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Abstract: A hyperspectral/multispectral

imager comprising a housing is provided. At least one light source is attached to the

housing. An objective lens, in an optical communication path comprising originating and terminating ends, is further attached to the
housing and causes light to (i) be backscattered by the tissue of a subject at the originating end and then (ii) pass through the object -
ive lens to abeam steering element et the terminating end of the communication path inside the housing. The beam steering element
has aplurality of operating modes each of which causes the element to be in optical communication with a different optical detector
in aplurality of optical detectors offset from the optical communication path. Each respective detector filter in aplurality of detector
filters covers a corresponding optical detector in the plurality of optical detectors thereby filtering light received by the correspond -
ing detector from the beam steering element.
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METHODS AND APPARATUS FOR COAXIAL IMAGING OF
MULTIPLE WAVELENGTHS

CROSS-REFERENCE TO RELATED APPLICATION
[0001] This application claims priority to U.S. Provisional Patent Application Seria No.
61/655,800, filed June 5, 2012, the disclosure of which is hereby incorporated herein by

reference in its entirety for al purposes.

FIELD OF THE APPLICATION
[0002] This application generally relates to systems and methods for
hyperspectral/multispectral imaging.

BACKGROUND
[0003] Hyperspectral/multispectral spectroscopy is an imaging technique that integrates
multiples images of an object resolved at different narrow spectral bands (e.g., narrow ranges
of wavelengths) into a single data cube, referred to as a hyperspectral/multispectral  data cube.
Data provided by hyperspectral/multispectral spectroscopy allow for the identification of
individual components of a complex composition through the recognition of
hyperspectral/multispectral signatures for individual components within the

hyperspectral/multispectral data cube.

[0004] Hyperspectral/multispectral spectroscopy has been used for avariety of applications,
ranging from geological and agricultural surveying to military surveillance and industrial
evaluation. For example, satellite hyperspectral/multispectral imaging has been used in
mineral exploration, environmental monitoring and military surveillance. (See, Bowles J.H.
et al., Imaging Spectrometry I11; 1997: Proc SPIE 1997. p. 38-45; Riaza A . etal, Inteml J
Applied Earth Observation and Geoinformation Special issue: Applications of imaging
spectroscopy 2001;3-4:345-354; Thenkabail P.S. et al., Remote Sens Environ 2000;71
(REMOTE SENS ENVIRON):158-182.; and Tran CD., Fresenius JAna Chem 2001;369(3-
4):313-9, the contents of which are hereby incorporated herein by reference in their entireties

for al purposes.)

[0005] Hyperspectral/multispectral spectroscopy has also been used in medical applications

to assist with complex diagnosis and predict treatment outcomes. For example, medical
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hyperspectral/multispectral imaging has been used to accurately predict viability and survival
of tissue deprived of adequate perfusion, and to differentiate diseased (e.g. tumor) and
ischemic tissue from normal tissue. (See, Colarusso P. et al., Appl Spectrosc 1998; 52:106A-
120A; Greenman R.I. et al., Lancet 2005;366:171 1-1718; and Zuzak K.J. et al., Circulation
2001; 104(24):2905-10; the contents of which are hereby incorporated herein by reference in

their entireties for all purposes.)

[0006] Despite the great potential hyperspectral/multispectral spectroscopy holds for medical
imaging, several drawbacks have limited its use in the clinic setting (Kester R.T. et al., J.

Biomed. Opt. 16, 056005 (May 10, 201 1)). For example, medical hyperspectral/multispectral
instruments are costly, typically tens to hundreds of thousands of dollars, due to the complex

optics required to resolve images a aplurality of narrow spectral bands.

[0007] Hyperspectral/multispectral imaging can also suffer from poor temporal and spatial
resolution, aswell aslow optical throughput, due tothe complex optics and taxing
computational requirements for assembling, processing, and analyzing data into three-

dimensional hyperspectral/multispectral data cubes.

[0008] Thus, there is an unmet need in the field for less expensive and more rapid means of
hyperspectral/multispectral imaging and data analysis. The present disclosure meets these
and other needs by providing methods and systems for co-axial hyperspectral/multispectral

imaging.

SUMMARY
[0009] Certain aspects of the application provide methods and systems for co-axial
hyperspectral/multispectral imaging. In particular embodiments, the methods and systems
are based on a specific architectural arrangement of the internal hardware of a
hyperspectral/multispectral imaging system, which servesto direct and resolve light of
multiple wavelengths in aco-axia fashion. In aparticular embodiment, abeam steering
element having aplurality of operating modes directs light of different wavelengths to
distinct optical detectors from a common point of origin, thus maintaining co-axial alignment

between images captured by the respective optical detectors.

[0010] In one aspect, the present disclosure provides a hyperspectral/multispectral imaging

device. One embodiment provides a hyperspectral/multispectral imaging device comprising
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ahousing having an exterior and an interior and at least one objective lens attached to or
within the housing. The at least one objective lens isdisposed in an optical communication
path comprising an originating end and aterminating end. The hyperspectral/multispectral
imaging device further comprises abeam steering element within the interior of the housing.
The beam steering element isin optical communication with the at least one objective lens
and is positioned at the terminating end of the optical communication path. The beam
steering element is characterized by aplurality of operating modes. Each respective
operating mode in the plurality of operating modes causes the beam steering element to bein

optical communication with a different optical detector.

[001 1] The hyperspectral/multispectral  imaging device further comprises aplurality of
optical detectors offset from the optical communication path. Each respective optical
detector in the plurality of optical detectors isin optical communication with a corresponding
operating mode of the beam steering element. The hyperspectral/multispectral  imaging
device further comprises aplurality of detector filters within the housing. Each respective
detector filter in the plurality of detector filters covers acorresponding optical detector in the
plurality of optical detectors thereby filtering light received by the corresponding optical

detector from the beam steering element.

[0012] The hyperspectral/multispectral  imaging device further comprises at least one
processor within the interior of the housing. The at least one processor isin electrical
communication with the beam steering element and the plurality of optical detectors. There
isanon-transitory memory within the interior of the housing and at least one program is

stored in the memory and is executable by the at least one processor.

[0013] The at least one program comprises instructions for (i) switching the beam steering
element between operating modes in the plurality of operating modes, and (ii) controlling
each optical detector inthe plurality of optical detectors. There isacommunication interface
in electrical communication with the at least one processor. In a specific embodiment, the
hyperspectral/multispectral  imaging device further comprises at least one light source for
illuminating atarget object or subject.

[0014] In another aspect, the present disclosure provides a hyperspectral/multispectral
camera for medical imaging. One embodiment provides a hyperspectral/multispectral
imaging device comprising ahousing having an exterior and an interior and at least one light

>sed on the exterior of the housing. The hyperspectral/multispectral  imaging

3
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device comprises a least one objective lens attached to or within the housing. The at least
one objective lens is disposed in an optical communication path. The optical communication
path comprises an originating end and aterminating end. The at least one light source is
offset from the optical communication path and is positioned so that light from the at least
one light source is (i) first backscattered by a surface of a patient positioned at the originating
end of the optical communication path and (ii) then passed from the originating end of the
optical communication path, through the & least one objective lens, and to the terminating
end of the optical communication path. The hyperspectral/multispectra imaging device
further comprises abeam steering element within the interior of the housing. The beam
steering element is in optical communication with the at least one objective lensand is
positioned & the terminating end of the optical communication path. The beam steering
element is characterized by aplurality of operating modes. Each respective operating mode
in the plurality of operating modes causes the beam steering element to bein optical
communication with a different optical detector. The hyperspectral/multispectral imaging
device further comprises aplurality of optical detectors offset from the optical
communication path. Each respective optical detector in the plurality of optical detectorsis
in optical communication with a corresponding operating mode of the beam steering element.
The hyperspectral/multispectral imaging device further comprises aplurality of detector
filterswithin the housing. Each respective detector filter in the plurality of detector filters
covers acorresponding optical detector in the plurality of optical detectors thereby filtering
light received by the corresponding optical detector from the beam steering element. At least
one processor iswithin the interior of the housing. The at least one processor isin electrical
communication with the one or more light source, the beam steering element, and the
plurality of optical detectors. There is amemory within the interior of the housing. At least
one program is stored in the memory and is executable by the at least one processor. The at
least one program comprises instructions for operating the a least one light source, switching
the beam steering element between operating modes in the plurality of operating modes, and
controlling each optical detector in the plurality of optical detectors. Further, in some
embodiments, there is a communication interface in electrical communication with the a

least one processor.

[0015] In some embodiments of the devices described above, the light source comprises a
first incoherent light source. In some embodiments of the devices described above, the first
emteemeetight e 1g CONFigured to emit near-infrared radiation. In some embodiments
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of the devices described above, the first incoherent light source is a light-emitting diode. In
some embodiments of the devices described above, the first incoherent light source is a
broadband light source, where the broadband light source emits radiation of wavelengths
spanning at least 200 nm. In some embodiments of the devices described above, the
broadband light source emits radiation of wavelengths spanning at least 500 nm. In some
embodiments of the devices described above, the broadband light source is awhite light-
emitting diode.

[0016] In some embodiments of the devices described above, the device further comprises a
first illumination lens covering the first incoherent light source thereby focusing the light
emitted by the incoherent light source. In some embodiments of the devices described above,
the device further comprises afirst light source filter covering the first incoherent light source
thereby filtering light emitted by the incoherent light source. In some embodiments of the
devices described above, the device further comprises afirst light source polarizer covering
the first incoherent light source thereby polarizing light emitted by the first incoherent light
source. In some embodiments of the devices described above, the device further comprises a
first homogenizer covering the first incoherent light source thereby homogenizing light
emitted by the first incoherent light source.

[0017] In some embodiments of the devices described above, the first incoherent light source
isin afirst plurality of incoherent light sources disposed on the exterior of the housing. In
some embodiments of the devices described above, the first incoherent light source is
configured to emit radiation of afirst wavelength and a second incoherent light source in the
plurality of incoherent light sources is configure to emit radiation of a second wavelength,
where the first and second wavelengths are different. In some embodiments of the devices
described above, the plurality of incoherent light sources comprises afirst sub-plurality of
incoherent light sources capable of emitting radiation of afirst wavelength. In some
embodiments of the devices described above, the first sub-plurality of incoherent light
sources is arranged in afirst pattern on the exterior of the housing, for instance the first
pattern having radial symmetry with respect to the a least one objective lens. In some
embodiments of the devices described above, the plurality of incoherent light sources further
comprises a second sub-plurality of incoherent light sources capable of emitting radiation of a
second wavelength. In some embodiments of the devices described above, the second sub-
plurality of incoherent light sources is arranged in a second pattern on the exterior of the

instance the second pattern having radial symmetry with respect to the at least
5



WO 2014/007869 PCT/US2013/032682

one objective lens. In some embodiments of the devices described above, the plurality of
incoherent light sources comprises aplurality of light-emitting diodes. In some embodiments
of the devices described above, the plurality of incoherent light sources comprises aplurality

of broadband light sources.

[0018] In some embodiments of the devices described above, the device further comprises a
first plurality of illumination lenses disposed on the exterior of the housing, each illumination
lens in the first plurality of illumination lenses covering a corresponding incoherent light
source in the plurality of incoherent light sources thereby focusing light emitted by the
corresponding incoherent light source. In some embodiments of the devices described above,

the plurality of illumination lenses is removable from the exterior of the housing.

[0019] In some embodiments of the devices described above, the device further comprises a
first plurality of light source filters disposed on the exterior of the housing, each respective
light source filter in the first plurality of light source filters covering a corresponding
incoherent light source in the plurality of incoherent light sources thereby filtering light
emitted by the corresponding incoherent light source. In some embodiments of the devices
described above, the plurality of light source filters is removable from the exterior of the

housing.

[0020] In some embodiments of the devices described above, the device further comprises a
first plurality of light source polarizers, each respective light source polarizer in the first
plurality of light source polarizers covering a corresponding incoherent light source in the
plurality of incoherent light sources thereby polarizing light emitted by the corresponding
incoherent light source. In some embodiments of the devices described above, the plurality

of light source polarizers isremovable from the exterior of the housing.

[0021] In some embodiments of the devices described above, the device further comprises a
first plurality of light homogenizers, each respective light homogenizer in the first plurality of
light homogenizers covering a corresponding incoherent light source in the plurality of
incoherent light sources thereby homogenizing light emitted by the corresponding incoherent
light source. In some embodiments of the devices described above, the plurality of light

homogenizers is removable from the exterior of the housing.

[0022] In some embodiments of the devices described above, the a least one light source

~nmnwioac o fir ¢ herent light source. In some embodiments of the devices described above,
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the first coherent light source is configured to emit near-infrared radiation. In some
embodiments of the devices described above, the first coherent light source is alaser (eg. , a
laser diode). In some embodiments of the devices described above, the first coherent light
source isin aplurality of coherent light sources disposed on the exterior of the housing. In
some embodiments of the devices described above, the plurality of incoherent light sources

comprises aplurality of laser diodes.

[0023] In some embodiments of the devices described above, the & least one objective lens
comprises afixed focus lens or avariable focus lens. In some embodiments of the devices
described above, the at least one objective lensis avariable focus lens that is focused
manually. In some embodiments of the devices described above, the objective lensis a
variable focus lens that is an autofocus lens. In some embodiments of the devices described

above, the variable focus lens is azoom lens (eg., amanua zoom lens or an auto-zoom lens).

[0024] In some embodiments of the devices described above, the beam steering element
comprises amirror mounted on an actuator. In such embodiments the actuator has a plurality

of operating modes.

[0025] In some embodiments of the devices described above, the mirror is a single-surface
mirror. In some embodiments of the devices described above, the mirror is mounted on an

actuator, the actuator having aplurality of operating modes.

[0026] In some embodiments of the devices described above, the mirror is atwo-axis micro
electrical (MEMS) mirror.

[0027] In some embodiments of the devices described above, the beam steering element
comprises an array of micromirrors. In some embodiments, the array of micromirrors
comprises afirst and second plurality of micromirrors. Each respective micromirror in the
first plurality of micromirrors isin afirst orientation with respect to the optical
communication path. Each respective micromirror in the second plurality of micromirrors is
in a second orientation with respect to the optical communication path. The first and second
orientations comprise different operating modes. In some embodiments of the devices
described above, the array of micromirrors comprises a digital micromirror device. In some
embodiments of the devices described above, the array of micromirrors is mounted on an

actuator that has aplurality of operating modes. In some embodiments of the devices
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described above, the array of micromirrors is mounted on atwo-axis micro electro-
mechanical (MEMS) device.

[0028] In some embodiments of the devices described above, the beam steering element
comprises atwo-axis scanning device. In some embodiments of the devices described above,
the two-axis scanning device is mounted on an actuator. In such embodiments the actuator
has aplurality of operating modes. In some embodiments of the devices described above, the
two-axis scanning device is mounted on atwo-axis micro electro-mechanical (MEMYS)

device.

[0029] In some embodiments of the devices described above, the plurality of optical
detectors comprises a least four optical detectors. In some embodiments of the devices
described above, each respective optical detector in the plurality of optical detectors is
arranged in the interior of the housing and is positioned to receive reflected light from the
beam steering element. In some embodiments of the devices described above, each
respective optical detector in the plurality of optical detectors is selected from the group
consisting of a charge-coupled device (CCD), a complementary metal-oxide-semiconductor
(CMOYS), aphoto-cell, and afocal plane array. In some embodiments of the devices
described above, the plurality of optical detectors comprises aplurality of charge-coupled
devices (CCDs). In some embodiments of the devices described above, the plurality of
optical detectors comprises aplurality of complementary metal-oxide-semiconductors
(CMOSs). In some embodiments of the devices described above, the plurality of optical
detectors comprises aplurality of photo-cells. In some embodiments of the devices described
above, the plurality of optical detectors comprises aplurality of focal plane arrays. In some
embodiments of the devices described above, each respective optical detector in the plurality
of optical detectors isused for detecting a different frequency of radiation.

[0030] In some embodiments of the devices described above, & least one optical detector in
the plurality of optical detectors isnot covered by a detector filter in the plurality of detector
filters. In some embodiments of the devices described above, the at least one optical detector
that isnot covered by adetector filter is configured for capturing a color image of the surface
of the patient. In some embodiments of the devices described above, the at least one optical
detector that isnot covered by a detector filter is configured for focusing an image of the
surface of the patient acquired by &t least one respective optical detector in the plurality of

_ i~ 1 A~+~tors. In some embodiments of the devices described above, at least one optical
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detector is covered by a detector filter in the plurality of detector filters and is configured for
focusing an image of the surface of the patient acquired by at least one respective optical
detector in the plurality of optical detectors.

[0031] In some embodiments of the devices described above, the plurality of detector filters
comprises a least one bandpass filter, at least one longpass filter, and/or at least one
shortpass filter. In some embodiments of the devices described above, the plurality of
detector filters is removable from the interior of the housing. In some embodiments of the
devices described above, the at least one light source is aplurality of light sources disposed
on the exterior of the housing, each respective light source in the plurality of light sources
corresponding to an optical detector in the plurality of optical detectors, and each respective
detector filter in the plurality of detector filters alows radiation emitted from a corresponding
light source in the plurality of light sources to pass through to the corresponding optical
detector.

[0032] In some embodiments of the devices described above, the device further comprises a
plurality of detector polarizers in the interior of the housing, each respective polarizer in the
plurality of detector polarizers covering a corresponding optical detector in the plurality of
optical detectors thereby polarizing light received by the corresponding optical detector. In
some embodiments of the devices described above, the plurality of detector polarizersis

removable from the interior of the housing.

[0033] In some embodiments of the devices described above, aprocessor in the a least one
processor is selected from the group consisting of afield programmable gate array (FPGA),
an application-specific integrated circuit (ASIC), a stream processor, amicroprocessor, and a

digital signal processor.

[0034] In some embodiments of the devices described above, the memory is selected from
the group consisting of arandom-access memory (RAM), aread-only memory (ROM), and a
flash memory.

[0035] In some embodiments of the devices described above, the &t least one program stored
in the memory and executable by the a least one processor comprises instructions for turning
on afirst light source in the at least one light source, and placing the beam steering element in
an operating mode in the plurality of operating modes that causes the beam steering element
Ta kel ant ] cOmmunication with a corresponding optical detector in the plurality of
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optical detectors. In some embodiments of the devices described above, the a least one
program further comprises instructions for sequentially turning on and off each respective
light source in the plurality of light sources. In some embodiments of the devices described
above, the a least one program further comprises instructions for sequentially switching the
beam steering element to each respective operating mode in the plurality of operating modes
such that each respective optical detector in the plurality of optical detectorsisin optical
communication with the beam steering element when said corresponding light source is

turned on.

[0036] In some embodiments of the devices described above, each respective light source in
the plurality of light sources isturned on for less than one second. In some embodiments of
the devices described above, each respective light source in the plurality of light sourcesis
turned on for less than one-half of a second. In some embodiments of the devices described
above, each respective light source in the plurality of light sources isturned on for less than
one-quarter of a second.

[0037] In some embodiments of the devices described above, the at least one light source is a
plurality of light sources, and the beam steering element comprises a digital micromirror
device having aplurality of micromirrors. Each respective micromirror in the plurality of
micromirrors has a least afirst operating mode in optical communication with afirst
corresponding optical detector in the plurality of optical detectors and a second operating
mode in optical communication with a second corresponding optical detector in the plurality
of optical detectors. The a least one program further comprises instructions for turning on a
first and a second respective light source in the plurality of light sources and toggling each
respective micromirror in the plurality of micromirrors between the first and second operating
modes when the first and second respective light sources are turned on. In some
embodiments of the devices described above, each respective micromirror in the plurality of
micromirrors further has at least athird operating mode in which the respective micromirrors
are in optical communication with athird corresponding optical detector in the plurality of
optical detectors, and afourth operating mode in which the respective micromirrors are in
optical communication with afourth corresponding optical detector in the plurality of optical
detectors. The at least one program further comprises instructions for turning off the first and
second respective light sources, turning on athird and afourth respective light source in the
plurality of light sources, and toggling each respective micromirror in the plurality of

10
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micromirrors between the third and fourth operating modes when the third and fourth

respective light sources are turned on.

[0038] In some embodiments of the devices described above, the at least one light source in
the plurality of light sources comprises aplurality of light sources and the beam steering
element comprises adigital micromirror device comprising aplurality of micromirrors. In
such embodiments, each respective micromirror in the plurality of micromirrors comprises a
first operating mode in which the respective micromirror isin optical communication with a
first optical detector in the plurality of optical detectors, and a second operating mode in
which the respective micromirror isin optical communication with a second optical detector
in the plurality of optical detectors. The at least one program further comprises instructions
for turning on afirst and a second respective light source in the plurality of light sources,
placing afirst sub-plurality of micromirrors in the plurality of micromirrors to the first
operating mode when the first and second respective light sources are turned on, and placing
a second sub-plurality of micromirrors in the plurality of micromirrors to the second
operating mode when the first and second respective light sources are turned on. In some
embodiments of the devices described above, each respective micromirror in the plurality of
micromirrors further comprises athird operating mode in which the respective micromirror is
in optical communication with athird corresponding optical detector in the plurality of
optical detectors, and afourth operating mode in which the respective micromirror isin
optical communication with afourth corresponding optical detector in the plurality of optical
detectors. The at least one program further comprises instructions for turning off the first and
second light sources, turning on athird and afourth respective light source in the plurality of
light sources, placing athird sub-plurality of micromirrors in the plurality of micromirrors to
the third operating mode when the third and fourth respective light sources are turned on, and
placing afourth sub-plurality of micromirrors in the plurality of micromirrors to the fourth

operating mode when the third and fourth respective light sources are turned on.

[0039] In some embodiments of the devices described above, the at least one program further
comprises instructions for processing adigital image acquired by the plurality of optical
detectors. In some embodiments of the devices described above, the instructions for
processing adigital image acquired by the plurality of optical detectors comprises
instructions for performing at least one of adjusting the brightness of the acquired digital
image, adjusting the contrast of the acquired digital image, removing an artifact from the

;ital image, cropping the acquired digital image, processing one or more sub-

11
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pixels of the acquired digital image, compressing the size of the acquired digital image,
assembling aplurality of acquired digital images into a spectral hypercube, transforming a
spectral hypercube assembled from the plurality of acquired digital images, formatting data
contained within the acquired digital image; and encrypting data contained within the
acquired digital image.

[0040] In some embodiments of the devices described above, the communication interface
comprises awireless signal transmission element. In some embodiments of the devices
described above, the wireless signal transmission element is selected from the group
consisting of abluetooth transmission element, a ZigBee transmission element, a Wi-Fi
transmission element, a cellular transmission element, or an IEEE 802.11b, 802.11a, 802.11g,
or 802. 11n communication element. In some embodiments of the devices described above,
the communication interface comprises a communication bus. In some embodiments of the
devices described above, the communication bus is auniversal seria bus (USB), aFireWire
seria bus, a serial advanced technology attachment (Serial ATA) bus, a secure digital bus
(SD), or an Ethernet bus. In some embodiments of the devices described above, the

communication bus is configured to interface with aremovable storage media.

[0041] In some embodiments of the devices described above, the communication interface
comprises adocking station for amobile device having a mobile device display. In some
embodiments of the devices described above, the mobile device is a smart phone, a personal
digital assistant (PDA), an enterprise digital assistant, atablet computer, adigital camera, or a
portable music player.

[0042] In some embodiments of the devices described above, the device further comprises a
housing display disposed on the exterior of the housing. In such embodiments, the housing
display isin electronic communication with the at least one processor. In such embodiments,
the at least one program further comprises instructions for displaying an image captured by a
respective optical detector in the plurality of optical detectors on the housing display. In
some embodiments of the devices described above, the housing display is atouch screen
display. In some embodiments of the devices described above, the housing display is used
for focusing an image of the surface of the patient acquired by at least one respective optical

detector in the plurality of optical detectors.

12
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[0043] In some embodiments of the devices described above, the imaging device has a
maximum power consumption of lessthan 15 watts, less than 10 watts, or less than 5 watts.

In some embodiments of the devices described above, the imaging device is battery powered.

[0044] Another aspect of the instant disclosure provides a method of acquiring a set of co-
axial images for hyperspectral/multispectral analysis. In one embodiment, the method
comprises resolving aplurality of images of an object or subject using a
hyperspectral/multispectral imaging device comprising a housing having an exterior and an
interior and at least one objective lens attached to or within the housing. The at least one
objective lens is disposed in an optical communication path comprising an originating end
located at the object or subject and aterminating end. The hyperspectral/multispectral
imaging device further comprises abeam steering element within the interior of the housing.
The beam steering element is in optical communication with the at least one objective lens
and is positioned a the terminating end of the optical communication path. The beam
steering element is characterized by aplurality of operating modes. Each respective
operating mode in the plurality of operating modes causes the beam steering element to be in
optical communication with a different optical detector. The hyperspectral/multispectral
imaging device further comprises aplurality of optical detectors offset from the optical
communication path. Each respective optical detector in the plurality of optical detectorsis
in optical communication with a corresponding operating mode of the beam steering element.
There is aplurality of detector filters within the housing. Each respective detector filter in
the plurality of detector filters covers a corresponding optical detector in the plurality of
optical detectors thereby filtering light received by the corresponding optical detector from
the beam steering element. At least one processor isin electrical communication with the
beam steering element and the plurality of optical detectors. A non-transitory memory isin
electrical communication with the at least one processor. Thereis a least one program stored
in the memory that is executable by the at least one processor. The at least one program
comprises instructions for switching the beam steering element between operating modes in
the plurality of operating modes and controlling each optical detector in the plurality of
optical detectors. In some embodiments, there is acommunication interface in electrical
communication with the at least one processor. Each respective image in the plurality of
images isresolved at a different wavelength of light by arespective optical detector in the
plurality of optical detectors. Each respective optical detector brought into optical
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communication with the objective lens by cycling the beam steering element through a

plurality of operating modes.

