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NON-INVASIVE BRACHIAL BLOOD
PRESSURE MEASUREMENT

FIELD OF THE INVENTION

[0001] The invention pertains to measuring systolic and
diastolic brachial blood pressure non-invasively using a cuff
wrapped around a patient’s upper arm. In particular, the
invention is directed to recalibrating a brachial cuff volu-
metric displacement waveform so that its maximum and
minimum values can be used to accurately estimate the
value of the patient’s brachial systolic and diastolic blood
pressures as measured invasively, such as when using a
catheter.

BACKGROUND OF THE INVENTION

[0002] Arterial blood pressure is a clinically important
indicator of the status of the cardiovascular system, reflec-
tive of arterial and cardiac load and an early independent
predictive marker of cardiovascular events and diseases.
However, to measure the inter-arterial blood pressure accu-
rately requires an invasive procedure to insert a catheter with
a pressure sensor inside the artery. As a result, non-invasive
methods were created to estimate pressure at the peripheral
brachial artery.

[0003] One of the earliest non-invasive methods to esti-
mate pressure in the brachial artery is the auscultatory
method which requires inflating a cuff wrapped around the
patient’s upper arm and brachial artery until the brachial
artery occludes (i.e., no blood flow). Then, the cuff is
gradually deflated and blood starts flowing with “thumping”
sounds that can be detected through a stethoscope. The first
“thumping” sound should occur when the cuff pressure
equals the patient’s systolic pressure (maximum pressure
during cardiac ejection) and the last “thumping” sound
should occur when the cuff pressure equals the patient’s
diastolic pressure (minimum pressure during cardiac filling).
[0004] For decades, the auscultatory method was used for
clinical hypertension diagnosis and had become the standard
for non-invasive blood pressure measurement. However, the
accuracy of the measured pressure value was dependent on
the operator’s acute detection of the heart sound and also
dependent on the rate that the operator deflated the cuff.
Because the accuracy of the auscultatory method is operator
dependent, an automated method was established based on
detecting oscillatory pulsations measured by the brachial
cuff during cuff inflation or deflation. The height of the pulse
oscillation increases when the cuff pressure decreases from
systolic pressure to below systolic pressure and the height of
the oscillation decreases when the cuff pressure decreases
from above diastolic pressure to diastolic pressure and
below. Based on this concept, current “oscillometric”
devices apply different algorithms to detect oscillation
heights related to systolic and diastolic pressure.

[0005] Oscillometric cuff devices are often called a non-
invasive blood pressure devices or NIBP devices in the art.
To be accepted for clinical use, an NIBP device has to show
equivalence to the standard auscultatory method based on
the American National Standard for Non-Invasive Auto-
mated Blood Pressure Devices, see, ANSI/AAMI/ISO
81060-2:2009, “Non-invasive sphygmomanometers—Part
2: Clinical validation of automated measurement type,”
Section 5.2.4.1.2 Part a—Ceriterion 1, page 20 (which states
that the mean error for determination of all subjects in the
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test “shall not be greater than 5.0 mmHg with a standard
deviation no greater than 8 mmHg.”) Accordingly, any
oscillometric cuff device can pass the validation require-
ments if the average difference with the auscultatory method
for systolic and diastolic pressure is not more than 5 mmHg
and the standard deviation is not more than 8 mmHg. This
means that approved oscillometric devices can register a
difference with the standard auscultatory method reaching
above 20 mmHg for some data points.

[0006] Oscillometric automated blood pressure devices
have been standard in clinical practice for many years, and
have also been used in medical research to assess cardio-
vascular risk. Even though non-invasive blood pressure
(NIBP) measurement identifies a percentage of the general
population at risk of cardiovascular diseases, a large group
is not identified by NIBP measurement to be at risk even
though they may be at risk. The main reason is that measured
blood pressure varies among different NIBP devices due to
the different devices having different propriety algorithms
for detecting systolic and diastolic pressure. Furthermore,
when compared to invasive pressure values, NIBP devices
have been shown to underestimate systolic pressure and
overestimate diastolic pressure, see, Sharman et al, “Vali-
dation of non-invasive central blood pressure devices:
Artery Society task force consensus statement on protocol
standardization”, European Journal of Hypertension 2017,
Cloud et al, “Estimation of central aortic pressure by Sphyg-
moCor® requires intra-arterial peripheral”, Clinical Science
(2003) 105, 219-225.Shoji et al, “Invasive validation of a
novel brachial cuff-based oscillometric device (Sphygmo-
CorXCEL) for measuring central blood pressure”, Journal
of Hypertension 2016, 34. Accordingly, since measuring
brachial pressure invasively is the gold standard, non-inva-
sive measurements that closer estimate the invasive pressure
and overcome the errors inherent in cuff NIBP devices
would be a significant improvement in the field of blood
pressure measurement and its clinical importance.

SUMMARY OF THE INVENTION

[0007] The general purpose of the invention is to provide
a non-invasive method of measuring brachial systolic and
diastolic pressure that more accurately estimates its invasive
equivalent, and consequently renders brachial systolic and
diastolic measurements more clinically relevant. The inven-
tion applies linear and/or non-linear models to the cuff
measured brachial pulse waveform based on the cardiovas-
cular features of the arterial waveform. More specifically,
the invention estimates brachial systolic and diastolic pres-
sure values using a non-invasive cuff to measure initially
non-invasive systolic and diastolic pressure and also mea-
sure a high fidelity brachial volumetric displacement wave-
form with it cardiovascular features preserved. Based on
determined parameter values for one or more cardiovascular
features of the waveform, it is recalibrated such that the
maximum point of the curve provides an accurate estimate
of the invasive brachial systolic pressure and the minimum
point of the curve provides an accurate estimate of the
invasive brachial diastolic pressure.

