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Description
FIELD OF THE INVENTION

[0001] The disclosure relates to an apparatus and
method for determining a stress and/or pain level of a
subject.

BACKGROUND OF THE INVENTION

[0002] Currently, pain and stress monitoring for awake
patients is visualized on an analogue scale, which allows
the patientthemselves to indicate their pain and/or stress
level. However, the required attention of the patient to-
wards feeling pain and/or stress can bias this estimation
and the assessment can thus be unreliable. The reliability
of pain and stress monitoring can be increased by using
objective measures to reflect pain and/or stress levels,
which do not require the attention of the patient. For ex-
ample, objective measures may involve estimating a
body response to nociception. These objective measures
are even more important for sedated patients, particularly
where it is necessary to indicate to clinicians how to ad-
equately administer analgesic medication. There exist
several techniques for quantifying pain and/or stress,
which are based on the manner in which vital signs react
to nociception.

[0003] Anexample of one such a technique uses elec-
trocardiogram (ECG) and photoplethysmography (PPG)
signals to determine a pulse transittime (PTT) from heart
to hand, which is taken to be indicative of stress and/or
pain. The aim of this technique is to monitor for decreases
in PTT, which are interpreted as stress and/or pain, and
then administer analgesics to cause the PTT to increase.
In another example of a technique for pain monitoring,
features are extracted from PPG and galvanic skin re-
sponse (GSR) signals and transformed into a single
measure that is used to assess pain. Another example
technique for pain monitoring involves performing a time-
frequency analysis on a heart rate variability signal from
an ECGusingwavelettransforms. The output of this anal-
ysis is used to observe respiratory sinus arrhythmia
changes due to pain. Other techniques that are often
used during anesthesia use blood pressure (BP) as well
as blood pressure changes (e.g. measured invasively by
arterial-lines or non-invasively by cuff-based blood pres-
sure measurement devices) as pain indicators for con-
scious patients.

[0004] Another technique that is widely used as a pain
and/or stress indicator due to its simplicity and ease of
use involves using an amplitude of a photoplethysmog-
raphy (PPG) signal obtained from a peripheral part of the
body of a patient as an indicator of pain and/or stress in
the patient. In this technique, the amplitude of the pho-
toplethysmography signal is expected to decrease during
a painful and/or stressful stimuli (e.g. an incision), where-
as an increase in the photoplethysmography signal is
expected when the patient is more relaxed. The ampli-
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tude of the photoplethysmography signal is expected to
decrease during a painful and/or stressful stimuli since
such a stimuli causes the autonomous nervous system
to trigger smooth muscle around vessels to constrict in
order to centralize essential body functions. This is
known as vasoconstriction. However, while this tech-
nique has proven to be popular for indicating painful
and/or stressful events, it still lacks accuracy and relia-
bility.

[0005] In particular, painful and/or stressful stimuli are
not only characterized by vasoconstriction but they are
also associated with anincrease in blood pressure. Thus,
the blood pressure response of a patient can also influ-
ence the amplitude of a photoplethysmography signal
obtained from a peripheral part of the body of the patient.
While a painful and/or stressful stimuli causes a decrease
in the amplitude of a photoplethysmography signal ob-
tained from a peripheral part of the body of a patient due
to vasoconstriction, an increase in blood pressure (e.g.
systolic blood pressure (SBP), pulse pressure (PP),
mean blood pressure (MBP) or diastolic blood pressure
(DBP)) can result in an increase in the amplitude of the
photoplethysmography signal obtained from the periph-
eral part of the body of the patient. As mentioned earlier,
an increase in the amplitude of a photoplethysmography
signal is identified as a more relaxed patient. Thus, as a
consequence, it is possible for a patient to be identified
as relaxed despite the fact that the patient may in fact be
in more pain and/or stressed.

[0006] As such, an amplitude of a peripherally meas-
ured photoplethysmography signal according to existing
techniques as an indicator for painful and/or stressful
events currently lacks specificity, which can inevitably
lead to wrong conclusions being made on the treatment
that is appropriate for a patient when a blood pressure
effect dominates the photoplethysmography signal.

SUMMARY OF THE INVENTION

[0007] As noted above, a limitation with existing tech-
niques is that they can result in incorrect indications of a
pain and/or stress level for a subject. As such, existing
techniques can be inaccurate and unreliable. It would
thus be valuable to have an improved manner in which
to determine a stress and/or pain level of a subject, which
aims to address the existing problems.

[0008] Therefore, according to a first aspect, there is
provided an apparatus for determining a stress and/or
pain level of a subject. The apparatus comprises a proc-
essor configured to acquire, from a photoplethysmogra-
phy sensor, a photoplethysmography signal obtained
from the subject and identify a characteristic of the ac-
quired photoplethysmography signal. The characteristic
is normalized for blood pressure. The processor is also
configured to determine the stress and/or pain level of
the subject from the acquired photoplethysmography sig-
nal based on the normalized characteristic.

[0009] In some embodiments, the characteristic may
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be normalized for blood pressure by the processor being
configured to acquire, from the photoplethysmography
sensor, a photoplethysmography signal obtained from a
central part of the body of the subject.

[0010] In some embodiments, the characteristic may
be normalized for blood pressure by the processor being
configured to acquire, from the photoplethysmography
sensor, a photoplethysmography signal obtained from a
peripheral part of the body of the subject, acquire, from
ablood pressure sensor, a blood pressure measurement
for the subject, and normalize the characteristic with the
blood pressure measurement for the subject to obtain
the characteristic normalized for blood pressure.
[0011] In some embodiments, the processor may be
configured to normalize the characteristic with the blood
pressure measurement for the subject by determining a
ratio of the characteristic to the blood pressure measure-
ment for the subject to obtain the characteristic normal-
ized for blood pressure.

[0012] In some embodiments, the blood pressure
measurement may comprise a systolic blood pressure
measurement, a diastolic blood pressure measurement,
a mean blood pressure measurement, or a pulse pres-
sure measurement.

[0013] In some embodiments, the characteristic may
be normalized for blood pressure by the processor being
configured to acquire, from a first photoplethysmography
sensor, a first photoplethysmography signal obtained
from a first part of the body of the subject, acquire, from
a second photoplethysmography sensor, a second pho-
toplethysmography signal obtained from a second part
of the body of the subject, identify a first characteristic of
the first photoplethysmography signal and a correspond-
ing second characteristic of the second photoplethys-
mography signal, and normalize the first characteristic
with the corresponding second characteristic to obtain
the characteristic normalized for blood pressure.

In some embodiments, the first part of the body of the
subject may be different to the second part of the body
of the subject.

[0014] In some embodiments, one of the first part of
the body of the subject and the second part of the body
of the subject may be a peripheral part of the body of the
subject and the other of the first part of the body of the
subject and the second part of the body of the subject
may be a central part of the body of the subject.

[0015] In some embodiments, the processor may be
configured to normalize the first characteristic with the
second characteristic by determining a ratio of the first
characteristic to the second characteristic to obtain the
characteristic normalized for blood pressure.

[0016] In some embodiments, the processor may be
configured to normalize the characteristic for blood pres-
sure by determining a pulse transit time for the subject
and normalizing the characteristic with the determined
pulse transit time for the subject to obtain the character-
istic normalized for blood pressure.

[0017] In some embodiments, the processor may be
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configured to normalize the characteristic with the deter-
mined pulse transit time for the subject by determining a
ratio of the characteristic to the determined pulse transit
time for the subject to obtain the characteristic normal-
ized for blood pressure.

[0018] In some embodiments, the processor may be
configured to determine the stress and/or pain level of
the subject by identifying whether one or more areas of
the acquired photoplethysmography signal are indicative
of anincreaseinthe stress and/or pain level of the subject
based on the normalized characteristic.

[0019] Insome embodiments, the characteristic of the
acquired photoplethysmography signal may comprise an
amplitude of the acquired photoplethysmography signal.
[0020] According to a second aspect, there is provided
a method for determining a stress and/or pain level of a
subject. The method comprises acquiring, from a photo-
plethysmography sensor, a photoplethysmography sig-
nal obtained from the subject and identifying a charac-
teristic of the acquired photoplethysmography signal.
The characteristic is normalized for blood pressure. The
method also comprises determining the stress and/or
pain level of the subject from the acquired photoplethys-
mography signal based on the normalized characteristic.
[0021] According to a third aspect, there is provided a
computer program product comprising a computer read-
able medium, the 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 described
above.

