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by the body using an Infrared detected in combination with a set of adequate filters. In order to achieve the accuracy required, the
radiation values detected by the detector arc corrected for the emissions of the system components. The temperature of each
system component including the detector temperature and an ambient temperate Is determined using temperature sensors
attached to the various system components. These temperatures are correlated with a set of predetermined calibration parameters
to correct the detector readings.
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(57) Abstract: A method and apparatus for the noninvasive detection of a concentration of a substance 1n a body, such as glucose
in the human bloodstream 1s disclosed. The apparatus measures substance concentration by detecting radiation in the far mfrared
range emitted by the body using an infrared detected in combination with a set of adequate filters. In order to achieve the accuracy
required, the radiation values detected by the detector arc corrected for the emissions of the system components. The temperature
of each system component including the detector temperature and an ambient temperate 1s determined using temperature sensors
attached to the various system components. These temperatures are correlated with a set of predetermined calibration parameters
to correct the detector readings.
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APPARATUS AND METHOD FOR NUON-INVASIVE MEASUREMENT OF A
SUBSTANCE WITHIN A BODY

BACKGRUOUND

{3001] The present apphication relates generally {0 the non-invasive measurement of
various substances i a body, such as the measurement of the concentration of glucose 1 the
human body and, more specifically, {0 a far wifrared detection sysiem (o analvze and determine,
non-invasively, the concentration of a substance in a body.

0021 Spectroscopic techmques using mirared (“IR”) radiation are known i the prior
art and have been widely used for non-invasive measurement of the concentration of subsiances
of mterest m a body., Une arca of particular mnterest 1s the use of these techmques for the non-
ivasive measurement of the concentration of glucose and other constituents ¢of the human
bioodstrean.

3003] The mibrared spectra includes the near mirared (approximately 1 to 3 mucrons), the
middle infrared {approximaiely 3 to 6 microns), the far inirared {(approximately 6 to 15 microns},
and the extreme mnfrared (approxamately 15 to 100 nmcrons). Typical prior art ghucose and other
non-invastve blood constitugnt measuring devices operate in the near infrared regions where the
absorption of wmirared energy by glucose and other blood constituents 1s relatively low,
However, it 18 known that glucose and other biood constituents have strong and distinguishable
absorplion spectra i both the middle and far inlrared regions.

{3804] Il has been found m a far mifrared detection system that the resolulion of the
system should be equivalent to 0.01°C to provide sutficiently accurate measurcments, At this
high level of accuracy, the blackbody ermssion of any cormponent of the system (murrors, fillers,
ficld himiters, detector, for cxample) can cause perturbations in the measurement. The
conventional solution to such a problem is to cool the system {0 a cryogenic temperature (-
E80°C, tor example), and bhave the system sealed and fhilled with dry nitrogen to avoid moisture

accumulation. However, for a consumer product, such a solution 1s impractical and expensive.

SUMMARY



CA 02779382 2012-04-30

WO 2011/056328 PCT/US2010/050901

[8085] The present application discloses a {ar mirared system to analvze and determine,
non-invasively, the concentration of a substance i a body. In accordance with one embodiment,
an apparatus for the non-mmvasive measurcment of a substance within a body inchudes a detector
{or sensing radiation emitted or renmtted from a body, a human body, for example. An optical
system 1s provided and aligned to focus IR radiation emitted by the body on a sensiive arca of

the detector.

{3006] Each clement of the system within the field of view of the detector and the
detector itsell has a temperature measuning device such as a thernustor attached to o for the
purposce of measuring its temperature. For the detector to accurately measure the encrgy radiated
by the body, the sysiem 1s calibrated to compensate for the cifect of the temperature of cach
clement 1 the detector field of view. Using a heating or heating/cooling unit for each element
separately, the temperature of each clement can be varied for the purpose of calibration while the
temiperatures of the other elements of the system remain stable, This process 1s repeated many
times n various ambient femperatures and various body temperatures in order o calibraie the
cticct of each clement on the measurement i all ranges ol conditions relevant {or the
measurement,

HO007] Thas procedure 1s repeated for cach element wn the field of view of the detector
yiclding a look-up tabic (“LUT") representing the contribution of cach clement to the detector’s
measurement, The perturbations due (o the temperature of cach of the system eloments are taken
inte account wr gach measurement, thereby enabling the system to obtain a high level of
accuracy.

