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(54) WEARABLE BLOOD GLUCOSE SENSOR

(57) A wearable device for estimating the blood glu-
cose level of the wearer, the device including a source
of near-infrared radiation arranged to irradiate a meas-
urement area of the skin of the wearer; a spectrometer
arranged to receive reflected or transmitted near infrared
radiation and output an absorption spectrum comprising
the absorption intensity at a plurality of wavelengths,
wherein all of the wavelengths are within a portion of the

near infrared spectrum having a substantially constant
optical penetration depth; a processing unit configured
to: receive the absorption spectrum from the spectrom-
eter; calculate an estimate of the blood glucose level of
the wearer using a stored calibration model describing
the relationship between near infrared absorption and
blood glucose level.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a wearable device for non-invasive sensing of a blood glucose level of the wearer.

BACKGROUND

[0002] A great deal of control systems operate on the basis of knowing the levels of various substances within a
material, often where the material is made of multiple different substances. This is typically measured by taking a sample
of the material. This sample is then used in various chemical and physical tests to determine its composition. Such direct
measurements may be termed "invasive" methods.
[0003] However, in some situations it is undesirable or infeasible to directly measure the level of the substance in the
material by taking a sample. This may be because of the cost, difficulty or danger of retrieving the samples.
[0004] A further difficulty arises when the level of the substance changes over time, for example due to metabolism
or decay. This necessitates continually taking invasive samples in order to have accurate information about the level.
However, it may be undesirable to repeatedly take samples of the material for conventional analysis, as taking such
samples may damage the material, and the analysis tends to destroy the sample.
[0005] In particular, many modern medical techniques rely on knowing the concentration of a chemical constituent in
blood. For example, people with diabetes need to regularly monitor their blood glucose levels. Conventionally, this would
involve taking hourly blood samples from the person using invasive means. For example, a needle may be inserted into
a vein in the arm of the person, and a sample of the blood extracted into a syringe or by using a finger pricking device.
This sample can then be analysed directly by a suitable device. This process has the advantage of providing a high
accuracy reading of the blood glucose level. However, in practice there are many disadvantages of using such invasive
means. In particular, they are inconvenient and tend to require significant training to safely use. Studies have shown
that 60% of respondents have skipped measuring their glucose levels due to the invasive nature of conventional testing.
More problematically, even when used properly, taking blood samples may cause tissue damage, and can result in
infection.
[0006] Because of these disadvantages, there has been research into non-invasive methods for taking samples. For
example, the use of optical and/or bio-impedance sensors may provide an estimate of the level of glucose in the blood.
However, while such non-invasive methods are more convenient, they tend to be of low accuracy. One of the reasons
for the low accuracy is that such sensors tend to measure not only the blood, but also other undesired tissues in the
body. The accuracy of the results is reduced further by the fact that the dermis is very heterogenic. Furthermore, the
models used to relate the measured signal with glucose level are sensitive to a number of parameters such as temperature,
pressure, the amount of moisture for example from sweat, cooling effects introduced by the device and different trends
between day and night data.
[0007] A further important and related issue is that the user’s movement introduces significant artefacts (motion arte-
facts - MAs) into the reading which prevent known devices from providing a measurement of sufficient accuracy.
[0008] In a laboratory setting motion and other parameters can be carefully controlled such that fairly accurate results
can be obtained where the conditions are closely monitored and controlled. However, such devices must be workable
outside of the laboratory for the user to gain the full benefits. The above described issues have thus far prevented the
development of a non-invasive sensing device which can provide a sufficiently accurate measurement of blood glucose
outside of the laboratory, where external parameters such as temperature, pressure and motion cannot be controlled.
[0009] There is accordingly a need for a sensor which makes progress in overcoming some of the above issues in
known devices to provide a non-invasive glucose monitoring device which can provide measurements of increased
accuracy outside of the laboratory. There is a particular need for a device which can make progress in overcoming
motion artefacts.