[0008] In one aspect of the invention, the invention per-
tains to a method of measuring a patient’s brachial systolic
and diastolic blood pressure non-invasively. As a first step,
the method involves the use of a brachial cuff device having
an inflatable brachial cuff, a tube, a pressure pump with a
pressure control system and a pressure sensor that provides
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an analog signal of the pressure within the brachial cuff. The
cuff is wrapped around the patient’s upper arm and then the
brachial cuff device is used in oscillometric mode to take
initial non-invasive measurements of the patient’s systolic
blood pressure and diastolic blood pressure. These initial
measurements are used to initially calibrate the patient’s
brachial volumetric displacement waveform. To measure the
patient’s brachial cuff volumetric displacement waveform,
the brachial cuff is inflated to a constant pressure around the
patient’s upper arm. The brachial cuff is maintained at the
constant pressure and the analog signal from the pressure
sensor is recorded as the patient’s brachial cuff volumetric
waveform. The analog signal or its digital counterpart must
be filtered through an appropriate band-pass filter, a com-
bination of a low pass and high pass filter or another
appropriate filter in order to produce a brachial cuff volu-
metric displacement waveform in which the cardiovascular
features of the patient’s waveform are preserved. Such a
waveform is shown for example in FIG. 4. Importantly, the
brachial cuff volumetric displacement waveform should
have at least an identifiable first systolic peak, second
systolic peak and incisura indicating the beginning of dias-
tole. The specific filtering necessary for preserving the
waveform features is dependent on the brachial cuff type and
model. In the next step of the method, the recorded brachial
cuff volumetric displacement waveform is initially cali-
brated using the patient’s brachial systolic pressure and
diastolic pressure as measured with the cuff in oscillometric
mode. Using equation/equations based on linear and/or
non-linear modeling, the calibrated cuff waveform is then
transformed into a recalibrated waveform where its maxi-
mum and minimum correspond to the patient’s invasive
systolic and diastolic pressure respectively. Data shows that
this method is capable of estimating the patient’s systolic
and diastolic brachial blood pressure within 3 mmHg of
invasively measured systolic and diastolic pressures on a
consistent basis.

[0009] In one exemplary embodiment of the invention,
multiple recalibration equations are provided, and the selec-
tion of which recalibration equation to use is based on the
detection or calculation of one or more parameters pertain-
ing to the cardiovascular features of the initially-calibrated
volumetric displacement waveform. The selection of the
recalibration equation can be made using a decision tree, or
with other algorithms that correlate waveform features to the
appropriate recalibration equations, like support vector
machines, linear and non-linear regression, neural networks
and so on.

[0010] In accordance with one exemplary embodiment of
the invention, five different recalibration equations are
selected based on a decision tree. According to testing, two
of the recalibration equations can apply if the augmentation
index (AlIx) is less than 28. In this case, one recalibration
equation is used if the ejection duration (ED) is greater than
or equal to 300 and another is used if the ejection duration
(ED) is less than 300. If the augmentation index (Alx) is
greater than or equal to 28 and the heart rate (HR) is less than
60, then a third recalibration equation is used. If the aug-
mentation index (Alx) is greater than or equal to 28 and the
heart rate (HR) is larger than 60, then a fourth recalibration
equation is used if the ratio of the area under the curve
during diastole (AUC ) divided by the area under the curve
during systole (AUC,) is less than 100 and a fifth equation
is used if that ratio is greater than or equal to 100. These
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values are illustrative, and will depend on the specific cuff
device, the inflated pressure of the cuff when recording the
initial waveform, and the mapping characteristics of the
recalibration equations.

[0011] The form of the recalibration equations in the
exemplary embodiment is a combination of linear and
non-linear components, where the coeflicients are selected
so that the output from the recalibration equations provides
an estimated waveform in which the maximum value
matches data for invasively-measured brachial systolic pres-
sure and the minimum of the outputted waveform matches
data for the invasively-measured brachial diastolic pressure
for each of the five identified situations. The inventor has
discovered that a generalized linear transfer function is not
capable of reliably and accurately mapping cuff measured
NIBP to its invasive counterpart for the general population.
The inventor has also discovered that it is best to determine
the recalibration equations and the selection criteria for the
specific NIBP device being recalibrated, for example by
comparing non-invasive data measured with the device to
simultaneously collected invasive data. In the exemplary
embodiment of the invention, the form of the recalibration
equations includes a non-linear component, such as a sig-
moid function. Also, desirably, several sets of values for
equation coeflicients and constants are determined indepen-
dently for the various recalibration equations in accordance
with specific groups of data pertaining to the decision tree
selection criteria. Machine learning techniques can be used
to identify the decision tree criteria such that the recalibra-
tion equations for the respective groups of data result in
reliably accurate recalibrated waveforms in which the maxi-
mum and minimum values are accurate estimates of inva-
sively measured brachial systolic and diastolic pressure.
[0012] Inanotherexemplary embodiment of the invention,
a non-peripheral waveform other than a brachial cuff volu-
metric displacement waveform can be measured, calibrated
and re-calibrated for use in the invention. For example, a
non-invasive sensor can be used to record data representing
the patient’s raw peripheral waveform, such as using a
tonometer to measure and record the patient’s raw radial
pressure waveform. The raw peripheral waveform can then
be calibrated and recalibrated using a method similar to that
used with the brachial cuff volumetric waveform. Typically,
the form of the recalibration equations will be the same or
similar to those used when a brachial cuff volumetric wave-
form is used but the coefficients and constants are likely to
be different depending on the underlying data, and the
parameters for the selecting the appropriate recalibration
equation is also likely to be different depending on the
underlying data.

[0013] In another aspect of the invention, the invention
pertains to systems capable of implementing the methods
described above. The system necessarily includes a brachial
cuff device having a cuff, a pressure tube, a pressure control
device, and a pressure sensor for outputting the raw analog
signal, as well as analog or digital filters, and a digital signal
processor or other computing means.

[0014] In another embodiment, through collected data, the
NIBP-calibrated brachial cuff waveform (or other NIBP-
calibrated peripheral waveform) with cardiovascular related
features can be categorized based on the waveform features
and expected invasive SP and DP using machine learning
algorithms like support vector machine, random forest,
k-nearest classification, or boosting. These algorithms will
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provide equations that separate the waveforms based on its
features into categories where each category represents [SP
and IDP range of values. Another embodiment using another
machine learning method like neural network such that
collected data can be used to train a neural network with
waveform features as inputs and the invasive SP and DP. The
advantage of these embodiments is that they do not require
specific recalibration equations and use a single general
method to estimate invasive SP and DP from the NIBP-
calibrated brachial cuff waveform (or other NIBP-calibrated
peripheral waveform) with cardiovascular related features.