[0045] In another aspect, the present disclosure provides a method of
hyperspectral/multispectral medical imaging for providing information on a medical
condition of a subject. One embodiment provides amethod for providing information on a
medical condition of a subject using a hyperspectral/multispectral imaging device with a
plurality of light sources as described herein. The method comprising illuminating atissue of
the subject with aplurality of lights. Each respective light in the plurality of lights
characterized by a different wavelength. Each respective light in the plurality of lights
emitted from a corresponding light source in the plurality of light sourcesand is
backscattered from the tissue, thereby forming aplurality of backscattered lights. Each
respective backscattered light in the plurality of backscattered lights isresolved by a
corresponding optical detector in the plurality of optical detectors, thereby forming aplurality
of digital images of the tissue of the subject. Each respective digital image in the pluraity of
digital images corresponding to a different wavelength of backscattered light. The method
further comprises identifying a spectral signature within the plurality of digital images that
corresponds with amedical condition, thereby providing information on the medical
condition of the subject.

[0046] In some embodiments of the devices and methods described above, the step of
providing information on amedical condition comprises diagnosing amedical condition.

[0047] In some embodiments of the devices and methods described above, the plurality of
lights illuminates the tissue in a sequential fashion. In some embodiments, this sequential
fashion characterized in that only one light in the plurality of lights is illuminating the tissue
of the subject a atime.

[0048] In some embodiments of the devices and methods described above, the step of
illuminating atissue of a subject comprises illuminating the tissue with afirst respective light
and a second respective light in the plurality of lights off the surface of the subject
concurrently or nearly concurrently. The first respective light is characterized by afirst
wavelength and the second respective light is characterized by a second wavelength. This
results in the formation of afirst backscattered light characterized by the first wavelength and
a second backscattered light characterized by the second wavelength.
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[0049] In some embodiments of the devices and methods described above, the step of
resolving the plurality of backscattered lights comprises resolving the first backscattered light
by afirst respective optical detector in the plurality of optical detectors. The first respective
optical detector is covered by afirst respective detector filter in the plurality of detector
filters. The first detector filter is configured to alow light characterized by the first
wavelength to pass through, and not allow light characterized by the second wavelength to
pass through. The step of resolving the plurality of backscattered lights further comprises
resolving the second backscattered light by a second respective optical detector in the
plurality of optical detectors. The second optical detector is covered by a second respective
detector filter in the plurality of detector filters. The second optical detector filter is
configured to: allow light characterized by the second wavelength to pass through, and to not
allow light characterized by the first wavelength to pass through.

[0050] In some embodiments of the devices and methods described above, the first and
second detector filters are characterized by corresponding first and second central
wavelengths, and wherein the first and second central wavelengths are separated by at least
10 nmor by a least 25 nm.

[0051] In some embodiments of the devices and methods described above, the first and
second detector filters are bandpass filters. In some embodiments of the devices and methods
described above, the first detector filter is a shortpass filter and the second detector filter is a
longpass filter. In some embodiments of the devices and methods described above, the first
and second wavelengths are separated by at least 50 nm or by at least 100 nm.

[0052] In some embodiments of the devices and methods described above, the plurality of
lights comprises at least three respective lights, each respective light characterized by a
different wavelength. In some embodiments of the devices and methods described above, at
least one respective light in the plurality of lights is characterized by anear infrared
wavelength. In some embodiments of the devices and methods described above, at least one
respective light in the plurality of lights is characterized by avisible wavelength. In some
embodiments of the devices and methods described above, the plurality of lights includes a
least one light characterized by anear infrared wavelength and at least one light characterized
by avisible wavelength.

[0053] In some embodiments of the devices and methods described above, the step of
the tissue comprises illuminating the tissue of the subject with each respective

15



WO 2014/007869 PCT/US2013/032682

light in the plurality of lights for no longer than two seconds, or for no longer than one

second, or for no longer than ahalf second, or for no longer than a quarter second.

[0054] In some embodiments of the devices and methods described above, the step of
identifying a spectral signature within the plurality of digital imagesthat corresponds with a
medical condition comprises processing the plurality of digital images of the tissue of the
subject to determine a set of values corresponding to the tissue of the subject. In some
embodiments of the devices and methods described above, the set of values is selected from
deoxyhemoglobin levels, oxyhemoglobin levels, total hemoglobin levels, oxygen saturation,
oxygen perfusion, hydration levels, total hematocrit levels, melanin levels, and collagen

levels.

[0055] In some embodiments of the devices and methods described above, the step of
identifying a spectral signature within the plurality of digital imagesthat corresponds with a
medical condition comprises processing the plurality of digital images of the surface of the
subject to identify a pattern of oxidation or hydration in atissue associated with the surface of
the subject. In some embodiments of the devices and methods described above, processing
the plurality of digital images comprises performing at least one of adjusting the brightness of
a least one of the respective digital images, adjusting the contrast of at least one of the
respective digital images, removing an artifact from at least one of the respective digital
images, cropping at least one of the respective digital images, processing one or more sub-
pixels of at least one of the respective digital images, compressing the size of at least one of
the respective digital images, assembling the plurality of digital images into a spectral
hypercube, transforming a spectral hypercube assembled from the plurality of digital images,
formatting data contained within a least one of the respective digital images, and encrypting
data contained within at least one of the respective digital images.

[0056] In some embodiments of the devices and methods described above, at least afirst
processing step is performed by the at least one processor of the hyperspectral/multispectral
imaging device. In some embodiments of the devices and methods described above, & least a
second processing step is performed external to the hyperspectral/multispectral imaging
device. In some embodiments of the devices and methods described above, the at |east
second processing step is performed by amobile device, where the mobile device is
configured to be in electrical communication with the hyperspectral/multispectral imaging

A~ dnn e €mbodiments of the devices and methods described above, the mobile
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device is selected from the group consisting of a smart phone, apersonal digital assistant
(PDA), an enterprise digital assistant, atablet computer, adigital camera, and aportable
music player. In some embodiments of the devices and methods described above, the at least
second processing step is performed by an external server. In some embodiments of the
devices and methods described above, the external server is acloud computing environment.
In other embodiments of the devices and methods described above, the external server isa

server hosted within a hospital where the imaging takes place.

[0057] In some embodiments of the devices and methods described above, the medical
condition is selected from the group consisting of tissue ischemia, ulcer formation, ulcer
progression, venous stasis, venous ulcer disease, infection, shock, cardiac decompensation,
respiratory insufficiency, hypovolemia, the progression of diabetes, congestive heart failure,
sepsis, dehydration, hemorrhage, hypertension, exposureto achemical or biological agent,

and an inflammatory response.

[0058] In some embodiments of the methods described above, the method further comprises
focusing apreliminary image of the tissue of the subject prior to resolving the plurality of
backscattered lights.

[0059] In some embodiments of the devices and methods described above, the
hyperspectral/multispectral imaging device further comprises a housing display disposed on
the exterior of the housing, the housing display is in electronic communication with the a
least one processor, where the preliminary image is displayed on the housing display. In
some embodiments of the devices and methods described above, the communication interface
of the hyperspectral/multispectral imaging device is in electronic communication with a
mobile device having amobile device display, where the preliminary image is displayed on
the mobile device display. In some embodiments of the devices described above, the mobile
device is selected from the group consisting of a smart phone, apersonal digital assistant
(PDA), an enterprise digital assistant, atablet computer, adigital camera, and aportable

music player.

[0060] In one aspect, the present disclosure provides amethod for acquiring a
hyperspectral/multispectral imaging comprising aplurality of images. In one embodiment,
the method includes resolving the plurality of images of a subject using a
hyperspectral/multispectral imaging device comprising: ahousing having an exterior and an

sast one objective lens attached to or within the housing, the at |east one objective
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lens disposed in an optical communication path, the optical communication path comprising
an originating end located at the object or subject and aterminating end; abeam steering
element within the interior of the housing, the beam steering element in optical
communication with the at least one objective lens and positioned at the terminating end of
the optical communication path, the beam steering element characterized by aplurality of
operating modes, each respective operating mode in the plurality of operating modes causing
the beam steering element to be in optical communication with a different optical detector; a
plurality of optical detectors offset from the optical communication path, each respective
optical detector in the plurality of optical detectors in optical communication with a
corresponding operating mode of the beam steering element; aplurality of detector filters
within the housing, each respective detector filter in the plurality of detector filters covering a
corresponding optical detector in the plurality of optical detectors thereby filtering light
received by the corresponding optical detector from the beam steering element; at least one
processor in electrical communication with the beam steering element and the plurality of
optical detectors;, amemory in electrical communication with the at least one processor,
wherein at least one program is stored in the memory and executable by the at least one
processor, the at least one program comprising instructions for: switching said beam steering
element between operating modes in the plurality of operating modes and controlling each
optical detector in said plurality of optical detectors; and a communication interface in
electrical communication with the at least one processor. In some embodiments of the
methods described above, each respective image in the plurality of images isresolved a a
different wavelength of light by arespective optical detector in the plurality of optical
detectors, each respective optical detector brought into optical communication with the

objective lens by cycling the beam steering element through aplurality of operating modes.

[0061] In one aspect, the present disclosure provides anon-transitory computer readable
storage medium storing &t least one program for collecting co-axially aligned images of a
subject a aplurality of narrowband wavelengths configured for execution by &t least one
processor of acomputer system. In one embodiment, the a least one program includes
instructions for: turning on afirst illumination source configured to emit narrowband light
having afirst wavelength or first wavelength band; placing abeam steering element in afirst
operating mode in optical communication with afirst optical detector configured to resolve
narrowband light having the first wavelength or the first wavelength band; capturing an
Temmm mfihs B ot illuminated by the light emitted by the first illumination source using the
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first optical detector; turning off the first illumination source; turning on a second
illumination source configure to emit narrowband light having a second wavelength or a
second wavelength band; placing the beam steering element in a second operating mode in
optical communication with a second detector configured to resolve narrowband light having
the second wavelength or the second wavelength band; capturing an image of the subject
illuminated by the light emitted by the second illumination source using the second optical
detector; and optionally repeating the fourth through seventh steps afirst predetermined
number of times to collect a second predetermined number of images at distinct wavelengths
or wavelength bands, thereby collecting co-axially aligned images of the subject.

[0062] In one aspect, the present disclosure provides amethod for directing an imager to
acquire ahyperspectral/multispectral image of atissue of a subject, the
hyperspectral/multispectral image comprising aplurality of sub-images of the tissue of the
subject, each respective sub-image in the plurality of sub-images acquired a a corresponding
wavelength or wavelength band in aplurality of wavelengths or wavelength bands. In some
embodiments of the devices and methods described above, the imager includes: ahousing
having an exterior and an interior; & least one light source disposed on the exterior of the
housing; at least one objective lens attached to or within the housing, the at least one
objective lens disposed in an optical communication path, the optical communication path
comprising an originating end and aterminating end, where light from the & least one light
source is first backscattered by atissue of a subject and then passed from the originating end
of the optical communication path, through the at least one objective lens, and to the
terminating end of the optical communication path; abeam steering element within the
interior of the housing, the beam steering element in optical communication with the
terminating end of the optical communication path, the beam steering element characterized
by aplurality of operating modes; aplurality of optical detectors offset from the optical
communication path, each respective optical detector in the plurality of optical detectors in
optical communication with a corresponding operating mode of the beam steering element;
and aplurality of detector filters within the housing, each respective detector filter in the
plurality of detector filters covering acorresponding optical detector in the plurality of optical
detectors thereby filtering light received by the corresponding optical detector from the beam
steering element so that each optical detector in the plurality of optical detectors is configured
for recording arespective sub-image in the plurality of sub-images at the wavelength or
******* '— “~ bnd ,f th, respective sub-image. In some embodiments of the methods
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described above, the method includes identifying aplurality of baseline exposure times, each
respective baseline exposure time in the plurality of baseline exposure times representing an
exposure time for resolving arespective sub-image, in the plurality of sub-images, of the
tissue of the subject a the wavelength or wavelength band of the respective sub-image,
wherein afirst baseline exposure time for afirst sub-image is different than a second baseline
exposure time of a second sub-image in the plurality of sub-images. In some embodiments,
the method further includes cycling the beam steering element through the plurality of
operating modes, wherein the beam steering element is retained in each respective operating
mode for the baseline exposure time corresponding to the wavelength or wavelength band
collected by the optical filter corresponding to the respective operating mode so that a sub-
image is recorded on the optical detector corresponding to the respective operating mode,
thereby collecting the hyperspectral/multispectral image of the tissue.

[0063] In one aspect, the present disclosure provides anon-transitory computer readable
storage medium storing one or more programs executable by a hyperspectral/multispectral
imaging device with a central processing unit configured to execute the one or more
programs and an optical acquisition subsystem configured to acquire a
hyperspectral/multispectral image of atissue of a subject, the hyperspectral/multispectral
imaging device comprising: ahousing having an exterior and an interior; & least one light
source disposed on the exterior of the housing; at least one objective lens attached to or
within the housing, the at least one objective lens disposed in an optical communication path,
the optical communication path comprising an originating end and aterminating end, wherein
light from the &t least one light source is first backscattered by atissue of a subject and then
passed from the originating end of the optical communication path, through the a least one
objective lens, and to the terminating end of the optical communication path; abeam steering
element within the interior of the housing, the beam steering element in optical
communication with the terminating end of the optical communication path, the beam
steering element characterized by aplurality of operating modes, aplurality of optical
detectors offset from the optical communication path, each respective optical detector in the
plurality of optical detectors in optical communication with a corresponding operating mode
of the beam steering element; and aplurality of detector filters within the housing, each
respective detector filter in the plurality of detector filters covering a corresponding optical
detector in the plurality of optical detectors thereby filtering light received by the
-~--~-~=Jqq optical detector from the beam steering element so that each optical detector in
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the plurality of optical detectors is configured for recording arespective sub-image in the
plurality of sub-images at the wavelength or wavelength band of the respective sub-image. In
some embodiments, the one or more programs comprising instructions for identifying a
plurality of baseline exposure times, each respective baseline exposure time in the plurality of
baseline exposure times representing an exposure time for resolving arespective sub-image,
in the plurality of sub-images, of the tissue of the subject a the wavelength or wavelength
band of the respective sub-image, wherein afirst baseline exposure time for afirst sub-image
is different than a second baseline exposure time of a second sub-image in the plurality of
sub-images and cycling the beam steering element through the plurality of operating modes,
wherein the beam steering element isretained in each respective operating mode for the
baseline exposure time corresponding to the wavelength or wavelength band collected by the
optical filter corresponding to the respective operating mode so that a sub-image is recorded
on the optical detector corresponding to the respective operating mode, thereby collecting the
hyperspectral/multispectral image of the tissue.

[0064] In some embodiments of the methods and non-transitory computer readable storage
medium described above, abaseline exposure time for a sub-image in the plurality of sub-
images is determined by afactor affecting abaseline illumination of the tissue of the subject
and a sensitivity of the corresponding optical detector in the optical acquisition subsystem
used to acquire the sub-image at the wavelength or wavelength band corresponding to the

sub-image.

[0065] In some embodiments of the methods and non-transitory computer readable storage
medium described above, the factor is an amount of illumination of the tissue of the subject
provided by an illumination subsystem of the hyperspectral/multispectral imaging device, an
amount of ambient light, or a concentration of melanin in the tissue of the subject.

BRIEF DESCRIPTION OF THE DRAWINGS
[0066] Figure 1is aschematic illustration of the internal hardware of a co-axia
hyperspectral/multispectral camera, according to some embodiments.

[0067] Figure 2A is a schematic illustration of the internal hardware of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The illustration shows
across-section down the barrel of the camera with aperspective view of the beam steering
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[0068] Figure 2B is aschematic illustration of the internal hardware of a co-axia
hyperspectral/multispectral camera, according to some embodiments. The illustration shows
a cross-section down the barrel of the camerawith aperspective view of the optical detectors
206.

[0069] Figure 3A is aschematic illustration of the internal hardware of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The illustration shows
an exploded view of the components of the internal hardware with a perspective view of the

beam steering element 204.

[0070] Figure 3B isaschematic illustration of the internal hardware of a co-axia
hyperspectral/multispectral camera, according to some embodiments. The illustration shows
a cross-section down the barrel of the camera with a perspective view of the imager

subsystem 210.

[0071] Figure 4 is a schematic illustration of the internal hardware of a co-axia
hyperspectral/multispectral camera, according to some embodiments. The illustration shows

aview looking down the barrel of the camera.

[0072] Figure 5isaschematic illustration of the internal hardware of a co-axia
hyperspectral/multispectral camera, according to some embodiments. The illustration shows
a cross-section through the barrel of the camerawith a perspective view of the imager

subsystem 210.

[0073] Figure 6 is aschematic illustration of the illumination subsystem of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The illustration shows

an exploded view of the components of the illumination subsystem.

[0074] Figure 7 is aschematic illustration of the imager subsystem of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The illustration shows

an exploded view of the components of the imager subsystem.

[0075] Figure 8isaseries of illustrations of afirst housing for a co-axial
hyperspectral/multispectral camera, according to some embodiments: Fig. 8A is afront
elevational view of the first housing; Fig. 8B is aback elevationa view thereof; Fig. 8Cisa
top plan view thereof; Figure 8D is abottom plan view thereof; Fig. 8E is aleft side

~lavatinnal viaw thereof; and Fig. 8F isaright side elevational view thereof.
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[0076] Figure 9is aseries of illustrations of a second housing for a co-axial
hyperspectral/multispectral camera, according to some embodiments: Fig. 9A is afront
elevational view of the second housing; Fig. 9B is aback elevational view thereof; Fig. 9C is
atop plan view thereof; Figure 9D is abottom plan view thereof; Fig. 9E is aleft side

elevational view thereof; and Fig. 9F is aright side elevational view thereof.

[0077] Figure 10 isaseries of illustration of athird housing for a co-axia
hyperspectral/multispectral camera, according to some embodiments. Fig. 10A isafront
elevational view of the second housing; Fig. 10B is aback elevational view thereof; Fig. 10C
isatop plan view thereof; Figure 10D is abottom plan view thereof; Fig. 10E is aleft side

elevational view thereof; and Fig. 10F isaright side elevational view thereof.

[0078] Figures 11A and 1IB are perspective views of afirst housing for a co-axia

hyperspectral/multispectral camera, according to some embodiments.

[0079] Figures 11C and 11D are perspective views of a second housing for a co-axia

hyperspectral/multispectral camera, according to some embodiments.

[0080] Figures 11E and 1l F are perspective views of athird housing for a co-axial

hyperspectral/multispectral camera, according to some embodiments.

[0081] Figure 12 isaschematic illustration of the internal hardware of a co-axial
hyperspectral/multispectral camera mounted in a housing, according to some embodiments.
The illustration shows a cross-section down the barrel of the camerawith aperspective view

of the beam steering element 204.

[0082] Figure 13 schematically illustrates aprocessing subsystem for a co-axial

hyperspectral/multispectral system, according to some embodiments.

[0083] Figure 14 illustrates a method for providing information regarding the medical
condition of a subject and optionally treating the subject accordingly, according to some

embodiments.

[0084] Figure 15 is aschematic illustration of the light path for a captured

hyperspectral/multispectral image, according to some embodiments.

[0085] Figure 16 is aschematic illustration of instructions for collecting and optionally

nraceccine hyperspectral/multispectral images, according to some embodiments.
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[0086] Figure 17 isaschematic illustration of instructions for optimizing exposure times and
collecting ahyperspectral/multispectral image, according to some embodiments.

DETAILED DESCRIPTION

L Introduction
[0087] Hyperspectral and multispectral imaging are related techniques in larger class of
spectroscopy commonly referred to as spectral imaging or spectral analysis. Typicaly,
hyperspectral imaging relates to the acquisition of aplurality of images, each image
representing anarrow spectral band collected over a continuous spectral range, for example,
20 spectra bands having a FWHM bandwidth of 20 nm each, covering from 400 nm to 800
nm. In contrast, multispectral imaging relates to the acquisition of aplurality of images, each
image representing anarrow spectral band collected over a discontinuous spectral range. For
the purposes of the present disclosure, the terms "hyperspectral” and "multispectral” are used
interchangeably and refer to aplurality of images, each image representing anarrow spectral
band (having a FWHM bandwidth of between 10 nm and 30 nm, between 5 nm and 15 nm,
between 5 nm and 50 nm, less than 100 nm, between 1and 100 nm, etc.) , whether collected

over a continuous or discontinuous spectral range.

[0088] Asused herein, the terms "narrow spectral range" or "narrowband” are used
interchangeably and refer to a continuous span of wavelengths, typically consisting of a
FWHM spectral band of no more than about 100 nm. In certain embodiments, narrowband
radiation consists of a FWHM spectral band of no more than about 75 nm, 50 nm, 40 nm, 30

nm, 25 nm, 20 nm, 15 nm, 10 nm, 5nm, 4 nm, 3nm, 2 nm, or 1 nm.

[0089] Hyperspectral deals with imaging narrow spectral bands over a continuous spectral
range, and produce the spectra of al pixels in the scene. So a sensor with only 20 bands can
also be hyperspectral when it covers the range from 500 to 700 nm with 20 bands each 10 nm
wide. (While a sensor with 20 discrete bands covering the visible spectrum, near-infrared,
short-wavelength infrared, mid-wavelength infrared, and long-wavelength infrared would be
considered multispectral.)

[0090] Among other aspects, the application provides methods and systems that enable the
capture of co-axial hyperspectral/multispectral images using abeam steering element having

aplurality of operating modes and aplurality of optical detectors, each of which is configured
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toresolve light a a specific wavelength(s). The architecture of the internal hardware of the
hyperspectral/multispectral systems provided herein (eg., beam steering element and optical
detectors), provides several advantages over systems and methods of
hyperspectral/multispectral imaging known in the art. For example, the systems and methods
provided herein allow for true co-axial alignment of images captured at arange of
wavelengths without the need for atunable filter, shorter subject illumination times, shorter
image exposure times, more rapid hyperspectral/multispectral imaging, lower power

consumption, and lower manufacturing costs, to name a few benefits.

[0091] Specifically, the present application provides hyperspectral/multispectral systems and
methods that use abeam steering element (e.g. , amirror or array of micromirrors) having a
plurality of operating modes capable of directing light of different wavelengths to distinct
optical detectors from a common point of origin, thus maintaining co-axial alignment
between images captured by the respective optical detectors. In some embodiments, each of
the optical detectors is covered by afilter, to select a specific wavelength of light. This
allows for the resolution of images of an object a multiple wavelengths without the need for
expensive optics, such astunable filers (e.g.,, liquid crystal tunable filters). Asopposed to
imaging systems that rely on line scanning to capture images at separate wavelengths (eg. ,
systems employing aprism or diffraction grating), the systems described herein can capture
true two-dimensional co-axial images by sequentially resolving images of the object at

different wavelengths using respective optical detectors in aplurality of optical detectors.

[0092] In certain embodiments, very minor pixel field alignment between wavelength images
may be necessary to account for edge effects and minor mechanical misalignment between
the optical detectors and beam steering element. In some embodiments, the
hyperspectral/multispectral imaging systems described herein will contain software operable
by the central processing unit(s) 1308 to perform minor image alignment between digital
images 1332 acquired by different optical detectors 206, for example, during post processing
of the hyperspectral/multispectral data cube 1336. In other embodiments, minor alignment
may be performed by an external device or server after the digital images 1332 and/or

hyperspectral/multispectral data cube 1336 istransmitted from the imaging system.

[0093] Furthermore, in certain embodiments, some of the disclosed
hyperspectral/multispectral have matching narrow band illumination sources and detector
(Hnve Tha

ue of malchingillumination and detection elements dramatically increases the
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signal-to-noise ratio of the resolved images (e.g. , the amount of light having adesired
wavelength as compared to the amount of light having undesired wavelengths). The signal-
to-noise ratio of the resolved images can be further increased by including matching

polarizers over corresponding illumination and detection elements.

[0094] Increasing the signal-to-noise ratio alows for shorter illumination and exposure times,
thereby increasing the optical throughput of the system. Thus, the

hyperspectral/multispectral imaging systems provided herein can effectively capture images
of atarget object, for example, a five different wavelengths in asingle second. Thisis
accomplished by sequentially illuminating the object with narrowband light sources of
various wavelengths and capturing images of the object with optical detectors configured to

resolve light of the respective broadband wavelengths

[0095] Hyperspectral/multispectral systemsthat capture images a different wavelengths
using detectors that are sightly offset from one another (eg. , & two or more detectors
positioned next to each other at the end of an optical path) require extensive computational
power to index and align the images with one another. Similarly, images captured using
imaging systems that rely on co-boring of multiple objective lenses (e.g., where the center of
each objective lens points to acommon target), must be mathematically corrected so that
information obtained from each objective lens transposes one-to-one. Advantageoudly, the
imaging systems provided herein provide true co-axia aligned images, reducing the
computation burden and thus increasing the speed a which hyperspectral/multispectral data
can be processed.

[0096] Furthermore, the use of matching illumination and detection elements also eliminates
wasted light in bands other than those desired for imaging (e.g., out of band light), thereby
improving the efficiency of the imaging system. The increased efficiency provided by
sequential illumination with narrowband radiation, the absence of tunable filters, and
decreased processor requirements results in an imaging system with alow power
requirement. Table 1provides an estimated power budget, for one embodiment of a
hyperspectral/multispectral camera, based on a state of the art mechanical/electrical elements.
Asshown in Table 1, in one embodiment, ahyperspectral/multispectral imaging device (eg.,
acamera) can be designed to consume amaximum of from 4 to 8 watts of power, low enough
to be battery powered. Accordingly, in one embodiment, the disclosure provides a

L — | /multispectral camerathat is battery operated. In certain embodiments, the
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camera has amaximum power requirement of lessthan 15 watts, lessthan 10 watts, or less
than 5watts. In yet other embodiments, the camera has amaximum power requirement of
lessthan 20 W, 19 W, 18 W, 17 W, 16 W, 15 W, 14 W, 13 W, 2 W, 11W, 10 W,9W, 8W,
7TW,6W,5W, or fewer watts. Of course, it is expected over time that more efficient
mechanical/electrical elements will be designed, and such improved elements can be used to

provide amore efficient hyperspectral/multispectral imaging devise as described herein.

Table1. Estimated power budget for one embodiment of a hyperspectral/multispectral
camera.