HO008] Duning the creation and butld-up of the LUT, 1t was {ound that the temperature
cticct of a baflle used to limit the ficld of view of the detector 1s 10:1 relative to the body
reading, Calibration alone cannot compensale {or such a significant effect.

{30069 The solution mn the {ar mfrared region 1s to reduce the emussivity of the batlle by
enhancing s rellectivity, However, enhancing the retlectivity of the baffle creates an additional
problem of reflecting stray energy to the detector. A spherical baftle was designed with an
imternal surface, ie., the surface of the batfic opposiie the detector, that 1s polished and gold-
plated to lower the emussivity, The balile design elimunates any reflection or multiple reflections

{rom reaching the sensitive arca of the detector.
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(3618] The base plate that the detector and the batiic are mounted on and the balttle have
substantially the same temperature as the detector. The base plate and the outer surface of the
battle are designed as a radiation trap having a dull black surface providing an enussivity of
about 97%.

3011] The design of the system optics creates an image of the detector sensilive area on
the surlace of the body i order to collect the IR radiation emitted or remutied from the body.
The arca on the surface of the body subtended by the mage of the detector sensiive area 1s
critical since the detector 1s averaging the IR radiation emitied or remitied from this area.

{3012] In accordance with another embodiment, the present optical apparatus compnses
two changeable optical fillers, a first mirror positioned to a first side of the optical filter, and 2
second murror postiioned to a sccond side of the optical filter opposite the first muror. A
detector 1s positioned to the second side of the optical filter. A baftle partially surrounds a
sensitive surface of the detector. Temperature-measuring devices are configured {o measure the
temiperature of the baflle, murrors and filters. The first murror s conligured to receive IR
radiation from a measured surface of the body, coliimate the IK radiation to a beam, and reflect
the collimated IR beam toward and through the optical {ilter. Owne of the optical fillers 1s
configured to filter out a portion of the coliimated IR beam having wavelengths that fall outside a
selected bandwidth, and the second optical hLilter 15 configured (o filter oul a portion of the
collimated IR beam having wavelengths that fall within a selected bandwidth, The filters arc
changeable by a molorized mechanism, and each IR radiation measurement consists of at least
one measurement with one filter and a second measurement with the second filter. The second
nmirror 18 configured (o reccive the collimated and filtered IR beam and reflect o toward the
detector. The baflle 1s configured to block stray IR radiation so that it does not reach the
detector sensilive arca.

{0131 Each of the two radiation measurcments s then correcied (o ehiminate the effect
of the enussion of the system elements on the measurement, The ratio of the two radiation
measurements alter the correction and normalization {or a black body reading 15 correlated to the
concentration of the desired substance i the body, such as the concentration of glucose in the

bloodsiream of a human body, for cxample.
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BRIEF DESCRIPTION OF THE DRAWINGS

{J814] The [oliowing figures, i which hike numerals mdicate elements, form part of the
present specification and are included to further demonstrate certain aspects of the present
invention. The mvention may be betier understood by relerence to one or more of these figures
in comrbination with the detailed written description of specific embodiments presented heremn.

H3015] Fig. | illustrates a block diagram of g system for the non-mvasive measurement of
the concentration of a substance wn a body;

{3816] Fig. 2 1s a perspective view of the oplical and detector apparatus of Fig. 1
iHustrating the path of travel for electromagunetic ravs between the body and the detector;

[0017] Fig. 3 1s a perspective view of the detector of Figs. | and 2;

3018] Fig. 4 15 a perspective view of the optical and detector apparatus of Fig, 2,
showing the locations on the vanous clements of the optical and detector apparatus of the
termperature measurcment devices; and

3019] Figs. 5 and 6 are cross-sectional views of the detector and baflic of the optical and
detector apparatus shown n Fig, 2.

{3820] These and other erobodiments of the present application will be discussed more
tully i the description. The features, functions, and advantages can be achicved mdependently
in vartous embodiments of the clammed mvention, or may be combmed n vet other embodiments.

DETAILED DESCRIPTION

10211 One or more illustrative embodiments are described below. Not all features of an
actual implementation are necessardy described or shown for the sake of clanty.