[0015] Other features and advantages of the invention may
be apparent to those skilled in the art upon reviewing the
drawings and the following description thereof.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] FIG. 1 illustrates the difference between non-inva-
sive systolic and diastolic pressure (NISP/NIDP) measured
by a brachial cuff-measured, and invasively measured sys-
tolic and diastolic pressure (ISP/IDP) in the brachial artery.

[0017] FIG. 2 is the schematic drawing illustrating imple-
mentation of the invention, which records a non-invasive
brachial cuff volumetric displacement waveform, measures
NISP and NIDP using a brachial cuff device and estimates
ISP and IDP in the brachial artery after recalibration of the
waveform.

[0018] FIG. 3 shows an exemplary form of non-invasive
to invasive blood pressure waveform recalibration equations
for brachial pulse waveforms having different waveform
shapes.

[0019] FIG. 4 shows and defines certain cardiovascular
features of an initially calibrated (NISP/NIDP) brachial cuff
volumetric displacement waveform.

[0020] FIG. 5 shows an example decision tree based on the
initially calibrated (NISP/NIDP) brachial cuff pulse wave-
form features that determine which non-invasive to invasive
blood pressure recalibration equation should be used.

[0021] FIG. 6A left plot is a plot of the average of versus
the difference between NIBP and invasive brachial systolic
pressure (SP). Right plot is a plot of the average of versus
the difference between recalibrated and invasive brachial SP.
The left text box shows the average, standard deviation, the
maximum and the minimum difference between NIBP and
invasive brachial SP. The right text box shows the average,
standard deviation, the maximum and the minimum differ-
ence between recalibrated and invasive brachial SP.

[0022] FIG. 6B left plot is a plot of the average of versus
the difference between NIBP and invasive brachial diastolic
pressure (DP). Right plot is a plot of the average of versus
the difference between recalibrated and invasive brachial
DP. The left text box shows the average, standard deviation,
the maximum and the minimum difference between NIBP
and invasive brachial DP. The right text box shows the
average, standard deviation, the maximum and the minimum
difference between recalibrated and invasive brachial DP.

[0023] FIG. 7 is the schematic drawing illustrating imple-
mentation of another embodiment of the invention, which
records a non-invasive radial pressure waveform with a
tonometer, measures NISP and NIDP using a brachial cuff
device and estimates ISP and IDP in the brachial artery after
recalibration of the non-invasive radial pressure waveform.
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DETAILED DESCRIPTION

[0024] Referring to FIG. 1, as mentioned, there can be
significant differences between invasive and non-invasive
brachial arterial blood pressure values. FIG. 1 illustrates a
brachial cuff 2 wrapped around the upper arm 102 of a
patient 101 for the purpose of non-invasively measuring the
patient’s systolic and diastolic blood pressure in the brachial
artery 103. The non-invasively measured systolic blood
pressure is identified in FIG. 1 as NISP, and the non-
invasively measured diastolic blood pressure is identified as
NIDP. FIG. 1 also illustrates measuring the patient’s systolic
and diastolic pressures in the brachial artery 103 invasively
(e.g., using a pressure sensor with a catheter inserted into the
patient’s arm 102 and brachial artery 103). The invasively
measured systolic blood pressure is identified in FIG. 1 as
ISP, and the invasively measured diastolic blood pressure is
identified as IDP. As mentioned previously, invasively mea-
sured ISP and IDP are considered to be the gold standard for
clinical and research analysis and present day inflated cuff,
oscillometric systems typically underestimate systolic bra-
chial pressure (i.e., NISP<ISP) and overestimate diastolic
brachial pressure (i.e., NIDP>IDP). The aim of the current
invention is to reduce or eliminate the difference prevalent
between invasive measurements and non-invasive measure-
ments.

[0025] FIG. 2 illustrates a system 100 configured in accor-
dance with one exemplary embodiment of the invention. The
system 100 in FIG. 2 includes a non-invasive blood pressure
unit 1 (NIBP unit 1), the same as or similar to a conventional
brachial cuff “oscillometric” blood pressure device. The
NIBP unit 1 includes, e.g., a cuff 2, a pressure tube, an air
pressure control, and a pressure sensor for sensing the
pressure in the cuff 2 and outputting an analog signal. The
NIBP unit 1 also includes control algorithms which operate
in the oscillometric mode to determine NISP and NIDP, as
is common in the art. With a cuff 2 wrapped around the
patient’s upper arm 102 (including the brachial artery 101),
the NIBP unit 1 performs an oscillometric brachial blood
pressure measurement resulting in a value for the non-
invasive brachial systolic pressure (NISP) and non-invasive
brachial diastolic pressure (NIDP). Then, while the cuff 2 is
inflated at a constant pressure (below NIDP, between NIDP
and NISP or above NISP), the NIBP unit 1 records a raw cuff
waveform 3. The pressure of the inflated cuff will affect the
shape of the recorded waveform, and therefore it is impor-
tant that the cuff be inflated with respect to NISP and NIDP
consistent with the inflation of the cuff for the data collected
to determine the recalibration equations discussed below.
For example, if the recalibration equations are determined
based on data collected with the cuff inflated below NIDP for
the test population, then the raw waveform 3 should be
collected with the cuff inflated below the patient’s NIDP. In
this embodiment, it is preferred that the inflated cuff pressure
have a 10% difference or more compared the patient’s DP in
order to avoid borderline effects. The same considerations
apply with respect to both DP and SP in the case that the
recalibration equations are determined based on data col-
lected with the cuff inflated between NIDP and NISP for the
test population, or with respect to SP in the case that the
recalibration equations are determined based on data col-
lected with the cuff inflated above NISP for the test popu-
lation. In some applications, it may be necessary to maintain
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the pressure of the inflated cuff between NIDP and NISP in
order to ensure sufficient resolution of the captured wave-
form.

