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(7) ABSTRACT

A photo-acoustic sensing apparatus (100) for non-invasive
measurement of blood parameters of a subject (102) com-
prises a photo-acoustic sensor (104) for sensing photo-
acoustic signals (106) induced when a region of the subject
is illuminated by a light source (108). A first sensor pro-
cessing module (112) may derive blood oxygen saturation
using sensed photo-acoustic signals (114). A second sensor
processing module (116) may derive blood core temperature
using sensed photo-acoustic signals. A third sensor process-
ing module (118) may derive blood glucose using sensed
photo-acoustic signals. The sensing apparatus is configured
to derive at least one of: a de-correlated value (120) of blood
oxygen saturation of the subject; a de-correlated value (122)
of blood core temperature of the subject; and a de-correlated
value (124) of blood glucose of the subject.
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PHOTO-ACOUSTIC SENSING APPARATUS
AND METHODS OF OPERATION THEREOF

[0001] The invention relates to a photo-acoustic sensing
apparatus for non-invasive measurement of blood param-
eters of a subject. The invention may also relate to deriving
a de-correlated value of blood oxygen saturation of the
subject. The invention may also relate to deriving a de-
correlated value of blood core temperature of the subject.
The invention may also relate to deriving a de-correlated
value of blood glucose of the subject. The invention also
relates to corresponding methods.

[0002] The photo-acoustic (PA) effect refers to acoustic
wave generation of a material via thermoelastic mechanism
when illuminated by, for example, intensity modulated light.
It is a fast-growing multi-wave technique with increasingly
more applications in biomedical sensing owing to its unique
capacity in high resolution probing of rich optical contrast in
vivo at depths (down to several centimetres) [1]. As blood
offers primary contrast in photo-acoustic techniques, it is
particularly suited for imaging the vasculature and measur-
ing other physiological parameters (e.g. haemoglobin, oxy-
gen, sodium) therein. Moreover, with light being the only
electromagnetic wave that is sensitive to molecular confor-
mation, it has the versatility in probing anatomical, func-
tional, metabolic, molecular, and genetic contrasts of vas-
culature, hemodynamics, oxygen metabolism, biomarkers,
gene expression, etc. The flexibility in tailoring the photonic
and ultrasonic parameters allows it to be customised in
vastly different applications with scales varying from organ-
elles to organs and penetration depth from superficial layers
of several millimetres to an aggressive depth of 7 centime-
tres [2]. In fact, various uses of the photo-acoustic effect
have been demonstrated. On the small end of the scale, a
compact functional photo-acoustic microscopy (fPAM) sys-
tem is developed (such as an endoscopic probe), which
pertains an imaging resolution down to 15 um and a pen-
etration depth more than 3 mm. On the large end of the scale,
a photo-acoustic tomography system is built by which the
whole brain of a rat is imaged noninvasively in vivo with the
skin and skull intact [3]. Besides its scalability, the appli-
cation frontiers for photo-acoustic techniques are expanding
in a number of areas.

[0003] Non-Invasive Oxygen Saturation Monitoring
[0004] Oxygen saturation (SO2) is considered an impot-
tant physiological parameter of human health and disease,
and holds promise as a tool in this regard. The SO2 of blood
in the arteries (Sa02) reflects the adequacy of oxygen
supply, and SO2 of blood returning from the organs in the
veins (Sv02) to the right side of the heart (also called central
venous oxygen saturation) reflects the consumption of oxy-
gen by the organs.

[0005] Currently, measuring central venous SvO2 is not
easy; it requires the use of invasive central venous catheters
(CVC) inserted from the internal jugular vein into the right
atrium of the heart. Some CVCs are equipped with oxymet-
ric infrared probes that can measure the SvO2 in real-time
and have been used to monitor cerebral [4] or central venous
SO2. However, the insertion of CVCs is not without risks,
and may not be justified if only to be used to detect the
patients in early shock.

[0006] Current non-invasive technologies, such as near-
infrared spectroscopy (NIRS) are limited by insufficient
sensitivity, volume-averaged inaccuracy due to strong opti-
cal scattering and diffusing, and poor penetration depth and
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cannot measure the SvO2 in the right atrium. Other tech-
niques such as blood-oxygen-level-dependent (BOLD) con-
trast MRI, electron paramagnetic resonance imaging
(EPRI), spectroscopic optical coherence tomography
(SOCT) [5], PET and SPET are expensive, cumbersome and
illsuited to these purposes.

[0007] In the literature, US20070015992A1 [14],
USB40684762 [15] and US751594861 [16] implement
photo-acoustic-based SO2 measurements.

[0008] Non-Invasive Blood Core Temperature Measure-
ment
[0009] Real time non-invasive body core temperature

measurement has been pursued for a long time, with only
limited success. The demand for such a device is huge and
its realisation is not trivial. Convenient and reliable tem-
perature monitoring during physical activities, in particular,
needs to be made on a non-invasive continuous basis and
therefore portable sensors are necessary which further impli-
cates lightweight and low power consumption for the
device. These additional constraints result in even less
options when considering possible solutions.

[0010] Recently, tissue temperature monitoring by photo-
acoustic technology has been proposed due to its high
sensitivity. The reported temperature measurements vary in
accuracy and resolution, depending on the applications. As
reported in [6], the temperature in a single cell is measured
with accuracy of 0.2 degrees Celsius and in [7], temperature
for cancer therapy is monitored with an accuracy of 0.16
degrees Celsius without accounting the laser energy fluc-
tuations. As reported in [8], an improved temperature sen-
sitivity of 0.15 degrees Celsius obtained in a 2 seconds
temporal resolution and 0.015 degrees Celsius when tem-
poral resolution is scaled to 200 seconds. Therefore, the
measurement accuracy is highly scalable based on the
desired measurement resolution. However, it should be
pointed out that all those reported temperature measure-
ments are carried out on tissue-mimicking phantoms or ex
vivo excised tissues. No in vivo absolute temperature mea-
surements at depths have been demonstrated yet, though it
is observed in some in vivo experiments [9] that measured
photo-acoustic signals show a strong dependence on tem-
perature.

[0011] A method of measuring the temperature of a sample
or its surrounding pressure is proposed in U.S. Pat. No.
5,085,080, using the fundamental photo-acoustic effect to
measure the resonant frequency of the sample. Only the
temperature changes can be measured at the sample surface
according to the original method [24].

[0012] Non-Invasive Glucose Monitoring

[0013] Diabetes is a prevalent chronic disease with very
high levels of medical and economic burden. It was reported
to afflict 347 million people worldwide in 2010 and esti-
mated to reach 366 million in 2030, which is 4.4% of the
world population. This is especially significant in aging
populations, such as in Singapore. Diabetes causes multiple
chronic severe systemic complications. It also results in
multiple skin diseases, including bacterial and fungal infec-
tions, generalised itch, diabetic dermopathy, necrobiosis
lipoidica diabeticorum, diabetic blisters, and eruptive
xanthomatosis etc. To decrease the impact of diabetes on
patients’ health, regular monitoring and control of blood
glucose level is of utmost importance. Currently, finger-
prick devices are used for monitoring but they cause pain
and may result in complications such as infections due to its
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invasion, and the cumulative cost of using the strips is high.
A non-invasive device that can be used to repeatedly mea-
sure glucose level (easy to measure at a certain skin layer
and it is proportional to the blood glucose level) will
therefore present as a technological feat. Such a device will
potentially improve the quality of life of patients signifi-
cantly and greatly reduce the medical, social and economic
burden of the disease [10].

[0014] A plethora of attempts had been devoted to the
development of non-invasive devices using different tech-
nologies. Yet limited success has been met and none of those
devices were fully successfully commercialised. Some
devices were able to obtain FDA approval but were subse-
quently withdrawn several years later. Others are either still
trying to obtain approval or under further improvements
before becoming fully applicable in practical settings.
Owing to the rich optical contrasts of tissues and non-
ionisation nature of light, most of the non-invasive tech-
nologies are optical methods with a few other exceptions
being impedance spectroscopy and electromagnetic sensing
[11]. In near-infrared spectroscopy, glucose concentration is
calculated from the light transmission spectrum and with
multivariate techniques; it even allows glucose level mea-
surement inside complex biological matrices. Unfortunately,
it is susceptible to noise and interference from other light
absorbing components (water, haemoglobin etc), which
reduces the measurement accuracy significantly. Mid-infra-
red spectroscopy (MIR) utilises light with wavelengths in
the range 2500-10000 nm for sensing but the penetration is
severely limited at several micrometres due to the strong
water absorption at this range [12]. Additionally, the MIR
spectrum is highly sensitive to tissue hydration. Raman
spectroscopy is capable of label-free and molecule specific
detection in a highly specific manner [13].

[0015] However, besides the instability of laser, interfer-
ences from other compounds persisted as different mol-
ecules may show similar absorbing spectrum. Impedance
spectroscopy relies on measuring tissue impedance over a
frequency range to extrapolate glucose concentration.
Unfortunately, with many factors such as diseases that affect
the cell membranes can also change the dielectric properties
significantly, the specificity of this method is poor.

[0016] The invention is defined in the independent claims.
Some optional features of the invention are defined in the
dependent claims.

[0017] Implementation of the techniques disclosed herein
may provide significant technical benefits. For instance,
provision of a sensing apparatus having sensing components
for measurement of oxygen saturation, blood core tempera-
ture and blood glucose in a subject realises hitherto unob-
tained convenience by having the sensing components for
performing three different types of measurement in a single
device. Indeed, the sensing apparatus may be provided with
an integral sensor head incorporating the components for
measurement of all three parameters. In at least one arrange-
ment, the proposed photo-acoustic sensor solution can con-
currently measure multiple core parameters (blood SO2,
core temperature, glucose), making the solution much more
cost effective and robust than existing commercial products
[0018] Further, implementation of the described tech-
niques for the derivation of a de-correlated value of blood
oxygen saturation of the subject provides a significant
technical benefit in that, the derived value is unaffected by
variations in blood temperature and blood glucose levels.
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[0019] Known blood oxygen saturation detection using
optical techniques have needed at least two wavelengths to
differentiate between oxygenated haemoglobin and deoxy-
genated haemoglobin for the SO2 calculation. As described
herein, it is possible to use a scattered optical signal and a
photo-acoustic signal, where the optical source emits light of
a single wavelength only, to extract the blood oxygen
saturation information. Clearly, this leads to a significantly
lower capital cost in the light source, overall reduced system
complexity and may particularly lend itself for use in
continuous monitoring of blood oxygen saturation.

[0020] Yet further, implementation of the described tech-
niques for the derivation of a de-correlated value of blood
core temperature of the subject provides a significant tech-
nical benefit in that, the derived value is unaffected by
variations in blood oxygen saturation and blood glucose
levels. The techniques described herein may allow quanti-
tative measurement of the absolute temperature in the blood
and tissue non-invasively.

