wo 2017/019805 A1 I} 1] A1 0000 OO O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2017/01980S5 A1l

2 February 2017 (02.02.2017) WIPOIPCT
(51) International Patent Classification: (74) Agent: COOK, Jack M.; Quarles & Brady LLP, 411 E.
A61B 1/06 (2006.01) A61B 1/227 (2006.01) Wisconsin Ave., Milwaukee, WI 53202 (US).
A618 1/07 (2006.01) (81) Designated States (uniess otherwise indicated, for every
(21) International Application Number: kind of national protection available): AE, AG, AL, AM,
PCT/US2016/044333 AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
) I ional Filine Date: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
(22) Imternational Filing Date: 57 Tulv 2016 (27.07.2016 DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
uy (27.07. ) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
(25) Filing Language: English KZ, IA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
L ) MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(26) Publication Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(30) Priority Data: SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
62/199,126 30 July 2015 (30.07.2015) US IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(71) Applicant: MASSACHUSETTS INSTITUTE OF (84) Designated States (unless otherwise indicated, fO}" every
TECHNOLOGY [US/US]; 77 Massachusetts Avenue, kind of regional protection available): ARIPO (BW, GH,
Cambridge, MA 02139 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
’ TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(72) Inventor; and TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(71) Applicant : CARR, Jessica; 214 River Farms Drive, Fair- DK, EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
mont, WV 26554 (US). LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK,
(72) Inventors: BRUNS, Oliver; 42 Grove Street, #3B, Boston, N &?P{\/I(EFI,\IEJ,SEF,TCDG”}S} CM, GA, GN, GQ,
MA 02114 (US). BAWENDI, Moungi; 17 Lowell Street, i i i P T '
Cambridge, MA 02138 (US). VALDEZ, Tulio; 5 Stone- Published:

post, Simsbury, CT 06070 (US).

with international search report (Art. 21(3))

(54) Title: SYSTEMS AND METHODS FOR A SHORT WAVE INFRARED DEVICE

(57) Abstract: Systems and methods
for a short wave infrared (SWIR) oto-
scope device are provided. The SWIR
otoscope device can capture images of
a patient's middle ear to aid in diagnos-
ing one of a plurahty of maladies. In
one embodiment, the SWIR otoscope
device can include a SWIR detector, a
light source, and a plurality of optics
that can enable the SWIR otoscope
device to capture images of the middle
ear of a patient.



WO 2017/019805 PCT/US2016/044333

SYSTEMS AND METHODS FOR A SHORT WAVE INFRARED
DEVICE

CROSS-REFERENCES TO RELATED APPLICATIONS

[0001] The present application is based on, claims priority to, and incorporates
herein by reference in its entirety, United States Provisional Patent Application No.
62/199,126, filed July 30, 2015, and entitled “Systems and Methods for a Short Wave

Infrared Device.”

BACKGROUND

[0002] The disclosure relates generally to a medical device and methods of use and,
more specifically, to a short-wave infrared device capable of providing images and
aiding in diagnosing of maladies, for example, within a patient's ear.

[0003]  Otitis media, a range of inflammatory conditions of the middle ear, is the
second most common illness diagnosed in children. However, identifying the
presence of middle-ear fluid is challenging in pediatric patients, resulting in a high
rate of over-diagnosis and indiscriminant use of antibiotics. In addition to otitis
media, challenges in monitoring the ossicular chain and/or cholesteatoma extension
in the middle ear of a patient may lead to the patient experiencing hearing loss

without proper diagnosis.

BRIEF SUMMARY

[0004] The present disclosure provides systems and methods for a short wave
infrared (SWIR) otoscope device that can capture images of a patient's middle ear to
aid in diagnosing one of a plurality of maladies. In one non-limiting example, the
SWIR otoscope device can include a SWIR detector, a light source, and a plurality of
optics which enable the SWIR otoscope device to capture images of the middle ear of a

patient.
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[0005] In one aspect, the present disclosure provides a short wave infrared
otoscope device including a light source configured to emit short wave infrared light
along an optical path through a speculum to illuminate a portion of a patient's ear
with short wave infrared light, a short wave infrared detector configured to be
coupled to a speculum adapter to capture an image of the portion of the patient's ear,
and an optical system arranged between the speculum and the short wave infrared
detector. The optical system includes a lens.

[0006] In another aspect, the present disclosure provides a short wave infrared
retrofit kit for an otoscope having a speculum received within a speculum adapter.
The short wave infrared retrofit includes a light source configured to emit short wave
infrared light through the speculum, a short wave infrared detector configured to be
coupled to the speculum adapter and arranged to view through the speculum, and an
optical system arranged between the speculum and the short wave infrared detector.
The optical system includes a lens.

[0007] In yet another aspect, the present disclosure provides a method for using a
short wave infrared device to detect a malady of a patient's ear. The short wave
infrared device includes a light source, a short wave infrared detector arranged to
view along an optical path and an optical system arranged to view along the optical
path. The method includes positioning the short wave infrared device to view within
the patient's ear , emitting short wave infrared light along the patient's ear canal via
the light source, and illuminating a portion of the patient's ear via the emitted short
wave infrared light. The method further includes capturing an image, using the
short wave infrared detector, of the reflected light from the illuminated portion of the
patient's ear, and detecting the malady of the patient's ear based on an abnormality
in the captured image.