[0026] The raw cuff waveform 3 is processed through a
high pass filter and low pass filter or a band pass filter 4 to
produce a pre-calibrated brachial cuff waveform with car-
diovascular related features 5 preserved. This waveform 5 is
brachial cuff volumetric displacement waveform, which
contains and preserves the cardiovascular features present in
the patient’s brachial artery pressure waveform, however,
the amplitude of the waveform 5 needs to be calibrated.
While the filtering of the raw cuff waveform 3 is dependent
on the particular cuff device, the cuff pressure relative to
NISP or NIDP and NIBP unit 1 used, the filtering in an
exemplary embodiment uses a low pass filter with cutoff
frequency between 30 to 40 Hz , and high pass filter with
pass frequency between 0.7 to 1 Hz has been found suitable
to capture a raw waveform in which the cardiovascular
features, including the foot, first systolic peak, second sys-
tolic peak and incisura, are preserved in the data. The
purpose of the low pass filter is to preserve volume, pressure
or flow signal frequencies that are related to physiological
function and eliminate noises related to environmental infer-
ences such as power sources noise. The choice of the low
pass cutoff frequency is based on the fact that all physi-
ological features in a pressure, volume, flow waveforms are
within 25 Hz of the signal spectrum (See FIG. 26.21 in W.
Nichols and M. O’Rourke, “McDonald’s Blood Flow in
Arteries: Theoretical, Experimental and Clinical Principles,”
5" Edition). The purpose of the high pass filter is to
eliminate low frequencies related to artifacts noise as a result
of arm movements, breathing effect or the tube and cuff
reaction to the compliance to pressure. These low frequency
artifacts, which cause signal baseline drift and can dampen
signal shape, are usually below 1 Hz, hence the high pass
filter pass frequency. Both filters, which can be implemented
as a Chebyshev type filters with pass band ripple or stop
band ripple of -3 dB, can be combined into one band pass
filter where it pass all frequencies between 0.7 to 40 Hz.

[0027] The operations after the NIBP unit 1 in FIG. 2 are
preferably implemented in a digital signal processor, or
other computing device. However, the electronic filters
discussed in connection with block 4 can be analog or
digital, with analog-to-digital conversion occurring after
block 4 or prior to block 4, respectively.

[0028] Block 6 in FIG. 2 depicts both the pre-calibrated
waveform 5 (with features preserved) and the NISP and
NIDP values being entered into an algorithm (e.g. software
code) that calibrates the pre-calibrated brachial cuff wave-
form 5 so that the maximum and minimum values of
waveform 5 are equivalent to NISP and NIDP, respectively.
This initial calibration results in a NIBP-calibrated brachial
cuff waveform with preserved features as indicated by
reference number 10 in FIG. 2. In accordance with the
invention, it is possible to calibrate the pre-calibrated bra-
chial cuff waveform 5 using a mean pressure (NIMP), such
as calibrating with NIDP and NIMP. Under these circum-
stances, the calibrated waveform 5 shall be considered a
NIBP-calibrated waveform 5. If this is the case, then the
same calibration should occur when establishing the recali-
bration equations as explained in connection with FIG. 3.”
In addition, the software depicted in block 6 also determines
parameter values for cardiovascular related features of the
NISP/NIDP calibrated brachial cuff waveform 10. The spe-
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cific cardiovascular features used in this exemplary embodi-
ment are explained in connection with FIG. 4.

[0029] Referring still to FIG. 2, the determined feature
parameter values from block 6 are the input for a selection
algorithm, block 7. that determines which recalibration
equation f(x), reference number 8, should be used to reca-
librate the NIBP/NISP calibrated waveform 10 in terms of
invasive brachial blood pressure instead of non-invasive
brachial blood pressure. Examples of a selection algorithm
7 and recalibration equations 8 are shown in FIG. 5 and FIG.
3 respectively, and are discussed in more detail below. Block
9 in FIG. 2 indicates that the selected recalibration equation
8 operates on the initially calibrated (NIDP/NISP) brachial
cuff waveform 10, to produce a recalibrated waveform 11
where the maximum and the minimum values provide
accurate estimates of the invasive brachial systolic (ISP) and
diastolic pressure (IDP), respectively.

[0030] Data of invasive brachial arterial blood pressure
alongside brachial cuff NIBP measurements, which provide
NISP and NIDP, were used to calculate the non-invasive to
invasive blood pressure recalibration equations 8. More
specifically, data was collected from 150 patients with wide
range of brachial SP, DP (SP range from 88 to 216 mmHg
and DP range from 40 to 93 mmHg) and heart rate (from 41
to 102 beats per minute) providing a representation of the
general population. The collected data included invasively
measured brachial pressure waveform data (through fluid
filled catheter with properly tested frequency response for
every measurement) and contemporaneously collected
NIBP measured SP and DP, and filtered NIBP brachial
waveform data. The cuff was inflated at 10% of the patient’s
NIDP to collect the filtered NIBP brachial waveforms.
Referring to FIG. 3, a method of system identification was
used to establish the coeflicients for proposed recalibration
equations 13 as shown in FIG. 3. In the exemplary embodi-
ment, a non-linear sigmoid function system identification
method, which constitutes linear and non-linear compo-
nents. In general, the non-invasively collected data 12 is
filtered (like block 4) and NIBP calibrated (like block 6) to
represent the NIBP calibrated brachial cuff waveform and is
the input for the proposed recalibration equations 13. Inva-
sively collected data 14 for the brachial artery, necessarily
having its maximum and minimum values equal to ISP and
IDP, respectively, is the output of the proposed recalibration
equations 13. Given the known input 12 and output 14 from
the collected data, recalibration equations 13 with unknown
coeflicients are proposed. Then, the coefficients are esti-
mated such that the difference between the equation output
and the data collected for the invasive blood pressure
measurements is minimized. The recalibration equations can
theoretically be linear or non-linear or combination of both
types, however, it has been found that using a non-linear
component produces more accurate results. In the exemplary
embodiment of the invention, the proposed form has linear
and non-linear components and can be expressed as follow:

YO=EXP)HaxfIXxB+C))+d; [1]
[0031] where
[0032] y(t) is the output waveform at time t

[0033] P, B,, C, are matrices of coeflicients for each
recalibration equation i, and

[0034] a, d, are scalars (constants) for each recalibra-
tion equation 1.
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[0035] Further, vector X in equation [1] is a vector of
delayed input and output values which can be represented as
follow:

X=[u(Du(t=1) . . . u(t-na)y(t-1). . . ¥(t-nb)] [2]

[0036] where

[0037] u(t) is the input waveform at time t,

[0038] wu(u-1) is the input waveform at time t-1,
[0039] u(t-ma) is the input waveform at time t-na,
[0040] y(t-1) is the output waveform at time t-1,
[0041] y(t-nb) is the input waveform at time t-nb, and
[0042] na, nb are the number of delay points for the

input and output signals respectively.
[0043] In equation [1], () is a non-linear function which
in this example is a sigmoid function expressed as follow:

[0044] To illustrate how the equation works, assume that
na and nb are equal to 1, then vector X in equation [1] will
be

X=[u(@Du(r-1)y(-1)] (3]

[0045] Accordingly,
P [4]
P = Pz]
P3
bt by bsy [3]
Bi=|by br bz,s]
byt bsy bas
Ci=c1 2 ¢3] [6]
[0046] Then, substituting equations [3] to [ 6] into equation

[1], the result will be

Py [7]
y(l)=[[u(l) wr=1) y-DIX| P> ||+
Py
by by by
[a;xf[[[u([) ut—1) ya-D]Ix| by1 ba b3 ]+
byy bsn bis

[er 2 03]]]+di

[0047] The goal of the system identification method is to
estimate coeflicient matrices P,, B,, C,, and the constants a,,
d; to minimize the difference between estimated output and
the collected invasive data 14.

[0048] Applying the system identification method on inva-
sive data collected for a sampling of the general population
in the exemplary embodiment resulted in five (5) different
recalibration equations 8 (see, FIG. 2) that can be imple-
mented on the general population. In other words, the final
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form of the proposed recalibration equations 13 in FIG. 3
corresponds to the recalibration equations 8 programmed in
to the system 100, and used in practice to detect brachial SP
and DP using a brachial cuff. The final form of the proposed
recalibration equations 13 is determined for different group-
ings of input 12 and output 14 waveform data, in which the
groupings are based on waveform feature parameters deter-
mined by applying the system identification method. In the
exemplary embodiment, the selection algorithm 7 is a deci-
sion tree, see FIG. 2, that determines which recalibration
equation 8 should be used based on waveform features.

[0049] FIG. 4 describes some of the brachial waveform
cardiovascular related features, which are used as inputs to
the selection algorithm 7 in this exemplary embodiment. The
cardiovascular related features and others can be detected or
calculated, e.g., using the through derivative method as
described in U.S. Pat. No. 5,265,011 to Michael O’Rourke,
entitled “Method for ascertaining the pressure pulse and
related parameters in the ascending aorta from the contour of
the pressure pulse in the peripheral arteries”, which is herby
incorporated by reference herein, or other suitable math-
ematical method in time or frequency like wavelet analysis.
Exemplary features that can be used by the selection algo-
rithm include, for example, NISP, NIDP, Alx, AUCs/AUCA,
P1,P2,T1, T2, and ED as described in FIG. 4. Other features
like mean pressure, heart rate, cardiac period and slope of
the systolic upstroke, which also can be detected from the
NIBP calibrated waveform, can also be used as input to the
algorithm.

[0050] The parameters and threshold values for the param-
eters in order to construct the decision tree selection algo-
rithm 7, which selects the appropriate recalibration equation
8 to recalibrate from NISP/NIDP to ISP/IDP based on the
recorded NIBP-calibrated waveform characteristics, can be
determined by training decision tree algorithm to determine
the threshold and structure of the tree. However, the reca-
libration equations and selection algorithm, or other suitable
algorithm for recalibration conversion, can be developed
using other types of machine learning such as support vector
machine, linear and nonlinear regression, and neural net-
work. In any event, the overall purpose is to provide an
algorithm in which data representing a NIBP-calibrated cuff
waveform with cardiovascular features preserved serve as
the input, and the maximum and minimum value of the
output waveform closely estimates ISP and IDP, respec-
tively, based on known population data.

[0051] FIG. 5 illustrates the operation of the selection
algorithm 7. The selection algorithms 7 developed to date,
based on testing and analysis, are somewhat more compli-
cated than the algorithm shown in FIG. 5. The illustrative
selection algorithm in FIG. 5 is in the form of a decision tree
that is used to determine the appropriate recalibration equa-
tion 8 (NISP/NIDP to ISP/IDP) based on the detected or
calculated waveform features or parameters. The recalibra-
tion equations 8 are labelled Eql, Eq2, Eq3, Eq4 and Eq5 in
FIG. 5. Block 16 in FIG. 5 depicts pulse waveform features
15 being detected from the NIBP-calibrated cuff waveform
10. As mentioned, suitable feature detection methods
include the derivative method or other mathematical meth-
ods in time or frequency domain. The values detected or
calculated pertaining to the waveform features 15 are the
input to the decision tree 17, which in this example serves
as the selection algorithm 7 in FIG. 2. The decision tree 17
decides which recalibration equation Eql, Eq2, Eq3, Eq4 or
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Eq5 to use according to the values of the detected or
calculated waveform features. For purposes of illustration,
in FIG. 5, one of five NISP/NIDP to ISP/IDP recalibration
equations (Eql, Eq2, Eq3, Eq4 or Eq5) can be selected based
on values of Alx, ED, heart rate (HR) and the percentage
ratio of AUCd to AUCs. As mentioned, the waveform
parameter values for the decision tree 17 and the threshold
values for the decision tree 17 are based on testing and data
analysis and are disclosed for purposes of illustration. Other
examples may use more waveform features with more
branches in the decision tree. Also, other algorithms that
correlate the waveform features with the appropriate NISP/
NIDP to ISP/IDP recalibration equation like support vector
machine, linear and nonlinear regression, and neural net-
work can also be used as the selection algorithm.