Electrical/Mechanical Element Power Requirement (Watts)

Digital processor 2.0t0 3.5

LED illumination 1.0to 2.5

Camera electronics 0.25t00.5

Wireless network interface and associated electronics 0.25t00.5

Beam steering element control 0.25

Battery control and power conversion electronics 0.25t0 0.5

Maximum power requirement 4107.75

[0097] In one embodiment, the systems and methods provided herein are useful for
hyperspectral/multispectral medical imaging and diagnostics. For example, abeam steering
element and plurality of optical detectors can be mounted inside a camera housing, for easy

manipulation by a heathcare professional.

[0098] In another embodiment, the systems and methods provided herein are useful for other
hyperspectral/multispectral applications such as satellite imaging (e.g., for geological sensing
of minerals, agricultural imaging, and military surveillance), remote chemical imaging, and
environmental monitoring. For example, abeam steering element and plurality of optical
detectors can be mounted inside a satellite or other telescopic apparatus for remote

hyperspectral/multispectral imaging.

[l.  Systemsfor Hyperspectral/Multispectral | maging

[0099] Figure 1 shows a schematic illustration of the internal hardware 100 of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The camera includes
an illumination subsystem 102 comprising ahousing 114 for one or more light source(s) 104,
which are controlled by a central processing unit (CPU; not shown). The lights arein

~'--+— *~ ~ommunication with a motherboard 110, housing the CPU, by way of aflex circuit
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or wire 112 that connects the illumination subsystem to the motherboard 110. The camera
further includes a lens subsystem, comprising an objective lens 106, and optionally a
complex lens assembly (not shown), which is mounted inside a chassis 108 that appropriately
positions the complex lens assembly with respect to an optical communication path
originating at the surface of a subject, and terminating at abeam steering element (not shown)
situated in the interior of the camera assembly. An optional stray light shield 116 functions

to decrease stray light and reflections within the internal camera assembly.

[0100] Figures 2A and 2B show a cross-section down the barrel of the internal hardware 100
of aco-axia hyperspectral/multispectral camera, according to some embodiments. Figure 2A
provides aperspective view of the beam steering element 204, while Figure 2B provides a
perspective view of the imager subsystem 210. According to certain embodiments, the co-
axial hyperspectral/multispectral camera includes. an illumination subsystem 102 containing
one or more light sources 104; an objective lens assembly 202 housed in a chassis 108 that
anchors the lens assembly with respect to other components of the optical assembly; an
optional stray light shield 116; abeam steering element 204 in electrical communication, and
optionally mounted on, amotherboard 110 in electrical communication with one or more
CPU(s) (not shown); and an imager subsystem 210 comprising aplurality of optical detectors
206 in electrical communication with the motherboard 110 by way of aflex circuit or wire
208.

[0101] In one embodiment, an optical communication path is created when radiation emitted
from one or more of the lights 104 of the illumination subsystem 102 illuminates atissue of
the subject (not shown) and is backscattered to an objective lens assembly 202, which focuses
the light on abeam steering element 204 having aplurality of operating modes. When
positioned in arespective operating mode, the beam steering element 204 reflects the light
onto one of the plurality of optical detectors 206, which is configured to capture an image of

the surface of the subject a one or more specific wavelengths.

[0102] Each optical detector 206 in the imager subsystem 210 is optionally covered by an
optical filter (e.g., adetector filter), which allows light of apredetermined wavelength to pass
through to the detector. In one embodiment, one or more of the light sources 104 is matched
to afilter covering an optical detector 206, e.g., the light emits radiation a wavelength that is
capable of passing through the corresponding filter. When respective light sources 104 in a

~1— 1 ~#ight sources are matched to corresponding detector filters in aplurality of
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detector filters, the beam steering element 204 functions to direct radiation emitted by a
respective light source 104 to the corresponding optical detector 206 covered by a matching
filter. The beam steering element 204 is configured to have aplurality of operating modes,
each of which directs light backscattered from the tissue of the subject to a different optical
detector 206.

[0103] Figure 12 shows the same cross-section as Figure 2A of the internal hardware 100 of
aco-axia hyperspectral/multispectral camera mounted in housing 1200, according to some
embodiments. Optionally, housing 1200 includes dock 1202 for attaching portable device
1204 to housing 1200. Optionally, portable device 1204 contains a display, preferably a
touch-screen display, for displaying images acquired by internal hardware 100 of a co-axial

hyperspectral/multispectral  camera.

[0104] Figures 3A and 3B show exploded views of the internal hardware of a co-axial
hyperspectral/multispectral  camera, according to some embodiments. Figure 3A provides a
perspective view of the light directing subsystem 302, while Figure 2B provides a perspective
view of the imager subsystem 210. The exploded views show the various components of the
illumination subsystem 102, lens subsystem 300, light directing subsystem 302, and imager
subsystem 210.

[0105] Figure 4 shows aview looking down the barrel of the lens subsystem of a co-axial
hyperspectral/multispectral  camera, according to some embodiments. The illumination
subsystem comprises aplurality of lights 104 in aradial arrangement about the objective lens
106. Optionally, the lights 104 are arranged having radial or approximate radial symmetry
with respect to the objective lens 106. The light directing subsystem 302, comprising the
beam steering element 204 and optionally an actuator (not shown) for moving the beam
steering element between various operating modes, is disposed at the distal end of the barrel
of the camera. The beam steering element 204 is capable of switching between operating
modes to reflect light to the various optical detectors 206 mounted on the backside of the

imager subsystem 210.

[0106] Figure 5 illustrates aperspective view looking up the barrel of the lens subsystem of a
co-axial hyperspectral/multispectral camera, according to some embodiments. The
illustration shows aplurality of optical detectors 206 mounted on the back side of the imager
subsystem 210, in aradia arrangement about the objective lens assembly 202. Optionally,
etectors 206 are arranged having radial or near radial symmetry with respect to
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the objective lens assembly 202. The optical detectors 206 are offset from an optical
communication path originating a a surface of an object being imaged and terminating &t the
beam steering element 204, yet in optical communication with corresponding operating

modes of the beam steering element 204.

[0107] Each of the subsystems 102, 300, 302, and 210 will now be described in greater
detail.

A. I[llumination Subsystem
[0108] Figure 6 shows an exploded view of the illumination subsystem 102 of a co-axial
hyperspectral/multispectral camera, according to some embodiments. The illumination
subsystem includes aplurality of lights 104 mounted on aprinted circuit board (PCB; 602) in
electrica communication with a CPU, the CPU optionally mounted or otherwise in electrical
communication with amotherboard 110, by means of aflex circuit or wire 112. The lights
104 are disposed on the surface of the hyperspectral/multispectral imaging system {e.g.,

camera), for example, by being mounted in an illumination subsystem housing 114.

[0109] Asdescribed herein, whereas the lights may be completely contained within the
camera housing {e.g., shielded from the external environment), they will be considered to be
disposed on the exterior of the housing so long asthey are in optical communication with the
external environment. For example, in certain embodiments, lights disposed on the exterior
of the camera housing may be behind one or more layers of glass, plastic, or film to protect
the lights from the external environment. In addition, the one or more layers of glass, plastic,

or film may have filtering, polarizing, homogenizing, or focusing properties.

[0110] In certain embodiments, one or more of the light sources 104 may be covered by any
combination of afocusing lens, a homogenizer, apolarizer, and awavelength filter. In one
embodiment, different lights may be covered by different combinations of filtering elements.
For example, in one embodiment, aplurality of lights 104 disposed on the surface of a
hyperspectral/multispectral imaging system {e.g., aco-axial camera) includes one or more
narrow-band light source {e.g., amono-wavelength LED) for capturing images that will be
assembled into ahyperspectral/multispectral data cube and a least one broad-band light
source {e.g., awhite light) for capturing color images used, e.g., to focus or otherwise
position an image. In this example, the mono-wavelength light sources may be covered by a

light homogenizer and/or light polarizer, as desired for uniform illumination of the subject
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and improved signal-to-noise ratio for the resolved image, while the broad-band light source

need not be homogenized or polarized.

[01 11] The illumination sources may be arranged in any fashion on the imaging system. In
certain embodiments, lights 104 will be arranged in one or more concentric circles about the
objective lens 106 of an imaging system. In certain embodiments including aplurality of
narrowband lights 104, two or more lights 104 emitting radiation of the same wavelength(s)
may beilluminated a the sametime. In certain embodiments, the two or more lights emitting
radiation of the same wavelength(s) are positioned with radial symmetry about the objective
lens 106 to provide homogenous illumination of the target. In certain embodiments, where
the imaging system includes aplurality of narrowband illumination sources, one or more
broadband illumination source(s) may also be included, for example, for use in capturing a
broadband image of the object or subject. Since abroadband image of the object or subject
may not necessarily beused in the analysis of collected hyperspectral/multispectral data, the
broadband source(s) need not be positioned about or in radial symmetry with the objective

lens.

[0112] For example, referring to Figure 4, an imaging device (e.g.,
hyperspectral/multispectral camera) capable of illuminating an object at eight wavelengths
can have two light sources (104-4 and 104-12), positioned symmetrically about the objective
lens 106, which emit radiation having the same wavelength(s), e.g., two identical narrowband
LEDs. Likewise, four lights (104-4, 104-8, 104-12, and 104-16), emitting radiation of the
same wavelength(s), can be positioned symmetrically about the objective lens. In certain
embodiments, the imaging system includes 1, 2, 3,4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, or more light sources. In
certain embodiments, the imaging system includes at least 2, 3, 4, 5, 6, 7, 8, 9, 10, or more
lights emitting radiation a the same wavelength(s), preferably arranged in a symmetrical

pattern about the objective lens.

[01 13] In other embodiments, where the imaging system illuminates the object with
broadband light, two or more lights 104, e.g., all of the lights, may be configured to emit
broadband radiation. In certain embodiments, all of the broadband light sources 104 may be

illuminated at the same time.

[01 14] Inyet other embodiments, where the imaging system illuminates the object with

. two or more lights 104, e.g., all of the lights, may be configured to emit
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broadband radiation. The various lights 104 can then be covered by illumination filters rated

for different wavelengths, which match filters covering the optical detectors 206.

[0115] In certain embodiments, the illumination filters are removable from the exterior of the
housing. Likewise, in certain embodiments, the detector filters are removable from the
interior of the housing. In this fashion, different illumination and/or detector filter sets can be
provided for use in evaluating different medical conditions. For example, in some
implementations, auser positions afirst illuminator and/or detector filter set on the imaging
system to aid in the evaluation of afirst medical condition (e.g., ulcer formation) and a
second illuminator and/or detector filter set on the imaging system to aid in the evaluation of
asecond medical condition (e.g., melanoma). In one example, the first filter set includes
filtersrated for wavelengths used, for example, to quantify oxyhemoglobin and
deoxyhemoglobin levels, while the second filter set includes filters rated for wavelengths
used, for example, to discriminate between melanoma and other pigmented legions (e.g.,
Spitz nevus, seborrheic keratosis, basal cell carcinoma, and melanocytic nevus; see, Nagaoka
T.etal, Skin Res Technol. (201 1) Aug 31).

1. Light Sources
[0116] Invarious embodiments, light sources emitting radiation in the ultraviolet spectrum
(wavelengths from about 10 nm to about 400 nm), visible spectrum (wavelengths from about
400 nm to about 760 nm), and/or near-infrared spectrum (wavelengths from about 760 nm to
about 2000 nm) are used in the hyperspectral/multispectral imaging systems and methods

provided herein.

[01 17] The hyperspectral/multispectral imaging systems described herein will generally
include & least one light source for illuminating aregion of interest on a subject. In various
examples, the light source includes a single broadband light source, aplurality of broadband
light sources, a single narrowband light source, aplurality of narrowband light sources, or a
combination of one or more broadband light source and one or more narrowband light source.
Likewise, in various embodiments, the light source includes aplurality of coherent light
sources, asingle incoherent light source, aplurality of incoherent light sources, or a

combination of one or more coherent and one or more incoherent light sources.

[01 18] By "broadband" it is meant light that includes component wavelengths over a
substantial portion of at least one band, e.g., over a least 20%, or a least 30%, or at |least
Sast 50%, or at least 60%, or & least 70%, or at least 80%, or at least 90%, or at
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least 95% of the band, or even the entire band, and optionally includes component
wavelengths within one or more other bands. A "white light source” is considered to be
broadband, because it extends over a substantial portion of at least the visible band. In
certain embodiments, broadband light includes component wavelengths across at least 100
nm of the electromagnetic spectrum. In other embodiments, broadband light includes
component wavelengths across at least 150 nm, 200 nm, 250 nm, 300 nm, 400 nm, 500 nm,
600 nm, 700 nm, 800 nm, or more of the electromagnetic spectrum.

[01 19] By "narrowband" it is meant light that includes components over only a narrow
spectral region, e.g., lessthan 20%, or less than 15%, or less than 10%, or less than 5%, or
less than 2%, or lessthan 1%, or less than 0.5% of asingle band. Narrowband light sources
need not be confined to a single band, but can include wavelengths in multiple bands. A
plurality of narrowband light sources may each individually generate light within only a
small portion of asingle band, but together may generate light that covers a substantial
portion of one or more bands, e.g., may together constitute abroadband light source. In
certain embodiments, broadband light includes component wavelengths across no more than
100 nm of the electromagnetic spectrum (e.g., has a spectral bandwidth of no more than 100
nm). In other embodiments, narrowband light has a spectral bandwidth of no more than 90
nm, 80 nm, 75 nm, 70 nm, 60 nm, 50 nm, 40 nm, 30 nm, 25 nm, 20 nm, 15 nm, 10 nm, 5 nm,

or less of the electromagnetic spectrum.

[0120] Asused herein, the "spectral bandwidth" of alight source refers to the span of
component wavelengths having an intensity that is a least half of the maximum intensity,
otherwise known as "full width at half maximum" (FWHM) spectral bandwidth. Many light
emitting diodes (LEDs) emit radiation a more than a single discreet wavelength, and are thus
narrowband emitters. Accordingly, anarrowband light source can be described as having a
"characteristic wavelength™ or "center wavelength,” i.e.,, the wavelength emitted with the
greatest intensity, aswell as a characteristic spectral bandwidth, e.g., the span of wavelengths
emitted with an intensity of a least half that of the characteristic wavelength.

[0121] By "coherent light source” it is meant alight source that emits electromagnetic
radiation of a single wavelength in phase. Thus, a coherent light source is atype of
narrowband light source with a spectral bandwidth of lessthan 1nm. Non-limiting examples
of coherent light sources include lasers and laser-type LEDs. Similarly, an incoherent light
nmenn ~enitg @l@ctromagnetic radiation having a spectral bandwidth of more than 1nm and/or
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isnot in phase. In this regard, incoherent light can be either narrowband or broadband light,

depending on the spectral bandwidth of the light.

[0122] Examples of suitable broadband light sources 104 include, without limitation,
incandescent lights such as ahalogen lamp, xenon lamp, a hydrargyrum medium-arc iodide
lamp, and abroadband light emitting diode (LED). In some embodiments, a standard or
custom filter isused to balance the light intensities at different wavelengths to raise the signal
level of certain wavelength or to select for anarrowband of wavelengths. Broadband
illumination of asubject is particularly useful when capturing a color image of the subject or

when focusing the hyperspectral/multispectral imaging system.

[0123] Examples of suitable narrowband, incoherent light sources 104 include, without
limitation, anarrow band light emitting diode (LED), a superluminescent diode (SLD) (see,
Redding B., arVix: 1110.6860 (201 1), the content of which is hereby incorporated herein by
reference in its entirety for al purposes), arandom laser, and abroadband light source
covered by anarrow band-pass filter. Examples of suitable narrowband, coherent light
sources 104 include, without limitation, lasers and laser-type light emitting diodes. While
both coherent and incoherent narrowband light sources 104 can be used in the imaging
systems described herein, coherent illumination islesswell suited for full-field imaging due
to speckle artifacts that corrupt image formation (see, Oliver, B.M., Proc |EEE 51, 220-221
(1963)). However, coherent illumination is particularly well suited for embodiments

comprising a scanning detection device.

[0124] In one embodiment, light emitted from a light source 104 passes through an
illumination lens, which focuses the light onto atarget (e.g., the skin of asubject). Ina
related embodiment, light emitted from alight source 104 passes through an optical diffuser
or light homogenizer, that modifies the focal properties of the light so that it illuminates
selected regions of atarget in a substantially uniformly fashion. That is, the intensity of light
a one point in the region is substantially the same asthe intensity of light a another point in
the region. In other embodiments, the intensity of the light varies from one point within the
region to the next. In certain embodiments, alight source 104 is covered by both an

illumination lens and a homogenizer.

[0125] In certain embodiments, the light also passes through an optional illumination
polarizer, which removes any light that does not have a selected polarization. The polarizer

xample, apolarizing beamsplitter or athin film polarizer. The polarization can
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be selected, for example, by rotating the polarizer appropriately. When an illumination
polarizer isplaced in front of alight source 104, amatching detector polarizer should be
placed in front of the corresponding optical detector 206 to depolarize the light prior to
resolving an image of the backscattered polarized light.

a. Light Emitting Diodes (LEDs)
[0126] In apreferred embodiment, the illumination subsystem 102 comprises one or more
light emitting diodes (LEDs, 104) for illuminating the surface of apatient. LEDS provide
several advantages over other light sources for illuminating the surface of a subject. For
example, because LEDs generate very little heat, illumination with LEDs does not affect the
surface temperature of asubject's skin, which results in physiological changes that can alter
hyperspectral/multispectral analysis. LEDs can be constructed to emit light having anarrow
and defined spectral band, negating arequirement to filter the illumination light, improving
the overall efficiency of the imaging system, improving the signal-to-noise ratio of detection
a adesired wavelength, and decreasing the illumination and exposure times necessary to
produce ahigh quality digital image of the target. LEDs reach maximum intensities very
rapidly, for example ared LED can achieve full brightness in under a microsecond, allowing
for faster cycling through aplurality of illumination wavelengths. LEDs have along useful
lifetime, as compared to incandescent and fluorescent light sources. LEDs can be
manufactured to be very small {e.g., from about 2 mm to about 8 mm), allowing for many

LEDs to be mounted in one or more concentric circles about an objective lens 106.

[0127] LEDs consist of achip of semiconducting material doped with impurities, which
create the formation of ap-njunction. Current applied across the semiconducting material
readily flows from the p-side (anode) to the n-side (cathode), creating electromagnetic
radiation (light) when an electron meets ahole and falls from the conduction band to the
valence band. The wavelength of the emitted radiation is dependent on the size of the band
gap formed between the conduction band and the valence band, and thus the semiconducting
material used to form the LED. Non-limiting examples of semiconductor materials that can

be used to produce an LED emitting light at a specific wavelength are provided in Table 2.

Table2. Semiconducting materials used for narrowband LEDs.

Wavelength

Color (nm)

Semiconductor Material
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Color

Wavelength
(nm)

Semiconductor Material

Infrared

A>760

Gallium arsenide (GaAs)

Aluminium gallium arsenide (AlGaAs)

Red

610 <A <760

Aluminium gallium arsenide (AlGaAs)

Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGalnP)
Gallium(IIT) phosphide (GaP)

Orange

590 <A <610

Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGalnP)
Gallium(IIT) phosphide (GaP)

Yellow

570 <A <590

Gallium arsenide phosphide (GaAsP)
Aluminium gallium indium phosphide (AlGalnP)
Gallium(IIT) phosphide (GaP)

Green

500 <A <570

Indium gallium nitride (InGaN) / Gallium(III) nitride (GaN)
Gallium(IIT) phosphide (GaP)

Aluminium gallium indium phosphide (AlGalnP)
Aluminium gallium phosphide (AlGaP)

Blue

450 <A <500

Zinc selenide (ZnSe)
Indium gallium nitride (InGaN)

Silicon carbide (SiC) as substrate

Violet

400 <A <450

Indium gallium nitride (InGaN)

Ultraviolet

A <400

Diamond (235 nm)

Boron nitride (215 nm)

Aluminium nitride (AIN) (210 nm)

Aluminium gallium nitride (AlGaN)

Aluminium gallium indium nitride (AlGalnN) — (down to

210 nm)

[0128] In one embodiment, the LEDs 104 are packaged LEDs, such asthe LUXEON® Rebel

(Philips Lumileds Lighting). Other types of packaged LEDs may also be used, such asthose
manufactured by OSRAM (Ostar package), Luminus Devices (USA), or Tridonic (Austria).

Asdefined herein, apackaged LED is an assembly of one or more LED die that contains
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electrical connections, such aswire bond connections or stud bumps, and possibly includes
an optical element and thermal, mechanical, and electrical interfaces. The LEDs 104 may
include alens over the LED chips. Alternatively, LEDs without alens may beused. LEDs
without lenses may include protective layers, which may include phosphors. The phosphors
can be applied as a dispersion in abinder, or applied as a separate plate.

[0129] The LED semiconductor chips aretypically potted in a clear or colored molded plastic
shell, which: facilitates mounting of the LED semiconductor chip in the illumination
subsystem housing 114, provides structural protection for the semiconductor chip and
associated electrical wiring, and acts as arefractive intermediary between the relatively high-
index semiconductor and low-index open air, boosting the light emission from the
semiconductor by acting as a diffusing lens, alowing light to be emitted a a much higher

angle of incidence from the light cone than the bare chip is able to emit alone.

[0130] In certain embodiments, the hyperspectral/multispectral imaging systems provided
herein include narrowband width LED lights. In one embodiment, the narrowband LED
lights have a FWHM spectral bandwidth or less than about 100 nm, preferably less than about
50 nm, more preferably less than 25 nm. In one embodiment, the imaging system includes a
least one LED source that emits radiation in the infrared, preferably near-infrared, spectrum.
The used of near-infrared LED illumination in is commonly found in closed circuit security

cameras.

[0131] For additional information on light emitting diodes, see, Schubert E.F., Light Emitting
Diodes, Second Edition, Cambridge University Press (2006), the content of which is hereby

incorporated herein by reference in its entirety for all purposes.

b. Specific Embodiments
[0132] In afirst embodiment, the hyperspectral/multispectral imaging system includes a
single broadband light source 104 used for illuminating atissue on the subject. In order to
acquire aplurality of images, where each respective image corresponds to the backscattering
of adifferent wavelength of light from the tissue, each of the optical detectors 206 are
covered by anarrow band-pass filter. Inthis embodiment, wavelengths of light over alarge
band that includes all the wavelengths of interest are used simultaneously to illuminate the
tissue and detector filters are used as a means of wavelength selection, where the optical
detectors are exposed to backscattered light either simultaneously or sequentially.
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[0133] To acquire hyperspectral/multispectral data, in one corresponding embodiment, the
imaging system illuminates a selected region (eg., tissue) of the subject with the broadband
light source 104, and light backscattered from the illuminated region of the subject is focused
by the objective lens assembly 202 onto the beam steering element 204. While the selected
region isilluminated, the imaging system's CPU 1308 cycles the beam steering element 204
through aplurality of operating modes, where each operating mode places the beam steering
element 204 in optical communication with a corresponding optical detector 206. This
directs the backscattered light sequentially to the corresponding optical detectors 206, each of
which are covered by a different narrow band-pass filter, providing a series of co-axial digital
images of the selected region at the wavelengths corresponding to the corresponding narrow

band-pass filters.

[0134] In asecond embodiment, the hyperspectral/multispectral imaging system includes a
plurality of broadband light sources 104 used for illuminating aregion (e.g., tissue) on the
subject. Each of the broadband light sources 104 is covered by anarrow band-pass filter so
that each light source illuminates the selected region with narrowband light. In this
embodiment, each of the optical detectors 206 used to resolve images for assembly into a
hyperspectral/multispectral data cube are covered by anarrow band-pass filter that
corresponds with anarrow band-pass filter covering arespective light source. Light sources
104 and optical detectors 206 that are covered by identical or substantially similar filters

and/or polarizers aretermed "matching” elements herein.

[0135] In one corresponding embodiment, one wavelength at atime isused to illuminate the
subject and backscattered light at that wavelength is detected using an optical detector 206
covered by amatching filter. That wavelength isthen turned off and the same is done for the
next selected wavelength, in a stepwise process to capture a co-axial
hyperspectral/multispectral image (e.g., hyperspectral/multispectral data cube). In another
embodiment, more than one wavelength of light is used to illuminate the subject a atime and
backscattered light isresolved using matching filtered optical detectors 206, either

simultaneoudly, nearly simultaneously, or sequentially.

[0136] To acquire hyperspectral/multispectral data in one corresponding embodiment, the
light sources 104 are turned on and off in sequence, illuminating a selected region on a
subject with one type of filtered light a atime. The operating modes of the beam steering

~l~= #7201 gre coordinated with the light sources such that when alight source 104 covered
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by aparticular illumination filter isturned on, the beam steering element 204 isplaced in

optical communication with an optical detector 206 covered with a matching detector filter.

[0137] In athird embodiment, the hyperspectral/multispectral imaging system includes a
plurality of narrowband light sources 104 used for illuminating aregion of skin on the
subject, preferably without wavelength illumination filters. Inthis embodiment, each of the
optical detectors 206 used to resolve images for assembly into a hyperspectral/multispectral
data cube are covered by anarrow band-pass filter matching the narrowband light emitted by

acorresponding light source.

[0138] To acquire hyperspectral/multispectral data in one corresponding embodiment, the
light sources 104 are turned on and off in sequence, illuminating a selected region on a
subject with one wavelength at atime. The operating modes of the beam steering element
204 are coordinated with the light sources such that when alight source 104 emitting afirst
wavelength isturned on, the beam steering element 204 is placed in optical communication

with an optical detector 206 covered with amatching detector filter.

[0139] The above embodiments, describing use of either broadband or narrowband
illumination, are in noway limiting and include embodiments where the
hyperspectral/multispectral imaging system includes a combination of both types of light
sources 104. For example, in certain embodiments, where narrowband light sources 104 are
used to illuminate aregion of interest on a subject, abroadband light source may be present
to provide illumination for, e.g., acquiring a color image of the selected region or focusing

the system.