SUMMARY OF INVENTION

[0010] In a first aspect, there is provided a wearable device for estimating the blood glucose level of the wearer, the
device comprising: a source of near-infrared radiation arranged to irradiate a measurement area of the skin of the wearer;
a spectrometer arranged to receive reflected or transmitted near infrared radiation and output an absorption spectrum
comprising the absorption intensity at a plurality of wavelengths, wherein all of the wavelengths are within a portion of
the near infrared spectrum having a substantially constant optical penetration depth; a processing unit configured to:
receive the absorption spectrum from the spectrometer; calculate an estimate of the blood glucose level of the wearer
using a stored calibration model describing the relationship between near infrared absorption and blood glucose level.
[0011] By using this device, motion artefacts can be considerably reduced and a more accurate blood glucose meas-
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urement can be provided. This is because by using a portion of the NIR spectrum with a substantially constant optical
penetration depth, each wavelength of light emitted follows substantially the same path in the tissue and therefore the
corresponding absorption readings correspond to the same area of tissue. In comparison, known devices use broader
ranges of wavelengths of which the penetration depth varies significantly. In such devices each measurement (at a
different wavelength) corresponds to a different position in the tissue which introduces significant errors into the results.
By limiting the portion of the NIR absorption spectra used to estimate blood glucose level to a portion with a substantially
constant and preferably low optical penetration depth, errors due to motion artefacts and sampling of different tissue
composition are significantly reduced. The wearable device according to the present invention can therefore achieve
increased accuracy in blood glucose level estimates outside of the laboratory.
[0012] The phrase "substantially constant optical penetration depth" refers to the penetration depth of the near infrared
radiation in human skin and/or tissue. "Substantially constant" may be defined as a variation of less than 25% across
the portion of the near infrared spectrum, preferably less than 15%, or more preferably less than 10% of the maximum
penetration depth within the portion of the spectrum selected. "Substantially constant" may also be defined as changing
by less than 1.0 mm, preferably less than 0.5 mm, more preferably less than 0.25 mm across the chosen portion of the
near infrared spectrum. As shown in Figure 3A the optical penetration depth is substantially constant between around
1350 nm to 2000 nm.
[0013] The phrase "wearable device" is intended to encompass any device which can be retained in use to part of the
body of a user. It includes a watch, any form of strap or patch, any item of clothing which can incorporate the device
such that it is held adjacent to the skin so that it can function. The device may also be provided as a standalone sensor
which is "wearable" in use, for example by a user strapping the sensor to their body using separate components, i.e. it
need not include any components which allow it to be attached to a user but may simply be a sensor which, in use, can
be arranged to collect data from the skin as defined in claim 1.
[0014] Preferably the device is attached to the arm of a user by half-circle flexible hoop connecting two housings, one
housing comprising the spectrometer, light source and processor and the other housing a power source. This arrangement
naturally balances the weight of the sensor components in the first housing with the battery in the second housing.
[0015] Preferably the selected portion of the near infrared spectrum having a substantially constant optical penetration
depth is in the range 1400 to 1800 nm. In particular, the absorption spectra may be limited to falling within this wavelength
range, i.e. absorption at wavelengths outside of this range is not measured and/or used for estimating glucose. This
portion of the NIR spectrum has a low and substantially constant optical penetration depth in the skin and therefore the
absorption spectra relate to substantially the same measured volume of the tissue, thus increasing the accuracy of the
reading in comparison to other spectral ranges in which the optical paths substantially vary by wavelength. In other
words by limiting the measured absorption to wavelengths in this range it is ensured that all wavelengths measure at
substantially the same depth (and therefore volume). Furthermore, because light in the wavelength range of 1400 to
1800 nm has a low penetration depth, readings are less affected by movement since the volume defined by the changing
orientation of the incident light is reduced at lower penetration depths. A further benefit is that this portion of the spectrum
encompasses the absorption peak of glucose, thus providing a stronger signal with which the glucose percentage can
be estimated.
[0016] In some examples a narrower range may be used, for example 1500 nm to 1800 nm which more closely bounds
the absorption peak of glucose or a more specific range still such as around 1550 nm to 1650 nm to further select the
extreme peak of the glucose response, whilst still remaining in a portion of the spectrum in which the penetration depth
is substantially constant.
[0017] Preferably the spectrometer is arranged to measure the near infrared absorption spectrum over at least 10
wavelengths in the range 1400 to 1800 nm. This allows accurate modelling of the changes in temperature, pressure
and concentration, providing a more reliable estimate of blood glucose level.
[0018] Preferably the wearable device includes a temperature sensor arranged to measure the temperature of the
measurement area of the skin of the wearer; wherein the processing unit is further configured to: receive the temperature
from the temperature sensor; and adjust the absorption spectra using a latent structure decomposition method using
the measured temperature. Preferably the latent structure decomposition method is marker variable projection based
on the measured temperature. The marker variable projection method is described in "Latent-Structure Decompositions
(Projections) of Multivariate Data", O. M Kvalheim, Chemometrics and Intelligent Laboratory Systems, 2 (1987) 283-290.
[0019] In other embodiments the temperature of the measured area of the skin may be determined by the shift in
position of the absorbance peak of water and therefore does not require a dedicated temperature sensor. Since the
absorption peak of water varies significantly with temperature, this may be used to indicate the temperature of the
measurement area of the skin.
[0020] The output of the source of near infrared radiation may also be calibrated based on the temperature of the
source, for example as detected by the temperature sensor arranged to measure the temperature of the measurement
area of the skin or via a dedicated temperature sensor arranged to measure the temperature of the source. The calibration
may take the form of the method described in WO2017/129633. In particular, a source LED may be calibrated by
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determining a reference forward voltage, Vf0, a reference forward current, If0, and a reference detected intensity of
emitted light, S0, of the LED at an initial junction temperature, T0; varying the junction temperature of the LED to provide
a plurality of junction temperatures Tj and at each junction temperature: setting the forward current to a plurality of forward
current values If, and at each forward current: determining the deviation in the forward voltage ΔVf from the reference
voltage Vf0; determining the deviation in forward current ΔIf from the reference current If0; and determining the deviation
in detected light intensity ΔS from the reference intensity S0; estimating the parameters sV, sI, sIV, sII, and sVV such that:

 approximately holds for all sets of for-

ward voltage deviation, ΔVf, forward current deviation, ΔIf, and detected intensity deviation, ΔS.
[0021] In this manner, a model of the relationship between the intensity of the detected light (which is proportional to
the light emitted from the LED) and the LED forward voltage and current can be established (the former varying with
junction temperature). Such a model can then be used to control the emitted output of an LED, or to correct the detected
light intensity (transmitted by diffuse reflection or by transmission) for the effects of a change in temperature such that
a first output and a second output can be compared without an intervening change in the environment limiting the
accuracy of any such comparison.
[0022] The use of a constructed mathematical model to calibrate for changes in the operating environment of the LED
does not require any calibration data to be stored in the device or to be accessed from a remote memory in order to
calibrate the output during use. Since the model is non-linear it avoids any need for linear interpolation between stored
calibration values and provides an increased precision. There is no requirement for the LED to undergo a special
compensation procedure when calibrating or adjusting the LED output. For example the LED operating values do not
have to be altered to measure a voltage or current during a calibration routine. In this method normal operating values
are used during calibration and when using the calibrated LED such that normal operation of the LED does not have to
be interrupted.
[0023] The deviation values, indicated by Δ, are the changes in the measured values from some standard reference
values (V0, I0, S0) around which the modelling is carried out. For each deviation measurement in the forward voltage,
Vf and the LED current, If, the resulting measured intensity deviation ΔS from the standard value S0 is measured as well.
[0024] The junction temperature is varied by varying the ambient temperature of the LED in steps. The junction
temperature does not enter into the prediction model directly, but will cause changes in the forward voltage and current
as described above. For model adaptation purposes, the ambient temperature, as well as the LED current, is varied
independently during the calibration procedure. The LED current is controlled in standard ways by LED current control
electronics which receives a set point for the LED forward current. Based on this procedure, where corresponding values
of LED forward voltage and currents (inputs to the model), as well as registered light detection (output from the model)
are detected, the model parameters can be estimated by minimizing the model prediction errors based on some objective
function. The emitted light is measured by diffuse reflection from a standard reference material disc or otherwise (i.e.
transmission).
[0025] In some embodiments the variations in ambient temperature and forward current span the planned operating
range of the LEDs in terms of temperatures and LED currents. In particular, in some embodiments, the reference values
Vf0, If0, S0, T0 are selected such that: the initial junction temperature, T0, falls within a predefined expected operational
temperature range; and the reference intensity, S0, falls within a predetermined desired range for the intended operation.
[0026] In certain embodiments the detected reference light intensity S0 is measured by diffuse reflection or transmission
from a standard reference material and is proportional to the emitted light intensity. Estimating the parameters can be
performed in any suitable way. However, in preferred embodiments, estimating the parameters comprises using a partial
least squares regression analysis.
[0027] Preferably the processing unit is further configured to remove the effects of scattering in the measured intensities
received from the spectrometer. For example, the processing unit may be configured to remove effects of scattering by
calculating a second derivative of the absorption spectrum.
[0028] Preferably, the processing unit is configured to determine the calibration model by carrying out a calibration
routine comprising: receiving the measured absorption spectrum during a calibration period; receiving actual blood
glucose level measurement data, recorded at regular intervals during the calibration period; fitting the measured ab-
sorbance to the actual glucose level measurement data to determine the model describing the relationship between the
near infrared absorption and blood glucose level. Preferably the processing unit is configured to fit the measured ab-
sorption to the actual glucose level measurement data by using partial least squares regression.
[0029] Preferably a calibration routine is carried out during an initial calibration period to calibrate the device to a
specific user. The calibration routine preferably involves a user wearing the device during the calibration period in which
absorbance spectra are continuously measured while conventional measurements of blood glucose level are taken, for
example via invasive measurement such as finger prick testing. The calibration period may involve the user changing
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their blood sugar levels by consuming sugar, for example in the form of food or drink, or undergoing physical activities
such as various forms of exercise. The activities may be aimed at creating different levels of blood pressure, pulse
temperature and sensor skin pressure. These changes in blood sugar level during the calibration period may be measured
via actual, i.e. invasive measurements of glucose at regular intervals, for example at a frequency of every 5 minutes.
The data measured via conventional methods is then provided to the device, for example by user input or by other means
of transfer such as wireless/cabled connection.
[0030] The calibration model may be determined from the measured spectra and the blood glucose readings for
example using principal component regression model, a partial least squares regression model or other modelling
approaches based on latent variables.
[0031] In particular the modelling may follow aspects of the latent variable approach described in WO2017/129634.
[0032] Although in preferred embodiments the calibration model is determined per user, the calibration model may
equally be a global calibration model in which the calibration routine is carried out on multiple users to determine a
calibration model which is applicable to all users. In this way the wearable device can be calibrated in the factory and
the user does not need to carry out any calibration routine, increasing ease of use.
[0033] Preferably the calibration model is also determined solely using wavelengths in the range 1400 to 1800 nm. In
this way, wavelengths which have a different optical penetration depth do not contribute to the model so that inaccuracies
due to the incorporation of absorption signals from larger volumes are not introduced.
[0034] The absorption spectra data collected during the calibration period may be pre-processed by removing scattering
effects and/or removing skin temperature effects as described above before fitting to the glucose levels measured by
conventional means.
[0035] Preferably the absorption spectrum received during the calibration period are collected from a plurality of distinct
locations on the skin of the wearer and the processing unit is further configured to use the spectrum from distinct areas
to adapt the calibration model to account for natural background variations. In particular, if the calibration data is collected
from a single measurement area of the skin then, if the device moves slightly, an offset will enter the readings due to
the slightly different composition of the tissue sampled by the device in the new location. By collecting calibration data
