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(57) ABSTRACT

According to an aspect there is provided a method of
determining a calibration parameter for a first blood pres-
sure, BP, measurement device, the method comprising
obtaining a first physiological characteristic measurement of
a subject using the first BP measurement device, wherein the
first BP measurement device is for obtaining physiological
characteristic measurements of a physiological characteris-
tic of the subject and for determining a BP measurement of
the subject from the physiological characteristic measure-
ments using the calibration parameter, wherein the first
physiological characteristic measurement is obtained when a
torso of the subject is in a first posture; obtaining a second
physiological characteristic measurement of the subject
using the first BP measurement device, wherein the second
physiological characteristic measurement is obtained when
the torso of the subject is in a second, different, posture;
determining the change in the posture of the torso from the
first posture to the second posture; estimating a change in BP
of the subject or a change in the physiological characteristic
of the subject from the determined change in the posture of
the torso; and determining the calibration parameter for
determining BP measurements from physiological charac-
teristic measurements obtained by the first BP measurement
device from an analysis of the first physiological character-
istic measurement, the second physiological characteristic
measurement and the estimated change.
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Obtain a first physiological characteristic measurement
of a subject using the first BP measurement device
when the torso of the subject is in a first posture

!

123~

Control a second BP measurement device to obtain
a first BP measurement of the subject when the
torso of the subject is in the first posture

125~ Obtain a second physiological characteristic measurement
of the subject using the first BP measurement device when
the torso of the subject is in a second, different, posture

127

Control the second BP measurement device to obtain a
second BP measurement of the subject when the
torso of the subject is in the second posture

129~

Determine a calibration parameter for determining BP
measurements from physiological characteristic
measurements obtained by the first BP measurement
device from an analysis of the first physiological
characteristic measurement, the second physiological
characteristic measurement, the first BP measurement and
the second BP measurement
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101~ Obtain a first physiological characteristic measurement
of a subject using the first BP measurement device
when the torso of the subject is in a first posture

:

Obtain a second physiological characteristic measurement
of the subject using the first BP measurement device when
the torso of the subject is in a second, different, posture

;

Determine the change in the posture of the torso
from the first posture to the second posture

l

107~ Estimate a change in BP or a change in the
physiological characteristic from the determined
change in the posture of the torso

103~

105~

109~  Determine a calibration parameter for determining
BP measurements from physiological
characteristic measurements obtained by
the first BP measurement device from an analysis
of the first physiological characteristic measurement,
the second physiological characteristic
measurement and the estimated change

Figure 3
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121~ Obtain a first physiological characteristic measurement
of a subject using the first BP measurement device
when the torso of the subject is in a first posture

'

Control a second BP measurement device to obtain
a first BP measurement of the subject when the
torso of the subject is in the first posture

'

125~[ Obtain a second physiological characteristic measurement
of the subject using the first BP measurement device when
the torso of the subject is in a second, different, posture

$

127~ Control the second BP measurement device to obtain a
second BP measurement of the subject when the
torso of the subject is in the second posture

123~

129~  Determine a calibration parameter for determining BP
measurements from physiological characteristic
measurements obtained by the first BP measurement
device from an analysis of the first physiological
characteristic measurement, the second physiological
characteristic measurement, the first BP measurement and
the second BP measurement

Figure 7
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AN APPARATUS AND METHOD FOR
DETERMINING A CALIBRATION
PARAMETER FOR A BLOOD PRESSURE
MEASUREMENT DEVICE

TECHNICAL FIELD OF THE INVENTION

[0001] The invention relates to a blood pressure measure-
ment device that is used to obtain measurements of the blood
pressure of a subject, and in particular relates to an apparatus
and method for determining a calibration parameter for the
blood pressure measurement device.

BACKGROUND TO THE INVENTION

[0002] A commonly-measured vital sign that can provide
an indication of a person’s condition is blood pressure (BP).
BP can provide information on the hemodynamic status of
the person and can be used to detect critical situations,
deterioration or cardio-vascular diseases. BP is usually mea-
sured with an arm cuff’ (for example automatically by using
the oscillometric technique, which involves analysis of the
amplitude of the pressure changes in the cuff due to the
blood pulse, or manually by using the auscultatory tech-
nique, which involves the detection of Korotkoff sounds).
[0003] However, measuring BP with an arm cuff has
several disadvantages. For example, it cannot be used to
measure BP continuously, but is instead used for spot checks
or for obtaining measurements at regular intervals (but
always having at least several minutes in between each
measurement). Therefore, sudden hemodynamic changes,
which especially can occur in the intensive care unit (ICU)
or operating room (OR) and which need immediate inter-
vention, may often only be noticed after several minutes. For
this reason, it is desired to provide other methods that can
measure BP continuously. Another disadvantage is that
when the cuff is worn for more than an hour while taking BP
measurements, e.g. every 15 minutes, such as in ambulatory
blood pressure monitoring (ABPM), the cuff can cause pain,
skin irritation and bruising. Having to wear a cuff also puts
constraints on the clothes that the subject can wear, e.g. since
the cuff should be worn on a bare arm or over a thin sleeve.
Inflation of the cuff during the night often wakes up the user.
Finally, a cuff-based measurement measures blood pressure
in the periphery of the body (i.e. in an arm or leg), rather than
in a central part of the body (i.e. in the torso or chest).
[0004] An alternative to a cuff-based measurement is the
use of an invasive line, which addresses many of the
drawbacks with cuff-based measurements, but has its own
disadvantages, namely infection risk, the need for experi-
enced clinical staff to apply the invasive line, and reduced
mobility for the subject.

[0005] Therefore it is desirable to use a blood pressure
measurement technique that is non-invasive and continuous
(i.e. that allows a blood pressure measurement to be
obtained continuously).

[0006] Several techniques for obtaining continuous blood
pressure measurements in a non-invasive manner exist. For
example blood pressure measurements can be obtained from
a measurement of pulse wave velocity (PWV), pulse transit
times (PTT), pulse arrival times (PAT) or from features in a
photoplethysmography (PPG) signal. In contrast to the inva-
sive line or oscillometric/auscultatory-based methods above,
which provide direct measurements of the blood pressure,
these blood pressure measurements provide an indirect
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measurement of blood pressure, and are thus referred to
herein as ‘surrogate’ blood pressure measurements. How-
ever, it is necessary for the mathematical relationship that
relates blood pressure to a non-invasive continuous surro-
gate blood pressure measurement to be calibrated regularly
in order to obtain accurate measurements of the blood
pressure because these surrogate measurements can be influ-
enced by physiological changes other than changes in the
blood pressure.

SUMMARY OF THE INVENTION

[0007] To obtain a reliable calibration, measurements of
the surrogate and blood pressure at two different blood
pressure levels are required (as a minimum). In some cases
it can be acceptable to perform the calibration over a
significant period of time (e.g. a few hours or days), but in
other cases it is desirable to perform the calibration much
quicker (e.g. in the case of a blood pressure measurement
device used in an ICU or OR). In this case a change in the
blood pressure of the subject needs to occur to allow
measurements of blood pressure to be made at two or more
different levels.

[0008] U.S. Pat. No. 8,672,854 describes calibrating a
PTT-based blood pressure measurement using changes in a
patient’s arm height, and in particular determining features
from a time-dependent waveform that is indicative of con-
tractile properties of the heart at two different arm positions.
However, this technique has some disadvantages. For
example, this method only works when the surrogate mea-
surement is taken on the arm. This gives a so-called ‘periph-
eral blood pressure’ because the brachial artery is a periph-
eral artery. On the other hand, central blood pressure is the
pressure in the aorta, which is the large artery into which the
heart pumps. The term ‘central blood pressure’ usually refers
to the pressure in the aorta near the heart. Peripheral blood
pressure in terms of systolic and pulse pressure is usually
higher than central blood pressure due to the peripheral site
being closer to locations from which reflections reverberate.
The degree to which the peripheral blood pressure is higher
than central blood pressure depends partly on the stiffness of
the arteries. A central blood pressure measurement is pre-
ferred because central pressure has been shown to more
strongly relate to vascular disease and outcome than tradi-
tional measurements of blood pressure from the upper arm,
and it also can distinguish between the effects of different
hypertension medications, which upper arm blood pressure
measurements do not.

[0009] There is therefore a need for an improved method
and apparatus for calibrating measurements of blood pres-
sure obtained by a blood pressure measurement device, for
example a blood pressure measurement device that obtains
a central measurement of blood pressure, and in particular
for determining a calibration parameter for the blood pres-
sure measurement device.

[0010] According to a first aspect, there is provided a
method of determining a calibration parameter for a first
blood pressure, BP, measurement device, the method com-
prising obtaining a first physiological characteristic mea-
surement of a subject using the first BP measurement device,
wherein the first BP measurement device is for obtaining
physiological characteristic measurements of a physiologi-
cal characteristic of the subject and for determining a BP
measurement of the subject from the physiological charac-
teristic measurements using the calibration parameter,
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wherein the first physiological characteristic measurement is
obtained when a torso of the subject is in a first posture;
obtaining a second physiological characteristic measure-
ment of the subject using the first BP measurement device,
wherein the second physiological characteristic measure-
ment is obtained when the torso of the subject is in a second,
different, posture; determining the change in the posture of
the torso from the first posture to the second posture;
estimating a change in BP of the subject or a change in the
physiological characteristic of the subject from the deter-
mined change in the posture of the torso; and determining
the calibration parameter for determining BP measurements
from physiological characteristic measurements obtained by
the first BP measurement device from an analysis of the first
physiological characteristic measurement, the second physi-
ological characteristic measurement and the estimated
change.

[0011] In some embodiments, the method further com-
prises the step of monitoring the posture of the torso of the
subject to identify a change in the posture of the torso from
the first posture to a second posture; wherein the step of
obtaining the second physiological characteristic measure-
ment is performed in response to identifying the change in
the posture of the torso to the second posture.

[0012] In some embodiments, the method further com-
prises, after the step of obtaining the first physiological
characteristic measurement, the step of causing a change in
the posture of the torso of the subject from the first posture
to the second posture.

[0013] In some embodiments, the step of causing the
change in the posture comprises providing an instruction or
command to the subject or a care provider for the subject
that the posture of the torso of the subject is to be changed.
In alternative embodiments, the step of causing the change
in the posture comprises outputting a control signal to an
actuator for a bed or chair associated with the subject to
change the angle of the bed or chair.

[0014] In some embodiments, the step of determining the
change in the posture of the torso from the first posture to the
second posture comprises analysing a measurement signal
from a posture sensor.

[0015] In alternative embodiments, the first BP measure-
ment device comprises a physiological characteristic sensor
for measuring the physiological characteristic of the subject,
and wherein the step of determining the change in the
posture of the torso from the first posture to the second
posture comprises analysing a measurement signal from the
physiological characteristic sensor.

