSTEM AND METHOD

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims the benefit of U.S. Provi-
sional Patent Application No. 62/434,949 filed Dec. 15,
2016, the contents of which are incorporated herein by
reference in their entirety to the extent permitted under
applicable law.

BACKGROUND

[0002] While fingertip and earlobe pulse oximeters mea-
sure general oxygen levels, they do not provide the fidelity
to measure a pulse waveform. Accordingly, there is a need
for an improved measuring system to provide a high fidelity
pulse waveform.

BRIEF DESCRIPTION OF THE DRAWINGS

[0003] FIG. 1Ais a cut-away view of a user’s arm where
an exemplary pulse waveform measurement (or PWM)
device transmits light within the user’s arm and detects
reflection of the light, in accordance with embodiments of
the present disclosure.

[0004] FIG. 1B is an enlarged view of an artery, showing
light reflected from hemoglobin, in accordance with
embodiments of the present disclosure.

[0005] FIG. 1C is an enlarged cut-away view of an exem-
plary PWM device including a light emitting diode, an
optical sensor, and a band encircling the user’s arm, in
accordance with embodiments of the present disclosure.
[0006] FIG. 2 is a block diagram showing hardware
involved in light signal processing, amplification, conver-
sion, and storage in accordance with embodiments of the
present disclosure.

[0007] FIG. 3 is a hardware block diagram showing cer-
tain electronic circuit components utilized in the process of
FIG. 2, in accordance with embodiments of the present
disclosure.

[0008] FIG. 4 is a table of exemplary measurements from
the PWM device and a timestamp of those measurements,
ie., pulse waveform data, collected in accordance with
embodiments of the present disclosure.

[0009] FIG. 5 is a block diagram showing digital data
processing of the sampled pulse waveform data, including
pulse waveform parameter calculation logic and health
parameter calculation logic, in accordance with embodi-
ments of the present disclosure.

[0010] FIG. 6 is a flow diagram detailing the steps of the
pulse waveform parameter calculation logic described in
FIG. 5, in accordance with embodiments of the present
disclosure.

[0011] FIG. 7 is a three hundred second time plot of the
pulse waveform data in accordance with embodiments of the
present disclosure.

[0012] FIG. 8A is a power spectrum of FIG. 7, in accor-
dance with embodiments of the present disclosure.

[0013] FIG. 8B is mathematical curves fitted to the power
spectrum, in accordance with embodiments of the present
disclosure.

[0014] FIG. 8C is a convoluted curve based on the math-
ematical curves, in accordance with embodiments of the
present disclosure.
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[0015] FIG. 9 is pictorial representation of averaged
sampled pulse waveforms used produce a mathematically
modified pulse waveform, in accordance with embodiments
of the present disclosure.

[0016] FIG. 10 is an example of a single calculated pulse
waveform fitted to data according to two methods of the
present disclosure, in accordance with embodiments of the
present disclosure.

[0017] FIG. 11 is a flow diagram detailing steps of pulse
waveform parameter calculation logic such as described in
FIG. 5, in accordance with embodiments of the present
disclosure.

[0018] FIG. 12 is raw sampled pulse waveform data
collected in accordance with embodiments of the present
disclosure.

[0019] FIG. 13 is sampled pulse waveform data after a
band pass filter has been applied, in accordance with
embodiments of the present disclosure.

[0020] FIG. 14 is a standard curve generated from a
simulation database for a “normal” pulse waveform, in
accordance with embodiments of the present disclosure.
[0021] FIG. 15 is a convolution of post band pass filtered
data with a standard curve in accordance with embodiments
of the present disclosure.

[0022] FIG. 16A is extracted individual pulse segments
identified from a convolution in accordance with embodi-
ments of the present disclosure.

[0023] FIG. 16B is the individual pulse segments identi-
fied from the convolution overlaid in the same plane, in
accordance with embodiments of the present disclosure.
[0024] FIG. 17 is an averaged individual standard (IS)
curve generated from identified individual pulse segments in
accordance with embodiments of the present disclosure.
[0025] FIG. 18 is a convolution of post band pass filtered
data with an averaged IS curve in accordance with embodi-
ments of the present disclosure.

[0026] FIG. 19 is extracted individual pulse segments
identified from a convolution, in accordance with embodi-
ments of the present disclosure.

[0027] FIG. 20 is an average of individual pulse segments,
in accordance with embodiments of the present disclosure.
[0028] FIG. 21 is an example of a curve fit pulse wave-
form showing individual Gaussian components, and a curve
fit pulse waveform fitted to data according to a method of the
present disclosure, in accordance with embodiments of the
present disclosure.

[0029] FIG. 22A is a line graph of a pulse waveform.
[0030] FIG. 22B is a line graph of a pulse waveform.
[0031] FIG. 23 is a flow diagram detailing the steps of

health parameter calculation logic, such as described in FIG.
5, in accordance with embodiments of the present disclo-
sure.

[0032] FIG. 24 is a graphical representation of pulse
waveforms from different artery locations, in accordance
with embodiments of the present disclosure.

[0033] FIG. 25A is a graphical representation of pulse
waveform data collected at a specified sampling rate, in
accordance with embodiments of the present disclosure.
[0034] FIG. 25B is a graphical representation of pulse
waveform data collected at a specified sampling rate, in
accordance with embodiments of the present disclosure.
[0035] FIG. 25C is a graphical representation of pulse
waveform data collected at a specified sampling rate, in
accordance with embodiments of the present disclosure.
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[0036] FIG. 26 is a block diagram of circuits implemented
in a PWM device in accordance with embodiments of the
present disclosure.

[0037] FIG. 27 is a circuit diagram of electronic hardware
components implemented in a PWM device, in accordance
with embodiments of the present disclosure.

[0038] FIG. 28 is a top view of a circuit board layout of
electronic hardware components of the circuit of FIG. 27, in
accordance with embodiments of the present disclosure.
[0039] FIG. 29 is a bottom view of a circuit board layout
of electronic hardware components of the circuit of FIG. 27,
in accordance with embodiments of the present disclosure.
[0040] FIG. 30 is a circuit diagram of electronic hardware
components implemented in a second embodiment of a
PWM device, in accordance with embodiments of the pres-
ent disclosure.

[0041] FIG. 31 is a circuit diagram of electronic hardware
components implemented in a second embodiment of a
PWM device, in accordance with embodiments of the pres-
ent disclosure.

[0042] FIG. 32 is a circuit diagram of electronic hardware
components implemented in a second embodiment of a
PWM device, in accordance with embodiments of the pres-
ent disclosure.

[0043] FIG. 33 is top and bottom views respectively, of
circuit board layout of electronic hardware components of
the circuit of FIG. 34A, in accordance with embodiments of
the present disclosure.

[0044] FIG. 34A is a circuit diagram of electronic hard-
ware components implemented in a second embodiment of
a PWM device in accordance with embodiments of the
present disclosure.

[0045] FIG. 34B is a top and bottom view of a circuit
board layout of electronic hardware components of the
circuit of FIG. 34A, in accordance with embodiments of the
present disclosure.

[0046] FIG. 35 is a perspective view of a PWM device
connected to a connector cable, in accordance with embodi-
ments of the present disclosure.

[0047] FIG. 36A is top, front, inverted back, left side, right
side and bottom views of a PWM device, in accordance with
embodiments of the present disclosure.

[0048] FIG. 36B is perspective view of a PWM device, in
accordance with embodiments of the present disclosure.
[0049] FIG. 36C is an inverted perspective view of a
PWM device, in accordance with embodiments of the pres-
ent disclosure.

[0050] FIG. 37 is a perspective view of a PWM device in
accordance with embodiments of the present disclosure.
[0051] FIG. 38A is top, side and cross-section across A-A
views of a bottom section of a PWM device in accordance
with embodiments of the present disclosure.

[0052] FIG. 38B is a perspective view of a bottom section
of a PWM device in accordance with embodiments of the
present disclosure.

[0053] FIG. 38C is an inverted perspective view of a
bottom section of a PWM device in accordance with
embodiments of the present disclosure.

[0054] FIG. 39 is a top-level block diagram of components
of a pulse waveform management system, in accordance
with embodiments of the present disclosure.

[0055] FIG. 40 is a perspective view of a PWM device in
use on a user’s arm in accordance with embodiments of the
present disclosure.
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[0056] FIG. 41 is a perspective view of a user device
displaying data from a PWM device within a band, in
accordance with embodiments of the present disclosure.
[0057] FIG. 42A is a perspective, exploded view of a
PWM device including a band, casing, battery and printed
circuit board, in accordance with an embodiment of the
present disclosure.

[0058] FIG. 42B is a perspective, exploded view of a
PWM device including a display and an optical source/
detector within a band, in accordance with embodiments of
the present disclosure.

[0059] FIG. 43A is a login interface used in a PWM
application implemented on a user device in accordance
with embodiments of the present disclosure.

[0060] FIG. 43B is a main interface used in a PWM
application implemented on a user device in accordance
with embodiments of the present disclosure.

[0061] FIG. 44 is a main interface and a history interface
used in a PWM application implemented on a user device in
accordance with embodiments of the present disclosure.
[0062] FIG. 45 is graphical depictions of exemplary
results from curve-fitted pulse waveforms calculated from
eight subject with cardiovascular disease and twenty sub-
jects without cardio vascular disease.

[0063] FIG. 46 is an illustration of possible pulse wave-
form irregularities, and diseases associated with the irregu-
larities, that may be displayed by a PWM application
implemented on a user device, in accordance with embodi-
ments of the present disclosure.

[0064] FIGS. 47A, 47B, 47C, 47D, 47E, 47F, 47G, 47H
are sensor and LED configurations on, for example, a
printed circuit board in accordance with embodiments of the
present disclosure.

[0065] FIG. 48 is a flow diagram of a PWM software
application (PWM App), in accordance with embodiments
of the present disclosure.

[0066] FIG. 49 is a screen illustration of a settings screen
for setting options for the PWM software application (PWM
App), in accordance with embodiments of the present dis-
closure.

DETAILED DESCRIPTION

[0067] Referring to FIG. 1A, a pulse waveform measure-
ment (or PWM) device 2 transmits an incident light 4
through an epidermis 6 layer and dermis layer 8 into a
hypodermis layer 9 of an arm 10 and detects a reflected light
12 by the same PWM device 2.

[0068] Insome embodiments, the PWM device 2 includes
a light emitting diode (“LED”) 14 (also shown in various
embodiments as D2) adapted to transmit the incident light 4
and an optical sensor 16 (also shown in various embodi-
ments as US) configured to receive the reflected light 12.
[0069] Insome embodiments, there may be more than one
LED 14, such as, for example, two LEDs 14, 14a (also
shown in various embodiments as D2 and D3) adapted to
transmit the incident light 4. In some embodiments, the
optical sensor 16 may consist of more than one optical
sensor, such as, for example, two sensors 16, 16a configured
to receive the reflected light 12. Other configurations are
also contemplated and discussed herein.

[0070] In some embodiments, the incident light 4 is a
coherent light emanating from the LED 14 at a predeter-
mined wavelength range, such as, in the visible green
spectrum having a wavelength of 500-540 nm. In some
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embodiments, the light 4 is incoherent light. In some
embodiments, the incident light 4 may be transmitted at a
single wavelength of about 515 nm. Green light is particu-
larly well suited because it has an absorption peak for blood.
However, other possible wavelength ranges include approxi-
mately 650-700 nm and approximately 900 nm, as shown
and discussed in FIG. 1 of Pulse oximetry: Fundamentals
and technology update, which is incorporated herein by
reference to the extent necessary to understand the present
disclosure, may also be used provided they meet the function
and performance requirements discussed herein. (See Nitzan
M, Romero A, Koppel R., Med Devices (Auckl). 2014 Jul. 8,
7:231-9. doi: 10.2147/MDER.S47319. eCollection 2014.
Review).

[0071] The optical sensor 16 is adapted to receive the
reflected light 12 from an angle relative to an artery 18 (such
as a radial artery) or in a directly vertical position. Addi-
tionally, in some embodiments, the LED 14 and optical
sensor 16 may share a transmitter/receiver so that the
transmitted incident light 4 and the reflected light 12 occur
at the same location.

[0072] Referring to FIG. 1B, an enlarged view of a sensing
or measurement location 20 of artery 18 illustrates that the
intensity fluctuation of the reflected light 12 is indicative of
a pressure pulse waveform (also referred to herein as a pulse
waveform) as shown in FIGS. 22A and 22B. We believe the
incident light 4 reflects off hemoglobin 22 present in blood
24, although other physiological factors may affect the
reflectance. For example, the artery 18 wall may also
influence the reflected light 12. As the blood volume oscil-
lates with each heartbeat, the reflectance changes accord-
ingly. A blood 24 volume increase correlates to more
reflected light 12. This may be due to factors such as the
increased amount of hemoglobin 22 and/or blood oxygen-
ation levels.