[0022] According to the aspects and embodiments de-
scribed above, the limitations of existing techniques are
addressed. In particular, according to the above-de-
scribed aspects and embodiments, a characteristic of the
acquired photoplethysmography signal on which the
stress and/or pain level determination is based is nor-
malized for blood pressure. In this way, the effect of blood
pressure (such as pulse pressure, mean blood pressure,
etc.) on the acquired photoplethysmography signal is re-
duced to more accurately infer a pain and/or stress re-
sponse of the subject. The specificity of the characteristic
of the acquired photoplethysmography signal on which
the stress and/or pain level determination is based is in-
creased for the inference of the pain and/or stress status
of the subject. This increase in specificity means that the
pain and/or stress status of the subject can be discrimi-
nated from any blood pressure changes of the subject.
[0023] Thus, the above-described aspects and em-
bodiments provide more accurate and more reliable de-
terminations of the stress and/or pain level of a subject.
In this way, false interpretation of the stress and/or pain
status of a subject is reduced such that more appropriate
treatment and care can be provided to the subject. There
is thus provided an improved manner in which to deter-
mine a stress and/or pain level of a subject, which over-
comes existing problems.
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[0024] These and other aspects will be apparent from
and elucidated with reference to the embodiment(s) de-
scribed hereinafter.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] Exemplary embodiments will now be described,
by way of example only, with reference to the following
drawings, in which:

Fig. 1 is a block diagram of an apparatus according
to an embodiment;

Fig. 2 is flow chart illustrating a method according to
an embodiment;

Figs. 3A-B are illustrations of signals acquired using
an existing technique and signals acquired using an
apparatus according to an embodiment described
herein;

Figs. 4A-B are illustrations of signals acquired using
an existing technique and signals acquired using an
apparatus according to another embodiment de-
scribed herein;

Figs. 5A-B are illustrations of signals acquired using
an existing technique and signals acquired using an
apparatus according to another embodiment de-
scribed herein;

Fig. 6 is an illustration of signals acquired using an
apparatus according to some embodiments de-
scribed herein; and

Fig. 7 is anillustration of an example output of signals
acquired using an apparatus according to some em-
bodiments described herein.

DETAILED DESCRIPTION OF EMBODIMENTS

[0026] As noted above, there is provided herein anim-
proved mannerin which to determine a stress and/or pain
level of a subject (e.g. a patient or any other subject),
which overcomes existing problems. Herein, the stress
level of the subject can comprise a mental and/or phys-
iological stress level of the subject. In cases of extreme
physiological stress, the subject may enter into shock.
[0027] Fig. 1 illustrates an apparatus 100 for determin-
ing a stress and/or pain level of a subject. As illustrated
in Fig. 1, the apparatus 100 comprises a processor 102.
Briefly, the processor 102 of the apparatus 100 is con-
figured to acquire, from a photoplethysmography (PPG)
sensor 104, a photoplethysmography (PPG) signal ob-
tained from the subject. The processor 102 of the appa-
ratus 100 is also configured to identify a characteristic
(or feature) of the acquired photoplethysmography sig-
nal. The characteristic is normalized for blood pressure.
The processor 102 of the apparatus 100 is further con-
figured to determine the stress and/or pain level of the
subject from the acquired photoplethysmography signal
based on the normalized characteristic.

[0028] Herein, the photoplethysmography signal may
also be referred to as a photoplethysmogram. The pho-
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toplethysmography signal (or photoplethysmogram) re-
ferred to herein is defined as a measurement of changes
in blood volume in the skin of the subject over time, where
the measurements are obtained optically from the skin.
For example, light can be used to illuminate the skin of
the subject and changes in the amount of light reflected
from the skin can be measured. The changes in the
amount of light reflected from the skin of the subject are
indicative of the changes in the blood volume.

[0029] The apparatus 100 may comprise one or more
processors 102. The one or more processors 102 can
be implemented in numerous ways, with software and/or
hardware, to perform the various functions described
herein. In some embodiments, each of the one or more
processors 102 can be configured to perform individual
or multiple steps of the method described herein. In par-
ticular implementations, the one or more processors 102
can comprise a plurality of software and/or hardware
modules, each configured to perform, or that are for per-
forming, individual or multiple steps of the method de-
scribed herein. The one or more processors 102 may
comprise one or more microprocessors, one or more mul-
ti-core processors and/or one or more digital signal proc-
essors (DSPs), one or more processing units, and/or one
or more controllers (such as one or more microcontrol-
lers) that may be configured or programmed (e.g. using
software or computer program code) to perform the var-
ious functions described herein. The one or more proc-
essors 102 may be implemented as a combination of
dedicated hardware (e.g. amplifiers, pre-amplifiers, an-
alog-to-digital convertors (ADCs) and/or digital-to-ana-
log convertors (DACs)) to perform some functions and
one or more processors (e.g. one or more programmed
microprocessors, DSPs and associated circuitry) to per-
form other functions.

[0030] As illustrated in Fig. 1, in some embodiments,
the apparatus 100 may comprise the photoplethysmog-
raphy sensor 104. However, it will be understood that, in
other embodiments, the photoplethysmography sensor
104 may be external to (i.e. separate to or remote from)
the apparatus 100. For example, in some embodiments,
the photoplethysmography sensor 104 can be a separate
entity or part of another apparatus (e.g. a device). The
photoplethysmography sensor 104 is configured to ob-
tain the photoplethysmography signal from the subject.
The photoplethysmography sensor 104 can be any sen-
sor, or any combination of sensors, suitable for obtaining
a photoplethysmography signal (or a photoplethysmo-
gram) from a subject. The photoplethysmography sensor
104 can be any type of optical sensor.

[0031] Examples of a photoplethysmography sensor
104 include, but are not limited to, a camera, one or a
plurality of (e.g. an array of) photodetectors, a pulse ox-
imeter, or any other sensor, or any combination of sen-
sors, suitable for obtaining a photoplethysmography sig-
nal (or a photoplethysmogram) from a subject. The pho-
toplethysmography sensor 104 can comprise a contact
photoplethysmography sensorand/or a non-contact pho-
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toplethysmography sensor. A non-contact photoplethys-
mography sensor can be any photoplethysmography
sensor that is configured to be remote from (or at a dis-
tance from) the subject 104, such that the photoplethys-
mography sensor 104 has no physical contact with the
body of the subject. A contact photoplethysmography
sensor 104 can be any photoplethysmography sensor
that is configured to be in physical contact with the body
of the subject. For example, the photoplethysmography
sensor 104 may be configured to be worn (e.g. against
the skin) on a part of the body of the subject (e.g. on a
finger, a wrist and/or any other part of the body of the
subject). In some of these embodiments, for example, a
band configured to be worn around a part of the body of
the subject may comprise the photoplethysmography
sensor 104 or the photoplethysmography sensor 104
may be placed under a band configured to be worn
around a part of the body of the subject.