10022] Referning now to Fig. 1, a block diagram of a system 10 for the non-mvasive
measurement of the concentration of a substance m a body is shown. Infrared (IR} radiation
cmitted or refiected from the surface of a body 11 1s coliected and collimated by optics
subsystem 13 and locused on IR delector assembly 15, The body 11 18 the source of the IR
radiation being measured by the system 18, The body 11 is typically a portion of a surface of a
body of wmterest, such as a human body, for example., The optical subsystem 13 ncludes at least
two changeable filters 33, 35, as shown i Fig. 2, that allow two different wavelength bandwidth
signals, the first including a charactenistic wavelength of a deswred substance, such as glucose, for
example, to be measured, the second being a portion of the enutted radiation not imncluding the

substance characleristic wavelength o be used as a reference signal.
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13023] The detector assembly 15 senses both signals and provides an output voltage that
18 proporiional {0 the miensity of each of the two signal measurerents to the microprocessor 17,
Temperature sensors, as shown mn Fig. 4, provide the temperatures of the vartous optical
subsystem and delector assembly components and the ambient temperature to the microprocessor
17 via lines 2, 6, and & and a look up table (“"LUT”) 21, In a calibration process, the temperature
of cach of the optical subsysiem and detector assembly components 1s varied while the
temperature of the remaming system components 1 held stable {o provide a set of calibration
parameters that are stored 1 the LUT 21,

13024] The mucroprocessor 17 uses the set of predetermuned calibration parameters {0
correct cach of the two radiation measurcments to ehiminate the effect of the cmission of the
systoem elements on the measurement. The ratio of the two radiation measurcments after the
correction and normalization for a black body reading s corrclated {o the concentration of the
desired substance m the body, such as the concentration of ghlucose i the bloodstream of a
human body, tor example. The result is then provided to an output device 19, such as an LD or
LED video monitor, for example.

{O25] Relerring now also to Fig. 2, a schematic perspective view of the configuration of
the optical and detector components of the system 10 shown in Fig. |, illustrating the path of
travel tor IR rays between the body 11 and the detector 15 18 shown, The detector 15 mcludes
the detector clement 23, detector base 25 and a bafile 27. The configuration of the optical and
detector components 1s designed such that an image 12 of the sensitive or acltive arca 47 of the
detector 15 {as shown in Fig. 3} 1s created at the body 11 on the {ocal plane of murror 31.

10026] The arca of umage 12 preferably has a diameter approximalely 6 mm. IR
radiation enutted from or reflected by the body 11 at ymage 12 1w beam 41 15 collected and
colitmated by nurror 31, The IR radiation s reflected by murror 31 and propagated o mirror 29
i a collimated bearn 43 of parallel rays via filter 33 or filter 35, The focal plane of muror 29 18
iocated at the surface of the sensitive arca 47 of the detector assembly 15, The beam 43 reaching
mirror 29 15 reflected and propagated as beam 45 and focused at the {ocal plane of mirror 29
incident on the detector assembly 15 sensitive arga 47,

{3027] The detector assembly 15 18 partially surrounded by a baltle 27 on the sade facing
the murror 29, The baltle 27 msures that substantially only beam 43 1s mcident only on the

sensitive arca 47, Baflle 27 also blocks any stray radiation from reaching the sensilive arca 47 of
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detector assemibly 15, Thus, the optical subsystem 13 1s aligned such that the image 12 is
posttioned al the surface of body 11 and the beam 41 of IR radiation 13 mcident on the sensitive
arca 47 of detector assembly 15 via murror 31, filter 33 or filter 35 and murror 29,

3028] In one embodiment, murrors 29 and 31 are preferably minety-degree (90°) off-axis
parabolic mirrors coated with gold or other suitable refiective matenial, Preferably murror 29 will
have a focal length of about one {1} mch and marror 31 will have 4 focal lengih of about three (3)
inches. Other suitably designed retlective marrors may be used for the optical subsysiern 13 such
as ellipsoid murrors or a combination of cliipsoid and hyperbolic mirrors, for example.

"?
!