[0016] Insomeembodiments, the step estimating a change
in BP of the subject from the determined change in the
posture of the torso comprises estimating a change in height
of a location on the body at which the physiological char-
acteristic is measured relative to a heart of the subject from
the first posture to the second posture based on the deter-
mined change in posture.

[0017] Inalternative embodiments, the physiological char-
acteristic is pulse transit time, PTT, that is obtained by
measurements of pulse arrival at two different locations on
the body of the subject that are separated by a length 1, and
wherein the step of estimating a change in the physiological
characteristic of the subject from the determined change in
the posture of the torso comprises evaluating
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[0018] for each of the first and second postures, where p
is the density of blood, g is acceleration due to gravity, P is
the blood pressure, o is the angle of the torso with respect
to the horizontal and m and n are calibration parameters.
[0019] In some embodiments, the first BP measurement
device is a BP measurement device that can be used to obtain
a continuous or semi-continuous measurement of BP.
[0020] Insome embodiments, the physiological character-
istic measured by the first BP measurement device provides
a surrogate measurement of BP.

[0021] Insome embodiments, the physiological character-
istic is one or more characteristics of a Photoplethysmo-
gram, PPG, signal, a pulse wave velocity, a pulse arrival
time, or a pulse transit time.

[0022] In some embodiments, the method further com-
prises the step of obtaining a BP measurement of the subject
from a third physiological characteristic measurement by the
first BP measurement device and the determined calibration
parameter.

[0023] In some embodiments, after obtaining the first
physiological characteristic measurement, the method com-
prises analysing a signal from the first BP measurement
device to determine whether the physiological characteristic
is stable; and obtaining the second physiological character-
istic measurement if the physiological characteristic is deter-
mined to be stable.

[0024] According to a second aspect, there is provided a
computer program product comprising a computer readable
medium having computer readable code embodied therein,
the computer readable code being configured such that, on
execution by a suitable computer or processor, the computer
or processor is caused to perform any of the methods
described above.

[0025] According to a third aspect, there is provided an
apparatus for determining a calibration parameter for a first
blood pressure, BP, measurement device, the apparatus
comprising a control unit that is to be coupled to a first BP
measurement device that is for obtaining physiological
characteristic measurements of a physiological characteris-
tic of a subject and for determining a blood pressure mea-
surement of the subject from the physiological characteristic
measurements, wherein the control unit is configured to
obtain a first physiological characteristic measurement of the
subject using the first BP measurement device, wherein the
first physiological characteristic measurement is obtained
when a torso of the subject is in a first posture; obtain a
second physiological characteristic measurement of the sub-
ject using the first BP measurement device, wherein the
second physiological characteristic measurement is obtained
when the torso of the subject is in a second, different,
posture; determine the change in the posture of the torso
from the first posture to the second posture; estimate a
change in BP of the subject or a change in the physiological
characteristic of the subject from the determined change in
the posture of the torso; and determine the calibration
parameter for determining BP measurements from physi-
ological characteristic measurements obtained by the first
BP measurement device from an analysis of the first physi-
ological characteristic measurement, the second physiologi-
cal characteristic measurement and the estimated change.
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[0026] In some embodiments, the control unit is further
configured to monitor the posture of the torso of the subject
to identify a change in the posture of the torso from the first
posture to a second posture; wherein the control unit is
configured to obtain the second physiological characteristic
measurement in response to identifying a change in the
posture of the torso to the second posture.

[0027] In some embodiments, the control unit is further
configured to cause a change in the posture of the torso of
the subject from the first posture to the second posture after
the first physiological characteristic measurement is
obtained.

[0028] In some embodiments, the control unit is config-
ured to cause the change in the posture by providing an
instruction or command to the subject or a care provider for
the subject that the posture of the torso of the subject is to
be changed. In alternative embodiments, the control unit is
configured to cause the change in the posture by outputting
a control signal to an actuator for a bed or chair associated
with the subject to change the angle of the bed or chair.
[0029] In some embodiments, the control unit is config-
ured to determine the change in the posture of the torso from
the first posture to the second posture by analysing a
measurement signal from a posture sensor.

[0030] In alternative embodiments, the first BP measure-
ment device comprises a physiological characteristic sensor
for measuring the physiological characteristic of the subject,
and wherein the control unit is configured to determine the
change in the posture of the torso from the first posture to the
second posture by analysing a measurement signal from the
physiological characteristic sensor.

[0031] In some embodiments, the control unit is config-
ured to estimate a change in BP of the subject from the
determined change in the posture of the torso by estimating
a change in height of a location on the body at which the
physiological characteristic is measured relative to a heart of
the subject from the first posture to the second posture based
on the determined change in posture.

[0032] Inalternative embodiments, the physiological char-
acteristic is pulse transit time, PTT, that is obtained by
measurements of pulse arrival at two different locations on
the body of the subject that are separated by a length 1, and
wherein the control unit is configured to estimate a change
in the physiological characteristic of the subject from the
determined change in the posture of the torso by evaluating
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[0033] for each of the first and second postures, where p
is the density of blood, g is acceleration due to gravity, P is
the blood pressure, o is the angle of the torso with respect
to the horizontal and m and n are calibration parameters.
[0034] In some embodiments, the first BP measurement
device is a BP measurement device that can be used to obtain
a continuous or semi-continuous measurement of BP.
[0035] Insome embodiments, the physiological character-
istic measured by the first BP measurement device provides
a surrogate measurement of BP.

[0036] Insome embodiments, the physiological character-
istic 1s one or more characteristics of a Photoplethysmo-
gram, PPG, signal, a pulse wave velocity, a pulse arrival
time, or a pulse transit time.
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[0037] In some embodiments, the control unit is further
configured to obtain a BP measurement of the subject from
a third physiological characteristic measurement by the first
BP measurement device and the determined calibration
parameter.

[0038] In some embodiments, the control unit is further
configured to analyse a signal from the first BP measurement
device to determine whether the physiological characteristic
is stable after obtaining the first physiological characteristic
measurement; and configured to obtain the second physi-
ological characteristic measurement if the physiological
characteristic is determined to be stable.

[0039] According to a fourth aspect, there is provided a
method of determining a calibration parameter for a first
blood pressure, BP, measurement device, the method com-
prising obtaining a first physiological characteristic mea-
surement of a subject using the first BP measurement device,
wherein the first BP measurement device is for obtaining
physiological characteristic measurements of a physiologi-
cal characteristic of the subject and for determining a BP
measurement of the subject from the physiological charac-
teristic measurements using the calibration parameter,
wherein the first physiological characteristic measurement is
obtained when a torso of the subject is in a first posture;
controlling a second BP measurement device to obtain a first
BP measurement of the subject when the torso of the subject
is in the first posture; obtaining a second physiological
characteristic measurement of the subject using the first BP
measurement device, wherein the second physiological
characteristic measurement is obtained when the torso of the
subject is in a second, different, posture; controlling the
second BP measurement device to obtain a second BP
measurement of the subject when the torso of the subject is
in the second posture; and determining a calibration param-
eter for determining BP measurements from physiological
characteristic measurements obtained by the first BP mea-
surement device from an analysis of the first physiological
characteristic measurement, the second physiological char-
acteristic measurement, the first BP measurement and the
second BP measurement.

[0040] In some embodiments, the method further com-
prises the step of monitoring the posture of the torso of the
subject to identify a change in the posture of the torso from
the first posture to a second posture; wherein the steps of
obtaining the second physiological characteristic measure-
ment and controlling the second BP measurement device to
obtain the second BP measurement are performed in
response to identifying the change in the posture of the torso
to the second posture.

[0041] In some embodiments, the method further com-
prises, after the steps of obtaining the first physiological
characteristic measurement and controlling the second BP
measurement device to obtain the first BP measurement, the
step of causing a change in the posture of the torso of the
subject from the first posture to the second posture.

[0042] In some embodiments, the step of causing the
change in the posture comprises providing an instruction or
command to the subject or a care provider for the subject
that the posture of the torso of the subject is to be changed.

[0043] In some embodiments, the step of causing the
change in the posture comprises outputting a control signal
to an actuator for a bed or chair associated with the subject
to change the angle of the bed or chair.
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[0044] In some embodiments, the first physiological char-
acteristic measurement and the first BP measurement are
obtained at generally the same time.

[0045] In some embodiments, the second physiological
characteristic measurement and the second BP measurement
are obtained at generally the same time.

[0046] In some embodiments, the first BP measurement
device is a BP measurement device that can be used to obtain
a continuous or semi-continuous measurement of BP.
[0047] Insome embodiments, the physiological character-
istic measured by the first BP measurement device provides
a surrogate measurement of BP.

[0048] In some embodiments, the physiological character-
istic is one or more characteristics of a Photoplethysmo-
gram, PPG, signal, a pulse wave velocity, a pulse arrival
time, or a pulse transit time.

[0049] Insome embodiments, the second BP measurement
device measures BP using an auscultatory technique, an
oscillometric technique, a tonometric technique or a vol-
ume-clamp technique.

[0050] Insomeembodiments, the second BP measurement
device comprises first and second inflatable cuffs for use on
different limbs of the subject, and wherein the control unit
is configured to control the second BP measurement device
to obtain the first BP measurement of the subject using the
first inflatable cuff and to control the second BP measure-
ment device to obtain the second BP measurement of the
subject using the second inflatable cuff.

[0051] In some embodiments, the method further com-
prises the step of obtaining a third BP measurement of the
subject from a third physiological characteristic measure-
ment by the first BP measurement device and the determined
calibration parameter.

[0052] In some embodiments, after obtaining the first
physiological characteristic measurement, the method com-
prises analysing a signal from the first BP measurement
device to determine whether the physiological characteristic
is stable; and obtaining the second physiological character-
istic measurement and controlling the second BP measure-
ment device to obtain the second BP measurement if the
physiological characteristic is determined to be stable.
[0053] According to a fifth aspect, there is provided a
computer program product comprising a computer readable
medium having computer readable code embodied therein,
the computer readable code being configured such that, on
execution by a suitable computer or processor, the computer
or processor is caused to perform any of the methods
according to the fourth aspect described above.