[0073] Other physiological factors may affect the reflec-
tance baseline. For example, skin color or the artery 18 wall
may also influence the reflected light 12.

[0074] Referring to FIG. 1C, a pulse wave measurement
(PWM) system 28 is shown. In some embodiments, the LED
14 and the optical sensor 16 are disposed on a printed circuit
board 30. In various embodiments, the distance between the
LED 14 and the optical sensor 16 is about 2.5 mm and has
a near vertical (0 degree) incidence and reflectance angle. A
slight angle may be used if desired, provided sufficient
reflected light 12 is received at the sensor 16 to perform the
functions as described herein.

[0075] In some embodiments, multiple LEDs (e.g., 14,
14a) are arranged opposite each side of the sensor 16 to
provide increased source light and/or more evenly distribute
light. In such embodiments, the sensor may be located
directly above the sensing or measurement location 20 with
LEDs 14 and 14a transmitting light at slight angles. The
angled light 4 can meet at the sensing or measurement
location 20, and reflect off hemoglobin as described herein.
Other configurations are contemplated within the scope of
the present disclosure and are described herein.

[0076] The printed circuit board 30 may be approximately
2.5 cm width by 2.5 cm length and have a height of about
1.0 cm. Other dimensions may be used if desired, provided
they meet the functions and performance requirements
described herein.

[0077] In some embodiments, the printed circuit board 30
may be two circuit boards 30, 31, with, for example, LEDs
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14, 14a and/or optical sensors 16, 16a disposed on one
circuit board 31 and various electrical hardware disposed on
another printed circuit board 30. Details of embodiments
with a two circuit board 30, 31 design are discussed herein.
[0078] The PWM device 2 may further include an antenna
32 (also shown in various embodiments as E1 or A1) capable
of Bluetooth® transmission to a user device 34 (also referred
to in certain embodiments as 61). In some embodiments,
transmission to the user device 34 may occur through near
field communication (NFC), Wi-F1 or radio frequency iden-
tification (RFID). The user device 34 may be a cellular
telephone, smart phone, e-reader, set-top box, wireless
mobile device, Bluetooth® hub, cloud storage device, com-
puter, laptop, tablet or the like, or any combination thereof.
[0079] In some embodiments, the user device 34 is con-
figured to run a pulse waveform measurement (PWM)
software application (or PWM App.) 36, which is configured
to process, calculate and/or display sampled pulse waveform
data received by the user device, as described herein.
[0080] The PWM device 2 may be positioned in various
locations on the body, for example, on either side of the arm
10, and more specifically, secured flat against the anterior
portion of a wrist 38. A band 40 can accomplish such
positioning on a user 41 (illustrated in FIG. 40). In some
embodiments, the PWM device 2 may be secured within the
band 40. In some embodiments, the band 40 adheres to a
casing 42 of the PWM device 2, specifically at sides 46 of
the casing 42, and is configured to allow the incident light
4 to pass unobstructed, such as through an opening 48 on the
casing 42 of the PWM device 2.

[0081] Hence, the user 41 can wear the PWM device 2 in
a manner similar to that of wearing a watch, a wristband or
any article of clothing, or garment adapted to be worn on the
arm 10 of the user 41. The user 41 can wear the PWM device
2 while performing any routine and ordinary operation the
user 41 would otherwise perform in everyday life, such as
walking, running, cycling and so forth.

[0082] Referring to FIGS. 2 and 3, in some embodiments
the PWM device 2 transmits the incident light 4 via the LED
14 (D2) and receives the reflected light 12 at the optical
sensor 16 (US). The optical sensor 16 (or, in some embodi-
ments, sensors) provides an electrical signal indicative of the
measured reflected light 12 to a combination low-pass filter
(LPF) and analog linear amplifier 50 (U6). The LPF aspect
of the LPF and analog linear amplifier 50 removes or
attenuates frequencies of the input signal above 4 Hz (i.e. the
filter breakpoint), and may be a single order low pass filter
or other filter. The linear amplifier aspect of the LPF and
analog linear amplifier 50 amplifies the low pass filtered
analog voltage signal, for example, using a gain of 20 db.
The amplified signal is provided to a microcontroller unit
(MCU) 52 (U4). The MCU 52 samples the analog voltage
signal using a built-in analog to digital (A/D) converter 54
within the MCU 52. The MCU 52 performs an (A/D)
conversion step at a predetermined sample rate 56 (shown in
FIGS. 25A-25C and discussed herein) to create a digital
signal which may be stored in the MCU built-in memory. In
some embodiments, the MCU (or other processor or com-
ponent) may directly transmit, either wirelessly or by wired
connection, the analog PWM signal (e.g., the low pass
filtered PWM signal). The digitized (or analog) data signal
may further be transmitted via Bluetooth® transmission by
the antenna 32 (E1, Al) to a network environment 60, such
as a server cloud, wireless personal area network, i.e., a



US 2018/0168466 A1l

Bluetooth® low energy, Bluetooth® smart network or to a
wireless connected network or server, such as a network
cloud server. Further details of the network environment 60
are discussed with regards to FIG. 39.

[0083] The digitized pulse waveform data may be also be
transmitted to the network environment 60 via the user
device 34. The user device 34 can display the processed
pulse waveform data and further transmit it to the network
environment 60 for storage, further processing, or access by
others. In some embodiments, the user device 34 can display
the processed data received from the network environment
60.

[0084] Referring to FIG. 3, in some embodiments a battery
64, such as a lithium-ion battery, provides power to the LED
14 (D2); the optical sensor 16 (U5); the LPF and analog
linear amplifier 50 (U6); the MCU 52 (U4); the antenna 32
(E1); and other hardware components. The MCU 52 (U4)
includes several areas of built-in memory and the A/D
converter 54 as discussed above. In some embodiments,
other microcontrollers or microprocessors may be used if
desired, provided they meet the functions and performance
requirements described herein.

[0085] Referring to FIG. 4, an exemplary table of sampled
data results is shown. The optical sensor 16 provides filtered
and amplified analog voltage signal indicative of the
reflected light 12 which is then sampled by the A/D con-
verter 54 in the MCU 52 at the predetermined sample rate
56. The A/D converter 54 records the sampled digital
voltage output reading 66 and a time measurement 68 and
stores the information on an on-board memory unit of the
A/D converter 54. The digital voltage output readings 66 are
integers, ranging from 0 to 4095, which are proportional to
the analog voltage range of 0V to approximately 3.7V. When
the digital voltage measurements 66 are graphed against the
time measurements 68, a repeating sampled pulse waveform
72 results, for example, as shown in FIG. 25B (sampled at
about 68 Hz). The sampled voltage measurements are also
referred to herein as sampled pulse waveform data 72 and/or
sampled pulse waveform data stream/readings 72. A theo-
retical pulse waveform 74 is illustrated in FIGS. 22A and
22B and further described with reference to FIG. 23.

[0086] Mathematically, the sampled pulse waveform data
stream 72 can be described as a function y=f (t), where
independent variable t represents time, and dependent vari-
able y represents the collected voltage output readings 66.
While there is a specific unit associated with the measure-
ments from the PWM device 2 (i.e., the intensity of the
reflected light 12), the precise values of the readings are not
particularly significant for data analysis since the readings
are sensitive to many environmental variables that are not
controllable, such as ambient lighting. Thus, the data analy-
sis focuses on the relative variations of the peaks and troughs
shown in the repeating sampled pulse waveforms 72 and
further explained with regards to FIGS. 5, 6, 7, 8A, 8B, 8C,
9,10, 11, 12,13, 14, 15, 16A, 16B, 17, 18, 19, 20, 21, 22A,
22B, 23, 25A, 25B and 25C.

[0087] Referring to FIG. 5, the sampled pulse waveform
digital data 72 may be processed on or off the device 2 by
digital data processing logic such as PWM processing logic
75. The PWM processing logic 75 uses pulse waveform
parameter calculation logic 76 and health parameter calcu-
lation logic 78 to produce medically relevant health param-
eters 80 from the sampled pulse waveform digital data 72.
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Such health parameters may be calculated and/or stored
continuously in real time by the system of the present
disclosure.

[0088] The pulse waveform parameter calculation logic 76
includes a plurality of data processing steps and is further
described with regards to FIGS. 6 and 11.

Fast Fourier Transform (FFT) Approach

[0089] Referring to FIG. 6, a section of the sampled pulse
waveform data 72 (graphically illustrated in FIG. 7) under-
goes several analysis steps. Each of the steps described
herein (e.g. in FIGS. 6 and 11) may be performed by
hardware, firmware or software logic or components or
devices as described herein to perform the functions
described herein. For example, a multi-step analysis
sequence may be applied (or performed) by the pulse
waveform parameter calculation logic 76, to extract perti-
nent information. The steps include:
[0090] 1. Applying a Fast Fourier Transform, extracting
a peak frequency, and curve fitting the power spectrum,
illustrated in steps 601-603; and
[0091] 2. Identifying a single pulse waveform represen-
tative sample, waveform modeling, and parameter
extraction/calculation, illustrated in steps 604-606.
[0092] Details of these steps are provided below.

Applying a Fast Fourier Transform and Frequency
Extraction

[0093] Noise and other systematic variations exist in the
pulse waveform data stream 72 such as shown in FIGS. 7,
12 and 25A. To remove any periodic behavior with frequen-
cies higher than the arterial pulses (normally in the range of
40-100 times per minute), the pulse waveform parameter
calculation logic 76 performs a Fourier Transform (using a
Fast Fourier Transform), as described below, to a section of
the sampled pulse waveform data 72.

[0094] Generally, a Fourier Transform decomposes a func-
tion of time into the frequencies that make it up. It is a
complex-valued function of frequency, whose magnitude (or
absolute value) represents the magnitude of that frequency
component present in the original function, and the complex
argument is the phase offset of the basic sinusoid in that
frequency.

[0095] Mathematically, t the Fourier transform of the
function {, is denoted as:

JEH e (Ba.- 1)

in which independent variable t represents time, and trans-
form variable represents frequency. Since the pulse wave-
form data stream 72 comes in as a sequence of numbers, a
discrete Fourier Transform (DFT) is applied to find the most
dominant frequency in the waveforms 72, which corre-
sponds to the arterial pulse among all kinds of longer-term
variations and noises. In operation, the pulse waveform
parameter calculation logic’s 76 Fourier analysis utilizes an
algorithm called the Fast Fourier Transform (FFT), which
computes the discrete Fourier transform (DFT) of the origi-
nal sequence (step 601) in a much shorter time compared
with directly applying the mathematical formula defined
above.

[0096] From the FFT, peak frequency can be identified
(step 602), as described below.

[0097] Referring to FIGS. 7 and 8A, 8B, and 8C, using a
300-second section of the pulse wave form data reading 72,
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a power spectrum 82 (FFT Data) including the frequency
components and their magnitudes from the PWM device 2
readings is applied. The results are shown in FIG. 8A. The
FFT Data allows for identification of the period (T1) as
discussed herein and with regards to FIGS. 22A and 22B.
Other sample time sections may be used if desired.

[0098] To find the most dominant frequency (i.e., peak
frequency) in the pulse waveform data readings 72, a least
squares fitting algorithm is applied to the power spectrum
curve 82 of FIG. 8A.

[0099] Least squares fitting is a mathematical procedure
for finding the best-fitting parameters of a proposed function
to a given set of points by minimizing the sum of the squares
of the offsets (“the residuals”) of the points from the curve.
Given a set of two-dimensional data points (x,,V,), . . ., (X,
y,) and a proposed functional form f(x,, a;, a,, ..., a,) in
which (a,, . . ., a,) are the parameters to determine, the

best-fitting values are found when the expression
" fxayay -, (Eq. 2)

is minimized. Other fitting techniques, including those dis-
cussed herein, may also be used if desired.

Curve Fitting the Power Spectrum

[0100] To curve fit the power spectrum 82, in some
embodiments a sum of n multiple Gaussian curves is used
(step 603). A Gaussian curve centered at mean p and
standard deviation ¢ is simply expressed as

(Eq. 3

and a proposed function of the present disclosure is therefore
2,4 % 1,0,), (Bq. 4)

with A/’s being respective normalization constants. The
number of Gaussian curves required to fit the power spec-
trum 82 varies among each data collection, and is subject to
the particular user and the exact condition when the readings
were taken. In FIG. 8B, the power spectrum 82 is best fit by
two Gaussian curves, with a lower frequency component
representing the arterial pulse at around 0.97 Hz, and a
higher frequency noise at about 2.5 Hz.

[0101] As illustrated in FIG. 8C, mathematical addition of
the two Gaussian curves results in a convoluted fitted
Gaussian curve 84.