3029] Mdter 33 and [dter 35 are wounted m frame 37, frame 37 being positione
between murror 29 and murror 31, The filters 33, 35 are switched between positions ntercepting
the beam 43 using a suttable driving mechanism, such as a motor or pneumatic pressure, {or
example, coupled to frame 37. In one embodiment, motor 39 18 coupled to the frame 37 and
positions the frame 37 between the nurror 29 and murror 31 such that the deswred ilfer 33, 35
intercepts the beam 43, Une of the filters, filter 33, for example, will preferably be a narrow
band filter passing the wavelengths of the spectral characteristic of the substance being
raeasured. The other filter, filter 35, for example, will preferably be a narrow band filter passing
those wavelengths of a spectral characiernistic not sensitive to the substance being measured. For
example, 1 some embodiments, filter 33 will linmt the bandwidth to that region of the spectrum
where there 1s no emussion for the substance being measured {for glucose, for example, the
bandwidth would be 10.5u-15u), while filter 35 would have a bandwidth charactenistic of the
cossion of the substance being measured ({or glucose, the bandwidth would be 8.5u-18.54).
{3030] Relerning now also to Fig. 3, a perspective view of the detector element 23 shown
in Figs. 1 and 2 s tustrated. Any suitable IR detector responsive o the desired wavelengths of
interest may be used. The detector element 23 ncludes a chip providing the IR sensitive
raalerial forming the detector sensitive arca 47, The chup, or sensitive area 47, 18 enclosed m a
se 51 and mounied to a base 53, The case 51 has an appropniately-sized opening forming a
window 49 1n is top surface to allow the IR radiation (o reach the sensitive area 47, The window
49 15 covered by a material transparent {o the radiation of mterest, such as silicon or other
suitable material. Leads 55 connect the detector element 23 to the microprocessor 17 and other
circuitry.,  In one embodiment, a passive IR sensor known as a thermoptie detector 1s used.

Thermopile detectors respond to IR power emitted by an object in its field of view by producing
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a voltage that is proportional 0 mcident power.  One suitable theormopiie detecior is
rmmanufactured by Dexier Research Corporation (part number ST150). The thermopile detector
used 1 one cmbodiment has a sensifive area 47 with dimensions of 1.5mm x 1.5mm and a
window 49 of silicon.

10031 ] Refernng now also to Fig. 4, a perspective view of the optical subsystem 13 and
detector assembly 15 of Fig. 2 1s shown, illustrating suitable locations on the various clements of
the optical subsystem and detector assembly where temperature measurement devices may be
iocated. Each clement of the optical subsystem and detector assembly will emut electromagnetic
radiation ncluding IR radiation as a function of ifs teraperature. In order to achieve the
resolution necessary o produce an accurate measurement of the desired substance, the enussion
of cach clement 1n the system 1s preferably taken o account.

{3832] Each element of the optical subsystem 13 within the field of view of the detector
assembly 15, as well as the detector assembly 15, inciudes one or more suitable temperature
sensing devices mounted at switable locations on the element to accurately measure ihe
temperature of the element. In one embodiment, thermiusiors are used as the tomperature
raeasuring devices, A thernmstor 18 a temperature dependent resistor typically composed of a
semiconductor material. The resistance of a thermustor 1s inversely proportional {o temperature,
e, as the temperature mcereases, ils resistance decreases.  While other suulabic temperature
sensors can be used, thermocoupies, for example, typically a thermustor provides a greater output
voltage.

{30331 In the embodiment shown m Fig. 4, thermistor 61 18 located wmnternally to the
detector assembly 15 (o measure the temperature of the cold junction where a thermopile
detector 1s used. Thermustor 63 measures the temperature of the battle 27, Thermistors 65 and
67 measure the temperature of mirror 29, and thernustors 71 and 73 measure the temperature of
ratrror 31, Two thernmstors are used {or cach muror due to the size and mass of the miurrors.
Thernustor 69 measures the tomperature of the filters 33, 35 and of frame 37 assembly.
Thermustor 75 measures the ambient room temperature. The temperature of each element 18
matched with a set of predetermined calibration parameters stored i LUT 21 together with the
temperature of detector 13, ambient temperature, and the temperature of body 11, to compensate
for any perturbations 1 a substance concentration measurement due o the temperatures of the