[0008] In still another aspect, the present disclosure provides a method for
retrofitting an otoscope with a short wave infrared retrofit kit. The otoscope includes
a speculum received within a speculum adapter. The method includes coupling a
light source to the speculum adapter. The light source is configured to emit short

wave infrared light through the speculum. The method further includes coupling a
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short wave infrared detector to the speculum adapter. The short wave infrared
detector is arranged to view through the speculum. The method further includes
arranging an optical system between the speculum and the short wave infrared
detector. The optical system including a lens.

[0009] In yet another aspect, the present disclosure provides a method for
detecting fluid in a middle ear of a patent. The method includes illuminating a
portion of the patient's ear with short wave infrared light, and detecting light
reflected from the portion of the patients ear with a short wave infrared detector and
acquiring an image of the detected light. The method further includes measuring a
light intensity of a superficial anatomical structure in the acquired image, measuring
a light intensity of a deep anatomical structure in the acquired image, and
calculating an intensity ratio between the light intensity of the superficial anatomical
structure and the light intensity of the deep anatomical structure. The method
further includes determining if the calculated intensity ratio is above a
predetermined threshold value, and upon determining that the calculated intensity
ratio is above the predetermined threshold value, detecting a presence of fluid in the
middle ear of the patient.

[0010] The foregoing and other aspects and advantages of the invention will
appear from the following description. In the description, reference is made to the
accompanying drawings which form a part hereof, and in which there is shown by
way of illustration a preferred embodiment of the invention. Such embodiment does
not necessarily represent the full scope of the invention, however, and reference is

made therefore to the claims and herein for interpreting the scope of the invention.

BRIEF DESCRIPTION OF DRAWINGS

[0011] The invention will be better understood and features, aspects and
advantages other than those set forth above will become apparent when consideration
is given to the following detailed description thereof. Such detailed description

makes reference to the following drawings.
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[0012] Fig. 1 shows a short wave infrared otoscope device in accordance with one
embodiment of the present disclosure.

[0013]  Fig. 2 shows a schematic of a retrofit kit of the short wave infrared otoscope
device in accordance with one embodiment of the disclosure.

[0014] Fig. 3 shows a short wave infrared endoscope device in accordance with
another embodiment of the present disclosure.

[0015] Fig. 4 shows a schematic block diagram of a short wave infrared system in
accordance with one embodiment of the present disclosure.

[0016] Fig. 5 shows a graph illustrating the attenuation of light traveling through
middle ear fluid as a function of wavelength.

[0017] Fig. 6 is a flow chart illustrating steps for detecting a presence or absence of
middle ear fluid in a patient using the SWIR otoscope system of Fig. 1.

[0018] Fig. 7 is a graph illustrating attenuation as a function of wavelength for
various thicknesses (i.e., viscosities) of middle ear fluid.

[0019] Fig. 8A illustrates a short wave infrared image of a middle ear model with
no fluid taken using the short wave infrared otoscope device of Fig. 1.

[0020] Fig. 8B illustrates a short wave infrared image of a middle ear model
partially filled with fluid taken using the short wave infrared otoscope device of Fig.
1.

[0021]  Fig. 8C illustrates a short wave infrared image of a middle ear model filled
with fluid taken using the short wave infrared otoscope device of Fig. 1.

[0022]  Fig. 9 illustrates four SWIR images (Images A-D) of the middle ear cavity of
a patient's ear taken using the short wave infrared otoscope device of Fig 1.

[0023] Fig. 10 illustrates four visible images (Images A-D) of the middle ear cavity

of a patient's ear taken using visible light illumination and detection.

DETAILED DESCRIPTION
[0024] The term "visible light" as used herein refers to a portion of the
electromagnetic spectrum, generally bound between wavelengths of approximately

380 nanometers (nm) and 750 nm, that is visible to the human eye. One of skill in
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the art would recognize that the wavelength range of visible light will vary from
person to person depending on one's vision. Thus, the range from 380 nm to 750 nm
is a generally accepted range and is not meant to be definitively limiting in any way.
[0025] The term "short wave infrared (SWIR) light" as used herein refers to a
portion of the electromagnetic spectrum generally bound between wavelengths of
approximately 800 nm and 2000 nm. The SWIR light range from 800 nm to 2000 nm
is a generally accepted range and is not meant to be definitively limiting in any way.
[0026] Currently, pneumotoscopy is used to attempt to detect the presence of
middle ear fluid. Pneumotoscopy involves using a pneumatic otoscope to apply air
pressure to a patient's eardrum to attempt to detect displacement, with displacement
signifying no middle ear fluid and no displacement signifying the presence of middle
ear fluid. This process is qualitative and significantly operator-dependent, and can
suffer in both sensitivity and in specificity with an inexperienced practitioner.
Another diagnostic performed on a patient's ear is monitoring of the ossicular chain
and/or cholesteatoma extension. Currently, monitoring a patient's ossicular chain
and/or cholesteatoma extension utilizes expensive, potentially harmful, and time
consuming radiographic procedures.

