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COMPACT LIGHT SENSORS FOR SURGICAL

APPLICATIONS AND SHOCK DETECTION

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application claims priority to United States Provisional Patent

Application No. 62/241,127, filed October 13, 2015, the disclosure of which is hereby

incorporated by reference herein in its entirety for all purposes.

TECHNICAL FIELD

[0002] The present disclosure generally relates to spectroscopy, such as hyperspectral

spectroscopy, and in particular, to systems, methods and devices enabling a compact imaging

device.

BACKGROUND

[0003] Hyperspectral (also known as "multispectral") spectroscopy is an imaging

technique that integrates multiple images of an object resolved at different spectral bands

(e.g., ranges of wavelengths) into a single data structure, referred to as a three-dimensional

hyperspectral data cube. Data provided by hyperspectral spectroscopy is often used to

identify a number of individual components of a complex composition through the

recognition of spectral signatures of the individual components of a particular hyperspectral

data cube.

[0004] Hyperspectral spectroscopy has been used in a variety of applications, ranging

from geological and agricultural surveying to surveillance and industrial evaluation.

Hyperspectral spectroscopy has also been used in medical applications to facilitate complex

diagnosis and predict treatment outcomes. For example, medical hyperspectral imaging has

been used to accurately predict viability and survival of tissue deprived of adequate

perfusion, and to differentiate diseased (e.g., cancerous or ulcerative) and ischemic tissue

from normal tissue.



[0005] However, despite the great potential clinical value of hyperspectral imaging,

several drawbacks have limited the use of hyperspectral imaging in the clinic setting. In

particular, medical hyperspectral instruments are costly because of the complex optics and

computational requirements conventionally used to resolve images at a plurality of spectral

bands to generate a suitable hyperspectral data cube. Hyperspectral imaging instruments can

also suffer from poor temporal and spatial resolution, as well as low optical throughput, due

to the complex optics and taxing computational requirements needed for assembling,

processing, and analyzing data into a hyperspectral data cube suitable for medical use.

[0006] 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 concurrently capturing

images at multiple wavelengths.

SUMMARY

[0007] Various implementations of systems, methods, and devices within the scope of

the appended claims each have several aspects, no single one of which is solely responsible

for the desirable attributes described herein. Without limiting the scope of the appended

claims, some prominent features are described herein. After considering this discussion, and

particularly after reading the section entitled "Detailed Description" one will understand how

the features of various implementations are used to enable a hyperspectral imaging device

capable of producing a three-dimensional hyperspectral data cube using a plurality of photo

sensor chips (e.g., CDD, CMOS, etc) suitable for use in a number for applications, and in

particular, for medical use.

[0008] FirstAspect

[0009] Various aspects of the present disclosure are directed to an imaging device,

including a lens disposed along an optical axis and configured to receive light that has been

emitted from a light source and backscattered by an object, a plurality of photo-sensors, a

plurality of dual bandpass filters, each respective dual bandpass filter covering a respective

photo-sensor of the plurality of photo-sensors and configured to filter light received by the

respective photo-sensor, wherein each respective dual bandpass filter is be configured to

allow a different respective spectral band to pass through the respective dual bandpass filter,



and a plurality of beam splitters in optical communication with the lens and the plurality of

photo-sensors. Each respective beam splitter is configured to split the light received by the

lens into at least two optical paths. A first beam splitter in the plurality of beam splitters is in

direct optical communication with the lens and a second beam splitter in the plurality of beam

splitters is in indirect optical communication with the lens through the first beam splitter.

The plurality of beam splitters collectively split the light received by the lens into a plurality

of optical paths. Each respective optical path in the plurality of optical paths is configured to

direct light to a corresponding photo-sensor in the plurality of photo-sensors through the dual

bandpass filter corresponding to the respective photo-sensor.

[0010] In some embodiments, the imaging device further includes at least one light

source having at least a first operating mode and a second operating mode. In the first

operating mode, the at least one light source emits light substantially within a first spectral

range, and in the second operating mode, the at least one light source emits light substantially

within a second spectral range.

[0011] In some embodiments, each of the plurality of bandpass filters is configured to

allow light corresponding to either of two discrete spectral bands to pass through the filter. In

some embodiments, a first of the two discrete spectral bands corresponds to a first spectral

band that is represented in the first spectral range and not in the second spectral range, and a

second of the two discrete spectral bands corresponds to a second spectral band that is

represented in the second spectral range and not in the first spectral range.

[0012] In some embodiments, the first spectral range is substantially non-overlapping

with the second spectral range. In some embodiments, the first spectral range is substantially

contiguous with the second spectral range.

[0013] In some embodiments, the at least two optical paths from a respective beam

splitter in the plurality of beam splitters are substantially coplanar.

[0014] In some embodiments, the imaging device further includes a plurality of beam

steering elements, each respective beam steering element configured to direct light in a

respective optical path to a respective photo-sensor corresponding to the respective optical

path. In some embodiments, at least one of the plurality of beam steering elements is

configured to direct light perpendicular to the optical axis of the lens. In some embodiments,

each one of a first subset of the respective beam steering elements is configured to direct light



in a first direction that is perpendicular to the optical axis of the lens, and each one of a

second subset of the respective beam steering elements is configured to direct light in a

second direction that is perpendicular to the optical axis of the lens and opposite to the first

direction.

[0015] In some embodiments, a sensing plane of each of the plurality of photo

sensors is substantially perpendicular to the optical axis of the lens.

[0016] In some embodiments, the imaging device further includes a polarizer in

optical communication with the at least one light source, and a polarization rotator. The

polarizer is configured to receive light from the at least one light source and project a first

portion of the light from the at least one light source onto the object. The first portion of the

light is polarized in a first manner. The polarizer is further configured to project a second

portion of the light from the at least one light source onto the polarization rotator. The

second portion of the light is polarized in a second manner, other than the first manner. In

some embodiments, the polarization rotator is configured to rotate the polarization of the

second portion of the light from the second manner to the first manner, and project the second

portion of the light, polarized in the first manner, onto the object. In some embodiments, the

first manner is p-polarization and the second manner is s-polarization. In some embodiments,

the first manner is s-polarization and the second manner is p-polarization.

[0017] In some embodiments, the imaging device further includes a controller

configured to capture a plurality of images from the plurality of photo-sensors by performing

a method including using the at least one light source to illuminate the object with light

falling within the first spectral range and capturing a first set of images with the plurality of

photo-sensors. In such embodiments, the first set of images includes, for each respective

photo-sensor, an image corresponding to a first spectral band transmitted by the

corresponding dual bandpass filter, where the light falling within the first spectral range

includes light falling within the first spectral band of each dual bandpass filter. The method

further comprises using the at least one light source to illuminate the object with light falling

within the second spectral range, and capturing a second set of images with the plurality of

photo-sensors. In such embodiments, the second set of images includes, for each respective

photo-sensor, an image corresponding to a second spectral band transmitted by the



corresponding dual bandpass filter, where the light falling within the second spectral range

includes light falling within the second spectral band of each dual bandpass filter.