[0140] Although embodiments employing both simultaneous, near simultaneous, and
sequential illumination are provided herein, sequential illumination and detection is preferred
because it results in lower signal to noise performance. Strong narrowband illumination at a
desired wavelength (in-band illumination) coupled with matching narrow band optical filters
covering the optical detectors 206 simultaneously increases in-band illumination while

decreasing out-of-band illumination (e.g., detection of non-desired wavelengths).

[0141] Furthermore, athough illumination filters are present in several of the embodiments
provided herein, the use of non-filtered light, particularly non-filtered, narrowband light, is

preferred. By filtering alight source 104, unused light is generated by the
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hyperspectral/multispectral imaging system, which is inefficient and unnecessarily increases

the power requirements of the system.

2. Focusing Lenses
[0142] In certain embodiments, an illumination lens is placed over one or more lights 104
disposed on the surface of a hyperspectral/multispectral imaging system to shape the light
toward the target and focus it as a spot that is appropriate for the focal distance of the
objective imaging lens. In certain embodiments, the focusing lenswill also improve the
uniformity of light directed onto the target. A diffuser may also be placed over one or more

lights 104 to cause the incident illumination on the subject or object to be diffuse.

[0143] [Hlumination lenses are well known in the art. For example, U.S. Patent No.
8,025,429, the content of which is hereby incorporated herein by reference in its entirety for
all purposes, describes an optical lens which refracts light emitted by an LED illuminator
twice, providing a more uniform beam of light with an elliptical shape. U.S. Patent
Application Publication No. 2010/0165637, the content of which is hereby incorporated
herein by reference in its entirety for al purposes, describes an optical lens adaptable for
LED illuminators which employs shaping of the surface of the lensto distribute light in a
highly controlled manner with minimum loss dueto reflection. Similarly, Ding Y . et ah,
Optics Express, 16:17; 12958-12966 (2008), the content of which is hereby incorporated
herein by reference in its entirety for al purposes, describes the use of freeform optical lenses
designed based on Snell's law and energy conservation to provide shaped and uniform

illumination from LED light sources.

3. Homogenizing Filters
[0144] In certain embodiments, alight homogenizer is placed over one or more lights 104
disposed on the surface of a hyperspectral/multispectral imaging system to provide uniform
illumination of an area on atarget object or subject. An exemplary light homogenizer that
can be used are the light homogenizers disclosed in Agilent Technologies Application Brief
1-003, Light Guide Techniques Using LED Lamps, Agilent Technologies (2001), the content
of which is hereby incorporated herein by reference in its entirety for al purposes. The
reference describes the use of light guides to direct and homogenize light emitted from LED
lamps. Commercial LED light homogenizers are available, for example, from RPC
Photonics (Rochester, New Y ork).
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4. Polarizing Filters
[0145] In certain embodiments, polarizing lens is placed over one or more lights 104
disposed on the surface of a hyperspectral/multispectral imaging system to polarize light
illuminating atarget object or subject. Polarized illumination is advantageous because it
eliminates surface reflection from the skin and helps to eliminate stray light reflection from
off axis imaging directions. In some embodiments, when apolarizer isplaced over an
illumination source, a second polarizer isplaced in front of acorresponding optical detector
206 to depolarize the light prior to resolution of an image by the detector. In certain
embodiments, where multiple light sources on the imaging system are polarized, apolarizing
lens is placed over the objective lens or otherwise upstream of the beam steering element,
such that asingle polarizer is used to depolarize the image. In other embodiments, individual
polarizers are placed between the beam steering element and individual optical detectors. In
certain embodiments, the detector polarizing lens is selected from alinear polarizer, acircular

polarizer, and an elliptical polarizer.

[0146] U.S. Patent No. 5,929,443 to Alfano et al, the content of which is hereby
incorporated herein by reference in its entirety for all purposes, discloses a method and
apparatus for the imaging of objects based on the polarization and depolarization of light. In
one embodiment, a surface of aturbid medium is imaged by illuminating the surface of the
turbid medium with light, whereby light is backscattered from the illuminated surface of the
turbid medium, detecting apair of complementary polarization components of the
backscattered light, and forming an image of the illuminated surface using the pair of
complementary polarization components. The illuminating light is preferably polarized {e.g.,
linearly polarized, circularly polarized, eliptically polarized), where, for example, the
illuminating light is linearly polarized, the pair of complementary polarization components
are preferably the parallel and perpendicular components to the polarized illuminating light,
and the image is formed by subtracting the perpendicular component from the paralel
component, by taking aratio of the parallel and perpendicular components or by using some

combination of aratio and difference of the parallel and perpendicular components.

5. Illumination Wavelength Filters
[0147] In certain embodiments, where broadband lights are used to illuminate an object or
subject, awavelength filter is placed over the broadband light to increase the percentage of a
desired wavelength of light. The illumination filter is matched to a corresponding detector

-ease the signal-to-noise ratio of an image captured at the desired wavelength. In
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certain embodiments, the illumination filter is selected from abandpass filter, alongpass

filter, and a shortpass filter.

[0148] Aswith light sources, filters can be described in terms of their spectral "bandpass,”
e.g., the span of component wavelengths allowed to pass through the filter. In some
embodiments, the bandpass of afilter is defined as the span of component wavelengths at
which the filter is a least half astransparent as compared to the characteristic or center
wavelength (FWHM). For example, the spectral bandpass of afilter that is 100% transparent
with respect to at least one component wavelength isthe span of consecutive component
wavelengths at which the filter is at least 50% transparent. In certain embodiments, the
bandpass of afilter can be equivaently expressed in terms of the component wavelengths
(e.g., 450-480 nm) or asthe width of the bandpass a the central wavelength (e.g., 30 nm at
465 nm or £15 nm at 465 nm).

[0149] A bandpass filter can also be described in terms of its "characteristic wavelength,”
eg., the wavelength a which the filter is most transparent, or its "center wavelength,” e.g.,
the component wavelength at the midpoint of the spectral bandpass. In certain embodiments,
the bandpass filter is characterized by both its characteristic or center wavelength and its
spectral bandwidth. For example, abandpass filter with a center wavelength of 340+2 nm, a
FWHM bandwidth of 10+2, and apeak transmission (e.g., the maximum percentage
transmission within the passband) of 50%, alows at least 25% of each component light

having awavelength from 330+4 nm to 350+4 nm to pass through.

[0150] In specific embodiments, the illumination wavelength filter is abandpass filter, eg., a
filter that allows only radiation having awavelength in a certain range to pass, while blocking
passage of other wavelengths. In certain embodiments, the FWHM spectral bandpass of an
illumination filter (e.g., the size of the passband transmitted through the filter) is no more
than about 100 nm, preferably no more than about 50 nm, more preferably no more than
about 25 nm. In yet other embodiments, the FWHM spectral bandwidth of the filter isno
more than 250 nm, 200 nm, 200 nm, 175 nm, 150 nm, 150 nm, 125 nm, 100 nm, 90 nm, 80
nm, 75 nm, 70 nm, 65 nm, 60 nm, 55 nm, 50 nm, 45 nm, 40 nm, 35 nm, 30 nm, 25 nm, 20

nm, 15 nm, 10 nm, 9nm, 8 nm, 7 nm, 6 nm, 5nm, 4 nm, 3nm, 2 nm, or 1nm.

[0151] In certain embodiments, the bandpass filter is anarrow pass filter. In specific

embodiments, the narrow pass filter has a FWHM spectral bandwidth of no more than 25 nm,
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24 nm, 23 nm, 22 nm, 21 nm, 20 nm, 19 nm, 18 nm, 17 nm, 16 nm, 15 nm, 14 nm, 13 nm, 12

nm, 11nm, 10 nm, 9nm, 8nm, 7 nm, 6 nm, 5nm, 4 nm, 3nm, 2 nm, or 1 nm.

[0152] In some embodiments, the plurality of bandpass illumination filters have central
wavelengths that are separated by at least 10 nm, or a least 15 nm, 20 nm, 25 nm, 30 nm, 35
nm, 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm, 85 nm, 90 nm, 95

nm, 100 nm, or more.

[0153] In some embodiments, the hyperspectral/multispectral imaging system comprises a
matching set of illumination bandpass filters and detector bandpass filters. In some
embodiments, respective illumination and detector bandpass filters having the same or
substantially similar central or characteristic wavelengths and spectral bandpasses are used to
provide in-band illumination and imaging. As described herein, in-band illumination and
imaging substantially reduces background noise while decreasing the required illumination

and detector exposure times.

B. Lens Subsystem
[0154] Light backscattered from the object or subject passes through an objective lens 106 or
objective lens assembly 202, which focuses the light on the beam steering element 204. In
certain embodiments, the lens 106 may comprise asimple convex lens. In other
embodiments, the lens subsystem will include a compound lens. The compound lens can be a

fixed focus lens or avariable focus lens.

[0155] A fixed focus lens refers to alens whose focus is set a the time of manufacture.
Typically, the focus of afixed focus lenswill be set to the hyperfoca distance, which sa
distance beyond which al objects can be brought into an acceptable focus. To obtain a short
minimal focal distance, the aperture and the focal length of afixed focus lens are reduced, so
that the hyperfocal distance is small. This allows the depth of field to extend from infinity to
ashort distance. Because afixed focus lens requires no moving parts, no electrical power is
required to operate the lens. This is advantageous for building alow power
hyperspectral/multispectral camera, especialy one that operates on battery power. The
disadvantage of afixed focus lensisthat it cannot produce images that are as sharp as those

obtained using avariable focus lens.

[0156] A variable focus lens, aso known as azoom lens, refers to acompound lens assembly

+hat ~on ha magnipulated to change the focal length. Variable focus is achieved by moving
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one or more lens relative to one or more additional lenses present in the lens assembly.
Because of the complexity of avariable focus lens, as compared to fixed focus lens, variable
focus lenses are more expensive to manufacture. However, the image quality obtainable by a
variable focus lens is higher than that of afixed focus lens. Variable focus lenses can be
parfocal or varifocal. A parfocal lens, aso referred to as atrue focus lens, maintains focus

when the focal length is changes, whereas avarifocal lens losses focus during zooming.

[0157] In some embodiments, avariable focus lenses is amanual focus lens, e.g., one that
requires the user to focus an image. Manual focus lenses can be designed to be controlled by
rotating the barrel of alens assembly, causing lenses within the lens assembly to move on
tracks, or by instructing motors within the camera to move the lenses, for example with

control buttons or input on atouch screen.

[0158] In other embodiments, the variable focus lens is an autofocus lens, one that is focused
electronically by a sensor, control system, and motor mounted within the camera. Referring
to Figure 13, an autofocus lens can be controlled by a lens software module stored in the
system memory 1314 of the processor subsystem 1300, which provides instructions to a
motor mounted within the housing of the camera to move one or more focusing lenses within

the object lens assembly 202 to achieve a desired focus.

[0159] Inyet other embodiments, ahyperspectral/multispectral variable focus lens has
settings for both automatic and manual focus adjustment modes. For example, U.S. Patent
No. 5,675,441, the content of which is hereby incorporated herein by reference in its entirety
for al purposes, describes afocusing lens control apparatus that has an electric motor
connected to afocusing lens in electrical communication with an automatic focus adjustment
control, aswell asamanual operation device which operates the motor mechanically in a

manual operation mode.

C. Light Directing Subsystem
[0160] Referring to Figure 15, light 1506 having afirst wavelength (A), emitted from alight
source 104, reflects or backscatters from aregion of interest (1502; ROI) on an object or
subject 1500. The light 1506 passes through the objective lens assembly (not shown) and is
directed by abeam steering element 204, positioned in afirst operating mode in aplurality of
operating modes, towards an optical detector 206 configured to resolve light of the first

wavelength (A). In certain embodiments, the beam steering element is positioned in its
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respective operating modes through the use of an actuator 1504 capable of adjust tip and tilt

angles of the beam steering element.

[0161] In certain embodiments, the actuator 1504 is atip-tilt actuator that rotates the beam
steering element 204 on two-axes. Through the movement of the actuator 1504, the beam
steering element 204 is placed in optical communication with respective optical detectors
206. In certain embodiments, the actuator 1504 isaMEMS actuator, e.g., a comb type
MEMS actuator (see, U.S. Patent No. 7,295,726 to Milanovic et ah, the content of which is
hereby incorporated by reference in its entirety for all purposes) or atip-tilt-piston MEMS
actuator(see, Milanovic et ah, IEEE Journal of Selected Topics in Quantum Electronics, Vol.
10, No. 3, May/June 2004.462-471, the content of which is hereby incorporated by reference

in its entirety for all purposes).

[0162] In some embodiments, the actuator 1504 is a gimbal device capable of tilting off of
the vertical and horizontal axes. For example, Texas Instruments (Dallas, Texas)
manufactures dual-axis analog MEMS pointing mirrors (e.g., the TALP1000B) comprising a
single-surfaced gimbaled mirror that can be integrated into a hyperspectral/multispectral
imaging system described herein for precise light steering. In certain embodiments, the
mirror is constructed of single crystal silicon, preferably having no grain boundaries. In
certain embodiments, the mirrored surface is gold coated. In certain embodiments, the
MEMS device is electromagnetically driven, allowing operation a low-voltage and low-

power.

[0163] In some embodiments, the mirror isamicromirror or array thereof. In certain
embodiments, the surface of the micromirror isno more than 0.01 mm2, 0.02 mm2, 0.03 mm2,
0.04 mm2, 0.05 mm2, 0.06 mm2, 0.07 mm2, 0.08 mm2, 0.09 mm2, 0.1 mm?2, 0.2 mm?2, 0.3
mm?, 0.4 mm2, 0.5 mm2, 0.6 mm2, 0.7 mm2, 0.8 mm2, 0.9 mm2, or 1.0 mm?. In other
embodiments, the surface of the mirror is at least 1 mm?, 2 mm?, 3 mm?, 4 mm?, 5 mm?, 6
mm?, 7 mm2, 8 mm2, 9 mm2, 10 mm?, 11mm?, 12 mm?, 13 mm?, 14 mm?, 15 mm?, 16 mm?,
17 mm2, 18 mm2, 19 mm2, 20 mm2, 21 mm2, 22 mm2, 23 mm2, 24 mm2, 25 mm2, 30 mm?2, 35

mm?2, 40 mm2, 45 mm2, 50 mm2, or larger.

[0164] In some embodiments, control modules, stored in the system memory 1314 control:
the illumination, via an illumination control module 1324, the direction of the beam towards
one or more optical detectors 206 via abeam steering control module 1326, and the image

1e and optical detectors themselves via an optical detector control module 1328.
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The beam steering control module 1326 directs actuator 1504 to place the beam steering
element 204 in various operating modes, each of which isin optical communication with one
of the optical detectors 206.

[0165] For example, to collect images of an object 1500 for hyperspectral/multispectral
analysis at two different wavelengths, A and A', the illumination control module 1324 turns on
afirst light 104-4, emitting light 1506-4 at afirst wavelength (A), illuminating aregion of
interest (ROI) 1502 on the subject 1500. Reflected or backscattered light 1506-4 from the
subject 1500 enters the objective lens or assembly thereof (not shown) and hits the beam
steering element 204, placed in afirst operating mode by an actuator 1504 controlled by the
beam steering control module 1326, which redirects the light onto an optical detector 206-4
configured to resolve light of wavelength A. The illumination control module 1324 then turns
off the first light 206-4 and turns on a second light 206-5, emitting light 506-5 at a second
wavelength ("), illuminating the ROl 1502. Simultaneously, the beam steering control
module 1328 instructs the actuator 1504 to place the beam steering element 204 in a second
operating mode, which isin optical communication with a second optical detector 206-5
configured to resolve light of wavelength A'. Thus, when reflected or backscattered light
1506-5 hits the beam steering element 204, the light 1506-5 is redirected onto the second
optical detector 206-5.

[0166] The beam steering element 204 can be one or more reflective elements capable of
redirecting the incident beam in one or more directions toward the detector(s). In some
embodiments, the beam steering element 204 is an element that reflects light in one or more
directions (e.g., amirror element). In aparticular embodiment the beam steering element isa
plain mirror capable of reflecting light over awide range of wavelengths. In another
particular embodiment, the beam steering element is an array of mirrors, for example an array

of micromirrors.

[0167] In one embodiment, the beam steering element consists of more than one element and
is capable of simultaneously directing lights of different wavelengths in different directions.
In specific embodiments, the beam steering element includes afirst hot mirror and a second
mirror positioned behind the hot mirror. The hot mirror is suitably coated to reflect light
above or below acertain wavelength, while being transparent to light with lower or higher

wavelengths, respectively.
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[0168] For example, in some embodiments ahot mirror is coated to reflect infrared radiation,
while allowing visible light to pass through. By orienting the hot mirror in afirst operating
mode, infrared light isreflected towards afirst optical detector configured to resolve the
infrared light. At the sametime, visible light passes through the hot mirror and is reflected
by a second mirror placed in an operating mode in communication with a second optical

detector configured to resolve the visible light.

[0169] Accordingly, in certain embodiments, a hyperspectral/multispectral imaging system
concurrently illuminates an ROI 1502 with afirst light source 104-4 emitting infrared
radiation 1506-4 and a second light source 104-5 emitting visible light 1506-5. Reflected or
backscattered infrared 1506-4 and visible 1506-5 light passing through the objective lens or
system thereof (not shown) isprojected onto the hot mirror (not shown), which reflects the
infrared light 1506-4 onto afirst optical detector 206-) configured to resolve the infrared light
1506-4. The visible light 1506-5 passes through the hot mirror and isreflected by a second
mirror (not shown) placed in optical communication with a second optical detector 206-5

configured to resolve the visible light.

[0170Q] In certain embodiments, the beam steering element is a chip comprising amicro
electromechanical system (MEMS). The MEMS chip generally includes atwo-dimensional
array of tiltable mirrors which may be separately controlled. U.S. Pat. No. 6,097,859 to
Solgaard et ah, the content of which is hereby incorporated herein by reference in its entirety
for all purposes, describes the functional configuration of such aMEMS wavelength selective
switch (WSS), which incorporates awavelength from an incoming fiber and is capable of
switching wavelength(s) to any one of multiple outgoing fibers. The entire switching array of
several hundred micro electromechanical system (MEMS) mirrors can be fabricated on a chip
having dimension of less than one centimeter by techniques well developed in the

semiconductor integrated circuit industry.

[0171] In some embodiments, the MEMS device is adigita light processing (DLP)
technology, for example, adigital micromirror device (DMD) chip. A DMD chip consists of
hundreds to hundreds of thousands of micromirrors arranged in arectangular array. In
certain embodiments, each of the mirrors on aDMD chip will correspond one-to-one with a
pixel resolved by an optical detector. The mirrors in aDMD array are individually rotatable
+10-12 degrees about a single axis, allowing for afirst and a second operating mode. DMDs

—ond i~ 15, e D | €ctors operate each micromirror individually, with the two operating modes
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corresponding to afirst "on" state, in which light is projected out through an aperture, and a
second "off state, in which light is diverted elsewhere internal to the projector, for example,
into aheat sink. Commercial DMD chips are sold, for example, by Texas Instruments
(Dallas, Texas).

[0172] In one embodiment, the two rotatable states of aDMD mirror are each in optical
communication with two optical detectors, respectively. Accordingly, two images, collected
a two different wavelengths of light, can be collected simultaneously by either toggling a
micromirror between its two rotatable states, or by positioning alternating micromirrors in
optical communication with different optical detectors. In some embodiments, the DMD chip
is further positioned on an actuator having aplurality of operating modes. Thus, when the
actuator isin afirst operating mode, the DMD mirrors can be in optical communication with
afirst or asecond optical detector, while in a second operating mode, the DMD mirrors can
be in optical communication with athird or afourth optical detector.

[0173] In certain embodiments, the use of aMEMS chip having atwo-dimensional array of
tiltable mirrors allows for line scanning a one or more wavelengths simultaneously. A
scanning device refers to line scanning (row or column scanner) or scanning the beam across
the field of view of adetector. In certain embodiments, the imaging system line scansto a
plurality of small optical detectors (e.g., asingle pixel sensor or photocell) so asto further

decrease the size and power consumption of the device.

[0174] In other embodiments, a scanning mirror is used for line scanning across afield of
view. The scanning mirror reflects light from one row of an ROI toward an optical detector,
which captures the image. After obtaining light from one row, the scanning mirror then
rotates or otherwise moves in order to obtain light from a different row. The scanning mirror
continues this rotation until light has been sequentially obtained from each row of the ROI.
Mechanisms other than scan mirrors can be used for line scanning of an ROI, such asthe
focal plane scanner described in Yang et al., "A CCD Camera-based Hyperspectral Imaging
System of Stationary and Airborne Applications,” Geocarto International, Vol. 18, No. 2,
June 2003, the content of which is hereby incorporated herein by reference in its entirety for

all purposes.

D. Imager Subsystem
[0175] Figure 7 shows an exploded view of the imager subsystem 210 of a co-axial
il/multispectral camera, according to some embodiments. The imager subsystem
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includes aplurality of optical detectors 206 mounted on arigid flex printed circuit assembly
706 viarigid printed circuit board (PCB) islands 704 in electrical communication with a CPU
(note shown), the CPU optionally mounted or otherwise in electrical communication with a
motherboard (not shown), by means of aflex circuit or wire 208. The flex circuit-PCB island
assembly is affixed onto amolded or machined fixture 700, optionally having individua slots
702 for mounting the respective PCB islands 704, to provide optica alignment with the
various operating modes of the beam steering element 204, rigid mounting, and to provide

vibration and shock resistance.

[0176] The optical detectors 206 are arranged at a fixed distance from the beam steering
element 204 and thus the objective lens 106 or objective lens assembly 202. In certain
embodiments, all of the optical detectors 206 in the imager subassembly 210 are arranged at
the same fixed distance from the beam steering element 204. The distance between the
optical detector 206 and objective lens 106 or objective lens assembly 202, together with the
size of the sensor elements that make up the optical detector 206, determines (in part) the
spectral resolution of the imager subsystem. The spectral resolution, which isthe width (e.g.,
FWHM) of the component wavelengths collected by the optical detectors, is configured, e.g.,
by covering the optical detector 206 with an objective filter, so asto be sufficiently small to
capture spectral features of medical conditions of interest.

[0177] The sensed intensity of component wavelengths depends on many factors, including
the light source intensity, the sensor element sensitivity at each particular component
wavelength, the reflectance or transmittance of different sensor components such as filters,
polarizers, and lenses, and the exposure time of the sensor element to the component
wavelength. These factors are selected such that the imager subsystem 210 is capable of
sufficiently determining the intensity of component wavelengths that can distinguish the
spectral features of medical conditions of interest.

1. Detector WavelengthFilters
[0178] In certain embodiments, wavelength filters are placed over the plurality of optical
detectors to increase the percentage of a desired wavelength or spectral band of light reaching
the optical detector. The detector filter is matched to a corresponding illumination filter, to
increase the signal-to-noise ratio of an image captured at the desired wavelength. In certain
embodiments, the detector filter is selected from abandpass filter, alongpass filter, and a

Ala ~dan L‘:lter
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[0179] In specific embodiments, the illumination wavelength filter is abandpass filter, e.g., a
filter that allows only radiation having awavelength in acertain range to pass, while blocking
passage of other wavelengths. In certain embodiments, the FWHM spectral bandpass of an
illumination filter (e.g., the size of the passband transmitted through the filter) isno more
than about 100 nm, preferably no more than about 50 nm, more preferably no more than
about 25 nm. In yet other embodiments, the FWHM spectral bandwidth of the filter isno
more than 250 nm, 200 nm, 200 nm, 175 nm, 150 nm, 150 nm, 125 nm, 100 nm, 90 nm, 80
nm, 75 nm, 70 nm, 65 nm, 60 nm, 55 nm, 50 nm, 45 nm, 40 nm, 35 nm, 30 nm, 25 nm, 20

nm, 15 nm, 10 nm, 9nm, 8 nm, 7 nm, 6 nm, 5nm, 4 nm, 3nm, 2 nm, or 1nm.

[0180] In certain embodiments, the bandpass filter isanarrow pass filter. 1n specific
embodiments, the narrow pass filter has aFWHM spectral bandwidth of no more than 25 nm,
24 nm, 23 nm, 22 nm, 21 nm, 20 nm, 19 nm, 18 nm, 17 nm, 16 nm, 15 nm, 14 nm, 13 nm, 12

nm, 11nm, 10 nm, 9nm, 8nm, 7 nm, 6 nm, 5nm, 4 nm, 3nm, 2 nm, or 1 nm.

[0181] In some embodiments, the plurality of bandpass illumination filters have central
wavelengths that are separated by at least 10 nm, or a least 15 nm, 20 nm, 25 nm, 30 nm, 35
nm, 40 nm, 45 nm, 50 nm, 55 nm, 60 nm, 65 nm, 70 nm, 75 nm, 80 nm, 85 nm, 90 nm, 95

nm, 100 nm, or more.

2. Detector Polarizing Filters
[0182] In certain embodiments, polarizing lenses (polarizers) are placed over one or more of
the plurality of optical detectors 206 to de-polarize light backscattered from atissue of a
patient. In some embodiments, a detector polarizing lens is matched to a corresponding
illumination polarizing lens, to increase the signal-to-noise ratio of an image captured at the
desired wavelength. In certain embodiments, the detector polarizing lens is selected from a

linear polarizer, acircular polarizer, and an dlliptical polarizer.

3. Optical Detectors
[0183] The optical detector may consist of one pixel or amultiplicity of pixels such asa
mega pixel array sensor. Suitable optical detectors are well known in the art, and include
without limitation, a charge-coupled device (CCD), a complementary metal-oxide-
semiconductor (CMOS), afocal plane array, and a photo-cell. Focal plane arrays and photo-
cells are particularly well suited for aline scanning device, in which the image of the ROl is
scanned to one or more detectors simultaneously in rows and columns to create an image
el.
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[0184] Examples of CCD in accordance with the present disclosure include, but are not
limited to a Si CCD, InGaAs, and HgCdTe detectors. A suitable spectral range in some
embodiments is 0.3 microns to 1 micron, 0.4 micron to 1 micron, 1 micron to 1.7 microns, or
1.3 microns to 2.5 microns. In some embodiments the detector contains between 320 and
1600 spatial pixels. In other embodiments, the CCD has more or less spatial pixels. In some
embodiments, the detector has afield of view between 14 degrees and 18.4 degrees. In some

embodiments the CCD samples a arate of between 3 nm and 10 nm.