from a number of locations the natural background variations can be accounted for, for example by averaging to sub-
stantially remove offset seen if the device shifts slightly.
[0036] Preferably the wearable device of any preceding claim is configured to direct the illuminating near-infrared
radiation to multiple distinct measurement areas of the skin, the spectrometer arranged to receive the reflected or
transmitted near infrared radiation from the multiple areas to determine an average absorbance of a larger representative
skin area. In this way a more accurate measure of the glucose level is determined by sampling a larger representative
area of the skin. Similarly the calibration routine may be performed using NIR spectra measured from multiple distinct
measurement areas which can be averaged before fitting to the actual measurements of glucose level obtained via
conventional methods.
[0037] In certain embodiments the measurement of multiple distinct areas is achieved as the wearable device comprises
multiple optical fibres, each providing both an illumination path to direct the illuminating radiation to a distinct measurement
area and a detection path to direct the reflected radiation to the spectrometer. This provides a low cost, straightforward
means to measure the response of several different areas of the skin which may use a single light source and spectrometer
[0038] Preferably the spectrometer comprises a micro- or nano-spectrometer. Preferably it does not require active
temperature stabilisation via cooling means (such as a fan or heat sink) but instead uses a factory temperature calibration
to account for temperature changes during use. In this way the spectrometer is of reduced size and complexity for ease
of integration into the wearable device and has a lower power requirement and longer lifetime given that it does not
require cooling components such as a fan which are liable to malfunction and drain power. The spectrometer may include
an integrated temperature sensor or use a temperature sensor within the wearable device to measure temperature to
adjust output based on the factor calibration. The spectrometer may then be calibrated by using a spectral sensitivity
function which is recorded at several stages in the expected operating temperature range within the framework of a
factory temperature calibration step (QEλ = f (T), measured with the temperature sensor, QE: quantum sensitivity, T:
temperature). In later use of the modules, information about the current detector temperature is then collected and stored
with each spectral measurement using the same integrated temperature sensor. The spectral measurement can then
be calibrated for temperature using the associated stored temperature and the calibration model.
[0039] Preferably the spectrometer comprises an InGaAs detector array. Preferably the InGaAs detector is arranged
in a ceramic package, preferably with the integrated temperature sensor inside.
[0040] The spectrometer preferably has a high thermal capacity so that it does not undergo rapid temperature changes
during operation, in particular caused by the thermal power loss of a light source and the detection system. For example
the spectrometer has a plastic housing (instead of a metal housing for example) so that the temperature detector does
not change rapidly.
[0041] Preferably the spectrometer is a moldable monolithic spectrometer. All components of the spectrometer may
be formed in a single chip. The spectrometer may be formed as a single flexible component such that it can be integrated
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into a wearable device and conform to the area of the skin.
[0042] Preferably the wearable device further comprises one or more sample illumination fibres arranged to direct
near infrared radiation from the source to the measurement area of the skin and the reflected or transmitted near infrared
radiation to the spectrometer; one or more reference fibres arranged to direct near infrared radiation from the source
directly to the spectrometer; wherein the processing unit is configured to determine the output absorption spectrum
based on the radiation received from the illumination fibres and the reference fibres. In this way, the spectrometer uses
the source spectrum as an internal reference so the output absorption spectra can be adjusted to take into account
changes in the source spectrum, for example due to temperature changes, current/voltage changes or aging of the source.
[0043] Preferably the reference fibres transmit a representative portion of the source radiation with respect to delivered
spectral distribution, spatial distribution and delivered power.
[0044] Preferably the wearable device additionally comprises a shutter arranged to selectively switch between: allowing
radiation from the illumination fibres to enter the spectrometer and blocking radiation from the reference fibres from
entering the spectrometer; and allowing radiation from the reference fibres to enter the spectrometer and blocking
radiation from the illumination fibres from entering the spectrometer. In this way, the wearable device can check the
reference spectrum (corresponding to the source) when required, for example at regular predetermined intervals or if
the system detects changes in system parameters by switching to select the source spectrum before returning to meas-
uring the absorption spectrum of the skin. The micro shutter is preferably a mechanical micro shutter, for example a
piezo- or electro-magnetic shutter.
[0045] In certain embodiments the reference fibre may additionally be arranged to direct radiation from the source to
a photo sensor within the wearable device. In this way the characteristics of the radiation emitted by the source may be
sensed with the photo sensor, for example, intensity, spatial distribution, spectral distribution etc. These sensed char-
acteristics can be used to calibrate the spectrometer to ensure accurate absorption spectra are output.
[0046] Preferably the source of near-infrared radiation comprises an LED, preferably a single LED although in some
example the device may include a plurality of LEDs. Using an LED as the source of NIR radiation provides low power
consumption and longer device lifetime.
[0047] Preferably the LED is a broad band NIR LED. In some examples the LED is arranged to emit radiation over a
wide range of the near infra-red spectrum than the portion of the spectrum sampled by the spectrometer. In some
examples a broad band LED can be used which is arranged to illuminate over a limited wavelength range, for example
1400 to 1800 nm.
[0048] In a further aspect of the invention there is provided a method of estimating the blood glucose level of the user
comprising: irradiating a measurement area of the skin of a user with a source of near-infrared radiation; receiving
reflected or transmitted near infrared radiation with a spectrometer to determine an absorption spectrum comprising the
absorbance intensities at a plurality of wavelengths, the wavelengths all within a portion of the near infrared spectrum
having a substantially constant optical penetration depth; calculating an estimate of the blood glucose level of the wearer
using a calibration model describing the relationship between near infrared absorption and blood glucose level.
[0049] Preferably the selected portion of the near infrared spectrum having a substantially constant optical penetration
depth is in the range 1400 to 1800 nm.
[0050] Preferably the calibration model is determined by receiving measured absorption spectra from the spectrometer
during a calibration period; receiving actual blood glucose level measurement data, recorded at regular intervals during
the calibration period; fitting the measured absorption spectra to the actual glucose level measurement data to determine
the calibration model describing the relationship between the near infrared absorption and blood glucose level