[0018] In some embodiments, the lens has a fixed focus distance, and the imaging

device further includes a first projector configured to project a first portion of a shape onto

the object, and a second projector configured to project a second portion of the shape onto the

object, where the first portion of the shape and the second portion of the shape are configured

to converge to form the shape when the lens is positioned at a predetermined distance from

the object. This predetermined distance corresponds to the focal distance of the lens. In

some embodiments, the shape indicates a portion of the object that will be imaged by the

plurality of photo-sensors when an image is captured with the imaging device. In some

embodiments, the shape is selected from the group consisting of: a rectangle; a square; a

circle; and an oval. In some embodiments, the shape is any two-dimensional closed form

shape. In some embodiments, the first portion of the shape is a first pair of lines forming a

right angle, and the second portion of the shape is a second pair of lines forming a right angle,

where the first portion of the shape and the second portion of the shape are configured to

form a rectangle on the object when the imaging device is positioned at a predetermined

distance from the object.

[0019] In some embodiments, each of the plurality of beam splitters exhibits a ratio of

light transmission to light reflection of about 50:50.

[0020] In some embodiments, at least one of the beam splitters in the plurality of

beam splitters is a dichroic beam splitter.

[0021] In some embodiments, at least the first beam splitter is a dichroic beam

splitter.

[0022] In some embodiments, in the first operating mode, the at least one light source

emits light substantially within a first spectral range that includes at least two discontinuous

spectral sub-ranges, and in the second operating mode, the at least one light source emits light

substantially within a second spectral range.

[0023] In some embodiments, the first beam splitter is configured to transmit light

falling within a third spectral range and reflect light falling within a fourth spectral range.



[0024] In some embodiments, the plurality of beam splitters includes the first beam

splitter, the second beam splitter, and a third beam splitter. In some embodiments, the light

falling within the third spectral range is transmitted toward the second beam splitter, and the

light falling within the fourth spectral range is reflected toward the third beam splitter.

[0025] In some embodiments, the second and the third beam splitters are wavelength-

independent beam splitters.

[0026] In some embodiments, the at least two discontinuous spectral sub-ranges of

the first spectral range include a first spectral sub-range of about 450-550 nm, a second

spectral sub-range of about 615-650 nm, and the second spectral range is about 550-615 nm.

[0027] In some embodiments, the third spectral range is about 585-650 nm, and the

fourth spectral range is about 450-585 nm.

[0028] In some embodiments, the third spectral range includes light falling within

both the first and the second spectral ranges, and the fourth spectral range includes light

falling within both the first and the second spectral ranges.

[0029] In some embodiments, the first beam splitter is a plate dichroic beam splitter

or a block dichroic beam splitter.

[0030] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter are dichroic beam splitters.

[0031] In some embodiments, in the first operating mode, the at least one light source

emits light substantially within a first spectral range that includes at least two discontinuous

spectral sub-ranges, and in the second operating mode, the at least one light source emit lights

substantially within a second spectral range.

[0032] In some embodiments, the first beam splitter is configured to transmit light

falling within a third spectral range that includes at least two discontinuous spectral sub

ranges and reflect light falling within a fourth spectral range that includes at least two

discontinuous spectral sub-ranges.

[0033] In some embodiments, the plurality of beam splitters include the first beam

splitter, the second beam splitter, and a third beam splitter.



[0034] In some embodiments, the light falling within the third spectral range is

transmitted toward the second beam splitter, and the light falling within the fourth spectral

range is reflected toward the third beam splitter.

[0035] In some embodiments, the second beam splitter is configured to reflect light

falling within a fifth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the fifth spectral sub-range.

[0036] In some embodiments, the third beam splitter is configured to reflect light

falling within a sixth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the sixth spectral sub-range.

[0037] In some embodiments, the at least two discontinuous spectral sub-ranges of

the first spectral range include a first spectral sub-range of about 450-530 nm, and a second

spectral sub-range of about 600-650 nm, and the second spectral range is about 530-600 nm.

[0038] In some embodiments, the at least two discontinuous spectral sub-ranges of

the third spectral range include a third spectral sub-range of about 570-600 nm, and a fourth

spectral sub-range of about 615-650 nm, and the at least two discontinuous spectral sub

ranges of the fourth spectral range include a fifth spectral sub-range of about 450-570 nm,

and a sixth spectral sub-range of about 600-615 nm.

[0039] In some embodiments, the at least two discontinuous spectral sub-ranges of

the fifth spectral range include a seventh spectral sub-range of about 585-595 nm, and an

eighth spectral sub-range of about 615-625 nm.

[0040] In some embodiments, the at least two discontinuous spectral sub-ranges of

the sixth spectral range include a ninth spectral sub-range of about 515-525 nm, and a tenth

spectral sub-range of about 555-565 nm.

[0041] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter are each either a plate dichroic beam splitter or a block dichroic beam

splitter.

[0042] In some embodiments, the at least one light source includes a first set of light

emitting diodes (LEDs) and a second set of LEDs, each LED of the first set of LEDs



transmits light through a first bandpass filter configured to block light falling outside the first

spectral range and transmit light falling within the first spectral range, and each LED of the

second set of LEDs transmits light through a second bandpass filter configured to block light

falling outside the second spectral range and transmit light falling within the second spectral

range.

[0043] In some embodiments, the first set of LEDs are in a first lighting assembly and

the second LEDs are in a second lighting assembly separate from the first lighting assembly.

[0044] In some embodiments, the first set of LEDs and the second set of LEDs are in

a common lighting assembly.

[0045] Second Aspect.

[0046] Other aspects of the present disclosure are directed to an optical assembly for

an imaging device (e.g, a hyper-spectral/multispectral), including a lens disposed along an

optical axis, an optical path assembly configured to receive light from the lens, a first circuit

board positioned on a first side of the optical path assembly, and a second circuit board

positioned on a second side of the optical path assembly opposite to the first side. The

second circuit board is substantially parallel with the first circuit board. The optical path

assembly includes a first beam splitter configured to split light received from the lens into a

first optical path and a second optical path. The first optical path is substantially collinear

with the optical axis. The second optical path is substantially perpendicular to the optical

axis. A second beam splitter is adjacent to the first beam splitter. The second beam splitter is

configured to split light from the first optical path into a third optical path and a fourth optical

path. The third optical path is substantially collinear with the first optical path, and the fourth

optical path is substantially perpendicular to the optical axis. A third beam splitter is adjacent

to the first beam splitter. The third beam splitter is configured to split light from the second

optical path into a fifth optical path and a sixth optical path. The fifth optical path is

substantially collinear with the second optical path, and the sixth optical path is substantially

perpendicular to the second optical path. A first beam steering element is adjacent to the

second beam splitter and is configured to deflect light from the third optical path

perpendicular to the third optical path and onto a first photo-sensor coupled to the first circuit

board. A second beam steering element is adjacent to the second beam splitter and is

configured to deflect light from the fourth optical path perpendicular to the fourth optical path



and onto a second photo-sensor coupled to the second circuit board. A third beam steering

element is adjacent to the third beam splitter and is configured to deflect light from the fifth

optical path perpendicular to the fifth optical path and onto a third photo-sensor coupled to

the first circuit board. A fourth beam steering element is adjacent to the third beam splitter

and is configured to deflect light from the sixth optical path perpendicular to the sixth optical

path and onto a fourth photo-sensor coupled to the second circuit board.