[0185] Intypical embodiments, the optical detectors are covered by detector filters, typically
pass-band filters, configured for awavelength of interest. Optionally, one or more optical
detectors mounted in the imaging system is not be covered by afilter and can be used to
acquire abroadband image of the subject, used to focus an image of the subject, and/or used

to zoom in or out on aROlI.

4. Optimization d Exposure Time
[0186] Many advantages of the hyperspectral/multispectral imaging systems and methods
described herein are derived, at least in part, from the use of in-band illumination and
detection across multiple wavelengths/spectral band in co-axial alignment. For example, in-
band illumination allows for greater signal-to-noise ratio and reduced exposure times, which
in turn results in lower power consumption, reduced misalignment due to movement of the
subject, and reduced computational burden when processing the resulting

hyperspectral/multispectral data cubes.

[0187] These advantages can be further enhanced by minimizing the exposure time {e.g.,
shutter speed) needed to provide a suitable signal-to-noise ratio at each wavelength imaged.
The minimum exposure time needed to resolve a suitable image a each wavelength will
depend upon, at least, the sensitivity of the optical detector for the particular wavelength, the
characteristics and intensity of ambient light present when acquiring images, and the

concentration of melanin in the skin/tissue being imaged.

[0188] In one embodiment, the hyperspectral/multispectral imaging systems described herein
advantageously reduces the total amount of time required to collect a complete
hyperspectral/multispectral imaging by determining the specific exposure time needed to
resolve each sub-image of the hyperspectral/multispectral image. Each of the sub-images is
collected at a different wavelength or wavelength band and, because of this, the amount of

to resolve each sub-image will vary as afunction of wavelength. In some
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embodiments, this variance is advantageously taken into account so that sub-images that
require lesstime, because of their acquisition wavelengths or wavelength bands, are allotted
shorter exposure times whereas sub-images that require more time because of their
acquisition wavelengths or wavelength bands, are allotted shorter exposure times. This novel
improvement affords a faster overall exposure time because each of the sub-images in the
hyperspectral/multispectral image is only alocated an amount of time needed for full
exposure, rather than a"one size fits al" exposure time. In a specific embodiment, non-
transitory instructions encoded by the imager in non-transient memory determine the minimal
exposure time required for image acquisition a each wavelength or each wavelength band
used by the hyperspectral/multispectral imaging system.

[0189] In the hyperspectral/multispectral systems and methods described herein, the exposure
time used for image acquisition isthe time period in which an optical detector 206 is actively
resolving light received from the beam steering element 204. Accordingly, exposure time
can be manipulated by controlling the amount of time the beam steering element is in optical
communication with the particular optical detector, controlling the time an optical detector

206 is actively resolving light, or a combination thereof.

[0190] One aspect provides anon-transitory computer readable storage medium storing one
or more programs executable by a hyperspectral/multispectral imaging device with acentral
processing unit configured to execute the one or more programs and an optical acquisition
subsystem configured to acquire a hyperspectral/multispectral image of atissue of a subject.
The hyperspectral/multispectral imaging device comprises ahousing having an exterior and
an interior and a least one light source attached to the housing (e.g. , disposed on the exterior
of the housing. The hyperspectral/multispectral imaging device further comprises a least one
objective lens attached to or within the housing, the at least one objective lens disposed in an
optical communication path, the optical communication path comprising an originating end
and aterminating end. Light fromthe at least one light source is (i) first backscattered by a
tissue of a subject and (ii) then passed from the originating end of the optical communication
path, through the at least one objective lens, and to the terminating end of the optical
communication path. The hyperspectral/multispectral imaging device further comprises a
beam steering element within the interior of the housing, the beam steering element in optical
communication with the terminating end of the optical communication path, the beam
steering element characterized by aplurality of operating modes. The

il/multispectral imaging device further comprises aplurality of optical detectors
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offset from the optical communication path, each respective optical detector in the plurality
of optical detectors in optical communication with a corresponding operating mode of the
beam steering element. The hyperspectral/multispectral imaging device further comprises a
plurality of detector filters within the housing, each respective detector filter in the plurality
of detector filters covering acorresponding optical detector in the plurality of optical
detectors thereby filtering light received by the corresponding optical detector from the beam
steering element so that each optical detector in the plurality of optical detectors is configured
for recording arespective sub-image in the plurality of sub-images at the wavelength or
wavelength band of the respective sub-image. The one or more programs comprising
instructions for identifying aplurality of baseline exposure times, each respective baseline
exposure time in the plurality of baseline exposure times representing an exposure time for
resolving arespective sub-image, in the plurality of sub-images, of the tissue of the subject a
the wavelength or wavelength band of the respective sub-image. A first baseline exposure
time for afirst sub-image is different than a second baseline exposure time of a second sub-
image in the plurality of sub-images. The one or more programs further comprise
instructions for cycling the beam steering element through the plurality of operating modes,
where the beam steering element isretained in each respective operating mode for the
baseline exposure time corresponding to the wavelength or wavelength band collected by the
optical filter corresponding to the respective operating mode so that a sub-image is recorded
on the optical detector corresponding to the respective operating mode, thereby collecting the
hyperspectral/multispectral image of the tissue.

[0191] Referring to Figure 17, in one embodiment, a method (1700) is provided for acquiring
a hyperspectral/multispectral image of atissue of a patient, the method comprising selecting
(1702) aplurality of wavelengths or discrete wavelength bands for acquiring a
hyperspectral/multispectral image of atissue; identifying (1704) minimum exposure times for
resolving an image of the tissue at each wavelength or discrete wavelength band; identifying
(1710) at least one factor affecting one of more minimum exposure times; adjusting (1718)
the minimum exposure times based on the identified factors; and acquiring a

hyperspectral/multispectral image of the tissue using the adjusted minimum exposure times.

[0192] In some embodiments, the minimum exposure times are based on baseline
illumination of the tissue and/or the sensitivity of an optical detector acquiring the image.
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[0193] In some embodiments, the factor affecting the minimal exposure time is one or more
of illumination provided by adevice used to acquire the hyperspectral/multispectral image,

ambient light, and concentration of melanin in the tissue.

E. Processor Subsystem
[0194] Figure 13 schematically illustrates an exemplary embodiment of the processor
subsystem 1300. The processor subsystem 1300 includes one or more central processing
units (CPU) 1308, an optional main non-volatile storage unit 1340, for example a memory
card, for storing software and data, the storage unit 1340 optionally controlled by storage
controller 1342, and a system memory 1314 for storing system control programs, data, and
application programs, including programs and data loaded from the non-volatile storage unit
1340. The processor subsystem 1300 optionally includes auser interface 1302 including one
or more input devices 1306 {e.g., atouch screen, buttons, or switches) and/or adisplay 1304,
although in certain embodiments, the hyperspectral/multispectral imaging system may be
controlled by an external device such as ahandheld device, laptop computer, or desktop
computer. The processor subsystem 1300 includes one or more communication interfaces
1312 for connecting to any wired or wireless external device {e.g., ahandheld device, |aptop
computer, or desktop computer) or communication network {e.g., awide area network such
asthe Internet) 1313. The processor subsystem 1300 includes apower source 1307 to power
the aforementioned elements and an internal bus 1310 for interconnecting the aforementioned
elements of the system. The communication bus 1310 may include circuitry (sometimes
called achipset) that interconnects and controls communications between system

components.

[0195] In some embodiments, the processor subsystem 1300 communicates with a
communication network 1313, thereby enabling the processor subsystem 1300 to transmit
and/or receive data between mobile communication devices over the communication

network, particularly one involving awireless link, such as cellular, WiFi, ZigBee, BluTooth,
IEEE 802.11b, 802.11a, 802.11g, or 802.11n, etc. The communication network can be any
suitable communication network configured to support datatransmissions. Suitable
communication networks include, but are not limited to, cellular networks, wide area
networks (WANS), local area networks (LANS), the Internet, IEEE 802.1 b, 802.11a,
802.11g, or 802.1 In wireless networks, landline, cable line, fiber-optic line, etc. The imaging

system, depending on an embodiment or desired functionality, can work completely offline
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by virtue of its own computing power, on anetwork by sending raw or partialy processed

data, or both simultaneously.

[0196] Memory 1314 includes high-speed random access memory, such as DRAM, SRAM,
DDR RAM, or other random access solid state memory devices, and typically includes non-
volatile memory flash memory devices, or other non-transitory solid state storage devices.
Memory 1314 optionally includes one or more storage devices remotely located from the
CPU(s) 1308. Memory 1314, or aternately the non-transitory memory device(s) within

memory 1314, comprises anon-transitory computer readable storage medium.

[0197] In some embodiments, operation of the processor subsystem 1300 is controlled
primarily by an operating system 1320, which is executed by a central processing unit 1308.
The operating system 1320 can be stored in a system memory 1314. In some embodiments,

processor subsystem 1300 isnot controlled by an operating system.

[0198] In some embodiments, the system memory 1314 includes one or more of afile system
1322 for controlling access to the various files and data structures described herein, an
illumination software control module 1324 for controlling the light source(s) described
herein, abeam steering software control module 1326 for controlling the operating modes of
the beam steering element, an optical detector software control module 1328 for controlling
the optical detectors and reading digital images acquired thereby, adigital image data store
1331 for storing digital images 1332 acquire by the optical detectors, adata processing
software module 1334 for manipulating an acquired image or set of images, a
hyperspectral/multispectral  data cube data store 1335 for storing hyperspectral/multispectral
data cubes 1336 assembled from aplurality of hyperspectral/multispectral data planes, and a
communication interface software control module 1338 for controlling the communication
interface 1312 that connects to an external device (e.g., ahandheld device, laptop computer,
or desktop computer) and/or communication network (e.g. , awide area network such asthe

Internet.

[0199] The acquired digital images 1332 and hyperspectral/multispectral data cubes 1336
can be stored in a storage module in the system memory 1314, and do not need to be
concurrently present, depending on which stages of the analysis the processor subsystem
1300 has performed. In fact, in some embodiments, prior to imaging a subject and after
communicating acquired digital images or processed data files thereof, the

il/multispectral imaging system contains neither acquired digital images 1332 nor
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hyperspectral data cubes 1336. In other embodiments, after imaging a subject and after
communicating acquired digital images or processed data files thereof, the
hyperspectral/multispectral imaging system retains acquired digital images 1332 and/or
hyperspectral data cubes 1336 for aperiod of time (e.g., until storage space isneeded, for a

predetermined amount of time, etc.).

[0200] In some embodiments, the programs or software modules identified above correspond
to sets of instructions for performing afunction described above. The sets of instructions can
be executed by one or more processors, e.g., a CPU(s) 1308. The above identified software
modules or programs (e.g., sets of instructions) need not be implemented as separate software
programs, procedures, or modules, and thus various subsets of these programs or modules
may be combined or otherwise re-arranged in various embodiments. In some embodiments, a
memory 1314 stores a subset of the modules and data structures identified above.
Furthermore, amemory 1314 may store additional modules and data structures not described

above.

[0201] The system memory 1314 optionaly aso includes one or more of the following
software modules, which are not illustrated in Figure 13: aspectral library which includes
profiles for aplurality of medical conditions, a spectral analyzer software module to compare
measured hyperspectral/multispectral datato a spectral library, control modules for additional
sensors; information acquired by one or more additional sensors, an image constructor
software module for generating a hyperspectral/multispectral image, a
hyperspectral/multispectral image assembled based on ahyperspectral/multispectral  data
cube and optionally fused with information acquired by an additional sensor, afusion
software control module for integrating data acquired by an additional sensor into a
hyperspectral/multispectral data cube, and a display software control module for controlling a

built-in display.

[0202] While examining a subject and/or viewing hyperspectral/multispectral images of the
subject, aphysician can optionally provide input to processor subsystem 1300 that modifies
one or more parameters upon which a hyperspectral/multispectral image and/or diagnostic
output isbased. In some embodiments, this input is provided using input device 1306.
Among other things, the processor subsystem 1300 can be instructed to modify the spectral
portion selected by a spectral analyzer (e.g., to modify athreshold of analytical sensitivity) or
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to modify the appearance of the image generated by an image constructor (e.g., to switch

from an intensity map to atopological rendering).

[0203] Likewise, the processor subsystem 1300 can be instructed to communicate
instructions to the imager subsystem 210 to modify the sensing properties of one of the
optical detectors (e.g., an exposure setting, a frame rate, an integration rate, or awavelength
to be detected). Other parameters can also be modified. For example, the processor
subsystem 1300 can be instructed to obtain awide-view image of the subject for screening

purposes, or to obtain a close-in image of aparticular region of interest.

[0204] In some embodiments, processor subsystem 1300 does not include a controller 1342
or memory 1340. In some such embodiments, memory 1314 and CPU 1308 are, in fact, one
or more application-specific integrated circuit chips (ASICs). For example, in some
embodiments, an ASIC includes the instructions of illumination control module 1324, beam
steering control module 1326, optical detector control module 1328, data processing module
1334 and/or communication interface control module 1338. In some embodiments, the ASIC
further includes storage space for the acquired digital image data store 1331 and the digital
images 1332 stored therein and/or the hyperspectral/multispectral  data cube data store 1335
and the hyperspectral/multispectral  data cubes 1336 stored therein.

1. Spectral Analyzer
[0205] In some embodiments, memory 1314 include a spectral library and spectral analyzer
for comparing hyperspectral/multispectral  data acquired by the imaging system to known
spectral patterns associated with various medical conditions. In other embodiments, analysis
of the acquired hyperspectral/multispectral data isperformed on an external device such asa
handheld device, tablet computer, laptop computer, desktop computer, an external server, for

example in acloud computing environment.

[0206] In some embodiments, a spectral library includes profiles for apluraity of medical
conditions, each of which contain a set of spectral characteristics unique to the medical
condition. A spectral analyzer uses the spectral characteristics to determine the probability or
likelihood that aregion of the subject corresponding to a measured

hyperspectral/multispectral  data cube is inflicted with the medical condition. In some
embodiments, each profile includes additional information about the condition, e.g.,
information about whether the condition ismalignant or benign, options for treatment, etc. In

liments, each profile includes biological information, e.g., information that is
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used to modify the detection conditions for subjects of different skin types. In some
embodiments, the spectral library is stored in asingle database. In other embodiments, such
data isinstead stored in aplurality of databases that may or may not al be hosted by the same
computer, e.g., on two or more computers addressable by wide area network. In some
embodiments, the spectral library is electronically stored in anon-volatile storage unit 1340

and recalled using a storage controller 1342 when needed.

[0207] In some embodiments, a spectral anayzer analyzes aparticular spectra derived from a
hyperspectral/multispectral data cube, the spectra having pre-defined spectral ranges (e.g.,
spectral ranges specific for aparticular medical condition), by comparing the spectral
characteristics of apre-determined medical condition to the subject's spectra within the
defined spectral ranges. Performing such a comparison only within defined spectral ranges
can both improve the accuracy of the characterization and reduce the computational power

needed to perform such a characterization.

[0208] The spectral characteristics of amedical condition, such as ischemia or an ulcer, can
be determined, for example, by first identifying an actual condition of that type on another
subject, for example using conventional visual examination, and then obtaining the
wavelength-dependent backscattering RMQ(A) of arepresentative region of the skin affected
by the medical condition. The backscattering of the affected skin RMa4) can then be
spectrally compared to the wavel ength-dependent backscattering of that subject's normal skin
in the same area of the lesion, Rs(4), by normalizing the backscattering of the affected skin

against the backscattering of normal skin as follows:

where RM:N(Z) isthe normalized backscattering of the affected skin. In other embodiments,
Rycn(4) 1s instead determined by taking the difference between Rj(4) and Rus(4), or by
calculating RMcp(4) = [RMAA)-RNIA) )/ [RMAA)+RNg(4)]. Other types of normalization are
possible. Note that if there are multiple representative regions of affected skin, there will be
as many normalized backscatterings of the affected skin. These normalized backscatterings
can be averaged together, thus accounting for the natural spectral variation among different
regions of the affected skin. Note also that because of the natural variation in characteristics

of normal skin among individuas, aswell the potential variation in characteristics of a
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particular type of affected skin among individuals, it can be useful to base the model of the
normalized affected skin backscattering RMc »(4) on the average of the backscatterings RMO()
of many different affected skin samples of the same type, aswell as on the average of the
backscatterings RNJA) of many different types of normal skin (e.g., by obtaining RMc (/) for
many different subjects having that medical condition, and averaging the results across the
different subjects).

[0209] In one embodiment, in order to determine whether the subject has the type of medical
condition characterized by RM-N(4), the spectral analyzer obtains the skin reflectance of each
region, R, gion (fy, from ameasured hyperspectral cube or data plane (1336). The spectral
analyzer then normalizes the backscattering R, gion (1) from that region against the
wavelength-dependent backscattering of the subject's normal skin in the same area, Rys

sup ed(4), as follows:

Region (A)
R . Q) = region )
regzon,N( ) ANS,Subjecl‘ (ﬁ)

where R, 0, N(f isthe normalized backscattering of the region. Other types of normalization

are possible.

[0210] In some embodiments, the spectral analyzer analyzes the subjects spectra by
comparing R, ioni4) to Ry m(4). In °n€ simple example, the comparison is done by taking
the ratio R, .gion N(4)IRMCN(4), or the difference RMcN(4)- Rre ionN(f - The magnitude of the
ratio or difference indicates whether any region has spectral characteristics that match that of
affected skin. However, while ratios and differences are simple calculations, the result of
such a calculation is complex and requires further analysis before a diagnosis can be made.
Specifically, the ratio or subtraction of two spectra, each of which has many peaks, generates
acalculated spectrum that also has many peaks. Some peaks in the calculated spectrum may
be particularly strong (e.g., if the subject has the medical condition characterized by

Rue p(4)), but other peaks may also be present (eg., duetonoise, or dueto some particular
characteristic of the subject). A physician in the examination room would typically find
significantly more utility in asimple "yes/no" answer asto whether the subject has a medical
condition, than hewould in a complex spectrum. One method of obtaining a "yes/no" answer
isto calculate whether apeak in the calculated spectrum has a magnitude that is above or
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below apredetermined threshold and is present a awavelength that would be expected for
that medical condition.

[021 1] Another way to obtain a"yes/no" answer isto treat Rregionn(A) and Ryvicn(h) as
vectors, and to determine the "angle" between the vectors. The angle represents the degree of
overlap between the vectors, and thus represents how likely it isthat the subject has the
medical condition. If the angle is smaller than athreshold value, the subject is deemed have
the medical condition; if the angle does not exceed athreshold value, the subject is deemed
not to have the medical condition. Alternately, based on the value of the angle between the
vectors, aprobability that the subject has the medical condition can be determined.

[0212] In one embodiment, a spectral library may comprise apersonalized database of
spectral information that is collected for aparticular subject. The personalized database can
then beused to monitor changes in the subject over time. Changes over time in the spectral
characteristics of aregion on the subject can beused to provide information, for example, on
the progression or regression of amedical condition, the efficacy of treatment, and the
appearance of anew medical condition (e.g., the formation of an ulcer). The provided
information can be used to inform the medical treatment of the subject. For further details,
see U.S. Patent Publication No. 2009/0326383, the content of which is hereby incorporated

herein by reference in its entirety for al purposes.

[0213] In certain embodiments, the spectral analyzer includes atrained data analysis
algorithm for identifying aregion on the subject's skin of biological interest using an image
obtained by the apparatus and/or for determining aportion of a hyperspectral/multispectral
data cube that contains information about abiological insult in the subject's skin. A wide
variety of pattern classification techniques and/or statistical techniques can be used in
accordance with the present disclosure to help in the analysis. For instance, such pattern
classification techniques and/or statistical techniques can be used to (i) assist in identifying a
medical condition of asubject, (ii) assist in characterizing amedical condition of a subject,
and (iii) assist in analyzing the progression of amedical condition of a subject (e.g., detect
changes in tissue composition or awound on the skin of apatient over time). For further
details, see U.S. Patent Publication No. 2009/0326383, the content of which is hereby

incorporated herein by reference in its entirety for all purposes.

[0214] Peattern classification isused to mine a spectral library to identify and characterize

ditions (e.g., ischemia, an ulcer, diabetes, etc.) that are characterized by
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observable hyperspectral/multispectral signatures. In some examples, the
hyperspectral/multispectral signatures are values of specific pixels in an image of a subject's
skin, patterns of values of specific groups of pixels in an image of a subject's skin, values of
specific measured wavelengths or any other form of observable datathat is directly present in
the spectral data and/or that can be derived from the spectral data taken of a subject's skin. In
some embodiments, pattern classification techniques such as artificial intelligence are used to
analyze hyperspectral/multispectral data cubes, the output of other sensors or cameras, and/or
hyperspectral/multispectral images themselves (which may or may not be fused with other
information). further details, see: U.S. Patent Publication No. 2009/0326383; National
Research Council; Panel on Discriminant Analysis Classification and Clustering,
Discriminant Analysis and Clustering, Washington, D.C.: National Academy Press; and
Dudoit et ah, JASA 97; 77-87 (2002), the contents of which are hereby incorporated herein

by reference in their entireties, for al purposes.

[0215] Relevant algorithms for decision rules include, but are not limited to: discriminant
analysis including linear, logistic, and more flexible discrimination techniques (see, e.g.,
Gnanadesikan, 1977, Methodsfor Statistical Data Analysis & Multivariate Observations,
New York: Wiley 1977; tree-based algorithms such as classification and regression trees
(CART) and variants (see, e.g., Breiman, 1984, Classification and Regression Trees,
Belmont, Californiac Wadsworth International Group); generalized additive models (see, e.g.,
Tibshirani , 1990, Generalized Additive Models, London: Chapman and Hall); neural
networks (see, e.g., Neal, 1996, Bayesian Learningfor Neural Networks, New Y ork:
Springer-Verlag; and Insua, 1998, Feedforward neural networks for nonparametric regression
In: Practical Nonparametric and Semiparametric Bayesian Statistics, pp. 181-194, New
York: Springer), the contents of which are hereby incorporated herein by reference in their
entireties, for all purposes. Other suitable data analysis algorithms for decision rules include,
but are not limited to, logistic regression, or anonparametric algorithm that detects
differences in the distribution of feature values {e.g., aWilcoxon Signed Rank Test
(unadjusted and adjusted)).

[0216] Additional suitable data analysis algorithms are known in the art, some of which are
reviewed in Hastie et ah, (2001, The Elements of Statistical Learning, Springer-Verlag, New
York, Chapter 9, the content of which is hereby incorporated herein by reference in its
entirety for all purposes). Examples of data analysis algorithms include, but are not limited

ation and Regression Tree (CART), Multiple Additive Regression Tree (MART),
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Prediction Analysis for Microarrays (PAM), and Random Forest analysis. Such algorithms
classify complex spectra and/or other information in order to distinguish subjects as normal
or as having aparticular medical condition. Other examples of data analysis algorithms
include, but are not limited to, ANOVA and nonparametric equivalents, linear discriminant
analysis, logistic regression analysis, nearest neighbor classifier analysis, neural networks,
principal component analysis, quadratic discriminant analysis, regression classifiers and
support vector machines. Such algorithms may be used to construct adecision rule and/or
increase the speed and efficiency of the application of the decision rule and to avoid
investigator bias, one of ordinary skill in the art will realize that computer-based algorithms

are not required to carry out the disclosed methods.

[0217] In specific embodiments, suitable data analysis algorithms operable by the central
processing unit(s) 1308 of the hyperspectral/multispectral imaging systems described herein,
or by external devices or servers, are used, for example, to detect the location and/or severity
of diabetic foot ulcers or pressure ulcers. In some embodiments, suitable data analysis
algorithms are used to predict the possible formation of diabetic foot ulcers or pressure

ulcers. Non-limiting examples of suitable data analysis algorithms for these purposes are
found in Yudovsky D. et al, JDiabetes Sci Technol. (2010) Sep 1; 4(5): 1099-1 13; Y udovsky
D.etal, JBiomed Opt. (201 1) Feb; 16(2):026009, and Yudovsky D. et al, JBiophotonics
(201 1) Aug; 4(7-8):565-76, the contents of which are hereby incorporated herein by reference

in their entireties for all purposes.

[0218] For additional information on the use of trained data analysis agorithms for the

analysis of hyperspectral/multispectral data, see, for example, U.S. Patent Publication Nos.
2009/0326383 and 2003/0215791, and United States Patent Nos. 7,282,723 and 7,219,086,
the contents of which are hereby incorporated herein by reference in their entireties for all

pUrpOSEsS.

F. Display Subsystem
[0219] In certain embodiments, the hyperspectral/multispectral imaging system comprises a
display 1304 which receives an image {e.g., acolor image, mono-wavelength image, or
hyperspectral/multispectral image) from a display control module, and displays the image.
Optionally, the display subsystem also displays alegend that contains additional information.
For example, the legend can display information indicating the probability that aregion has a
~~tin 1w gdical condition, acategory of the condition, aprobable age of the condition, the
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boundary of the condition, information about treatment of the condition, information
indicating possible new areas of interest for examination, and/or information indicating
possible new information that could be useful to obtain adiagnosis, e.g., another test or

another spectral area that could be analyzed.

[0220] In one embodiment, ahousing display isbuilt into the housing of a
hyperspectral/multispectral  imaging system. In an example of such an embodiment, avideo
display in electronic communication with the processor 1308 is mounted on the back-side of
aco-axial camera, as described herein. In aparticular embodiment, the housing display isa
touchscreen display that isused to manipulate the displayed image and/or control the
hyperspectral/multispectral  system.

[0221] In another embodiment, the communication interface 1312 comprises a docking
station for amobile device having amobile device display. A mobile device, such as a smart
phone, apersonal digital assistant (PDA), an enterprise digital assistant, atablet computer, an
IPOD, adigital camera, or aportable music player, can be connected to the docking station,
effectively mounting the mobile device display onto the hyperspectral/multispectral  imaging
system (e.g., camera). Optionally, the mobile device isused to manipulate the displayed
image and/or control the hyperspectral/multispectral system.