[0054] According to a sixth aspect, there is provided an
apparatus for determining a calibration parameter for a first
blood pressure, BP, measurement device, the apparatus
comprising a control unit that is to be coupled to a first BP
measurement device that is for obtaining physiological
characteristic measurements of a physiological characteris-
tic of a subject and for determining a blood pressure mea-
surement of the subject from the physiological characteristic
measurements, and a second BP measurement device that is
for obtaining measurements of the blood pressure of the
subject, wherein the control unit is configured to obtain a
first physiological characteristic measurement of the subject
using the first BP measurement device, wherein the first
physiological characteristic measurement is obtained when a
torso of the subject is in a first posture; control the second
BP measurement device to obtain a first BP measurement of
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the subject when the torso of the subject is in the first
posture; obtain a second physiological characteristic mea-
surement of the subject using the first BP measurement
device, wherein the second physiological characteristic mea-
surement is obtained when the torso of the subject is in a
second, different, posture; control the second BP measure-
ment device to obtain a second BP measurement of the
subject when the torso of the subject is in the second posture;
and determine a calibration parameter for determining BP
measurements from physiological characteristic measure-
ments obtained by the first BP measurement device from an
analysis of the first physiological characteristic measure-
ment, the second physiological characteristic measurement,
the first BP measurement and the second BP measurement.
[0055] In some embodiments, the control unit is further
configured to monitor the posture of the torso of the subject
to identify a change in the posture of the torso from the first
posture to a second posture; and wherein the control unit is
configured to obtain the second physiological characteristic
measurement and control the second BP measurement
device to obtain the second BP measurement in response to
identifying the change in the posture of the torso to the
second posture.

[0056] In some embodiments, the control unit is further
configured to cause a change in the posture of the torso of
the subject from the first posture to the second posture after
obtaining the first physiological characteristic measurement
and controlling the second BP measurement device to obtain
the first BP measurement.

[0057] In some embodiments, the control unit is config-
ured to cause the change in the posture by providing an
instruction or command to the subject or a care provider for
the subject that the posture of the torso of the subject is to
be changed.

[0058] In alternative embodiments, the control unit is
configured to cause the change in the posture by outputting
a control signal to an actuator for a bed or chair associated
with the subject to change the angle of the bed or chair.
[0059] In some embodiments, the control unit is config-
ured to obtain the first physiological characteristic measure-
ment and the first BP measurement at generally the same
time.

[0060] In some embodiments, the control unit is config-
ured to obtain the second physiological characteristic mea-
surement and the second BP measurement at generally the
same time.

[0061] In some embodiments, the first BP measurement
device is a BP measurement device that can be used to obtain
a continuous or semi-continuous measurement of BP.
[0062] Insome embodiments, the physiological character-
istic measured by the first BP measurement device provides
a surrogate measurement of BP.

[0063] Insome embodiments, the physiological character-
istic is one or more characteristics of a Photoplethysmo-
gram, PPG, signal, a pulse wave velocity, a pulse arrival
time, or a pulse transit time.

[0064] Insome embodiments, the second BP measurement
device measures BP using an auscultatory technique, an
oscillometric technique, a tonometric technique or a vol-
ume-clamp technique.

[0065] Insome embodiments, the second BP measurement
device comprises first and second inflatable cuffs for use on
different limbs of the subject, and wherein the control unit
is configured to control the second BP measurement device
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to obtain the first BP measurement of the subject using the
first inflatable cuff and to control the second BP measure-
ment device to obtain the second BP measurement of the
subject using the second inflatable cuff.

[0066] In some embodiments, the control unit is config-
ured to obtain a third BP measurement of the subject from
a third physiological characteristic measurement by the first
BP measurement device and the determined calibration
parameter.

[0067] In some embodiments, the control unit is config-
ured to analyse a signal from the first BP measurement
device to determine whether the physiological characteristic
is stable after obtaining the first physiological characteristic
measurement; and to obtain the second physiological char-
acteristic measurement and control the second BP measure-
ment device to obtain the second BP measurement if the
physiological characteristic is determined to be stable.

BRIEF DESCRIPTION OF THE DRAWINGS

[0068] Exemplary embodiments of the invention will now
be described, by way of example only, with reference to the
following drawings, in which:

[0069] FIG. 1is a block diagram of a system according to
an embodiment that comprises an apparatus according to an
embodiment and a first blood pressure measurement device;
[0070] FIG. 2 is a graph illustrating an exemplary pho-
toplethysmograph (PPG) signal,

[0071] FIG. 3 is a flow chart illustrating a method accord-
ing to an aspect.

[0072] FIG. 4 is an illustration of the change in height
relative to the heart for a blood pressure measurement site
due to a change in posture of the torso;

[0073] FIG. 5 is an illustration of the change in blood
pressure due to changes in posture of the torso;

[0074] FIG. 6 shows how pulse transit time varies as a
function of the angle of the torso; and

[0075] FIG. 7 is a flow chart illustrating a method accord-
ing to an alternative aspect.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

[0076] As described above, a blood pressure measurement
device that uses a ‘surrogate’ blood pressure measurement
technique (i.e. a measurement technique that does not
directly measure the blood pressure but infers the blood
pressure from measurements of other physiological charac-
teristics) needs to be calibrated using measurements of two
different blood pressures, and a reference measurement.

[0077] U.S. Pat. No. 8,672,854 indicates that changes in
posture of the arm can change the blood pressure, and thus
calibration can be performed by using measurements
obtained when the arm is in first and second positions.

[0078] More generally, it has been shown in the paper “A
simplified method for quantifying the subject-specific rela-
tionship between blood pressure and carotid-femoral pulse
wave velocity” by M. Butlin et al., Engineering in Medicine
and Biology Society (EMBC), 2015 37th Annual Interna-
tional Conference of the IEEE, 25-29 Aug. 2015, Milan, pp
5708-5711 that changing from a supine posture to a standing
posture produces both a hydrostatic change in the BP
(centrally measured from the pulse transit time (PTT)
between femoral and carotid artery) and a reaction of the
body that can be seen in a change in the blood pressure
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measured using a brachial cuff (which stays at the level of
the heart and is therefore not influenced by hydrostatic
changes).

[0079] The hydrostatic change was estimated as pgh using
the density of blood (p=1060 kg/m®), acceleration due to
gravity (2=9.81 m/s), and the height of the fluid column (h),
where h was estimated using the linear distance between the
supra-sternal notch and the femoral pulse site (positive
pressure relative to the brachial diastolic pressure) minus the
linear distance between the supra-sternal notch and the
carotid pulse site (negative pressure relative to the brachial
diastolic pressure). This was divided by two to find the
average hydrostatic pressure across the tube length. The
calculated hydrostatic pressure in Pascals was converted to
mmHg (k=0.0075).

[0080] The reaction of the body (leading to the brachial
diastolic pressure change) is mainly caused by vessels in the
legs that contract to compensate for the reduced blood
supply to the brain caused by gravity-induced blood pulling
from the head and pooling in the legs. Subjects that might
lack this natural reaction are often diagnosed using a so-
called “tilt table test”. When only the upper body changes
posture, e.g. by a change in bed angle, this effect will be a
lot smaller and can be neglected.

[0081] Thus in embodiments of the invention, measure-
ments of a physiological characteristic that is a surrogate
measure of blood pressure are obtained before and after a
change in posture of the torso of the subject that changes the
height of a location at which the surrogate measure of blood
pressure is being measured relative to the heart, and a
reference measurement is obtained that is either an estimate
of the change in blood pressure caused by the posture
change, or measurements of blood pressure obtained using
a second blood pressure measurement device (that measures
blood pressure more directly (for example using the oscil-
lometric technique or using an arterial line). In some
embodiments, for the calibration to be completed in a short
length of time (e.g. no more than a few minutes, or even
within a small number of breathing cycles), it is possible to
induce the change in the blood pressure in the subject by
changing the posture of the torso of the subject (or more
specifically changing the relative heights of the location at
which the surrogate measure of blood pressure is being
measured and the heart). For example if the subject is lying
on a bed, the angle of the bed can be changed to change the
posture and thus induce the blood pressure change. Likewise
if the subject is sat on a chair, the angle of the backrest of
the chair can be changed to change the posture and thus
induce the blood pressure change.

[0082] An embodiment of an apparatus 2 for determining
a calibration parameter for a first blood pressure measure-
ment device is shown in FIG. 1. The apparatus 2 comprises
a control unit 4 and a memory unit 6. The apparatus 2 is
shown as part of a system in which the apparatus 2 is
coupled (e.g. connected) to a first blood pressure measure-
ment device 8.

[0083] The first blood pressure measurement device 8 can
measure one or more physiological characteristics of the
subject that can be processed (using one or more calibration
parameters) to determine the blood pressure of the subject,
and the physiological characteristic measurements can be
provided to the apparatus 2, and specifically to the control
unit 4. It will be understood that the first blood pressure
measurement device 8 does not obtain a direct measurement
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of blood pressure, but instead the first blood pressure mea-
surement device 8 measures a physiological characteristic
that is a surrogate for blood pressure, in the sense that blood
pressure can be derived from the surrogate physiological
characteristic. After calibration, the first blood pressure
measurement device 8 may process a physiological charac-
teristic measurement to determine a blood pressure mea-
surement, or the first blood pressure measurement device 8
may provide a subsequent physiological characteristic mea-
surement to the control unit 4, and the control unit 4 can
determine the blood pressure measurement from the physi-
ological characteristic measurement and the calibration
parameter.

[0084] The first blood pressure measurement device 8
preferably measures a physiological characteristic from a
central site on the subject so as to provide a surrogate
measurement of blood pressure at a central site. It will be
understood that a central site corresponds to a core part of
the body of the subject, such as the torso, abdomen, chest or
neck, rather than a peripheral part of the body, such as the
limbs.

[0085] The control unit 4 can control the taking or trig-
gering of physiological characteristic measurements by the
first blood pressure measurement device 8.

[0086] The apparatus 2 can be coupled to the first blood
pressure measurement device 8 using any suitable means or
type of connection, for example using wires, or using a
wireless connection (e.g. a short or long range communica-
tion protocol such as Bluetooth, Wi-Fi, 3G or 4G cellular
communications, etc.).

[0087] The first blood pressure measurement device 8 is a
type of measurement device that requires regular calibration
(e.g. of the order of a few minutes, every hour, or when a
physiological characteristic changes significantly (e.g. by
more than a threshold amount)) in order to provide accurate,
or sufficiently accurate, measurements of blood pressure
from measurements of a (non-blood pressure) physiological
characteristic. A mathematical function is used to relate the
surrogate physiological characteristic measurement to blood
pressure, and this function includes one or more factors
and/or constants. The values of these factors and/or con-
stants are determined in the calibration procedure. These
factors and/or constants are referred to herein as “calibration
parameters”. Thus the calibration of the first blood pressure
measurement device 8 is provided by determining (values
for) one or more calibration parameters, that are used as part
of the mathematical function to convert the physiological
characteristic measurement obtained by the device 8 to the
subject’s blood pressure. After calibration, the first blood
pressure measurement device 8 is preferably able to provide
a continuous or near continuous (e.g. every second, every
minute, or every heart beat) measurement of blood pressure,
and also preferably obtains the measurement non-invasively.
[0088] For example, the surrogate physiological charac-
teristic measurement used to determine blood pressure can
be a pulse arrival time (PAT) measurement, which makes use
of the time difference between the R-peak in an electrocar-
diogram (ECG) signal and the time of arrival of a pulse in
a finger, which can be measured using a photoplethysmog-
raphy (PPG) sensor or an accelerometer.