[0047] In some embodiments, the optical assembly further includes a plurality of

bandpass filters. The plurality of bandpass filters includes a first bandpass filter positioned in

the third optical path between the second beam splitter and the first photo-sensor, a second

bandpass filter positioned in the fourth optical path between the second beam splitter and the

second photo-sensor, a third bandpass filter positioned in the fifth optical path between the

third beam splitter and the third photo-sensor, and a fourth bandpass filter positioned in the

sixth optical path between the third beam splitter and the fourth photo-sensor. Each

respective bandpass filter is configured to allow a different corresponding spectral band to

pass through the respective bandpass filter.

[0048] In some embodiments, at least one respective bandpass filter in the plurality of

bandpass filters is a dual bandpass filter.

[0049] In some embodiments, the optical assembly further includes a polarizing filter

disposed along the optical axis. In some embodiments, the polarizing filter is adjacent to the

lens and before the first beam splitter along the optical axis.

[0050] In some embodiments, each respective beam steering element is a mirror or

prism. In some embodiments, each respective beam steering element is a folding prism.

[0051] In some embodiments, each respective beam splitter and each respective beam

steering element is oriented along substantially the same plane.

[0052] In some embodiments, each respective photo-sensor is flexibly coupled to its

corresponding circuit board.

[0053] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter each exhibit a ratio of light transmission to light reflection of about 50:50.

[0054] In some embodiments, at least the first beam splitter is a dichroic beam

splitter.



[0055] In some embodiments, the first beam splitter is configured to transmit light

falling within a first spectral range and reflect light falling within a second spectral range.

[0056] In some embodiments, the light falling within the first spectral range is

transmitted toward the second beam splitter, and the light falling within the second spectral

range is reflected toward the third beam splitter.

[0057] In some embodiments, the second and the third beam splitters are wavelength-

independent beam splitters.

[0058] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter are dichroic beam splitters.

[0059] In some embodiments, the first beam splitter is configured to transmit light

falling within a first spectral range that includes at least two discontinuous spectral sub

ranges and reflect light falling within a second spectral range that includes at least two

discontinuous spectral sub-ranges.

[0060] In some embodiments, the second beam splitter is configured to reflect light

falling within a third spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the third spectral sub-range.

[0061] In some embodiments, the third beam splitter is configured to reflect light

falling within a fourth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the fourth spectral sub-range.

[0062] Third Aspect.

[0063] Other aspects of the present disclosure are directed to a lighting assembly for

an imaging (e.g., hyper-spectral/multispectral imaging) device, including at least one light

source, a polarizer in optical communication with the at least one light source, and a

polarization rotator. The polarizer is configured to receive light from the at least one light

source and project a first portion of the light from the at least one light source onto an object,

where the first portion of the light exhibits a first type of polarization, and project a second

portion of the light from the at least one light source onto the polarization rotator, where the

second portion of the light exhibits a second type of polarization. The polarization rotator is



configured to rotate the polarization of the second portion of the light from the second type of

polarization to the first type of polarization, and project the light of the first type of

polarization onto the object.

[0064] In some embodiments, the first type of polarization is p-polarization and the

second type of polarization is s-polarization. In some embodiments, the first type of

polarization is s-polarization and the second type of polarization is p-polarization.

[0065] In some embodiments, the at least one light source is one or more light

emitting diodes (LED).

[0066] In some embodiments, the at least one light source has two or more operating

modes, each respective operating mode in the two or more operation modes including

emission of a discrete spectral range of light, where none of the respective spectral ranges of

light corresponding to an operating mode completely overlaps with any other respective

spectral range of light corresponding to a different operating mode.

[0067] In some embodiments, at least 95% of all of the light received by the polarizer

from the at least one light source is illuminated onto the object.

[0068] Fourth Aspect.

[0069] Another aspect of the present disclosure is directed to a method for capturing

an image (e.g., a hyper-spectral/multispectral image) of an object, including at an imaging

system including at least one light source, a lens configured to receive light that has been

emitted from the at least one light source and backscattered by an object, a plurality of photo

sensors, and a plurality of bandpass filters. Each respective bandpass filter covers a

respective photo-sensor of the plurality of photo-sensors and configured to filter light

received by the respective photo-sensor. Each respective bandpass filter is configured to

allow a different respective spectral band to pass through the respective bandpass filter,

illuminating the object with the at least one light source according to a first mode of operation

of the at least one light source, capturing a first plurality of images, each of the first plurality

of images being captured by a respective one of the plurality of photo-sensors, wherein each

respective image of the first plurality of images includes light having a different respective

spectral band.



[0070] Each of the plurality of bandpass filters is configured to allow light

corresponding to either of two discrete spectral bands to pass through the filter. The method

further includes, after capturing the first plurality of images, illuminating the object with the

at least one light source according to a second mode of operation of the at least one light

source, capturing a second plurality of images, each of the second plurality of images being

captured by a respective one of the plurality of photo-sensors, wherein each respective image

of the second plurality of images includes light having a different respective spectral band,

and the spectral bands captured by the second plurality of images different than the spectral

bands captured by the first plurality of images.

[0071] In some embodiments, the at least one light source includes a plurality of light

emitting diodes (LEDs).

[0072] In some embodiments, a first wavelength optical filter is disposed along an

illumination optical path between a first subset of LEDs in the plurality of LEDs and the

object, and a second wavelength optical filter is disposed along an illumination optical path

between a second subset of LEDs in the plurality of LEDs and the object. The first

wavelength optical filter and the second wavelength optical filter are configured to allow

light corresponding to different spectral bands to pass through the respective filters.

[0073] In some embodiments, the plurality of LEDs include white light-emitting

LEDs. In some embodiments, the plurality of LEDs include a first subset of LEDs

configured to emit light corresponding to a first spectral band of light and a second subset of

LEDs configured to emit light corresponding to a second spectral band of light illuminating

the object with the at least one light source according to a first mode of operation consists of

illuminating the object with light emitted from the first subset of LEDs, and illuminating the

object with the at least one light source according to a second mode of operation consists of

illuminating the object with light emitted from the second subset of LEDs, where the

wavelengths of the first spectral band of light and the wavelengths of the second spectral

band of light do not completely overlap or do not overlap at all.

[0074] Fifth Aspect.