[0021] Moreover, implementation of the described tech-
niques for the derivation of a de-correlated value of blood
glucose of the subject provides a significant technical benefit
in that, the derived value is unaffected by variations in blood
oxygen saturation and blood temperature.

[0022] The photo-acoustic guided transmission method as
described herein may emulate a virtual photodiode inside the
tissue (where the glucose is to be measured) to monitor the
transmitted light. Due to the reduced propagation thickness
and the scalable size for the virtual photodiode, the sensing
resolution may be improved. And more importantly, if the
photo-acoustic waves that possess inherent high signal-to-
noise ratio are sensed rather than light detection, this method
may have better signal to noise ratio and may be more
resilient to environmental light interference that is suffered
by NIRS. Furthermore, the photo-acoustic guided transmis-
sion method is more immune to strong haemoglobin inter-
ferences if it enables a sensing region that avoids blood
vessels. With multiple wavelengths to isolate the abundant
water, protein and fat inside the skin layer, the achieved
photo-acoustic guided transmission method may be capable
of sensing with much better specificity.

[0023] The photo-acoustic guided transmission method
may use a normalisation procedure to account for the “guide
star” (virtual photodiode) fluctuation caused by human
metabolism. Such normalisation may also rectify the tem-
perature effect on glucose measurement, eliminating a major
interference factor in conventional methods like NIRS.
Furthermore, when integrating glucose measurement and
core temperature measurement, even second order tempera-
ture effects on the measurement accuracy and robustness can
be corrected.

[0024] As the photo-acoustic signal generated by laser
diodes (when used as the light source) is inherently limited
compared to the bulky solutions, highly sensitive signal
detection and processing may provide high quality measure-
ment. Through co-design between the photo-acoustic cell,
the photo-acoustic sensor (e.g. the microphone) and low
noise amplifier (LNA) and by adopting coherent detection,
accurate signal detection is potentially attainable.

[0025] Advantages of the techniques described herein
over known techniques are now discussed.
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[0026] Blood Oxygen Saturation Sensing

[0027] A comparison is shown in Table 1 below in terms
of methodology, safety, complexity, sensitivity, localisation
and so on.

TABLE 1
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photons, the induced photo-acoustic signals may maintain
their pulse waveforms and render the accurate localisation of
the targeted vessels. Therefore, the SO2 extracted from the
photo-acoustic and scattered light signals may be used to

Benchmarking of different technologies for non-invasive SO2 monitoring

SO2 catheter

(Gold Available Pulse Perfusion Disclosed PA
Parameter standard) oximeter MRI oximeter
Methodology NIR NIR spectroscopy ~ Contrast Photoacoustics
spectroscopy agent
Specificity ~ High Low: limited Low: need High: bond-selective
wavelength and external vibration PA
optical scattering agent
Sensitivity ~ High (<0.1%) Low: strong Medium High (<0.1%):
optical scattering sensitive acoustic
and volumetric detection
detection
Reliability  High Low: single Low: no High: Multi-
optical wave absolute SO2  parameter fusing
measurement value and correlation
Penetration  Good: Insertion Poor: strong Good: Good: acoustic
scattering magnetic penetration
field
Localization Good (<1 mm) Bad (<1 mm) due  Good: MRI Good (<1 mm) due
to strong resolution to acoustic focusing
scatteting
Risk High: invasive Low: non-invasive Medium: Low: non-invasive
strong
magnetic
field
Cost High: Low: laser diode High: Low: single-
complexity and and detector expensive wavelength laser;
invasive MRI machine, integrated acoustic
operation sensor
cost
Real-time No Yes No Yes

[0028] The underlying principle of the disclosed photo-
acoustic oximeter (blood oxygen saturation meter) is based
on the photo-acoustic phenomenon, transmitting light and
receiving ultrasound. A light source, such as a laser module,
may be included or provided separately to generate single-
and/or multi-wavelength light, a photo-acoustic sensor such
as an ultrasound transducer array may be provided to receive
the induced photo-acoustic signals and transfer/convert
these to electrical signals, and electrical control module to
process the signals (for example, amplification, filtering and
digitizing) may be provided for blood oxygen saturation
extraction. Due to the specific optical absorption propetrties
of deoxygenated haemoglobin (HbR) and oxygenated hae-
moglobin (HbO2) within the near infrared (NIR) range
(when the light source emits light in this part of the spec-
trum), photo-acoustic signals generated from the optical
absorption of HbR and HbO?2 in the blood will be related to
the ratio between HbR and HbO2. Single-wavelength and
multi-wavelength light illumination can be performed for
SO2 extraction reliably based on proposed phasoscopy
approach and multi-parameters fusion. Due to the deep
penetration of NIR light (>2 cm), when used, optical absorp-
tion of, for example, the carotid and jugular blood inside the
human neck will induce sufficiently strong photo-acoustic
signals, which may be detected by a photo-acoustic sensor
such as an ultrasound transducer. Thanks to the reduced
scattering of acoustic waves when compared to that of

deliver one or more of continuous monitoring, high sensi-
tivity, localisation and penetration.

[0029] In the prior art documents US20070015992A1
[14], US840684762 [15] and US751594861 [16] mentioned
above, each of these implements photo-acoustic-based SO2
measurements utilising at least two wavelengths.

[0030]

[0031] Non-invasive temperature measurement generally
depends on applying different kinds of waves that can
penetrate into a material to probe, either directly or indi-
rectly, certain physical parameters. Various waves have been
used, including mechanical waves like ultrasound, electro-
magnetic waves like radio frequency and light waves, and
even thermal waves as well, each with their own strengths
and limitations. Being portable and low cost, diagnostic
ultrasound-based methods [17, 18] can penetrate deep into
human body and provide real time temperature information.
However, the accuracy of this method is not good due to its
weak sensitivity to temperature. Magnetic resonance ther-
mometry [19, 20] is currently the gold standard in guiding
high intensity focused ultrasound therapy owing to its excel-
lent accuracy and good spatial resolution. Unfortunately, it
is only suitable for scenarios where the temperature varia-
tion is relatively slow and therefore cannot be real time.
Apart from additional hindrances imposed by motion arte-
facts due to breathing and movements, its primary limita-
tions are high cost and large size, which prevent its usage in
portable applications. Infrared thermography [21] allows for

Blood Core Temperature Sensing
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temperature monitoring in real time with accuracy better
than 0.1 Celsius but it can only sense the temperature at the
surface of an object (<0.5mm), not to mention its inability to
extract physiological parameters for functional diagnosis of
the probed region. Known pure optical methods [22, 23] are
sensitive to tissue physiological parameters including tem-
perature, and thus are potential for its monitoring. However,
the strong scattering of light within tissue precludes it from
achieving high resolution monitoring of temperature at
depth, for instance, in the carotid or pulmonary artery.
Indeed, initial successful demonstrations of PA based tem-
perature measurement have already been achieved although
further engineering work has to be done to make it suitable
for human core temperature measurement. Furthermore, to
better monitor heat strain, additional physiological param-
eters may also be measured to provide more concrete
information for monitoring and to decouple their effects on
temperature measurement since physiological parameters in
vivo usually show intricate inter-dependences. This can be
done relatively easily, as compared with other mentioned
technologies, with spectroscopic PA techniques by choosing
appropriate wavelengths of laser light for the probing.
[0032] Benchmarked in Table 2, the advantage and poten-
tial of the proposed PA sensing technique are clearly dem-
onstrated as its system complexity, power consumption and
accuracy can be tailored to meet the requirements for the
targeted applications.

TABLE 1
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tissue non-invasively. This may be realised through an
“active perturbation” method that may utilise an innovative
laser firing sequence without necessary calibration and inter-
ference from other physiological parameters such as hae-
moglobin concentration.

[0034] Glucose Sensing

[0035] Known methods are constrained to single wave
sensing, leaving them with less headroom for technological
modification and improvement. Photo-acoustic sensing
techniques [2, 25], on the other hand, may combine the
advantages of two waves: the rich contrast, high sensitivity
of optical wave and extra benefits offered by, for example,
ultrasound technology, depth profiling for instance. It may
provide versatile functional sensing capability and outstand-
ing system scalability. Moreover, the advantages of the
optical method are generally well incorporated in photo-
acoustic techniques. Photo-acoustic sensing suffers less
interference from water, the ubiquitous substance in all
tissues, as water exhibits relatively poor photo-acoustic
response. Interferences from other compounds though per-
sistent, can be reduced significantly by adopting photo-
acoustic spectroscopy techniques. Lastly, the proposed PA
guided transmission method is inherently immune to tem-
perature fluctuations, a major interference factor for pure
optical methods [25]. The different technologies currently
available for non-invasive monitoring are presented in Table
3. The advantage and potential of the proposed photo-

Benchmarking of available technologies for non-invasive temperature monitoring

Magnetic

resonance Infrared Pure optical Disclosed PA
Parameter Ultrasound  thermometry thermometry methods sensor
Penetration Good Good Poor, only  Poor Medium to
superficial High
Sensitivity Medium High High High High
Accuracy 0.2 Degree 0.1 Degree 0.1 Degree (.1 Degree  Scalable, 0.1
Degree
System Medium High Low Medium Medium
Complexity
Power Low High Low Low Low to
Consumption Medium
Scalable
Real Time Yes No Yes Yes Yes
Functional Limited Good Severely Excellent Excellent
Measurement limited
[0033] In comparison with the prior art documents men- acoustic sensing technique are clearly demonstrated, and its

tioned earlier, the techniques disclosed herein may allow
quantitative measurement of the absolute temperature in the

measurement specificity, accuracy and device size can be
tailored to meet the requirements of different applications.

TABLE 3

Benchmarking of different technologies for non-invasive glucose monitoring

Near-infrared ~ Mid-infrared ~ Raman Impedance  Disclosed PA
Parameter Spectroscopy ~ Spectroscopy  Spectroscopy  Spectroscopy Spectroscopy
Depth Profiling ~ No No No No Yes
Penetration >1 mm Several pm Limited Large >1 mm
scalable
Measurement Finger, Finger skin, Eye, skin (large Wrist Skin, arms,
Site forearm skin,  oral mucosa error) finger,

ear forehead, etc
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TABLE 3-continued
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Benchmarking of different technologies for non-invasive glucose monitoring

Near-infrared ~ Mid-infrared ~ Raman Impedance  Disclosed PA
Parameter Spectroscopy ~ Spectroscopy ~ Spectroscopy  Spectroscopy Spectroscopy
Major Interfering Water, fat, Water, fat, Lipids Water, Lipids,
Factors proteins, proteins, diseases that melanin
haemoglobin ~ haemoglobin, affect cell
temperature temperature, membranes
ete. efe.
Specificity Good Good Good Poor Excellent
Size Large Large Large Portable Scalable
[0036] In the literature patents, photo-acoustic based [0042] Higher Reliability
methods for glucose detection and measurement have been [0043] The photo-acoustic guided transmission method

proposed. US6049728A presents a photo-acoustic method
for blood glucose measurement [26] which is not suitable for
targeting deep tissue in vivo because of its limited sensitivity
and selectivity. US6405069B1 applies a photo-acoustic
technique to monitor glucose concentration in the eye tissue
[27]. U.S. Pat. No. 8,326,388B2 [28] and US20120271204
[29] develop the basic photo-acoustic concept for measuring
body glucose. Furthermore, a portable and wearable glucose
measurement system such as an implementation in a wrist-
watch is proposed [30]. However, all the methods mentioned
above for glucose measurement are in an elementary photo-
acoustic configuration, and have not gained at sensitivity
and selectivity. The photo-acoustic guided transmission
spectroscopy techniques disclosed herein are different from
existing techniques. They may be considered to introduce a
virtual photodiode inside tissue which may enable sensing
glucose with better resolution and higher specificity. In
addition, the disclosed sensor may be configured so that it
may concurrently measure SO2 and temperature, and thus it
is able to de-embed the interference from glucose measure-
ment, making it more robust and accurate.