BRIEF DESCRIPTION OF THE DRAWINGS

[0051] Embodiments of the invention will now be described, by way of example only, with reference to the accompanying
drawings, in which:

Figure 1a schematically illustrates a wearable device for estimating the blood glucose level of the wearer according
to the present invention;

Figure 1b schematically illustrates the sensor portion of a wearable device in contact with the skin of a wearer;

Figure 2 illustrates a spectrometer of the wearable device according to the present invention;

Figure 3a schematically illustrates the optical penetration depth of light;

Figure 3b schematically illustrates the absorption coefficients of water, glucose, fat and protein;
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Figure 4 illustrates a method of using a wearable device according to the present invention;

Figure 5a illustrates one varaible from the pre-processed absorption spectra obtained during calibration of the of
the device and measured glucose levels determined from invasive measurements;

Figure 5b illustrates the estimated glucose level determined by the wearable device according to the present inven-
tion.

DETAILED DESCRIPTION

[0052] Near-infrared spectroscopy of glucose is based on measuring the amount of light reflected from, or absorbed
by, tissue at specific wavelengths. As the glucose molecule (C6H12O6) has a distinct light absorption profile in the NIR
spectrum (as shown in Figure 3a), levels can be measured. NIR spectroscopy of glucose in practical applications is
challenging, firstly because glucose spectrum profile overlaps with, and is distorted by, common tissue substances such
as water, haemoglobin and lipids. Second, the overall result of a single NIR measurement is influenced by a range of
other factors, including variations in blood pressure, temperature and local variations in the light-scattering properties
of the skin. As a result the glucose profile is a very weak component in an overall NIR profile. Extracting the glucose
profile from all other signal sources and distortions is possible in the current invention through using a portion of the NIR
spectrum which has a low and constant skin penetration depth such that contributions from unwanted portions of tissue
are minimised.
[0053] Figure 1a shows a wearable device 100 for estimating the blood glucose level of the wearer according to the
present invention. The device 100 includes a source 110 of near infrared radiation arranged to irradiate a measurement
area of the skin of the wearer. It also includes a spectrometer 120 arranged to perceive reflected or transmitted near
infrared radiation and output an absorption spectrum comprising the absorbance intensities as a plurality of wavelengths,
the wavelengths within a portion of the near infrared spectrum having a substantially constant optical penetration depth.
The wearable device 100 also includes a processing unit 130 configured to receive the absorption spectrum from the
spectrometer 120 and calculate an estimate of the blood glucose level of the wearer using a stored calibration model,
the model describing the relationship between near infrared absorption and blood glucose level.
[0054] In the specific example of Figure 1 the source of near infrared radiation 110, the spectrometer 120 and the
processing unit 130 are housed in a first housing 140. The device also comprises a second housing 150 which includes
a rechargeable and replaceable battery. The first housing 140 and second housing 150 are connected together by a
strap 160 which includes a power cable for connecting the battery to the components within the first housing 140. As
shown in Figure 1, the first housing 140 has a substantially planar shape with a wide surface area portion configured to
be placed against the skin of the user. The source 110 is arranged such that it irradiates the skin of the user when the
skin interfacing broad surface area side 141 is brought into contact with the wearer’s skin. The housing 140 and particularly
the skin engaging side 141 may be flexible such that it can deform to conform to the skin shape of a user.
[0055] The components of the wearable device may be combined into any form of wearable device, for example a
watch or wristband or item of clothing so long as the skin interfacing surface including the optical path along which the
irradiating light is directed is held against the skin of the user. Figure 1b shows the first housing 140, containing the light
source 110, spectrometer 120 and processing unit 130, held against the skin of the user in use. As shown the source
110 of NIR radiation is arranged such that a portion of the skin under the device is irradiated. The first housing 140 has
a substantially flat form factor meaning the first housing 140, housing the sensing components, is held close to the skin,
minimising obstruction or irritation to the user.
[0056] In the specific example of Figure 1, the sensor is attached to the upper arm by half-circle flexible hoop 160,
which naturally balances the weight of the sensor components in the first housing 140 with the battery in the second
housing 150. This arrangement makes the wearable device much lighter, more discrete and much easier to wear (as it
can easily be worn under clothes). The output reading can be transmitted to an external device for viewing, for example,
on the user’s smartphone or smartwatch. This arrangement reduces both production complexity and cost of production.
[0057] The source of near infrared radiation 110 preferably comprises an LED such that the wearable device benefits
from the low power consumption and longer device lifetime of such devices. The device 100 uses a hollow waveguide
such as an optical fibre (not shown) to direct the emitted light from the LED 110 to a measurement area of the wearer’s
skin. In some examples, multiple fibres are used to direct the light to a number of distinct areas of the skin, thereby
allowing a larger representative skin area to be sampled by the device.
[0058] Figure 2 schematically illustrates a spectrometer 120 used with the wearable device of the present invention.
The spectrometer 120 is a near infrared micro spectrometer. The micro spectrometer 120 includes a housing 121 and