[0032] In some embodiments, the photoplethysmog-
raphy sensor 104 can be configured to obtain the photo-
plethysmography signal from a central part (or central
site) of the body of the subject. A central part (or central
site) of the body of the subject can be any location of the
body of the subject that is close to (e.g. less than or equal
to a predetermined distance from) a vital organ of the
body of the subject. Examples of a vital organ of the body
of the subject include, but are not limited to, the heart of
the subject, a lung of the subject, the brain of the subject,
or any other vital organ of the subject. Examples of a
central part of the body of the subject may include, but
are not limited to, the forehead of the subject, the nose
of the subject (e.g. an ala of the nose of the subject or
the septum of the nose of the subject), a part of the body
behind an ear of the subject, the concha of an ear of the
subject, the neck of the subject, the upper chest area of
the subject, or any other central part of the body of the
subject. Thus, for example, a central part of the body of
the subject according to some embodiments can be any
location of the body of the subject that is less than or
equal to 10 cm (for example less than or equal to 9 cm,
for example less than or equal to 8 cm, for example less
than or equal to 7 cm, for example less than or equal to
6 cm, for example less than or equal to 5 cm, for example
less than or equal to 4 cm, for example less than or equal
to 3 cm, for example less than or equal to 2 cm, for ex-
ample less than or equal to 1 cm, or less than or equal
to any other integer or non-integer distance that is less
than 10 cm) from a vital organ of the body of the subject.
[0033] In other embodiments, the photoplethysmogra-
phy sensor 104 can be configured to obtain the photop-
lethysmography signal from a peripheral part (or periph-
eral site) of the body of the subject. A peripheral part of
the body of the subject can be any location of the body
of the subject that is far away from (e.g. greater than the
predetermined distance from) a vital organ of the body
of the subject, such as any of those mentioned earlier.
Examples of a peripheral part (or peripheral site) of the
body of the subject may include, but are not limited to, a
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finger of the subject, an ear lobe of the subject, a foot of
the subject, or any other peripheral part of the body of
the subject. Thus, for example, a peripheral part of the
body of the subject according to some embodiments can
be any location of the body of the subject that is greater
than 1 cm (for example greater than 2 cm, for example
greater than 3 cm, for example greater than 4 cm, for
example greater than 5 cm, for example greater than 6
cm, for example greater than 7 cm, for example greater
than 8 cm, for example greater than 9 cm, for example
greater than 10 cm, or greater than any other integer or
non-integer distance that is greater than 1 cm) from a
vital organ of the body of the subject.

[0034] As illustrated in Fig. 1, in some embodiments,
the apparatus 100 may comprise a communications in-
terface (or communications circuitry) 106. Alternatively
or in addition, the communications interface 106 may be
external to (e.g. separate to or remote from) the appara-
tus 100. The communications interface 106 can be for
enabling the apparatus 100, or components of the appa-
ratus 100, to communicate with and/or connect to one or
more other components, sensors, interfaces, devices, or
memories (such as any of those described herein). For
example, the communications interface 106 can be for
enabling the processor of the apparatus 100 to commu-
nicate with and/or connect to the photoplethysmography
sensor 104 described earlier. The communications inter-
face 106 may enable the apparatus 100, or components
of the apparatus 100, to communicate and/or connect in
any suitable way. For example, the communications in-
terface 106 may enable the apparatus 100, or compo-
nents of the apparatus 100, to communicate and/or con-
nect wirelessly, via a wired connection, or via any other
communication (or data transfer) mechanism. In some
wireless embodiments, for example, the communications
interface 106 may enable the apparatus 100, or compo-
nents of the apparatus 100, to use radio frequency (RF),
Bluetooth, or any other wireless communication technol-
ogy to communicate and/or connect.

[0035] As illustrated in Fig. 1, in some embodiments,
the apparatus 100 may comprise a memory 108. Alter-
natively or in addition, the memory 108 may be external
to (e.g. separate to or remote from) the apparatus 100.
The processor of the apparatus 100 may be configured
to communicate with and/or connect to the memory 108.
The memory 108 may comprise any type of non-transi-
tory machine-readable medium, such as cache or system
memory including volatile and non-volatile computer
memory such as random access memory (RAM), static
RAM (SRAM), dynamic RAM (DRAM), read-only mem-
ory (ROM), programmable ROM (PROM), erasable
PROM (EPROM), and electrically erasable PROM (EEP-
ROM). In some embodiments, the memory 108 can be
configured to store program code that can be executed
by the processor 102 to cause the apparatus 100 to op-
erate in the manner described herein.

[0036] Alternatively or in addition, in some embodi-
ments, the memory 108 can be configured to store infor-
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mation required by or resulting from the method de-
scribed herein. For example, in some embodiments, the
memory 108 may be configured to store any one or more
of the acquired photoplethysmography signal, the iden-
tified characteristic of the acquired photoplethysmogra-
phy signal, the characteristic normalized for blood pres-
sure, the determined stress and/or pain level of the sub-
ject, or any other information, or any combination of in-
formation, required by or resulting from the method de-
scribed herein. In some embodiments, the processor 102
of the apparatus 100 can be configured to control the
memory 108 to store information required by or resulting
from the method described herein.

[0037] As illustrated in Fig. 1, in some embodiments,
the apparatus 100 may comprise a user interface 110.
Alternatively or in addition, the user interface 110 may
be external to (e.g. separate to or remote from) the ap-
paratus 100. The processor 102 of the apparatus 100
may be configured to communicate with and/or connect
to a user interface 110. The user interface 110 can be
configured to render (e.g. output, display, or provide) in-
formation required by or resulting from the method de-
scribed herein. For example, in some embodiments, the
user interface 110 may be configured to render (e.g. out-
put, display, or provide) one or more of the acquired pho-
toplethysmography signal, the identified characteristic of
the acquired photoplethysmography signal, the charac-
teristic normalized for blood pressure, the determined
stress and/or pain level of the subject, or any other infor-
mation, or any combination of information, required by
or resulting from the method described herein. Alterna-
tively or in addition, the user interface 110 can be con-
figured to receive a user input. For example, the user
interface 110 may allow a user to manually enter infor-
mation or instructions, interact with and/or control the ap-
paratus 100. Thus, the user interface 110 may be any
user interface that enables the rendering (or outputting,
displaying, or providing) of information and, alternatively
or in addition, enables a user to provide a user input. In
some embodiments, the processor 102 of the apparatus
100 can be configured to control the user interface 110
to operate in the manner described herein.

[0038] For example, the user interface 110 may com-
prise one or more switches, one or more buttons, a key-
pad, a keyboard, a mouse, a touch screen or an appli-
cation (e.g. on a smart device such as a tablet, a smart-
phone, or any other smart device), a display or display
screen, a graphical user interface (GUI) such as a touch
screen, or any other visual component, one or more
speakers, one or more microphones or any other audio
component, one or more lights (such as light emitting
diode LED lights), a component for providing tactile or
hapticfeedback (such as a vibration function, orany other
tactile feedback component), an augmented reality de-
vice (such as augmented reality glasses, or any other
augmented reality device), a smart device (such as a
smart mirror, a tablet, a smart phone, a smart watch, or
any other smart device), or any other user interface, or
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combination of user interfaces. In some embodiments,
the user interface that is controlled to render information
may be the same user interface as that which enables
the user to provide a user input.

[0039] As illustrated in Fig. 1, in some embodiments,
the apparatus 100 may comprise a blood pressure sen-
sor 112. Alternatively or in addition, the blood pressure
sensor 112 may be external to (e.g. separate to orremote
from) the apparatus 100. The processor 102 of the ap-
paratus 100 may be configured to communicate with
and/or connect to the blood pressure sensor 112. The
blood pressure sensor 112 can be configured to obtain
ablood pressure measurement for the subject. The blood
pressure sensor 112 can thus be any type of sensor suit-
able for obtaining a blood pressure measurement for the
subject.

[0040] A person skilled in the art will be aware of a
variety of sensors that may be suitable for obtaining a
blood pressure measurement for the subject. However,
examples of the blood pressure sensor 112 may include,
but are not limited to, cuff-based blood pressure sensors
or cuff-less blood pressure sensors. A cuff-based blood
pressure sensor involves a wearable cuff that is inflated
around a part of the body (e.g. an arm, a wrist, a finger,
etc.) of the subject. In these embodiments, a blood pres-
sure measurement for the subject may be obtained dur-
ing deflation of the wearable cuff. A cuff-less blood pres-
sure sensor, for example, can comprise an optical bio-
metric sensor configured to extract pulsatile blood flow
from a part of the body of the subject to obtain a blood
pressure measurement for the subject. For example, a
pulse transit time or pulse arrival time may be used as
blood pressure surrogates, which can involve the detec-
tion of a first pulse or electrical signal and a second pulse
signal. In other examples, a blood pressure measure-
ment may be acquired from a signal such as an electro-
cardiogram (ECG), an impedance cardiogram, a heart
sound signal, or a radar signal. Thus, an obtained blood
pressure measurement can be a blood pressure meas-
urement that is either obtained directly from the body of
the subject or a blood pressure measurement that is ob-
tained indirectly from the body of the subject by estima-
tion. Although examples have been provided for the man-
ner in which the blood pressure measurement may be
acquired, it will be understood that any other sensor, or
any combination of sensors, suitable for obtaining (either
directly or indirectly) a blood pressure measurement for
the subject can be used.