[0037] In summary, the advantages of the disclosed tech-
niques may be able to achieve are:

[0038]

[0039] The photo-acoustic guided transmission method is
more immune to strong haemoglobin interference as it
enables a sensing region that avoids blood vessels. Mean-
while, with multiple wavelengths to isolate the abundant
water, protein and fat inside the skin layer, the achieved
photo-acoustic guided transmission light transmission spec-
troscopy may be capable of sensing with much better
specificity.

[0040] Higher Sensitivity

[0041] The photo-acoustic guided transmission method
may emulate a virtual photodiode inside the tissue to moni-
tor the transmitted light. Due to the reduced propagation
thickness and the scalable size for the virtual photodiode, the
sensing resolution may be improved. And more importantly,
since the photo-acoustic waves that possess inherent high
signal-to-noise ratio are sensed rather than light, this method
may have better signal to noise ratio and may be resilient to
environmental light interferences that are suffered in NIRS.
Also, an advanced capacitive micro-machined ultrasonic
transducer (CMUT), when utilised as the photo-acoustic
sensor, may detect the photo-acoustic signal with higher
sensitivity than a conventional piezoelectric transducer.

Higher Specificity

uses a normalisation procedure to account for the “guide
star” (virtual photodiode) fluctuation caused by human
metabolism. Such normalisation may also rectify the tem-
perature effect on glucose measurement, eliminating a major
interference factor in conventional methods like NIRS.
Furthermore, by integrating glucose measurement and core
temperature measurement, even second order temperature
effects can be corrected.

[0044] Lower Cost

[0045] When implemented as single-wavelength SO2
detection, this may lower the light source (e.g. laser) system
cost without decreasing the sensitivity significantly. The cost
of, for example, a highly integrated CMUT array is drasti-
cally reduced taking advantage of standard semiconductor
fabrication process.

[0046] The invention will now be described, by way of
example only, and with reference to the accompanying
drawings in which:

[0047] FIG. 1 is a block schematic diagram illustrating a
photo-acoustic sensing apparatus for non-invasive measure-
ment of blood parameters of a subject;

[0048] FIG. 2 is a schematic line diagram illustrating
components of an exemplary sensor processing module for
deriving blood oxygen saturation;

[0049] FIG. 3 is a schematic diagram illustrating an exem-
plary photo-acoustic technique for measuring blood oxygen
saturation;

[0050] FIG. 4a is a schematic diagram illustrating the
system architecture of an experimental setup implementing
the technique of FIG. 2;

[0051] FIG. 45 is a graph illustrating the experimental
results from the set up of FIG. 4a;

[0052] FIG. 5 is a schematic diagram illustrating an exem-
plary photo-acoustic technique for measuring blood core
temperature;

[0053] FIG. 6 is a sequence of timing diagrams illustrating
exemplary pulse sequences for the arrangement of FIG. 5;
[0054] FIG. 7a is a schematic diagram illustrating the
system architecture of an experimental setup implementing
the technique of FIG. 5;

[0055] FIG. 75 is a graph illustrating the experimental
results from the setup of FIG. 7a;

[0056] FIG. 8 is a schematic diagram illustrating an exem-
plary photo-acoustic technique for measuring blood glucose;
[0057] FIG. 9 is a sequence of timing diagrams illustrating
exemplary pulse sequences for the arrangement of FIG. 8,
[0058] FIG. 10 is a series of views illustrating exemplary
arrangements for the arrangement of FIG. 8,
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[0059] FIG. 11 provides a pair of graphs illustrating the
absorption spectrum of glucose, water and haemoglobin;
and

[0060] FIG. 12 provides a graph illustrating the glucose
concentration measurement results and glucose detection.
[0061] Turning first to FIG. 1, an exemplary photo-acous-
tic sensing apparatus 100 for non-invasive measurement of
blood parameters of the subject 102 is illustrated. The
photo-acoustic sensing apparatus 100 comprises a photo-
acoustic sensor 104, a first sensor processing module 112, a
second sensor processing module 116 and third sensor
processing module 118. Photo-acoustic sensing apparatus
100 may optionally comprise a light source 108, or this may
be provided separately.

[0062] Light source 108, for example a laser such as a
laser diode, is configured to emit light 110 towards subject
102 (or, rather, a target region of the subject, as will be
shown in more detail in FIGS. 3, 5 and 8). Photo-acoustic
sensor 104 picks up photo-acoustic signals (e.g. acoustic
waves) 106 induced when the region of the subject 102 is
illuminated by the light 110 from light source 108. Photo-
acoustic sensor 104 outputs sensed photo-acoustic signals
114, for use by one or more of the first, second and third
processing modules 112, 116, 118.

[0063] Photo-acoustic sensing apparatus 100 may also
comprise a light sensor 126 which may be configured to
measure scattering of light 128 scattered by the region of the
subject 102, when illuminated by the light 110. For this
detection, it is possible for light sensor 126 (such as one or
more photodiodes) to be attached to the ultrasound trans-
ducer, facing the subject, allowing it to receive the back-
scattered light from the subject. Light sensor 126 outputs
sensed scattered light signals 130 for use by the processing
modules 112, 116, 118.

[0064] First sensor processing module 112 is configured to
derive blood oxygen saturation using at least the sensed
photo-acoustic signals 114, although the sensed scattered
light signals 130 are advantageously used in the derivation.
Second sensor processing module 116 is configured to
derive blood core temperature using at least the sensed
photo-acoustic signals 114. Third sensor processing module
118 is configured to derive blood glucose using at least the
sensed photo-acoustic signals 114, although the sensed
scattered light signals 130 are advantageously used in the
derivation.

[0065] As will be described in greater detail below, first
sensor processing module 112 is able to derive a de-corre-
lated value 120 of blood oxygen saturation of the subject.
Second sensor processing module 116 is able to derive a
de-correlated value 122 of blood core temperature of the
subject. Third sensor processing module 118 is able to derive
a de-correlated value 124 of blood glucose of the subject.
Each of these de-correlated values 120, 122, 124 may be
made available for analysis.

[0066] Thus, it will be appreciated that FIG. 1 illustrates a
photo-acoustic sensing apparatus 100 for non-invasive mea-
surement of blood parameters of a subject 102, the photo-
acoustic sensing apparatus 100 comprising a photo-acoustic
sensor 104 for sensing photo-acoustic signals 106 induced
when a region of the subject 102 is illuminated by a light
source 108. The first sensor processing module 112 is
configured to derive blood oxygen saturation using sensed
photo-acoustic signals 114. The second sensor processing
module 116 is configured to derive blood core temperature
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using sensed photo-acoustic signals 114. Third sensor pro-
cessing module 118 is configured to derive blood glucose
using sensed photo-acoustic signals. The photo-acoustic
sensing apparatus 100 is configured for at least one of: the
first sensor processing module 112 to derive a de-correlated
value 120 of blood oxygen saturation of the subject; the
second sensor processing module 116 to derive a de-corre-
lated value 122 of blood core temperature of the subject; and
the third sensor processing module 118 to derive a de-
correlated value 124 of blood glucose of the subject.
[0067] FIG. 1 also illustrates the photo-acoustic sensing
apparatus 100 may comprise a light sensor 126 for sensing
scattered light signals 128 induced when the region of the
subject 102 is illuminated by the light source 110. Further,
the first sensor processing module 112 is configured to
derive the de-correlated value of blood oxygen saturation of
the subject using the sensed photo-acoustic signals and
sensed scattered light signals, the de-correlated value of
blood oxygen saturation being related to a ratio of oxygen-
ated haemoglobin in blood of the subject and total haemo-
globin in the blood of the subject.

[0068] Blood Oxygen Saturation An exemplary architec-
ture for a sensor processing module for deriving blood
oxygen

[0069] saturation is illustrated in FIG. 2. In this example,
the sensor head 200 is an integrated sensor head incorpo-
rating the photo-acoustic sensor 104 and the light sensor
126. Integrated sensor head 200 is also configured to emit
light 110 towards the target region 202 of the subject 102. It
will be appreciated that, in other exemplary arrangements,
separate sensor heads may be provided for the photo-
acoustic sensor and the light sensor. Furthermore, a separate
light emitter may also be provided.

[0070] Inthe example of FIG. 2, the light being emitted by
integrated sensor 200 is laser light, and this is directed at
region 202 in order to illuminate the blood vessel 204 of the
subject, having blood 206 flowing therethrough. Sensed
photo-acoustic signals 114 and sensed scattered light signals
130 are conveyed back to a low noise amplifier 208, and
processed by a variable gain amplifier 210, a filter 212, and
analogue to digital converter 214 prior to being transmitted
to first sensor processing module 112. The derived de-
correlated value of blood oxygen saturation may be made
available, for example, for display on a display 216.
[0071] As mentioned above, in this example integrated
sensor head 200 emits laser light. Thus, the apparatus further
comprises a laser system 108 which emits a laser beam 220
to fibre coupler 222 which couples the laser light signal into
fibre 224.

[0072] The exemplary sensor may be portable and com-
prises a non-invasive photo-acoustic blood oxygen satura-
tion imaging sensor, which may be termed a photo-acoustic
oximeter, based on the photo-acoustic phenomenon and
technique, which may have particular application for con-
tinuous monitoring blood oxygen saturation with high sen-
sitivity. This exemplary photo-acoustic oximeter mainly
integrates the pulsed laser system, the ultrasound transducer
array as the photo-acoustic sensor 104, and the signal
processing modules mentioned above. During operation in,
for example, clinics, this device may be attached or held
adjacent to human skin with gel coupling with a view to the
target region being a region around, for example, the carotid
or jugular vessels. In some arrangements, this may enable
continuous monitoring with high sensitivity (0.1%), reliabil-



US 2018/0064346 A1l

ity (e.g. when implementing multi-parameter correlation and
calibration) and deep penetration (>2cm). As will be
described in more detail below, blood oxygen saturation may
be extracted from the laser-induced photo-acoustic signal
and scattered light signal using only single-wavelength light
illumination.