[0027] Due to the current difficulties in quickly and accurately imaging the middle
ear of a patient to diagnose a plurality of potential maladies, it would be desirable to
have a retrofit kit for an otoscope that could be easily integrated into the otoscope and
enable the otoscope to capture images of a patient's middle ear to provide an
unambiguous assessment of the health of the patient's middle ear.

[0028] Fig. 1 shows one non-limiting example of a short wave infrared (SWIR)
otoscope device 10 in accordance with the present disclosure. As shown in Figs. 1 and
2, the SWIR otoscope device 10 includes a SWIR retrofit kit 12 that can be integrated
into an otoscope 14. The SWIR retrofit kit 12 includes a light source 16, a SWIR
detector 18, and a plurality of optics or an optical system 20 arranged between the
SWIR detector 18 and a speculum 22 of the otoscope 14. The SWIR retrofit kit 12 can
enable the otoscope 14 to view and/or capture images of a patient's ear typically

blocked by the tympanic membrane, as will be described in detail below.
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[0029] The light source 16 is configured to emit SWIR light. SWIR light can
penetrate deeper within human tissue when compared to visible light and, therefore,
a greater amount of the SWIR light emitted by the light source 16 can penetrate
through the tympanic membrane in the patient's ear without being reflected,
scattered, and/or absorbed (i.e., attenuated). The penetration of SWIR light through
the tympanic membrane enables light source 16 to illuminate the patient's middle ear
anatomy (e.g., malleus, promontory, round window, incudostapedial complex, chorda
tympani, etc.). In one non-limiting example, the light source 16 can be an
incandescent or halogen tungsten light source configured to emit broadband SWIR
light in a wavelength range between approximately 800 nm and 2000 nm. In this
non-limiting example, a source narrow band-pass filter (not shown), configured to
transmit light in a specific wavelength range, can be used to narrow the wavelength
range emitted by the light source 16. For example, a center wavelength of the
wavelength range transmitted by the source narrow-band pass filter may be 950 nm,
1050 nm, 1300 nm, or 1450 nm.

[0030] In another non-limiting example, the light source 16 can include one or
more light emitting diodes (LEDs). The LEDs can all be configured to output light in
the same wavelength band, or the LEDs can be individually operated and configured
to output light at different wavelengths. For example, in one non-limiting example,
the light source 16 can include individually operated LEDs configured to output light
at approximately 950 nm, approximately 1050 nm, approximately 1300 nm, and
approximately 1450 nm.

[0031] In one non-limiting example, the light source 16 can be arranged within a
handle 24 of the otoscope 14, as shown in Fig. 1. In one non-limiting example, the
light source 16 can be fiber-coupled, and include a fiber optic cable 26 configured to
efficiently transmit light emitted from the light source 16. The fiber optic cable 26
can be coupled to a speculum adapter 27 of the otoscope 14 and arranged such that
light emitted from a distal end 28 of the fiber optic cable 26 is directed through the

speculum 22 and into a patient's ear 30, as shown in Fig. 2. In another non-limiting
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example, the light source 16 can be arranged outside or separately from the handle 24
of the otoscope 14.

[0032] The SWIR detector 18 is configured to detect and capture images, or video,
of SWIR light which transmits through the optical system 20. In one non-limiting
example, the SWIR detector 18 can be an Indium Gallium Arsenide (InGaAs) detector
with a 320 by 256 pixel array. One of skill in the art would recognize that other
detectors may be used to detect SWIR light. The SWIR detector 18 includes one or
more input/output (I/O) ports 32 and a lens tube adapter 34. The I/O ports 32 enable
the SWIR detector 18 to be connected, for example via coaxial cables, to an external
computing device, as will be described below. The lens tube adapter 34 enables the
SWIR detector 18 to be fastened to an optomechanical element (e.g., a lens tube, a
lens mount, an extension tube, a filter holder, etc.).

[0033] With continued reference to Figs. 1 and 2, the optical system 20 can include
a filter 36, a first polarizer 38, a second polarizer 39, and a lens 40. The filter 36 can
be fixed within a filter holder 42 that is coupled to the lens tube adapter 34 of the
SWIR detector 18. In the illustrated non-limiting example, only one filter 36 may be
used. The filter 36 can be a short pass filter, a long pass filter, or a band pass filter,
depending on the desired operation of the SWIR otoscope device 10. In one non-
limiting example, the filter 36 can be a long pass filter configured to allow light with
a wavelength of greater than approximately 1300 nm to transmit through the filter
36 to the SWIR detector 18. In another non-limiting example, the filter 36 can be a
band pass filter configured to allow light with a wavelength between approximately
1300 nm and 1700 nm to transmit through the filter 36 to the SWIR detector 18. In
yet another non-limiting example, the filter 36 can be a band pass filter with a center
wavelength of between approximately 1200 nm and 1220 nm. One of skill in the art
will appreciate that alternative transmission ranges are possible for the filter 36
depending on the desired detection characteristics of the SWIR otoscope device 10.
[0034] The filter holder 42 enables the filter 36 to be easily exchanged during use
of the SWIR otoscope for wvarious applications. Regardless of the specific

configuration of the filter 36, as will be described, the use of the filter 36 provides the
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basis to create an optical system 20 that can be integrated with and/or created as
retrofit kit that can be coupled to the otoscope 14. That is, the system described
herein provides an assembly that can be integrated with or retrofitted with an
otoscope to provide a clinical tool that accommodates current analysis tools and
clinical protocols.