[0041] Although not illustrated in Fig 1, the apparatus
100 may comprise a battery or other power supply for
powering the apparatus 100 or means for connecting the
apparatus 100 to a mains power supply. It will also be
understood that the apparatus 100 may comprise any
other component to those described herein or any com-
bination of components.

[0042] Fig. 2 illustrates a method 200 of operating an
apparatus 100 (as described earlier with reference to Fig.
1) for determining a stress and/or pain level of a subject
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according to an embodiment. As described earlier, the
apparatus 100 comprises a processor 102. The method
200 illustrated in Fig. 2 can generally be performed by or
under the control of the processor 102. With reference
to Fig. 2, at block 202, a photoplethysmography (PPG)
signal obtained from the subject is acquired from a pho-
toplethysmography (PPG) sensor 104. More specifically,
as mentioned earlier, the photoplethysmography (PPG)
signal obtained from the subject is acquired by the proc-
essor 102 of the apparatus 100 from the photoplethys-
mography sensor 104.

[0043] At block 204 of Fig. 2, a characteristic (or fea-
ture) of the acquired photoplethysmography signal is
identified. In some embodiments, the characteristic can
comprise an amplitude of the acquired photoplethysmog-
raphy signal (PPGA), an amplitude of the acquired pho-
toplethysmography signal (PPGA) divided by a direct cur-
rent (DC) component of the acquired photoplethysmog-
raphy signal, an overall signal range of the acquired pho-
toplethysmography signal, a signal power of the acquired
photoplethysmography signal, a signal energy of the ac-
quired photoplethysmography signal, or any other char-
acteristic of the acquired photoplethysmography signal.
The amplitude of the acquired photoplethysmography
signal can, for example, comprise a root mean squared
amplitude of the acquired photoplethysmography signal
or a peak-to-peak amplitude of the acquired photop-
lethysmography signal. In some embodiments, the am-
plitude of the acquired photoplethysmography signal can
be defined as the difference between a maximum of the
acquired photoplethysmography signal and a minimum
of the acquired photoplethysmography signal (e.g. within
a heart period or otherwise defined physiological time
period, such as a respiration phase), or as the energy of
the acquired photoplethysmography signal in a certain
frequency band.

[0044] In any of the embodiments described herein,
the characteristic of the acquired photoplethysmography
signal is normalized for blood pressure. The character-
istic of the acquired photoplethysmography signal can
be normalized for blood pressure in a variety of ways,
some of which will be described later.

Returning back to Fig. 2, at block 206, the stress and/or
pain level of the subject is determined from the acquired
photoplethysmography signal based on the normalized
characteristic of the acquired photoplethysmography sig-
nal. In some embodiments, the processor 102 can be
configured to determine the stress and/or pain level of
the subject by identifying whether one or more areas (or
portions) of the acquired photoplethysmography signal
are indicative of an increase in the stress and/or pain
level of the subject based on the normalized character-
istic.

[0045] For example, in embodiments where the char-
acteristic is an amplitude of the acquired photoplethys-
mography signal, an area (or portion) of the acquired
photoplethysmography signal comprising a decrease in
the normalized amplitude of the acquired photoplethys-
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mography signal can be indicative of an increase in the
stress and/or pain level of the subject. Similarly, for ex-
ample, an area (or portion) of the acquired photoplethys-
mography signal comprising an increase in the normal-
ized amplitude of the acquired photoplethysmography
signal can be indicative of a decrease in the stress and/or
pain level of the subject. In some embodiments, a nor-
malized amplitude of the acquired photoplethysmogra-
phy signal that is above a predefined threshold may be
indicative of the subject being in a relaxed state, whereas
a normalized amplitude of the acquired photoplethys-
mography signal that is below the predefined threshold
may be indicative of the subject experiencing a stressful
and/or painful event. In general, a larger normalized am-
plitude of the acquired photoplethysmography signal can
be indicative of the subject having a lower stress and/or
pain level (e.g. the subject is in a more relaxed state),
whereas a smaller normalized amplitude of the acquired
photoplethysmography signal can be indicative of the
subject having a higher stress and/or pain level. Thus,
according to some embodiments, the smaller the normal-
ized amplitude of the acquired photoplethysmography
signal, the higher the stress and/or pain level of the sub-
ject.

[0046] In some embodiments, the stress and/or pain
level of the subject may be determined from the acquired
photoplethysmography signal by comparing the normal-
ized characteristic of the acquired photoplethysmogra-
phy signal to reference data stored in a memory (such
as the memory mentioned earlier). The stored reference
data may, for example, comprise training data. The train-
ing data can be data that is learnt from one or more other
subjects (e.g. from a population) where stressful and/or
painful stimuli are known and corresponding character-
istics of the acquired photoplethysmography signal are
recorded, such that the stress and/or pain response to
the stressful and/or painful stimuli is also known. Thus,
in some embodiments, the pain and/or stress level of the
subject may be determined from the acquired photop-
lethysmography signal by comparing the normalized
characteristic of the acquired photoplethysmography sig-
nal to reference characteristics for the photoplethysmog-
raphy signal, which are stored with corresponding stress
and/or pain levels. For example, in some embodiments,
the pain and/or stress level of the subject may be deter-
mined as the stored pain and/or stress level that corre-
sponds to the reference characteristic that most closely
matches (e.g. differs the least from or is most similar to)
the normalized characteristic of the acquired photop-
lethysmography signal.

[0047] Alternatively or in addition, in some embodi-
ments, the stress and/or pain level of the subject may be
determined from the acquired photoplethysmography
signal by comparing the normalized characteristic of the
acquired photoplethysmography signal to a characteris-
tic of the acquired photoplethysmography signal for the
subject in a well-defined reference phase of the subject.
In this way, according to some embodiments, the nor-
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malized characteristic of the acquired photoplethysmog-
raphy signal can be compared to a baseline, such that it
can be identified when the normalized characteristic is
reflecting that the subject is stressed and/or in pain, e.g.
due to a stressful and/or painful stimulus. The degree by
which the normalized characteristic differs from the base-
line can be indicative of the stress and/or pain level of
the subject according to these embodiments.

[0048] A well-defined reference phase of the subject
can be any phase in which the subject is detected to be
in a relaxed state, such as a phase in which the subject
is detected to be asleep or in a certain sleep stage, a
phase in which the subject is detected to be in a pre-
surgical relaxed state (e.g. before a painful and/or stress-
ful situation begins, such as before an initial incision, or
after administration of anesthesia to the subject and be-
fore the painful procedure begins), a phase in which the
subject is detected to be still, a phase in which the subject
indicates (e.g. via a user interface 110 such as that men-
tioned earlier) that they are in a relaxed state, or any
other well-defined reference phase of the subject. The
subject may be detected to be in a relaxed state using,
for example, one or more cameras (e.g. when an image
acquired from one or more cameras shows the subject
in a relaxed state) and/or one or more vital signs sensors
(e.g. when one or more vital signs sensors detect a low
heart rate or low blood pressure), where a wearable de-
vice may comprise one or more vital signs sensors ac-
cording to some embodiments. As the characteristic of
the acquired photoplethysmography signal identified at
block 204 of Fig. 2 is normalized in the manner described
earlier, the stress and/or pain level of the subject deter-
mined at block 206 of Fig. 2 is more accurate and reliable,
since the effect of blood pressure (such as pulse pres-
sure, mean blood pressure, etc.) is reduced or can at
least be discriminated from a pain and/or stress re-
sponse. As mentioned earlier, the characteristic of the
acquired photoplethysmography signal can be normal-
ized for blood pressure in a variety of ways, some of
which will now be described.

[0049] In embodiments where the photoplethysmog-
raphy sensor 104 is configured to obtain the photop-
lethysmography signal from a central part of the body of
the subject, the processor 102 of the apparatus 100 can
be configured to acquire, from the photoplethysmogra-
phy sensor 104, the photoplethysmography signal ob-
tained from the central part of the body of the subject. In
these embodiments, for example, the characteristic of
the acquired photoplethysmography signal can be nor-
malized for blood pressure by the processor 102 of the
apparatus 100 being configured to acquire the photop-
lethysmography signal obtained from the central part of
the body of the subject. The acquired photoplethysmog-
raphy signal can be normalized for blood pressure in this
way since central parts of the body of the subject are
influenced less by changes in blood pressure than pe-
ripheral parts of the body of the subject.

