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SYSTEM FOR MEASURING AND
MONITORING BLOOD PRESSURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is based on, claims priority to, and
incorporates herein by reference in its entirety U.S. Provi-
sional Application Ser. No. 61/898,199, filed Oct. 31, 2013,
and entitled, “NOVEL SENSORS, DEVICES, ALGO-
RITHMS AND METHODS FOR UNOBTRUSIVE, CUFF-
LESS, CONTINUOUS, BEAT-TO-BEAT, NONINVASIVE
BLOOD PRESSURE MEASUREMENT AND WEAR-
ABLE MONITORING.”

STATEMENT OF FEDERALLY SPONSORED
RESEARCH OR DEVELOPMENT

[0002] NA

BACKGROUND

[0003] Cardiovascular disease (CVD) is the leading cause
of death and lower life expectancy worldwide. Hypertension
is one of the most significant risk factors for CVDs, such as
heart attack and stroke, in the United States and India. Timely
diagnosis and management of hypertension are both of criti-
cal need, as an increase in the prevalence of obesity has
correlated with an increase in hypertension in both young
people and older adults. Heart disease has been found to be
the cause of one in every four deaths, and heart attack and
stroke are the first and fourth leading causes of death in the
United States, respectively. Additionally, over $450 billion is
spent annually to cover the health care needs of over 2 million
patients who suffer heart attack and stroke. Central to any
therapy for these patients is an accurate measurement of
blood pressure.

[0004] Blood pressure (BP) measurements are also needed
when anesthesia has been administered, and for patients
receiving emergency and critical care. In these cases, it would
be desirable to have noninvasive, continuous blood pressure
measurements to provide immediate feedback indicative of
the state of the patient. Continuous blood pressure measure-
ments would also be beneficial when performing studies of
cardiac function, arterial elasticity, autonomic function, cere-
bral autoregulation, physiological measurements in aero-
space research, and the like.

[0005] The current cuff-based arterial blood pressure
(ABP) measurement technique (i.e., the Kortkoff method) is
over 100 years old and is utilized in both private homes and
healthcare establishments such as clinics, operation theatres,
hospital wards, and accident and emergency departments.
ABP measurement provides for an initial clinical assessment
for hypertension or hypotension, and serves as an important
parameter in a wide range of physiological research. Most
conventional ABP measurement technologies involve the use
of cuff and the inflation/deflation procedure. Although rela-
tively accurate, existing ABP measurement technologies are
slow and less compatible with electronic health record (EHR)
systems than alternative methods.

[0006] In addition, the Korotkoff measurement technique
presents several other disadvantages. For example, the
method is only indicative of the BP status ofa small portion of
the entire 24-hour blood pressure pattern, and often the time
of measurement is not specified; therefore, identification of
hypertension and categorization of the severity levels are
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highly ambiguous due to significant BP variability through-
out the day. Further, when using the cuff-based method, BP
can be affected by environmental error such as the “white-
coat” effect resulting in erroneous BP measurements. BP
measurements acquired using the Korotkoff method can also
be affected by defects in cuff instrumentation, and improper
technique and measurement procedures by inadequately
trained personnel can lead to errors in measurement. Finally,
the Korotkoff method is not efficient in identifying cases like
nighttime hypertension when high or low values may occur
only at certain times during the 24-hour cycle.

[0007] Without the information pertaining to the circadian
BP patterning and the sleep BP level, it is estimated that
identification of high-risk subjects using Korotkoff method
BP measurements lead to potential misclassification of up to
50% of all evaluated individuals. Additional existing methods
for blood pressure measurement include the use of an arterial
line, oscillometric measurement, pefids, tonometry, and pulse
transit time. It has been found, however, that each of these
methods demonstrate different limitations as well. Oscillom-
etric measurements can be erroneous based on incorrect cuff
size, arterial lines present a health risk to the patient and
require trained personnel for placement, pefias is expensive
and can be affected by factors such as cold extremities,
tonometry is expensive, and pulse transit time has vet to be
fully developed to correlate to blood pressure. In addition,
these methods are difficult to integrate into EHRs and are
subject to human error.

[0008] Thus, an unobtrusive and EHR compatible tech-
nique for blood pressure measurement and continuous moni-
toring that combines the latest wearable computing and infor-
mation technologies would be desirable, and may present
particular benefits in underserved populations.