[0035] The first polarizer 38 and the second polarizer 39 are configured to suppress
unwanted reflections and glare detected by the SWIR detector 18. The first polarizer
38 is arranged adjacent to and along an optical path viewed by the SWIR detector 18
and the second polarizer 39 is arranged adjacent to the distal end 28 of the fiber optic
cable 26. The second polarizer 39 polarizes the light emitted by the light source 16
and then, by crossing (i.e., rotating) the first polarizer 38 with respect to the second
polarizer 39, the first polarizer 38 can filter or eliminate the polarized, directly
reflected light from the light source 16 before being detected by the SWIR detector 18.
Alternatively, if desired, the first polarizer 38 and the second polarizer 39 can be
oriented in parallel (i.e., in the same rotational orientation) to allow directly reflected
light from the light source 16, rather than diffuse light, to be detected by the SWIR
detector 18. Thus, the relative orientation of the first and second polarizers 38 and
39 can be adjusted to selectively transmit or suppress reflected light from the light
source 16. In one non-limiting example, the first polarizer 38 and/or the second
polarizer 39 can be a near-infrared linear polarizer operable in a wavelength range
between approximately 1000 nm and 2000 nm. In another non-limiting example, the
optical system 20 may include only the first polarizer 38 and the second polarizer 39
may be excluded. In this non-limiting example, the first polarizer 38 can still
suppress reflections and glare, although less efficiently than the configuration using
the first polarizer 38 and the second polarizer 39, described above.

[0036] The lens 40 includes a first lens 44 and a second lens 46 that combine to
form a near-infrared achromatic lens pair. In one non-limiting example, the first lens
44 can have an effective focal length of 100 millimeters (mm) and the second lens can
have an effective focal length of 75 mm. The first lens 44 and the second lens 46 can

be coated with a near-infrared anti-reflection coating that reduces or eliminates
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reflections of SWIR light. That is, the lens 40 enables a high throughput G.e.,
transmission) of SWIR light to the SWIR detector 18. In one non-limiting example,
the optical system 20 can include an iris 47 arranged between the first lens 44 and
the second lens 46 of the lens 40. The addition of the iris 47 may improve a depth of
field detected by the SWIR detector 18.

[0037] The first polarizer 38 and the lens 40 can be mounted in a lens tube 48 with
the first polarizer 38 arranged between the lens 40 and the filter 36. It should be
known that the orientation of the filter 36, the first polarizer 38, and the lens 40,
shown 1n Fig. 2, is not meant to be limiting in any way and other
configurations/orientations are within the scope of the present disclosure. For
example, the filter 36 may be arranged between the first polarizer 38 and the lens 40,
or the lens 40 may be arranged between the filter 36 and the first polarizer 38, etc.
The lens tube 48 can be coupled to the filter holder 42 and the speculum adapter 27 of
the otoscope 14. The speculum adapter 27 includes a lens tube adapter 52 for
coupling the lens tube 48 to the otoscope 14, and an aperture 54. The aperture 54 is
configured to receive the speculum 22, which is typically a disposable component that
can be replaced after every use of the SWIR otoscope device 10 to prevent cross
contamination between patients. In some non-limiting examples, the aperture 54 can
receive disposable specula sized to be 2.5 mm, 3.0 mm, 4.0 mm, and/or 5.0 mm. The
size of the speculum 22 is merely provided by way of example and is not meant to be
limiting in any way.

[0038]  Assembly of the SWIR otoscope device 10 will be described with reference to
Figs. 1 and 2. As described above, the SWIR otoscope device 10 includes the SWIR
retrofit kit 12 and the otoscope 14. In one non-limiting example, the otoscope 14 can
be a stock or traditional pneumatic otoscope that is modified in the following way to
incorporate the SWIR retrofit kit 12. As such, and as further described herein, a
clinical tool is provided that accommodates current analysis tools and clinical
protocols. That is, an entirely new or different otoscope is not required, and the
system described herein readily accommodates current clinical protocols. In one non-

limiting example, the light source 16 can be built-in to the otoscope 14, typically into
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the handle 24. In another non-limiting example, the stock built-in light source of the
otoscope 14 may not be configured to emit SWIR light and the light source 16 can be
installed into the handle 24 of the otoscope 14 upon removal of the stock built-in light
source.