[0075] Another aspect of the present disclosure is directed to an imaging device (e.g.,

hyper-spectral/multispectral imaging device), including at least one light source having at

least two operating modes, a lens disposed along an optical axis and configured to receive



light that has been emitted from the at least one light source and backscattered by an object, a

plurality of photo-sensors, a plurality of bandpass filters, each respective bandpass filter

covering a respective photo-sensor of the plurality of photo-sensors and configured to filter

light received by the respective photo-sensor. Each respective bandpass filter is configured to

allow a different respective spectral band to pass through the respective bandpass filter. The

device further includes one or more beam splitters in optical communication with the lens and

the plurality of photo-sensors. Each respective beam splitter is configured to split the light

received by the lens into a plurality of optical paths. Each optical path is configured to direct

light to a respective photo-sensor through the bandpass filter corresponding to the respective

photo-sensor.

[0076] Sixth Aspect.

[0077] Another aspect of the present disclosure is directed to an imaging device,

including a lens disposed along an optical axis and configured to receive light, a plurality of

photo-sensors, an optical path assembly including a plurality of beam splitters in optical

communication with the lens and the plurality of photo-sensors, and a plurality of multi-

bandpass filters (e.g., dual bandpass filters, triple bandpass filters, quad-bandpass filters).

Each respective multi-bandpass filter in the plurality of multi-bandpass filters covers a

corresponding photo-sensor in the plurality of photo-sensors thereby selectively allowing a

different corresponding spectral band of light, from the light received by the lens and split by

the plurality of beam splitters, to pass through to the corresponding photo-sensor. Each beam

splitter in the plurality of beam splitters is configured to split the light received by the lens

into at least two optical paths. A first beam splitter in the plurality of beam splitters is in

direct optical communication with the lens. A second beam splitter in the plurality of beam

splitters is in indirect optical communication with the lens through the first beam splitter.

The plurality of beam splitters collectively split light received by the lens into a plurality of

optical paths, wherein each respective optical path in the plurality of optical paths is

configured to direct light to a corresponding photo-sensor in the plurality of photo-sensors

through the multi-bandpass filter corresponding to the respective photo-sensor.

[0078] In a specific embodiment, the multi-bandpass filters are dual bandpass filters.

In some implementations, each respective optical detector in the plurality of optical detectors

(e.g., optical detectors 112) is covered by a dual-band pass filter (e.g., filters 114).



[0079] In some implementations, each respective optical detector is covered by a

triple band pass filter, enabling use of a third light source and collection of three sets of

images at unique spectral bands. For example, four optical detectors can collect images at up

to twelve unique spectral bands, when each detector is covered by a triple band-pass filter.

[0080] In some implementations, each respective optical detector is covered by a

quad-band pass filter, enabling use of a fourth light source and collection of four sets of

images at unique spectral bands. For example, four optical detectors can collect images at up

to sixteen unique spectral bands, when each detector is covered by a quad band-pass filter. In

yet other implementations, band pass filters allowing passage of five, six, seven, or more

bands each can be used to collect larger sets of unique spectral bands.

[0081] In some embodiments, the imaging device also includes a first light source and

a second light source, wherein the first light source and the second light source are configured

to shine light so that a portion of the light is backscattered by the obj ect and received by the

lens.

[0082] In some embodiments, the first light source emits light that is substantially

limited to a first spectral range, and the second light source emits light that is substantially

limited to a second spectral range.

[0083] In some embodiments, the first light source is a first multi-spectral light source

covered by a first bandpass filter, in which the first bandpass filter substantially blocks all

light emitted by the first light source other than the first spectral range, and the second light

source is a second multi-spectral light source covered by a second bandpass filter, wherein

the second bandpass filter substantially blocks all light emitted by the second light source

other than the second spectral range.

[0084] In some embodiments, the first multi-spectral light source is a first white light

emitting diode and the second multi-spectral light source is a second white light emitting

diode.

[0085] In some embodiments, each respective dual bandpass filter in the plurality of

dual bandpass filters is configured to selectively allow light corresponding to either of two

discrete spectral bands to pass through to the corresponding photo-sensor. In some

embodiments, a first of the two discrete spectral bands corresponds to a first spectral band



that is represented in the first spectral range and not in the second spectral range, and a

second of the two discrete spectral bands corresponds to a second spectral band that is

represented in the second spectral range and not in the first spectral range.

[0086] In some embodiments, the first spectral range is substantially non-overlapping

with the second spectral range.

[0087] In some embodiments, the first spectral range is substantially contiguous with

the second spectral range.

[0088] In some embodiments, the first spectral range comprises wavelengths 520 nm,

540 nm, 560 nm and 640 nm wavelength light, and the second spectral range comprises of

580 nm, 590 nm, 6 10 nm and 620 nm wavelength light.

[0089] In some embodiments, the at least two optical paths from a respective beam

splitter in the plurality of beam splitters are substantially coplanar.

[0090] In some embodiments, the imaging device further includes a plurality of beam

steering elements, each respective beam steering element configured to direct light in a

respective optical path to a respective photo-sensor, of the plurality of photo-sensors,

corresponding to the respective optical path. In some embodiments, at least one of the

plurality of beam steering elements is configured to direct light perpendicular to the optical

axis of the lens. In some embodiments, each one of a first subset of the plurality of beam

steering elements is configured to direct light in a first direction that is perpendicular to the

optical axis, and each one of a second subset of the plurality of beam steering elements is

configured to direct light in a second direction that is perpendicular to the optical axis and

opposite to the first direction.

[0091] In some embodiments, a sensing plane of each of the plurality of photo

sensors is substantially perpendicular to the optical axis.

[0092] In some embodiments, the imaging device further includes a controller

configured to capture a plurality of images from the plurality of photo-sensors by performing

a method that includes illuminating the obj ect a first time using the first light source, and

capturing a first set of images with the plurality of photo-sensors during the illumination.

The first set of images includes, for each respective photo-sensor in the plurality of photo

sensors, an image corresponding to a first spectral band transmitted by the corresponding



multi-bandpass filter (e.g., dual bandpass filter), where the light falling within the first

spectral range includes light falling within the first spectral band of each multi-bandpass filter

(e.g., dual bandpass filter). The method further includes extinguishing the first light source,

and then illuminating the object a second time using the second light source. The method

includes capturing a second set of images with the plurality of photo-sensors during the

second illumination. The second set of images includes, for each respective photo-sensor in

the plurality of photo-sensors, an image corresponding to a second spectral band transmitted

by the corresponding multi-bandpass filter (e.g., dual bandpass filter), where the light falling

within the second spectral range includes light falling within the second spectral band of each

multi-bandpass filter (e.g., dual bandpass filter).

[0093] In some embodiments, each respective photo-sensor in the plurality of photo

sensors is a pixel array that is controlled by a corresponding shutter mechanism that

determines an image integration time for the respective photo-sensor. A first photo-sensor in

the plurality of photo-sensors is independently associated with a first integration time for use

during the first image capture and a second integration time for use during the second image

capture. The first integration time is independent of the second integration time. In other

words, the device determines separate integration times for each spectral band at which an

image is captured.