[0050] Fig. 3Ais an illustration of signals acquired us-
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ing an existing technique and Fig. 3B is an illustration of
the same signals acquired using an apparatus according
to such an embodiment. More specifically, Figs. 3A(a),
(b) and (c) are illustrations of a photoplethysmography
(PPG) signal, a pulse rate (PR), and a pulse pressure
(PP) respectively, which are acquired using an existing
technique. The existing technique is the technique that
involves acquiring the signals from a peripheral part of
the body (which, in this illustrated example, is a finger)
of the subject.

[0051] Figs.3B(a), (b)and (c)are illustrations of a pho-
toplethysmography (PPG) signal, a pulse rate (PR), and
a pulse pressure (PP) respectively, which are acquired
using the apparatus 100 according to the embodiment
described earlier, where the characteristic of the acquired
photoplethysmography signal is normalized for blood
pressure. In more detail, in the illustrated example em-
bodiment of Fig. 3B, the characteristic of the acquired
photoplethysmography signal is normalized for blood
pressure by the processor 102 of the apparatus 100 ac-
quiring the photoplethysmography signal obtained from
the central part of the body of the subject. In the illustrated
example of Fig. 3A and 3B, the characteristic of the ac-
quired photoplethysmography signals on which the
stress and/or pain level of the subject determination is
based is the amplitude of the acquired photoplethysmog-
raphy signals.

[0052] Intheillustrated example of Fig. 3A and 3B, the
signals are acquired during an abdominal surgery per-
formed on the subject. The first incision made to the sub-
ject is indicated in Fig. 3A by the arrow 300 and in Fig.
3B by the arrow 306. The first incision is considered a
painful and/or stressful event for the subject. This is il-
lustrated, for example, by the strong increase in pulse
rate at the start of the region labelled 302 in Fig. 3A(b)
and at the start of the region labelled 308 in Fig. 3B(b).
As illustrated within the shaded region labelled 302 in
Fig. 3A(a) and the shaded region labelled 308 in Fig.
3B(a), during and immediately after the first incision, an
expected decrease in amplitude of the measured photo-
plethysmography signals is observed. The decrease in
amplitude is expected since, as a result of an incision,
the autonomous nervous system triggers smooth muscle
around vessels to constrictin order to centralize essential
body functions. Based on this process, a larger amplitude
of the measured photoplethysmography signal indicates
a more relaxed patient, whereas a smaller amplitude of
the measured photoplethysmography signal indicates
that the subject is experiencing a stressful and/or painful
event. Thus, with both the existing technique and the
apparatus according to the mentioned embodiment, the
amplitude of the measured photoplethysmography sig-
nals responds correctly in this region 302, 308 to show
an initial pain and/or stress response of the subject due
to the first incision.

[0053] However, as illustrated within the region la-
belled 304 in Fig. 3A(a), the strong pulse pressure (PP)
response illustrated in Fig. 3A(c) later dominates the de-
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crease in amplitude of the photoplethysmography signal
acquired using the existing technique. As can be seen
within the region labelled 304 in Fig. 3A(a), this results
in an increase in amplitude of the photoplethysmography
signal acquired using the existing technique, where the
increase in amplitude is labelled by way of the arrow 305.
According to the existing technique, the increase in am-
plitude labelled by way of the arrow 305 is clinically in-
terpreted as the pain and/or stress level of the subject
decreasing (i.e. the subject experiencing less pain and/or
stress), which is incorrect. Thus, as illustrated in Fig.
3A(a), the amplitude of a photoplethysmography signal
measured from a peripheral part of the body of the subject
according to the existing technique is an unreliable and
inaccurate indicator for painful and/or stressful events in
relation to blood pressure changes.

[0054] In contrast, as illustrated within the regions la-
belled 308 and 310 of Fig. 3B (a), when the characteristic
of the acquired photoplethysmography signal is normal-
ized for blood pressure by the processor 102 of the ap-
paratus 100 according to the mentioned embodiment ac-
quiring the photoplethysmography signal from the central
part of the body of the subject, the effect of the pulse
pressure (PP) on the amplitude of the acquired photop-
lethysmography signal is reduced or even eliminated. As
such, it can be seen from the region labelled 308 of Fig.
3B(a) that the subject actually suffers pain and/or stress
over a longer period of time than that indicated by the
region labelled 302 of Fig 3A(a). Thus, as illustrated in
Fig. 3B(a), the amplitude of the photoplethysmography
signal normalized for blood pressure according to the
mentioned embodiment is a more reliable and more ac-
curate indicator for painful and/or stressful events in re-
lation to blood pressure changes.

[0055] Alternatively or in addition to the earlier de-
scribed embodiment for the manner in which the charac-
teristic can be normalized for blood pressure, in some
embodiments, where the photoplethysmography sensor
104 is configured to obtain the photoplethysmography
signal from a peripheral part of the body of the subject,
the processor 102 ofthe apparatus 100 can be configured
to acquire, from the photoplethysmography sensor 104,
the photoplethysmography signal obtained from the pe-
ripheral part of the body of the subject. In these embod-
iments, the characteristic of the acquired photoplethys-
mography signal can be normalized for blood pressure
by the processor 102 of the apparatus 100 being config-
ured to normalize the characteristic with a blood pressure
measurement for the subject to obtain the characteristic
normalized for blood pressure.

[0056] The processor 102 of the apparatus 100 can be
configured to acquire the blood pressure measurement
for the subject from a blood pressure sensor 112. As
mentioned earlier, the apparatus 100 may comprise the
blood pressure sensor 112 or the blood pressure sensor
112 may be external to (i.e. separate to or remote from)
the apparatus 100. The acquired blood pressure meas-
urement for the subject thatis used to normalize the char-
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acteristic of the acquired photoplethysmography signal
can, for example, comprise any one or more of a systolic
blood pressure (SBP) measurement, a diastolic blood
pressure (DBP) measurement, a mean blood pressure
(MBP) measurement, or a pulse pressure (PP) measure-
ment. In some embodiments, the processor 102 can be
configured to normalize the characteristic of the acquired
photoplethysmography signal with the blood pressure
measurement for the subject by determining a ratio of
the characteristic of the acquired photoplethysmography
signal to the blood pressure measurement for the subject
to obtain the characteristic normalized for blood pres-
sure.

[0057] The determined ratio R of the characteristic of
the acquired photoplethysmography signal to the blood
pressure measurement for the subject according to this
embodiment may be expressed as:

R PPG
BP

where PPG is the characteristic of the acquired photop-
lethysmography signal for the subject (e.g. PPGA or PP-
GA divided by a DC component of the acquired photop-
lethysmography signal) and BP is the acquired or esti-
mated blood pressure measurement (e.g. SBP, DBP,
MBP, or PP) for the subject.

[0058] In some embodiments, the determined ratio of
the characteristic of the acquired photoplethysmography
signal to the blood pressure measurement for the subject
may be compared to training data. For example, in some
embodiments, the determined ratio of the characteristic
ofthe acquired photoplethysmography signal to the blood
pressure measurement for the subject may be compared
to a reference ratio value determined from photoplethys-
mography signals and blood pressure measurements ac-
quired from one or more other subjects (e.g. from a pop-
ulation). Alternatively or in addition, in some embodi-
ments, the determined ratio of the characteristic of the
acquired photoplethysmography signal to the blood pres-
sure measurement for the subject may be compared to
a ratio of the characteristic of the acquired photoplethys-
mography signal to the blood pressure measurement for
the subject in a well-defined reference phase of the sub-
ject.