SUMMARY OF THE INVENTION

[0009] The present invention overcomes the aforemen-
tioned drawbacks by providing systems and methods for mea-
suring and monitoring a patient’s blood pressure non-inva-
sively using a cuffless device which provides for continuous,
unobtrusive monitoring and measurement of a user’s arterial
blood pressure (ABP). A wearable device is configured to
compress the user’s supetficial temporal artery (STA) using a
tonometer, and a blood pressure sensor provides real-time
ABP measurements during daily activities.

[0010] In accordance with one aspect of the invention, a
blood pressure measurement and monitoring device is dis-
closed. The system includes a wearable device and a tonom-
etry device coupled to the wearable device. The tonometry
device is configured to compress a superficial temporal artery
(STA) of a user. A sensor pad is attached to the wearable
device adjacent the tonometry device. A blood pressure sen-
sor is integrated within the sensor pad for continuous, unob-
trusive blood pressure monitoring.

[0011] In accordance with another aspect of the invention,
a method for monitoring blood pressure is disclosed. The
method includes compressing the superficial temporal artery
(STA) using a tonometer and sensing cardiac pulses of the
STA with at least one blood pressure sensor. The sensed
cardiac pulses are received from the blood pressure sensor
and provided into an algorithm stored on an electronic control
unit. An arterial blood pressure measurement from the algo-
rithm is displayed on a user interface.

[0012] The foregoing and other advantages of the invention
will appear from the following description. In the description,
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reference is made to the accompanying drawings which form
a part hereof, and in which there is shown by way of illustra-
tion a preferred embodiment of the invention. Such embodi-
ment does not necessarily represent the full scope of the
invention, however, and reference is made therefore to the
claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0013] The present invention will hereafter be described
with reference to the accompanying drawings, wherein like
reference numerals denote like elements.

[0014] FIG. 1 is a perspective view of a blood pressure
management system according to one embodiment of the
present disclosure.

[0015] FIG.2is a diagram of an example sensor array to be
implemented into the blood pressure management system of
FIG. 1.

[0016] FIG. 3 is an STA tonometry model for an embodi-
ment of the sensor array of FIG. 2.

[0017] FIG. 4 is a flowchart illustrating a method for mea-
suring blood pressure using STA tonometry.

[0018] FIG.5A is a graphical representation of dual-sensor
STA tonometry results over time.

[0019] FIG. 5B is a graphical representation of a test sensor
and reference sensor output as a response to dynamic
increases in hold-down pressure.

[0020] FIG.5Cisa graphical representation of ABP change
over time as a respouse to a change in body position.

[0021] FIG. 6 is a graphical representation of measured
blood pressure over time acquired using ambulatory STA
blood pressure monitoring.

[0022] FIG. 7A is a graphical representation of measured
blood pressure over time acquired using ambulatory STA
tonometry during micturition.

[0023] FIG. 7B is a graphical representation of measured
oxygenated hemoglobin and reduced hemoglobin concentra-
tions acquired during micturition.

[0024] FIG. 8A is a graphical representation of measured
blood pressure over time acquired using ambulatory STA
tonometry during Valsalva maneuvers.

[0025] FIG. 8B is graphical representation of measured
oxygenated hemoglobin and reduced hemoglobin concentra-
tions acquired during Valsalva maneuvers.

[0026] FIG.9isa schematic ofexample electronics embed-
ded in the blood pressure management system of FIG. 1.
[0027] FIG.101is a schematic of the connection capabilities
of an embodiment of the blood pressure management system.

DETAILED DESCRIPTION OF THE INVENTION

[0028] Referring particularly now to FIG. 1, a blood pres-
sure management system 10 is shown. The blood pressure
management system 10 may include a wearable device 12, for
example a pair of glasses, a headband, a hat, headphones, and
the like. In one embodiment, the wearable device 12 is a pair
of glasses having a frame 38, comprised of two lenses 40
connected by a bridge 46, and a support 14 (i.e., a temple)
coupled to and extending from each lens 40. The support 14
may have coupled thereto a blood pressure sensor 16, such as
an ABP sensor. By integrating the blood pressure sensor 16
with the wearable device 12, the blood pressure management
system 10 may be unobtrusive due to the wearable device 12
being small in size, light weight, and often worn daily by
many people. Thus, the unobtrusive blood pressure manage-
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ment system 10 allows a user to proactively monitor blood
pressure without interrupting daily activities. Additionally,
the blood pressure management system 10 may help the user
to recognize potential cardiovascular disease at an eatlier
stage and before side effects become irreversible.