[0089] As another, more preferred, example, the first
blood pressure measurement device 8 can use pulse wave
velocity (PWV) as the surrogate physiological characteristic
measurement that is used to determine blood pressure. PWV
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can be measured as the time difference between the arrival
of a pulse at two different locations in the body, e.g. in a
femoral artery and in the carotid artery, which is known as
the Pulse Transit Time (PTT). The PWV can be measured
using a sensor at each location (i.e. at the top of the leg for
the femoral artery and at the neck for the carotid artery) with
the PWYV being given by the distance between the measure-
ment sites divided by the PTT. The sensor for each location
can be, for example, a photoplethysmography (PPG) sensor,
a remote radar sensor, a camera, an accelerometer or a
gyroscope. In the case of a remote radar sensor or camera,
a single radar sensor or camera can be used to measure the
arrival of a pulse at multiple sites on the body (e.g. the
carotid artery and femoral artery) and thus pulse transit
times through suitable processing of the obtained radar
measurements or camera images. However the use of accel-
erometers for measuring the PWV is advantageous as they
are cheaper and consume less power than PPG sensors and
the peaks in the signal are ‘sharper’ and thus easier to
identify. In addition, in the embodiments where a posture
sensor is used to determine or monitor the posture of the
torso of the subject, the accelerometers, gyroscopes, radar
sensor or camera in the first blood pressure measurement
device 8 can be used for this purpose, i.e. they can be used
both to measure the pulse and the posture of the torso.
[0090] Alternatively the physiological characteristic can
comprise various signal characteristics that can be deter-
mined from a PPG waveform (signal) and blood pressure
can be obtained from a combination of features in the PPG
signal. An exemplary PPG signal is shown in FIG. 2, and the
features that can be used to determine blood pressure include
any one or more of the amplitude of the highest peak 20 in
the PPG signal, the DC value of the PPG signal, the slope or
gradient of a line connecting the foot 22 of the pulse with the
peak 20 of the pulse, or the location (in time) of the dicrotic
notch 24,

[0091] It will be appreciated that a PPG signal can be
obtained by a light sensor that is in contact with the skin of
the subject, or by analysis of video images obtained by a
camera or other video or image sensor that is remote from
the body of the subject. Techniques for extracting a PPG
signal from a video sequence are known in the art and are not
described herein.

[0092] The above types of blood pressure measurement
devices and their construction and method of operation will
be well known to those skilled in the art, and thus detailed
explanations are not provided in this document.

[0093] As noted above, the apparatus 2 determines a
calibration parameter for the first blood pressure measure-
ment device 8 by obtaining measurements of the physiologi-
cal characteristic measured by the first blood pressure mea-
surement device 8 in two different postures of the torso of
the subject. Therefore, in some embodiments, the apparatus
2 can further comprise, or be connected to, a posture sensor
10 that obtains measurements of the posture of the torso of
the subject, or measurements that can be processed to
determine the posture of the torso of the subject.

[0094] For example, the posture sensor 10 can be one or
more accelerometers or gyroscopes that are located on or
worn by the subject and that are in a known orientation with
respect to the subject, and the posture of the torso of the
subject can be determined by determining the direction of
gravity (i.e. representing the vertical direction in the earth’s
frame of reference) in the acceleration measurements or the
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rotation (given by the gyroscope measurements) from a
known orientation/posture. Alternatively, the posture sensor
10 can comprise a camera or radar sensor whose images or
measurements can be processed to identify the position or
posture of the torso of the subject.

[0095] As noted above, where the first blood pressure
measurement device 8 comprises two or more accelerom-
eters or gyroscopes that measure the arrival of a pulse at the
location of the accelerometer or gyroscope, one or both of
these accelerometers or gyroscopes can act as the posture
sensor 10 and thus no separate accelerometer or gyroscope
is required for use with the apparatus 2. Thus in these
embodiments, no additional posture sensor 10 is required in
the apparatus 2.

[0096] Alternatively, where the apparatus 2 is to be used
to measure the blood pressure of a subject that is lying on a
bed or sat in a chair (e.g. in a hospital, ICU or OR setting),
the posture sensor 10 can be a sensor on or in the bed or chair
that indicates the tilt angle of the bed or chair. This tilt angle
can be the angle of the entire bed or chair or the angle of a
part of the bed or chair that supports the torso of the subject
(e.g. an angle of an upper portion of the bed or backrest of
the chair).

[0097] In another alternative, the posture sensor 10 can
comprise a camera or other video or image sensor that
obtains images or a video sequence of the subject, and these
images or video sequence can be processed by the control
unit 4 or other processing unit to determine the posture of the
subject. In some embodiments, a camera or other video or
image sensor can be used in combination with an acceler-
ometer or other body-worn posture sensor 10 in order to
verify that the subject is in the posture suggested by the
body-worn sensor 10. Where the first blood pressure mea-
surement device 8 comprises a camera or radar sensor that
is used to measure pulse arrival time at one or more locations
of the body (or another physiological characteristic that is a
surrogate for blood pressure), the radar measurements or
camera images can also be processed to determine the
posture of the subject. Thus in these embodiments, no
additional posture sensor 10 is required in the apparatus 2.
[0098] Those skilled in the art will be aware of other types
of sensor that can be used to measure or observe the posture
of the subject.

[0099] In some embodiments of the invention, to reduce
the time required for the calibration procedure and/or avoid
the subject having to take any specific action, the apparatus
2 can induce or cause the torso of the subject to change
posture. In particular, where the apparatus 2 is used to
measure the blood pressure of a subject that is lying on a bed
or sat on a chair, in which case the control unit 4 can be
connected to an actuator 12 for the bed or chair that can
change the angle of the bed or chair (e.g. the angle of the
whole bed or chair or a part supporting the torso of the
subject). The actuator 12 may be a motor, piston, or any
other suitable type of actuator that can be operated in
response to a control signal from the control unit 4.
[0100] As noted above, in some embodiments the appa-
ratus 2 uses measurements of blood pressure by the second
blood pressure measurement device 14 to determine one or
more calibration parameters that relate the measurements of
the physiological characteristic by the first blood pressure
measurement device 8 to blood pressure.

[0101] Thus, in some embodiments the apparatus 2 can
also be coupled to a second blood pressure measurement

Nov. 14,2019

device 14. The second blood pressure measurement device
14 measures the blood pressure of the subject, and the
measurements of blood pressure can be provided to the
control unit 4. The control unit 4 can control the taking or
triggering of blood pressure measurements by the second
blood pressure measurement device 14.

[0102] The apparatus 2 can be coupled to the second blood
pressure measurement device 14 using any suitable means or
type of connection, for example using wires, or using a
wireless connection (e.g. a short or long range communica-
tion protocol such as Bluetooth, Wi-Fi, 3G or 4G cellular
communications, etc.).

[0103] The second blood pressure measurement device 14
is a different type of blood pressure measurement device to
the first blood pressure measurement device 8 and measures
blood pressure using a different technique to the first blood
pressure measurement device 8.

[0104] In contrast to the first blood pressure measurement
device 8, the second blood pressure measurement device 14
is a type of measurement device that does not require regular
calibration using measurements from another blood pressure
measurement device in order to provide accurate, or suffi-
ciently accurate, measurements of blood pressure. The sec-
ond blood pressure measurement device 14 is typically a
device that can be used to obtain intermittent measurements
of blood pressure, although one that does so with relatively
high accuracy. The second blood pressure measurement
device 14 preferably uses a so-called ‘direct” measurement
to determine the blood pressure, although the second blood
pressure measurement device 14 is preferably not a device
that obtains the measurement invasively. For example, the
second blood pressure measurement device 14 can comprise
an inflatable cuff and a sound sensor that is used to detect
Korotkoff sounds as the cuff is inflated and/or deflated (this
type of device uses the auscultatory technique).

[0105] Alternatively, the second blood pressure measure-
ment device 14 can use the oscillometric technique in which
the device 14 comprises an inflatable cuff and a pressure
sensor and the pressure in the inflatable cuff is measured and
the oscillations in the pressure analysed to determine the
blood pressure.

[0106] As another alternative, the second blood pressure
measurement device 14 can be an invasive device that is
implanted in the body, for example in an artery, and that
directly measures the blood pressure. It will be appreciated
that although these types of devices can provide continuous
or semi-continuous measurements of blood pressure, they
may be subject to battery constraints, and thus the implanted
device may be used in a power saving mode to maximise the
battery life and thus may only be used to obtain the blood
pressure measurements required for calibrating the first
blood pressure measurement device 8.

[0107] In some embodiments, the second blood pressure
measurement device 14 can be a type of device that is
self-calibrating (i.e. a device that does require calibrating to
obtain accurate measurements, but does not require the use
of another blood pressure measurement device to do so).
Examples include volume-clamp based blood pressure mea-
surement devices, which use a cuff on a finger or other
peripheral part of the body of the subject and a PPG sensor.
It will be appreciated that although these types of devices
can provide continuous or semi-continuous measurements
of blood pressure, they may cause discomfort to the subject
by the continuous pressure on the finger, and thus the
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volume-clamp device may be used in a ‘comfort” mode to
minimise the patient discomfort and thus may only be used
to obtain the blood pressure measurements required for
calibrating the first blood pressure measurement device 8,
while the cuff may be deflated the rest of the time.

[0108] In other embodiments, the second blood pressure
measurement device 14 can be based on applanation tonom-
etry.

[0109] These types of blood pressure measurement
devices and their construction and method of operation will
be well known to those skilled in the art, and thus detailed
explanations are not provided in this document.

[0110] The control unit 4 controls the operation of the
apparatus 2, for example controlling the triggering of the
collection of physiological characteristic measurements by
the first blood pressure measurement device 8 and the
processing to determine the calibration parameters for the
first blood pressure measurement device 8. The control unit
4 can also control other functions and operations of the
apparatus 2. The control unit 4 can be implemented in
numerous ways, with software and/or hardware, to perform
the various functions required. The control unit 4 may
comprise one or more microprocessors that may be pro-
grammed using software to perform the required functions.
The control unit 4 may be implemented as a combination of
dedicated hardware to perform some functions and a pro-
cessor (e.g., one or more programmed microprocessors and
associated circuitry) to perform other functions. Examples
of processing components that may be employed in various
embodiments of the present disclosure include, but are not
limited to, conventional microprocessors, application spe-
cific integrated circuits (ASICs), and field-programmable
gate arrays (FPGAs).