[0052] Those skilled in the art will appreciate that it is
most desirable to develop the recalibration and selection
algorithms for a specific cuff device and NIBP unit. How-
ever, the algorithms developed for use one cuff device and
NIBP unit are likely to improve the accuracy of the detected
SP and DP for another cuff' device and NIBP unit to the
extent different models have similar characteristics.

[0053] Results: Using a subset of the collected data to train
a decision tree where the inputs are waveform features and
the outputs were the recalibration equations (Eql, Eq2, Eq3,
Eq4 and Eq5). The decision tree showed, for example that if
AlX 1s less than 28, NIDP less than 77, ED less than 330 and
Alx is larger than or equal to 14 then Eql is chosen as the
recalibration equation. If Alx is less than 28, NIDP less than
77, ED less than 330 and Alx is less than 14 then Eq2 is
chosen as the recalibration equation. If Alx is greater than or
equal to 28, NIDP greater than or equal to 85, the percentage
ratio of AUCd to AUCs is greater than or equal to 100, HR
less than 60 and ED is greater than or equal to 300 then Eq3
is chosen as the recalibration equation. If Alx is greater than
or equal to 28, NIDP greater than or equal to 85, HR larger
than or equal 60, and the percentage ratio of AUCd to AUCs
is less than 100, then Eq4 is chosen as the recalibration
equation. If AIx is greater than or equal to 28, NIDP greater
than or equal to 85, HR larger than or equal 60, and the
percentage ratio of AUCd to AUCs is greater than or equal
to 100, then EqS is chosen as the recalibration equation.
[0054] When applying the determined decision tree on the
tested data (N=110), the results and the plots are shown in
FIG. 6. The graph on the left in FIG. 6A shows the plot of
the average of versus the difference between NIBP and
invasive brachial systolic pressure (SP). After applying the
recalibration equation as determined by the decision tree and
based on the waveform features, the graph on the right in
FIG. 6A shows large, significant reductions in the difference
between the recalibrated and the invasive brachial SP—
illustrating the accuracy of the recalibration. The average
and standard deviation of the difference were reduced sig-
nificantly from -11+15 mmHg to 04 mmHg.

[0055] The graph on the left in FIG. 6B shows the plot of
the average of versus the difference between NIBP and
invasive brachial diastolic pressure (DP). After applying the
recalibration equation as determined by the decision tree and
based on the waveform features, the graph on the right in
FIG. 6B shows large, significant reductions in the difference
between the recalibrated and the invasive brachial DP illus-
trating the accuracy of the recalibration. The average and
standard deviation of the difference were reduced signifi-
cantly from 10x6 mmHg to 0+3 mmHg.
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[0056] Depending on the sophistication of the mathemati-
cal model, it may be possible in accordance with the
invention to develop a single recalibration equation or set of
equations that accounts for waveform features and recali-
brates the NIBP-calibrated cuff waveform to obtain maxi-
mum and minimum values corresponding to brachial ISP
and IDP.

[0057] In another embodiment, through collected data, the
NIBP-calibrated brachial cuff waveform with cardiovascular
related features can be categorized based on the waveform
features and expected invasive SP and DP using machine
learning algorithms like support vector machine, random
forest, k-nearest classification, or boosting. These algo-
rithms will provide equations that separate the waveforms
based on its features into categories where each category
represents ISP and IDP range of values. Another embodi-
ment using another machine learning method like neural
network such that collected data can be used to train a neural
network with waveform features as inputs and the invasive
SP and DP. The advantage of these embodiments that they
do not require specific recalibration equations and use a
single general method to estimate invasive SP and DP from
the NIBP-calibrated brachial cuff waveform with cardiovas-
cular related features.

[0058] FIG. 7 illustrates a system 200 configured in accor-
dance with another exemplary embodiment of the invention.
This system 200 is similar to system 100 shown in FIG. 2
except it uses a tonometer 202 to measure a raw radial
pressure waveform 203, rather than the cuff to measure a raw
cuff waveform. Similar reference numbers are used in FIG.
7 as in FIG. 2 to represent similar components. The system
200 in FIG. 7 includes a non-invasive blood pressure unit 1
(NIBP unit 1), which is the same as or similar to a conven-
tional brachial cuff “oscillometric” blood pressure device.
The NIBP unit 1 includes, e.g., a cuff 2, a pressure tube, an
air pressure control, and a pressure sensor for sensing the
pressure in the cufl 2. The NIBP unit 1 also includes control
algorithms which operate in the oscillometric mode to
determine NISP and NIDP, as is common in the art, With a
cuff' 2 wrapped around the patient’s upper arm (including the
brachial artery), the NIBP unit 1 performs an oscillometric
brachial blood pressure measurement resulting in a value for
the non-invasive brachial systolic pressure (NISP) and non-
invasive brachial diastolic pressure (NIDP). Then, the
tonometer 202 is used to capture the raw waveform 203.
Other sensors can be used to collect the raw peripheral
waveform as well, such as an optical sensor. The raw
peripheral waveform 203 is processed through a high pass
filter and low pass filter or a band pass filter 204 to remove
low and high frequency noise and produce a pre-calibrated
peripheral waveform with cardiovascular related features
205 preserved. This waveform 205 contains and preserves
the cardiovascular features present in the patient’s peripheral
pressure waveform, however, the amplitude of the wave-
form 205 needs to be calibrated.

[0059] The operations after the NIBP unit 1 in FIG. 7 are
preferably implemented in a digital signal processor, or
other computing device. However, the electronic filters
discussed in connection with block 204 can be analog or
digital, with analog-to-digital conversion occurring after
block 204 or prior to block 204, respectively.