[0059] The well-defined reference phase of the subject
may, for example, be at a time t0. According to some
embodiments, the time t0 at which the subjectisin a well-
defined reference phase may be identified by detecting
stimuli indicative of whether the subject is in such a
phase. As mentioned earlier, a well-defined reference
phase can be any phase in which the subject is detected
to be in a relaxed state. In some embodiments, the com-
parison Ry, of the determined ratio of the characteristic
ofthe acquired photoplethysmography signal to the blood
pressure measurement for the subject to a ratio of the
characteristic of the acquired photoplethysmography sig-
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nal to the blood pressure measurement for the subject
in a well-defined reference phase of the subject may be
expressed as:

PPG(t)

R — BP(t)
N PPG(ty)
BP(t,)

PPG(t)

where is the determined ratio of the character-

istic of the acquired photoplethysmography signal for the
subject to the acquired blood pressure measurement
(e.g. SBP, DBP, MBP, or PP) for the subject and

PPG(tg)
BP(tp)
photoplethysmography signal for the subject to the ac-
quired blood pressure measurement (e.g. SBP, DBP,
MBP, or PP) for the subject at a time t; in a well-defined

reference phase of the subject.

[0060] Fig. 4A s an illustration of signals acquired us-
ing an existing technique and Fig. 4B is an illustration of
the same signals acquired using an apparatus according
to such an embodiment. More specifically, Figs. 4A(a),
(b) and (c) are illustrations of a photoplethysmography
(PPG) signal, a pulse rate (PR), and a pulse pressure
(PP) respectively, which are acquired using an existing
technique. The existing technique is that described ear-
lier with reference to Fig. 3A. Thus, the description of Fig.
3A will not be repeated here but will be understood to
also apply to Fig. 4A.

[0061] Figs.4B(a), (b) and (c)areillustrations of a pho-
toplethysmography (PPG) signal, a pulse rate (PR), and
a pulse pressure (PP) respectively, which are acquired
using the apparatus 100 according to the embodiment
described earlier, where the characteristic ofthe acquired
photoplethysmography signal is normalized for blood
pressure. In more detail, in the illustrated example em-
bodiment of Fig. 4B, the characteristic of the acquired
photoplethysmography signal is normalized for blood
pressure by the processor 102 of the apparatus 100 de-
termining aratio R of a characteristic of the acquired pho-
toplethysmography signal to a blood pressure measure-
ment for the subject. In the illustrated example of Fig. 4A
and 4B, the characteristic of the acquired photoplethys-
mography signals on which the stress and/or pain level
of the subject determination is based is the amplitude of
the acquired photoplethysmography signals. In Fig. 4B,
the first incision made to the subject is indicated by the
arrow 406. The first incision is considered a stressful
and/or event painful for the subject. This is illustrated, for
example, by the strong increase in pulse rate at the start
of the region labelled 302 in Fig. 4A(b) and at the start
of the region labelled 408 in Fig. 4B(b).

[0062] In contrast to the existing technique of Fig. 4A,

is the ratio of the characteristic of the acquired
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as illustrated within the region labelled 408 of Fig. 4B(a),
when the characteristic of the acquired photoplethys-
mography signal is normalized for blood pressure by the
processor 102 of the apparatus 100 according to the
mentioned embodiment determining a ratio of a charac-
teristic of the acquired photoplethysmography signal to
a blood pressure measurement for the subject, the am-
plitude of the acquired photoplethysmography signal re-
mains low for a longer period of time. In Fig. 4B(a), the
acquired photoplethysmography signal is not as strongly
correlated with the pulse pressure (PP) as it is in Fig.
4A(a). In fact, it can be seen from the region labelled 408
in Fig. 4B that the amplitude ofthe acquired photoplethys-
mography signal shown in Fig. 4B(a) remains low even
when the pulse pressure (PP) shown in Fig. 4B(c) starts
to increase. This indicates that the reason for the ampli-
tude of the acquired photoplethysmography signal re-
maining low in Fig. 4B(a) is not only due to a low pulse
pressure (PP), as may be determined to be the case in
Fig 4A, but also due to the subject suffering a prolonged
state of pain and/or stress. Thus, as illustrated in Fig.
4B(a), the amplitude of the photoplethysmography signal
normalized for blood pressure according to the men-
tioned embodiment is a more reliable and more accurate
indicator for painful and/or stressful events in relation to
blood pressure changes.

[0063] Alternatively or in addition to the earlier de-
scribed embodiments for the manner in which the char-
acteristic can be normalized for blood pressure, in some
embodiments, the processor 102 can be configured to
acquire, from a first photoplethysmography sensor 104,
a first photoplethysmography signal obtained from a first
part of the body of the subject and can be further config-
ured to acquire, from a second photoplethysmography
sensor 104, a second photoplethysmography signal ob-
tained from a second part of the body of the subject. The
second photoplethysmography sensor 104 may be the
same photoplethysmography sensor as the first photop-
lethysmography sensor 104 according to some embod-
iments or a different photoplethysmography sensor as
the first photoplethysmography sensor 104 according to
other embodiments. In some embodiments, the first part
of the body of the subject may be different to the second
part of the body of the subject. For example, according
to some embodiments, one of the first part of the body
of the subject and the second part of the body of the
subject can be a peripheral part (e.g. a finger or any other
peripheral part) of the body of the subject, and the other
of the first part of the body of the subject and the second
part of the body of the subject can be a central part (e.g.
a forehead or any other central part) of the body of the
subject.

[0064] In embodiments where the processor 102 is
configured to acquire a first photoplethysmography sig-
nal and a second photoplethysmography signal, the proc-
essor 102 can be configured to identify a first character-
istic of the first photoplethysmography signal and a cor-
responding second characteristic of the second photop-
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lethysmography signal. A second characteristic is "cor-
responding” where the second characteristic is the same
(or the same type of) characteristic as the first charac-
teristic. For example, where the first characteristic com-
prises an amplitude of the acquired first photoplethys-
mography signal, a corresponding second characteristic
comprises an amplitude of the acquired second photop-
lethysmography signal. In these embodiments, the char-
acteristic can be normalized for blood pressure by the
processor 102 being configured to normalize the first
characteristic with the corresponding second character-
istic to obtain the characteristic normalized for blood
pressure. For example, in some embodiments, the proc-
essor 102 can be configured to normalize the first char-
acteristic with the second characteristic by determining
a ratio of the first characteristic to the second character-
istic to obtain the characteristic normalized for blood
pressure.

[0065] The characteristic normalized for blood pres-
sure H according to this embodiment may be expressed
as:

PPG,
H =
PPG,

where PPG, is the first characteristic of the first photo-
plethysmography signal (e.g. obtained from a peripheral
part of the body of the subject) and PPG, is the second
characteristic of a second photoplethysmography signal
(e.g. obtained from a central part of the body of the sub-
ject).

[0066] Fig. 5A is an illustration of signals acquired us-
ing an existing technique and Fig. 5B is an illustration of
the same signals acquired using an apparatus according
to such an embodiment. More specifically, Figs. 5A(a),
(b) and (c) are illustrations of a photoplethysmography
(PPG) signal, a pulse rate (PR), and a pulse pressure
(PP) respectively, which are acquired using an existing
technique. The existing technique is that described ear-
lier with reference to Fig. 3A. Thus, the description of Fig.
3A will not be repeated here but will be understood to
also apply to Fig. 5A.

[0067] Figs. 5B (a), (b) and (c) are illustrations of a
photoplethysmography (PPG) signal, a pulse rate (PR),
and a pulse pressure (PP) respectively, which are ac-
quired using the apparatus 100 according to the embod-
iment described earlier, where the characteristic of the
acquired photoplethysmography signal is normalized for
blood pressure. In more detail, in the illustrated example
embodiment of Fig. 5B, the characteristic of the acquired
photoplethysmography signal is normalized for blood
pressure by the processor 102 of the apparatus 100 de-
termining a ratio H of a first characteristic of a first pho-
toplethysmography signal obtained from a peripheral
part of the body (e.g. a finger) of the subject to a second
characteristic of a second photoplethysmography signal
obtained from a central part of the body (e.g. a forehead)
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of the subject. In the illustrated example of Fig. 5A and
5B, the characteristic of the acquired photoplethysmog-
raphy signal on which the stress and/or pain level of the
subject determination is based is the amplitude of the
acquired photoplethysmography signal. In Fig. 5B, the
first incision made to the subject is indicated by the arrow
506. The first incision is considered a stressful and/or
painful event for the subject. This is illustrated, for exam-
ple, by the strong increase in pulse rate at the start of the
region labelled 302 in Fig. 5A(b) and at the start of the
region labelled 508 in Fig. 4B(b).