[0102] Referring to FIGS. 6 and 9, at step 604, one
sampled pulse waveform 85 of the pulse waveform data
reading section (FIG. 7) is identified based on the above-
calculated dominant frequency of the measured data stream
72, for example, by identifying the period (T1) and extract-
ing an individual pulse waveform 85. This single sampled
pulse waveform 85 serves as a representative sample used
for further waveform modeling and parameter calculation by
the pulse waveform parameter calculation logic 76. In some
embodiments, an average (or median or other mathematical
combination) of multiple (or even all) individually sampled
pulse waveforms 85 of the measured data stream 72 can be
compiled via processing logic 86 within logic 604 to pro-
duce an averaged single sampled pulse waveform 87.
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Waveform Modeling

[0103] Referring to FIG. 6, at step 605, the sampled data
is curve fit to a desired functional form that models a
theoretical pulse waveform for the arterial pulse. Such
theoretical pulse waveform curve, may be shown as a line
graph 74 in FIG. 22A, which is similar to that shown in Chen
et al., Circulation, 95(7), 1827-36, 1997.

[0104] Referring to FIGS. 6 and 10, we have found that
either a modified multi-exponential form 88 such as that
described in Cohn et al. (Hypertension 1995; 26: 503-508),
or a multi-Gaussian form 89 may be used to curve fit the
pulse waveform data 72. Other curve fit equations or func-
tions may be used if desired, including other exponential
forms, provided they meet the function and performance
requirements discussed herein.

[0105] The multi-exponential form 88 may be represented
by the following equation:

fi)=4, exp(-A;t)+4; exp(—-A4t)cos(d5t+d ). (Eq. 5)
[0106] We have found that modifying Eq. 5 by adding
offsets in both the X- and Y-directions provides an accept-
able fit. Thus, a unique function to the present disclosure is,
SO=yo+d, exp(-Ay(t-ty))+43 exp(=4,(t-to))cos(4d5(-
16)+4e). (Eq. 6)
[0107] The multi-Gaussian form 89 of the present disclo-
sure 1s a sum of four different Gaussian curves, with two of
the Gaussian curves corresponding to the two peaks shown
in FIG. 10. Along with a Y-axis offset, the equation for this
fanction is

(Eq. 7

4
_ A -y
ﬂ”‘”‘*Zm“‘{ 207 ]
=1

[0108] Theoretically, the data may be fit to only two
Gaussian curves, with the rest of the graphed data being
noise. In practice, however, we have found that using more
than two Gaussian curves in the curve fit function produces
better fits with lower sum of squares. Additionally, there may
be other relevant health information that can be identified
using more than two Gaussian curves, for example, con-
tained within two additional peaks when using four Gauss-
ian curves. Alternatively, three Gaussian curves may be used
as described herein with FIG. 11, block 1110. Other numbers
of Gaussian curves may be used if desired.

[0109] Similar to the “Applying a Fast Fourier Transform
and Frequency Extraction” approach discussed herein
above, a set of curve fit parameters (e.g. A;-A,, y, for Eq. 6;
A, vy, for Eq. 7) are calculated using a least-square fitting (or
other curve fitting technique such as least absolute residual
fitting) to the fitted multi-Gaussian form 89 (Eq. 7). Alter-
natively, a set of curve fit parameters may also be calculated
using a least-square fitting (or other curve fitting technique)
applied to the fitted Multiexponential form 88 (Eq. 6).

[0110] The curve fit parameters for the desired curve/
function are then used to identify various pulse waveform
(PWM) parameters (e.g. pl, p2, nl, p3) further described
below in step 606 of FIG. 6.
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Calculate Pulse Waveform Parameters

[0111] Referring to FIG. 6, at step 606, pulse waveform
parameters (pl, p2, nl, and p3) as shown in the pulse
waveform curve 74 (FIGS. 22A and 22B) may be calculated
and updated continuously in real time from the curve fit
parameters described above, as described below with
regards to FIGS. 22A and 22B.

[0112] Referring to FIGS. 6 and 23, in some embodiments,
instead of using the pulse waveform parameters (p1, p2, nl,
p3) to derive health parameters 80, the system of the present
disclosure may determine health status or conditions (e.g.,
normal or abnormal conditions or irregularities) directly
using health parameter calculation logic 78. In that case, the
logic 78 receives the PWM curve fit parameters discussed
above and may continuously (or in real time) save such data
on a server or database (e.g., such as a Pulse Waveform Data
server 65 discussed hereinafter with regards to FIG. 39). The
health parameter calculation logic 78 may also receive
PWM curves, 612 from users (e.g. User 1-User N in FIG.
39) or user data 90, normal and/or abnormal pulse waveform
data 91, or theoretical pulse waveform data, to train the
health parameter calculation logic 78 to identify what curve
fit parameters correspond to (or correlate to, or are predictive
of, or are classified as) “normal” and “abnormal” conditions,
and, if abnormal, what type(s) of abnormality(ies) exists
(e.g., such as is shown in FIG. 46). Such correlations, or
predictions, or classifications may be learned over time by
machine learning logic 2312 using machine learning tech-
niques and classifiers, such as support vector machines
(SVMs), neural networks, decision tree classifiers, logistic
regression, random forest, or any other machine learning or
classification techniques that perform the functions of the
present disclosure. The machine learning logic 2312 may
also be used to determine other intermediate parameters,
such as pulse waveform parameters (e.g., pl, p2, nl, p3)
and/or other health parameters 80 (e.g. artery resistance,
augmentation index, stiffness index, blood pressure).
[0113] The Health Parameter Calculation Logic 78 may
also have alert logic that generates or sends alerts to the user
device 34, 61 or to the PWM device 2, based on various
predetermined health conditions or reminders. If the user
settings have alerts activated, this logic determines whether
the current PWM data or parameters, or PWM health
parameters, or the like, matches the Alert Settings that the
user has set up in the PWM App Settings (FIG. 49). If so, the
logic sends a PWM Alert message to the user device or to the
PWM device 2. The alert logic may be part of the machine
learning logic 2312 or a separate logic component within the
Health Parameter Calculation Logic 78. The alerts may also
be part of the Health Parameters 80 provided by the Logic
78. Also, the machine learning logic 2312 may also learn
over time what constitutes a health condition necessary to
send an alert to the user.

[0114] In particular, the PWM alert message may be sent
directly to the User Device 34 (e.g., text message or SMS or
the like) or to a personal online account of the user, e.g.,
email or the like. If selected by the user, the alert may also
be sent to the users Doctor, 911 emergency, hospital or
family/friend, as indicated in the settings as discussed herein
with FIG. 49. The graphical format and content of the PWM
alert may be a pre-defined message, such as a pop-up box
having text or graphics, such as: “A PWM Alert has
occurred. Click this alert box to get more information,” or it
may specify the details, such as: “APWM Alert has occurred
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regarding: An unsafe change in blood pressure. Click this
alert box to get more information.” In some embodiments, if
the user clicks on the alert box, the PWM App is launched
and the user can explore the PWM Alert in more detail, e.g,,
with the PWM GUIs discussed herein. Any other format and
content for the PWMs alerts may be used if desired. The
content and format of the PWM alert may also be set by the
user if desired.

[0115] Also, user data 90 and the normal/abnormal pulse
data 91, and curve/waveform 612 may be inputs for the logic
78. The user data 90 may encompass a wide variety of
individual attributes that may affect (or help determine) the
pulse waveform 74 such as age, height, weight, fitness level,
ethnicity, DNA, geography, or any other personal attribute.
The logic 78 may develop a normal range for certain
parameters against which it compares new data collected to
determine normal/abnormal conditions.

Convolve Approach

[0116] Referring to FIG. 11, in another approach of the
present disclosure, e.g., an iterative time domain convolu-
tion technique, raw sampled pulse waveform data 72 (shown
in FIG. 12) undergoes several analysis steps (or blocks or
logic) to identify and extract the pulse waveform. An advan-
tage of this approach is that the method is less sensitive to
(1) noise, (2) shifting baseline, and (3) identifying erroneous
multiple peaks as compared to isolating pulses from the raw
sampled data trace (FIG. 12).
[0117] Inparticular, at block 1101, a digital band pass filter
of about 0.5 to 3.5 Hz is applied to the sampled pulse
waveform data 72 to produce post band pass filtered data 92,
for example, as shown in FIG. 13.
[0118] At block 1102, the post band pass filtered data 92
is convolved (using digital convolution) with a “generated”
standard pulse waveform curve 93. The generated standard
pulse waveform curve 93 is a result of data provided by
http://haemod.uk/virtual database. Radial and physiological
data provided based on hemodynamic modeling from this
website can be downloaded and averaged. An equation for
generating this generated standard pulse waveform curve 93
is represented by:
Raw_standard=10*exp(-0.5%((x=200)/75)"2)+5*exp
(=0.5%(x-350)/75)"2)+3*exp(~0.5*((x-650)/200)
“2). (Eq- 7.1)

[0119] In particular, the logic performs two convolutions
of the input sampled PWM data, a first convolution with a
“generated” standard curve, and a second convolution with
the PWM output from the first pass through the logic. More
than two convolutions may be done if desired. Alternatively,
a singe convolution may be done to obtain the pulse wave-
form.

[0120] Referring to FIG. 15, an exemplary segment of the
first convolution (convolve #1) 94 is shown. The new
time-series generated from the above step is essentially a
correlation coefficient time-series.

[0121] Referring back to FIGS. 11 and 15, from the first
convolution 94, local peaks higher than 0.5 are identified by,
for example, using MATLAB’s “findpeaks” function, and
the indices of the peak location are recorded. The convolu-
tion is indicative of a correlation between the post band pass
filtered data 92 and the “generated” standard curve 93 (in
convolve #1). However, it is understood that any correlation
between the various pulse waveform curves described
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herein, including curves from users (e.g. User 1-User N in
FIG. 39), curve/waveforms 612 from individual users, rep-
resentative normal/abnormal pulse data 91, and the sampled
pulse waveform data 72 may be used to identify the period
or to extract a PWM cycle provided they provide the
performance described herein.

[0122] The period can be identified as the distance (T1)
between the peaks of the first convolution 94. The data (e.g.,
sample number) between the two consecutive peak indices
of the first convolution are used to extract a single pulse
from the post band pass filtered time series data 92 (FIG.
13).

[0123] By applying T1 to the post-band pass filtered data
92 the logic can identify or extract first round pulse segments
95 in FIGS. 16A and 16B (block 1104).

[0124] At block 1105, the identified individual pulse seg-
ments 95 are averaged to produce an averaged individual
standard (IS) curve 96, as shown in FIG. 17. This IS curve
96 may be used to repeat the segmentation, as discussed
further herein.

[0125] At block 1106, the post band pass filtered data 92
is convolved with the averaged IS curve 96 to produce a
second convolution output signal (convolve #2) 97, as
shown in FIG. 18.

[0126] At block 1107, from the second convolution 97, the
period (T1) can again be identified as the distance (T1)
between the peaks of the second convolution 97. The data
(e.g., sample number) between the two consecutive peak
indices of the second convolution are used to extract a single
pulse from the post band pass filtered time series data 92
(FIG. 13), similar to that doen in the first convolution.
[0127] At block 1108, the period (T1) is applied to the
post-band pass filtered data 92 to identify a second round
pulse segments 98, as shown in FIG. 19.

[0128] At block 1109, the identified second round indi-
vidual pulse segments 98 are averaged to form an averaged
pulse wave 99, as shown in FIG. 20.

[0129] At block 1110, the averaged pulse wave 99 is curve
fit using a desired function form that models a theoretical
pulse waveform for an arterial pulse 100, as shown in FIG.
21. Which may be similar to the curve fit logic 605 (F1G. 6).
We have found that a multi-Gaussian form may be used to
curve fit the averaged pulse wave 99. More particularly, the
multi-Gaussian form of the present disclosure is a sum of
three different Gaussian curves 2101, 2102, 2103. Along
with a Y-axis offset, the equation for this function is:

(Eq. 7.2)

3 a
_ A )
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[0130] Theoretically, the data may be fit to only two
Gaussian curves, with the rest of the graphed data being
noise. In practice, however, we have found that using more
than two Gaussian curves in the curve fit function produces
better fits with lower sum of squares. Additionally, there may
be other relevant health information that can be identified
using more than two Gaussian curves, for example, con-
tained within one additional peak when using three Gaussian
curves.

[0131] A set of curve fit parameters (e.g. y, for Eq. 7.2)
may be calculated using a least-square fitting. Another way
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to fit parameters is least absolute residual fitting. With least
absolute residual fitting, similar to the least squares tech-
nique, it attempts to find a function which closely approxi-
mates a set of data. In the simple case of a set of (x,y) data,
the approximation function is a simple “trend line” in
two-dimensional Cartesian coordinates. The method mini-
mizes the sum of absolute errors (SAE) (the sum of the
absolute values of the vertical “residuals” between points
generated by the function and corresponding points in the
data). The least absolute deviations estimate also arises as
the maximum likelihood estimate if the errors have a
Laplace distribution.