[0029] To provide a blood pressure measurement system 10
suitable for different individuals, the frame 38 and supports
14 can be provided in multiple sizes. As such, the width W,
and the support length L, can be adjustable, to meet individual
requirements. The width W of the frame 38 may be adjusted
with a width adjuster 34 integrated within the bridge 46.
Similarly, the length [ may be adjusted with length adjusters
36 integrated within the supports 14 of the frame 38. In one
non-limiting example, prescription lenses may be incorpo-
rated into the lenses 40 of the frame 38. Advantageously, the
weight of the wearable device 12 does not impede the user’s
comfort. It is also possible for the blood pressure monitoring
components to be provided in a compact structure such that
they canbe clipped onto an individual’s glasses or sunglasses.
[0030] ABP can be measured using STA tonometry. When
measuring blood pressuring using STA tonometry, a tonom-
eter 18 may be placed over the STA ofthe user. The tonometer
18 compresses the STA until the vessel is flattened against the
bony support below the STA, but the vessel is not fully
occluded. The blood pressure sensor 16 on the skin surface
can then measure ABP via contact pressure.

[0031] With continued reference to FIG. 1, the blood pres-
sure sensor 16 may be integrated within an adjustable sensor
pad 20 connected to the support 14 to allow for blood pressure
measurement. The blood pressure sensor 16 may be config-
ured for continuous measurement of the user’s ABP, allowing
for detection of heart disease and stroke based on the transient
symptoms that may not be recognized using current methods.
In one non-limiting example, the sensor pad 20 may be
adjustable, such that the pressure, location, and pressing
angle of the blood pressure sensor 16 allow for acquisition of
near maximum pulsation. In one embodiment, a spring (not
shown) provides a spring loaded sensor pad structure, which
allows for adjustable pressure level and stable external pres-
sure on the STA. Additionally, or alternatively, when using the
blood pressure management system 10, the user can identify
the STA, position the sensor 16, apply the sensor pad 20, and
fine-tune the position of the sensor 16 and the sensor pad 20
to enable sufficient STA coverage. In some embodiments,
screws (not shown) may be implemented to allow for the user
to change the pressure and angle of the adjustable sensor pad
20.

[0032] In a further embodiment, the system 10 also
includes a wrist blood pressure meter (not shown) to assist
with calibration of the blood pressure sensor 16. The blood
pressure sensor 16 measures relative blood pressure changes,
and thus it may be desirable to have the wrist blood pressure
meter to provide additional blood pressure measurements.
The blood pressure sensor 16 output is calibrated using the
wrist blood pressure meter, and the blood pressure may be
calculated using an algorithm. In some embodiments, the
sensor is calibrated using hydrostatic calibration instead of
the wrist blood pressure meter. It is also possible to incorpo-
rate a long term ambulatory recorder (not shown) within the
system to enable recording of the patient’s blood pressure
during daily activities.

[0033] The blood pressure management system 10 may
further include one or more optical hemodynamic sensors 22
that are integrated within the adjustable sensor pad 20. The
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optical hemodynamic sensors 22 may be capable of recording
changes in tissue hemodynamic signals, which allow for mea-
surement of tissue hemodynamic signals and the calculation
of changes in tissue oxygenated hemoglobin and reduced
hemoglobin concentrations. In one non-limiting example, the
hemodynamic sensors 22 may be integrated within the sup-
port 14 or any suitable location on the frame 38 that is not
obtrusive to the user. It is also possible to incorporate one or
more pulse transit time (PTT) or pulse wave velocity (PWV)
sensors (not shown). The PTT and/or PWV sensor can be
used to measure the time or speed of a cardiac pulse propa-
gation along a blood vessel or set of blood vessels. Addition-
ally, one or more auxiliary sensors 24 (e.g., temperature sen-
sors), may be attached to an upper edge 42 of each lens 40 to
assist with ABP measurements. The auxiliary sensors 24 can
also be attached to the wearable device 12 in any feasible
location that is not obtrusive to the user. Further, a battery 32
may be installed within the frame 38 or one of the supports 14
to power the various sensors. The battery 32 may be a lithium-
ion battery, for example, integrated on an outer surface 44 of
the support 14.