[0094] In some embodiments, each respective photo-sensor in the plurality of photo

sensors is a pixel array that is controlled by a corresponding shutter mechanism that

determines an image integration time for the respective photo-sensor. A duration of the first

illumination is determined by a first maximum integration time associated with the plurality

of photo-sensors during the first image capture, where an integration time of a first photo

sensor in the plurality of photo-sensors is different than an integration time of a second

photo-sensor in the plurality of photo-sensors during the first image capture. A duration of

the second illumination is determined by a second maximum integration time associated with

the plurality of photo-sensors during the second capture, where an integration time of the first

photo-sensor is different than an integration time of the second photo-sensor during the

second capture. In some implementations, the first maximum integration time is different

than the second maximum integration time.



[0095] In some embodiments, each beam splitter in the plurality of beam splitters

exhibits a ratio of light transmission to light reflection of about 50:50.

[0096] In some embodiments, at least one of the beam splitters in the plurality of

beam splitters is a dichroic beam splitter.

[0097] In some embodiments, at least the first beam splitter (e.g., in direct optical

communication with the lens) is a dichroic beam splitter.

[0098] In some embodiments, at least one of the beam splitters in the plurality of

beam splitters is a dichroic beam splitter, the first spectral range includes at least two

discontinuous spectral sub-ranges, each of the plurality of beam splitters exhibits a ratio of

light transmission to light reflection of about 50:50, and the first beam splitter is configured

to transmit light falling within a third spectral range and reflect light falling within a fourth

spectral range.

[0099] In some embodiments, the plurality of beam splitters includes the first beam

splitter, the second beam splitter, and a third beam splitter.

[00100] In some embodiments, the light falling within the third spectral range is

transmitted toward the second beam splitter, and the light falling within the fourth spectral

range is reflected toward the third beam splitter.

[00101] In some embodiments, the second and the third beam splitters are wavelength-

independent beam splitters.

[00102] In some embodiments, the third spectral range includes light falling within

both the first and the second spectral ranges, and the fourth spectral range includes light

falling within both the first and the second spectral ranges.

[00103] In some embodiments, the first beam splitter is a plate dichroic beam splitter

or a block dichroic beam splitter. In some embodiments, the first beam splitter, the second

beam splitter, and the third beam splitter are dichroic beam splitters.

[00104] In some embodiments, the first spectral range includes at least two

discontinuous spectral sub-ranges, each of the plurality of beam splitters exhibits a ratio of

light transmission to light reflection of about 50:50, the first beam splitter is configured to

transmit light falling within a third spectral range and reflect light falling within a fourth

spectral range, the plurality of beam splitters includes the first beam splitter, the second beam



splitter, and a third beam splitter, and the first beam splitter, the second beam splitter, and the

third beam splitter are dichroic beam splitters.

[00105] In some embodiments, the third spectral range includes at least two

discontinuous spectral sub-ranges, and the fourth spectral range includes at least two

discontinuous spectral sub-ranges.

[00106] In some embodiments, the light falling within the third spectral range is

transmitted toward the second beam splitter, and the light falling within the fourth spectral

range is reflected toward the third beam splitter.

[00107] In some embodiments, the second beam splitter is configured to reflect light

falling within a fifth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the fifth spectral sub-range.

[00108] In some embodiments, the third beam splitter is configured to reflect light

falling within a sixth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the sixth spectral sub-range.

[00109] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter are each either a plate dichroic beam splitter or a block dichroic beam

splitter.

[00110] In some embodiments, the first light source is in a first lighting assembly and

the second light source is in a second lighting assembly separate from the first lighting

assembly.

[00111] In some embodiments, each image in the plurality of images is a multi-pixel

image of a location on the object, the method performed by the controller also includes

combining each image in the plurality of images, on a pixel by pixel basis, to form a

composite image.

[00112] In some embodiments (e.g., where tri-bandpass filters or quad-bandpass filters

are employed), the imaging system includes more than two light sources. In one

embodiment, the imaging device includes at least three light sources. In one embodiment, the



imaging includes at least four light sources. In one embodiment, the imaging device includes

at least five light sources.

[00113] In some embodiments, the imaging device is portable and powered

independent of a power grid during the first and second illuminations. The first light source

provides at least 80 watts of illuminating power during the first illumination. The second

light source provides at least 80 watts of illuminating power during the second illumination.

The imaging device further includes a capacitor bank in electrical communication with the

first light source and the second light source, wherein a capacitor in the capacitor bank has a

voltage rating of at least 2 volts and a capacitance rating of at least 80 farads.

[00114] In some embodiments, the first and second wavelengths provide an

illuminating power, during their respective illuminations, selected independently from

between at least 20 watts and at least 400 watts. In some embodiments, the illuminating

powers are independently selected from at least 20 watts, at least 30 watts, at least 40 watts,

at least 50 watts, at least 60 watts, at least 70 watts, at least 80 watts, at least 90 watts, at least

100 watts, at least 110 watts, at least 120 watts, at least 130 watts, at least 140 watts, at least

150 watts, at least 160 watts, at least 170 watts, at least 180 watts, at least 190 watts, at least

200 watts, at least 225 watts, at least 250 watts, at least 275 watts, at least 300 watts, at least

325 watts, at least 350 watts, at least 375 watts, and at least 400 watts.

[00115] In some embodiments, discrete bands of a multi-bandpass filter are each

separated by at least 60 nm. In a particular embodiment, the two discrete bands of a dual

bandpass filter in the plurality of dual bandpass filters are separated by at least 60 nm.

[00116] In some embodiments, the imaging device is portable and electrically

independent of a power grid during the first and second illuminations (or during all

illuminations where more than two illuminations are employed). In some embodiments, the

first and second illuminations occur for less than 500 milliseconds (or all illuminations last

for less than 500 milliseconds where more than two illuminations are employed). In some

embodiments, the first and second illuminations occur for less than 300 milliseconds (or all

illuminations last for less than 300 milliseconds where more than two illuminations are

employed). In some embodiments, the first and second illuminations occur for less than 250

milliseconds (or all illuminations last for less than 250 milliseconds where more than two

illuminations are employed).