[0039] As 1s known in the art, the stock otoscope 14 can include a lens coupled to
the speculum adapter 27, which enables a medical professional to view through the
speculum 22 and into a patient’s ear. However, the stock lens is not configured to
magnify/focus the SWIR light to form a focused image on the SWIR detector 18.
Therefore, the stock lens can be removed and the lens tube adapter 52 can then be
fastened to the speculum adapter 27. The lens tube 48 including the lens 40 and the
first polarizer 38 can then be fastened to the lens tube adapter 52. The filter holder
42 including the filter 36 can then be fastened to the lens tube 48 and, lastly, the lens
tube adapter 34 of the SWIR detector 18 can be fastened to the filter holder 42
thereby completing the integration of the SWIR retrofit kit 12 into the otoscope 14.
[0040] The lens tube adapter 52, the lens tube 48, the filter holder 42, and the lens
tube adapter 34 optically align the SWIR detector 18 and the optical system 20 on a
common optical path that extends through the speculum 22. This ensures that the
SWIR detector 18 remains arranged to view through the speculum 22 throughout
continuous assembly and disassembly of the SWIR otoscope device 10. Additionally,
the lens tube 48, the filter holder 42, and the lens tube adapter 34 enable the SWIR
detector 18, the filter 36, the first polarizer 38, and the lens 40 to be coupled together
as a single unit. Alternative to the "piece-by-piece" assembly described above, the
SWIR detector 18, the filter 36, the first polarizer 38, and the lens 40 may be fastened
to the lens tube adapter 52 of the speculum adapter 27 as the single unit.
Furthermore, the lens tube adapter 52, the lens tube 48, the filter holder 42, and the
lens tube adapter 34 enable the SWIR retrofit kit 12 to be modular and easily change
between alternative filters, lenses, polarizers, and/or detectors.

[0041]  As described above, the components and construction of the SWIR retrofit
kit 12 allow integration of the SWIR retrofit kit 12 into an otoscope 14 with limited
modifications to the otoscope 14. It should be appreciated that the SWIR retrofit kit
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12 may, in other non-limiting examples, be integrated into other medical devices. For
example, as shown in Fig. 3, the SWIR retrofit kit 12 can be integrated into an
endoscope 60.

[0042] Fig. 4 shows one non-limiting example of an SWIR system 100 in
accordance with the present disclosure. As shown in Fig. 4, the SWIR retrofit kit 12
is configured to be integrated into a medical device 102 (e.g., the otoscope 14 or the
endoscope 60). The SWIR detector 18 includes I/O ports 32, as described above,
which enable the SWIR detector 18 to be connected to a processor 104. The processor
104 1s in communication with a display 106 and a memory storage device 108. The
processor 104 can be configured to control operating settings of the SWIR detector 18
(e.g., gain settings, array binning, exposure duration, etc.). Alternatively or
additionally, the processor 104 can be configured to perform image processing
algorithms on the images captured by the SWIR detector 18 to aid in detecting a
malady of the patient's ear, as will be described below.

[0043] The display 106 can display images captured by the SWIR detector 18 for
viewing by a medical professional. The memory storage device 108 can store images
captured by the SWIR detector 18 to later viewing by a medical professional. In
another non-limiting example, the memory storage device 108 can be a database of
images captured using a plurality of medical devices 102.

[0044]  One non-limiting example of operation of the SWIR otoscope device 10 when
detecting the presence of middle ear fluid in a patient will be described with reference
to Figs. 1, 2, 4, 5, and 6A-C. When detecting middle ear fluid using the SWIR
otoscope device 10, in one non-limiting example, the filter 36 can be a long pass filter
configured to allow light with a wavelength of greater than approximately 1300 nm to
transmit through the filter 36 to the SWIR detector 18, and the light source 16 can be
configured to emit broadband SWIR light. The SWIR otoscope device 10 can be
positioned by a medical professional such that the speculum 22 provides an optical
path along the patient's ear canal. The light source 16 can then emit the broadband
SWIR light along the optical path through the patient's tympanic membrane to
illuminate the patient's middle ear. With the patient's middle ear illuminated by the

-12-



WO 2017/019805 PCT/US2016/044333

broadband SWIR light of the light source 16, the plurality of optics 20 can focus, via
the lens 40, the illuminated middle ear of the patient onto the SWIR detector 18.
[0045] The medical professional can then instruct the processor 104 to capture one
or more images, or a video, of the patient's illuminated middle ear with the SWIR
detector 18 and display the images on the display 106. With the filter 36 arranged
between the SWIR detector 18 and the lens 40, light with a wavelength greater than
approximately 1300 nm will be detected/imaged by the SWIR detector 18. This
combined with the broadband illumination of the light source 16 allows specific
detection where absorption of middle ear fluid is elevated. As illustrated in the graph
of Fig. 5, line 114 represents the relationship between attenuation @.e., absorption
and scattering of light) measured in optical density (O.D.) of middle ear fluid versus
wavelength (nm). Line 114 shows elevated attenuation in the wavelength range
beyond 1300 nm, as shown, for example by peak 116 on line 114. The lack of
attenuation in the visible spectrum by middle ear fluid can lead to middle ear fluid
appearing translucent in the visible wavelengths, whereas the strong absorption
(shown by increased attenuation in line 114) of SWIR light causes middle ear fluid to
appear black in an SWIR image. Therefore, the presence of middle ear fluid appears
dark in an image captured by the SWIR detector 18. This allows for easy
differentiation between the presence and absence of middle ear fluid without the need
to rely on pneumatic-otoscope assessment of eardrum movement or the comparison of
multiple wavebands.