[0111] In various implementations, the control unit 4 may
be associated with one or more storage media, shown as
memory unit 6 in FIG. 1. The memory unit 6 can be part of
the control unit 4, or it can be a separate component in the
apparatus 2 that is connected to the control unit 4. The
memory unit 6 can comprise any suitable or desired type of
volatile or non-volatile computer memory such as RAM,
PROM, EPROM, and EEPROM. The memory unit 6 can be
used for storing computer program code that can be
executed by the control unit 4 to perform the method
described herein. The memory unit 6 can also be used to
store signals or measurements from the first blood pressure
measurement device 8, and/or information relating to the
calibration of the first blood pressure measurement device 8.

[0112] In some embodiments, the first blood pressure
measurement device 8 and the other potential components
(i.e. the posture sensor 10, the actuator 12 and the second
blood pressure measurement device 14) are separate from
the apparatus 2 (i.e. they are separate devices). As noted
above, the apparatus 2 can be coupled to the first blood
pressure measurement device 8 wirelessly or using wires. In
these embodiments the apparatus 2 can be implemented by
a personal electronic device such as a smartphone, tablet
computer, laptop computer or desktop computer, or elec-
tronic device present in a clinical environment, such as a
bedside monitor, patient monitoring system, sensor array,
etc. In some embodiments, the apparatus 2 can be imple-
mented in a computer or server that is remote from the first
blood pressure measurement device 8 (e.g. the apparatus 2
could be located in the cloud, i.e. accessible via the Internet).
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[0113] In other embodiments, the first blood pressure
measurement device 8 is part of (i.e. integral with) the
apparatus 2, and the apparatus 2 can be coupled (e.g. using
wires or wirelessly).

[0114] It will be appreciated that FIG. 1 only shows the
components required to illustrate various embodiments of
the apparatus 2, and in a practical implementation the
apparatus 2 will comprise additional components to those
shown. For example, the apparatus 2 may comprise a battery
or other power supply for powering the apparatus 2, a
communication module for enabling the blood pressure
measurements or determined calibration parameters for the
blood pressure measurements by the first blood pressure
measurement device 8 to be communicated to another
device, e.g. a remote computer (e.g. that stores health
parameter measurement records for the subject) and/or one
or more user interface components that allow the subject or
another user to interact and control the apparatus 2. As an
example, the one or more user interface components could
comprise a switch, a button or other control means for
activating and deactivating the apparatus 2 and/or calibra-
tion parameter determination process. The user interface
components can also or alternatively comprise a display or
other visual indicator for providing information to the sub-
ject and/or other user about the operation of the apparatus 2,
including displaying information on a determined blood
pressure.

[0115] In some embodiments, the apparatus 2 and first
blood pressure measurement device 8 (and optional posture
sensor 10 and/or second blood pressure measurement device
14) can be integrated into an item of clothing, for example
a shirt or jumper.

[0116] The flow chart in FIG. 3 illustrates a method of
determining a calibration parameter for the first blood pres-
sure measurement device 8 in accordance with an aspect.
This method can be implemented or performed by the
control unit 4. Since the first blood pressure measurement
device 8 is to be used to continuously or semi-continuously
measure a physiological characteristic in the subject and
requires calibration before sufficiently accurate blood pres-
sure measurements can be obtained from those physiological
characteristic measurements, the method of FIG. 3 can be
performed when the first blood pressure measurement
device 8 is first activated. The method of FIG. 3 can also be
performed periodically in order to recalibrate the first blood
pressure measurement device 8 (e.g. every few minutes or
every hour, etc.) or as required (e.g. when the physiological
characteristic being measured by the first blood pressure
measurement device 8 has changed by more than a threshold
amount).

[0117] In step 101, a measurement of the surrogate physi-
ological characteristic of the subject is obtained using the
first blood pressure measurement device 8. This step may
comprise the control unit 4 outputting a suitable control or
trigger signal to the first blood pressure measurement device
8 to cause the first blood pressure measurement device 8 to
perform a physiological characteristic measurement, or,
since the first blood pressure measurement device 8 may be
continuously measuring the physiological characteristic, this
step may comprise the control unit 4 receiving or obtaining
the most recent physiological characteristic measurement
from the first blood pressure measurement device 8. This
physiological characteristic measurement is referred to as
the “first” physiological characteristic measurement and is
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obtained when the torso of the subject is in a “first” posture.
This posture can be lying down (face up, face down or lying
on the side), e.g. with the torso at an angle o of 0° with
respect to a horizontal plane, sitting upright (e.g. with the
torso at an angle o of 90° with respect to the horizontal
plane), or lying an angle between a flat and upright posture
(e.g. with the torso at an angle o between 0° and 90° with
respect to the horizontal plane). It will be appreciated that,
for the purposes of this invention, the posture of the torso
corresponds to the angle of the longitudinal axis of the torso
with respect to the earth’s reference frame (where the angle
can be measured with respect to a vertical direction, e.g.
corresponding to the direction of gravity, or a horizontal
direction, e.g. corresponding to a direction that is perpen-
dicular to the direction of gravity).

[0118] As noted above, in preferred embodiments the
physiological characteristic is measured at a central site on
the body in order to derive a central measurement of the
blood pressure. For example the physiological characteristic
can be the pulse wave velocity (PWV) which is derived from
the pulse transit time (PTT), which is itself determined by
measuring the arrival of a pulse at two different locations in
the body of the subject (e.g. in the femoral artery and carotid
artery). Thus step 101 can comprise obtaining a measure-
ment of the arrival time of a pulse at two locations and
deriving the PTT and PWV therefrom.

[0119] Next, in step 103, which takes place when the torso
of the subject is in a different (second) posture to that used
in step 101 (i.e. the torso is at a different angle in step 103
than in step 101), the control unit 4 obtains another mea-
surement of the physiological characteristic using the first
blood pressure measurement device 8. This physiological
characteristic measurement is referred to as the ‘second’
physiological characteristic measurement. As with step 101,
since the first physiological characteristic measurement
device 8 is monitoring the physiological characteristic con-
tinuously or semi-continuously, step 103 may comprise the
control unit 4 obtaining a current physiological characteris-
tic measurement from the first blood pressure measurement
device 8, rather than the control unit 4 explicitly requesting
a physiological characteristic measurement at that time.
Alternatively however, this step can comprise the control
unit 4 controlling the first blood pressure measurement
device 8 to make a measurement of the physiological
characteristic.

[0120] Itwill be appreciated that for the calibration param-
eter to be determined, the difference in the postures (angle)
between steps 101 and 103 should be sufficient for there to
be a change in the blood pressure of the subject. Thus, it is
not necessarily required for the torso of the subject to change
between a flat lying posture and an upright posture (or vice
versa). Typically an angular change of the torso of 10° to 20°
from a flat lying positing towards an upright posture is
sufficient to generate a blood pressure difference larger than
the typical error spread of 4 to 8 mmHg for oscillometric BP
measurement devices, and thus the posture change between
steps 101 and 103 can be of the order of 10° or more.
[0121] In step 105, the control unit 4 determines the
change in the posture of the torso from the first posture to the
second posture. This step can comprise analysing the signal
output by posture sensor 10 (or accelerometer in the first
blood pressure measurement device 8 in the preferred
embodiment) over time to identify the change in posture. In
some embodiments, the change in posture determined in
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step 105 can be determined as the angle by which the torso
has changed. In the case of an accelerometer, it will be
appreciated that the angle can be determined as the angle by
which the direction of gravity has changed in the acceler-
ometer’s frame of reference.

[0122] It will be appreciated that in some embodiments
step 105 can be performed before step 103 in order for the
control unit 4 to determine that a posture change has
occurred before triggering or initiating the second measure-
ment of the physiological characteristic in step 103. This
may be useful where the posture change is not directly
caused by the control unit 4 (e.g. where the control unit 4
simply waits for the subject to change their posture naturally
or where the control unit provides a prompt or instruction to
the subject to change their posture). In other embodiments,
particularly embodiments where the control unit 4 directly
causes a change in posture (e.g. by causing the actuation of
a bed or chair), steps 103 and 105 can be performed in the
order shown in FIG. 3.

[0123] After determining the change in posture in step
105, the control unit 4 estimates a change in the blood
pressure or the physiological characteristic of the subject
caused by the posture change (step 107). In some embodi-
ments, the control unit 4 uses the posture change determined
in step 105 to determine the change in height of a location
at which the physiological characteristic is being measured
with respect to the heart, and estimates the change in blood
pressure from the determined change in height. In particular,
the control unit 4 estimates the hydrostatic pressure change
caused by the change in posture. As known, a hydrostatic
pressure change shows itself in the blood pressure as a
reduction in the blood pressure at measurement sites that are
elevated relative to the heart level and an increase in the
blood pressure at measurement sites that are lowered relative
to the heart level. In alternative embodiments, in step 107 the
control unit 4 uses the posture change determined in step 105
to determine the change in the physiological characteristic
that is used as a surrogate measure of blood pressure. For
example the control unit 4 can determine a change in pulse
transit time (PTT) caused by the posture change. Examples
of both embodiments are described below.

[0124] In order to get an estimation of the blood pressure
change due to a posture change, in some embodiments, an
estimation is made for the blood pressure change due to the
body response and this estimation is added to a calculated or
estimated hydrostatic pressure change. In other embodi-
ments, the estimated blood pressure change only incorpo-
rates the hydrostatic effect and neglects the effect of the
change in blood pressure due to a body response. This could
be applied to situations where the second physiological
characteristic measurement is performed before the body has
responded to the change in posture and to situations where
only the upper body (and not the legs) changes angle, such
as in a bed where the legs stay horizontal while the upper
part of the bed changes angle. Two specific embodiments
where this is applied are given in the next two paragraphs.
[0125] In the first embodiment, the surrogate blood pres-
sure measurement is based on only one sensor on a single
location on the body. For example, the features in the PPG
signal of a sensor in the neck, at a distance D from the heart,
are used. This is illustrated in FIG. 4. FIG. 4 shows a subject
30 in two different postures, lying flat in FIG. 4(a) and lying
with their torso (upper body) at an angle o in FIG. 4(b). The
subject 30 is shown in block form with a head 32, torso 34
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and legs 36. The central axis of the torso 34 (also known as
the longitudinal axis) is shown by dashed line 38. The heart
of the subject is shown as point 39, and there is a distance
D between the heart and the point at which the PPG signal
is measured in the neck. Thus when the subject 30 is lying
flat in FIG. 4(a) there is no difference in the height of the
location of the sensor and the heart, but there is a height
difference H,;=D.(sin o) between the sensor location and
the heart when the torso 34 is at an angle o with respect to
the horizontal plane. Thus, the hydrostatic pressure change
when changing from the lying posture in FIG. 4(a) to
posture at angle ¢ in FIG. 4(b) is given by pgH, . When
changing posture from angle a=c; to angle o=a.,, the
hydrostatic pressure change is caused by a change from
H [{o,) to H,4(c,) and is thus equal to pgD.(sin a,;-sin o).
Therefore it can be seen that, a change in the posture of the
torso will lead to a predictable blood pressure change, and
this blood pressure change can be used with the measure-
ments of the physiological characteristic obtained in steps
101 and 103 to determine the calibration parameters.
[0126] In the second embodiment, where a change in the
physiological characteristic due to the posture change is
estimated, the surrogate blood pressure measurement (physi-
ological characteristic measurement) can be the pulse transit
time of the carotid-femoral path. A change in angle o affects
the blood pressure everywhere along the carotid-femoral
path in a different way. Therefore the local blood pressure
should be considered to determine the pulse wave velocity
PWV. In a first approximation, it is assumed that the arterial
path from the carotid to the femoral artery is straight,
parallel to the central axis of the torso 34 (also known as the
longitudinal axis, shown as dashed line 38 in FIG. 5), and
has length 1. Length 1 is a subject-dependent parameter (i.e.
different for different subjects) that may have been measured
or estimated and input into the apparatus 2 during a set up
phase. Coordinate x runs along the longitudinal axis 38 of
the torso and starts at zero at the pulse location of the
femoral artery. Blood pressure P is a function of x and a:

P(x, o)=Py—pgx.sin(o) 0

[0127] where P, is the blood pressure at x=0. Next, the
pulse wave velocity is approximated to be linearly related to
the blood pressure:

PWV=mP+n 2

[0128] where m and n are the calibration parameters that
should be determined from the calibration procedure. Sub-
stituting equation (1) in equation (2) gives:

PWV=m(Py-pgx.sin(a))+n (3)
[0129] The pulse transit time PTT is the integral of the
PWYV over the distance, thus

PTT(@) = fl dx ©)]
Y= ), PwVP@)

[0130] Substituting equation (3) in equation (4) finally
gives the result:

moglsin(a) 5

PTT(a)= -

1
. ln‘l —
mpgsin(a) mP+n
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[0131] Thus, PTT can be determined in the first and
second postures (i.e. with first and second values of at), and
thus when PTT and a are known before the posture change
and after the posture change, calibration parameters m and
n can be determined in step 107.

[0132] FIG. 6 shows how PTT behaves as a function of a
for several values of 1 (and thus shows the difference
between subject with a long torso and those with a short
torso) in FIG. 6(a), several values of m in FIG. 6(b) and
several values of n in FIG. 6(c). m is 0.05 m/s/mmHg in
FIGS. 6(a) and 6(¢), n is 0.05 m/s in FIGS. 6(a) and 6(5),
and 11s 50 cm in FIGS. 6(5) and 6(c). In FIG. 6(a) lines for
three different values of 1 are shown, 1=40 cm (line 50), 1=50
cm (line 52) and 1=60 cm (line 54). In FIG. 6(%) lines for
three different values of m are shown, m=0.02 m/s/mmHg
(line 60), m=0.05 m/s/mmHg (line 62) and m=0.08 m/s/
mmHg (line 64). In FIG. 6(c) lines for three different values
of n are shown, n=0.005 m/s (line 70), n=0.05 m/s (line 72)
and n=0.5 m/s (line 74).

[0133] Thus, as explained by means of the two examples
in the previous two paragraphs, after step 107, the control
unit 4 determines one or more calibration parameters for the
first blood pressure measurement device 8 from an analysis
of the first physiological characteristic measurement, the
second physiological characteristic measurement, and the
estimated change in blood pressure or change in the physi-
ological characteristic due to the posture change (step 109).
That is, the control unit 4 determines one or more calibration
parameters that are to be applied to subsequent physiological
characteristic measurements by the first blood pressure
measurement device 8 in order to provide accurate (or
sufficiently accurate) measurements of the blood pressure of
the subject. Typically that is done by means of regression or
parameter estimation, i.e. a modeled functional relation or
other mathematical relationship that maps a surrogate physi-
ological characteristic measurement to blood pressure is
fitted to the measured surrogate measurements (i.e. the
measurements of the physiological characteristics obtained
in steps 101 and 103) and the estimated change in blood
pressure or the physiological characteristic. As an outcome
of the fitting (mapping), the values for the one or more
calibration parameters are obtained.

[0134] Once the one or more calibration parameters have
been determined in step 109, the control unit 4 or the first
blood pressure measurement device 8 (as appropriate) can
use the one or more calibration parameters to determine
blood pressure measurements of the subject. This step is not
shown in FIG. 3. In particular, the control unit 4 can control
or trigger the first blood pressure measurement device 8 to
obtain at least one further physiological characteristic mea-
surement (which is referred to as the ‘third” physiological
characteristic measurement). The one or more calibration
parameters determined in step 109 are used in the math-
ematical function that relates the third physiological char-
acteristic measurement (e.g. PTT or PWV) to blood pres-
sure. This blood pressure measurement is referred to as a
‘calibrated measurement’ of blood pressure. The physiologi-
cal characteristic can be continuously or semi-continuously
measured to provide a continuous or semi-continuous mea-
surement of the blood pressure of the subject.

[0135] As noted above, in some embodiments the control
unit 4 can cause the change in posture of the subject 30.
Thus, in some embodiments, the method further comprises
a step of causing a change in the posture of the torso 34
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between steps 101 and 103. In some cases the control unit
4 can provide an instruction or command to the subject 30
or to a care provider (for example an audio and/or visual
instruction) so that the subject 30 changes their posture
themselves, or the care provider changes the subject’s pos-
ture, for example by changing the angle of the bed that the
subject 30 is lying on or changing the angle of the chair that
the subject 30 is sitting on. Alternatively the control unit 4
can output a control signal to the actuator 12 in order to
automatically change the angle of the bed or chair on which
the subject 30 is lying or sitting. In some embodiments, the
control unit 4 can first issue an instruction or command to
the subject or care provider that a change in posture is
required, and if the change in posture does not occur within
a specified time period, the control unit 4 can output a
control signal to the actuator 12 in order to automatically
change the angle of the bed or chair on which the subject 30
is lying or sitting.

[0136] Inembodiments where the control unit 4 caused the
change in posture (e.g. by controlling the actuation of the
bed or chair angle), after obtaining the second measurement
of the physiological characteristic in step 103, the control
unit 4 may control the actuator 12 to return the bed or chair
to the original angle (e.g. the angle for the first physiological
characteristic measurement in step 101).

[0137] Insomeembodiments, to make sure that the second
physiological characteristic measurement in step 103 is
reliable, the control unit 4 can analyse the physiological
characteristic measurement made by the first blood pressure
measurement device 8 to determine if the physiological
characteristic is stable (i.e. constant) at the time of the
second physiological characteristic measurement. That is,
after the posture of the torso changes, it may take a few
seconds (or longer) for the blood pressure of the subject to
adjust, and thus it can be useful to wait for a certain time for
the physiological characteristic to stabilise before obtaining
the second physiological characteristic measurement in step
103. Thus, in some embodiments, the control unit 4 can
analyse the measurement of the physiological characteristic,
for example the PWYV, the PAT, the PTT, or analyse relevant
characteristics of the measurement signal itself (i.e. the
characteristics relevant to determining the blood pressure),
e.g. the PPG signal, the accelerometer signal or the ECG
signal, to determine if the relevant characteristics are con-
stant or substantially constant (i.e. they do not vary by more
than a threshold amount) during a time period. If the
physiological characteristics are not constant (or not sub-
stantially constant), the control unit 4 can wait until they are
constant or substantially constant before obtaining the sec-
ond physiological characteristic measurement in step 103.

[0138] The method in FIG. 3 can be performed when the
first blood pressure measurement device 8 is first activated.
In some embodiments, the method in FIG. 3 can be repeated
periodically to determine a new or updated calibration
parameter. Alternatively the method in FIG. 3 can be
repeated after a certain time has elapsed since the calibration
parameter was determined. As another alternative, the
method in FIG. 3 can be repeated when features or charac-
teristics in the surrogate physiological characteristic mea-
surement have changed considerably. For example, the
method in FIG. 3 can be repeated when the difference of a
feature or physiological characteristic measurement com-
pared with its value from the time of the last calibration
measurement exceeds a defined threshold. In a specific
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example, in the case of a PPG signal, a considerable change
can be considered as a change in the amplitude (i.e. the AC
value) of the PPG signal by 10%. In another specific
example, in the case of a PPG signal, a considerable change
can be considered as a change in the DC value of the PPG
signal by 10%. As another alternative, the method in FIG. 3
can be repeated when the difference between a blood pres-
sure measurement determined from the physiological char-
acteristic measurement compared with a blood pressure
measurement determined from a physiological characteristic
measurement obtained just after the calibration parameter
was determined (e.g. the third physiological characteristic
measurement) exceeds a defined threshold. In yet another
alternative, measurements from another sensor that mea-
sures a physiological characteristic of the subject can be
used to determine if a recalibration needs to be performed.
The physiological characteristic can be heart rate, the pres-
ence of arthythmia, a change in fluid volume, etc.

[0139] It will be appreciated that although the method in
FIG. 3 only requires a single measurement by the first blood
pressure measurement device 8 before and after the change
in blood pressure occurs, it would be possible to perform the
calibration using additional physiological characteristic
measurements. In this case, the method could comprise
obtaining a measurement of the physiological characteristic
when the torso is in a third posture (that is different to the
first and second postures), estimating a change in blood
pressure of the subject 30 based on the change in posture to
the third posture and then determining a calibration param-
eter using the three physiological characteristic measure-
ments and the two estimates of blood pressure change.

[0140] The flow chart in FIG. 7 illustrates a method of
determining a calibration parameter for the first blood pres-
sure measurement device 8 in accordance with a second
aspect. In this aspect, rather than estimating a change in the
blood pressure as a result of the change in posture of the
torso in step 107, the method according to the second aspect
uses a second blood pressure measurement device 14 to
obtain reference blood pressure measurements in the first
posture and the second posture and uses these reference
measurements to determine the calibration parameters.