[00117] In some embodiments, the imaging device also includes a first circuit board

positioned on a first side of the optical path assembly, where a first photo-sensor and a third

photo-sensor in the plurality of photo-sensors are coupled to the first circuit board. A second

circuit board positioned on a second side of the optical path assembly opposite to the first

side, where the second circuit board is substantially parallel with the first circuit board, where

a second photo-sensor and a fourth photo-sensor in the plurality of photo-sensors are coupled

to the second circuit board. The first beam splitter is configured to split light received from

the lens into a first optical path and a second optical path, where the first optical path is

substantially collinear with the optical axis, and the second optical path is substantially

perpendicular to the optical axis. The second beam splitter is configured split light from the

first optical path into a third optical path and a fourth optical path, where the third optical

path is substantially collinear with the first optical path, and the fourth optical path is

substantially perpendicular to the optical axis. A third beam splitter in the plurality of beam

splitters is configured to split light from the second optical path into a fifth optical path and a

sixth optical path, where the fifth optical path is substantially collinear with the second

optical path, and the sixth optical path is substantially perpendicular to the second optical

path. The optical path assembly also includes a first beam steering element configured to

deflect light from the third optical path perpendicular to the third optical path and onto the

first photo-sensor coupled to the first circuit board, a second beam steering element

configured to deflect light from the fourth optical path perpendicular to the fourth optical path

and onto the second photo-sensor coupled to the second circuit board, a third beam steering

element configured to deflect light from the fifth optical path perpendicular to the fifth optical

path and onto the third photo-sensor coupled to the first circuit board, and a fourth beam

steering element configured to deflect light from the sixth optical path perpendicular to the

sixth optical path and onto the fourth photo-sensor coupled to the second circuit board.

[00118] In some embodiments, a first multi-bandpass filter (e.g., dual bandpass filter)

is positioned in the third optical path between the first beam splitter and the first photo

sensor. A second multi-bandpass filter (e.g., dual bandpass filter) is positioned in the fourth

optical path between the second beam splitter and the second photo-sensor. A third multi-

bandpass filter (e.g., dual bandpass filter) is positioned in the fifth optical path between the

third beam splitter and the third photo-sensor. A fourth multi-bandpass filter (e.g., dual



bandpass filter) is positioned in the sixth optical path between the fourth beam splitter and the

fourth photo-sensor.

[00119] In some embodiments, the imaging device also includes a polarizing filter

disposed along the optical axis. In some embodiments, the polarizing filter is adjacent to the

lens and before the first beam splitter along the optical axis.

[00120] In some embodiments, the first beam steering element is a mirror or prism.

[00121] In some embodiments, the first beam steering element is a folding prism.

[00122] In some embodiments, each respective beam splitter and each respective beam

steering element is oriented along substantially the same plane.

[00123] In some embodiments, each respective photo-sensor is flexibly coupled to its

corresponding circuit board.

[00124] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter each exhibits a ratio of light transmission to light reflection of about 50:50.

[00125] In some embodiments, at least the first beam splitter is a dichroic beam

splitter.

[00126] In some embodiments, the first beam splitter is configured to transmit light

falling within a first spectral range and reflect light falling within a second spectral range.

[00127] In some embodiments, the light falling within the first spectral range is

transmitted toward the second beam splitter, and the light falling within the second spectral

range is reflected toward the third beam splitter.

[00128] In some embodiments, the second and the third beam splitters are wavelength-

independent beam splitters.

[00129] In some embodiments, the first beam splitter, the second beam splitter, and the

third beam splitter are dichroic beam splitters.

[00130] In some embodiments, the first beam splitter is configured to transmit light

falling within a first spectral range that includes at least two discontinuous spectral sub

ranges and reflect light falling within a second spectral range that includes at least two

discontinuous spectral sub-ranges.



[00131] In some embodiments, the second beam splitter is configured to reflect light

falling within a third spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the third spectral sub-range.

[00132] In some embodiments, the third beam splitter is configured to reflect light

falling within a fourth spectral range that includes at least two discontinuous spectral sub

ranges and transmit light not falling within either of the at least two discontinuous spectral

sub-ranges of the fourth spectral sub-range.

BRIEF DESCRIPTION OF THE DRAWINGS

[00133] So that the present disclosure can be understood in greater detail, a more

particular description may be had by reference to the features of various implementations,

some of which are illustrated in the appended drawings. The appended drawings, however,

merely illustrate the more pertinent features of the present disclosure and are therefore not to

be considered limiting, for the description may admit to other effective features and

arrangements.

[00134] FIG. 1A is an illustration of a hyperspectral imaging device 100, in accordance

with an implementation.

[00135] FIG. IB is an illustration of a hyperspectral imaging device 100, in accordance

with an implementation.

[00136] FIG. 2A and FIG. 2B are illustrations of an optical assembly 102 of a

hyperspectral imaging device 100, in accordance with implementations of the disclosure.

[00137] FIG. 3 is an exploded schematic view of an implementation of an optical

assembly 102 of a hyperspectral imaging device 100.

[00138] FIG. 4 is an exploded schematic view of the optical paths 400-404 of an

implementation of an optical assembly 102 of a hyperspectral imaging device 100.



[00139] FIG. 5A, FIG. 5B, and FIG. 5C are two-dimensional schematic illustrations of

the optical paths 500-506 and 600-606 of implementations of an optical assembly 102 of a

hyperspectral imaging device 100.

[00140] FIG. 6 is an illustration of a front view of implementations of an optical

assembly 102 of a hyperspectral imaging device 100.

[00141] FIG. 7 is a partially cut-out illustration of a bottom view of a hyperspectral

imaging device 100, in accordance with an implementation.

[00142] FIG. 8A is a partially cut-out illustration of a bottom view of a hyperspectral

imaging device 100 and optical paths, in accordance with an implementation.

[00143] FIG. 8B is a partially cut-out illustration of a bottom view of a hyperspectral

imaging device 100 and optical paths, in accordance with another implementation.

[00144] FIG. 9A, FIG. 9B and FIG. 9C are illustrations of framing guides 902

projected onto the surface of an object for focusing an image collected by implementations of

a hyperspectral imaging device 100.

[00145] FIG. 9D and 9E are illustrations of point guides 903 projected onto the surface

of an object for focusing an image collected by implementations of a hyperspectral imaging

device 100.

[00146] FIG. 10 is a two-dimensional schematic illustration of the optical paths of an

implementation of an optical assembly 102 of a hyperspectral imaging device 100.

[00147] FIG. 11 is a two-dimensional schematic illustration of the optical paths of

another implementation of an optical assembly 102 of a hyperspectral imaging device 100.

[00148] FIG. 12 is a two-dimensional schematic illustration of the optical paths of an

implementation of an optical assembly 102 of a hyperspectral imaging device 100.

[00149] FIG. 13 is an illustration of a first view of another hyperspectral imaging

device 100, in accordance with an implementation.

[00150] FIG. 14 is an illustration of a second view of the hyperspectral imaging device

100 of Figure 13, in accordance with an implementation.

[00151] FIG. 15 is an illustration of a hyperspectral imaging device adopted for use in

a surgical application in accordance with an embodiment of the present disclosure.



[00152] FIG. 16 is further illustration of a hyperspectral imaging device adopted for

use in a surgical application in accordance with an embodiment of the present disclosure.

[00153] FIG. 17 is an illustration of a hyperspectral imaging device adopted for use in

a laparoscopic and endoscopic applications in accordance with an embodiment of the present

disclosure.

[00154] FIG. 18 is an illustration of parameters for adaption of the hyperspectral

imaging devices to shock detection in accordance with an embodiment of the present

disclosure.