[0222] Inyet another embodiment, the processor subsystem 1300 is configured to be in wired
or wireless communication with an external display, for example, on ahandheld device,
tablet computer, laptop computer, desktop computer, television, 1POD, or projector unit, on
which the image isdisplayed. Optionally, auser interface on the external device isused to

manipulate the displayed image and/or control the hyperspectral/multispectral  system.

[0223] In one embodiment, an image can be displayed in real time on the display. The real-
time image can beused, for example, to focus an image of the subject, to select an
appropriate region of interest, and to zoom the image of the subject in or out. In one
embodiment, the real-time image of the subject is a color image captured by an optical
detector that isnot covered by a detector filter. In these embodiments, the imager subsystem
comprises an optical detector dedicated to capturing true color images of a subject. In
another embodiment, the real-time image of the subject is a monowavelength, or narrow-band
(eg., 10-50 nm), image captured by an optical detector covered by a detector filter. Inthese
embodiments, any optical detector covered by a detector filter in the imager subsystem may

(i) resolving digital images of the subject for integration into a
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hyperspectral/multispectral data cube; and (ii) resolving narrow-band images for focusing, or

otherwise manipulating the optical properties of the imaging system.

[0224] In some embodiments, a hyperspectral/multispectral image constructed from data
collected by the imaging system is displayed on an internal housing display, mounted housing
display, or external display. Assembled hyperspectral/multispectral data (e.g., present in a
hyperspectral/multispectral data cube) is used to create atwo-dimensional representation of
the imaged object or subject, based on one or more parameters. An image constructor
module, stored in the imaging system memory or in an external device, constructs an image
based on, for example, an analyzed spectra. Specifically, the image constructor creates a
representation of information within the spectra. In one example, the image constructor
constructs atwo-dimensional intensity map in which the spatially-varying intensity of one or
more particular wavelengths (or wavelength ranges) within the spectra isrepresented by a

corresponding spatially varying intensity of avisible marker.

[0225] In certain embodiments, the image constructor fuses a hyperspectral image with
information obtained from one or more additional sensors. Non-limiting examples of suitable
image fusion methods include: band overlay, high-pass filtering method, intensity hue-
saturation, principle component analysis, and discrete wavelet transform. For further details
on exemplary image fusion techniques, see U.S. Patent Publication No. 2009/0326383, the
content of which is hereby incorporated herein by reference in its entirety for al purposes.

1. Touchscreen Displays
[0226] In one embodiment, the display subsystem includes atouchscreen video display that
can be manipulated by the user, for example, to focus an image, zoom in or out within an
image, select aregion of an image for further analysis, change the contrast of the image,
change aparameter of a hyperspectral/multispectral image (e.g., the mode, spectral bands
represented, artificial coloring, etc.). In aspecific embodiment, the display subsystem
comprises atouchscreen overlaying a second video display, such asan LCD display, the
touchscreen and second video display having their own circuitry and patterns.

[0227] Touchscreens use various technologies to sense touch from afinger or stylus, such as
resistive, capacitive, infrared, and acoustic sensors. Resistive sensorsrely on touch to cause
two resistive elements overlaying the display to contact one another completing aresistive

circuit, while capacitive sensors rely on the capacitance of afinger changing the capacitance

an array of elements overlaying the display device. Infrared and acoustic
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touchscreens similarly rely on afinger or stylusto interrupt infrared or acoustic waves across

the screen, indicating the presence and position of atouch.

[0228] Capacitive and resistive touchscreens often use transparent conductors such as indium
tin oxide (ITO) or transparent conductive polymers such as PEDOT to form an array over the
display image, so that the display image can be seen through the conductive elements used to
sense touch. The size, shape, and pattern of circuitry have an effect on the accuracy of the
touchscreen, aswell as on the visibility of the circuitry overlaying the display. Although a
single layer of most suitable conductive elementsis difficult to see when overlaying a
display, multiple layers can bevisible to auser, and some materials such as fine line metal

elements are not transparent but rely on their small sizeto avoid being seen by users.

[0229] For additional information on the use of touchscreen displays, see, for example, U.S.
Patent Nos. 7,190,348, 7,663,607, and 7,843,516 and U.S. Patent Publication Nos.
2008/0062139, 2009/0046070, 201 1/0102361, 201 1/0095996, the contents of which are
hereby incorporated herein by reference in their entireties for all purposes.

G. Additional Elements
[0230] In some embodiments, the hyperspectral/multispectral imaging system is mountable
on atripod or other fixed structure. In some embodiments, the tripod is afixed sensor tripod
or afixed sensor tripod on wheels. In some embodiments, the hyperspectral sensor is
mountable on amobile or fixed rack. For example, in some embodiments, amobile
hyperspectral/multispectral imaging device may be mounted on arack or other permanent

fixture in an examination room.

[11.  Overviewd Methods
[0231] Figure 14 illustrates an overview of amethod (1400) for providing information on the
medical condition of a subject, using hyperspectral/multispectral imaging. First, adigital
image of an ROI on a subject is captured (1402) at afirst wavelength using a first matching
illumination source and optical detector included in a hyperspectral/multispectral imaging
system as described herein. In some embodiments, the particular area of the subject
comprises several different contiguous or non-contiguous regions of the subject's skin. As
described in greater detail herein, in some embodiments, this image is obtained by
illuminating an ROI with afirst narrowband light source disposed on the imaging system and
directing light backscattered from the ROI to afirst optical detector configured to resolve the
light {e.g., an optical detector covered by afilter matching the narrowband
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illumination source) using abeam steering element positioned in afirst operating mode in

optical communication with the first optical detector.

[0232] At step 1404, adetermination is made asto whether images have been captured for al
matching illumination source and detector combinations. 1f not 1404-No, an additional
image of the ROl is captured (e.g., at a second wavelength using a second matching
illumination source and optical detector). Additional digital images are collected at unique
narrowband wavelengths in this manner until images of the ROl have been obtained at al
desired wavelengths 1404-Yes. The quantity and identity of required images resolved at
unique wavelengths depends upon the medical condition(s) being evaluated. In certain
embodiments, for example, where an ischemic condition is being evaluated by measuring
oxyhemoglobin and deoxyhemoglobin levels a an ROI, as little as three wavelengths are
required for the analysis. In other embodiments, for example, where potentially cancerous
skin legions are being discriminated from other pigmented legions, many more images may

berequired (see, Nagaoka T. et al, supra).

[0233] Optionally, data contained with the acquired digital images isthen pre-processed
(1406) by a central processing unit (CPU) present in the hyperspectral/multispectral imaging
system. The digital images may be processed, for example, to adjust the brightness of the
acquired digital image(s), adjust the contrast of the acquired digital image(s), remove an
artifact from the acquired digital image(s), crop the acquired digital image(s), processing one
or more sub-pixels of the acquired digital image(s), compress the size of the acquired digital
image(s), assemble aplurality of acquired digital images into a spectral hypercube, transform
a spectral hypercube assembled from the plurality of acquired digital images, format data
contained within the acquired digital image(s); and/or encrypt data contained within the
acquired digital image.

[0234] The processed data and/or raw unprocessed digital images are then transmitted to an
external device or server in step 1408 for further analysis. Dueto the extensive
computational power required for the analysis of hyperspectral/multispectral data sets, it is
desirable to perform as much of the computation on an external device or server, for example,
to free up the CPU in the imaging system for image acquisition and/or to lower the
computational requirements of the imaging system, especialy in ahandheld camera
embodiment running on battery power. Non-limiting examples of external devices suitable

g v annaiv ig hyperspectral/multispectral data include: handheld devices such as smart

66



WO 2014/007869 PCT/US2013/032682

phone, personal digital assistants (PDA), IPHONES, enterprise digital assistants, tablet
computers, desktop computers, laptop computers, servers containing multiple CPUs, and
cloud computing environments. In certain embodiments, processing and analysis is broken-
up between multiple devices. For example, in one embodiment, a hyperspectral/multispectral
imaging system transmits processed or unprocessed digital images to a handheld device (eg.,
asmart phone). The smart phone may perform additional processing steps and/or initial
analysis of the data and then transmit intermediate data filesto a second device or server, for

example, a cloud computing environment, to perform computationally taxing analysis.

[0235] In step 1410, the externa device or server determines whether the datawere
transmitted in aformat suitable for hyperspectral/multispectral analysis, e.g., apre-assembled
spectral data cube. If the data are not present in asuitable format 1410-No, the external
device or server format the data accordingly in step 1412, for example, by assembling the
data into a spectral data cube. Measurements from the plurality of digital images may be
processed according to methods such as clustering analysis, principal component analysis or
any analytic methods that are suitable for processing such measurements. In some
embodiments, the measurements are normalized before any analytical processing is

performed.

[0236] If the external device or server determines the data transmitted in aformat suitable for
hyperspectral/multispectral analysis (1410-Y es) or after upon appropriate formatting, 1412,
the hyperspectral/multispectral data is compared, in step 1414, to one or more spectral
signatures in alibrary of spectral signatures in which each spectral signature in the library
corresponds to one or more spectral characteristics of amedical condition. In some
embodiments, amedical condition is identified when the comparison results in identification
of a spectral signature from the spectral signature library that most resembles a spectrum in
the measured hyperspectral/multispectral data. Results from such a comparison can be

represented by a similarity metric, such asaratio or a similarity matrix.

[0237] Examples of similarity metrics arereviewed in McGill et al., 1979, "An evaluation of
factors affecting document ranking by information retrieval systems,” Project report,
Syracuse University School of Information Studies, the content of which is hereby
incorporated herein by reference in its entirety for al purposes. In particular, Table 2 of
McGill et al list 67 different exemplary similarity metrics that can be used to compare

—~~~n— —~qts from one or more of the plurality of regions with a spectral signature in a
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library of spectral signatures. If the similarity metrics is above acertain value, the
corresponding region will be identified as the suspect region. For example, aregion can be
identified as a suspect region when the similarity metric between the region and a spectral
signature for amedical condition is, e.g., aratio of 0.4 or above, 0.5 or above, 0.6 or above,
0.7 or above, 0.8 or above, 0.9 or above, where 1.0 represents complete identity between the
region and the spectral signature of the medical condition. It will be understood by one of
skill of the art that the threshold for the similarity metric can differ with respect to the type of
tissues under analysis. For example, it may be more difficult obtaining signals for a certain
type of tissues such that the signal to noise ratio for the particular tissue may be low; thus
ultimately resulting in alow similarity metrics value. In some embodiments, measurements
of aplurality of regions are resolved into spectrawhere each spectrum corresponds to a
different region. The spectrum corresponding to aparticular region isthen compared to a
signature spectrum corresponding to amedical condition. The signature spectrum is obtained
by taking measurements of aregion that is known to have the medical condition. It will be
understood by one of skill in the art that any suitable analytical methods can be used for
obtaining the spectral signature of the medical condition.

[0238] To compute asimilarity metric (e.g., acorrelation coefficient) between measurements
from the ROI with one or more spectral signatures in alibrary of spectral signatures, any
number of techniques can be used. For example, aplurality of features can be calculated
from the measurements of aregion in the plurality of regions. These same features can be
calculated from the spectral signatures. One example of the feature is an observed or
recorded intensity a aparticular wavelength. Another example of afeature isthe ratio of one
observed or recorded intensity at one particular wavelength divided by another observed or
recorded intensity a another particular wavelength. Another example of afeature is some
mathematical function of two or more observed or recorded intensities a unique
wavelengths. Exemplary mathematical functions include, but are not limited to, monomial
and polynomial functions (e.g., binomia functions, quadratic functions, trinomial function,

etc.) of any degree greater than zero (e.g., the linear function f(x) = a*(x) + b given above
where the value [a* (x)J istaken for a*(x)), rationa functions (e.g.,

n+ "I+ +ax+ . . .
R(x) _&Xra, X - ax+a, ), exponential functions (e.g., exponential decay or
bx"+b . x." +-.+bXx+h,

exponential growth), power functions (e.g., i(x) = axP, where aand p are real numbers),

i (e.g., apower series on variable x), or any combination thereof. In thisway,
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five or more, ten or more, twenty or more, or one hundred or more features can be calculated
from each hyperspectral image. The values of these features can then be used asthe basis for

computing a similarity between such images.

[0239] In some embodiments, additional information collected from the ROI on the subject is
used to assist in the identification of amedical condition. In certain embodiments, the
additional datais integrated with the hyperspectral/multispectral data measured from the
plurality of images acquired of the ROl and the integrated datais compared to alibrary of
spectral signatures containing integrated spectral and non-spectral signatures. In other
embodiments, the additional datais anayzed separately from the hyperspectral/multispectral
data, for example compared to a separate library of like signatures, for further characterize or
confirm aparticular medical condition. Additional data can be collected using any
combination of sensor, for example, aLIDAR sensor, athermal imaging sensor, a millimeter-
wave (microwave) sensor, a color sensor, an X-ray sensor, aUV sensor, aNIR sensor, a
SWIR sensor, aMWIR sensor, and aLWIR sensor. In certain embodiments, the additional
sensor is integrated into the hyperspectral/multispectral imaging system. In other
embodiments, the additional datais collected using a separate device. Exemplary methods
for collecting, integrating, and processing additional data in conjunction with
hyperspectral/multispectral data are provided in U.S. Patent Application Publication No.
2009/0326383 to Barnes et ah, the content of which is hereby incorporated herein by

reference in its entirety for all purposes.

[0240] After a spectral signature associated with amedical condition is identified in the
measured hyperspectral/multispectral data (1414), information on the medical condition is
provided to ahealthcare professional (1416). Thisinformation can be, for example,
information that provides or aids in providing a diagnosis for the patient, information that
provides alikelihood for aparticular diagnosis, information that provides or aids in providing
aprognosis for disease progression, information that provides or aids in providing a
prognosis for aparticular treatment course, information that provides or aids in providing an
optimal treatment course, where more than one treatment course is available, and information

that provides alikelihood of remission or disease-free survival after treatment.

[0241] Based on the information provided, a medical professional (e.g., aphysician) can
optionally design and/or implement atreatment plan. For example, if the subject is diagnosed
, bk~ ~~—~arouslesion that isnot readily apparent to the naked eye but that has boundaries
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observable in the hyperspectral/multispectra medical image, the treatment plan may call for
the excision of the lesion based on the boundaries shown in the hyperspectral/multispectral

medical image.

[0242] In some embodiments, hyperspectral/multispectral images of a subject, or ROI
thereof, are taken at a single time point, to evaluate the subject & that particular point in time.
In other embodiments, multiple hyperspectral/multispectral images of a subject, or ROI
thereof, are taken over aperiod of time, for example, separated by a minute, hour, day, week,
month, year, or decade, to monitor, for example, the overall health of the subject, progression
of amedical condition (e.g., progression of adisease), regression of amedical condition, the

efficacy of atreatment plan, or to proactively monitor the subject for amedical condition.

[0243] For example, in one embodiment, the feet of a subject diagnosed with diabetes are
periodically imaged by hyperspectral/multispectral techniques described herein to monitor for
initial signs of the formation of a diabetic foot ulcer, which occur in fifteen percent of all
diabepatients (Brem and Tomic-Canic, J Clin Invest. 2007 May; 117(5): 1219-22). In varying
embodiments, the patient's feet are imaged at least once aweek, at least once amonth, a

least once every three months, & least once every six months, or & least once ayear.

V. Application d Hyperspectral/Multispectral Medical | maging

[0244] In some embodiments, the present disclosure provides systems and methods for
hyperspectral/multispectral medical imaging. These methods are based on distinguishing the
different interactions that occur between light a different wavelengths and components of the
human body, especially components located in or just under the skin. For example, it iswell
known that deoxyhemoglobin absorbs a greater amount of light a 700 nm than does water,
while water absorbs amuch greater amount of light a 1200 nm, as compared to
deoxyhemoglobin. By measuring the absorbance of atwo-component system consisting of
deoxyhemoglobin and water at 700 nm and 1200 nm, the individual contribution of
deoxyhemoglobin and water to the absorption of the system, and thus the concentrations of
both components, can readily be determined. By extension, the individual components of
more complex systems (e.g., human skin) can be determined by measuring the absorption of

aplurality of wavelengths of light reflected or backscattered off of the system.

[0245] The particular interactions between the various wavelengths of light measured by
hyperspectral/multispectral imaging and each individual component of the system (e.g., skin)

perspectral/multispectral signature, when the datais constructed into a
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hyperspectral/multispectral data cube. Specifically, different regions (e.g., different ROI on a
single subject or different ROI from different subjects) interact differently with the light
depending on the presence of, for example, amedical condition in the region, the
physiological structure of the region, and/or the presence of a chemical in the region. For
example, fat, skin, blood, and flesh al interact with various wavelengths of light differently
from one another. Similarly, a given type of cancerous lesion interacts with various
wavelengths of light differently from normal skin, from non-cancerous lesions, and from
other types of cancerous lesions. Likewise, agiven chemical that is present (e.g., in the
blood, or on the skin) interacts with various wavelengths of light differently from other types
of chemicals. Thus, the light obtained from each illuminated region of a subject has a
spectral signature based on the characteristics of the region, which signature contains medical
information about that region.

[0246] For example, the structure of skin, while complex, can be approximated as two
separate and structurally different layers, namely the epidermis and dermis. These two layers
have very different scattering and absorption properties due to differences of composition.
The epidermis isthe outer layer of skin. It has specialized cells called melanocytes that
produce melanin pigments. Light isprimarily absorbed in the epidermis, while scattering in
the epidermis is considered negligible. For further details, see G.H. Findlay, "Blue Skin,"
British Journal of Dermatology 83(1), 127-134 (1970), the content of which is incorporated

herein by reference in its entirety for all purposes.

[0247] The dermis has adense collection of collagen fibers and blood vessels, and its optical
properties are very different from that of the epidermis. Absorption of light of abloodless
dermisisnegligible. However, blood-born pigments like oxy- and deoxy-hemoglobin and
water are major absorbers of light in the dermis. Scattering by the collagen fibers and
absorption due to chromophores in the dermis determine the depth of penetration of light
through skin.

[0248] Light used to illuminate the surface of a subject will penetrate into the skin. The
extent to which the light penetrates will depend upon the wavelength of the particular
radiation. For example, with respect to visible light, the longer the wavelength, the farther
the light will penetrate into the skin. For example, only about 32% of 400 nm violet light
penetrates into the dermis of human skin, while greater than 85% of 700 nm red light

P SN R 1
Mo me derm

ig or beyond (see, Capinera J.L., Encyclopedia d Entomology, 2
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Edition, Springer Science (2008) at page 2854, the content of which is hereby incorporated
herein by reference in its entirety for al purposes). For purposes of the present disclosure,

when referring to "illuminating atissue," "reflecting light off of the surface,” and the like, it
is meant that radiation of a suitable wavelength for detection is backscattered from atissue of
a subject, regardless of the distance into the subject the light travels. For example, certain
wavelengths of infra-red radiation penetrate below the surface of the skin, thus illuminating

the tissue below the surface of the subject.

[0249] Briefly, light from the illuminator(s) on the systems described herein penetrates the
subject's superficial tissue and photons scatter in the tissue, bouncing inside the tissue many
times. Some photons are absorbed by oxygenated hemoglobin molecules a aknown profile
across the spectrum of light. Likewise for photons absorbed by de-oxygenated hemoglobin
molecules. The images resolved by the optical detectors consist of the photons of light that
scatter back through the skin to the lens subsystem. In this fashion, the images represent the
light that is not absorbed by the various chromophores in the tissue or lost to scattering within
the tissue. In some embodiments, light from the illuminators that does not penetrate the
surface of the tissue is eliminated by use of polarizers. Likewise, some photons bounce off

the surface of the skin into air, like sunlight reflecting off alake.

[0250] Accordingly, different wavelengths of light may be used to examine different depths
of asubject's skintissue. Generally, high frequency, short-wavelength visible light is useful
for investigating elements present in the epidermis, while lower frequency, long-wavelength
visible light isuseful for investigating both the epidermis and dermis. Furthermore, certain
infra-red wavelengths are useful for investigating the epidermis, dermis, and subcutaneous

tissues.

[0251] Inthe visible and near-infrared (VNIR) spectral range and a low intensity irradiance,
and when thermal effects are negligible, major light-tissue interactions include reflection,
refraction, scattering and absorption. For normal collimated incident radiation, the regular
reflection of the skin a the air-tissue interface istypically only around 4%-7% in the 250-
3000 nanometer (nm) wavelength range. For further details, see R.R. Anderson and J.A.
Parrish, "The optics of human skin," Journal of Investigative Dermatology 77(1), 13-19
(1981), the content of which is hereby incorporated by reference in its entirety for all
purposes. When neglecting the air-tissue interface reflection and assuming total diffusion of
— FA—+ Tt fior thy otratu, COrneum layer, the steady state VNIR skin reflectance can be
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modeled asthe light that first survives the absorption of the epidermis, then reflects back
toward the epidermis layer due the isotropic scattering in the dermis layer, and then finally
emerges out of the skin after going through the epidermis layer again.

[0252] Using atwo-layer optical model of skin, the overall backscattering can be modeled as:

R{2) = T {HRp{A)
where TE(\) isthe transmittance of epidermis and Rp (1) isthe reflectance of dermis. The
transmittance due to the epidermis is squared because the light passes through it twice before
emerging out of skin. Assuming the absorption of the epidermis is mainly due to the melanin

concentration, the transmittance of the epidermis can be modeled as:

Te(4) = Qxp(dgc, m(4))
where dEisthe depth of the epidermis, cm isthe melanin concentration and m(2\) isthe
absorption coefficient function for melanin. For further details, see S.L. Jacques, "Skin
optics," Oregon Medical Laser Center News Etc. (1988), the content of which is hereby
incorporated herein by reference in its entirety for all purposes. For additional information
on modeling reflectance, backscattering, transmittance, absorption, and internal scattering of
skin, see, U.S. Patent Application Publication No. 2009/0326383 to Barnes et ah, the content

of which is hereby incorporated herein by reference in its entirety for all purposes.

[0253] Thevalue of atissue's (e.g., skin) backscattering as afunction of wavelength, rv(2),
can beused to obtain medical information about the tissue and its underlying structures. For
example, when skin cancers like basal cell carcinoma (BCC), squamous cell carcinoma
(SCC), and malignant melanoma (MM) grow in the skin, the molecular structure of the
affected skin changes. Malignant melanoma is a cancer that begins in the melanocytes
present in the epidermis layer. For further details, see "Melanoma Skin Cancer," American
Cancer Society (2005), the content of which is hereby incorporated herein by reference in its
entirety for all purposes. Most melanoma cells produce melanin that in turn changes the
backscattering characteristics as a function of wavelength ~ () of the affected skin.
Sguamous and basal cells are also present in the epidermis layer. The outermost layer of the
epidermisis caled the stratum corneum. Below it are layers of squamous cells. The lowest
part of the epidermis, the basal layer, is formed by basal cells. Both squamous and basal cell
carcinomas produce certain viral proteins that interact with the growth-regulating proteins of
narmal <kin cells. The abnormal cell growth then changes the epidermis optical scattering
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characteristics and consequently the skin backscattering properties as a function of
wavelength rv(A). Thus, information about different skin conditions (e.g., normal skin,
benign skin lesions and skin cancers) can be obtained by characterizing the backscattering

rv(A) from the tissue.

[0254] Accordingly, the systems and methods described herein can be used to diagnose and
characterize awide variety of medical conditions. In one embodiment, the concentration of
one or more skin or blood component is determined in order to evaluate amedical condition
in apatient. Non-limiting examples of components useful for medical evaluation include:
deoxyhemoglobin levels, oxyhemoglobin levels, total hemoglobin levels, oxygen saturation,
oxygen perfusion, hydration levels, total hematocrit levels, melanin levels, collagen levels,
and bilirubin levels. Likewise, the pattern, gradient, or change over time of a skin or blood

component can be used to provide information on the medical condition of the patient.

[0255] Non-limiting examples of conditions that can be evaluated by
hyperspectral/multispectral imaging, include: tissue ischemia, ulcer formation, ulcer
progression, venous stasis, venous ulcer disease, infection, shock, cardiac decompensation,
respiratory insufficiency, hypovolemia, the progression of diabetes, congestive heart failure,
sepsis, dehydration, hemorrhage, hypertension, exposure to achemical or biological agent,

and an inflammatory response.

[0256] In one embodiment, the systems and methods described herein are used to evaluate
tissue oximetery and correspondingly, medical conditions relating to patient health derived
from oxygen measurements in the superficial vasculature. In certain embodiments, the
systems and methods described herein allow for the measurement of oxygenated hemoglobin,
deoxygenated hemoglobin, oxygen saturation, and oxygen perfusion. Processing of these
data provide information to assist aphysician with, for example, diagnosis, prognosis,
assignment of treatment, assignment of surgery, and the execution of surgery for conditions
such as critical limb ischemia, diabetic foot ulcers, pressure ulcers, peripheral vascular

disease, surgical tissue health, etc.

[0257] In one embodiment, the systems and methods described herein are used to evaluate
diabetic and pressure ulcers. Development of adiabetic foot ulcer is commonly aresult of a
break in the barrier between the dermis of the skin and the subcutaneous fat that cushions the
foot during ambulation. This rupture can lead to increased pressure on the dermis, resulting

lemia and eventual death, and ultimately manifesting in the form of an ulcer
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(Frykberg R.G. et ah, Diabetes Care 1998;21(10): 1714-9). Measurement of oxyhemoglobin,
deoxyhemoglobin, and/or oxygen saturation levels by hyperspectral/multispectral imaging
can provide medical information regarding, for example: alikelihood of ulcer formation at
an RO, diagnosis of an ulcer, identification of boundaries for an ulcer, progression or
regression of ulcer formation, aprognosis for healing of an ulcer, the likelihood of
amputation resulting from an ulcer. Further information on hyperspectral/multispectral
methods for the detection and characterization of ulcers, e.g., diabetic foot ulcers, are found
in U.S. Patent Application Publication No. 2007/0038042, and Nouvong A . et ah, Diabetes
Care. 2009 Nov; 32(1 1):2056-61, the contents of which are hereby incorporated herein by

reference in their entireties for all purposes.