[0141] These reference blood pressure measurements may
be obtained in a relatively short space of time (e.g. a few
seconds or up to a minute or two apart). Where the second
blood pressure measurement device 14 uses a cuff to obtain
the blood pressure measurements, it can be difficult to obtain
two reliable blood pressure measurements in this period of
time as it can take several minutes for the blood flow to
return to a normal state after a cuff is deflated. Thus, in some
embodiments, to avoid this problem, the second blood
pressure measurement device 14 can comprise means to
enable measurements to be obtained from two different sites
on the subject’s body (e.g. from both arms). Thus, in some
embodiments the second blood pressure measurement
device 14 comprises two inflatable cuffs and respective
sensors (e.g. sound sensors in the case of an auscultatory
measurement and pressure sensors in the case of an oscil-
lometric measurement) that are used on different limbs (e.g.
different arms), with one cuff being used to obtain one of the
blood pressure measurements and the other cuff being used
to obtain the other blood pressure measurement. It will be
appreciated that in embodiments in which the second blood
pressure measurement device 10 comprises means to enable
measurements to be obtained from two different sites on the
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subject’s body, the second blood pressure measurement
device 10 may comprise two separate blood pressure mea-
surement devices. This has several advantages in that the
calibration process is less uncomfortable for the subject
(since using the same cuff twice in a short space of time can
be painful), the calibration process is more reliable since
there is no influence on the second measurement from the
first measurement, and the measurements can be performed
quicker, since it is not necessary to complete the deflation of
one cuff before starting the inflation of the other.

[0142] The method in FIG. 7 can be implemented or
performed by the control unit 4. Since the first blood
pressure measurement device 8 is to be used to continuously
or semi-continuously to measure a physiological character-
istic in the subject 30 and requires calibration before suffi-
ciently accurate blood pressure measurements can be
obtained from those physiological characteristic measure-
ments, the method of FIG. 7 can be performed when the first
blood pressure measurement device 8 is first activated. The
method of FIG. 7 can also be performed periodically in order
to recalibrate the first blood pressure measurement device 8
(e.g. every few minutes or every hour, etc.) or as required
(e.g. when the physiological characteristic being measured
by the first blood pressure measurement device 8 has
changed by more than a threshold amount).

[0143] Instep 121, a measurement of the surrogate physi-
ological characteristic of the subject is obtained using the
first blood pressure measurement device 8. This step may
comprise the control unit 4 outputting a suitable control or
trigger signal to the first blood pressure measurement device
8 to cause the first blood pressure measurement device 8 to
perform a physiological characteristic measurement, or,
since the first blood pressure measurement device 8 may be
continuously measuring the physiological characteristic, this
step may comprise the control unit 4 receiving or obtaining
the most recent physiological characteristic measurement
from the first blood pressure measurement device 8. This
physiological characteristic measurement is referred to as
the “first’ physiological characteristic measurement and is
obtained when the torso of the subject is in a “first’ posture.
As in the first aspect, this posture can be lying down (face
up, face down or lying on the side), e.g. with the torso at an
angle of 0° with respect to a horizontal plane, sitting upright
(e.g. with the torso at an angle of 90° with respect to the
horizontal plane). or lying an angle between a flat and
upright posture (e.g. with the torso at an angle between 0°
and 90° with respect to the horizontal plane).

[0144] As in the first aspect, in preferred embodiments the
physiological characteristic is measured at a central site on
the body in order to derive a central measurement of the
blood pressure. For example the physiological characteristic
can be the pulse wave velocity (PWV) which is derived from
the pulse transit time (PTT), which is itself determined by
measuring the arrival of a pulse at two different locations in
the body of the subject (e.g. in the femoral artery and carotid
artery). Thus step 121 can comprise obtaining a measure-
ment of the arrival time of a pulse at two locations and
deriving the PTT and PWV therefrom.

[0145] In step 123, the second blood pressure measure-
ment device 14 is controlled by the control unit 4 to obtain
ablood pressure measurement of the subject 30 (for example
by the control unit 4 outputting a suitable control or trigger
signal to the second blood pressure measurement device 14).
This blood pressure measurement is referred to as the “first’
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blood pressure measurement or a “first calibration measure-
ment’. Steps 121 and 123 can be performed at the same time,
or performed (in either order) sufficiently close in time that
no change in the blood pressure of the subject 30 will have
occurred between the taking of the first physiological char-
acteristic measurement and the first blood pressure measure-
ment. For example the first physiological characteristic
measurement and the first blood pressure measurement can
be obtained during the same breathing cycle (i.e. within the
same breath). Alternatively, for subjects with a stable blood
pressure (i.e. where the blood pressure is relatively constant
over time), the time between the first physiological charac-
teristic measurement and the first blood pressure measure-
ment can be a few seconds, or even a few minutes.

[0146] Next, in step 125, which takes place when the torso
of the subject is in a different (second) posture to that used
in step 121, and specifically takes place when the site at
which the surrogate measure of blood pressure is being
measured is at a different height with respect to the heart
than in step 121 (i.e. the torso is at a different angle in step
125 than in steps 121/123), subject 30, the control unit 4
obtains another measurement of the physiological charac-
teristic using the first blood pressure measurement device 8.
This physiological characteristic measurement is referred to
as the ‘second’ physiological characteristic measurement. As
with step 121, since the first physiological characteristic
measurement device 8 is monitoring the physiological char-
acteristic continuously or semi-continuously, step 125 may
comprise the control unit 4 obtaining a current physiological
characteristic measurement from the first blood pressure
measurement device 8, rather than the control unit 4 explic-
itly requesting a physiological characteristic measurement at
that time. Alternatively however, this step can comprise the
control unit 4 controlling the first blood pressure measure-
ment device 8 to make a measurement of the physiological
characteristic.

[0147] Ttwill be appreciated that for the calibration param-
eter to be determined, the difference in the postures (angle)
between steps 121/123 and 125 should be sufficient for there
to be a change in the blood pressure of the subject. Thus, it
is not necessarily required for the torso of the subject to
change between a flat lying posture and an upright posture
(or vice versa). Typically an angular change of the torso of
10° to 20° from a flat lying positing towards an upright
posture is sufficient to generate a blood pressure difference
larger than the typical error spread of 4 to 8 mmHg for
oscillometric BP measurement devices, and thus the posture
change between steps 121/123 and 125 can be of the order
of 10° or more.

[0148] While the torso of the subject 30 is in the second
posture, the control unit 4 also controls the second blood
pressure measurement device 14 to obtain another blood
pressure measurement of the subject 30 (step 127). This
blood pressure measurement is referred to the ‘second’
blood pressure measurement or a ‘second’ calibration mea-
surement’. As noted above, in some embodiments the sec-
ond blood pressure measurement device 14 can include
means to enable the second blood pressure measurement
device 14 to obtain blood pressure measurements from two
different sites on the subject’s body. For example the second
blood pressure measurement device 14 can comprise two
inflatable cuffs, in which case step 127 can comprise obtain-



US 2019/0343407 A1l

ing the second blood pressure measurement 14 using a
different cuff to that used in step 123 to obtain the second
blood pressure measurement.

[0149] As with the first physiological characteristic mea-
surement and the first blood pressure measurement, steps
125 and 127 can be performed at the same time, or they can
be performed sufficiently close in time (in either order) that
no change in the blood pressure of the subject 30 will have
occurred between the taking of the second physiological
characteristic measurement and the second blood pressure
measurement. The other requirements described above for
the relative timing of the first physiological characteristic
measurement and the first blood pressure measurement can
apply also to the relative timing of the second physiological
characteristic measurement and the second blood pressure
measurement.

[0150] After step 127, the control unit 4 determines one or
more calibration parameters for the first blood pressure
measurement device 8 from an analysis of the first physi-
ological characteristic measurement, the second physiologi-
cal characteristic measurement, the first blood pressure
measurement and the second blood pressure measurement
(step 129). That is, the control unit 4 determines one or more
calibration parameters that are to be applied to subsequent
physiological characteristic measurements by the first blood
pressure measurement device 8 in order to provide accurate
(or sufficiently accurate) measurements of the blood pres-
sure of the subject 30. Typically that is done by means of
regression, i.e. a modeled functional relation or other math-
ematical relationship that maps a surrogate physiological
characteristic measurement to blood pressure 1s fitted to the
measured surrogate measurements (i.e. the measurements of
the physiological characteristics obtained in steps 121 and
125) and blood pressure measurements from the second
blood pressure measurement device 14. As an outcome of
the fitting (mapping), the values for the one or more cali-
bration parameters are obtained.

[0151] Once the one or more calibration parameters have
been determined in step 129, the control unit 4 or the first
blood pressure measurement device 8 (as appropriate) can
use the one or more calibration parameters to determine
blood pressure measurements of the subject 30. This step is
not shown in FIG. 7. In particular, the control unit 4 can
control or trigger the first blood pressure measurement
device 8 to obtain at least one further physiological charac-
teristic measurement (which is referred to as the ‘third’
physiological characteristic measurement). The one or more
calibration parameters determined in step 129 are used in the
mathematical function that relates the third physiological
characteristic measurement (e.g. PAT) to blood pressure.
This blood pressure measurement is referred to as a ‘cali-
brated measurement’ of blood pressure. The physiological
characteristic can be continuously or semi-continuously
measured to provide a continuous or semi-continuous mea-
surement of the blood pressure of the subject.

[0152] After the one or more calibration parameters have
been determined in step 129 (or perhaps once the second
physiological characteristic measurement and second blood
pressure measurement have been obtained in steps 125 and
127), the second blood pressure measurement device 14 can
be deactivated (i.e. the cuff deflated, if the second blood
pressure measurement device 14 comprises a cuff), since it
is only required for determining the one or more calibration
parameters. The second blood pressure measurement device
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14 may subsequently be reactivated or used when a calibra-
tion parameter is to be updated.

[0153] In some embodiments the control unit 4 can cause
the change in posture of the subject 30. Thus, in some
embodiments, the method further comprises a step of caus-
ing a change in the posture of the torso 34 between steps 123
and 125. In some cases the control unit 4 can provide an
instruction or command to the subject 30 or to a care
provider (for example an audio and/or visual instruction) so
that the subject 30 changes their posture themselves, or the
care provider changes the subject’s posture, for example by
changing the angle of the bed that the subject 30 is lying on
or changing the angle of the chair that the subject 30 is
sitting on. Alternatively the control unit 4 can output a
control signal to the actuator 12 in order to automatically
change the angle of the bed or chair on which the subject 30
is lying or sitting. In some embodiments, the control unit 4
can first issue an instruction or command to the subject or
care provider that a change in posture is required, and if the
change in posture does not occur within a specified time
period, the control unit 4 can output a control signal to the
actuator 12 in order to automatically change the angle of the
bed or chair on which the subject 30 is lying or sitting.
[0154] Inembodiments where the control unit 4 caused the
change in posture (e.g. by controlling the actuation of the
bed or chair angle), after obtaining the second measurement
of the physiological characteristic in step 125 and the second
blood pressure measurement in step 127, the control unit 4
may control the actuator 12 to return the bed or chair to the
original angle (e.g. the angle for the first physiological
characteristic measurement in step 121).