[0132] Alternatively, a multi-exponential form may be
used to perform the curve fit as described herein with FIG.
6, block 605.

[0133] Still referring to FIG. 21, using the curve fit of the
averaged pulse waveform 100, heart rate (hr), pulse pressure
(P1), augmentation index (ai) and stiffness index (si) can be
calculated by the various equations provided herein and
described below. In this exemplary example, the user 41 has
a heart rate of approximately 70 beats per minute, a pulse
pressure of 260, augmentation index of 0.56 and unadjusted
stiffness index of 0.189.

[0134] At box 606, pulse waveform parameters (pl, p2,
nl, and p3) from the theoretical pulse waveform curve (FIG.
22A) may be calculated and updated continuously in real
time from the curve fit parameters and/or curve fit 100
described above, as described below with regards to FIG.
22A.

[0135] An advantage of the convolution approach is, by
calculating the likelihood of each pulse start point individual
events can be extracted as signal between two consecutive
peaks.

[0136] While the above convolve approach has been
described utilizing the “generated” standard pulse waveform
curve 93 from a virtual database, it is understood that curves
from users (e.g. User 1-User N in FIG. 39), curve/wave-
forms 612 from individual users, representative normal/
abnormal pulse data 91, and other curves generated and
discussed herein (including convolve #1 94, first round pulse
segments 95, averaged IS curve 96, convolve #2 97, second
round pulse segments 98, averaged pulse wave 99, and curve
fit of average pulse wave 100) may be used instead of or in
combination with generated standard pulse waveform curve
93, such as shown by arrow 1112 in FIG. 11.

[0137] Referring to FIGS. 22A and 22B, each pulse has a
major peak (pl), representing the systolic peak of the blood
flow; a minor peak (p2), indicating the reflection of the
wave; a dicrotic notch (nl), corresponding to the closing of
heart valve; and an inflection point (p3) between the major
peak and the notch, representing the augmentation of pulse
pressure by the reflected coherent light 12. The Further
information about mathematical estimations of parameters
can be found in Circulation, 95(7), 1827-36, 1997. As noted
in the cited reference, radial artery measurements follow a
fixed mathematical relationship with aorta pressure change
during a heartbeat. Thus, the pulse waveform provides
pertinent information regarding a user’s vascular system.

[0138] Mathematically, the four pulse waveform (PWM)
parameters are defined as follows
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1. Systolic Peak (p1)

[0139] For each complete waveform isolated with n data
points (for example, as described in steps 601-605), the
systolic peak is defined as the relative height of where the
global maximum occurs, i.e.

pl=x; where x;2x ¥ where jE€(1 1). (Eq. 8)

This is the pulse pressure at time t; as shown in FIG. 22A.

2. Diastolic Peak (p2)

[0140] The diastolic peak is defined as the local maximum
that is lower than pl but higher than all other local maxi-
mums. Mathematically, a local maximum in a 2-dimensional
X vs. t space occurs when the first derivative is zero and the
second derivative is negative. p2 is the relative height of the
highest local maximum (if there are m such local maxi-
mums), i.e.

P2 = max(Xyy s Xys v s Vi) Eq. 9
where

dx d*x .

Ek =0 and 7 <0and p2 < pl fork € (j. n).

k

This is the pulse pressure at time t, as shown in FIG. 22A.

3. Notch (nl)

[0141] The notch is defined as the relative height of the
local minimum between pl and p2, i.e.

nl=x, where x,=x,V1€(, k) and I€(j, k). (Eq. 11)

This is the pulse pressure at time t; as shown in FIG. 22A.

4. Augmentation Peak (p3)

[0142] The augmentation peak is defined as the point of
inflection between pl and nl. Mathematically, this is where
both the first and the second derivative are equal to zero, i.e.

d*x (Eq. 12)
p3=xy, where —-| =0 forme (j, ).

a?

m

This is the pulse pressure at time t,, as shown in FIG. 22A.

[0143] After curve fitting to the desired equation such as
Eq. 6, Eq. 7, Eq. 7.2, a combination thereof, or other
function (described above regarding step 605, waveform
modeling or box 1110), a heart rate (hr) as well as the
parameters defined previously (pl1, p2, nl, and p3) will be
calculated from the resulting waveforms.

[0144] Referring to FIGS. 22A and 22B, the curve param-
eters are shown as applied to pulse waveform data 74,
including intervals described below.

[0145] Health parameter calculations, shown in FIG. 23,
using the health parameter calculation logic 78 provide the
following quantities, which are useful in determining health
parameters 80:
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1. Inter-spike interval
The inter-spike systolic peak spike time interval (t, or T1) is
defined as

T1= KXol = Xply (Eq. 13)

f

where f'is sampling frequency 56, X is the sample count, and
u is a number of each extracted pulse. T1 is typically
measured from the start of a pulse segment to the end of a
pulse segment. Although, as described herein, T1 may be
calculated in a variety of different ways, and avearged.

2. The time interval between systolic peak and notch (t, or
T2) is defined as

B pl=-nl
f

(Eq. 14)

T2

3. The time interval between systolic peak and diastolic peak
(p or AT) is defined as

_pl-pl (Eq. 15)

A
=7

[0146] These PWM calculations may be performed for a
single pulse waveform or for a plurality of pulse waveforms.
[0147] Referring to FIG. 23, based on the above calculated
pulse waveform parameters (pl, p2, nl, and p3) and Egs. 13,
14, and 15, various parameters may be calculated by the
health parameter calculation logic 78 having the following
steps or blocks or logic.

[0148] At step 2301 an average inter-spike time interval
T1 between consecutive systolic peaks (pl) is computed in
Eq. 13. In particular average T1 may be determined by
aligning multiple consecutive extracted pulse segments, and
counting the number of p1 systolic spikes over the time for
the extracted pulse segments and dividing the number of pl
systolic peaks over the total time of consecutive extracted
pulse segments. As another approach, the T1 values for each
extracted pulse segment may be averaged (such as a mean
average or a weighted average, or other averaging tech-
niques as discussed herein) to determine the average value
of T1. The average value of T1 may be used for calculations
herein unless otherwise indicated.

[0149] In addition, the pulse wave velocity (PWV) may be
computed using standard techniques or other techniques as
discussed herein (e.g., PWV may be calculated from the
stiffness index (SI)).

[0150] At step 2303, the heart rate (hr) (beats/min) may be
obtained based on the average p1 interval (T1). In particular,
the heart rate (hr) may be calculated by the equation hr=(1/
T1)(60).

[0151] At step 2304, an inter-spike time interval AT
between the systolic peak (p1) and the diastolic peak (p2) is
computed using Eq. 15.

[0152] At step 2305, the heart rate (hr) information from
step 2303 and the inter-spike time interval AT of step 2304
is further used to compute the stiffness index (si or A, as
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described herein). Further information about the stiffness
index (si) is explained with regards to Eq. 18 below.
[0153] At step 2306, an inter-spike time interval T2
between the consecutive systolic peak (p1) and notch (nl) is
computed using Eq. 14.

[0154] At step 2308 a stroke volume (SV), i.e. the area
under systolic peak (pl), Ap; as shown in FIG. 22A, is
calculated. This may be done, for example, by determining
the area under the curve of the first fitted Gaussian 2101
shown in FIG. 21. A,, is indicative of stroke volume. The
term stroke volume (SV) can apply to each of the two
ventricles of the heart, although it usually refers to the left
ventricle. The stroke volumes for each ventricle are gener-
ally equal, both being approximately 70 mL in a healthy
70-kg man. The area A, may be computed by other tech-
niques if desired.

[0155] At step 2309 a mean arterial pressure (MAP) can
be calculated. There are various methods for determining
mean arterial pressure (MAP) including the equation MAP=
(2P2+P1)/3. Other methods of calculating mean arterial
pressure are contemplated within the present disclosure.
Mean arterial pressure is defined as the average pressure in
a patient’s arteries during one cardiac cycle. It is considered
a better indicator of perfusion to vital organs than systolic
blood pressure (SBP). There are several clinical situations in
which it is especially important to monitor mean arterial
pressure. In patients with sepsis, vasopressors are often
titrated based on the MAP. Also, in patients with head injury
or stroke, treatment may be dependent on the patient’s MAP.
[0156] Several physiological indices (i.e. health param-
eters 80) can be further calculated by the health parameter
calculation logic 78, for example:

1. The artery resistance (ar) is defined as

_ Xpl —Xp2

(Eq. 16)

ar
2
P xdr
'pl

Where x,,, is the data value at point pl and x,,, is the data
value point p2 and the integral in the denominator is the area
under the PWM curve from P1 to P2. This calculation may
be performed at step 2310 of FIG. 23. The artery resistance
(ar) can alternatively be calculated, for example, by utilizing
the stroke volume (SV) and mean arterial pressure (MAP),
although other means of calculating the artery resistance (ar)
are contemplated within the scope of the present disclosure,
including those currently practiced in hospitals and other
health care facilities.

[0157] Artery resistance is the resistance that must be
overcome to push blood through the circulatory system and
create flow. The resistance offered by the systemic circula-
tion is known as the systemic vascular resistance (SVR) or
may sometimes be called by the older term total peripheral
resistance (TPR), while the resistance offered by the pul-
monary circulation is known as the pulmonary vascular
resistance (PVR). Systemic vascular resistance is used in
calculations of blood pressure, blood flow, and cardiac
function. Vasoconstriction (i.e., decrease in blood vessel
diameter) increases SVR, whereas vasodilation (increase in
diameter) decreases SVR. The basic tenet of calculating
arterial resistance is that flow is equal to driving pressure
divided by resistance, as shown by the equation R=AP/Q,
where R is Resistance, AP is the change in pressure across
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the circulation loop (systemic/pulmonary) from its begin-
ning (immediately after exiting the left ventricle/right ven-
tricle) to its end (entering the right atrium/left atrium), and
Q is the flow through the vasculature.

2. The augmentation index (ai) is defined as

3 (Fq. 17)
Xpl

[0138] Where x5 is the data value point p3. At step 2307,
an augmentation index (AI) is calculated based on the
augmentation peak (p3) and the systolic peak (p1), such as,
for example, by dividing the augmentation peak (p3) by the
systolic peak (p1), as shown by equation AI=P3/P1. Aug-
mentation index (Al) is a measure of systemic arterial
stiffness typically derived from the ascending aortic pressure
waveform. Areas of measurement other than the aorta are
generally known as the peripheral augmentation index. The
augmentation index (AI) may also be referred to herein as
the peripheral augmentation index (AI). The augmentation
index (Al) is useful in predicting outcomes for various
procedures and has shown correlations with aging, hyper-
tension and drug responses. This calculation may be per-
formed at Step 2307 of FIG. 23. Further information regard-
ing the role of the augmentation index in predicting health
outcomes, such as hypertension, may be found in Thera-
peutic Advances in Cardiovascular Disease (2008) 2(1)
25-35).

3. The stiffness index (si) is defined as

ok (Bq. 18)
SU= e 0

Where h is the height of the user; AT is the interval between
systolic peak and diastolic peak; hr is the heart rate; and a
and b are parameters used in the formula and vary by
personal attributes. This calculation may be performed at
Step 2305 of FIG. 23. Further information regarding the
stiffness index may be found in Mayo Clin Proc. 2010,
85(5): 460-472,

[0159] While the above artery resistance (ar), augmenta-
tion index (ai) and stiffness index (si) have been calculated
based on the techniques described herein, it is understood
that these health parameters 80 and other health parameters
80 may be calculated in a variety of different ways. such as
those shown in Zhaopeng Fan, Gong Zhang and Simon Liao
(2011). Pulse Wave Analysis, Advanced Biomedical Engi-
neering, Dr. Gaetano Gargiulo (Ed.), ISBN: 978-953-307-
555-6 which is incorporated herein by reference to the extent
necessary to understand the present disclosure.

[0160] Calculated parameters for each pulse waveform
segment can be averaged or analyzed in various methods as
described herein. Also, the parameters calculated herein may
be averaged over time.

[0161] Information computed above may be stored in
memory of the user device 34 and/or the network environ-
ment 60 (FIG. 39). Additionally, the computed information
may be displayed on the user device 34.

[0162] The health parameter calculation logic 78 is illus-
trative of the newly applied techniques of the present



US 2018/0168466 A1l

disclosure and is not meant as an exhaustive list of the PWM
device 2 or system 28 capabilities.

[0163] Furthermore, while these quantities are defined
with the theoretical waveform 74 shown in FIGS. 22A and
22B, there are several factors contributing to the data
collection process, which would make the readings deviate
from the theoretical situation. A few examples of such
external factors are:

[0164] 1. Change of ambient lighting during collection
period;

[0165] 2. Movement or sweating of the arm during col-
lection period;

[0166] 3. Individual variation in amount of light reflected;
[0167] 4. Different user artery location; and

[0168] 5. Different user blood flow rate.