[0060] Block 206 in FIG. 7 depicts both the pre-calibrated
waveform 205 (with features preserved) and the NISP and
NIDP values being entered into an algorithm (e.g. software
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code) that calibrates the pre-calibrated peripheral pressure
waveform 205 so that the maximum and minimum values of
waveform 205 are equivalent to NISP and NIDP, respec-
tively. This initial calibration results in a NIBP-calibrated
peripheral pressure waveform with preserved features as
indicated by reference number 210 in FIG. 7. In accordance
with the invention, it is possible to calibrate the pre-cali-
brated waveform 205 using a mean pressure (NIMP), such
as calibrating with NIDP and NIMP. Under these circum-
stances, the calibrated waveform 205 shall be considered a
MBP-calibrated waveform 205. If this is the case, then the
same calibration should occur when establishing the recali-
bration equations as explained in connection with FIG. 3. In
addition, the software depicted in block 206 also determines
parameter values for cardiovascular related features of the
NISP/NIDP calibrated peripheral pressure waveform 210.
Cardiovascular features used in this exemplary embodiment
are the same as explained in connection with FIG. 4.
[0061] Referring still to FIG. 7, the determined feature
parameter values from block 206 are the input for a selection
algorithm, block 207, that determines which recalibration
equation f(x), reference number 208, should be used to
recalibrate the NIBP/NISP calibrated waveform 210 in
terms of invasive brachial blood pressure instead of non-
invasive brachial blood pressure. The selection algorithm
207 and recalibration equations 208 may take the form
described in FIGS. 3 and 5, although the coefficients and
constant values for the recalibration equations and the
selection criteria need to be fitted to data for the peripheral
pressure waveform, instead of the cuff waveform. Block 209
in FIG. 7 indicates that the selected recalibration equation
208 operates on the initially calibrated (NIDP/NISP periph-
eral pressure waveform 210, to produce a recalibrated wave-
form 211 where the maximum and the minimum values
provide accurate estimates of the invasive brachial systolic
(ISP) and diastolic pressure (IDP), respectively.

[0062] In the foregoing description, certain terms have
been used for brevity, clarity, and understanding. No unnec-
essary limitations are to be inferred therefrom beyond the
requirement of the prior art because such terms are used for
descriptive purposes and are intended to be broadly con-
strued. The different configurations, systems, and method
steps described herein may be used alone or in combination
with other configurations, systems and method steps. It is to
be expected that various equivalents, alternatives and modi-
fications are possible within the scope of the appended
claims. Each limitation in the appended claims is intended to
invoke interpretation under 35 U.S.C. § 112, sixth para-
graph, only if the terms “means for” or “step for” are
explicitly recited in the respective limitation.

What is claimed is:

1. A method of measuring a patient’s systolic and diastolic
brachial blood pressure non-invasively comprising the steps
of:

providing a brachial cuff device with an inflatable cuff, a

tube, a pressure pump with a pressure control system,
and a pressure sensor to measure the pressure in the
inflated cuff;

using the brachial cuff device in oscillometric mode with

the inflatable cuff wrapped around the patient’s upper
arm to take measurements of the patient’s systolic
blood pressure and diastolic blood pressure;

inflating the brachial cuff around the patient’s upper arm

to a constant pressure and maintaining the brachial cuff
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at said constant pressure while recording data repre-
senting the patient’s raw brachial cuff volumetric wave-
form;

filtering the data representing the raw brachial cuff volu-

metric waveform to obtain data representing a pre-
calibrated brachial cuff volumetric displacement wave-
form in which the patient’s cardiovascular waveform
features are preserved,

using the measurements of the patient’s systolic brachial

pressure and diastolic brachial pressure as measured
with the brachial cuff in oscillometric mode to calibrate
the pre-calibrated brachial cuff volumetric displace-
ment waveform resulting in a NIBP-calibrated brachial
cuff volumetric displacement waveform;

recalibrating the NIBP-calibrated brachial cuff volumetric

displacement waveform based on one or more cardio-
vascular features in the NIBP-calibrated brachial cuff
volumetric displacement waveform;

estimating the patient’s brachial systolic blood pressure as

the maximum value of the recalibrated brachial cuff
volumetric displacement waveform and estimating the
patient’s brachial diastolic blood pressure as the mini-
mum value of the recalibrated brachial cuff volumetric
displacement waveform.

2. The method as recited in claim 1 further comprising the
steps of:

determining values for one or more parameters pertaining

to the cardiovascular features of the NIBP-calibrated
volumetric displacement waveform;

providing multiple recalibration equations;

and selecting one of the multiple recalibration equations

based on the determined values for the one or more
cardiovascular features pertaining to the NIBP-cali-
brated volumetric displacement waveform.

3. The method as recited in claim 2 wherein the deter-
mined values for the one or more cardiovascular parameters
include augmentation index, ejection duration, heartrate, and
the ratio of area under the curve during diastole divided by
the area under the curve during systole.

4. The method as recited in claim 2 wherein the recali-
bration equation is selected using a decision tree based on
the determined values for the one or more cardiovascular
features pertaining to the NIBP-calibrated volumetric dis-
placement waveform.

5. The invention as recited in claim 2 wherein the multiple
recalibration equations are determined by comparing data
collected from a sampling of the general population, said
data comprising at least, waveform data measuring with a
cuff brachial cuff inflated to a constant pressure, brachial
systolic and diastolic blood pressure values measured using
a brachial cuff in oscillometric mode, and invasively mea-
sured brachial systolic and diastolic blood pressure.

6. The method as recited in claim 2 wherein the multiple
recalibration equations include linear components, non-
linear components or a combination of linear components
and non-linear components.

7. The method as recited in claim 1 wherein the constant
pressure that the brachial cuff'is inflated around the patient’s
upper arm while recording data representing the patient’s
raw brachial cuff volumetric waveform is at or above the
patient’s measured diastolic brachial pressure.