[0034] Insome embodiments, a sensor array 50, as shown
in FIG. 2, may replace the blood pressure sensor 16 to allow
for increased accuracy when measuring blood pressure via
STA tonometry. The sensor array 50 includes a plurality of
sensors 52 integrated into a substrate 54, such as a flexible
Parylene substrate. By incorporating the plurality of sensors
52 in the substrate 54, the sensor array 50 demonstrates bio-
compatibility. More specifically, parylene has a high tough-
ness and has the ability to be used as a substrate for electrical
contacts. The substrate 54 is also flexible and allows the
sensor array 50 to conform to the nonplanar geometries
involved when placed over the STA.

[0035] With continued reference to FIG. 2, the sensor array
50 may be a two dimensional array for measuring waveforms
of blood pressure signals using tonometery. In one non-lim-
iting example, the sensor array 50 may have dimensions of
about 1 centimeter by about 2 centimeters, with approxi-
mately a 1 millimeter resolution. Additionally, the sensor
array 50 may include a soft, flexible, and conformal packag-
ing, have sufficient bandwidth for continuous measurement,
and a dynamic range and resolution specified in the IEEE
1708™ “Standard for Wearable Cuffless Blood Pressure
Measuring Devices”.

[0036] Turning now to FIG. 3, an STA tonometry model 70
is shown. Tissue 72 near an STA 74 is divided into a testing
region 76 and a reference region 78. Correspondingly, the
sensor array 50 of FIG. 2 is divided into a region of testing
sensors 56 and a region of reference sensors 58. One example
arrangement of the testing sensors 56 and reference sensors
58 is shown in FIG. 2, however any suitable arrangement may
be utilized. Assuming the tissue 72 is the same for the testing
region 76 and the reference region 78, as well as piecewise
homogenous, the testing region 76 may be equivalent to the
reference region 78 excepting one heterogeneity, the STA 74.
Bony support 82 is also shown in the tonometry model 70.
[0037] In one example, a step motor controlled dynamic
compression procedure may be performed to determine elas-
ticity of the tissue 72. The controlled compression, from
contacting the tissue 72 to the maximized cardiac pulsation
on the STA 74, is recorded by both the testing sensors 56 and
the reference sensors 58, and therefore tissue elasticity can be
calculated from a compression distance 80, as shown in FIG.
3.
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[0038] Signals from the testing sensors 56 may be adap-
tively corrected by the signals from reference sensors 58 to
enhance the contrast from the STA 74 and cancel interfer-
ences, such as sensor pressure drift. Both testing sensors 56
and reference sensors 58 output sensing data to a dual-sensor
tonometry model. The elasticity of the STA 74 and the tissue
72 may also be measured and implemented in an algorithm to
acquire absolute ABP measurements. The ABP measurement
is performed at a location with near maximum cardiac pulsa-
tion, however, even if the cardiac pulsation changes, the ref-
erence sensors 58 detect the change, and the testing sensor 56
output is adjusted. This allows for an absolute ABP measure-
ment to be made when the STA 74 has been compressed to a
level which exhibits less than maximum cardiac pulsation.
[0039] Returning to FIG. 2, in one embodiment the sensor
array 50 includes an 8x8 array of sensors 52 that are
employed in a Parylene substrate 54. Thus, sixteen intercon-
nects 60 are used to connect the 64 sensors 52. Based on a
computational model that includes structural mechanics and
electrostatics, the individual sensors 52 are expected to
exhibit a sensitivity of about 0.2 fF/mmHg. Over the full 200
mmHg working range, the substrate 54 is expected to deflect
by about 500 nanometers, approximately 25% of the com-
pression distance 80, shown in FIG. 3. An electronic control
unit 30, as shown in FIG. 1 and described in further detail
below, can make use of a capacitance to digital conversion
chip with capability to measure capacitance change with high
resolution (20 aF/Hz'%). Based on the predicted single sen-
sor sensitivity (0.2 fF/mm Hg), the expected resolution of the
system 10 is about 1 mm of Hg at a 100 sample per second
update rate. An array of low-voltage complementary metal-
oxide-semiconductor (CMOS) switches (not shown) may be
used for routing the sensors 52 of FIG. 2 to be measured by
one capacitance to digital conversion chip. Thus, the size and
power of the system electronics is reduced and the number of
interconnect lines 60 are more manageable. In other embodi-
ments, the sensor array may consist of multiple piezoresistive
or other type of pressure sensors.