[0073] The exemplary arrangement of FIG. 2a includes, as
mentioned, a laser module capable of generating a multi-
wavelength light source, which is coupled into a fibre such
as a multimode fibre and delivered to illuminate human
vessels. It also includes, for the photo-acoustic sensor 104,
an ultrasound transducer array, which may be made of
piezoelectric material or capacitive micro-machined ultra-
sound transducer (CMUT), to receive the induced photo-
acoustic signals 106 and convert these to electrical signals
114. The light illumination and ultrasound transducer array
may be aligned to be confocal to maximize the detection
sensitivity. The optical fibre and electrical cables may be
bundled together, and may be provided with optimised
electro-magnetic shielding. The received photo-acoustic
electrical signals from the transducer array are amplified by
the low noise amplifier 208, conditioned by the variable gain
amplifier 210, followed by filtering by filter 212 to remove
low frequency baseline oscillations due to human move-
ments and other vibrations. The filtered signal is sampled by
the analogue to digital converter 214 for further digital
processing. A central control unit/first sensor processing
module can be arranged to coordinate the laser trigger, data
measurement, display, and other needed functionalities, as
well as the blood oxygen saturation extraction from the
measured PA and light signals.

[0074] FIG. 3 illustrates signal action in a region 202 of
the subject. Light 110 is emitted to illuminate the region 202
of the subject and a target blood vessel 300. Induced photo
acoustic signals 106 are picked up by photo-acoustic sensor
104. Scattered light signals 128 are picked up by the light
sensor 126. Also illustrated are the skin layers of the
epidermis 301, the dermis 302 and the blood vessel layer
304, erythrocytes 306 and blood for 308 as indicated.
[0075] As mentioned above, in at least one arrangement,
the blood oxygen saturation value may be derived where the
light source emits only light of a single wavelength. In this
approach, both of the optical absorption induced photo-
acoustic and diffusively scattered optical signals are col-
lected to establish the equations discussed below. Based on
the photo-acoustic signal equation and scattered optical
equation, the inventors have found that it is possible to
measure the blood oxygen saturation and the concentration
of the oxygenated haemoglobin and deoxygenated haemo-
globin using light of a single wavelength and within the
safety range of the light source, such as a laser.

[0076] During a laser-induced photo-acoustic process, the
acoustic signal is launched based on the principle of thermal
expansion following the optical energy absorption by the
sample. Here the blood vessel is the targeted object, we can
acquire the photo-acoustic signal [31, 32].

P=G(e410,Crvoy*€mrCrnr)s M

[0077] where G is related to the ultrasonic parameter, the
system parameter, Gruneisen parameter and the local optical
fluence which can be expressed as the multiplication of the
local laser intensity and laser pulse width. These parameters
are all constant for a fixed system setup and experimental
environment. €5, and €, are known molar extinction
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coeflicients of oxygenated haemoglobin and deoxygenated
haemoglobin, which are well documented. Cg,, and -
are the unknown concentrations of oxygenated haemoglobin
and deoxygenated haemoglobin. Therefore, the photo-
acoustic signal has linear relation with the concentrations of
two main kinds of haemoglobin in the blood.

[0078] That is, the photo-acoustic sensing apparatus 100 is
configured to derive the de-correlated value 120 of blood
oxygen saturation of the subject using a calibration coefli-
cient, molar extinction coeflicients of haemoglobin and
scattering coeflicients. Like molar extinction coefficients,
these scattering coeflicients are used to characterise specific
materials like oxygenated hemoglobin or deoxygenated
hemoglobin, which are assumed to be almost uniform
among different people, though different people may show
varying compositions of oxygenated hemoglobin and
deoxygenated hemoglobin in blood. In short, the composi-
tions may be different but the fundamental materials should
be almost uniform.

[0079] On the other hand, when a beam of light irradiates
on the surface of the sample, the light will be scattered and
that is related to concentrations of oxygenated haemoglobin
and deoxygenated haemoglobin by scattering coeflicients
Mo, and Wy, at certain wavelength, shown as

1 =H(\t,0, Crimoy tHaorCrnr)> @

[0080] where H is related to system parameter and the
local optical fluence. From the simultaneous linear equations
(1) and (2), the blood oxygen saturation value, which is
defined as

Chivo,
S02 = —m8———,
Chivo, + Crinr

[0081] can be calculated as
S02 < IsEpRM = PlHpR ’ (©)
Isn(Enpr — €1p0y) + PUHDO, — HHDR)
[0082] where
G
n= "
[0083] The two parameters need to be calibrated since

they are both related to specific system setup and experi-
mental environment. Thus, the photo-acoustic and scattered
light signals at two different wavelengths are used for
calibration. For wavelength A,

P(h)=G(eano,MICroy+emma(m)Crnr), @
L()=H (D150, Carso,+Hamrh)Crnr), )
[0084] For wavelength A,,
P(h2)=G(ezno,M2)Crnoy+emma(ha)Car), (6)
L(ho)=H(pg150,(h) Carpo,+Hammr(ho) Crpr)s ™
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[0085] Calibrated SO2 can be calculated by dividing equa-
tion (4) with equation (6) as

(SO2)¢y = ®

P(A)empr(d1) — PR )Emr(A2)
P2)(emrA1) = S4p0, (A1) = PA1)(Empr(A2) = Sppo, A2))

[0086] In this example, one of the calibration wavelengths
is used as the single measurement wavelength, but that is not
an essential requirement. The single measurement wave-
length can be one which is not used in the calibration. But
to save the wavelength and associated cost, it may be
preferable the single measurement wavelength is used as one
of the calibration wavelengths. For example, taking wave-
length A, as reference wavelength, the corresponding equa-
tions (5) and (7) have the same relation with equation (3). So
from (3) and (8), we can obtain:

_ G _ (SO0 Po)pmo, (A2) — sk (A2)) + Pla)umr(d) — (9)
T Is(Aa)emr(Aa) = {S02)car Is(A2)(Empr(Az) — b0, (A2))

[0087] Ultimately, wavelength A, can be utilised as the
single-wavelength laser illumination for SO2 detection and
continuous monitoring with calibrated value n

(SO = IsA)eppr(da)n = PADrpr (1) (10)
e = QD Ennr (M) — €m0, M)+
P50, (M) = iR (A1)
[0088] Thus, it will be appreciated that the photo-acoustic

sensing apparatus 100 is configured to derive the de-corre-
lated value 120 of blood oxygen saturation of the subject 102
using the sensed photo-acoustic signals 114 and the sensed
scattered light signals 130 induced when the region of the
subject 102 is illuminated by the light source 108, the light
source emitting light 110 of a single wavelength. As men-
tioned above, in preferred arrangements the light source
comprises a laser, such as a laser diode.

[0089] Starting from equation 3, and expanding the brack-
ets of the denominator:

Isenprl — Pituor

S02 =
Iserprn = Pitpr + Pinpo, = Isneno,

=
1
T Q

[0090] Substitute equation 1, equation 2 and

H[ Hip0, Cvo, + ] ( G) G{ 21p0, Ciibo, + ]
EtbR| 75 |~ LHBR
Upr Crvk H 2R Chibr

S02 =
b0, Chvo, + G €0y Cioy +
H SH,,R( ) -G

— +
H L BbR

Hivr Ciipr £41pR ChbR

(G( b0, Chpo, + ] H( #H0, Chivo, + ]( G] ]
1 HbO, — - |[EHBO
<uprCrpr ? #rpr Chpr H :
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[0091] Expanding all the brackets:

Genprtno, Crvoy + Crpritpr Chink —

Geppo, tuprCrivoy — CepritpRC bR

SO2 =
GerprEHb0, Chboy + GEHbR g CHbR —

Gerpo, i ppr Crivo, — GErpRIHER CribR +

(G(&hbo, Crpo, + Hpr Crpr)MHbO, —

G
H(pppo, Chpoy + Hitbr CHbR)( 17 }SHboz )

Genpritio, Crvoy + Cerpritvr Crpr —

Genpo, vk Crvoy = Cerpr v Crivk
SO2

Genprttpoy Chvoy = GEmpo,# pprCrvo, +
(Gerpo, Hib0, Chiboy + GEnpr im0, Crivk —

Geripo, o, Chpoy = Gerpo, frvr Crivk)
[0092] Simplifying the equation:

Genpritbo, CHpo, — GeHbo, HHbR CHv0y

502 =
Genprittbo, CHpo, — GeHpo, MHR Chpo, +

(Gerr b0, Cribr = GEHbo, HipRCHbR)

[0093]
factors:

Factorising the equation by taking out common

son GChpo, (EHpRIHDO, — EHBOHHHER)

GChpo, (pRIHbO, = EHPO, HHBR) +

GCripr (bR HDO, = EHPOH HHIR)

[0094] Cancelling common factors G and (€xlsno,~

EHbOz“'HbR):

502 = _ Cmwoy
Crpo, + Chpr

[0095] It is noted that SO2 is a ratio between oxygenated
haemoglobin and total haemoglobin (deoxygenated+oxy-
genated).

[0096] As temperature related terms appear on both the
numerator and denominator for calculating SO2, they cancel
each other and make SO2 measurement inherently indepen-
dent on the blood temperature. For the effects of blood
glucose measurement on blood oxygen saturation, it should
be noted that glucose concentration is far less (<1/1000) than
that of haemoglobin in blood vessels and as a result, any
fluctuations in glucose concentration will affect negligibly
the photo-acoustic signals of the blood: in fact, a 1/1000
fluctuation caused by glucose concentration in blood is well
below the system noise level since a blood oxygen saturation
measurement accuracy of 1% is already known. Put it
simply, glucose concentration is expected only to induce a
measurement error well below 1% on blood oxygen satura-
tion, which is likely not to be a concern at all.

[0097] Thus, the first sensor processing module 112 may
be used to provide a de-correlated value 120 of blood
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oxygen saturation, where the term “de-correlated value”
may be considered to mean that the effects of variations in
one or both of blood core temperature and blood glucose
have little or no bearing on the blood oxygen saturation
monitoring value.

[0098] The feasibility of the technique was explored in an
experimental setup 400 as illustrated in FIG. 4a. This utilises
porcine blood for the validation. Fresh porcine blood 402
was collected and stored in a flask 404. A transparent tube
405 was used to export the blood to the water 410 in water
tank 412 for photo-acoustic and scattered light measure-
ment. The conical flask 404 was connected with an oxygen
supply 406 and a carbon dioxide supply 408 to increase and
decrease the SO2 in the blood respectively. To validate the
measurement accuracy, a standard blood oxygen saturation
meter 407 was utilised to monitor blood oxygen saturation
inside the tube. One suitable blood oxygen saturation meter
is the DO-166MT-1 meter from LAZAR Research Labora-
tories. FIG. 45 shows the blood oxygen saturation measure-
ment by the standard SO2 meter, conventional two-wave-
length measurement and the disclosed novel single-
wavelength method. It illustrates that the disclosed single-
wavelength measurement is capable of reaching within 1%
accuracy.