8. The method as recited in claim 1 wherein the constant
pressure that the brachial cuff'is inflated around the patient’s
upper arm while recording data representing the patient’s



US 2018/0249915 Al

raw brachial cuff volumetric waveform is at or below the

patient’s measured diastolic brachial pressure.
9. The method as recited in claim 6 wherein each of the

multiple recalibration equations as the following form:

VO=([u(Ou@=1) . . . u(t-na)y(-1) . . . p(t-nb)|xP)+
(axfllu(Du(t=-Du(t-na)y(-1) . . . y(t-nb)|xB+
)

where

y(t) is the output waveform at time t

P, is na+nb+1 by 1 matrix of coeflicients for recalibration
equation 1

B, is na+nb+1 by na+nb+1 square matrix of coefficients
for recalibration equation 1

C, is na+nb+1 by | matrix of coefficients for recalibration
equation 1

na, nb are the number of delay points for the input and
output signals respectively,

a,, d; are scalars (constants) for recalibration equation i

u(t) is the input waveform at time t,

u(t-1) is the input waveform at time t-1,

u(t-na) is the input waveform at time t-na,

y(t-1) is the output waveform at time t-1,

y(t-nb) is the input waveform at time t-nb, and

and f( ) is a non-linear sigmoid function expressed as
follows:

1
e i1

flo=

10. The method as recited in claim 4 wherein the deter-
mined values for the one or more cardiovascular features
pertaining to the NIBP-calibrated volumetric displacement
waveform include augmentation index (Alx), ejection dura-
tion (ED), heart rate (HR), and the ratio of the area under the
curve during diastole (AUC ) divided by the area under the
curve during systole (AUC,).

11. The method as recited in claim 10 wherein a first
recalibration equation is selected if the augmentation index
(AIx) is less than an Alx threshold value and the ejection
duration (ED) is less than an ED threshold value, a second
recalibration equation is selected if the augmentation index
(AIx) is less than an Alx threshold value and the ejection
duration (ED) is greater than or equal to an ED threshold
value, a third recalibration equation is selected if the aug-
mentation index (AIx) is greater than or equal to an Mx
threshold value and the heart rate (HR) is less than an HR
threshold value, a fourth recalibration equation is selected if
the augmentation index (AlIx) is greater than or equal to an
Alx threshold value and the heart rate (HR) is greater than
or equal to an HR threshold value and the ratio of the area
under the curve during diastole (AUC ) divided by the area
under the curve during systole (AUC,) is less than or an
AUC threshold value, and, a fifth recalibration equation is
selected if the augmentation index (AIx) is greater than or
equal to an Alx threshold value and the heart rate (HR) is
greater than or equal to an HR threshold value and the ratio
of the area under the curve during diastole (AUC ) divided
by the area under the curve during systole (AUC,) is greater
than or equal to an AUC threshold value.

12. A method of measuring a patient’s systolic and
diastolic brachial blood pressure non-invasively comprising
the steps of:
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providing a brachial cuff device with an inflatable cuff, a
tube, a pressure pump with a pressure control system,
and a pressure sensor to measure the pressure in the
inflated cuff;

using the brachial cuff device in oscillometric mode with
the inflatable cuff wrapped around the patient’s upper
arm to take measurements of the patient’s systolic
blood pressure and diastolic blood pressure;

recording data representing a peripheral, non-invasive
waveform of the patient:

filtering the data representing the peripheral, non-invasive
waveform to obtain data representing a pre-calibrated,
peripheral waveform in which the patient’s cardiovas-
cular waveform features are preserved,

using the measurements of the patient’s systolic brachial
pressure and diastolic brachial pressure as measured
with the brachial cuff in oscillometric mode to calibrate
the pre-calibrated, peripheral waveform resulting in a
NIBP-calibrated, peripheral waveform;

estimating the patient’s brachial diastolic and systolic
blood pressure based on one or more cardiovascular
features in the NIBP-calibrated, peripheral waveform.

13. The method as recited in claim 12 wherein the step of
recording data representing the peripheral, non-invasive
waveform of the patient is accomplished by inflating the
brachial cuff around the patient’s upper arm to a constant
pressure and maintaining the brachial cuff at said constant
pressure while recording data representing the patient’s raw
brachial cuff volumetric waveform.

14. The method as recited in claim 12 wherein the step of
recording data representing the peripheral, non-invasive
waveform of the patient is accomplished using a tonometer
to measure a non-invasive, radial pressure pulse at the wrist
of the patient’s upper arm while recording data representing
the patient’s raw peripheral waveform.

15. The method as recited in claim 12 wherein the step of
estimating the patient’s brachial diastolic and systolic blood
pressure based on one or more cardiovascular features in the
NIBP-calibrated, peripheral waveform is accomplished by:

recalibrating the NIBP-calibrated, peripheral waveform
based on one or more cardiovascular features in the
NIBP-calibrated, peripheral waveform;

estimating the patient’s brachial systolic blood pressure as
the maximum value of the recalibrated peripheral
waveform and estimating the patient’s brachial dia-
stolic blood pressure as the minimum value of the
recalibrated peripheral waveform.

16. The method as recited in claim 12 further comprising

the steps of:

determining values for one or more parameters pertairing
to the cardiovascular features of the NIBP-calibrated,
peripheral waveform;

providing multiple recalibration equations;

and selecting one of the multiple recalibration equations
based on the determined values for the one or more
cardiovascular features pertaining to the NIBP-cali-
brated, peripheral waveform.

17. The method as recited in claim 16 wherein the
determined values for the one or more cardiovascular
parameters include augmentation index, ejection duration,
heartrate, and the ratio of area under the curve during
diastole divided by the area under the curve during systole.

18. The method as recited in claim 16 wherein the
recalibration equation is selected using a decision tree based
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on the determined values for the one or more cardiovascular
features pertaining to the NIBP-calibrated, peripheral wave-
form.

19. The method as recited in claim 12 wherein the step of
recording data representing the peripheral, non-invasive
waveform of the patient is accomplished using a optical
sensor to measure the non-invasive peripheral waveform of
the patient.

20. The method as recited in claim 16 wherein the
recalibration equation is selected using a machine learning
algorithm based on the determined values for the one or
more cardiovascular features pertaining to the NIBP-cali-
brated, peripheral waveform.

® 0% % % %
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