[0040] In practice, when the sensor array 50 is applied to
the tissue 72 near the STA 74, as shown in FIGS. 2 and 3, a
portion of the sensors 52 may cover the STA 74 while the
remaining sensors cover the surrounding tissue 72, due to the
relatively large area of the sensor array 50. An algorithm
automatically identifies and grounds the sensors 52 into test-
ing sensors 56 and reference sensors 58.

[0041] Turning now to FIG. 4, is a flow chart illustrating a
method for measuring blood pressure using STA tonometry is
shown. To begin, the STA is compressed at process block 100.
Next, the test sensor covers the STA location to pick up the
major cardiac pulses at process block 102. While the refer-
ence sensor covers the adjacent tissue, defined as approxi-
mately 1 cm away from the STA location, the tissue elasticity
may be measure at process block 104, and the hold-down
pressure drift may be measured at process block 106. Next, at
process block 108, the measurements of the associated car-
diac pulse, tissue elasticity, and hold-down pressure drift are
output by the sensors, and input into an algorithm at process
block 110. The output of the algorithm determines the real-
time blood pressure at process block 112.

[0042] Turning now to FIG. 5A, an ambulatory monitoring
result based on a single wrist blood pressure calibration is
shown. In the example shown in FIG. 5A, the monitoring is
relatively stable for over an hour. As a result, the reference
sensor output demonstrates a similar decreasing drift trend to
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the STA test sensor, indicating a slight decrease in hold-down
pressure. Thus, by applying adaptive signal correction using
the reference sensor, the STA test sensor output can be further
stabilized.

[0043] FIG. 5B shows a dynamic hold-down pressure and
tissue elasticity test result. Step-by-step increases in the hold-
down pressure may be applied to the sensor pad 20, and an
increase in both the test sensor 56 and reference sensor 58
output is shown with the increases in hold-down pressure.
The tissue elasticity is also measured during the dynamic
compression process. Both the test-reference sensor relation-
ship and the tissue elasticity is recorded and used in the
calibration and STA sensor drift correction. In some
instances, at a certain hold-down pressure level, the cardiac
pulses may disappear, which indicates occlusion of the STA,
a feature used in ausculatory calibration.

[0044] FIG. 5C shows the STA sensor and reference sensor
outputs collected for hydrostatic calibration. It should be
noted that both the DC component and the AC component
increase in the supine position compared to the standing
position. This repeatable signal change associated with body
position change is used in the hydrostatic calibration of the
STA tonometer 18.

[0045] Insome embodiments, pulse transit time (PTT) and
tissue hemodynamics, together with hydrostatics, are used to
supplement the STA blood pressure measurement acquired
with the blood pressure management system 10 of FIG. 1. To
allow for acquisition of PTT, an electrocardiograph (ECG)
reading may be used. When ECG is being sensed, at least one
ECG sensor 26 is integrated within the frame 38 or the sup-
port 14 of the wearable device 12, as shown in FIG. 1, and
ECG readings are separated from electroencephalograph
(EEG) readings using wavelet and independent component
analysis algorithms. The ECG sensors 26 are incorporated
within the supports 14 to allow for ECG readings. The inter-
vals between the QRS waves of the ECG waveform and the
correspond optical heart pulsation peaks are calculated, and
then converted into blood pressure using an algorithm.
[0046] When integrating the hydrostatic and tissue hemo-
dynamics based approach, the head tissue of the user is illu-
minated using the hemodynamic sensors 22, which can be at
least one of photodiodes and laser diodes. The head is illumi-
nated using the hemodynamic sensors 22, for example at
approximately 690 nanometers and 830 nanometers, fol-
lowed by near infrared spectroscopy (NIRS) analysis to
acquire tissue oxygenated hemoglobin and reduced hemoglo-
bin concentrations. The tissue hemoglobin concentration
changes are then combined with a hydrostatic pressure refer-
ence for absolute sensor calibration to acquire ABP.