[0046] The processor 104 may be configured to carry out image processing
algorithms to supplement the differentiation between the presence and absence of
middle ear fluid. Fig. 6 illustrates one non-limiting example of the steps for detecting
middle ear fluid in a patient's ear using the SWIR otoscope device 10. Initially, at
step 200, the light source 26 illuminates a patient's middle ear with SWIR light. In
some non-limiting examples, the light source 26 may be configured to emit broadband
SWIR light. In other non-limiting examples, the light source 26 may be configured to
emit specific wavelengths of SWIR light, for example, to target water/middle ear fluid

absorption bands. The light reflected from within the patient's middle ear can travel
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through the optical system 20. The reflected light traveling through the optical
system 20 can be detected and imaged by the SWIR detector 18, at step 202. In some
non-limiting examples, the filter 36 may be configured to transmit only wavelengths
within water/middle ear fluid absorption bands to the SWIR detector 18. It should be
appreciated that one or more images may be acquired of the reflected light from
within the patient's middle ear.

[0047] Once the image is acquired at step 202, a light intensity of a superficial
anatomical structure is measured at step 204. Simultaneously or subsequently, a
light intensity of a deep anatomical structure is measured at step 206. In some non-
limiting examples, the superficial anatomical structure may be the malleus or the
external ear canal of the patient's ear. In some non-limiting examples, the deep
anatomical ear structure may be the cochlear promontory. Once the intensities of the
superficial and deep anatomical structures are measured at steps 204 and 206, an
intensity ratio can be calculated between the measured intensity of the superficial
anatomical structure and the measured intensity of the deep anatomical structure, at
step 208. Once the intensity ratio is calculated at step 208, a determination is made
at step 210 whether or not the calculated intensity ratio is above a predetermined
threshold value. If the calculated intensity ratio is not determined to be above the
predetermined threshold value, then the patient may have an absence of middle ear
fluid, as indicated at step 212. In some non-limiting examples, if the intensity ratio is
calculated to be approximately one, this may indicate that no fluid is present.
Conversely, if the calculated intensity ratio is determined to be above the
predetermined threshold value, then the patient may have fluid in their middle ear,
as indicated at step 214. In some non-limiting examples, if the intensity ratio is
calculated to be greater than approximately one, this may indicate fluid is present.
Thus, the system and methods described herein enable differentiation between the
presence and absence of middle ear fluid in a patient from a single acquired image.
That is, the systems and methods described herein do not require the acquisition of
multiple images in different absorption bands to detect the presence of middle ear

fluid in a patient. This can enable the SWIR otoscope system 10 to more efficiently
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(i.e., faster due to reduced computational and system requirements) detect the
presence of middle ear fluid in a patient.

[0048] The calculation of the intensity ratio at step 208 may provide additional
diagnostic capabilities to the SWIR otoscope system 10. With continued reference to
Fig. 6, if it is determined that middle ear fluid is present at step 210, a value of the
intensity ratio may further be applied to determine a thickness (i.e., a viscosity) of the
detected middle ear fluid at step 216. That is, serous (thin) middle ear fluid and
mucoid (thick) middle ear fluid can exhibit different absorption characteristics of
SWIR light. For example, as shown in the graph of Fig. 7, thin (i.e., low viscosity)
middle ear fluid (line 302) has a higher attenuation of SWIR light when compared
with thick (i.e., high viscosity) middle ear fluid (line 304). Thus, the above-described
process for determining the presence of middle ear fluid in a patient may further be

applied to determine a thickness (i.e., a viscosity) of the detected middle ear fluid.

EXAMPLES

[0049] The following examples set forth, in detail, ways in which the SWIR
otoscope device 10 and/or the SWIR retrofit kit 12 may be used or implemented, and
will enable one of skill in the art to more readily understand the principles thereof.
The following examples are presented by way of illustration and are not meant to be
limiting in any way.

[0050] The detection of fluid using the SWIR otoscope device 10 in a middle ear
model is illustrated in Figs. 8A-8C. As shown in Figs. 8A-8C there is a striking
contrast between an SWIR image with fluid absent (Figs. 8A) and with fluid present
(Figs. 8B and 8C). The use of broadband SWIR illumination with the light source
allows higher wavelength throughput to the SWIR detector 18 and, therefore, greater
signal for imaging in the presence of significant absorption from the middle ear fluid.
Thus, the SWIR otoscope device 10 can be used to aid a medical professional in
diagnosing otitis media with effusion by unambiguously detecting the presence of

middle ear fluid.
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[0051] In another non-limiting example of detecting the presence of middle ear
fluid using the SWIR otoscope device 10, the light source 16 may be configured to
emit light in a wavelength range between 1300 nm and 1700 nm. It should be
appreciated that alternative configurations of the filter 36 (i.e., long pass filter, short
pass filter, or band pass filter that allow transmission of light above approximately
1300 nm) can be used to provide the dark contrast of the middle ear fluid in the
images captured by the SWIR detector 18.

[0052] Another non-limiting example of operation of the SWIR otoscope device 10
when imaging the middle ear cavity of a patient will be described with reference to
Figs. 1,2, 4, 7, and 8. In the absence of middle ear fluid, the SWIR otoscope device 10
can be used to image the middle ear cavity of a patient. When imaging the middle
ear cavity, the light source 16 can be configured to emit broadband SWIR light, and
the filter 36 may be removed to increase the amount of light transmitted to the SWIR
detector 18. As described above, the lens 40 enables a high throughput G.e.,
transmission) of SWIR light to the SWIR detector 18. This, in combination with
removing the filter 36, can provide sufficient signal for imaging the entire middle ear
cavity of the patient.