[0169] Referring to FIG. 24, exemplary graphical repre-

sentations of the pulse waveform 74 from different artery
locations are shown. The reflectance method used in an
embodiment of the PWM device 2 does not provide any
specificity towards any blood vessel in the body, thus, the
source of the signal is significantly determined based on the
location of the optical sensor 16 or sensors 16, 16a. Other
arteries, such as a brachial artery 101, carotid, aorta, or ulnar,
will also contain a repeating waveform in every heartbeat.
FIG. 24 further illustrates pressure amplification and reflec-
tion delay effect based on different artery locations. As
shown, (p1) is amplified as the theoretical (or ideal) pulse
waveform 74 travels through the artery 18, from the aorta to
the radial artery 18.

[0170] One area of particular interest is near the thumb on
the inner surface of the wrist 38. The pulse waveform 74
found at the inner surface of the wrist 38 produces an
amplified pulse waveform 74 without merging the reflection
peak (p3) with the dicrotic notch (nl).

[0171] The radial artery 18, specifically the area near the
thumb on the inner surface of the wrist 38 is particularly
advantageous because the fat accumulation in this area is
generally low, providing a better signal to noise ratio for
PWM measurement. Measuring at the artery 18 allows for
detection of the reflection peak (p3). Measurements made
from a capillary further delay the reflection peak (p3)
resulting in a merge of (p3) with the dicrotic notch (nl)
making detection of the reflection peak (p3) extremely
difficult, if not impossible. Thus, the device 2 of the present
disclosure provides best performance when the pulse wave-
form is measured at an artery instead of a capillary or
capillaries.

[0172] The measurement from the brachial artery 101 can
be another viable option for detecting the reflection peak
(p3). Therefore, if the PWM device 2 is placed at the
brachial or radial artery, similar information is produced.
[0173] The measurement from an ulnar artery either inde-
pendently or in combination with the measurement from the
radial artery 18 can be another viable option for detecting the
pulse waveform. The different locations can provide redun-
dancy or different information, such as arterial stiffness.
[0174] Referring to FIGS. 25A, 25B and 25C, experimen-
tal results show that increasing the sampling rate results in
a better defined systolic peak (p1), notch (nl) and diastolic
peak (p2). As seen in FIGS. 25A, 25B and 25C, the
increased sampling rate from (a) 30 Hz to (b) 68 Hz to (c)
171 Hz results in an increase in accuracy and precision of the
repeating sampled pulse waveform 72 at greater than 100 Hz
predetermined sampling rate 56. Other sample rates, such as
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400 Hz, may be used provided that they provide the desired
performance discussed herein. We have also found that
when the wavelength (A) range of incident light from the
LED 14 is in the range of 500-640 nm, or more particularly,
500-540 nm, or more particularly about 515 nm, the pulse
waveform data quality is sufficient to provide the desired
data/parameters as discussed herein. Other wavelength
ranges may be used provided they achieve the desired
performance criteria.

[0175] Referring to FIG. 26, a circuit block diagram 2600
for the PWM device 2 generally includes a power/on-off
circuit 2602, a controller or processor circuit 2603, and an
optical source/sensor & low-pass filter (LPF) circuit 2604.
In some embodiments, the PWM device 2 may further
include a USB port 2605 with a USB program or data
download circuit 2606 run by, for example, a USB control
unit (U2).

[0176] The power/on-off circuit 2602 may utilize compo-
nents such as those shown in FIGS. 27, 28, 29, 30, 31, 32,
33, 34A and 34B including battery 64 (U1). Power supplied
by the battery 64 or power/charger 2601 is provided to the
powet/on-off circuit 2602 in order to power the controller/
processor circuit 2603 and the optical source/sensor & LPF
circuit 2604. In embodiments that utilize a USB port, the
power/on-off circuit 2602 may also supply power to the
USB program or data download circuit 2606. The circuit
2602 may also have a voltage regulator for controlling the
supply voltage to other circuits, a battery charging circuit,
and an on/off switch.

[0177] The optical source/sensor and LPF circuit 2604 is
configured to supply power to LEDs 14, 14a and receive
analog pulse waveform signal from optical sensor 16. The
circuit 2604 also has the analog low pass filter 50 discussed
herein, and provides a low pass filtered analog pulse wave-
form signal to the controller/processor circuit 2603.

[0178] The controller/processor circuit 2603, which may
include a microcontroller chip (including A/D converter)
MCU 52 (Ud4) as discussed herein receives the low-pass
filtered analog pulse waveform signal received from the
optical sensor 16 and the optical source/sensor & LPF circuit
2604 and converts it to a digital sampled PWM signal and
transmits it to the user devices 34 via Bluetooth and/or Wifi
connection. Such data transfer may work in conjunction
with a program supplied by the USB program or data
download circuit 2606.

[0179] In various embodiments discussed herein, the opti-
cal source/sensor & LPF circuit 2604 shown in FIGS. 32 and
34A may be split among two circuit boards 30 (FIGS. 28, 29,
33) and 31 (FIG. 34).

[0180] Referringto FIG. 27, a schematic circuit 102 shows
one embodiment implemented in the PWM device 2. The
component numbers R’s (resistors), U’s (chips), C’s (capaci-
tors), L’s (inductors), D’s (diodes), Q’s (transistors of FIGS.
2-3 and 27, 28, 29, 30, 31, 32, 33, 34A and 34B all
correspond to components on the schematic diagram of the
circuit 102 of the device. The circuit 102 includes embodi-
ments of the circuits 2602, 2603, 2604, 2606, discussed
herein above with FIG. 26.

[0181] More specifically, the circuit 102 of FIG. 27
includes a battery charging unit U1 for charging the lithium-
ion battery 64 and also providing reverse discharge protec-
tion. Specifically, U1 can be a 500 mA linear charge man-
agement controller including an integrated pass transistor
such as part number MCP73831 made by Microchip Tech-
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nologies Inc. The battery charging unit U1 includes at least
one 10V 4.7 uF capacitor C1 and/or C2. The capacitors C1,
C2 may be comprised of any conductive material, for
example, tantalum and can further be part number
T491A475K010AT made by Kennet Electronics Corpora-
tion. The battery charging unit U1 may further include a low
power consumption LED D1, in an electrically connected
circuit, for example, a hyper-red SMD CHIP LED lamp such
as part number APHHS1005SURCK made by Kingbright
Company LLC. Resistors R1 and R2 help prevent a large
current in the battery charging unit U1. A battery connector
J1 can connect the battery charging unit to the rechargeable
lithium-ion battery 64.

[0182] The circuit 102 further includes a USB control unit
U2 for including a USB connection. Specifically, U2 can be
a single-chip USB to UART bridge such as part number
CP2102 made by Silicon labs, and allows for USB to UART
data transfer. USB control unit U2 may further include an
integrated USB transceiver, integrated clock, internal 1024-
byte programmable ROM for vendor ID, product 1D, serial
number, power descriptor, release number, and product
description strings. The USB control unit U2 is connected to
a USB programming connector J2. J2 connects an external
device to electronically download programs or firmware to
the MCU 52 (U4). J2 may be, for example, a micro USB
power charging, digital to digital hardware for sampled data
transfer with the USB control unit (U2) from the PWM
device 2.

[0183] The circuit 102 further includes a voltage regulator
U3 for regulating voltage throughout the circuit 102. Spe-
cifically, the voltage regulator U3 may be a linear voltage
regulator with low-noise output, low dropout voltage (typi-
cally 17 mV at light loads and 165 mV at 150 mA), and very
low ground current (600 A at 100 mA output) such as part
number MIC205-3.3 made by Microchip.

[0184] The circuit 102 further includes the MCU 52 (U4)
for performing the data processing steps outlined in FIGS. 5,
6,7, 8A, 8B, 8C, 9,10, 11, 12, 13, 14, 15, 16A, 16B, 17, 18,
19, 20, and 21. In some embodiments, the MCU 52, U4 may
be a 2.4 GHz ultra-low power wireless microcontroller.
More specifically, the MCU 52 may be a CC2650 Sim-
pleLink™ Multistandard Wireless MCU part number
CC2650F128RSMR made by Texas Instruments Inc. To
support the MCU 52 (U4) capacitors C9, C10, C11, C12,
C13 and C14 are stacked. Capacitors C15 and C16 can be
electrically connected between the MCU 52, U4 and the RF
antenna 32 (E1, Al). Additionally, capacitors C18 and C19
are connected to the MCU 52 (U4). A plurality of inductors
L1, L2, L4, and L5 are also connected as shown in FIG. 17.
[0185] The antenna 32 (E1, Al) may be a 2.4 GHz Chip
RF antenna part number 2450AT18A100 made by Johanson
Technology Inc.

[0186] A crystal Y1 used for setting the frequency of about
24 MHz may be a quartz crystal such as part number
CX32258B26000DOFFFCC made by AVX Corp. Another
crystal Y2, used for setting the frequency of about 32.768
kHz+20 ppm  Crystal, such as part number
ST32158B32768HSHPWAA made by AVX Corp. Both
crystals Y1 and Y2 set reference clocks used for the MCU
52.

[0187] The circuit 102 further includes a photo-detector/
optical sensor 16 (U5) for pulse detection. An example of
such a photo-detector/optical sensor is part number
APDS9008 made by Avago Technologies. The photo-detec-
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tor/optical sensor U5 has particular application in signifi-
cantly reducing power consumption.

[0188] The circuit 102 further includes the LPF and analog
linear amplifier 50 (U6) having components (e.g., resistors,
capacitors and inductors). As described earlier, the LPF and
analog linear amplifier 50 (U6) may be a general purpose op
amp offering rail-to-rail input and output over approximately
a 1.8 to 6V operating range. More specifically, the amplifier
U6 may be, for example, a 1 MHz, Low-Power Op Amp part
number MCP6001 made by Microchip Technology Inc.
[0189] The circuit 102 further includes the LED 14 (D2)
for providing the incident light 4. As described earlier, LED
14 (D2) may be a green source color made with InGaN on
a sapphire Light Emitting Diode. More specifically, the LED
14 may be a subminiature solid-state lamp part number
AM25207GC09 made by Kingbright Company LLC.
[0190] Referring to FIGS. 28 and 29, the printed circuit
board 30 comprises a top layer 104 and a bottom layer 106
secured together to complete the circuit board 30 having the
components of the circuit 102 (FIG. 27) laid out as indicated.
[0191] Referring to FIGS. 30, 31, 32 and 34A a second
embodiment of the PWM device 2 corresponding to the
circuits 2602, 2603, 2604 (split between FIGS. 32 and 34A).
Such embodiments may, optionally, not include a USB
connection.

[0192] Referring to FIGS. 33 and 34B, in the second
embodiment, the circuits 2602, 2603, 2604 are located on
circuit board 30 (FIG. 33) except for sensor 16 or sensors 16,
16a (FIG. 47B) may be located on a separate board 31 from
the printed circuit board 30 of FIGS. 30, 31 and 32. In such
embodiments, a circuit including two LEDs D2, D3 provide
substantially balanced reflected (or uniform) light on either
side of (or across the surface of) the optical sensor 16 (U5).
We have found that PWM signal quality is improved with
two LEDs. Additionally, as discussed herein, printed circuit
board 30 has a top layer 104 and a bottom layer 106 secured
together to complete the circuit board 30. Similarly, printed
circuit board 31 has a top layer 108 and a bottom layer 110
secured together to complete circuit board 31.

[0193] In some embodiments, circuit board 31 may have
openings 111, 111a disposed on the bottom layer 110 to
allow incident light 4 from LEDs 14, 144 to pass through the
bottom layer 110. The values or part numbers for the various
components on the circuits 2602, 2603, 2604 of FIGS. 30,
31, 32, and 34A, are shown on the corresponding circuit
diagrams or, if not, they are the same as in FIG. 27. Also, the
function and operation of the circuits 2602, 2603, 2604 are
substantially the same for both the first and second embodi-
ments; however, the layouts may be different and certain
components or component values may be different, but the
effect of such differences would generally be understood by
one skilled in the art and in view of the discussion of the
description of FIG. 27 (first embodiment).

[0194] Other circuit components, component values, and
schematic configurations may be used if desired, provided
they meet the functions and performance requirements
described herein.

[0195] Referring to FIGS. 35. 36A, 36B, 36C, 37, 38A,
38B, 38C and 40, 41 42A, and 42B, the casing 42 of the
PWM device 2 houses the printed circuit boards 30 and/or
31 and the above-described electronic circuits and circuit
components.