[0099] Therefore, a photo-acoustic SO2 measurement
method which may use a single-wavelength is disclosed. It
differentiates from any existing methods which require at
least two wavelengths. The technique may utilise and quan-
tify both the scattering and absorption of light illumination
which reflects the SO2 concentration, and the method can
extract the SO2 parameters using, say, only one wavelength.
Hence, the complexity and cost of the sensor can be sig-
nificantly reduced, and make the computation close to real
time. In addition, the method can also adopt multi-wave-
length but will enhance the performance (in terms of accu-
racy, robustness) greatly when compared with existing
multi-wavelength methods. With multiple wavelengths, it is
possible to obtain a set of linear equations (called Set one
equation) similar to Eq.(1), where the molar extinction
coeflicients €, and €, are different for each wavelength,
but known according to existing tabulations. Then by apply-
ing a least square fitting algorithm, it is possible to obtain a
more reliable estimate of SO2 solely from the Set one
equation. The same could be done with Eq.(2) to yield a Set
two equation and to solve a second SO2 value. One last
potential improvement is do a simple averaging between the
two SO2 values. Or more straightforwardly, a single least
square fitting for Set one and Set two equations combined
would suffice.

[0100] Therefore, additionally or alternatively, the photo-
acoustic sensing apparatus 100 is configured to derive the
de-correlated value of the blood oxygen saturation of the
subject using the sensed photo-acoustic signals and the
sensed scattered light signals induced when the region of the
subject is illuminated by the light source, the light source
emitting light of a plurality of wavelengths.

[0101] Itisalso to be noted that the above-described blood
oxygen saturation monitoring technique may be provided
separately, for example, in a dedicated sensor apparatus for
deriving a de-correlated value of blood oxygen saturation of
the subject.

[0102] Blood Core Temperature

[0103] FIG. 5 illustrates an exemplary architecture for a
sensor processing module for deriving blood core tempera-
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ture. In this example, a photo-acoustic sensor 104 comprises
a patch sensor implementing a CMUT ultrasound transducer
array to receive the PA signal. In the example, one or more
compact laser diodes 1084 and driver circuits 1085 are used
as the light source 108. While FIG. 5 illustrates three laser
diodes 108a, other numbers, including one are contem-
plated. The output of the laser diodes are coupled efficiently
into a fibre such as a 200 um thick multimode fibre (MMF),
through which the laser pulses are directed into the patch
sensor. The patch sensor may also contain the distal end of
fibre for delivering the laser light, and/or the head of
electrical wire bundle for conveying the electrical signal of
the transducer array. The laser light coming out from the
fibre can either penetrate through the transducer array [33]
or pass through a very small hollow that is made in the
transducer. The electrical wires and the fibre may be wound
together inside a thin wire that connects the main body of the
device to the patch sensor.

[0104] Also in this example, the laser light is a directed
towards the blood vessel 204 of the subject, having blood
206 flowing therethrough. Sensed photo acoustic signals 114
and sensed scattered light signals 130 are conveyed back to
a low noise amplifier 208, and processed by a variable gain
amplifier 210, a filter 212, an analogue to digital converter
214 and a DSP module 216 and a digital signal processing
module 500 prior to being transmitted to second sensor
processing module 116. It will be appreciated that, in this
example, the processing electronics for the blood core
temperature measurement derivation may use the compo-
nents used for the same or similar purpose in the blood
oxygen saturation measurement, as indicated by the refer-
ence numerals in FIG. 5, or separate stand-alone compo-
nents may be used for each sensing technique.

[0105] The derived de-correlated value 122 of blood core
temperature may be made available, for example, for display
on a display, not shown (which may implement a GUT) or for
onward transmission through transmitter 502. Advanta-
geously, alarms module 506 may be provided.

[0106] As mentioned above, in this example in the light
source comprises a laser, such as a photodiode 1084 which
emits a laser beam 220 to fibre coupler 222 which couples
the laser light signal into fibre 224.

[0107] Such an arrangement may require only a small size
(less than 1 cm?2) and lightweight patch sensor to be attached
tightly onto a human body (e.g. at the neck and/or close to
the chest) to receive the photo-acoustic signal whereas the
main-body of the device can be comfortably carried in other
parts of the human body. After firing of the laser diodes, the
generated photo-acoustic signal that carries rich information
about the interrogated tissue, including core temperature (at,
for example, the main blood vessels of the carotid and
pulmonary arteries), is first amplified by the low noise
amplifier and then further conditioned by the variable gain
amplifier, followed by filtering to remove low frequency
baseline oscillations caused by human movements and other
vibrations. The filtered signal is sampled by an analogue to
digital converter for further processing in one or more, for
example, low power digital signal processors DSP. Second
sensor processing module 116 coordinates the measurement,
display, alert and other needed functions.

[0108] The wavelength of 808 nm (Ay)is chosen here,
although other wavelengths are also suitable. For deeper
penetration, the workable wavelength range may be in the
NIR part of the spectrum, ranging from around 700 nm to
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around 1200 nm. Falling into the human body window, the
near infrared wavelength is allowed for deep penetration and
ahigher irradiation dose up to 100 mJ/cm? can be used based
on ANSI safety standards [34]. The availability of high
power laser diodes at this range contributes another justifi-
cation, which allows a customised laser sequence. Equally
importantly, the 808 nm laser is the isosbestic point where
oxygenated haemoglobin and deoxygenated haemoglobin
show the same absorption, thus selection of this wavelength
is advantageous for measuring temperature independently of
the blood oxygenation.
[0109] The timing sequence 600 for the operation of light
source (laser diodes) is given in FIG. 6. With a trigger signal
602 to initiate measurement, the 808 nm laser diode works
in a first photo-acoustic mode and is driven by the driver
circuit to fire consecutively a train/sequence 604 of laser
pulses at the repetition rate of, for example, 1 kHz. The
interval 606 of operation in the first photo-acoustic mode of
operation is illustrated. The photo-acoustic signals may be
subsequently stored. Then, the laser diode 108 is driven into
a second perturbation mode of operation, having an interval
608. In this example, the perturbation mode is a heating
mode for perturbing the temperature of the probed region,
for example by a relatively small amount. It is also feasible
to use an ultrasonic transmitter emitting, for example a
high-intensity ultrasound signal to perturb the temperature
and in order to provide sufficient accuracy without raising
safety issues. The temperature rise may be in the order of
around 1 to around 4 degree Celsius. This perturbation
interval 608 is followed by returning to the first photo-
acoustic mode for a second interval 610 for a second
measurement with a train of laser pulses. A second trigger
pulse 602a restarts the sequence of first photo-acoustic
mode, perturbation mode then first photo-acoustic mode
again, reverting to another instance of the first interval 6064
of operation in the first photo-acoustic mode. The perturba-
tion is explained later. In one arrangement, 40 times of laser
pulses in the train is determined in order to achieve an
accuracy of 0.075 degrees Celsius for the temperature mea-
surement [8]. The amplitude of the photo-acoustic signal is:
PO\’O):[CHZ;OZ(TI)"'CHZ;R(TI)]EHb()\‘O)r(Tl)F:EHb(}\‘O)

N(IDFCay(Th), an
[0110] where €, (A,) is the known molar extinction
coefficient of oxygenated haemoglobin and deoxygenated
haemoglobin. Cpy,0, (T,) and Cpyp (T,) are oxygenated and
deoxygenated haemoglobin concentration in blood at tem-
perature T,. C,, (T,)is the total haemoglobin concentration.
I'(T)) is the Grueneisen parameter at T, and F is the laser
fluence at the blood vessel. The temperature measurement is
based on the fact that I'(T) is linear to absolute temperature
stated as: T'(T)=A+BT where A and B are constants deter-
mined by material properties. With a known reference point
P(T,) from device calibration, absolute temperature can be
calculated from PA measurement P as

P (A A (11a)
T:—(—+T0]——,
P(T)\ B B

[0111] assuming the concentration is constant. The mea-
surement accuracy on the amplitude of the photo-acoustic
signal is directly translated to the accuracy of temperature
probing. However, it is observed in Eq. (11) that the ampli-
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tude is affected by the total haemoglobin concentration Cy,,
(T,) that interferes with temperature measurement. To rec-
tify the C,;, (T,) fluctuation induced by inevitable human
metabolism, the active perturbation method is proposed by
designing an innovative laser diode excitation sequence.
Suppose both of the temperature and haemoglobin concen-
tration are changed during physical activities and the PA
signal is affected by both of them. At isosbestic wavelength
of X,

[0112]  P(T,)=€z,(ho)Crp(T)T'(T,)F, where the total hae-
moglobin concentration Cy,, (T,) at temperature T, is dif-
ferent from C,y, (T,). When the laser diode is tumed into
perturbation (heating) mode (for example, low power con-
tinuous mode) with a fluence rate F, at blood vessel for a
short time At, the temperature of blood is slightly perturbed
by AT. An immediate second session of photo-acoustic
signal acquisition is then made: P(T,+AT)=€;,(7)C (T +
ATI(T,+AT)F. When At is quite small (less than 1 second),
the total haemoglobin concentration variation during this
time interval can be ignored, i.e. Cp(T+AT)=Cp,(T,).
Taking the pressure difference

AP(T)=P(T+AT)-P(To =€y (M)FBC gy (To)AT (11b)

[0113] to normalize the measurement of P(T,), we get

P [y (te)
VaRT,) VFRB T .
[0114] C

', is the heat capacity of haemoglobin; A=A

VFC,/(F,B) (11d) and B'=/BFC/(F,) (lle) are new con-

stants.

[0115] Temperature increment AT is calculated as
absorbed light energy (€g,(ho)Cr,(T,)F,) divided by the
heat capacity Cp, namely

Py(h) =

AT=€z3 (ko) Cr(T)IH/C, (119)

[0116] Therefore, the temperature can be measured with-
out interferences of other varying physiological parameters
by using the normalized PA signal P,(T,). It is noted here
that the temperature increment AT should be small enough
to avoid undesirable safety issues while large enough to
produce a noticeable effect on the immediate PA signal
generation.