an indium gallium arsenide detector array 122. The spectrometer 120 further includes an optical fibre 123 arranged to
direct the reflected or transmitted near infrared radiation to the indium gallium arsenide detector array 122. Unlike
conventional spectrometers, the spectrometer 120 in this example incorporates a temperature sensor in order to calibrate
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the spectrometer based on a measured temperature, rather than including active cooling components such as a fan and
this further means that the power consumption of the spectrometer 120 is far below that of conventional devices meaning
the overall power consumption of the wearable device 100 is significantly reduced. Instead of using active cooling
components to keep the temperature of the detector within a specific working range, the spectrometer is calibrated prior
to use by recording a spectral sensitivity function at several different temperatures in the expected operating temperature
range. This may be carried out with a dedicated integral temperature sensor to the spectrometer 120 or with the tem-
perature sensor of the wearable device which is also used to sense the skin temperature of the user.
[0059] During use of the spectrometer the detected temperature is measured and stored with each spectral measure-
ment. The measured spectrum can then be calibrated based on the measured temperature using the temperature
calibration data set collected during calibration of the spectrometer 120. In this way, no active cooling components are
required within the spectrometer or wearable device housing. This allows the size of the spectrometer to be reduced
significantly and dispenses with the need for any hermetically sealed housing reducing the cost of the system and allows
the spectrometer 120 to be incorporated in a single chip such that it is readily applied in the wearable device of the
current invention. The spectrometer 120 may further comprise a substrate 124 onto which the various components of
the spectrometer 120 are incorporated. The substrate may be flexible such that it can be incorporated in a flexible patch
or planar housing such as the first housing 140 of the wearable device 100. The spectrometer may further include data
memory or processing capability 125 although these components may also alternatively be provided as the processing
unit of the wearable device 100.
[0060] The spectrometer 120 is arranged to determine the intensity of the received near infrared radiation at a plurality
of wavelengths over a portion of the near infrared spectrum having a substantially constant optical penetration depth in
the tissue of the user. In particular, the spectrometer is configured to determine the intensity of received near infrared
radiation at a plurality of wavelengths in the range 1400 to 1800 nanometres.
[0061] As shown in Figure 3a, in this range of the near infrared spectrum the optical penetration depth is substantially
constant. In particular it remains between approximately 1 and 1.5 mm. Therefore, wavelengths in this range penetrate
a small and constant distance into the skin of the user. The optical paths travelled by the instant radiation are therefore
fairly similar such that the wearable device 100 samples a specific volume of the user’s tissue. As schematically illustrated
in Figure 1b the volume of the tissue sensed by the sensor is small and relatively constant such that the signal produced
relates to a known reproducible and constant volume. This reduces motion artefacts introduced by movement of the
body while the wearable device is attached to the user, as the maximum penetration depth is much reduced and fairly
constant such that changes in orientation do not produce significant changes in the portion of the tissue being sampled.
Furthermore, as shown in Figure 3b, this portion of the spectrum relates to a peak in the absorption spectrum of glucose,
thereby providing a good signal to noise ratio in the absorption spectrum relating to the glucose.
[0062] Figure 4 illustrates a method of using the wearable device according to the present invention. The method is
split into two sections, the first part of the method 200 relates to calibration of the wearable device, the second part 300
relates to use of the wearable device to determine a blood glucose level of the wearer. In some examples of the device,
the calibration method 200 may be carried out for each specific user such that the calibration model determined is specific
to that user. In other examples of the device, the calibration method 200 may be carried out across large numbers of
users in order to develop a global calibration model such that the device does not need to be calibrated to a specific user.
[0063] In the first step 201 of the calibration method 200 the wearable device is attached to a user such that the source
110 irradiates a measurement area of the user’s skin and the temperature sensor senses a temperature of the meas-
urement area of the skin. The wearable device 100 may for example be a wristband or patch arranged to attach to the
forearm of a user. The wearable device is attached such that it remains in a fairly constant position. The attachment
means may be a strap which can be tightened or an adhesive patch which attaches to the skin. In this way the measurement
area irradiated by the source remains fairly constant.
[0064] In step 202 the device starts recording the near infrared absorption spectra with the spectrometer and records
the temperature of the measurement area of the skin. Simultaneously, the user’s blood glucose levels are measured at
regular intervals using conventional invasive testing such as finger prick testing. The finger prick testing may be provided
as a complementary device and can communicate with the wearable device 100 to provide the measured blood glucose
levels of the user automatically, for example by wireless or cabled connection. Alternatively a user may input and be
measured blood glucose levels into the device manually.
[0065] At step 203, whilst continuously recording the absorption spectra and a temperature whilst measuring the user’s
actual blood glucose level by conventional means, changes are induced in the user’s blood glucose level in order to