[0053] To achieve capturing images of the patient's middle ear cavity, the SWIR
otoscope device 10 can be positioned by a medical professional such that the speculum
22 provides an optical path along the patient's ear canal. The light source 16 can
then emit the broadband SWIR light along the optical path through the patient's
tympanic membrane to illuminate the patient's middle ear cavity. With the patient's
middle ear cavity illuminated by the broadband SWIR light of the light source 16, the
plurality of optics 20 can focus, via the lens 40, the illuminated middle ear cavity of
the patient onto the SWIR detector 18. The medical professional can then instruct
the processor 104 to capture one or more images of the patient's illuminated middle
ear cavity with the SWIR detector 18 and display the images on the display 106.
[0054] Imaging of a patient's middle ear cavity using the SWIR otoscope device 10
is illustrated in Fig. 9. As shown in Images A-D of Fig. 9, the malleus, promontory,

round window, incudostapedial complex, and chorda tympani (indicated by m, p, rw,
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i, and ct in Images A-D of Fig. 9, respectively) are all identifiable using the SWIR
otoscope device 10. Images A-D of Fig. 10 correspond with Images A-D of Fig. 9 but
are captured using visible illumination and detection with a white LED light. As
shown in Fig. 10, the tympanic membrane obstructs the promontory, round window,
incudostapedial complex, and chorda tympani from view in Images A-D when
compared with Images A-D of Fig. 9.

[0055] As shown in Fig. 9, the SWIR otoscope device 10 has the ability to image
landmarks of the entire ossicular chain and the promontory in greater detail, which
can be useful in evaluating conditions which result in conductive hearing loss, such
as ossicular discontinuity and otosclerosis. The above described method of operation
for imaging the middle ear cavity of a patient may be used to evaluate cholesteatoma
extension within the middle ear of a patient, which can cause erosion of the ossicles
or bony structures leading to hearing loss.

[0056] With continued reference to Fig. 9, the SWIR otoscope device 10 can clearly
image the cochlear promontory, which is formed by the outward projection of the first
turn of the cochlea against the posterior wall of the middle ear cavity. Clear
visualization of the round window niche, one of the two openings from the middle ear
to the inner ear, is also achieved. The round window is used as an insertion site for
cochlear implant electrodes and for hearing aid transducers. Thus, the SWIR
otoscope device 10 can be used to provide an alternative to radiographic imaging for
evaluation of surgical implants.

[0057] Furthermore, the SWIR otoscope device 10 can image the chorda tympani,
which is a branch of the facial nerve that carries sensation from the anterior two-
thirds of the tongue. Due to the absorption of lipids around approximately 1210 nm,
a filter 36 may be used to target the absorption of lipids and identify the chorda
tympani based on the change in contrast. For example, the filter 36 may be a band
pass filter with a center wavelength between approximately 1200 nm and 1220 nm.
[0058]  As described above, the SWIR retrofit kit 12 can be easily integrated into
the otoscope 14 to form the SWIR otoscope device 10 which can be used to image and

aid in the detection of one or more maladies of a patient's ear.
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[0059] Thus, while the invention has been described above in connection with
particular embodiments and examples, the invention is not necessarily so limited,
and that numerous other embodiments, examples, uses, modifications and departures
from the embodiments, examples and uses are intended to be encompassed by the
claims attached hereto. The entire disclosure of each patent and publication cited
herein is incorporated by reference, as if each such patent or publication were

individually incorporated by reference herein.
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CLAIMS

We claim:

1. A short wave infrared otoscope device comprising:

a light source configured to emit short wave infrared light along an optical
path through a speculum to illuminate a portion of a patient's ear with short wave
infrared light;

a short wave infrared detector configured to be coupled to a speculum adapter
to capture an image of the portion of a patient's ear; and

an optical system arranged between the speculum and the short wave infrared

detector, the optical system including a lens

2. The short wave infrared otoscope device of claim 1, wherein the light

source is fiber-coupled.

3. The short wave infrared otoscope device of claim 1, wherein the light

source includes one or more light emitting diodes.

4. The short wave infrared otoscope device of claim 1, wherein the light

source is an incandescent or tungsten-halogen light source.

5. The short wave infrared otoscope device of claim 1, wherein the portion

of the patient's ear is a middle ear.

6. The short wave infrared otoscope device of claim 1, wherein the optical

system further comprises only one filter.

7. The short wave infrared otoscope device of claim 6, wherein the only one
filter is configured to transmit light with a wavelength greater than approximately

1300 nanometers.

-19-



WO 2017/019805 PCT/US2016/044333

8. The short wave infrared otoscope device of claim 1, wherein the optical

system further comprises a first polarizer.

9. The short wave infrared otoscope device of claim 8, wherein the optical

system further comprises a second polarizer.

10. The short wave infrared otoscope device of claim 9, wherein the first
polarizer is arranged adjacent to the short wave infrared detector and the second

polarizer is arranged adjacent to the light source.

11.  The short wave infrared otoscope device of claim 9, wherein the first

polarizer and the second polarizer are near-infrared linear polarizers.

12.  The short wave infrared otoscope device of claim 1, wherein the lens is a

near-infrared achromatic lens pair.