[0196] Referring to FIG. 35, a connector cable 112, such
as a double male end USB connector cable, may connect the
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PWM device 2 to the user device 34 to exchange data. The
connector cable 112 connects through the casing 42 via a
data/power connection port 113 connected to the USB
program or data download circuit 2606 by USB connector
12. Also, as discussed herein, the data transfer of the sampled
pulse waveform data 72 off device and to the digital data
processing logic 75 may be performed wirelessly e.g., via
Bluetooth® or other wireless technology as discussed
herein. The PWM device 2 may further include an on/off
switch 114 capable of turning on the PWM device 2.
[0197] Referring to FIGS. 36A, 368 and 36C, in some
embodiments, the casing 42 may comprise two sections, a
top section 116 and a user facing bottom section 118. The
bottom section 118 is adapted to allow the optical sensor 16
to transmit the incident light 4 through the opening 48. The
dimensions of the casing 42 are approximately 0.64 inches
in height by 1.75 inches in length with a depth of 1.00 inch.
Other dimensions may be used if desired, provided they
meet the functions and performance requirements described
herein. Further, the bottom section 118 may contain a curved
surface with a curve radius of approximately 1.62 inches. In
some embodiments, the top section 116 may have a match-
ing curved surface as the bottom section 118. In some
embodiments, the curve of the top section 116 and/or the
curve of the bottom section 118 is between approximately
0.5 to 5 inches.

[0198] The small distance (approximately 2.5 mm)
between the LED 14 and optical sensor 16 allows a nearly
direct or direct vertical angle of light transmittance and
absorbance and advantageously provides a more precise
measurement of the pulse waveform without additional light
scattering.

[0199] The on/off switch 114 can be a slid-able switch. In
some embodiments, the switch 114 can be a push button, or
wirelessly activated. The switch 114 may further protrude
through the casing 42 to the exterior of the PWM device 2.
[0200] A pre-drilled hole 120 allows for a counter-sunk
screw 122 to secure the top section 116 and the bottom
section 118. In some embodiments, a latch 124 extending
from the top section 116 secures the top section 116 and the
bottom section 118.

[0201] Referring to FIGS. 37, 38A, 38B and 38C, in some
embodiments the top section 116 is secured to the bottom
section 118 with four screws 122. The counter sunk screws
122 secure the top section 116 to the bottom section 118 via
the pre-drilled holes 120. Additionally, the top section 116
and bottom section 118 connect via a clamshell arrangement
and latch 124. Structures on the inside of the top section 116
in FIG. 38B help hold the lithium-ion battery 64 (described
in FIG. 3) within the casing 42.

[0202] Referring to FIG. 39, the sampled digital pulse
waveform data 72 transmitted from the PWM device 2 may
be implemented in a network environment 60. In particular,
various components of an embodiment of the PWM system
28 of the present disclosure include the plurality of PWM
devices 2 (e.g., Device 1 to Device N), which may interact
with respective users (User 1 to User N). In some embodi-
ments, the PWM Device 2 may communicate with a com-
munications device 61 via Bluetooth®, near field commu-
nication (NFC), and/or radio frequency identification
(RFID) transmission. The communications device 61
includes the previously described user device 34 as a subset
of possible devices capable of performing the operations
described herein.
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[0203] In some embodiments, the PWM App 36 may
reside on the communication device 61 (or user device 34)
and communicate with the PWM device 2. In some embodi-
ments, the PWM App 36 is configured to detect threshold
conditions of the curve fit parameters (e.g., A,-A, vy, for Eq.
6; A, y, for Eq. 7, y, for Eq. 7.2) and provide alerts to the
user 41 via text, e-mail, social-media updates or other
communication methods. Thus the PWM device 2 and or
PWM App 36 provides constant monitoring, data streaming,
real-time detection and the like to reduce delay to seek
treatment.

[0204] In some embodiments, the communications device
61 may transmit the sampled digital pulse waveform data 72
received from the PWM device 2 to, and communicate with,
data processing servers 63, data storing servers 65, health
results servers 67, and user attributes servers 69 through the
communications network 60, such as a local area network
(LAN), wide area network (WAN), virtual private network
(VPN), peer-to-peer network, or the internet, wired or wire-
less, as indicated by lines 71, by sending and receiving
digital data over the communications network 60.

[0205] The data processing server 63 may be a separate
dedicated server running the digital data processing logic 75.
The PWM data server 65 may store the sampled pulse
waveform data 72 in real-time or serve as storage for older
readings. The health results server 67 can interact with both
the data processing server 63 and the data storing server 65
and compute or store some or all of the pulse waveform
parameter calculation logic 76 and/or the health parameter
calculation logic 78. The user attributes server 69 may
include various user information or user data, such as the
user data 90 discussed with FIGS. 6 and 11, such as age,
height, weight, fitness level, ethnicity, DNA, geography, or
any other personal attributes, as provided by or related to a
user of the PWM device 2.

[0206] Ifthe communication devices 61 are connected via
a local or private or secured network, the devices 61 may
have a separate network connection to the Internet for use by
web browsers running on the devices 61. The devices 61
may also each have a web browser to connect to or com-
municate with the internet to obtain desired content in a
standard client-server based configuration to obtain the
PWM App 36 or other needed files to execute the logic of the
present disclosure. The devices 61 may also have local
digital storage located in the device itself (or connected
directly thereto, such as an external USB connected hard
drive, thumb drive or the like) for storing data, images,
audio/video, documents, and the like, which may be
accessed by the PWM App 36 running on the communica-
tion devices 61.

[0207] As mentioned, the communication devices 61 may
also communicate with separate computers and computer
servers via the network 60 for the data processing servers 63,
data storing servers 65, health results servers 67, and user
attributes servers 69. The servers 63, 65, 67 and 69 may be
any type of computer server with the necessary software or
hardware (including storage capability) for performing the
functions described herein. Also, the servers 63, 65, 67 and
69 (or the functions performed thereby) may be located,
individually or collectively, in a separate server on the
network 60, or may be located, in whole or in part, within
one (or more) of the communication devices 61 on the
network 60. In addition, the data processing servers 63, data
storing servers 65, health results servers 67 and user attri-
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butes servers 69, may each communicate via the network 60
with the PWM digital data processing logic 75, and with
each other or any other network-enabled devices or logics as
needed, to provide the functions described herein. Similarly,
the communication devices 61 may each also communicate
via the network 60 with the servers 63, 65, 67 and 69 and the
PWM digital data processing logic 75, and any other net-
work-enabled devices or logics necessary to perform the
functions described herein.

[0208] In some embodiments, the PWM device 2 can
communicate with a Bluetooth® Hub 37 via wireless trans-
mission and perform the various communications and inter-
actions as described in connection with the communication
devices 61.

[0209] In some embodiments, the communication devices
61 communicate with a health portal computer 73 via the
network 60. The health portal computer 73 contains a server
running a website enabling multiple users to log in to store
and/or review some or all of the PWM digital data process-
ing results (e.g., the calculated health parameters 80). The
users may securely log in through preset username and
password information to ensure the privacy of their indi-
vidual health parameters 80. [n some embodiments, health
parameters 80 may be displayed in multiple formats on the
website or on the communication devices 61.

[0210] Portions of the present disclosure shown herein as
being implemented outside the communications device 61,
may be implemented within the communications device 61
by adding software or logic to the communications device
61, such as adding logic to the PWM App software 36 or
installing a new/additional application software, firmware or
hardware to perform some of the functions described herein,
such as some or all of the PWM digital data processing logic
75, or other functions, logics, or processes described herein.
Similarly, some or all of the digital data processing logic 75
of the present disclosure may be implemented by software in
one or more of the data processing servers 63, data storing
servers 65, health results servers 67, user attributes servers
69, and health portal computer 73 to perform the functions
described herein, such as some or all of PWM digital data
processing logic 75, or some or all of the functions pet-
formed by the PWM App software 36 in the communica-
tions device 61.

[0211] The system, computers, servers, devices and the
like described herein have the necessary electronics, com-
puter processing power, interfaces, memory, hardware, soft-
ware, firmware, logic/state machines, databases, micropro-
cessors, communication links, displays or other visual or
audio user interfaces, printing devices, and any other input/
output interfaces, to provide the functions or achieve the
results described herein. Except as otherwise explicitly or
implicitly indicated herein, process or method steps
described herein may be implemented within software mod-
ules (or computer programs) executed on one or more
general purpose computers. Specially designed hardware
may alternatively be used to perform certain operations.
Accordingly, any of the methods described herein may be
performed by hardware, software, or any combination of
these approaches. In addition, a computer-readable storage
medium may store thereon instructions that when executed
by a machine (such as a computer) result in performance
according to any of the embodiments described herein.
[0212] Referring to FIGS. 40A and 40B, one position that
is particularly advantageous to wear the PMW device 2 is
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secured flat against the anterior portion of the forearm or
wrist 38. This allows for the PWM device 2 to be positioned
against the radial artery 18 and provide a more precise
reading of the arterial pulse compared to pulse oximetry
finger readings, as well as receiving suflicient reflected light
12 from the artery 18 that is not contaminated by surround-
ing capillaries to produce the pulse waveform 72 with the
desired data quality (or granularity or fidelity) to calculate
the desired parameters, as discussed herein.

[0213] The calculated parameters from aspects of the
pulse waveform data 72 may be used for numerous medical
purposes. For example, the augmentation index has been
shown to have predictive power of multiple cardiovascular
diseases, as discussed in Michael F O’Rourke, Alfredo
Pauca, Xiong-Jing Jiang, Br J Clin Pharmacol. 2001 June;
51(6): 507-522. Additionally, a sampled arterial pulse wave-
form 72 is of particular interest in clinical medicine. For
example, the arterial pulse may be used to diagnose high
blood pressure.

[0214] The stiffness (si) index correlates to the number of
cardiovascular risk factors present. It is associated with
fitness level, cardiovascular events, and mortality in patient
populations with end-stage renal disease, diabetes, and
metabolic syndrome. Additionally, the stiffness (si) index is
informative for health factors in healthy elderly adults.
[0215] Referring to FIG. 41, in some embodiments, the
user device 34 may have a display screen 128 which can
display the sampled pulse waveform 72 (FIG. 25C), as well
as other manipulated waveforms and calculated parameters
as discussed herein.

[0216] Referring to FIG. 42A, in some embodiments, the
band 40 has a flexible opening 130 to secure the PWM
device 2 within the general footprint of the band 40. The
casing 42 encloses the lithium-ion battery 64, printed circuit
board 30, LED 14, optical sensor 16, data/power connection
port (J2) and other electronic components described herein
via attachment screws 122. Similar to the positioning
described in FIGS. 40A and 40B, the flexible opening 130
may be positioned against the anterior portion of the forearm
or wrist 38. In some embodiments, the casing 42 may further
include an additional metal or plastic insert 132 with a
similar approximate 1.62-inch curve radius described in
FIG. 36. The insert 132 has an insert opening 134 aligning
with the bottom section 118 opening 48.

[0217] Referring to FIG. 42B, in an alternative embodi-
ment, the LED 14 and optical sensor 16 may be disposed on
the interior (or inside surface) of the band 40 with a plurality
of wires 138 extending to the PWM device 2. Thus, the
PWM device 2 can be worn like a wrist watch. As shown,
the PWM device 2 may include a display 128 operatively
connected to the circuit board 30 with the appropriate wiring
and interface components or wirelessly with Bluetooth® or
the like and viewable through the band opening 130. The
display 128 may display the data provided by any or all of
the digital data processing logic 75, pulse waveform param-
eter calculation logic 76 (e.g., pl, p2, nl, p3) health param-
eter calculation logic 78, health parameters 80 (e.g., artery
resistance, augmentation index, stiffness index, blood pres-
sure) and/or the data displayed by the user device 34 or
PWM App 36, or a condensed version thereof.

[0218] Any other hardware or firmware may be used if
desired provided it provides an LED source and optical
sensor and provides a digital or analog pulse waveform
signal described herein.
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[0219] Referring to FIGS. 43A, 43B, and 44, a login
screen 140, a first main interface screen 142, a second main
interface screen 144 and a history interface screen 146 are
shown for displaying various pulse waveform and health
attributes on the user device 34. After accessing the PWM
app 36 (FIG. 1C), the login screen 140 (FIG. 43A) may
include a logo 148 as well as user and password information.
[0220] After the user provides the username and password
information in the login screen 140, the PWM app 36 may
display the first main interface screen 142. In some embodi-
ments, the first main interface screen 142 includes and
displays real-time heart rate information, such as, for
example, in the upper left corner of the user device 34
display screen 128. Real-time blood pressure information,
calculated as discussed herein, may be displayed in the
upper right corner of the display screen 128. Pulse waveform
analysis, as discussed herein, may be displayed in the lower
left corner of the display screen 128. Settings for the PWM
app 36 can be displayed in the lower right corner of display
screen 128, such as shown in FIG. 43B. Some or all of these
screen sections may have drop-down menus 150 (shown in
FIG. 44) displaying other options. The pulse waveform
analysis shown in the lower left corner may display any or
all of the data provided by the digital data processing logic
75 from the sampled pulse waveform data 72. For example,
the data provided by the pulse waveform parameter calcu-
lation logic 76, the data provided by the health parameter
calculation logic 78 (FIG. 23), and/or the calculated health
parameters 80.