[0068] In contrast to the existing technique of Fig. 5A,
as illustrated within the region labelled 508 of Fig. 5B (a),
the initial pain and/or stress response of the subject due
to the first incision is suppressed when the characteristic
of the acquired photoplethysmography signal is normal-
ized for blood pressure by the processor 102 of the ap-
paratus 100 according to the mentioned embodiment by
determining a ratio of a first characteristic of a first pho-
toplethysmography signal obtained from a peripheral
part of the body (e.g. a finger) of the subject to a second
characteristic of a second photoplethysmography signal
obtained from a central part of the body (e.g. a forehead)
of the subject. However, the consecutive increase in the
pulse pressure in the region labelled 510 of Fig. 5B(c) is
still clearly visible in the amplitude of the acquired pho-
toplethysmography signal illustrated in the region la-
belled 510 of Fig. 5B(a). As such, it can be seen from the
region labelled 508 of Fig. 5B(a) that the subject actually
suffers from a blood pressure increase, rather than an
increase in the level of pain and/or stress. Thus, as illus-
trated in Fig. 5B(a), the amplitude of the photoplethys-
mography signal normalized for blood pressure accord-
ing to the mentioned embodiment is a more reliable and
more specific indicator for painful and/or stressful events,
since these events can be discriminated from blood pres-
sure changes.

[0069] Although it has been described that photop-
lethysmography signals obtained from first and second
parts of the body of the subject can be acquired, in some
embodiments, the processor 102 can also be configured
to acquire a photoplethysmography signal obtained from
at least one other part of the body of the subject. In these
embodiments, a corresponding characteristic of the pho-
toplethysmography signal obtained from the at least one
other part of the body of the subject may also be identified
and used in normalizing the first characteristic together
with the corresponding second characteristic to obtain
the characteristic normalized for blood pressure.

[0070] Alternatively or in addition to the earlier de-
scribed embodiments for the manner in which the char-
acteristic can be normalized for blood pressure, in some
embodiments, the processor 102 can be configured to
normalize the characteristic for blood pressure by deter-
mining a pulse transit time (PTT) for the subject and nor-
malizing the characteristic of the acquired photoplethys-
mography signal with the determined pulse transit time
for the subject to obtain the characteristic normalized for
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blood pressure. Herein, the pulse transit time for the sub-
ject can be defined as the time it takes for a pulse pres-
sure wave to propagate from one arterial site of the body
of the subject to another arterial site of the body of the
subject. An arterial site of the body of the subject can be
any site of the body of the subject at which a pulse pres-
sure wave can be detected (e.g. any site of the body of
the subject comprising a pulsatile blood vessel (e.g. ar-
tery, arteriole, or any other pulsatile blood vessel)). In
some embodiments, the processor 102 can be config-
ured to normalize the characteristic with the determined
pulse transit time by determining a ratio of the character-
istic to the determined pulse transit time for the subject
to obtain the characteristic normalized for blood pres-
sure.

[0071] The determined ratio R’ of the characteristic to
the determined pulse transit time for the subject accord-
ing to this embodiment may be expressed as:

PPG

14
R PTT
where PPG is the characteristic of the acquired photop-
lethysmography signal for the subject (e.g. PPGA or PP-
GA divided by a DC component of the acquired photop-
lethysmography signal) and PTT is the pulse transit time
for the subject.
[0072] Insome embodiments, the pulse transit time for
the subject can be determined using an electrocardio-
gram signal obtained from the subject and the acquired
photoplethysmography signal for the subject. The pulse
transit time for the subject has an inverse relationship to
systolic arterial blood pressure and can thus be used as
an indirect surrogate to estimate blood pressure of the
subject. In some embodiments, the pulse transit time for
the subject may be used to normalize the characteristic
when the blood pressure (e.g. neither cuff nor arterial
blood pressure) of the subject is unavailable. In some
embodiments, the pulse transit time for the subject may
be determined by measuring a time delay between any
characteristic point (e.g. the R-peak, or any other char-
acteristic point) of an electrocardiogram signal obtained
from the subject and any characteristic point (e.g. a first
derivative of the maximum point, a second derivative of
the maximum point, an intersecting tangent point, or any
other characteristic point) of the acquired photoplethys-
mography signal).Although a variety of ways in which the
characteristic of the acquired photoplethysmography sig-
nal can be normalized for blood pressure have been de-
scribed alone, it will be understood that any of the de-
scribed ways in which the characteristic of the acquired
photoplethysmography signal can be normalized for
blood pressure may equally be used in combination with
any other. For example, in some embodiments, the char-
acteristic of the acquired photoplethysmography signal
may be normalized for blood pressure using more than
one of the ways described herein.
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[0073] In some embodiments, the acquired photop-
lethysmography signal with the characteristic normalized
for blood pressure may be rendered (e.g. output, dis-
played, or provided) by a userinterface 110. Forexample,
in some embodiments, the processor 102 of the appara-
tus 100 may control the user interface 110 to render (e.g.
output, display, or provide) the acquired photoplethys-
mography signal with the characteristic normalized for
blood pressure. As mentioned earlier, the apparatus 100
may comprise the user interface 110 or the user interface
110 may be external to (i.e. separate to or remote from)
the apparatus 100. In some embodiments, the acquired
photoplethysmography signal with the characteristic nor-
malized for blood pressure may be rendered with other
information, such as any one or more of indication of
areas of reliable characteristics (e.g. areas of character-
istics that are due to pain and/or stress as opposed to an
increase in blood pressure), a pulse rate (PR) of the sub-
ject, and a pressure pulse (PP) of the subject. In this way,
for example, it is possible to provide improved clinical
decision support to medical professional (e.g. a doctor,
an anesthetist, or similar). In embodiments where the
characteristic of the acquired photoplethysmography sig-
nal is normalized for blood pressure using more than one
of the ways described herein, a plurality of photoplethys-
mography signal can be provided with the characteristic
normalized for blood pressure in different ways. Thus, in
some of these embodiments, two or more photoplethys-
mography signals with the characteristic normalized for
blood pressure in different ways may be rendered by the
user interface 110, e.g. simultaneously.

[0074] Fig. 6is anillustration of signals acquired using
an apparatus according to such an embodiment. More
specifically, Fig. 6 is an illustration of two photoplethys-
mography signals with the characteristic normalized for
blood pressure in two different ways. In Fig. 6, a first
incision made to the subject is indicated by the arrow
606. Fig.6(a)is anillustration of a photoplethysmography
signal with the characteristic normalized for blood pres-
sure by determining a ratio R of the characteristic of the
acquired photoplethysmography signal to the blood pres-
sure measurement for the subject. Fig. 6(b) is an illus-
tration of a photoplethysmography signal with the char-
acteristic normalized for blood pressure by determining
a ratio H of a first characteristic of a first photoplethys-
mography signal obtained from a peripheral part of the
body of the subject to a second characteristic of a second
photoplethysmography signal obtained from a central
part of the of the subject.

[0075] As illustrated in Fig. 6, in some embodiments,
the two photoplethysmography signals with the charac-
teristic normalized for blood pressure in two different
ways may be rendered by the user interface 110 simul-
taneously. In some embodiments, as illustrated in Fig.
6(c) and 6(d) respectively, the pulse rate (PR) of the sub-
ject and the pressure pulse (PP) of the subject also may
be rendered by the user interface 110 simultaneously
with the photoplethysmography signals. In this way, a
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pain and/or stress response and a blood pressure related
effect can be discriminated from one another. For exam-
ple, the pain and/or stress response and the blood pres-
sure related effect can be discriminated from one another
during the first incision 606. This can, for example, pro-
vide a user of the user interface 110 (e.g. a medical pro-
fessional, such as a doctor, an anesthetist, etc.) with bet-
ter guidance when operating on the subject.