[0047] The output of the three methods (i.e., STA tonom-
etry, pulse transit time, and hydrostatic and tissue hemody-
namics) just described are combined using a multi-modality
algorithm to calculate an ABP measurement. It is also pos-
sible for the output of the three methods to be combined using
individual signal quality indices (SQI). Each of the three
methods may have interference sources which render the
blood pressure measurement less reliable. Thus, the auxiliary
sensors 24 may be incorporated within the frame 38 or the
supports 14 to monitor the possible error sources, as shown in
FIG. 1, and built-in to the SQI. SQI can also be calculated
based on a signal’s temporal, spectral, and statistical charac-
teristics. SQIs are then combined using Kalman filter based
techniques. In addition, drift, motion, and reposition interfer-
ence identification and removal algorithms can be applied to
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the signals. This multi-modality approach can enhance the
reliability and accuracy of ABP measurements acquired by
the blood pressure management system 10.

[0048] When continuously recording the blood pressure
during daily activities of the patient, it may be desirable to
record while the patient is performing an activity that would
have an effect on blood pressure. In a further embodiment,
again referring to FIG. 1, one or more event buttons 28 may be
attached to a lower edge the frame 38 or supports 14 of the
wearable device 12 for easy access by the user. The event
buttons 28 may be pressed by the user and record the when an
activity has been performed.

[0049] In one example, the blood pressure measurement
system 10 may be utilized while the user perform regular
activities including, but not limited to, working, walking,
making phone calls, rest room breaks, and several Valsava
maneuvers. During these activities, the blood pressure sensor
16 may be placed on the user’s STA, and the user may be
wearing the wrist blood pressure meter. External ECG, res-
piration, and motion sensors (not shown) may be placed on
the chest and upper abdomen of the user. To obtain the asso-
ciated physiological data, a long term ambulatory recorder
can sample all channels at 250 Hz. Referring to FIG. 6, the
ambulatory blood pressure monitoring result is shown. In this
non-limiting example, the event buttons 28 corresponding to
E1 and E2 were pressed during micturition and when the user
performed a Valsava maneuver task, respectively.

[0050] As previously stated, the event button 28 corre-
sponding to E1 in FIG. 6, was pressed during micturition in
this example. In the ambulatory blood pressure recording,
physiological blood pressure fluctuations were noted, and
from the event marker and the diary log it is known that these
blood pressure fluctuations are associated with maneuvers
during micturition. The details of the related blood pressure
recordings and the hemodynamics recordings are shown in
FIGS. 7A and 7B.

[0051] From the tonometry result, an increase of systolic
blood pressure in the magnitude of about 35 mmHg is shown
in FIG. 7A, followed by a decrease of blood pressure in the
magnitude of about -35 mmHg, and the total blood pressure
swing reached 70 mmHg. Although different in magnitude,
the diastolic blood pressure demonstrated the same swing
pattern. This STA tonometry result was echoed by the inde-
pendent hemodynamic recordings, where tissue oxygenated
hemoglobin concentration increased about 8 uM during the
ascending phase of blood pressure, and decreased about -8
uM during the descending phase. The tissue hemoglobin
change demonstrated the same fluctuation pattern.

[0052] The event button 28 corresponding to E2 in FIG. 6,
may be pressed when the user conducts a Valsava maneuver,
for example. As shown in FIG. 8, the four phases in the
Valsava maneuver are shown. The phases include I) onset of
straining with increased intrathoracic pressure, II) decreased
venous return and consequent reduction of stroke volume and
pulse pressure as straining continues, 11T) release of straining
with decreased intrathoracic pressure and normalization of
pulmonary blood flow, and IV)) blood pressure overshoot with
return of the heart rate to baseline. In phase I, a transient
increase in the ABP, a strong increase in oxygenated hemo-
globin concentration, and a small increase in reduced hemo-
globin concentration are shown. In phase II, oxygenated
hemoglobin concentration and reduced hemoglobin concen-
tration decreased because of a fall in the ABP. With a release
of strain, a sudden decrease in intrathoracic pressure was
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again transmitted to the arterial system and a transient
decrease in the ABP occurred, resulting in the sudden
decrease of oxygenated hemoglobin and reduced hemoglobin
concentrations as shown in Phase III. Phase [V immediately
followed with an overshoot in ABP, as well as oxygenated
hemoglobin and reduced hemoglobin concentrations. This
result again demonstrates the capabilities of a multi-modality
recording system.