[0258] In one embodiment, the systems and methods described herein are used to evaluate
shock in asubject. Clinical presentation of shock isvariable from subject to subject. While
common indicators for a state of shock include low blood pressure, decreased urine output,
and confusion, these symptoms do not manifest in all subjects (Tintinalli J.E., "Emergency
Medicine: A Comprehensive Study Guide," New York: McGraw-Hill Companies. pp. 165-
172). However, it was found that changes in cutaneous oxygen saturation, an underlying
cause of shock, present as pronounced hyperspectral mottling patterns in subjects
experiencing hemorrhagic shock (U.S. Patent Application Publication No. 2007/0024946).
Accordingly, measurement of oxyhemoglobin, deoxyhemoglobin, and/or oxygen saturation
levels by hyperspectral/multispectral imaging can provide medical information regarding, for
example: alikelihood of a subject entering a state of shock, diagnosis of a state of shock,
progression or regression of a state of shock, and aprognosis for the recovery from a state of
shock. In certain embodiments, the shock is hemorrhagic shock, hypovolemic shock,
cardiogenic shock, septic shock, anaphylactic shock, or neurogenic shock. Methods for the
detection and characterization of shock are found in U.S. Patent Application Publication No.
2007/0024946, the content of which is hereby incorporated herein by reference in its entirety

for al purposes.

[0259] Further examples of medical conditions that may be diagnosed and/or characterized
by the methods and systems of the present disclosure include, but are not limited to:

abrasion, alopecia, atrophy, av malformation, battle sign, bullae, burrow, basal cell
carcinoma, burn, candidal diaper dermatitis, cat-scratch disease, contact dermatitis, cutaneous
larva migrans, cutis marmorata, dermatoma, ecchymosis, ephelides, erythema infectiosum,

ultiforme, eschar, excoriation, fifth disease, folliculitis, graft vs. host disease,
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guttate, guttate psoriasis, hand, foot and mouth disease, Henoch-Schonlein purpura, herpes
simplex, hives, id reaction, impetigo, insect bite, juvenile rheumatoid arthritis, Kawasaki
disease, keloids, keratosis pilaris, Koebner phenomenon, Langerhans cell histiocytosis,
leukemia, lichen striatus, lichenification, livedo reticularis, lymphangitis, measles,
meningococcemia, molluscum contagiosum, neurofibromatosis, nevus, poison ivy dermatitis,
psoriasis, scabies, scarlet fever, scar, seborrheic dermatitis, serum sickness, Shagreen plague,
Stevens-Johnson syndrome, strawberry tongue, swimmers' itch, telangiectasia, tinea capitis,
tinea corporis, tuberous sclerosis, urticaria, varicella, varicella zoster, wheal, xanthoma,
zosteriform, basal cell carcinoma, squamous cell carcinoma, malignant melanoma,

dermatofibrosarcoma protuberans, Merkel cell carcinoma, and Kaposi's sarcoma.

[0260] Other examples of medical conditions include, but are not limited to: tissue viability
(e.g., whether tissue is dead or living, and/or whether it is predicted to remain living); tissue
ischemia; malignant cells or tissues (e.g., delineating malignant from benign tumors,
dysplasias, precancerous tissue, metastasis); tissue infection and/or inflammation; and/or the
presence of pathogens (e.g., bacterial or viral counts). Some embodiments include
differentiating different types of tissue from each other, for example, differentiating bone
from flesh, skin, and/or vasculature. Some embodiments exclude the characterization of

vascul ature.

[0261] Inyet other embodiments, the systems and methods provided herein can be used
during surgery, for example to determine surgical margins, evaluate the appropriateness of
surgical margins before or after aresection, evaluate or monitor tissue viability in near-real
time or real-time, or to assist in image-guided surgery. For more information on the use of
hyperspectral/multispectral imaging during surgery, see, Holzer M.S. et al, JUrol. 201 1
Aug; 186(2):400-4; Gibbs-Strauss S.L. et al, Mol Imaging. 201 1 Apr; 10(2):91-101; and
Panasyuk S.V. et al., Cancer Biol Ther. 2007 Mar; 6(3):439-46, the contents of which are

hereby incorporated herein by reference in their entirety for all purposes.

[0262] For more information on the use of hyperspectral/multispectral imaging in medical
assessments, see, for example: Chin JA. et al., JVase Surg. 201 1 Dec; 54(6): 1679-88;
Khaodhiar L. etal, Diabetes Care 2007;30:903-910; Zuzak K.J. etal, Anal Chem. 2002
May [;74(9):2021-8; Uhr JW. et al, Trand Res. 2012 May; 159(5):366-75; Chin M.S. et al,
JBiomed Opt. 2012 Feb; 17(2):026010; Liu Z. et al, Sensors (Basel). 2012; 12(1): 162-74;
Zereeb VT ot L, Angl ghem - 2011 Oct 1;83(19):7424-30; Palmer G.M. et al, JBiomed Opt.
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2010 Nov-Dec; 15(6):066021; Jafari-Saraf and Gordon, Ann Vase Surg. 2010 Aug;
24(6):741-6; Akbari H. etal, IEEE Trans Biomed Eng. 2010 Aug; 57(8):201 1-7; Akbari H.
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incorporated herein by reference in their entirety for all purposes.

V.  Additional Embodiments
[0263] The present disclosure isbased, at least in part, on an arrangement of optical elements
in a hyperspectral/multispectral imaging system that allow for true co-axial imaging of
multiple wavelengths. While the methods and systems for co-axial
hyperspectral/multispectral imaging provided herein are particularly well suited for medical
imaging and diagnostics, other fields may also benefit from the particular arrangement of

optical element described herein.

[0264] In one embodiment, the present disclosure provides a hyperspectral/multispectral
imaging system for remote sensing. For example, an imaging system comprising an high
power objective lens, beam steering element having aplurality of operating modes, and a
plurality of optical detectors, most or all of which are covered by an appropriate filter, can be
mounted within a satellite. The hyperspectral/multispectral satellite can then beused in, for
example: geological surveying, eg., inthe mining and oil industries to search for oil seeps
(Ellis J., "Searching for oil seeps and oil-impacted soil with hyperspectral imagery"”, Earth
Observation Magazine, Jan 2001) or pockets of other mineral resources; agricultural
surveying, e.g., monitoring of crops or identification of suitable soil; surveillance, e.g., in
military reconnaissance; chemical imaging, e.g., for detecting harmful or toxic agents or
chemical emissions; and environmental monitoring; e.g., monitoring levels of chemicals in

the atmosphere and sub-atmospheric regions.

[0265] Additionaly, the low maximum power requirements of the

L ~en— | [multispectral imaging systems described herein make these devices well suited
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for other portable applications. For example, as ahandheld device used on the battlefield to
quickly determine the status of awounded soldier or detect the presence of achemical agent.
For additional information on the use of hyperspectral/multispectral imaging for triage or
other battlefield embodiments, see, U.S. Patent Publication No. 2007/0024946, the content of
which is hereby incorporated by reference in its entirety for all purposes.

[0266] In another embodiment, a portable hyperspectral/multispectral device, as described
herein, can beused to detect harmful emissions, identify chemical spills, or otherwise identify
unsafe working conditions, e.g., a afactory, refinery, or chemical plant. In certain
embodiments, ahyperspectral/multispectral imaging system may be affixed on awall,

ceiling, post, etc., a aplant or factory to continuously monitor conditions of the atmosphere

for safe working conditions.

[0267] In another embodiment, a portable hyperspectral/multispectral device, as described
herein, can beused for forensic analysis. In some embodiments, the
hyperspectral/multispectral methods and systems provided herein can be used, for example:
to determine the time of death based on change in cellular chemistry analyzed by the imager;
evaluate the proximity of a gunshot based on residue left on target; determine the severity of
blunt trauma; determine whether oxygen deprivation occurred pre- or post-mortem; evaluate
drug status; identify the location and composition of body fluids present a a crime scene;
determine if an injury is old or new; make field assessments; locate evidence and provide in-
situ evaluation {e.g., the identification of brass casings over alarge area); determine the
location of man-made objects; evaluate machined surfaces having varying polarization and
spectral responses, analyze bodily fluids spread over alarge area; identify apoint of impact;
evaluate an entire incident scene (as opposed to sampling of individual points within the
scene), identify different hairs for DNA analysis; locate and separate out of hairs in a carpet;
and analyze chemical residues present on a surface or subject {e.g., gun powder). For
additional information on the use of hyperspectral/multispectral imaging in forensics, see
U.S. Patent No. 6,640,132 to Freeman and Hopmeier, the content of which is hereby

incorporated herein by reference in its entirety for all purposes.

[0268] Aspects of the disclosed methodologies can be implemented as a computer program
product that includes a computer program mechanism embedded in a non-transitory
computer-readable storage medium. Further, any of the methods disclosed herein can be

melne N ONe or more computers or other forms of apparatus. Further still, any of the
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methods disclosed herein can be implemented in one or more computer program products.
Some embodiments disclosed herein provide a computer program product that encodes any or
all of the methods disclosed herein. Such methods can be stored on a CD-ROM, DVD,
magnetic disk storage product, or any other computer-readable data or program storage
product. Such methods can also be embedded in permanent storage, such as ROM, one or
more programmable chips, or one or more application specific integrated circuits (ASICs).
Such permanent storage can be localized in a server, 802.1 1 access point, 802.1 1wireless
bridge/station, repeater, router, handheld mobile device, laptop computer, desktop computer,

or other electronic devices.

[0269] Some embodiments provide a computer program product that contains any or all of
the program modules shown Figure 13. These program modules can be stored on a CD-
ROM, DVD, magnetic disk storage product, or any other computer-readable data or program
storage product. The program modules can also be embedded in permanent storage, such as
ROM, one or more programmable chips, or one or more application specific integrated
circuits (ASICs). Such permanent storage can be localized in a server, 802. 11 access point,

802.1 1 wireless bridge/station, repeater, router, mobile phone, or other electronic devices.

[0270] In one aspect, the present disclosure provides anon-transitory computer readable
storage medium storing one or more programs executable by a computer for collecting co-
axially aligned hyperspectral/multispectral images of an object or subject a aplurality of
narrowband wavelengths. Asillustrated in Figure 16, in one embodiment , the program
contains instructions for: turning on afirst illumination source capable of emitting
narrowband light having a first wavelength (1602), placing abeam steering element in afirst
operating mode in optical communication with afirst optical detector configured to resolve
narrowband light having the first wavelength (1604); capturing an image of an object or
subject illuminated by the light emitted by the first illumination source using the first optical
detector (1606); turning off the first illumination source (1608); turning on a second
illumination source capable of emitting narrowband light having a second wavelength (1610);
placing the beam steering element in a second operating mode in optical communication with
a second detector configured to resolve narrowband light having the second wavelength
(1612); capturing an image of an object or subject illuminated by the light emitted by the
second illumination source using the second optical detector (1614); repeating steps 1608 to
1614 as needed to collect adesired number of images at distinct wavelengths, optionally

data contained in each captured image into a hyperspectral data cube; and
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optionally comparing the data in the hyperspectral data cubeto alibrary of spectral signatures

associated with one or more medical conditions, as described herein.

[0271] In certain embodiments, the program further comprises instructions for performing a
least one of: adjusting the brightness of an acquired image, adjusting the contrast of an
acquired image, removing an artifact from an acquired image, cropping an acquired image,
processing one or more sub-pixels of an acquired image, compressing the size of an acquired
image, assembling aplurality of acquired images into a spectral hypercube, transforming a
spectral hypercube assembled from the plurality of acquired digital images, formatting data
contained within an acquired image, and encrypting data contained within an acquired

image.

[0272] In other embodiments, additional programs are provided for operating hyperspectral
imaging systems and collecting hyperspectral data, as described herein. For example, in
some embodiments, the programs include instructions for illuminating multiple light sources
simultaneously, collecting multiple images using multiple optical detectors simultaneoudly,
controlling MEMS mirror or MEMS micromirror arrays, collecting images in line scanning

operational modes, etc.

REFERENCES
[0273] All references cited herein are hereby incorporated by reference herein in their
entirety and for all purposes to the same extent as if each individual publication or patent or
patent application was specifically and individually indicated to be incorporated by reference

in its entirety for al purposes.

[0274] Many modifications and variations of this application can be made without departing
from its spirit and scope, aswill be apparent to those skilled in the art. The specific

embodiments described herein are offered by way of example only, and the application isto
be limited only by the terms of the appended claims, along with the full scope of equivalents

towhich the claims are entitled.
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WHAT ISCLAIMED:

1. A hyperspectral/multispectral imaging device, comprising

A) ahousing having an exterior and an interior;

B.) a least one light source disposed on the exterior of the housing;

C.) a least one objective lens attached to or within the housing, the at least one objective
lens disposed in an optical communication path, the optical communication path comprising an
originating end and aterminating end, wherein the at least one light source is offset from the
optical communication path and positioned so that light from the at least one light source is (i)
first backscattered by atissue of asubject positioned at the originating end of the optical
communication path and (ii) then passed from the originating end of the optical communication
path, through the at least one objective lens, and to the terminating end of the optical
communication path;

D.) abeam steering element within the interior of the housing, the beam steering element
in optical communication with the at least one objective lens and positioned at the terminating
end of the optical communication path, the beam steering element characterized by aplurality of
operating modes, each respective operating mode in the plurality of operating modes causing the
beam steering element to be in optical communication with a different optical detector;

E.) aplurality of optical detectors offset from the optical communication path, each
respective optical detector in the plurality of optical detectors in optical communication with a
corresponding operating mode of the beam steering element;

F.) aplurality of detector filters within the housing, each respective detector filter in the
plurality of detector filters covering a corresponding optical detector in the plurality of optical
detectors thereby filtering light received by the corresponding optical detector from the beam
steering element;

G.) a least one processor within the interior of the housing, wherein the at least one
processor isin electrical communication with the at least one light source, the beam steering

element, and the plurality of optical detectors;
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H.) amemory within the interior of the housing, wherein at least one program is non-
transiently stored in the memory and executable by the at least one processor, the at |least one
program comprising instructions for:

i.) operating the a least one light source,

ii.) switching said beam steering element between operating modes in the plurality
of operating modes, and

iii.) controlling each optical detector in said plurality of optical detectors;
and

I.) acommunication interface in electrical communication with the at least one processor.

2. The hyperspectral/multispectral imaging device of claim 1, wherein the at |least one

light source comprises afirst incoherent light source.

3. The hyperspectral/multispectral imaging device of claim 2, wherein the first

incoherent light source is configured to emit near-infrared radiation.

4. The hyperspectral/multispectral imaging device of claim 2 or 3, wherein the first

incoherent light source is a light-emitting diode.
5. The hyperspectral/multispectral imaging device of claim 2, wherein the first
incoherent light source is abroadband light source, wherein the broadband light source emits

radiation of wavelengths spanning at least 200 nm.

6. The hyperspectral/multispectral imaging device of claim 5, wherein the broadband
light source emits radiation of wavelengths spanning at least 500 nm.

7. The hyperspectral/multispectral imaging device of claim 5 or 6, wherein the
broadband light source is awhite light-emitting diode.
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8. The hyperspectral/multispectral imaging device according to any one of claims 2to 7,
further comprising afirst illumination lens covering the first incoherent light source thereby
focusing the light emitted by the incoherent light source.

9. The hyperspectral/multispectral imaging device according to any one of claims 2 to 8,
further comprising afirst light source filter covering the first incoherent light source thereby
filtering light emitted by the incoherent light source.

10. The hyperspectral/multispectral imaging device according to any one of claims 2 to
9, further comprising afirst light source polarizer covering the first incoherent light source
thereby polarizing light emitted by the first incoherent light source.

11. The hyperspectral/multispectral imaging device according to any one of claims 2 to
10, further comprising a first homogenizer covering the first incoherent light source thereby

homogenizing light emitted by the first incoherent light source.

12. The hyperspectral/multispectral imaging device according to any one of claims 2 to
11, wherein the first incoherent light source is in afirst plurality of incoherent light sources
disposed on the exterior of the housing.

13. The hyperspectral/multispectral imaging device of claim 12, wherein the first
incoherent light source is configured to emit radiation of afirst wavelength and a second
incoherent light source in the plurality of incoherent light sources is configured to emit radiation

of a second wavelength, wherein said first and second wavelengths are different.
14. The hyperspectral/multispectral imaging device of claim 12 or 13, wherein the

plurality of incoherent light sources comprises afirst sub-plurality of incoherent light sources
capable of emitting radiation of afirst wavelength.
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15. The hyperspectral/multispectral imaging device of claim 14, wherein the first sub-
plurality of incoherent light sources is arranged in afirst pattern on the exterior of the housing,

the first pattern having radial symmetry with respect to the a least one objective lens.

16. The hyperspectral/multispectral imaging device of claim 14 or 15, wherein the
plurality of incoherent light sources further comprises a second sub-plurality of incoherent light

sources capable of emitting radiation of a second wavelength.

17. The hyperspectral/multispectral imaging device of claim 16, wherein the second sub-
plurality of incoherent light sources is arranged in a second pattern on the exterior of the
housing, the second pattern having radial symmetry with respect to the at least one objective

lens.

18. The hyperspectral/multispectral imaging device according to any one of claims 12 to
17, wherein the first plurality of incoherent light sources comprises aplurality of light-emitting

diodes.

19. The hyperspectral/multispectral imaging device according to any one of claims 12 to
17, wherein the first plurality of incoherent light sources comprises aplurality of broadband light

SOUrces.

20. The hyperspectral/multispectral imaging device according to any one of claims 12 to
19, further comprising afirst plurality of illumination lenses disposed on the exterior of the
housing, each illumination lens in the first pluraity of illumination lenses covering a
corresponding incoherent light source in the first plurality of incoherent light sources thereby

focusing light emitted by the corresponding incoherent light source.
21. The hyperspectral/multispectral imaging device according to any one of claims 12 to

20, further comprising afirst plurality of light source filters disposed on the exterior of the

housing, each respective light source filter in the first plurality of light source filters covering a
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corresponding incoherent light source in the first plurality of incoherent light sources thereby

filtering light emitted by the corresponding incoherent light source.

22. The hyperspectral/multispectral imaging device according to any one of claims 12 to
21, further comprising afirst plurality of light source polarizers, each respective light source
polarizer in the first plurality of light source polarizers covering a corresponding incoherent light
source in the first plurality of incoherent light sources thereby polarizing light emitted by the

corresponding incoherent light source.

23. The hyperspectral/multispectral imaging device according to any one of claims 12 to
22, further comprising afirst plurality of light homogenizers, each respective light homogenizer
in the first plurality of light homogenizers covering a corresponding incoherent light source in
the first plurality of incoherent light sources thereby homogenizing light emitted by the

corresponding incoherent light source.

24. The hyperspectral/multispectral imaging device according to any one of claims 1to

23, wherein the at least one light source comprises afirst coherent light source.

25. The hyperspectral/multispectral imaging device of claim 24, wherein the first

coherent light source is configured to emit near-infrared radiation.

26. The hyperspectral/multispectral imaging device of claim 24 or 25, wherein the first
coherent light source is alaser.

27. The hyperspectral/multispectral imaging device of claim 26, wherein the laser is a

laser diode.
28. The hyperspectral/multispectral imaging device of claim 24, wherein the first

coherent light source isin aplurality of coherent light sources disposed on the exterior of the

housing.
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29. The hyperspectral/multispectral imaging device of claim 28, wherein the plurality of

coherent light sources comprises aplurality of laser diodes.

30. The hyperspectral/multispectral imaging device according to any one of claims 1to

29, wherein the at least one objective lens comprises afixed focus lens.

31. The hyperspectral/multispectral imaging device according to any one of claims 1to

29, wherein the at least one objective lens comprises avariable focus lens.

32. The hyperspectral/multispectral imaging device of claim 31, wherein the variable

focus lens is amanual focus lens.

33. The hyperspectral/multispectral imaging device of claim 31, wherein the variable

focus lens is an autofocus lens.

34. The hyperspectral/multispectral imaging device according to any one of claims 31to

33, wherein the variable focus lens is azoom lens.

35. The hyperspectral/multispectral imaging device of claim 34, wherein the zoom lens

is amanua zoom lens.

36. The hyperspectral/multispectral imaging device of claim 34, wherein the zoom lens

is an auto-zoom lens.
37. The hyperspectral/multispectral imaging device according to any one of claims 1to
36, wherein the beam steering element comprises amirror mounted on an actuator, the actuator

having the plurality of operating modes.

38. The hyperspectral/multispectral imaging device of claim 37, wherein the mirror is a

single-surface mirror.
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39. The hyperspectral/multispectral imaging device of claim 37 or 38, wherein the mirror
is atwo-axis micro electro-mechanical (MEMS) mirror.

40. The hyperspectral/multispectral imaging device according to any one of claims 1to
36, wherein the beam steering element comprises an array of micromirrors.

41. The hyperspectral/multispectral imaging device of claim 40, wherein the array of
micromirrors comprises:

i.) afirst plurality of micromirrors, each respective micromirror in the first
plurality of micromirrors in afirst orientation with respect to the optical communication
path, and

ii.) asecond plurality of micromirrors, each respective micromirror in the second
plurality of micromirrors in a second orientation with respect to the optical
communication path,
wherein said first and said second orientation comprise different operating modes in the

plurality of operating modes.

42. The hyperspectral/multispectral imaging device of claim 40 or 41, wherein the array

of micromirrors comprises adigital micromirror device.

43. The hyperspectral/multispectral imaging device according to any one of claims 40to
42, wherein the array of micromirrors is mounted on an actuator, the actuator having the plurality
of operating modes.

44. The hyperspectral/multispectral imaging device according to any one of claims 40to
42, wherein the array of micromirrors is mounted on atwo-axis micro electro-mechanical

(MEMYS) device.

45. The hyperspectral/multispectral imaging device according to any one of claims 1to

36, wherein the beam steering element comprises atwo-axis scanning device.
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46. The hyperspectral/multispectral imaging device of claim 44, wherein the two-axis

scanning device is mounted on an actuator, the actuator having the plurality of operating modes.

47. The hyperspectral/multispectral imaging device of claim 45 or 46, wherein the two-

axis scanning device is mounted on atwo-axis micro electro-mechanical (MEMS) device.

48. The hyperspectral/multispectral imaging device according to any one of claims 1to
47, wherein the plurality of optical detectors comprises at least four optical detectors.

49. The hyperspectral/multispectral imaging device according to any one of claims 1to
48, wherein each respective optical detector in the plurality of optical detectorsis arranged in the
interior of the housing and is positioned to receive reflected light from the beam steering
element.

50. The hyperspectral/multispectral imaging device according to any one of claims 1to
49, wherein each respective optical detector in the plurality of optical detectors is selected from
the group consisting of a charge-coupled device (CCD), a complementary metal-oxide-

semiconductor (CMOS), aphoto-cell, and afocal plane array.

51. The hyperspectral/multispectral imaging device according to any one of claims 1to
49, wherein the plurality of optical detectors comprises aplurality of charge-coupled devices
(CCDs).

52. The hyperspectral/multispectral imaging device according to any one of claims 1to
49, wherein the plurality of optical detectors comprises aplurality of complementary metal-

oxide-semiconductors (CMOSs).

53. The hyperspectral/multispectral imaging device according to any one of claims 1to
49, wherein the plurality of optical detectors comprises aplurality of photo-cells.
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54. The hyperspectral/multispectral imaging device according to any one of claims 1to
49, wherein the plurality of optical detectors comprises aplurality of focal plane arrays.

55. The hyperspectral/multispectral imaging device according to any one of claims 1to
54, wherein each respective optical detector in the plurality of optical detectors isused for
detecting a different frequency of radiation.

56. The hyperspectral/multispectral imaging device according to any one of claims 1to
54, wherein each respective optical detector in the plurality of optical detectors isused for
detecting a different frequency band of radiation.

57. The hyperspectral/multispectral imaging device according to any one of claims 1to
56, wherein at least one optical detector in the plurality of optical detectors isnot covered by a
detector filter in the plurality of detector filters.

58. The hyperspectral/multispectral imaging device of claim 57, wherein the at least one
optical detector that is not covered by a detector filter is configured for capturing a color image

of the tissue of the subject.

59. The hyperspectral/multispectral imaging device of claims 57 or 58, wherein the a
least one optical detector that isnot covered by adetector filter is configured for focusing an
image of said surface of the subject acquired by a least one respective optical detector in said
plurality of optical detectors.

60. The hyperspectral/multispectral imaging device according to any one of claims 1to
59, wherein an optical detector in the plurality of detector filtersis configured for focusing an
image of said surface of the subject acquired by a least one respective optical detector in the
plurality of optical detectors.

61. The hyperspectral/multispectral imaging device according to any one of claims 1to
60, wherein the plurality of detector filters comprises at least one bandpass filter.
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62. The hyperspectral/multispectral imaging device according to any one of claims 1to

60, wherein the plurality of detector filters comprises at least one longpass filter.

63. The hyperspectral/multispectral imaging device according to any one of claims 1to

60, wherein the plurality of detector filters comprises at least one shortpass filter.

64. The hyperspectral/multispectral imaging device according to any one of claims 1to

60, wherein the plurality of detector filters isremovable from the interior of the housing.

65. The hyperspectral/multispectral imaging device according to any one of claims 1to
64, wherein the at least one light source is aplurality of light sources disposed on the exterior of
the housing, each respective light source in the plurality of light sources corresponding to an
optical detector in the plurality of optical detectors, and each respective detector filter in the
plurality of detector filters allows radiation emitted from a corresponding light source in the

plurality of light sources to pass through to the corresponding optical detector.

66. The hyperspectral/multispectral imaging device according to any one of claims 1to
65, further comprising aplurality of detector polarizers in the interior of the housing, each
respective polarizer in the plurality of detector polarizers covering a corresponding optical
detector in the plurality of optical detectors thereby polarizing light received by the
corresponding optical detector.

67. The hyperspectral/multispectral imaging device of claim 66, wherein the plurality of

detector polarizers is removable from the interior of the housing.