[00155] FIG. 19 is an illustration of a bed side hyperspectral imaging camera for

hyperspectral shock detection in accordance with an embodiment of the present disclosure.

[00156] FIG. 20 is an illustration of a cuff or bracelet for hyperspectral shock detection

in accordance with an embodiment of the present disclosure.

[00157] FIG. 2 1 is an illustration of a miniaturized cuff or bracelet for hyperspectral

shock detection in accordance with an embodiment of the present disclosure.

[00158] FIG. 22 is an illustration of a method for performing shock detecting using a

miniaturized cuff or bracelet in accordance with an embodiment of the present disclosure.

[00159] In accordance with common practice the various features illustrated in the

drawings may not be drawn to scale. Accordingly, the dimensions of the various features

may be arbitrarily expanded or reduced for clarity. In addition, some of the drawings may

not depict all of the components of a given system, method or device. Finally, like reference

numerals may be used to denote like features throughout the specification and figures.

DETAILED DESCRIPTION

[00160] Numerous details are described herein in order to provide a thorough

understanding of the example implementations illustrated in the accompanying drawings.

However, the invention may be practiced without many of the specific details. And, well-

known methods, components, and circuits have not been described in exhaustive detail so as

not to unnecessarily obscure more pertinent aspects of the implementations described herein.



[00161] Hyperspectral imaging typically relates to the acquisition of a plurality of

images, where each image represents a narrow spectral band collected over a continuous

spectral range. For example, a hyperspectral imaging system may acquire 15 images, where

each image represents light within a different spectral band. Acquiring these images typically

entails taking a sequence of photographs of the desired object, and subsequently processing

the multiple images to generate the desired hyperspectral image. In order for the images to

be useful, however, they must be substantially similar in composition and orientation. For

example, the subject of the images must be positioned substantially identically in each frame

in order for the images to be combinable into a useful hyperspectral image. Because images

are captured sequentially (e.g., one after another), it can be very difficult to ensure that all of

the images are properly aligned. This can be especially difficult in the medical context,

where a clinician is capturing images of a patient who may move, or who may be positioned

in a way that makes imaging the subject area difficult or cumbersome.

[00162] As described herein, a hyperspectral imaging device is described that

concurrently captures multiple images, where each image is captured in a desired spectral

band. Specifically, the disclosed imaging device and associated methods use multiple photo

sensors to capture a plurality of images concurrently. Thus, a user does not need to maintain

perfect alignment between the imaging device and a subject while attempting to capture

multiple discrete images, and can instead simply position the imaging device once and

capture all of the required images in a single operation (e.g., with, one, two, or three

exposures) of the imaging device. Accordingly, hyperspectral images can be acquired faster

and more simply, and with more accurate results.

[00163] Conventional imaging systems also suffer from high power budget demands,

requiring the system to be plugged into a power source (e.g., an alternating current outlet) for

operation. This arises from the use of tunable filter elements, high powered light sources, etc.

Advantageously, the optical architecture of the hyperspectral imaging devices described

herein reduces the power burden and overall size of the system, allowing production of a

truly portable device.

[00164] In one implementation, the design of the hyperspectral imaging devices

described herein solve these problems by employing a plurality of photo-sensors configured

to concurrently acquire images of an object (e.g., a tissue of a patient) at different spectral



bands. Each photo-sensor is configured to detect a limited number of spectral bands (e.g., 1

or 2 spectral bands), but collectively, the plurality of photo-sensors capture images at all of

the spectral bands required to construct a particular hyperspectral data cube (e.g., a

hyperspectral data cube useful for generating a particular medical diagnosis, performing

surveillance, agricultural surveying, industrial evaluation, etc.).

[00165] In some implementations, these advantages are realized by separating and

directing light within an optical assembly in the imaging device such that each photo-sensor

is irradiated with light of only limited spectral bands. An example of the optical paths

created within the optical assembly of such an implementation is illustrated in Figure 11,

which splits light into component spectral bands (e.g., using dichroic beam splitters and/or

beam splitting plates) and direct appropriate spectral bands of light to corresponding photo

sensors.

[00166] In some implementations, these advantages are realized by evenly distributing

light towards each photo-sensor within an optical assembly, and then filtering out unwanted

wavelengths prior to detection by each photo-sensor. An example of the optical paths created

within the optical assembly of such an implementation is illustrated in Figure 10, which uses

optical elements (e.g., 50:50 beam splitters) to evenly distribute light towards filter elements

covering each respective photo-sensor.

[00167] In yet other implementations, these advantages are realized by employing a

hybrid of these two strategies. For example, with an optical assembly that first separates light

(e.g., with a dichroic beam splitter or beam splitting plate) and then evenly distributes

component spectral bands to respective photo-sensors covered by filters having desired pass-

band spectrums.

[00168] In some implementations, one or more of these advantages are realized by

employing two illumination sources in the hyperspectral imaging device. The first

illumination source is configured to illuminate an object with a first sub-set of spectral bands,

and the second illumination configured to illuminate the object with a second sub-set of

spectral bands. The first and second subsets of spectral bands do not overlap, but together

include all the spectral bands required to construct a particular hyperspectral data cube. The

optical assembly is configured such that two sets of images are collected, the first while the

object is illuminated with the first light source and the second while the object is illuminated



with the second light source. For example, each photo-sensor captures a first image at a first

spectral band included in the first sub-set of spectral bands and a second image at a second

spectral band included in the second sub-set of spectral bands.

[00169] In some implementations, image capture and processing includes the imaging

device collecting a plurality of images of a region of interest on a subject (e.g., a first image

captured at a first spectral bandwidth and a second image captured at a second spectral

bandwidth). The imaging device stores each respective image at a respective memory

location (e.g., the first image is stored at a first location in memory and the second image is

stored at a second location in memory). And the imaging device compares, on a pixel-by-

pixel basis, e.g., with a processor 2 10, each pixel of the respective images to produce a

hyperspectral image of the region of interest of the subject. In some implementations,

individual pixel values are binned, averaged, or otherwise arithmetically manipulated prior to

pixel-by-pixel analysis, e.g., pixel-by-pixel comparison includes comparison of binned,

averaged, or otherwise arithmetically manipulated pixel values.

Exemplary Implementations

[00170] FIG. 1A illustrates a hyperspectral imaging device 100, in accordance with

various implementations. The hyperspectral imaging device 100 includes an optical

assembly 102 having at least one light source 106 for illuminating the surface of an obj ect

(e.g., the skin of a subject) and a lens assembly 104 for collecting light reflected and/or back

scattered from the object. The optical assembly 102 is mounted onto a docking station 110 .

[00171] In various implementations, optical assembly 102 is permanently fixed onto

the docking station 110 (e.g., optical assembly 102 is held in place by a substructure of

docking station 110 partially encasing optical assembly 102 and fastened through welding,

screws, or other means). In other implementations, optical assembly 102 is not permanently

fixed onto the docking station 110 (e.g., optical assembly 102 snaps into a substructure of

docking station 110).