[0076] Fig. 7 is an illustration of an example output of
signals acquired using an apparatus according to some
embodiments described herein. More specifically, Fig. 7
illustrates another example manner in which two photo-
plethysmography signals with the characteristic normal-
ized for blood pressure in two different ways may be ren-
dered by the user interface 110. The horizontal axis of
Fig. 7 represents data of a photoplethysmography signal
with the characteristic normalized for blood pressure by
determining a ratio R of the characteristic of the acquired
photoplethysmography signal to the blood pressure
measurement for the subject or by acquiring the photo-
plethysmography signal obtained from the central part of
the body of the subject. The vertical axis of Fig. 7 repre-
sents data of the photoplethysmography signal with the
characteristic normalized for blood pressure by determin-
ing aratio H of afirst characteristic of a first photoplethys-
mography signal obtained from a peripheral part of the
body of the subject to a second characteristic of a second
photoplethysmography signal obtained from a central
part of the of the subject. Thus, in some embodiments,
a photoplethysmography signal may be rendered by plot-
ting data of the photoplethysmography signal with the
characteristic normalized for blood pressure in one way
may against data of the photoplethysmography signal
with the characteristic normalized for blood pressure in
another way. By visualizing the photoplethysmography
signal in this way, a user of the user interface 110 (e.g.
a medical professional, such as a doctor, an anesthetist,
etc.) can be provided with an improved assessment of
the subject in terms of a pain and/or stress response of
the subject.

[0077] In some embodiments, it may be possible to
discriminate a pain and/or stress response of the subject
from a blood pressure event. For example, in the illus-
trated embodiment of Fig. 7, the arrow labelled 700 is
indicative of increasing pain and/or stress experienced
by the subject and the arrow labelled 702 is indicative of
an increasing probability of a hemodynamic (blood pres-
sure) event occurring. Thus, in the example embodiment
illustrated in Fig. 7, the area labelled A can be interpreted
as a hemodynamic (blood pressure) event and the sub-
ject experiencing pain and/or stress, the area labelled B
can be interpreted as a hemodynamic (blood pressure)
event, the area labelled C can be interpreted as the sub-
ject experiencing pain and/or stress, and the area la-
belled D can be interpreted as the subject being in a
relaxed state (which may be used as a reference).
[0078] In addition to the apparatus 100 and method
200 described earlier, there is also provided a computer
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program product comprising a computer readable medi-
um. The computer readable medium has computer read-
able code embodied therein. The computer readable
code is configured such that, on execution by a suitable
computer or processor, the computer or processor is
caused to perform the method described herein. The
computer readable medium may be, for example, any
entity or device capable of carrying the computer pro-
gram product. For example, the computer readable me-
dium may include a data storage, such as a ROM (such
as a CD-ROM or a semiconductor ROM) or a magnetic
recording medium (such as a hard disk). Furthermore,
the computer readable medium may be a transmissible
carrier, such as an electric or optical signal, which may
be conveyed via electric or optical cable or by radio or
other means. When the computer program productis em-
bodied in such a signal, the computer readable medium
may be constituted by such a cable or other device or
means. Alternatively, the computer readable medium
may be an integrated circuit in which the computer pro-
gram product is embedded, the integrated circuit being
adapted to perform, or used in the performance of, the
method described herein.

[0079] There is thus provided herein an improved ap-
paratus, method and computer program product for de-
termining a stress and/or pain level of a subject.

[0080] Variations to the disclosed embodiments can
be understood and effected by those skilled in the art in
practicing the principles and techniques described here-
in, from a study of the drawings, the disclosure and the
appended claims. In the claims, the word "comprising"
does not exclude other elements or steps, and the indef-
inite article "a" or "an" does not exclude a plurality. A
single processor or other unit may fulfil the functions of
several items recited in the claims. The mere fact that
certain measures are recited in mutually different de-
pendent claims does not indicate that a combination of
these measures cannot be used to advantage. A com-
puter program may be stored or 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 tele-
communication systems. Any reference signs in the
claims should not be construed as limiting the scope.

Claims

1. An apparatus (100) for determining a stress and/or
pain level of a subject, the apparatus (100) compris-
ing a processor (102) configured to:

acquire, from a photoplethysmography sensor
(104), a photoplethysmography signal obtained
from the subject;

identify a characteristic of the acquired photop-
lethysmography signal, wherein the character-
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istic is normalized for blood pressure; and
determine the stress and/or pain level of the sub-
ject from the acquired photoplethysmography
signal based on the normalized characteristic.

The apparatus (100) as claimed in claim 1, wherein
the characteristic is normalized for blood pressure
by the processor (102) being configured to:
acquire, from the photoplethysmography sensor
(104), a photoplethysmography signal obtained from
a central part of the body of the subject.

The apparatus (100) as claimed in any one of claims
1 or 2, wherein the characteristic is normalized for
blood pressure by the processor (102) being config-
ured to:

acquire, from the photoplethysmography sensor
(104), a photoplethysmography signal obtained
from a peripheral part of the body of the subject;
acquire, from a blood pressure sensor (112), a
blood pressure measurement for the subject;
and

normalize the characteristic with the blood pres-
sure measurement for the subject to obtain the
characteristic normalized for blood pressure.

The apparatus (100) as claimed in claim 3, wherein
the processor (102) is configured to normalize the
characteristic with the blood pressure measurement
for the subject by:

determining a ratio of the characteristic to the blood
pressure measurement for the subject to obtain the
characteristic normalized for blood pressure.

The apparatus (100) as claimed in any one of claims
3 or 4, wherein the blood pressure measurement
comprises a systolic blood pressure measurement,
a diastolic blood pressure measurement, a mean
blood pressure measurement, or a pulse pressure
measurement.

The apparatus (100) as claimed in any one of the
preceding claims, wherein the characteristic is nor-
malized for blood pressure by the processor (102)
being configured to:

acquire, from afirst photoplethysmography sen-
sor (104), a first photoplethysmography signal
obtained from a first part of the body of the sub-
ject;

acquire, from a second photoplethysmography
sensor (104), a second photoplethysmography
signal obtained from a second part of the body
of the subject;

identify a first characteristic of the first photop-
lethysmography signal and a corresponding
second characteristic of the second photop-
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lethysmography signal; and

normalize the first characteristic with the corre-
sponding second characteristic to obtain the
characteristic normalized for blood pressure.

The apparatus (100) as claimed in claim 6, wherein
the first part of the body of the subject is different to
the second part of the body of the subject.

The apparatus (100) as claimed in any of claims 6
or 7, wherein:

one of the first part of the body of the subject
and the second part of the body of the subject
is a peripheral part of the body of the subject; and
the other of the first part of the body of the subject
and the second part of the body of the subject
is a central part of the body of the subject.

The apparatus (100) as claimed in any one of claims
6, 7 or 8, wherein the processor (102) is configured
to normalize the first characteristic with the second
characteristic by:

determining a ratio of the first characteristic to the
second characteristic to obtain the characteristic
normalized for blood pressure.

The apparatus (100) as claimed in any of the pre-
ceding claims, wherein the processor (102) is con-
figured to normalize the characteristic for blood pres-
sure by:

determining a pulse transit time for the subject;
and

normalizing the characteristic with the deter-
mined pulse transit time for the subject to obtain
the characteristic normalized for blood pressure.

The apparatus (100) as claimed in claim 10, wherein
the processor (102) is configured to normalize the
characteristic with the determined pulse transit time
for the subject by:

determining a ratio of the characteristic to the deter-
mined pulse transit time for the subject to obtain the
characteristic normalized for blood pressure.

The apparatus (100) as claimed in any one of the
preceding claims, wherein the processor (102) is
configured to determine the stress and/or pain level
of the subject by:

identifying whether one or more areas of the ac-
quired photoplethysmography signal are indicative
of an increase in the stress and/or pain level of the
subject based on the normalized characteristic.

The apparatus (100) as claimed in any one of the
preceding claims, wherein the characteristic of the
acquired photoplethysmography signal comprises
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an amplitude of the acquired photoplethysmography
signal.

A method (200) for determining a stress and/or pain
level of a subject, the method (200) comprising:

acquiring (202), from a photoplethysmography
sensor (104), a photoplethysmography signal
obtained from the subject;

identifying (204) a characteristic of the acquired
photoplethysmography signal, wherein the
characteristic is normalized for blood pressure;
and

determining (206) the stress and/or pain level of
the subject from the acquired photoplethysmog-
raphy signal based on the normalized charac-
teristic.

A computer program product comprising a computer
readable medium, the computer readable medium
having computer readable code embodied therein,
the computer readable code being configured such
that, on execution by a suitable computer or proces-
sor, the computer or processor is caused to perform
the method as claimed in claim 14.
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