[0053] The above described simultaneous blood pressure
and tissue hemodynamics monitoring result for a micturition
maneuver may provide suggestions for the diagnosis of mic-
turition syncope. The consistency between results from mul-
tiple modalities demonstrates the reliability of the recordings
and also suggests the advantage of multi-modality blood pres-
sure measurements.

[0054] In some embodiments of the blood pressure mea-
surement system 10, it may be desirable to integrate the
wireless electronic control unit 30 within one of the supports
14, as shown in FIG. 1. The electronic control unit 30 can be
powered by the battery 32. In one example, the electronic
control unit 30 may be incorporated into either support 14,
however the electronic control unit 30 may be positioned in
any suitable location of the wearable device 12. The wireless
electronic control unit 30 may provide communication with
an EHR system (not shown), for example. Additionally, or
alternatively, the wireless electronic control unit 30 may pro-
vide communication with mobile devices, such as smart
phones, and can integrate directly into online databases.
Thus, short-term and real-time ambulatory blood pressure
monitoring and data registration may be established. In addi-
tion, the wireless electronic control unit 30 may be used
independently or together with a long-term ambulatory
recording device.

[0055] An example block diagram 200 of the electronic
control unit 30 is shown in FIG. 9. As shown, a 16-channel
integrated analog-front-end module 228 is provided for
amplifying and filtering multiple-channel BP signals with
high fidelity. A high-speed small-crosstalk multiplexer 230 is
provided for routing 16-channel BP signals. A micro-power
12-bit serial analog-to-digital converter (ADC) 232 is
included to digitize signals at approximately 100 Hz. Addi-
tionally, a low-power microcontroller 234 may be embedded
as a local processing unit for controlling the sensor array 50
and the ADC 232, handling a user interface 238, and running
low-burden processing algorithms. A high-efficiency battery
power management module 236 with short duty cycles is
provided for the on-board components. The user interface
238 may be provided for user-machine interaction. The inter-
face module 238 may include input-buttons to start/pause/
stop data recording and to configure the recorder, for
example. The interface module 238 may also have a screen to
display recorder status. An on-the-board flash storage device
240 may also be included which has the capacity for ambu-
latory recording. A real-time alarm module 242 may be con-
figured to alert the user and trigger data transmission to medi-
cal professionals, for example. A wireless module 244 allows
data streaming to other devices, and an automatic tonometer
pressure control 246 my be implemented to optimize the
pressure of the pressure pad on the STA. In addition, blood
pressure sensor 216, auxiliary sensors 224, and the photo-
diode and laser diode electrodes 226 for hemodynamic sens-
ing can be implemented within the electronic control unit 30.
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A laser driver 248 can be provided to control the electrodes
226, and a motor driver 250 can be integrated to control the
pressure control module 246.

[0056] Insome embodiments, the blood pressure measure-
ment system 10 may be integrated with an electronic health
record (EHR) system for synchronization with other signals,
data archiving, analysis, query and both real-time and histori-
cal display. In the embodiments provided with wireless con-
nection capabilities, a “listener” code module for the EHR
platform may sense the blood pressure measurement system
10 as it is turned on, automatically collect and store the data
that is generated, and enable data query and visual display of
these recordings. Individual measurement devices can be
marked with different model numbers, to enable separation of
signals from each individual.

[0057] The EHR’s automatic data archiving enables track-
ing of blood pressure over extended periods of time with
limited action required by the user. The system is robust to
internet or other connectivity outages, seamlessly switching
between store-and-forward versus real-time communication
as required, and makes the data available for query through a
web service, such as a browser.

[0058] Inanother non-limiting example, the blood pressure
management system 10 can connect with Bluetooth devices,
such as Bluetooth low energy (BLE) devices via a Generic
Attribute Profile (GATT). An application can be used on a
mobile device, for example, running in either high-perfor-
mance or energy-saving mode. This application can con be
configured to acquire data from a recorder via Bluetooth,
process the data, and create a data visualization on the GUIL
When WiFi/3G/4G connections are available, the data can be
synchronized to send blood pressure data to a central server in
a doctor’s office or a hospital.