[0117] Calibration may not be necessary during absolute
temperature calculation with P,(T,), and to be on the safe
side, one-time calibration is likely to be enough upon first
time usage, meaning further calibration afterwards is not
necessary. Recalling that A'=A4/FC,/(I';B) and B'=
VBFCAF,), an obstacle to achieve absolute temperature is
the ratio F/F, since C,, is known constant while A and B, as
material constants, can be known by either ex vivo calibra-
tion or using established values. In fact F and F, are likely
to be unknown at depths inside tissue. However, the light
transfer function from the same laser diode used to deliver
F and F, toward any location inside the tissue is the same for
both photo-acoustic mode and heating/perturbation mode
laser firing, despite intricate scattering processes. Hence,
F/F, can be written as
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F o S(nxW xAr, WAz, A, (11g)
Fr SIMXWyxAr - Wahr  har

[0118] where S(r) is the light transfer function from the
laser diode to location r, At,, is the known laser pulse
duration in PA mode; W, and W, are the power of laser
diode working photo-acoustic mode and heating/perturba-
tion mode. I, and 1, are the current supplied to the laser diode
in each mode those are readily obtainable values in the
driving circuits and ultimately, making F/F, known. Thus, A’
and B' can be obtained either with calibration (measuring
directly A" and B' via ex-vivo experiments for the specific
material or using similar materials from animals, as done in
some literature) or preferably, using established material
constant value of A and B). Finally, absolute temperature is
inferred from the measurement of

Py(T)as: T= P-4 (b
B/
[0119] In short, this novel perturbation method utilising an

innovative laser firing sequence may enable absolute core
temperature measurement without requiring calibration.
[0120] It may also be more resistant to interferences of
other physiological parameters like haemoglobin concentra-
tion.

[0121] Thus it will be appreciated that the second sensor
processing module 116 is configured: to derive a first
photo-acoustic value (e.g. P(A) from Equation 11) when the
region 202 of the subject 102 is subjected to illumination by
the light source 108 operating in a first signal acquisition
mode of operation (e.g., the first photo-acoustic mode of
operation in interval 606), and emitting light 110 of an
isoshestic wavelength; to derive a second photo-acoustic
value (e.g. P(T,+AT) from Equation 11) when the region of
the subject is subjected to illumination by the light source
operating in the first signal acquisition mode of operation,
after having been subjected to illumination by the light
source operating in a second perturbation mode of operation
(e.g. the second heating interval 608); to derive a pressure
difference value (for example APT, from Equation 11b)
from the first photo-acoustic value and the second photo-
acoustic value; to derive a normalised second photo-acoustic
value (for example P,(T,) from Equation 11 ¢) using the
second photo-acoustic value and the pressure difference
value; and to derive the de-correlated value of blood oxygen
saturation of the subject using the normalised second photo-
acoustic value, a first blood core temperature constant (for
example, A") and a second blood core temperature constant
(B", and this may be done, for example, using equation 11h.
[0122] It will also be appreciated that, in this example, the
light source 108 comprises a laser, and the second sensor
processing module 116 is configured to derive the first blood
core temperature constant A' using; a first material property
constant (A); a second material property constant (B); a first
current value I, for current supplied to the laser during the
first signal acquisition mode of operation; a second current
value I, for current supplied to the laser during the second
perturbation mode of operation; a laser pulse duration At,; in
the first signal acquisition mode of operation; a duration of
the second perturbation mode of operation A,; and a heat
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capacity of haemoglobin C,. In this example, second sensor
processing module 116 uses equations 11d and 11g in this
calculation.

[0123] In this example, the second sensor processing
module 116 may also be configured to derive the second
blood core temperature constant B' using: the second mate-
rial property constant B; the first current value I, for current
supplied to the laser during the first signal acquisition mode
of operation; the second current value I, for current supplied
to the laser during the second perturbation mode of opera-
tion; the laser pulse duration At in the first signal acquisi-
tion mode of operation; the duration of the second pertur-
bation mode of operation A, and the heat capacity of
haemoglobin C,. In this example, the second sensor pro-
cessing module 116 uses equations 1le and 11g in this
calculation.

[0124] It will also be appreciated that, additionally or
alternatively (and as mentioned above), the photo-acoustic
sensing apparatus is configured to obtain one of the first
blood core temperature constant A' and the second blood
core temperature constant B' during a calibration process.
[0125] Similar to SO2 measurement, the temperature mea-
surement in the blood is at least largely and possibly
completely immune to glucose concentration variations due
to its exceedingly low concentration. For interference from
SO2, there is a much simpler solution, as described above.
Note that the proposed temperature measurement uses only
one wavelength and that for blood, there are several special
wavelengths where deoxygenated haemoglobin and oxygen-
ated haemoglobin have the same light absorbing coefficient.
These wavelengths are called isosbestic wavelengths. There-
fore, by using isosbestic wavelengths, no matter how SO2
changes, the blood photoacoustic signals (thus the tempera-
ture measurement) will not be affected. While the total
concentration of haemoglobin may change, the proposed
method that adopts a unique laser sequence for absolute
temperature measurement employs a normalization method
as well, which makes it independent on the haemoglobin
concentration.

[0126] Thus, the second sensor processing module 116
may be used to provide a de-correlated value 122 of blood
core temperature, where a “de-correlated value” may be
considered to mean that the effect of variations in one or
both of blood oxygen saturation and blood glucose have
little or no bearing on the blood core temperature monitoring
value.

[0127] The feasibility of the technique was explored in an
experimental setup 700 as illustrated in FIG. 7a. This utilises
porcine blood for the validation. Fresh porcine blood 702
was collected and stored in a flask/container 704. A syringe
pump 706 was used to pump the porcine blood into a tube
708 with a diameter of 5 mm and embedded in a block 710
of fat tissue with thickness of 2 cm. The absolute tempera-
ture is monitored by a thermistor 712 that is directly inserted
into the blood tube for measurement comparison. The tem-
perature is changeable by placing the tissue phantom in hot
water 714 and allowing it to cool down naturally. Experi-
mental results by the photo-acoustic method and thermistor
are shown in FIG. 7(b), which indicates that an accuracy of
<0.1 degree Celsius may be achieved.

[0128] Thus, a photo-acoustic based blood core tempera-
ture measurement method is proposed where an active
perturbation method is used by designing an innovative laser
diode excitation sequence to probe temperature indepen-
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dently of haemoglobin concentration. Moreover, the abso-
lute temperature can be determined by either without cali-
bration or with only one-time calibration upon first usage.

[0129] Itisalso to be noted that the above-described blood
core temperature monitoring technique may be provided
separately, for example, in a dedicated sensor apparatus for
deriving a de-correlated value of blood core temperature of
the subject.

[0130] Blood Glucose

[0131] FIG. 8 illustrates an exemplary architecture for a
sensor processing module for deriving blood glucose. In this
example, the photo-acoustic sensor 104 comprises a micro-
phone for receiving the photo-acoustic signal. In the
example, a plurality of compact laser diodes 108a and the
driver circuit 1085 are used as a light source 108. While FIG.
8 illustrates three laser diodes 1084, other numbers, includ-
ing two (where two wavelengths are required, as described
below), are contemplated. The output of the laser diodes,
each of which may emit at distinct wavelengths, are coupled
into a fibre through which the laser pulses are directed at the
region 202 of the subject 102, in this example, a finger of the
subject, with the laser pulses directed into the skin by
efficiently coupling the output of the laser diodes 108¢ with
a series of lens and mirrors into the photo-acoustic cell 104.
During measurement, the fingertip may be in contact with
the photo-acoustic cell and the generated photo-acoustic
signal after the firing of the laser diodes travels back and
forth in the cell, which amplifies the signal substantially. The
boosted signal is sensed by the acoustic microphone, further
amplified by a low noise amplifier 208, conditioned by a
variable gain amplifier 210 and bandpass filter 212, sampled
by an analogue to digital converter 214 and subsequently
processed in a low power DSP module 500. The bandpass
filter may be included for reducing noise and removing low
frequency baseline oscillations. The function of the third
sensor module 118 includes coordinating the timing
sequence of laser diodes, spectrum calculations by DSP, and
providing display.

[0132] The proposed solution illustrated may be a portable
PA-based device featuring a glucose measurement cell that
fits and contacts with the fingertip or other sites under the
subject’s skin. Interstitial fluid of the skin may be examined
by the device. The rationale for selecting skin as the mea-
surement medium is that its interstitial fluid, which reflects
blood glucose level, is the body fluid closest to the surface
of the body. Though other body fluids are accessible, such as
saliva, tears, and urine, they show either no correlation with
blood glucose or exhibit a long delay with respect to
variations in blood glucose levels (hours in the case of tears).
Glucose holds only a minuscule share in the haemoglobin-
dominant blood, making it difficult to be directly measured
in practice or by non-invasive methods like NIRS. More-
over, the fact that blood contains a more complicated matrix
compared to interstitial fluid amounts to increased interfer-
ence from other components of blood. Given these con-
straints, the interstitial fluid of skin that contains fewer
components while reflecting blood glucose well is therefore
an appealing option. The skin structure is given in FIG. 3
and the various layers of the epidermis are the stratum
corneumn, the stratum granulosum and the stratum spinosum.
The interstitial fluid comprises albumin, glucose and some
traces of lactate are found in the stratum spinosum, which is
located at a superficial depth of about 15-20 pm. The glucose
level in the interstitial fluid correlates with the level in blood,
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with a latency of change of only several minutes. Hence, by
detecting the glucose level in, for example, the epidermis, in
vivo blood glucose levels can be effectively measured.

[0133] Plural, perhaps several wavelengths in the visible
and/or near infrared range may be chosen for the photo-
acoustic spectroscopy measurement of glucose and the
monitoring sequence is given in FIG. 9. Firstly, the super-
ficial vein is identified, for example either by vision or by a
photo-acoustic imaging method. After that, the spectroscopy
sweeps the wavelengths and records the photo-acoustic
response at each disparate wavelength. In one photo-acous-
tic guided transmission spectroscopy (PGTS) method, each
wavelength is fired N times and the duration between each
firing is T,. T, determined by the resonance frequency of the
photo-acoustic cell so that the photo-acoustic signal
sequence would have a coinciding. N, on the other hand, has
more freedom to choose compared to T. However, in order
to gain a high signal to noise ratio measurement, N should
be close to the qualify factor Q of the cell for the resonance
to build up effectively. Though bulky tunable near infrared
lasers are commercially available, laser diodes offer the
advantages of a more compact size and wider wavelength
range. The glucose concentration can be calculated from the
measured photo-acoustic signals at all adopted wavelengths.