[0155] In some embodiments, to make sure that the first
blood pressure measurement and the second blood pressure
measurement are reliable, the control unit 4 can analyse the
physiological characteristic measurement made by the first
blood pressure measurement device 8 to determine if the
blood pressure is stable (i.. constant) at the time of the
blood pressure measurement by the second blood pressure
measurement device 14. In particular, the control unit 4 can
analyse the measurement of the physiological characteristic,
for example the PWYV, the PAT, the PTT, or analyse relevant
characteristics of the measurement signal itself (i.e. the
characteristics relevant to determining the blood pressure),
e.g. the PPG signal, the accelerometer signal or the ECG
signal, to determine if the relevant characteristics are con-
stant or substantially constant (i.e. they do not vary by more
than a threshold amount) during the period in which the
second blood pressure measurement device 10 is measuring
the blood pressure. If the physiological characteristics are
not constant (or not substantially constant), the control unit
4 can discard that blood pressure measurement by the
second blood pressure measurement device 14 and perform
a new measurement when the physiological characteristics
are determined to be constant or substantially constant. In
this case, a new physiological characteristic measurement by
the first blood pressure measurement device 8 may also be
required since measurements are required by both devices 8,
14 simultaneously (or generally at the same time).

[0156] The method in FIG. 7 can be performed when the
first blood pressure measurement device 8 is first activated.
In some embodiments, the method in FIG. 7 can be repeated
periodically to determine a new or updated calibration
parameter. Alternatively the method in FIG. 7 can be
repeated after a certain time has elapsed since the calibration
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parameter was determined. As another alternative, the
method in FIG. 7 can be repeated when features or charac-
teristics in the surrogate measurement (i.e. the measurement
of the physiological characteristic that is used to determine
the blood pressure) have changed considerably. For
example, the method in FIG. 7 can be repeated when the
difference of a feature or physiological characteristic mea-
surement compared with its value from the time of the last
calibration measurement exceeds a defined threshold. In a
specific example, in the case of a PPG signal, a considerable
change can be considered as a change in the amplitude (i.e.
the AC value) of the PPG signal by 10%. In another specific
example, in the case of a PPG signal, a considerable change
can be considered as a change in the DC value of the PPG
signal by 10%. As another alternative, the method in FIG. 7
can be repeated when the difference between a blood pres-
sure measurement determined from the physiological char-
acteristic measurement compared with a blood pressure
measurement determined from a physiological characteristic
measurement obtained just after the calibration parameter
was determined (e.g. the third physiological characteristic
measurement) exceeds a defined threshold. In yet another
alternative, measurements from another sensor that mea-
sures a physiological characteristic of the subject can be
used to determine if a recalibration needs to be performed.
The physiological characteristic can be heart rate, the pres-
ence of arthythmia, a change in fluid volume, etc.

[0157] It will be appreciated that although the method in
FIG. 7 only requires a single measurement by each blood
pressure measurement device 8, 14 before and after the
change in blood pressure occurs, it would be possible to
perform the calibration using further pairs of physiological
characteristic measurements and blood pressure measure-
ments. In this case, the method could comprise obtaining
measurements of the physiological characteristic and blood
pressure when the torso is in a third posture (that is different
to the first and second postures), and then steps 125 and 127
can be performed at that different blood pressure.

[0158] There is therefore provided an improved method
and apparatus for calibrating measurements of blood pres-
sure obtained by a blood pressure measurement device.
[0159] While the invention has been illustrated and
described in detail in the drawings and foregoing descrip-
tion, such illustration and description are to be considered
illustrative or exemplary and not restrictive; the invention is
not limited to the disclosed embodiments.

[0160] Variations to the disclosed embodiments can be
understood and effected by those skilled in the art in
practicing the claimed invention, from a study of the draw-
ings, the disclosure, and the appended claims. In the claims,
the word “comprising” does not exclude other elements or
steps, and the indefinite article “a” or “an” does not exclude
a plurality. A single processor or other processing unit may
fulfil the functions of several items recited in the claims. The
mere fact that certain measures are recited in mutually
different dependent claims does not indicate that a combi-
nation of these measures cannot be used to advantage. A
computer program may be stored/distributed on a suitable
medium, such as an optical storage medium or a solid-state
medium supplied together with or as part of other hardware,
but may also be distributed in other forms, such as via the
Internet or other wired or wireless telecommunication sys-
tems. Any reference signs in the claims should not be
construed as limiting the scope.
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1. A method of determining a calibration parameter for a
first blood pressure, BP, measurement device, the method
comprising:

obtaining a first physiological characteristic measurement

of a subject using the first BP measurement device,
wherein the first BP measurement device is for obtain-
ing physiological characteristic measurements of a
physiological characteristic of the subject and for deter-
mining a BP measurement of the subject from the
physiological characteristic measurements using the
calibration parameter, wherein the first physiological
characteristic measurement is obtained when a torso of
the subject is in a first posture;

obtaining a second physiological characteristic measure-

ment of the subject using the first BP measurement
device, wherein the second physiological characteristic
measurement is obtained when the torso of the subject
is in a second, different, posture;

determining the change in the posture of the torso from

the first posture to the second posture;
estimating a change in BP of the subject or a change in the
physiological characteristic of the subject from the
determined change in the posture of the torso; and

determining the calibration parameter for determining BP
measurements from physiological characteristic mea-
surements obtained by the first BP measurement device
from an analysis of the first physiological characteristic
measurement, the second physiological characteristic
measurement and the estimated change.

2. A method as claimed in claim 1, the method further
comprising, after the step of obtaining the first physiological
characteristic measurement, the step of:

causing a change in the posture of the torso of the subject

from the first posture to the second posture.

3. A method as claimed in claim 2, wherein the step of
causing the change in the posture comprises:

providing an instruction or command to the subject or a

care provider for the subject that the posture of the torso
of the subject is to be changed; or

outputting a control signal to an actuator for a bed or chair

associated with the subject to change the angle of the
bed or chair.

4. A method as claimed in claim 1, wherein the step of
determining the change in the posture of the torso from the
first posture to the second posture comprises analysing a
measurement signal from a posture sensor.

5. A method as claimed in claim 1, wherein the first BP
measurement device comprises a physiological characteris-
tic sensor for measuring the physiological characteristic of
the subject, and wherein the step of determining the change
in the posture of the torso from the first posture to the second
posture comprises analysing a measurement signal from the
physiological characteristic sensor.

6. A method as claimed in claim 1, wherein the step of
estimating a change in BP of the subject from the determined
change in the posture of the torso comprises:

estimating a change in height of a location on the body at

which the physiological characteristic is measured rela-
tive to a heart of the subject from the first posture to the
second posture based on the determined change in
posture.

7. A method as claimed in claim 1, wherein the physi-
ological characteristic is pulse transit time, PTT, that is
obtained by measurements of pulse arrival at two different
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locations on the body of the subject that are separated by a

length 1, and wherein the step of estimating a change in the

physiological characteristic of the subject from the deter-

mined change in the posture of the torso comprises:
evaluating

1

! moglsin(a)
mogsin(@) .

PTT(0) = ‘1 -

mP+n

for each of the first and second postures, where p is the
density of blood, g is acceleration due to gravity, P is the
blood pressure, ¢ is the angle of the torso with respect to the
horizontal and m and n are calibration parameters.

8. A method as claimed in claim 1, wherein, after obtain-
ing the first physiological characteristic measurement, the
method comprises:

analysing a signal from the first BP measurement device
to determine whether the physiological characteristic is
stable; and

obtaining the second physiological characteristic mea-
surement if the physiological characteristic is deter-
mined to be stable.

9. A computer program product comprising a computer
readable medium having computer readable code embodied
therein, the computer readable code being configured such
that, on execution by a suitable computer or processor, the
computer or processor is caused to perform the method of
claim 1.

10. An apparatus for determining a calibration parameter
for a first blood pressure, BP, measurement device, the
apparatus comprising:

a control unit that is to be coupled to a first BP measure-
ment device that is for obtaining physiological charac-
teristic measurements of a physiological characteristic
of a subject and for determining a blood pressure
measurement of the subject from the physiological
characteristic measurements, wherein the control unit is
configured to:

obtain a first physiological characteristic measurement of
the subject using the first BP measurement device,
wherein the first physiological characteristic measure-
ment is obtained when a torso of the subject is in a first
posture;

obtain a second physiological characteristic measurement
of the subject using the first BP measurement device,
wherein the second physiological characteristic mea-
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surement is obtained when the torso of the subject is in
a second, different, posture;

determine the change in the posture of the torso from the

first posture to the second posture;
estimate a change in BP of the subject or a change of the
physiological characteristic of the subject from the
determined change in the posture of the torso; and

determine the calibration parameter for determining BP
measurements from physiological characteristic mea-
surements obtained by the first BP measurement device
from an analysis of the first physiological characteristic
measurement, the second physiological characteristic
measurement and the estimated change.

11. An apparatus as claimed in claim 10, wherein the
control unit is further configured to cause a change in the
posture of the torso of the subject from the first posture to the
second posture after obtaining the first physiological char-
acteristic measurement.

12. An apparatus as claimed in claim 11, wherein the
control unit is configured to cause the change in the posture
by

providing an instruction or command to the subject or a

care provider for the subject that the posture of the torso
of the subject is to be changed; or

outputting a control signal to an actuator for a bed or chair

associated with the subject to change the angle of the
bed or chair.

13. An apparatus as claimed in claim 10, wherein the
control unit is configured to determine the change in the
posture of the torso from the first posture to the second
posture by analysing a measurement signal from a posture
Sensor.

14. An apparatus as claimed in claim 10, wherein the first
BP measurement device comprises a physiological charac-
teristic sensor for measuring the physiological characteristic
of the subject, and wherein the control unit is configured to
determine the change in the posture of the torso from the first
posture to the second posture by analysing a measurement
signal from the physiological characteristic sensor.

15. An apparatus as claimed in claim 10, wherein the
control unit is further configured to analyse a signal from the
first BP measurement device to determine whether the
physiological characteristic is stable after obtaining the first
physiological characteristic measurement; and to obtain the
second physiological characteristic measurement if the
physiological characteristic is determined to be stable.
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Obtain a first physiological characteristic measurement
of a subject using the first BP measurement device
when the torso of the subject is in a first posture
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Control a second BP measurement device to obtain
a first BP measurement of the subject when the
torso of the subject is in the first posture

Obtain a second physiological characteristic measurement
of the subject using the first BP measurement device when
the torso of the subject is in a second, different, posture

Control the second BP measurement device to obtain a
second BP measurement of the subject when the
torso of the subject is in the second posture
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Determine a calibration parameter for determining BP
measurements from physiological characteristic
measurements obtained by the first BP measurement
device from an analysis of the first physiological
characteristic measurement, the second physiological
characteristic measurement, the first BP measurement and
the second BP measurement
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