provide a greater range of output data with which to construct the calibration model. The changes may be induced by
the user consuming glucose, for example via food or drink or carrying out certain exercises to reduce the blood glucose
levels.
[0066] At step 204 the measured absorption spectra are processed in order to remove potential sources of error. In
particular, scattering effects are removed by calculating the second derivative of the spectra. This process may be carried
out by the processing unit of the device as the data is gathered or once the complete data set has been obtained. Skin
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temperature effects are also removed using latent structure decomposition methods. In particular, skin temperature
effects may be removed using marker variable projection techniques which use as an input the temperature of the skin
measurement area sensed by the temperature sensor. In general such methods involve projecting the multivariable data
onto latent variables to determine the contribution of the skin temperature and accordingly the skin temperature effects
can be removed. At step 205 the processed spectra are fitted to the measured actual blood glucose levels to determine
and store a calibration model which approximates the relationship between the absorption spectra and the blood glucose
level. The specific fitting and determining of the model may be carried out by any suitable known method, for example
using principle component regression, partial least squares regression or other modelling approaches based on latent
variables.
[0067] At step 206, additional absorption spectra are recorded from multiple different locations on the skin to identify
background variations and adapt the model to minimise contribution of these background effects. In particular, the
specific absorption response will vary depending on the specific location, for example due to the specific composition
of tissue in that area. Therefore, if the devices calibrated for a specific position on the skin and then moves later on
during use, an offset will be introduced to the absorption spectra. By adapting the model to take into account the varied
spectra in multiple different locations on the skin, these background variations can be minimised.
[0068] At the end of the calibration method 200 therefore, a calibration model is determined which can provide a close
estimate of the blood glucose level based on the measured near infrared absorption spectra.
[0069] The second part of the method 300 follows the calibration, once the calibration model has been determined.
The wearable device can then be used at any point by the user to determine the blood glucose levels.
[0070] At step 301 the wearable device is worn by the user and switched on to begin irradiating a measurement area
of the skin with the near infrared radiation and collecting the infrared absorption spectra in a region of the spectrum in
which the optical penetration depth is substantially constant, mainly for example 1400 to 1800 nanometres. The absorption
spectrum preferably includes at least 10 wavelengths over the range 1400 to 1800 nanometres in order to improve the
accuracy in which the calibration model can estimate the blood glucose level.
[0071] At step 302 the measured absorption spectra are pre-processed to remove scattering effects and skin temper-
ature effects, as described under step 204.
[0072] At step 303 the processing unit uses the stored calibration model to calculate an estimate of the blood glucose
level of the wearer, based on the received recorded spectra. In this way, the wearable device may provide a continuous
estimate of the wearer’s blood glucose level. The device should not require unnecessary follow up calibrations however
a safety function may be implemented in the wearable device 100 whereby if the device senses exceptional circumstances
the user may be prompted to provide a manual glucose reading such that the device can recalibrate. For example, if
the estimated glucose level reaches the boundary of a predefined window, for example outside of a range tested during
calibration, the user may be prompted to recalibrate the device. Measurements may be transferred wirelessly to the
user’s smartphone or smart watch where they can be displayed, for example on the cover page. Measurements may
also be transferred to a cloud storage service such that historical data may be accessed by the user and, optionally,
medical staff. The device can also provide an alarm if glucose levels become too high or too low.
[0073] Figure 5a illustrates data collected during the calibration method 200. In particular, calibration data from six
calibration sessions are shown in which the actual blood glucose level 502 is shown against the pre-processed absorption
data 501 at the most selective wavelength range for glucose, corresponding to the portion of the near infrared spectrum
having a substantially constant optical penetration depth. The absorption spectra 501 have been pre-processed to
remove scattering effects using the second derivative of the spectra and removing skin temperature effects using marker
variable projections. Figure 5b illustrates the estimated glucose level 503 predicted using the calibration model based
on the data of Figure 5a. The last three segments 504 relate to measurements at random location on the forearm and
are used for including natural background variations into the calibration model. The absorption spectra naturaly varies
depending on the location on the body the device is worn due to the specific composition of the various different tissue
types in that area. By including data from multiple areas of the body, these background contributions can be isolated
and substantially removed, providing better signal to noise. As shown in Figure 3b the calibration model is able to
accurately estimate the blood glucose level of the wearer of the device based on the received absorption spectra.
[0074] With the wearable device of the present invention, a non-invasive measurement of blood glucose may be
determined in which errors due to motion artefacts and the contribution due to multiple tissue types and changing
sampling area are significantly reduced.