[0221] Referring to FIG. 44, in the center of the screen for
the first main interface 142 and/or the second main interface
144, cardiovascular health status may be displayed. The
cardiovascular health status may display, for example, a
healthy (FIG. 43B) or an abnormal (FIG. 44) status depend-
ing on the reading and analysis of the pulse waveform data
72.

[0222] Still referring to FIGS. 43B and 44, the blood
pressure information in the upper right corner of the display
screen 128, may link a user to the history interface 146 and
display a user’s blood pressure information relative to a
normal distribution curve. The blood pressure may be cal-
culated from the pulse waveform parameters, such as (pl)
and (p2) described herein. For example, from pulse wave-
form (and other parameters associated with the pulse wave-
form) the blood pressure may be mathematically computed
from (p1) and (p2) or be obtained from a look up table (or
the like) that correlates (p1) and (p2) (or any other param-
eters associated with the pulse waveform) to the blood
pressure for the user of the PWM device 2.

[0223] In some embodiments, the user’s blood pressure
may be determined by measuring the pulse waveform
parameters at (or near) the time when the user’s blood
pressure (BP) is measured using an external BP measure-
ment device, such as manually by a nurse or doctor at a
doctor’s office, walk-in clinic, visiting nurse visit, or the like,
or an automated measurement by an automated BP mea-
surement device (cuff-based, or other form), or the like. In
that case, the user may enter the BP values into the PWM
App, as described herein regarding user attributes with FIG.
49. Alternatively, the BP measurement data may be sent
digitally to the user’s PWM App or a server accessed by the
PWM App. The PWM App 36 or the Health Parameter
Calculation Logic 78 may determine the relationship or
correlation between the user’s BP and the user’s correspond-
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ing PWM parameters, such as the magnitude (or height) of
P1 and P2, at the time of the BP measurement. This
correlation may be improved or learned over time, e.g., by
the machine learning logic 2312 (FIG. 23). The external BP
measurements may be used as calibration BP user data that
may occur periodically over time, depending on the fre-
quency of the external BP measurements, to identify the
individualized relationship between pulse waveform and
blood pressure for a given user and a normal range for these
parameters for that user.

[0224] Also, the logic may also measure “normal” patterns
(or ranges) for the magnitudes of P1 and/or P2 at certain
times of the day, e.g., morning, mid-day, night, and sleeping,
and determine individual normative patterns for these
parameters. The logic can then detect when changes occur in
this normative pattern for P1 and/or P2 that may be indica-
tive of a dangerous health event and alert the user. The logic
can also detect when P1 or P2 changes greater than a danger
threshold amount over a short period of time and alert the
user. Such measurement may be performed on P1 or P2
individually or by taking the ratio of P1/P2 or P2/P1. Other
PWM parameters (e.g., P3, nl) may also be incorporated
into the above blood pressure detection logic or machine
learning or identification of normative (or “normal”) pat-
terns, if desired.

[0225] By interacting with the settings disposed in the
lower right corner in FIG. 44, the drop down menu 150 may
appear. Options in the drop-down menu 150 include settings
(“gear” icon), history, share, user and log-out. Selecting the
“history” option can bring the user to the history interface
146. Selecting the “share” option can share information with
another user or device, such as a doctor, health-care provider
or other service. Selecting the “user” option may allow for
input and/or display of a user profile such as physical
attributes and the like. Selecting the “log-out” option may
close the PWM App 36 or allow another user to login at the
login screen 140.

[0226] Still referring to FIG. 44, the history interface 146
may show graphs (or other graphics) which track various
health parameters 80, such as blood pressure, along various
time inputs, such as hours, days, weeks, months, years, etc.
Any other display formats or graphics or GUT’s (graphical
user interfaces) may be used if desired to represent the data
and results described herein.

[0227] Referring to FIG. 45, different calculations
between two population groups were performed. Eight (8)
subjects with cardio vascular disease (CVD) and twenty (20)
subjects without CVD were split into two group populations.
Averaged pulse waveforms 99 and curve fitted pulse wave-
forms 100 were calculated from the subjects in each popu-
lation.

[0228] From the curve fitted pulse waveforms 100, the
Augmentation Index (ai) of each person was calculated. The
first bar graph 4502 shows that the CVD groups have, on
average, a higher Augmentation Index (ai) as compared to
the group without CVD. Using a Mann-Whitney test, the
variance among individuals still does not account for the
statistically significant higher Augmentation Index (ai), as
indicated by the p value of 0.037. The p-value is a measure
of probability with a value closer to zero representing a high
probability that the two groups are different.

[0229] However, when comparing the heart rate between
the two groups, as shown in the last bar graph 4504, there is
not a distinguishable difference (p-value of 0.842). Thus, the
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Augmentation Index of the present disclosure is capable of
distinguishing a CVD group from a non-CVD group, while
commercially available devices that measure heart rate
would not be able to make such a determination. Accord-
ingly, the present disclosure provides a diagnostic tool,
based on the Augmentation Index, to determine health
status, such as cardiovascular disease.

[0230] An ROC curve, as shown in FIG. 45, is another
way of showing the difference between two groups. By
using Augmentation Index (ai) as a diagnostic tool, there
needs to be a threshold, above and below which a determi-
nation of normal or abnormal, (i.e. has cardiovascular dis-
ease) can be determined. The ROC curve is a way to show
that if the threshold is varied, what is the performance for
disease prognostication. The area under the ROC curve
shows the diagnostic value of the augmentation index for
CVD.

[0231] Referring to FIG. 46, possible pulse waveform
irregularities and diseases or maladies associated with the
irregularities can be discerned based on the shape of the
calculated pulse waveform (and/or parameters associated
therewith, as discussed herein) compared to the ideal or
normal or theoretical pulse waveform 74 and displayed,
such as on display 128 on the user device 34, 61 or the PWM
device 2 itself. Additionally, the possible pulse waveform
irregularities and diseases or maladies associated with the
irregularities may be displayed on the PWM App 36. as
further described with regards to FIGS. 48 and 49. For
example, diseases such as heart failure, hypovolemia, severe
aortic stenosis, fever, anemia, hyperthyroidism, aortic regur-
gitation, bradycardia, heart block, atherosclerosis, hypertro-
phic cardiomyopathy and left ventricular failure can be
deduced based on the variation of the pulse waveform from
a normal pulse waveform such as described in Zhaopeng
Fan, Gong Zhang and Simon Liao (2011). Pulse Wave
Analysis, Advanced Biomedical Engineering, Dr. Gaetano
Gargiulo (Ed.), ISBN: 978-953-307-555-6 which is incor-
porated herein by reference to the extent necessary to
understand the present disclosure.

[0232] Referring to FIGS. 47A, 47B, 47C, 47D, 47E, 47F,
47G and 47H, different optical sensor configurations are
shown. For example, multiple sensors (16, 16a, 165, 16¢,
16d) and multiple LEDs (14, 14a, 145, 14¢) may be used to
provide enhanced source (or incident) light 4, and thus
enhanced reflected light, and provide substantially uniform
distribution of reflected light on the sensor. Additionally, the
quantity and configuration of the sensors 16, 16a, 165, 16¢
may provide enhanced detection characteristics. Addition-
ally, different locations can provide redundancy and/or
greater fidelity/granularity. Other configurations may be
used provided they provide the performance described
herein. Each of FIGS. 47A, 47B, 47C, 47D, 47E, 47F and
47G can be referred to herein as a PWM sensing unit.
[0233] In some embodiments the PWM sensing unit (or
PWM sensing units) may be positioned in the flow direction
of blood within an artery. In some embodiments the PWM
sensing unit (or PWM sensing units) may be positioned
perpendicular to the flow direction of blood within an artery.
In some embodiments, the PWM sensing unit may consist of
two sensors 16, 16a surrounding an LED 14, as shown in
FIG. 47B. In some embodiments, LEDs 14 and 144 provide
source light from either side of a sensor 16 in a sensing unit,
as shown in FIGS. 47C and 47E. In some embodiments, a
substrate 31A may contain multiple sensing units (or circuit
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boards 31) arranged in an array or matrix (2-dimensional or
1-dimensional), as shown in FIG. 47H. The contemplated
configurations may be used to maximize exposure of the
sensor (e.g., 16, 164, 165, 164 in FIG. 47F or 16 in FIGS.
47C, 47F and 47G) to substantially uniform reflected light
from the body (or blood vessel).

[0234] In FIG. 47F, there are four sensors (16, 164, 16,
16¢) surrounding a single LED 14 source, and in FIG. 47G,
there are four sources (14, 14a, 14b, 14c¢) surrounding a
single sensor 16.

[0235] Additionally, as shown in FIG. 47H, multiple sens-
ing units are arranged on the substrate 31 A and can measure
sampled pulse waveform data 72 at at least two different
artery locations. The separate spatial locations of measure-
ment advantageously allow for other health parameters, such
as wave velocity (PWV), to be calculated. Additional health
parameters and information may be determined by utilizing
different (or multiple) artery locations, are contemplated
within the scope of the present disclosure.

[0236] In particular, in some embodiments, the sensing
unit arrangements on a layout 4702 having two (or more)
sensing units in series, and may be positioned in the flow
direction of blood within an artery (e.g., left/right in FIG. 47
H). In some embodiments, the sensing unit arrangements on
a layout 4704 may be positioned perpendicular to the flow
direction of blood within an artery (e.g., up/down in FIG.
47H). In some embodiments, both layout configurations
4702, 4704 may be utilized in the same substrate 31A to
provide the PWM and health parameters, and information.
Any configuration or combination of configurations or ori-
entations of the sensing units shown in FIGS. 47A, 47B,
47C, 47D, 47E, 47F, 47G and/or 47H may be utilized on
individual or separate substrates or circuit boards to provide
the PWM and health parameters and information described
herein or other health parameters or information.

[0237] Referring to FIG. 48, a flow diagram 4800 illus-
trates one embodiment of a process or logic of the present
disclosure for providing, among other things, a graphic user
interface (GUI) to the user 41 on the display 38 of the
user/communication device 34,61 (FIGS. 1C, 39), for
receiving and displaying PWM alerts, and for allowing the
user to set preferences, settings and the like, which may be
implemented by the PWM App Software Logic 36 (FIGS.
1C, 39). The process 4800 runs when the PWM App 36 is
launched and begins at a block 4802, which retrieves data
from the PWM Data Server 65 (FIG. 39), the PWM/Health
Results Server 67, the User Attribute Server 69, as well as
input data from the user 41 via the user device 34,61 user
input (e.g., touch screen display, mouse or other user input
interface). Next, a block 4804 uses the data retrieved in the
block 4802 (including the user settings) to calculate the
needed parameters to display the PWM GUI on the display
128 of the user device 34,61 (FIGS. 1C, 39). Next, a block
4806 displays the graphics for the PWM GUI on the display
128 of the user device 34. In particular, the Heart Rate,
Blood Pressure, Healthy/Abnormal Status, Normal Distri-
bution Graph, BP Chart/details, PWM Graph Details, PWM
Parameters, Health Parameters, and any other display com-
ponents, images, or icons discussed or shown herein for the
PWM GUL

[0238] Next, a block 4808 determines whether a PWM
Alert has been received. If YES, a block 4810 generates a
pop-up message on the user device 34 display 128 indicating
a PWM Alert has occurred and the user 41 can then go to the
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PWM GUI screen 128 to view the alert. Next, or if the result
of block 4808 is NO, a block 4812 checks if the “Settings”
(gear) icon has been selected on the screen 128. If YES, a
block 4814 receives input settings data from the user 41,
e.g., for display format, user attributes, and alert settings (as
discussed herein). Next, a block 4816 saves (or updates) the
settings info, based on the selections made by the user, e.g.,
on the device 34 or on the User Attributes Server 69 (FIG.
39), and the process exits. For example, some of the PWM
App settings data, such as the User Attributes and the Alert
Settings, may be stored in a table or database on the User
Attributes Server 69 (FIG. 39), and other settings data may
be stored locally on the User Device 34, such as the Display
Format settings. Any other data storage arrangement that
performs the functions of the present disclosure may be used
if desired.

[0239] Referring to FIGS. 43 A, 43B, and 44, in the lower
right portion of the display screen 128 is a user settings
menu (“gear”) icon, which, when selected, allows the user to
select various attributes and features associated with the
PWM App software 36, to perform the functions described
herein, such as various display options, defaults, and the
like, as well as to provide information about the user (user
attributes) and for setting PWM alerts, or for other purposes
as described hereinafter. In particular, referring to FIG. 49,
when the Settings “gear” icon option (FIG. 44) is selected,
a new GUI pop-up menu 4900 may appear on the display
128 (F1G. 44), having a series of options or user settings to
select. More specifically, the user settings are shown in three
sections, a display format section 4902, a user attributes
section 4904, and an alert settings section 4906. In the
display format section 4902, checkboxes are provided to
indicate which of the display items should be displayed by
the App on the screen. Also, there may be an option to
display aggregated data from other users and to filter the data
based on age, health history or medical conditions, location,
physical conditioning, and the like. There may also be
options (not shown) to select screen locations (e.g., top,
bottom, left, right), size, and colors for the various display
items, as well as types of graphs or charts or data displays
(line, bar, pie, etc.). Other display format settings may be
provided if desired, or as needed or discussed herein, to
perform the functions of the present disclosure.