[0059] Additional connection capabilities are shown in
FIG. 10. The blood pressure management system 310 may
connect via BLE to a laptop 312, a Bluetooth router 314, or a
mobile device 316. The mobile device 316 can be in commu-
nication with a global positioning system (GPS) 326, allow-
ing for data collection regarding the location of the user. The
Bluetooth router 314 may provide connection between the
blood pressure management system 310 and an internet set-
vice 318. The internet service 318 can additionally allow for
data from the blood pressure management system 310 to be
transmitted to a remote server 328 for centralized data stor-
age, an ambulance or other medical transportation 320, a
medical facility 322, or medical personnel 324.

[0060] Thepresentinvention has beendescribed in terms of
one or more preferred embodiments, and it should be appre-
ciated that many equivalents, alternatives, variations, and
modifications, aside from those expressly stated, are possible
and within the scope of the invention.

What is claimed is:

1. A blood pressure measurement and monitoring device,

the device comprising:

a wearable device;

a tonometry device coupled to the wearable device and
configured to compress a superficial temporal artery
(STA);

a sensor pad attached to the wearable device and adjacent
the tonometry device; and

ablood pressure sensor integrated within the sensor pad for
continuous, unobtrusive blood pressure monitoring.

2. The device of claim 1 wherein the wearable device

includes at least one of a hat, a headband, and headphones.
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3. The device of claim 1 wherein the wearable device
includes a pair of glasses having a frame and a pair of temples.

4. The device of claim 3 wherein at least one of a width of
the frame and a length of temples are adjustable.

5. The device of claim 1 wherein the blood pressure sensor
is a blood pressure sensor array including at least one of
testing sensors and reference sensors.

6. The device of claim 1 wherein the blood pressure sensor
is a piezoresistive sensor.

7. The device of claim 1 further comprising at least one
hemodynamic sensor coupled to the wearable device, the at
least one hemodynamic sensor configured to measure at least
one tissue hemodynamic signal.

8. The device of claim 1 further comprising at least one set
of pulse transit time (PTT) sensors and pulse wave velocity
(PWV) sensors, the at least one PTT sensors and PWV sen-
sors configured to measure at least one of a time and a speed
of a cardiac pulse propagation along the STA.

9. The device of claim 1 further comprising at least one
event button coupled to the wearable device for indentifying
a start and stop time of an activity.

10. The device of claim 1 further comprising an electronic
control unit coupled to the wearable device.

11. The device of claim 10 wherein the electronic control
unit is configured to provide wireless communication to an
Electronic Health Record system.

12. The device of claim 1 further comprising auxiliary
sensors integrated within the wearable device.

13. A method for monitoring blood pressure, the method
comprising the steps of:

compressing the superficial temporal artery (STA) using a

tonometer;

sensing cardiac pulses of the STA with at least one blood

pressure sensor;

receiving the sensed cardiac pulses from the blood pressure

sensor;

providing the sensed cardiac pulses into an algorithm

stored on an electronic control unit; and
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displaying an arterial blood pressure measurement from

the algorithm on a user interface.

14. The method ofclaim 13 further comprising the steps of:

measuring at least one of tissue elasticity and hold-down

pressure drift with a reference sensor;
receiving the tissue elasticity and hold-down pressure drift
measurements from the reference sensor; and

providing the tissue elasticity and hold-down pressure drift
measurements into the algorithm stored on the elec-
tronic control unit.

15. The method ofclaim 13 further comprising the steps of:

measuring at least one tissue hemodynamic signal with a

hemodynamic sensor; and

combining the at least one tissue hemodynamic signal

measurement with a reference for sensor calibration to
determine a measurement for arterial blood pressure.

16. The method of claim 15 further comprising the steps of
recording an electrocardiograph (ECG) waveform with an
ECG sensor and determining a pulse transit time or pulse
wave velocity.

17. The method of claim 16 further comprising the step of
providing the pulse transit time or pulse wave velocity into the
algorithm stored on the electronic control unit to determine a
measurement for arterial blood pressure.

18. The method of claim 17 further comprising the step of
combining the arterial blood pressure measurements associ-
ated with the at least one blood pressure sensor, hemody-
namic sensor, and ECG sensor using a multi-modality algo-
rithm to acquire an ABP measurement.

19. The method of claim 13 wherein the STA is compressed
to provide maximum cardiac pulsation through the STA.

20. The method of claim 13 further comprising the step of
transmitting the blood pressure measurement to at least one of
an Electronic Health Record system, a mobile device, and an
electronic database.
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