Claims

1. A wearable device for estimating the blood glucose level of the wearer, the device comprising:

a source of near-infrared radiation arranged to irradiate a measurement area of the skin of the wearer;
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a spectrometer arranged to receive reflected or transmitted near infrared radiation and output an absorption
spectrum comprising the absorption intensity at a plurality of wavelengths, wherein all of the wavelengths are
within a portion of the near infrared spectrum having a substantially constant optical penetration depth;
a processing unit configured to:

receive the absorption spectrum from the spectrometer;
calculate an estimate of the blood glucose level of the wearer using a stored calibration model describing
the relationship between near infrared absorption and blood glucose level.

2. The wearable device of claim 1 wherein the wavelengths of the output absorption spectrum are all within the range
1400 to 1800 nm.

3. The wearable device of claim 2 wherein the absorption spectrum comprises at least 10 wavelengths in the range
1400 to 1800 nm.

4. The wearable device of any preceding claim further comprising:

a temperature sensor arranged to measure the temperature of the measurement area of the skin of the wearer;
wherein the processing unit is further configured to:

receive the temperature from the temperature sensor; and
adjust the absorption spectra by using marker variable projections based on the measured temperature to
remove skin temperature effects.

5. The wearable device of any preceding claim wherein the processing unit is further configured to:

remove the effects of scattering in the measured intensities received from the spectrometer.

6. The wearable device of claim 5 wherein the processing unit is configured to remove effects of scattering by calculating
a second derivative of the absorption spectrum.

7. The wearable device of any preceding claim wherein the processing unit is configured to determine the calibration
model by carrying out a calibration routine comprising:

receiving measured absorption spectra from the spectrometer during a calibration period;
receiving actual blood glucose level measurement data, recorded at regular intervals during the calibration
period;
fitting the measured absorption spectra to the actual glucose level measurement data to determine the calibration
model describing the relationship between the near infrared absorption and blood glucose level.

8. The wearable device of claim 7 wherein the absorption spectra received during the calibration period are collected
from a plurality of distinct locations on the skin of the wearer and the processing unit is further configured to use the
spectra from distinct areas to adapt the calibration model to reduce the component of the spectra related to natural
background variations.

9. The wearable device of any preceding claim configured to direct the illuminating near-infrared radiation to multiple
distinct measurement areas of the skin, the spectrometer arranged to receive the reflected or transmitted near
infrared radiation from the multiple areas to determine an average absorption spectrum from the multiple distinct
measurement areas.

10. The wearable device of claim 9 further comprising multiple optical fibres, each providing both an illumination path
to direct the illuminating radiation to a distinct measurement area and a detection path to direct the reflected radiation
to the spectrometer.

11. The wearable device of any preceding claim wherein the spectrometer is a moldable monolithic spectrometer.

12. The wearable device of any preceding claim wherein the spectrometer comprises a temperature sensor and the
spectrometer is calibrated to adjust the output spectra dependent on the sensed temperature.
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13. The wearable device of any preceding claim wherein the source of near-infrared radiation comprises a near-infrared
emitting LED, preferably arranged to emit radiation over a wider range of the near infra-red spectrum than the portion
of the spectrum sampled by the spectrometer.

14. The wearable device of any preceding claim further comprising:

one or more sample illumination fibres arranged to direct near infrared radiation from the source to the meas-
urement area of the skin and direct the reflected or transmitted near infrared radiation to the spectrometer;
one or more reference fibres arranged to direct near infrared radiation from the source directly to the spectrom-
eter;
wherein the processing unit is configured to determine the output absorption spectrum based on the radiation
received from the illumination fibres and the reference fibres.

15. The wearable device of claim 14 further comprising:

a shutter arranged to selectively switch between:

a first position, allowing radiation from the illumination fibres to enter the spectrometer and blocking radiation
from the reference fibres from entering the spectrometer; and
a second position, allowing radiation from the reference fibres to enter the spectrometer and blocking
radiation from the illumination fibres from entering the spectrometer
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