13.  The short wave infrared otoscope device of claim 12, wherein the
achromatic lens pair includes a 75 millimeter effective focal length lens and a 100

millimeter effective focal length lens.

14. A short wave infrared retrofit kit for an otoscope having a speculum
received within a speculum adapter, the short wave infrared retrofit kit comprising:
a light source configured to emit short wave infrared light through the
speculum;
a short wave infrared detector configured to be coupled to the speculum
adapter and arranged to view through the speculum; and
an optical system arranged between the speculum and the short wave infrared

detector, the optical system including a lens.
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15.  The short wave infrared retrofit kit of claim 14, wherein the light source

is fiber-coupled.

16.  The short wave infrared retrofit kit of claim 14, wherein the light source

includes one or more light emitting diodes.

17.  The short wave infrared retrofit kit of claim 14, wherein the light source

is an incandescent or tungsten-halogen light source.

18.  The short wave infrared retrofit kit of claim 14, wherein the optical

system further comprises only one filter.

19. The short wave infrared retrofit kit of claim 18, wherein the only one
filter is configured to transmit light with a wavelength greater than approximately

1300 nanometers.

20. The short wave infrared retrofit kit of claim 14, wherein the optical

system further comprises a first polarizer.

21.  The short wave infrared retrofit kit of claim 20, wherein the optical

system further comprises a second polarizer.
22.  The short wave infrared retrofit kit of claim 21, wherein the first
polarizer is arranged adjacent to the short wave infrared detector and the second

polarizer is arranged adjacent to the light source.

23.  The short wave infrared retrofit kit of claim 21, wherein the first

polarizer and the second polarizer are near-infrared linear polarizers.
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24.  The short wave infrared retrofit kit of claim 14, wherein the lens is a

near-infrared achromatic lens pair.

25.  The short wave infrared retrofit kit of claim 24, wherein the achromatic
lens pair includes a 75 millimeter effective focal length lens and a 100 millimeter

effective focal length lens.

26. A method for using a short wave infrared device to detect a malady of a
patient's ear, the short wave infrared device including a light source, a short wave
infrared detector arranged to view along an optical path, and an optical system
arranged along the optical path, the method comprising:

positioning the short wave infrared detector to view within the patient's ear;

emitting short wave infrared light along the patient's ear canal via the light
source;

illuminating a portion of the patient's ear via the emitted short wave infrared
light;

capturing an image, using the short wave infrared detector, of the reflected
light from the illuminated portion of the patient's ear; and

detecting the malady of the patient's ear based on an abnormality in the

captured image.

27.  The method of claim 26, further comprising:
filtering light reflected from the illuminated portion of the patient's ear prior to

the reflected light reaching the short wave infrared detector.

28. The method of claim 27, wherein filtering light reflected from the
illuminated portion of the patient's ear comprises:
transmitting only light with a wavelength greater than approximately 1300

nanometers.
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29. A method for retrofitting an otoscope with a short wave infrared retrofit
kit, the otoscope including a speculum received within a speculum adapter, the
method comprising:

coupling a light source to the speculum adapter, the light source configured to
emit short wave infrared light through the speculum;

coupling a short wave infrared detector to the speculum adapter, the short
wave infrared detector arranged to view through the speculum; and

arranging an optical system between the speculum and the short wave infrared

detector, the optical system including a lens.

30. A method for detecting fluid in a middle ear of a patent, the method
comprising:

illuminating a portion of the patient's ear with short wave infrared light;

detecting light reflected from the portion of the patients ear with a short wave
infrared detector and acquiring an image of the detected light;

measuring a light intensity of a superficial anatomical structure in the
acquired image;

measuring a light intensity of a deep anatomical structure in the acquired
image;

calculating an intensity ratio between the light intensity of the superficial
anatomical structure and the light intensity of the deep anatomical structure;

determining if the calculated intensity ratio is above a predetermined
threshold value; and

upon determining that the calculated intensity ratio is above the
predetermined threshold value, detecting a presence of fluid in the middle ear of the

patient.
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31. The method of claim 30, wherein illuminating a portion of the patient's
ear with short wave infrared light comprises:
emitting broadband short wave infrared light from a light source in a

wavelength range between 800 nanometers and 2000 nanometers.

32. The method of claim 30, wherein illuminating a portion of the patient's
ear with short wave infrared light comprises:
emitting short wave infrared light from a light source at a wavelength that is

absorbed by water or middle ear fluid.

33. The method of claim 30, wherein measuring a light intensity of a
superficial anatomical structure in the acquired image comprises:
measuring a light intensity at a malleus of the patient's ear in the acquired

image.

34. The method of claim 30, wherein measuring a light intensity of a
superficial anatomical structure in the acquired image comprises:
measuring a light intensity at an external ear canal of the patient's ear in the

acquired image.

35. The method of claim 30, wherein measuring a light intensity of a deep
anatomical structure in the acquired image comprises:
measuring a light intensity at a cochlear promontory of the patient's ear in the

acquired image.

36. The method of claim 30, further comprising:
upon determining that the calculated intensity ratio is below the
predetermined threshold value, indicating an absence of fluid in the middle ear of the

patient.
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37. The method of claim 30, further comprising:
determining a viscosity of the detected middle ear fluid based on a value of the

calculated intensity ratio.
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