[0134] A briefing on the conventional transmission or
reflection of near infrared spectroscopy technique is given
first for better appreciation of the PA guided transmission
method. As shown in FIG. 10(1), light emitted from the laser
diode is scattered upon entering the tissue. Its spatial dis-
tribution can be modelled by diffuse equation and repre-
sented by the spatial sensitivity function of the laser diode,
S, p(r). Similarly, the photodiode placed on the other side
that collects the transmitted light has a spatial sensitivity
function of S, (1), meaning that the photons travelled in that
region can be collected effectively. Therefore, from the
emission of laser diode (source) to the reception of photo-
diode (detector), the tissue region covered by both S, (1)
and S,(r) is probed by the photons, and perhaps only this
region. This particular region and its associated spatial
weighting are characterized by the source-detector spatial
sensitivity function, which is calculated as S(r)=S; ,(t)xSzp
(r). FIG. 10(2) and FIG. 10(3) depict the spatial sensitivity
function for the transmission and reflection configurations
respectively. The limitations therein for the transmission
method are its limited access points and the fact that, for
glucose measurement, the more abundant haemoglobin of
vasculature can mask glucose in the blood and skin layer.
For reflection, though it is more accessible to tissue site, the
interferences from haemoglobin persists.

[0135] For the proposed photo-acoustic guide transmis-
sion method, the superficial vein beneath the skin is
exploited as the “guide star” for measuring the glucose level
inside the skin layer. Shown in FIG. 10(4), the light propa-
gation from laser diode to tissue is the same, i.e. S;(r)
remains. However, the ultrasound transducer replaces the
photodiode to receive the photo-acoustic signals generated
from the vein in the proposed method. Since the photo-
acoustic signal is proportional to the number of photons
reaching the vein, it essentially measures the light intensity
therein, and this can be considered like putting a photodiode
at the vein inside the tissue. It is then equivalent to a virtual
photodiode. The size of the photodiode is determined by the
intersection of the vein and the radiation pattern of the
ultrasound transducer, which is indicated by a black circle in
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FIG. 10(4). Then shown as an analogy in FIG. 10(5), the
virtual photodiode has a spatial sensitivity function of 'z,
(), making the source-detector spatial sensitivity function to
be S'(r)=S,5(r)xS's5(r), which is depicted in FIG. 10(6).
Since the resolution of the ultrasound transducer is scalable,
the virtual photodiode is also scalable in size and can be
made much smaller than the size of a real photodiode. This
feature, coupled with the fact that the virtual photodiode
enables a shorter distance between source and detector,
makes S'(r) occupying a smaller tissue volume and thus
improves the spatial resolution compared to conventional
NIRS.

[0136] To analyse mathematically, the optical fluence at
the skin surface is denoted as F and the effective scattering
coeflicient and absorption coeflicient as o, and o, respec-
tively, the laser fluence at the vein is: F=exp(-a,l-c,1)F,,
where 1 is the distance of from the skin surface to the vein.
Then the generated photo-acoustic signal by the vein is
calculated as P =exp(-o-a, DFul’, with p representing
the absorption coefficient of the blood of laser light and I"
representing the Grueneisen parameter. The PA signal can be
re-expressed as P =exp(-a ))Ful'exp(-a,1)=P sexp(-a,l),
where P, is the artificial photo-acoustic signal that is
generated when the concentration of molecules that absorb
light is zero. Further still, it can be re-written as [31]

P,=P gexp(-€,C.D), 12)

[0137] where €, is the molar absorption coeflicient of
glucose and C, is glucose concentration in the path. Then by
monitoring PA signal P, after a calibration that extracts P,
concentration variations of the absorbing molecules like
glucose can be measured as

c. - —In PV/on’ 13

g leg

[0138] Note that the ranging capability of PA is able to
render a reliable 1.

[0139] The above rationale depends on the stability of the
“guide star” (the vein) generated PA signal P, which is
affected by the strong scattering of skin and the possible
blood haemoglobin concentration variation inside the vein.
As the scattering of the skin is more determined by the
relatively stable skin microstructures therein and consider-
ing the fact that the glucose concentration consists only a
minor part of the interstitial fluid, the scattering coefficient
is assumed to be affected negligibly by the glucose concen-
tration. The “guide star” stability, however, is of more
concern since the haemoglobin concentration may vary. As
such, the solution proposed here is to choose a wavelength
at which skin (including glucose and other molecules)
exhibits poor absorption when compared with the haemo-
globin to monitor the fluctuation of haemoglobin concen-
tration inside the vein. Then another wavelength that exhib-
its strong absorption by glucose is added to monitor the
glucose concentration in the skin. The process is elaborated
below.

[0140] The haemoglobin concentration is monitored by
the isosbestic wavelength (A,) for the oxygenated haemo-
globin and deoxygenated haemoglobin so that the total
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haemoglobin concentration is accounted. The photo-acous-
tic signal for this wavelength is

P 0=Poono®XP(~Canol)=F ol (€170 Crr)eXP(=0lol), (13a)

[0141] where €, and C are the molar absorption and
total concentration of haemoglobin respectively. Suppose a
fluctuation of AC,; in Cy is present, then

Poo=Fol'€moCrl1+ACH Co)exp(=Canol) =P onoll+

ACHCy)exp(-0g.o)- (13b)
[0142] The fluctuation of haemoglobin concentration is
therefore encoded at this wavelength and can be used to
correct later measurements. Subsequently, a second wave-
length that shows much stronger glucose absorption is used
to detect glucose concentration, with the associated uncor-
rected PA signal being
[0143] A simple normalization of P (A,) by P, (A,) will
correct the “guide star” fluctuation as

P, (13d)
PN,(0) = Pzz expl— (e, —@a )]
[0144] Since glucose molar absorption at wavelength

ho(€gn0) 1s much smaller than that at wavelength A, (e, ),
then at concentration of C,, glucose absorption coefficient
for wavelength A, (0t,507€,,0C,) 18 thus much smaller than

(019, 7€0,Cp), that is o, 0L a1, Therefore PN, (&) can
be further reduced to

P P
PN,1) > o expl-aaud) = 5 expl-sgui Cl) (13
Py Py
[0145] Take the logarithm on both sides of the equation so

that we have

P, 14
In PN,(A;) = ln( PVOM (14)

vOAD

) - Eg/\l Cgl

[0146] One additional bonus for such a normalisation
procedure is that it is insensitive to temperature because
slow temperature drift is eliminated by the normalization so
long as the “guide star” measurement of haemoglobin con-
centration and the glucose monitoring are always conducted
in conjunction, making it particularly advantageous com-
pared to other technologies like NIRS. Assume a tempera-
ture variation of AT, then the two PA signals can be
collectively written as:

[0147] P, (A, AT)=P 0, (1+BAT)(1+AC/Cypexp(=ct, 1)
with i=0,1 and B as a constant.

[0148] Obviously, normalisation of the two measurements
eliminates the temperature effect in PN, (A,), which enables
a temperature independent probing of glucose.

[0149] Multi-wavelength PA measurement (spectroscopy)
may also be used. The more abundant water, fat and proteins
in the skin are common interferences for glucose measure-
ment via optical methods. To render an accurate and reliable
glucose monitoring, decoupling of these interferences may
be desired. Spectroscopy is a powerful technique to solve
such a problem as the absorption spectrum of these materials
are distinct, as the spectrum given in FIG. 11. Choosing M
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wavelengths for the measurement, the concentration of
glucose can be extracted as follows.

[0150] Denoting the molar absorption of specific molecule
at wavelength A, as €,(2,) so that at glucose concentration C,,
the absorption is: p(A)=Ce,(n,), 1i=1,2 . . . , M. Then
photo-acoustic signals, after normalisation by the “guide
star” photo-acoustic measurement at all adopted wave-
lengths, can be expressed in a matrix format as:

[ PN, PN oo PN T =kt k2o k] (19
e(d) efda) o edy)
A (A2) ... &
LIX[C Cy . Cyx &A1) £(d;) &(Ayr) ’
eu(A) en(A2) ... en(dy)
[0151] where
k;:ln@
Puoro
[0152] are system constants for each wavelength and can

be obtained by a one-time calibration procedure. Solving the
matrix will then reveal the concentration of various mate-
rials, including glucose, water and the glucose reading,
which is now robust being decoupled to a large extent from
those common interferences. It is noted here that with plenty
of multivariate analysis methods like principal component
analysis available, both the concentration and absorption
matrix can be reconstructed from the PA measurements [12].
Generally, the absorption matrix is a priori knowledge,
which can facilitate the calculations substantially.

[0153] Thus it will be appreciated that the third sensor
processing module 118 is configured to derive a first glucose
photo-acoustic value (for example, P, , using equation 13b)
when the region of the subject is subjected to illumination by
the light source emitting light at a first wavelength, the first
wavelength being selected for exhibiting a higher absorption
in haemoglobin than absorption in glucose; to derive a
second glucose photo-acoustic value (for example, P, (A,)
using equation 13¢) when the region of the subject is
subjected to illumination by the light source emitting light at
a second wavelength, the second wavelength being selected
for exhibiting a higher absorption in glucose; to derive a
corrected second glucose photo-acoustic value (for example,
PN (A using equation 13d) by normalising the second
glucose photo-acoustic value using the first glucose photo-
acoustic value; and to derive the de-correlated value of
blood glucose of the subject using the corrected second
glucose photo-acoustic value (using, for example, equation
14, optionally by rearranging the equation accordingly).

[0154] It will also be appreciated that the light source 108
comprises a laser, and the third sensor processing module
118 module is configured to derive the first glucose photo-
acoustic value for blood in a blood vessel of the subject, the
first glucose photo-acoustic value being related to: a laser
fluence value F, for the laser operation at the first wave-
length; a molar absorption coeflicient €, , for haemoglobin
at the first wavelength; a total concentration of haemoglobin
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C, in the blood; an absorption coefficient a. , ,, for skin of the
patient; and a distance I between a surface of skin of the
patient and the blood vessel.

[0155] Further, the third sensor processing module 116
may be configured to derive the second glucose photo-
acoustic value for blood in the blood vessel of the subject,
the second glucose photo-acoustic value being related to: the
total concentration of haemoglobin C,, in the blood; the
absorption coefficient o, , for skin of the patient; and the
distance I between the surface of skin of the patient and the
blood vessel.

[0156] For the glucose measurement, blood oxygen satu-
ration fluctuations will be significant since we use blood
vessels as the “guide star” in our proposed PGTS method.
Yet, as derived mathematically above, two wavelengths
(thus a spectroscopic method) or more can be used to
decouple both the blood oxygen saturation and temperature
effects. One wavelength that is highly absorbing for the
blood but far less absorbing to glucose (like 635 nm or 532
nm light) is utilised to eliminate or at least reduce the blood
oxygen saturation and temperature effects and another wave-
length that is highly absorbing for glucose is used to probe
the glucose, which will include the interferences from blood
oxygen saturation and temperature as well. As both wave-
lengths will be affected by SO2 and temperature in a linear
manner, a normalisation operation that takes the ratio of the
two photo-acoustic signals will eliminate/de-correlate the
blood oxygen saturation and temperature effects from glu-
cose measurement.