various oplical subsystem and detecior assembly clements.
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10834] Keferring now also to Fig. 5, a cross-scctional view of the detector assembly 15
and baffle 27 of the opucal and detector apparatus of Fig. 2 18 shown., In the ulustrated
cmbodiment, detector element 23 18 held by a retainer ring 81 in thermal contact with detector
basc 25, Baftle 27 18 atlached to the detector base 25 with {asteners 26, establishing good
thermal contact between the detector element 23, ring 81, detector base 25, and baffle 27. The
imner surface 83 of baffle 27 1s preferably gold-coated and polished to create a murror, The imner
surtace §3 of baflle 27 18 designed (0 have a very low emussivity and high reflectivity. The shape
of the mner surface 83 of bafile 27 is designed to mininuze or prevent any reflection or muldli-
reflection of radiation from mcident on the sensitive area 47 of the detector element 23,

o B
!
’

13035 In one embodiment, the inner surface 83 of baflle 27 forms a spherical surface,
the center of the sphere comciding with the center of the detector sensitive arca 47, enclosing the
detector element 23. An opening 95 s formed in the portion of the sphere over and opposite the
sensitive arca 47. The dimensions of the opening 95 are sufficient to allow the beam 45 (as
shown in Fig. 2} to be mcudent on the senstlive area 47 and minimuze or prevent any siray
radiation from rcaching the detector sensitive arca 47. 'The front surface 89 of the detector
clement 23, the exposed surface X7 of retamer ring 81 and the exposed portion 83 of detector
basc 25 within the sphere are coated with a suttable material, such as a suttable black coating, for
example, to creale a radiation trap for any siray radiation.  Thermusior 63 measures the
temperature of the batlic 27 to cnable compensation for its cmuission ¢ifects on the substance
conceniration measurements,

{H36] Relerring now also to Fig. 6, a cross-sectional view of the detector assembly 153
and balile 27 of the optical and detector apparatus of Fig. 2 according to another embodiment 18
shown. In this embodiment, as described above with reference to paragraph 0028 and Fig. 2,
mirrors 29 and 31 are preferably ninety-degree {(90°) off-axis parabohic mirrors coated with goid

e Xau i
!

or other suilable rellective waterial.  The mner surface 83 of baffle 27 preterably {orms a
spherical surface having the center 99 of the sphere positioned off center with respect o the
center 97 of the detector sensifive arca 47, An opening 95 18 formed mn the portion of the sphere
over and opposite the sensitive area 47, Since the maximum of the IR energy distribution of an
off-axis mirror 18 off cenier, the posilion of the center 99 of the bafile opening 95 15 also ollset
from the center 97 of the detector sensitive area 27 {0 provide maxumuny IR energy collection.

The dimensions of the opening 93 are suflicient to allow the beam 45 (as shown 1 Fig. 2} 1o be
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incident on the detector sensitive area 47 and minimize or prevent any stray radiation from

reaching the detector sensitive area 47.

[0037] Although the invention has been described in terms of certain embodiments, other
embodiments that are apparent to those of ordinary skill in the art, including embodiments which

do not provide all of the features and advantages set forth herein, are also within the scope of this

invention.
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CLAIMS

l. Apparatus for non-invasive measurement of a concentration of a substance within
a body, comprising;:

a detector configured to sense radiation emitted or remitted from a body;

an optical subsystem configured to focus the radiation on a sensitive arca of the
detector; and

one or more temperature sensors attached to one or more of a plurality of
elements of the optical subsystem and one or more additional temperature sensors
attached to the detector, the one or more temperature sensors being configured to measure
the temperature of the one or more elements of the optical subsystem, the one or more
additional temperature sensors being configured to measure the temperature of the
detector, and the apparatus being configured to measure the concentration of the

substance using the sensed radiation and the measured temperatures.

2. The apparatus of claim 1, wherein:

a baffle configured to minimize the incidence of stray radiation on the detector
sensitive area is attached to and in thermal contact with the detector, the baffle being
disposed to at least partially surround the detector sensitive area; and

an 1nterior surface of the baffle opposite the detector is formed to minimize the
incidence of radiation reflection or multi-reflection on the detector sensitive area and has

a high retlectivity and low emissivity.

3. The apparatus of claim 2, wherein the interior surface of the baffle constitutes a
portion of a sphere surrounding the detector, a portion of the baffle above and opposite
the sensitive area of the detector having an opening allowing the radiation to reach the

sensitive area of the detector.