68. The hyperspectral/multispectral imaging device according to any one of claims 1to
67, wherein aprocessor in the at least one processor is selected from the group consisting of a
field programmable gate array (FPGA), an application-specific integrated circuit (ASIC), a
stream processor, amicroprocessor, and a digital signal processor.
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69. The hyperspectral/multispectral imaging device according to any one of claims 1to
68, wherein the memory is selected from the group consisting of arandom-access memory
(RAM), aread-only memory (ROM), and a flash memory.

70. The hyperspectral/multispectral imaging device according to any one of claims 1to
69, wherein the at least one program stored in the memory and executable by the at |east one
processor comprises instructions for:
i.) turning on afirst light source in the a least one light source, and
ii.) placing the beam steering element in an operating mode in the plurality of
operating modes that causes the beam steering element to bein optical communication

with a corresponding optical detector in the plurality of optical detectors.

71. The hyperspectral/multispectral imaging device according to any one of claims 1to
70, wherein the at least one light source is aplurality of light sources, and the a least one
program further comprises instructions for sequentially turning on and off each respective light

source in the plurality of light sources.

72. The hyperspectral/multispectral imaging device of claim 71, wherein each respective
optical detector in the plurality of optical detectors corresponds to arespective light source in the
plurality of light sources and the at least one program further comprises instructions for
sequentially switching the beam steering element to each respective operating mode in the
plurality of operating modes such that each respective optical detector in the plurality of optical
detectors isin optical communication with the beam steering element when said corresponding

light source is turned on.

73. The hyperspectral/multispectral imaging device of claim 71 or 72, wherein each

respective light source in the plurality of light sources isturned on for less than one second.

74. The hyperspectral/multispectral imaging device of claim 71 or 72, wherein each
respective light source in the plurality of light sources isturned on for less than one-half of a

second.
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75. The hyperspectral/multispectral imaging device of claim 71 or 72, wherein each

respective light source in the plurality of light sources isturned on for less than one-quarter of a
second.

76. The hyperspectral/multispectral imaging device according to any one of claims 1to
70, wherein the at least one light source is aplurality of light sources, and the beam steering
element comprises adigital micromirror device having aplurality of micromirrors, each
respective micromirror in the plurality of micromirrors having at least:
a.) afirst operating mode in optical communication with afirst corresponding optical
detector in the plurality of optical detectors, and
b.) asecond operating mode in optical communication with a second corresponding
optical detector in the plurality of optical detectors,
wherein the at least one program further comprises instructions for:
iv.) turning on afirst and a second respective light source in the plurality of light
sources, and
v.) toggling each respective micromirror in the plurality of micromirrors between

said first and second operating modes when said first and second respective light sources
are turned on.

77. The hyperspectral/multispectral imaging device of claim 76, wherein each respective

micromirror in the plurality of micromirrors further comprises:

c.) athird operating mode in optical communication with athird corresponding optical
detector in the plurality of optical detectors, and

d.) afourth operating mode in optical communication with afourth corresponding optical
detector in the plurality of optical detectors;

wherein the at least one program stored further comprises instructions for:
vi.) turning off said first and second respective light sources,

vii.) turning on athird and a fourth respective light source in the plurality of light
sources, and
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viii.) toggling each respective micromirror in the plurality of micromirrors
between said third and fourth operating modes when said third and fourth respective light

sources are turned on.

78. The hyperspectral/multispectral imaging device according to any one of claims 1to
64, wherein the at least one light source is aplurality of light sources, the beam steering element
comprises adigital micromirror device comprising aplurality of micromirrors, and each
respective micromirror in the plurality of micromirrors comprises:

a.) afirst operating mode in optical communication with afirst optical detector in the
plurality of optical detectors, and

b.) asecond operating mode in optical communication with a second optical detector in
the plurality of optical detectors;

wherein the at least one program further comprises instructions for:

iv.) turning on afirst and a second respective light source in the plurality of light
sources,

v.) placing afirst sub-plurality of micromirrors in the plurality of micromirrors to
said first operating mode when said first and second respective light sources are turned
on, and

vii.) placing a second sub-plurality of micromirrors in the plurality of
micromirrors to said second operating mode when said first and second respective light

sources are turned on.

79. The hyperspectral/multispectral imaging device of claim 78, wherein each respective
micromirror in the plurality of micromirrors further comprises:

c.) athird operating mode in optical communication with athird corresponding optical
detector in the plurality of optical detectors, and

d.) afourth operating mode in optical communication with afourth corresponding optical
detector in the plurality of optical detectors; and

wherein the at least one program further comprises instructions for:

viii.) turning off said first and second light sources,
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ix.) turning on athird and a fourth respective light source in the plurality of light
sources,

x.) placing athird sub-plurality of micromirrors in the plurality of micromirrors to
said third operating mode when said third and fourth respective light sources are turned
on, and

xi.) placing afourth sub-plurality of micromirrors in the plurality of micromirrors
to said fourth operating mode when said third and fourth respective light sources are

turned on.

80. The hyperspectral/multispectral imaging device according to any one of claims 1to
79, wherein the at least one program further comprises instructions for processing a digital image

acquired by the plurality of optical detectors.

81. The hyperspectral/multispectral imaging device of claim 80, wherein the instructions
for processing the digital image comprises instructions for performing at least one of:

i.) adjusting the brightness of the digital image,

ii.) adjusting the contrast of the digital image,

iii.) removing an artifact from the digital image,

iv.) cropping the digital image,

V.) processing one or more sub-pixels of the digital image,

vi.) compressing the size of the digital image,

vii.) assembling aplurality of digital images into a spectra hypercube,

viii.) transforming a spectral hypercube assembled from the plurality of digital
images,

ix.) formatting data contained within the digital image; and

X.) encrypting data contained within the digital image.

82. The hyperspectral/multispectral imaging device according to any one of claims 1to
81, wherein the communication interface comprises awireless signal transmission element.
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83. The hyperspectral/multispectral imaging device of claim 82, wherein the wireless
signal transmission element is selected from the group consisting of abluetooth transmission

element, aZigBee transmission element, and a Wi-Fi transmission element.

84. The hyperspectral/multispectral imaging device according to any one of claims 1to

83, wherein the communication interface comprises a communication bus.

85. The hyperspectral/multispectral imaging device of claim 84, wherein the
communication bus is selected from the group consisting of auniversal serial bus (USB), a
FireWire serial bus, aserial advanced technology attachment (Serial ATA) bus, a secure digital
bus (SD), and an Ethernet bus.

86. The hyperspectral/multispectral imaging device of claim 84 or 85, wherein the

communication bus is configured to interface with aremovable storage media.

87. The hyperspectral/multispectral imaging device according to any one of claims 1to
86, wherein the communication interface comprises a docking station for a mobile device having

amobile device display.

88. The hyperspectral/multispectral imaging device of claim 87, wherein the mobile
deviceis selected from the group consisting of a smart phone, apersonal digital assistant (PDA),

an enterprise digital assistant, atablet computer, a digital camera, and a portable music player.

89. The hyperspectral/multispectral imaging device according to any one of claims 1to
85, further comprising ahousing display disposed on the exterior of the housing, the housing
display in electronic communication with the at least one processor,

wherein the at least one program further comprises instructions for displaying an image

captured by arespective optical detector in the plurality of optical detectors on the housing
display.
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90. The hyperspectral/multispectral imaging device of claim 89, wherein the housing
display is atouch screen display.

91. The hyperspectral/multispectra imaging device of claim 88 or 89, wherein the
housing display is used for focusing an image of said surface of the subject acquired by at least
one respective optical detector in the plurality of optical detectors.

92. The hyperspectral/multispectral imaging device according to any one of claims 1to

91, wherein the imaging device has amaximum power consumption of less than 15 watts.

93. The hyperspectral/multispectral imaging device of claim 92, wherein the imaging

device has amaximum power consumption of less than 10 watts.

94. The hyperspectral/multispectral imaging device of claim 92, wherein the imaging

device has a maximum power consumption of less than 5 watts.

95. The hyperspectral/multispectral imaging device according to any one of claims 1to

94, wherein the imaging device is battery powered.

96. A method for providing information on amedical condition using a
hyperspectral/multispectral imaging device comprising:

A.) ahousing having an exterior and an interior;

B.) at least one objective lens attached to or within the housing, the at least one
objective lens disposed in an optical communication path, the optical communication path
comprising an originating end located at a subject and aterminating end;

C.) abeam steering element within the interior of the housing, the beam steering
element in optical communication with the at least one objective lens and positioned at the
terminating end of the optical communication path, the beam steering element characterized by a
plurality of operating modes, each respective operating mode in the plurality of operating modes
causing the beam steering element to be in optical communication with a different optical
detector;
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D.) aplurality of optical detectors offset from the optical communication path,
each respective optical detector in the plurality of optical detectors in optical communication
with acorresponding operating mode of the beam steering element;

E.) aplurality of detector filters within the housing, each respective detector filter
in the plurality of detector filters covering a corresponding optical detector in the plurality of
optical detectors thereby filtering light received by the corresponding optical detector from the
beam steering el ement;

F.) a least one processor in electrical communication with the beam steering
element and the plurality of optical detectors,

G.) amemory in electrical communication with the & least one processor,
wherein at least one program is stored in the memory and executable by the a least one
processor, the at least one program comprising instructions for:

i.) switching said beam steering element between operating modes in the
plurality of operating modes, and
ii.) controlling each optical detector in said plurality of optical detectors,

H.) acommunication interface in electrical communication with the at least one
processor; and

I.) aplurality of light sources,

wherein each respective optical detector in the plurality of optical detectors is brought
into optical communication with an objective lens in the at least one objective lens by cycling the
beam steering to an operating mode in the plurality of operating modes that corresponds to the
respective optical detector,

the method comprising:

a.) illuminating atissue of the subject with aplurality of lights, each respective light in
the plurality of lights characterized by a different wavelength, wherein each respective light in
the plurality of lights is emitted from a corresponding light source in the plurality of light sources
and is backscattered from the tissue, thereby forming aplurality of backscattered lights;

b.) resolving the plurality of backscattered lights using the plurality of optical detectors,
wherein each respective backscattered light in the plurality of backscattered lights isresolved by
acorresponding optical detector in the plurality of optical detectors, thereby forming aplurality
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of digital images of the tissue of the subject, each respective digital image in the plurality of
digital images corresponding to a different wavelength of backscattered light; and
c.) identifying a spectral signature within the plurality of digital images that corresponds

with amedical condition, thereby providing information on the medical condition of the subject.

97. The method for providing information on amedical condition of claim 96, wherein

providing information on amedical condition comprises diagnosing amedical condition.

98. The method for providing information on amedical condition of claim 96 or 97,
wherein the plurality of lights illuminate the surface of the subject in a sequential fashion, the
sequential fashion characterized in that only one light in the pluraity of lights isilluminating the

tissue of the subject at any given time.

99. The method for providing information on amedical condition of claim 96 or 97,
wherein the step of illuminating the tissue of the subject comprises illuminating the tissue with a
first light and a second light in the plurality of lights concurrently, said first light characterized
by afirst wavelength and said second light characterized by a second wavelength, thereby
forming afirst backscattered light characterized by said first wavelength and a second

backscattered light characterized by said second wavelength.

100. The method for providing information on amedical condition of claim 96, wherein
the step of resolving the plurality of backscattered lights b.) comprises:

i.) resolving the first backscattered light with a corresponding first optical detector
in the plurality of optical detectors, wherein the corresponding first optical detector is covered by
afirst detector filter in the plurality of detector filters, the first detector filter configured to:

a.) allow light characterized by said first wavelength to pass through, and
b.) not allow light characterized by said second wavelength to pass
through;

and

ii.) resolving the second backscattered light by a corresponding second optical
detector in the plurality of optical detectors, wherein the corresponding second optical detector is
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covered by a second detector filter in the plurality of detector filters, the second optical detector
filter configured to:

a.) allow light characterized by said second wavelength to pass through,
and

b.) not alow light characterized by said first wavelength to pass through.

101. The method for providing information on amedical condition of claim 100, wherein

the first and second detector filters are bandpass filters.

102. The method for providing information on amedical condition of claim 100, wherein
the first and second detector filters are characterized by corresponding first and second central
wavelengths, and wherein the first and second central wavelengths are separated by et least 10

nm.

103. The method for providing information on amedical condition of claim 102, wherein

the first and second central wavelengths are separated by at least 25 nm.

104. The method for providing information on amedical condition of claim 100, wherein

the first detector filter is a shortpass filter and the second detector filter is alongpass filter.

105. The method for providing information on amedical condition according to claim

100, wherein the first and second wavelengths are separated by at least 50 nm.

106. The method for providing information on amedical condition of claim 100, wherein

the first and second wavelengths are separated by at least 100 nm.
107. The method for providing information on amedical condition according to any one

of claims 96 to 106, wherein the plurality of lights comprises & least three lights, each respective
light in the plurality of lights characterized by adifferent wavelength.
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108. The method for providing information on amedical condition according to any one
of claims 96 to 107, wherein at least one light in the plurality of lights is characterized by anear

infrared wavelength.

109. The method for providing information on amedical condition according to any one
of claims 96-108, wherein the illuminating a.) comprises illuminating the tissue of the subject

with each respective light in the plurality of lights for no longer than two seconds.

110. The method for providing information on amedical condition according to any one
of claims 96 to 108, wherein the step of illuminating a.) comprises illuminating the surface of the

subject with each respective light in the plurality of lights for no longer than one second.

111. The method for providing information on amedical condition according to any one
of claims 96 to 108, wherein the step of illuminating a.) comprises illuminating the surface of the

subject with each respective light in the plurality of lights for no longer than a half second.

112. The method for providing information on amedical condition according to any one
of claims 96 to 108, wherein the step of illuminating a.) comprises illuminating the surface of the

subject with each respective light in the plurality of lights for no longer than a quarter second.

113. The method for providing information on amedical condition according to any one
of claims 96 to 112, wherein the step of identifying a spectral signature c.) comprises processing
the plurality of digital images of the tissue of the subject to determine a set of values
corresponding to the tissue of the subject, the set of values selected from the group consisting of
deoxyhemoglobin levels, oxyhemoglobin levels, total hemoglobin levels, oxygen saturation,

oxygen perfusion, hydration levels, total hematocrit levels, melanin levels, and collagen levels.

114. The method for providing information on amedical condition according to any one
of claims 96 to 112, wherein the step of identifying a spectral signature c.) comprises processing
the plurality of digital images of the tissue of the subject to identify apattern of

deoxyhemoglobin, apattern of oxyhemoglobin, apattern of total hemoglobin, apattern of
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oxygen saturation, apattern of oxygen perfusion, apattern of hydration levels, or a pattern of

total hematocrit in the tissue.

115. The method for providing information on amedica condition of claim 113 or 114,
wherein processing the plurality of digital images comprises performing at least one of:

i.) adjusting the brightness of at least one of the digital images,

ii.) adjusting the contrast of at least one of the digital images,

iii.) removing an artifact from at least one of the digital images,

iv.) cropping at least one of the digital images,

V.) processing one or more sub-pixels of at least one of the digital images,

vi.) compressing the size of a least one of the digital images,

vii.) assembling the plurality of digital images into a spectral hypercube,

viii.) transforming a spectral hypercube assembled from the plurality of digital
images,

ix.) formatting data contained within at least one of the digital images; and

X.) encrypting data contained within at least one of the digital images.

116. The method for providing information on amedical condition of claim 113 or 114,
wherein processing the plurality of digital images comprises at least afirst processing step that is
performed by the at least one processor of the hyperspectral/multispectral imaging device.

117. The method for providing information on amedical condition of claim 116, wherein
a least a second processing step is performed external to the hyperspectral/multispectral imaging

device.

118. The method for providing information on amedical condition of claim 117, wherein
the at least second processing step is performed by amobile device, wherein the mobile device is
configured to bein electrical communication with the hyperspectral/multispectral imaging

device.
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119. The method for providing information on amedical condition of claim 118, wherein
the mobile device is selected from the group consisting of a smart phone, apersona digital
assistant (PDA), an enterprise digital assistant, atablet computer, adigital camera, and aportable

music player.

120. The method for providing information on amedical condition of claim 117, wherein

the at least second processing step is performed by an external server.

121. The method for providing information on amedical condition of claim 120 wherein

the external server isacloud computing environment.

122. The method for providing information on amedica condition according to any one
of claims 96 to 121, wherein the medical condition is selected from the group consisting of tissue
ischemia, ulcer formation, ulcer progression, venous stasis, venous ulcer disease, infection,
shock, cardiac decompensation, respiratory insufficiency, hypovolemia, the progression of
diabetes, congestive heart failure, sepsis, dehydration, hemorrhage, hypertension, exposure to a

chemical or biological agent, and an inflammatory response.

123. The method for providing information on amedical condition according to any one
of claims 96 to 122, wherein the method further comprises focusing a preliminary image of the

tissue of the subject prior to resolving the plurality of backscattered lights.

124. The method for providing information on amedical condition of claim 123, wherein
the hyperspectral/multispectral  imaging device further comprises ahousing display disposed on
the exterior of the housing, the housing display in electronic communication with the at least one

processor, wherein the preliminary image is displayed on the housing display.

125. The method for providing information on amedical condition of claim 123, wherein
the communication interface of the hyperspectral/multispectral imaging device isin electronic
communication with amobile device having amobile device display, wherein the preliminary

image is displayed on the mobile device display.
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126. The method for providing information on amedical condition of claim 125, wherein
the mobile device is selected from the group consisting of a smart phone, apersonal digital
assistant (PDA), an enterprise digital assistant, atablet computer, adigital camera, and aportable

music player.

127. A method for acquiring a hyperspectral/multispectral imaging comprising a
plurality of images, the method comprising:
resolving the plurality of images of a subject using a hyperspectral/multispectral
imaging device comprising:

A.) ahousing having an exterior and an interior;

B.) a least one objective lens attached to or within the housing, the at least
one objective lens disposed in an optical communication path, the optical communication path
comprising an originating end located at the object or subject and aterminating end;

C.) abeam steering element within the interior of the housing, the beam
steering element in optical communication with the at least one objective lens and positioned at
the terminating end of the optical communication path, the beam steering element characterized
by aplurality of operating modes, each respective operating mode in the plurality of operating
modes causing the beam steering element to be in optical communication with a different optical
detector;

D.) aplurality of optical detectors offset from the optical communication
path, each respective optical detector in the plurality of optical detectors in optical
communication with acorresponding operating mode of the beam steering element;

E.) aplurality of detector filters within the housing, each respective
detector filter in the plurality of detector filters covering a corresponding optical detector in the
plurality of optical detectors thereby filtering light received by the corresponding optical detector
from the beam steering element;

F.) a least one processor in electrical communication with the beam

steering element and the plurality of optical detectors;
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G.) amemory in electrical communication with the &t least one processor,
wherein at least one program is stored in the memory and executable by the at least one
processor, the at least one program comprising instructions for:

i.) switching said beam steering element between operating modes
in the plurality of operating modes, and

ii.) controlling each optical detector in said plurality of optical
detectors,

and

H.) acommunication interface in electrical communication with the at
least one processor,

wherein each respective image in the plurality of images isresolved a a different
wavelength of light by arespective optical detector in the plurality of optical detectors, each
respective optical detector brought into optical communication with the objective lens by cycling

the beam steering element through aplurality of operating modes.

128. A non-transitory computer readable storage medium storing at least one program
for collecting co-axially aligned images of asubject a aplurality of narrowband wavelengths
configured for execution by at least one processor of a computer system, the at least one program
comprising instructions for:

a.) turning on afirst illumination source configured to emit narrowband light
having afirst wavelength or first wavelength band;

b.) placing abeam steering element in afirst operating mode in optical
communication with afirst optical detector configured to resolve narrowband light
having the first wavelength or the first wavelength band;

c.) capturing an image of the subject illuminated by the light emitted by the first
illumination source using the first optical detector;

d.) turning off the first illumination source;

e.) turning on a second illumination source configure to emit narrowband light

having a second wavelength or a second wavelength band;
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f.) placing the beam steering element in a second operating mode in optical
communication with a second detector configured to resolve narrowband light having the
second wavelength or the second wavelength band;

g.) capturing an image of the subject illuminated by the light emitted by the
second illumination source using the second optical detector;

h.) optionally repeating d.) through g.) afirst predetermined number of times to
collect asecond predetermined number of images at distinct wavelengths or wavelength

bands, thereby collecting co-axially aligned images of the subject.

129. A method for directing an imager to acquire a hyperspectral/multispectral image of
atissue of a subject, the hyperspectral/multispectral image comprising aplurality of sub-images
of the tissue of the subject, each respective sub-image in the plurality of sub-images acquired & a
corresponding wavelength or wavelength band in aplurality of wavelengths or wavelength
bands, the imager comprising:

i.) ahousing having an exterior and an interior;

ii.) a least one light source disposed on the exterior of the housing;

iii.) a least one objective lens attached to or within the housing, the at least one objective
lens disposed in an optical communication path, the optical communication path comprising an
originating end and aterminating end, wherein light from the at least one light source is (i) first
backscattered by atissue of a subject and (ii) then passed from the originating end of the optical
communication path, through the at least one objective lens, and to the terminating end of the
optical communication path;

iv.) abeam steering element within the interior of the housing, the beam steering element
in optical communication with the terminating end of the optical communication path, the beam
steering element characterized by aplurality of operating modes;

v.) aplurality of optical detectors offset from the optical communication path, each
respective optical detector in the plurality of optical detectors in optical communication with a
corresponding operating mode of the beam steering element; and

vi.) aplurality of detector filters within the housing, each respective detector filter in the
plurality of detector filters covering acorresponding optical detector in the plurality of optical
detectors thereby filtering light received by the corresponding optical detector from the beam
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steering element so that each optical detector in the plurality of optical detectors is configured for
recording arespective sub-image in the plurality of sub-images at the wavelength or wavelength
band of the respective sub-image,

the method comprising:

a.) identifying aplurality of baseline exposure times, each respective baseline exposure
time in the plurality of baseline exposure times representing an exposure time for resolving a
respective sub-image, in the plurality of sub-images, of the tissue of the subject at the
wavelength or wavelength band of the respective sub-image, wherein afirst baseline exposure
time for afirst sub-image is different than a second baseline exposure time of a second sub-
image in the plurality of sub-images; and

b.) cycling the beam steering element through the plurality of operating modes, wherein
the beam steering element isretained in each respective operating mode for the baseline
exposure time corresponding to the wavelength or wavelength band collected by the optical filter
corresponding to the respective operating mode so that a sub-image isrecorded on the optical
detector corresponding to the respective operating mode, thereby collecting the
hyperspectral/multispectral  image of the tissue.

130. A non-transitory computer readable storage medium storing one or more programs
executable by a hyperspectral/multispectral imaging device with a central processing unit
configured to execute the one or more programs and an optical acquisition subsystem configured
to acquire a hyperspectral/multispectral  image of atissue of a subject, the
hyperspectral/multispectral imaging device comprising:

i.) ahousing having an exterior and an interior;

ii.) a least one light source disposed on the exterior of the housing;

iii.) a least one objective lens attached to or within the housing, the at least one objective
lens disposed in an optical communication path, the optical communication path comprising an
originating end and aterminating end, wherein light from the at least one light source is (i) first
backscattered by atissue of a subject and (ii) then passed from the originating end of the optical
communication path, through the at least one objective lens, and to the terminating end of the

optical communication path;
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iv.) abeam steering element within the interior of the housing, the beam steering element
in optical communication with the terminating end of the optical communication path, the beam
steering element characterized by aplurality of operating modes,

v.) aplurality of optical detectors offset from the optical communication path, each
respective optical detector in the plurality of optical detectors in optical communication with a
corresponding operating mode of the beam steering element; and

vi.) aplurality of detector filters within the housing, each respective detector filter in the
plurality of detector filters covering acorresponding optical detector in the plurality of optical
detectors thereby filtering light received by the corresponding optical detector from the beam
steering element so that each optical detector in the plurality of optical detectors is configured for
recording arespective sub-image in the plurality of sub-images at the wavelength or wavelength
band of the respective sub-image,

the one or more programs comprising instructions for

a.) identifying aplurality of baseline exposure times, each respective baseline exposure
time in the plurality of baseline exposure times representing an exposure time for resolving a
respective sub-image, in the plurality of sub-images, of the tissue of the subject at the
wavelength or wavelength band of the respective sub-image, wherein afirst baseline exposure
time for afirst sub-image is different than a second baseline exposure time of a second sub-
image in the plurality of sub-images; and

b.) cycling the beam steering element through the plurality of operating modes, wherein
the beam steering element isretained in each respective operating mode for the baseline
exposure time corresponding to the wavelength or wavelength band collected by the optical filter
corresponding to the respective operating mode so that a sub-image isrecorded on the optical
detector corresponding to the respective operating mode, thereby collecting the
hyperspectral/multispectral image of the tissue.

131. The non-transitory computer readable storage medium of claim 130, wherein a

baseline exposure time for a sub-image in the plurality of sub-images is determined by:

(1) afactor affecting abaseline illumination of the tissue of the subject; and
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(2) asensitivity of the corresponding optical detector in the optical acquisition
subsystem used to acquire the sub-image at the wavelength or wavelength band
corresponding to the sub-image.

132. The non-transitory computer readable storage medium of claim 131, wherein the
factor is (i) an amount of illumination of the tissue of the subject provided by an illumination
subsystem of the hyperspectral/multispectral imaging device, (ii) an amount of ambient light, or

(iii) aconcentration of melanin in the tissue of the subject.
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information provided on the
medical condition of the subject
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1602

Turn on first illumination source emitting
narrowband light of a first wavelength

v

1604

Place beam steering element in a first
operating mode in optical communication
with a first detector configured to resolve

light of the first wavelength

v
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Capture an image of an object
illuminated with light emitted by the first
illumination source using the first detector
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Turn off the first illumination source
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emitting narrowband light of a second
wavelength
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Place beam steering element in a second
operating mode in optical communication
with a second detector configured to
resolve light of the second wavelength

v

Capture an image of an object
illuminated by light of the second
wavelength with the second detector
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based on the identified factors

v

1720

Acquire a hyperspectral/multispectral
image of the tissue using the adjusted
minimum exposure times
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