[0157] The feasibility of the technique was explored in an
experimental setup. A preliminary measurement of glucose
level in a phantom by the proposed PGTS approach was
conducted which proves the efficacy of the method. Glucose
level in a water tank is linearly increased from 0 to 350
mg/dl, by adding glucose solution to it using a syringe
pump. The proof of concept measurement is done using
single wavelength at 532 nm for glucose measurement.
Fixed at the tank bottom is an absorbing target that mimics
the vein inside the skin. Based on the relationship of the
photo-acoustic signal and glucose concentration explained
earlier, the experimental results are shown in FIG. 12. The
photo-acoustic method offers a very accurate measurement:
it fits with the linear function of actual glucose level with a
determination coeflicient larger than 0.99. The maximum
error of the photo-acoustic measurement in the range from
0 to 300 mg/dL is around 10 mg/dL, close to the results
obtained from [12].

[0158] Further, a photo-acoustic guided transmission
spectroscopy method is disclosed with the capability of
measuring glucose accurately in a non-invasive way, which
may be repeatable and/or usable for continuous monitoring
applications. It may facilitate the diagnosis, treatment and
monitoring of diabetes mellitus. In addition, this technique
that achieves a virtual photodiode inside tissue may enable
sensing with better resolution and higher specificity and it
can be extended to measure other molecules for diagnosis of
other skin disorders, such as melanoma. Excellent scalability
of the photo-acoustic technique and its high-sensitivity on
temperature are significant features, and may allow devel-
opment of a portable temperature monitoring device. The
techniques disclosed herein may be used to develop a novel
sensor device that can continuously monitor heat strain in a
non-invasive way.
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[0159] Itisalso to be noted that the above-described blood
glucose monitoring technique may be provided separately,
for example, in a dedicated sensor apparatus for deriving a
de-correlated value of blood glucose of the subject.

[0160] Potential Commercial Applications of the Above-
Describe Techniques

[0161] 1. The disclosed photo-acoustic oximeter, based on
photo-acoustic sensing, is completely different from current
products that used near-infrared spectroscopy (NIRS). Com-
pared to photo-acoustic sensing, NIRS is limited by insuf-
ficient sensitivity, volume-averaged inaccuracy due to strong
optical scattering and diffusing, poor resolution and conse-
quent inability to measure the SvO2 in high resolution.
While the proposed photo-acoustic sensing essentially over-
comes all the problems of NIRS, hence it can achieve much
better performance than NIRS in terms of resolution, sen-
sitivity and accuracy.

[0162] 2. As explained previously, the disclosed photo-
acoustic oximeter apparatus may use only single wavelength
for the measurement of SO2, hence lowering the complexity
and cost of the device significantly. It will be comparable
and perhaps even lower in price than existing NIRS prod-
ucts.

[0163] 3. Most oximeter products in the market can only
measure SpO2 in finger tips, earlobes. toes, forehead and
other parts, which cannot reflect the true delivery and
consumption of oxygen by the organ (such as brain) in time;
whereas the proposed PA oximeter, besides used as the
current products to measure Sa02, can also measure SvO2,
which shows the true balance between the delivery and
consumption of oxygen by the organs. Currently, the mea-
surement of SvO2 can only be done by inserting the invasive
central venous catheters (CVC) into the right atrium of the
heart from the internal jugular vein, which is quite incon-
venient and only used in ICU.

[0164] 4. The disclosed PA oximeter solution can concur-
rently measure multiple core parameters (blood SO2, core
temperature, glucose), making the unique solution much
more cost effective and robust than existing products.
[0165] 5. Convenient and reliable temperature monitoring
during physical activities, in particular, needs to be made on
a non-invasive continuous basis and therefore portable sen-
sors may be necessary which further implicates lightweight
and low power consumption for the device. Other applica-
tions of the photo-acoustic based temperature measurement
method include patient monitoring in hospital intensive care
units, as well as monitoring of temperature for incoming
people during health crisis situations. This can be integrated
into existing hospital care solutions to provide core tem-
perature monitoring.

[0166] 6. The disclosed PGTS sensor uniquely utilises
both optical and acoustic waves. This senor is capable of
measuring glucose accurately in a non-invasive, repeated
and continuous manner and will facilitate the diagnosis,
treatment and monitoring of diabetes mellitus. In addition,
this technique that achieves a virtual photodiode inside
tissue enables sensing with better resolution and higher
specificity and it can be extended to measure other mol-
ecules for diagnosis of other skin disorders, such as mela-
noma.

[0167] 7. The PGTS sensor can be readily integrated into
a cosmetic laser treatment system, targeting a potentially
exploding skincare device market, expected to be worth
around U.S.$10.7 billion by 2018.
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[0168] Overall, the proposed photo-acoustic sensor appa-
ratus may also be configured to measure concurrently mul-
tiple parameters (blood oxygen saturation, core temperature
and glucose). The approach can de-embed the correlation
and interference between different parameters when mea-
suring multiple parameters, therefore making the solution
much more cost-effective and robust than existing offerings.
[0169] It will be appreciated that the invention has been
described by way of example only and that various modi-
fications may be made to the techniques described above
without departing from the spirit and scope of the invention.
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1. A photo-acoustic sensing apparatus for non-invasive
measurement of blood parameters of a subject, the photo-
acoustic sensing apparatus comprising:

a photo-acoustic sensor for sensing photo-acoustic signals

induced when a region of the subject is illuminated by
a light source;

a first sensor processing module for deriving blood oxy-
gen saturation using sensed photo-acoustic signals;

a second sensor processing module for deriving blood
core temperature using sensed photo-acoustic signals;
and

a third sensor processing module for deriving blood
glucose using sensed photo-acoustic signals; wherein
the photo-acoustic sensing apparatus is configured for
at least one of:

the first sensor processing module to derive a de-corre-
lated value of blood oxygen saturation of the subject;

the second sensor processing module to derive a de-
correlated value of blood core temperature of the
subject; and

the third sensor processing module to derive a de-corre-
lated value of blood glucose of the subject.

2. The photo-acoustic sensing apparatus of claim 1 com-
prising a light sensor for sensing scattered light signals
induced when the region of the subject is illuminated by the
light source; and wherein

the first sensor processing module is configured to derive
the de-correlated value of blood oxygen saturation of
the subject using the sensed photo-acoustic signals and
sensed scattered light signals, the de-correlated value of
blood oxygen saturation being related to a ratio of
oxygenated haemoglobin in blood of the subject and
total haemoglobin in the blood of the subject.

3. The photo-acoustic sensing apparatus of claim 2, con-
figured to derive the de-correlated value of blood oxygen
saturation of the subject using a calibration coeficient,
molar extinction coefficients of haemoglobin and scattering
coefficients.

4. The photo-acoustic sensing apparatus of claim 2, con-
figured to derive the de-correlated value of blood oxygen
saturation of the subject using the sensed photo-acoustic
signals and the sensed scattered light signals induced when
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the region of the subject is illuminated by the light source,
the light source emitting light of a single wavelength.
5. The photo-acoustic sensing apparatus of claim 2, con-
figured to derive the de-correlated value of the blood oxygen
saturation of the subject using the sensed photo-acoustic
signals and the sensed scattered light signals induced when
the region of the subject is illuminated by the light source,
the light source emitting light of a plurality of wavelengths.
6. The photo-acoustic sensing apparatus of claim 1,
wherein the second sensor processing module is configured:
to derive a first photo-acoustic value when the region of
the subject is subjected to illumination by the light
source operating in a first signal acquisition mode of
operation, and emitting light of an isosbestic wave-
length;
to derive a second photo-acoustic value when the region
of the subject is subjected to illumination by the light
source operating in the first signal acquisition mode of
operation, after having been subjected to illumination
by the light source operating in a second perturbation
mode of operation;
to derive a pressure difference value from the first photo-
acoustic value and the second photo-acoustic value;

to derive a normalised second photo-acoustic value using
the second photo-acoustic value and the pressure dif-
ference value; and

to derive the de-correlated value of blood core tempera-

ture of the subject using the normalised second photo-
acoustic value, a first blood core temperature constant
and a second blood core temperature constant.

7. The photo-acoustic sensing apparatus of claim 6,
wherein the light source comprises a laser, and the second
sensor processing module is configured to derive the first
blood core temperature constant using:

a first material property constant;

a second material property constant;

a first current value for current supplied to the laser during

the first signal acquisition mode of operation;

a second current value for current supplied to the laser

during the second perturbation mode of operation;

a laser pulse duration in the first signal acquisition mode

of operation;

a duration of the second perturbation mode of operation;

and

a heat capacity of haemoglobin.

8. The photo-acoustic sensing apparatus of claim 7,
wherein the second sensor processing module is configured
to derive the second blood core temperature constant using:

the second material property constant;

the first current value for current supplied to the laser

during the first signal acquisition mode of operation;
the second current value for current supplied to the laser
during the second perturbation mode of operation;
the laser pulse duration in the first signal acquisition mode
of operation;

17

Mar. 8, 2018

the duration of the second perturbation mode of operation;

and
the heat capacity of haemoglobin.
9. The photo-acoustic sensing apparatus of claim 6,
wherein the photo-acoustic sensing apparatus is configured
to obtain one of the first blood core temperature constant and
the second blood core temperature constant during a cali-
bration process.
10. The photo-acoustic sensing apparatus of claim 1,
wherein the third sensor processing module is configured:
to derive a first glucose photo-acoustic value when the
region of the subject is subjected to illumination by the
light source emitting light at a first wavelength, the first
wavelength being selected for exhibiting a higher
absorption in haemoglobin than absorption in glucose;

to derive a second glucose photo-acoustic value when the
region of the subject is subjected to illumination by the
light source emitting light at a second wavelength, the
second wavelength being selected for exhibiting a
higher absorption in glucose;
to derive a corrected second glucose photo-acoustic value
by normalising the second glucose photo-acoustic
value using the first glucose photo-acoustic value; and

to derive the de-correlated value of blood glucose of the
subject using the corrected second glucose photo-
acoustic value.

11. The photo-acoustic sensing apparatus of claim 10,
wherein the light source comprises a laser, and the third
sensor processing module is configured to derive the first
glucose photo-acoustic value for blood in a blood vessel of
the subject, the first glucose photo-acoustic value being
related to:

a laser fluence value for the laser operation at the first

wavelength;

a molar absorption coeflicient for haemoglobin at the first

wavelength;

a total concentration of haemoglobin in the blood;

an absorption coefficient for skin of the patient; and

a distance between a surface of skin of the patient and the

blood vessel.

12. The photo-acoustic sensing apparatus of claim 11 ,
wherein the third sensor processing module is configured to
derive the second glucose photo-acoustic value for blood in
the blood vessel of the subject, the second glucose photo-
acoustic value being related to:

the total concentration of haemoglobin in the blood;

the absorption coeflicient for skin of the patient; and

the distance between the surface of skin of the patient and

the blood vessel.

13. A method for non-invasive measurement of a blood
parameter of a subject, the method being implemented using
the photo-acoustic sensing apparatus of claim 1.
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