4. The apparatus of claim 3, wherein an exterior surface of the baffle is coated with a

black coating for absorbing stray radiation.
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5. The apparatus of any one of claims 1-4, wherein the detector comprises an

infrared energy sensor.

6. The apparatus of claim 5, wherein the infrared energy sensor comprises a

thermopile detector.

7. The apparatus of claims 5 or 6, further comprising a first filter passing
wavelengths characteristic of the substance being measured and a second filter passing

wavelengths of a spectral characteristic not sensitive to the substance being measured.

8. The apparatus of claims 5 or 6, further comprising a movable frame on which the

first and second filters are mounted for switching between positions intercepting the

radiation.

9. The apparatus of claim 7, wherein the {irst filter passes wavelengths of 8.5-10.0

um and the second filter passes wavelengths of 10.5-15.0 pm.

10.  The apparatus of any one of claims 1-9, wherein the optical subsystem comprises

one or more mirrors configured to focus the radiation on the sensitive area of the detector.

11. The apparatus of claim 10, wherein the one or more mirrors comprise at least two
mirrors and the optical subsystem comprises at least one attenuation filter disposed

between the two mirrors for attenuating radiation in a selected wavelength band.

12. The apparatus of claim 11, wherein the at least one attenuation filter comprises

two attenuation filters mounted on a moveable frame disposed between the two mirrors.

13. The apparatus of claim 10, wherein the one or more mirrors comprise at least two

ninety degree (90°) off-axis parabolic mirrors.
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14. The apparatus of any one of claims 1 to 13, further comprising a temperature

sensor for measuring ambient temperature.

15.  The apparatus of any one of claims 1 to 14, wherein the temperature sensors are

thermistors.

16. The apparatus of any one of claims 1 to 15, further comprising a microprocessor
configured to reference a look-up table to compensate for perturbations in the substance
concentration measurement due to the temperatures of the one or more elements of the

optical subsystem and the temperature of the detector.

17.  The apparatus of any one of claims 1 to 16, wherein the temperature of one or
more of the plurality of optical subsystem elements and the temperature of the detector
are matched with a set of predetermined compensation parameters stored in a look-up
table for compensating for an effect on the non-invasive measurement of a concentration
of the substance caused by the temperatufe of each of the one or more of the plurality of
elements and the detector, an ambient temperature and a temperature measured at a

surface of the body.

18. A method of noninvasively measuring a concentration of a substance in a body
using an apparatus including a detector and an optical system, the method comprising the
steps of:

detecting an infrared radiation value emitted by the body in a wavelength range
including at least one wavelength characteristic of the substance;

measuring the temperature of the detector and one or more components of the
optical system;

correlating the temperatures of the detector and the one or more components of
the optical system with a set of predetermined calibration parameters to correct the
detected infrared radiation value for the effects of the emission of each of the detector

and the one or more components of the optical system; and
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measuring the concentration of the substance using the detected infrared radiation

value and the measured temperatures.

19.  The method of claim 18, further comprising the step of measuring the ambient

temperature.

20. The method of claims 18 or 19, further comprising the step of measuring the

temperature of the body.

21. The method of any one of claims 18-20, further comprising the step of limiting

the wavelength range of the detected infrared radiation value.

22.  The method of claim 21, further comprising the step of limiting the wavelength
range of the detected infrared radiation value to a first wavelength range including at least
one wavelength characteristic of the substance to provide a first detected radiation value,
and limiting the wavelength range of the detected infrared radiation value to a second

wavelength range wherein wavelengths characteristic of the substance are minimized to

provide a second detected radiation value.

23.  The method of claim 22, further comprising the steps of’

correcting the first and second detected radiation values for the effects of the
emission of each of the detector and the one or more components of the optical system;

normalizing the first and second detected radiation values for a blackbody
reading; and

correlating the ratio of the first and second detected radiation values to the

concentration of the substance in the body:.

24.  The method of claim 22, wherein the first wavelength range comprises 8.5 pm to
10.0 pm and the second wavelength range comprises 10.5 um to 15.0 um and the

substance 1s glucose.
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25. The method of any one of claims 18-24, further comprising referencing a look-up
table and compensating for perturbations in the substance concentration measurement due
to the temperatures of the one or more components of the optical system and the

temperature of the detector.
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