[0240] The User Attributes section 4904 allows the user to
provide information about himself/herself, which may be
saved in a table or database in the User Attributes Server 69
(FIG. 39) for use in determining user personalized thresh-
olds for normal/abnormal status, medical conditions, alerts,
and for other purposes, as described herein.

[0241] In particular, the User Attributes section 4904 has
fields or checkboxes or corresponding (single or multi-pick)
drop-down menus for: date of birth, male/female, age group,
home address/location, health history, physical condition-
ing, latest blood pressure data and date, and allow receipt of
data (e.g., BP, or other data). In particular, a multi-pick
dropdown menu is provided to allow the user to select all the
health history information applicable for the user, e.g., types
of medical conditions (e.g., asthma, heart disease, etc.) and
currently medications being used. There is also a multi-pick
dropdown menu provided to allow the user to select all the
healthy conditioning activities the user does, e.g., run, lift,
bike, meditate, yoga, organic foods, and the like). Also, a
checkbox and fields are provided for the user to enter the last
blood pressure (BP) measurement obtained and the date (and
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optionally time) it was measured. This BP information may
also be automatically populated digitally by the PWM App
36 and/or by the PWM Processing Logic 75, if the user
agrees to receive external BP data by checking the corre-
sponding checkbox. In that case, when the user has his/her
blood pressure measured, the measurement may be sent
electronically and/or stored in the appropriate location in the
User Attributes Server 69, or other location that allows it to
be used by the PWM App 36 and/or by the PWM Processing
Logic 75.

[0242] The Alert Settings section 4906 allows the user to
set-up alerts for certain types of events relating to data
collected and analyzed by the PWM App 36 and/or by the
PWM Processing Logic 75. In particular, a checkbox is
provided to turn on (or off) alerts that may be generated by
the logic of the present disclosure, as discussed herein. A
checkbox is also provided to allow the user to select what
type of events to receive alerts for, such as when abnormal
status or data values are detected for one or more of a list of
checkable items, e.g., BP, PWM Parameters, Health Param-
eters, Healthy/Abnormal Status, Pulse Rate, Urgent Health
Event (or highly likely event based on data collected and
analyzed by the present disclosure). such as heart attack,
stroke, organ failure, other. A checkbox is also provided to
send an alert (or status) to one or more individuals or
services, such as: Doctor, 911 service, Hospital, Family/
Friend, and the like. Also, negative preferences or exclu-
sionary criteria may be used if desired, e.g., do NOT send me
an alert when certain events or items happen. Other alert
settings and preferences may be used if desired, or as needed
or discussed herein, to perform the functions of the present
disclosure.

[0243] Any software, hardware, or firmware, including
algorithms and other techniques for extracting the pulse
waveforms (using time domain or frequency domain) from
the collected data may be used if desired provided it pro-
vides a pulse waveform as described herein.

[0244] A pulse waveform can reflect health conditions of
the human cardiovascular system. While certain parameters
derived from a pulse waveform have been applied in clinical
and research settings, these principles have not been applied
outside of a clinical setting. Additionally, real-time measure-
ment and analysis of a pulse waveform is not currently
available in any device. However, the device of the present
disclosure enables measurement and analysis of the pulse
waveform anywhere at anytime and in real-time.

[0245] The present disclosure provides for measurement
of substantially (or a substantial portion of) the entire
pressure pulse waveform curve/profile or a sufficient portion
of the pulse waveform curve/profile to determine (or calcu-
late or identify) any parameters that can be derived there-
from such as those described herein. The measurement
techniques discussed herein produce a pulse waveform of
sufficient signal quality to determine pl, p2, nl, p3, T1, AT,
Ay, and A, as well as to determine the entire (or substan-
tially the entire) pulse waveform curve/profile and any
parameters that can be derived therefrom. This is a signifi-
cant improvement over current technology, which provides
the ability to determine primarily the main peak P1. As
discussed herein, obtaining the entire pulse waveform with
sufficient fidelity is required to calculate many of these
parameters.
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[0246] Current pulse waveform measurement tools are
cumbersome in size, difficult to use, and lack automated
analysis capability.

[0247] An advantage of the PWM device 2 or system 28
of the present disclosure is the fidelity, stability and reliabil-
ity of the pulse waveform data 72 when sampled above
about 100 Hz frequency and the corresponding parameters
determined/calculated therefrom, as discussed herein.
[0248] Compared to other heartrate measuring devices
such as Fitbit®, Jawbone®, Apple Watch®, and the like, the
PWM device 2 or system 28 of present disclosure provides
a different sampling rate, measuring site and readout (i.e., an
arterial pulse waveform).

[0249] Also, compared to fingertip photoplethysmogram,
the PWM device 2 or system 28 of the present disclosure
provides a different transmitted wavelength, measuring site,
data processing and displayed parameters.

[0250] In addition, compared to applanation tonometry,
which is typically only employed in clinical use, the PWM
device 2 or system 28 of present disclosure provides a
smaller, portable reflection measurement and not a pressure
measurement.

[0251] Although various above described embodiments
depict a wearable and portable PWM device, it is understood
that the PWM device 2 may be added to known probe or
pressure devices (i.e. applanation tonometry devices) for
measuring PWM or health parameters and connected to an
instrument in a wired fashion or wirelessly. For example, the
PWM device may be placed on the skin to conduct pulse
waveform measurements and removed after a sufficient
period of time.

[0252] Another advantage of the PWM device 2 or system
28 of the present disclosure is the small size and energy
requirement of the PWM device 2. Due to its size it may be
incorporated into bracelets, wristbands and/or clothing such
as sweatshirts, long sleeve shirts and the like.

[0253] More specifically, the PWM device 2 or system 28
of the present disclosure may be integrated with other
devices, for example an Apple Watch®, to display any or all
of the data from the digital data processing logic 75, health
parameter calculation logic 78, health parameters 80 or a
condensed version thereof.

[0254] Another advantage of the PWM device 2, system
28 and/or PWM App 36 of the present disclosure is that the
PWM device 2, system 28 and/or PWM App 36 may be
configured to detect threshold conditions of the PWM
parameters (or other health parameters 80 (e.g. artery resis-
tance, augmentation index, stiffness index, blood pressure))
and provide alerts to the user via text, e-mail, social-media
updates or other communication methods. Thus, constant
monitoring, data streaming, real-time detection and the like
may reduce delay to seek treatment, help to manage existing
conditions, and alert the user in real-time. Also, the present
disclosure allows for receiving comparison information
against other users who share their PWM data.

[0255] Although the device and system described above
have a 2.5 mm distance between the LED 14 and optical
sensor 16, larger distances and greater reflectance angles are
also contemplated within the scope of the present disclosure.
[0256] As will be recognized by those of ordinary skill in
the pertinent art, numerous modifications and substitutions
can be made to the above-described embodiments of the
present disclosure without departing from the scope of the
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disclosure. Accordingly, the preceding portion of this speci-
fication is to be taken in an illustrative, as opposed to a
limiting, sense.
[0257] Although the disclosure has been described herein
using exemplary techniques, algorithms, or processes for
implementing the present disclosure, it should be understood
by those skilled in the art that other techniques, algorithms
and processes or other combinations and sequences of the
techniques, algorithms and processes described herein may
be used or performed that achieve the same function(s) and
result(s) described herein and which are included within the
scope of the present disclosure.
[0258] Any process descriptions, steps, or blocks in pro-
cess or logic flow diagrams provided herein indicate one
potential implementation, do not imply a fixed order, and
alternate implementations are included within the scope of
the preferred embodiments of the systems and methods
described herein in which functions or steps may be deleted
or performed out of order from that shown or discussed,
including substantially concurrently or in reverse order,
depending on the functionality involved, as would be under-
stood by those reasonably skilled in the art.
[0259] It is noted that the Figures are to be taken as an
illustrative example only, and are not to scale.
[0260] All cited references are incorporated in their
entirety to the extent needed to understand the present
disclosure, and to the extent permitted by applicable law.
[0261] It should be understood that, unless otherwise
explicitly or implicitly indicated herein, any of the features,
characteristics, alternatives or modifications described
regarding a particular embodiment herein may also be
applied, used, or incorporated with any other embodiment
described herein.
[0262] Conditional language, such as, among others,
“can,” “could,” “might,” or “may,” unless specifically stated
otherwise, or otherwise understood within the context as
used, is generally intended to convey that certain embodi-
ments could include, but do not require, certain features,
elements, or steps. Thus, such conditional language is not
generally intended to imply that features, elements, or steps
are in any way required for one or more embodiments or that
one or more embodiments necessarily include logic for
deciding, with or without user input or prompting, whether
these features, elements, or steps are included or are to be
performed in any particular embodiment.
[0263] Although the invention has been described and
illustrated with respect to exemplary embodiments thereof,
the foregoing and various other additions and omissions may
be made therein and thereto without departing from the spirit
and scope of the present disclosure.
What is claimed is:
1. A pressure pulse waveform measurement device, com-
prising:
a first light source adapted to transmit light to a blood
carrying artery at a measurement location;
an optical sensor adapted to receive a reflected light in
response to the transmitted light from the blood carry-
ing artery; and
a processor configured to measure the reflected light and
provide a PWM signal indicative of the pressure pulse
waveform in the artery at the measurement location.
2. The device of claim 1, wherein the light source is
transmitted to a radial artery.
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3. The device of claim 1, wherein the light source com-
prises an LED having a wavelength in the range of 500-640
nm.

4. The device of claim 1 further comprising a second light
source adapted to transmit light to the blood carrying artery
at the measurement location, and wherein the optical sensor
is disposed between the first and second light sources, and
wherein the reflected light being in response to light from the
first and second light sources such that the reflected light is
distributed substantially uniformly across the sensor.

5. The device of claim 1, wherein the processor measures
the reflected light at a sampling rate in the range of 100-500
Hz.

6. The device of claim 1, wherein the processor calculates
at least one pressure pulse waveform parameter comprising
at least one of p2, nl, p3, T1, AT, A, and Ap,.

7. The device of claim 6, wherein the processor computes
from the at least one pressure pulse waveform parameter, at
least one health parameter, comprising: stiffness index,
mean arterial pressure, stroke volume, augmentation index,
blood pressure and heart rate.

8. The device of claim 1, wherein the processor identifies
a period from the measured pulse waveform by finding the
time between pulses obtained by at least one of time domain
convolution and frequency domain analysis.

9. A method for measuring a pressure pulse waveform
comprising:

providing an optical source light incident on a blood

carrying artery at a measurement location;

measuring a reflected light in response to the source light,
the reflected light being indicative of the pressure pulse
waveform associated within the artery at the measure-
ment location; and
providing a PWM signal indicative of the pressure pulse
waveform.
10. The method of claim 9 further comprising: identifying
a period from the measured pulse waveform by finding the
time between pulses obtained by at least one of: time domain
convolution and frequency domain analysis.
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11. The method of claim 9 further comprising:

extracting pulse waveform segments from the measured

pulse waveform; and

averaging the extracted pulse waveform segments.

12. The method of claim 11, wherein the pulse waveform
segments are extracted by finding the time between pulses
obtained by at least one of time domain convolution and
frequency domain analysis.

13. The method of claim 9 further comprising performing
a mathematical curve fit to the measured pulse waveform to
obtain a fitted pulse waveform curve.

14. The method of claim 13 wherein the fitted pulse
waveform curve comprises at least one of: exponential and
Gaussian.

15. The method of claim 13 further comprising: identi-
fying pressure pulse waveform parameters from the fitted
pulse waveform curve.

16. The method of claim 9 further comprising: convolving
the measured pulse waveform with a standard pulse wave-
form curve.

17. The method of claim 16, wherein the convolving is
repeated multiple times in an iterative fashion.

18. A method for measuring a pressure pulse waveform,
comptrising:

providing an optical source light incident on a blood

carrying artery;

measuring a reflected light in response to the source light;

providing a PWM signal in response to the reflected light

having sufficient signal quality to determine at least one
pressure pulse waveform parameter; and

wherein the at least one pressure pulse waveform param-

eter comprises at least one of: p2, nl, p3, T1, AT, A,
and Ap,.

19. The method of claim 18, further comprising: comput-
ing from the at least one pressure pulse waveform parameter,
at least one health parameter, comprising: stiffness index,
mean arterial pressure, stroke volume, augmentation index,
blood pressure and heart rate.

20. The method of claim 19 further comprising: providing
an alert when the at least one health parameter is in an unsafe
range.
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