[00172] In various optional implementations, and with reference to FIG. 1A, docking

station 110 includes first and second projectors 112-1 and 112-2 configured to project light

onto the object indicating when the hyperspectral imaging device 100 is positioned at an

appropriate distance from the object to acquire a focused image. This may be particularly



useful where the lens assembly 104 has a fixed focal distance, such that the image cannot be

brought into focus by manipulation of the lens assembly.

[00173] Referring additionally to FIG. 8A and 9C, in various implementations, first

projector 112-1 and second projector 112-2 of FIG. 1A are configured to project patterns of

light onto the to-be-imaged object including a first portion 902-1 and a second portion 902-2

that together form a shape 902 on the object when properly positioned (see, e.g., FIG. 8A and

9C). For example, the first portion of the shape 902-1 and the second portion of the shape

902-1 are configured to converge to form the shape 902 when the lens 104 is positioned at a

predetermined distance from the object, the predetermined distance corresponding to a focal

distance of the lens assembly 104.

[00174] In various implementations, first projector 112-1 and second projector 112-2

are each configured to project a spot onto the object, such that the spots converge when the

lens 104 is positioned at a predetermined distance from the object corresponding to a focus

distance of the lens (see, e.g., FIG. 8B and 9E). Other projections are also contemplated,

including other shapes, reticles, images, crosshairs, etc.

[00175] In various implementations, docking station 110 includes an optical window

114 configured to be positioned between light source 106 and an object to be imaged.

Window 114 is also configured to be positioned between lens assembly 104 and the object to

be imaged. Optical window 114 protects light source 106 and lens assembly 104, as well as

limits ambient light from reaching lens assembly 104. In various implementations, optical

window 114 consists of a material that is optically transparent (or essentially optically

transparent) to the wavelengths of light emitted by light source 106. In various

implementations, optical window 114 consists of a material that is partially or completely

opaque to one or more wavelengths of light not emitted by light source 106. In various

implementations, optical window 114 serves as a polarizing lens. In various

implementations, optical window 114 is open to the external environment (e.g., does not

include an installed lens or other optically transparent material).

[00176] In various implementations, docking station 110 is configured to receive a

mobile device 120, such as a smart phone, a personal digital assistant (PDA), an enterprise

digital assistant, a tablet computer, an IPOD, a digital camera, a portable music player, and/or

other portable electronic devices, effectively mounting the mobile device onto hyperspectral



imaging device 100. In various implementations, docking station 110 is configured to

facilitate electronic communication between optical assembly 102 and mobile device 120. In

various implementations, mobile device 120 includes display 122 configured to act as a

display for optical assembly 102 (e.g., as a touch screen display for operating optical

assembly 102 and/or as a display for hyperspectral images collected by optical assembly

102). In various implementations, mobile device 120 is configured as a processor for

processing one or more images collected by optical assembly 102. In various

implementations, mobile device 120 is configured to transmit one or more images collected

by optical assembly 102 to an external computing device (e.g., by wired or wireless

communication).

[00177] FIG. IB illustrates another hyperspectral imaging device 100, in accordance

with various implementations, similar to that shown in FIG. 1A but including an integrated

body 101 that resembles a digital single-lens reflex (DSLR) camera in that the body has a

forward-facing lens assembly 104, and a rearward facing display 122. The DSLR-type

housing allows a user to easily hold hyperspectral imaging device 100, aim it toward a patient

and the region of interest (e.g., the skin of the patient), and position the device at an

appropriate distance from the patient. One will appreciate that the implementation of FIG.

IB, may incorporate the various features described above and below in connection with the

device of FIG. 1A.

[00178] In various implementations, and similar to the device described above, the

hyperspectral imaging device 100 illustrated in FIG. IB includes an optical assembly having

light sources 106 and 107 for illuminating the surface of an object (e.g., the skin of a subject)

and a lens assembly 104 for collecting light reflected and/or back scattered from the object.

[00179] In various implementations, and also similar to the device described above, the

hyperspectral imaging device of FIG. IB includes first and second projectors 112-1 and 112-

2 configured to project light onto the object indicating when the hyperspectral imaging device

100 is positioned at an appropriate distance from the object to acquire a focused image. As

noted above, this may be particularly useful where the lens assembly 104 has a fixed focus

distance, such that the image cannot be brought into focus by manipulation of the lens

assembly. As shown in FIG. IB, the projectors are mounted on a forward side of body 101.



[00180] In various implementations, the body 101 substantially encases and supports

the light sources 106 and 107 and the lens assembly 104 of the optical assembly, along with

the first and second projectors 112-1 and 112-2 and the display 122.

[00181] In contrast to the above-described device, various implementations of the

hyperspectral imaging device of FIG. IB include photo-sensors mounted on substantially

vertically-oriented circuit boards (see, e.g., photo sensors 210-1, 210-3). In various

implementations, the hyperspectral imaging device includes a live-view camera 103 and a

remote thermometer 105. The live-view camera 103 enables the display 122 to be used as a

viewfinder, in a manner similar to the live preview function of DSLRs. The thermometer 105

is configured to measure the temperature of the patient's tissue surface within the region of

interest.

[00182] FIG. 2A is a cutaway view of the optical assembly 102 for a hyperspectral

imaging device 100, in accordance with various implementations. The optical assembly 102

may be incorporated into a larger assembly (as discussed herein), or used independently of

any other device or assembly.

[00183] As shown in FIG. 2A, the optical assembly 102 includes a casing 202. As also

shown in an exploded view in FIG. 3, the optical assembly 102 also includes a lens assembly

104, at least one light source (e.g., light source 106), an optical path assembly 204, one or

more circuit boards (e.g., circuit board 206 and circuit board 208), and a plurality of photo

sensors 210 (e.g., photo-sensors 210-1 ... 210-4). One will appreciate that the imaging

device 100 is provided with one or more processors and a memory. For example, such

processors may be integrated or operably coupled with the one or more circuit boards. For

instance, in some embodiments, an AT32UC3A364 (ATMEL corporation, San Jose

California) microcontroller, or equivalent, coupled to one or more floating point gate arrays,

is used to collect images from the photo-sensors. Although illustrated with two circuit boards

206 and 208, in some implementations, the hyperspectral imaging device has a single circuit

board (e.g., either 206 or 208) and each photo-sensor 210 is either mounted on the single

circuit board or connected to the circuit board (e.g., by a flex circuit or wire).

[00184] Components of the optical assembly 102 are housed in and/or mounted to the

casing 202. In various implementations, the casing 202 is itself configured to be housed in

and/or mounted to another assembly, as shown in FIG. 1A .



[00185] The lens assembly 104 (also referred to interchangeably herein as a "lens") is

an imaging lens that is configured to capture light reflected from objects, focus the light, and

direct the light into the optical path assembly 204. In various implementations, the lens

assembly 104 is a multi-element lens having a fixed focal length, a fixed focus distance,

and/or is a fixed-focus lens.

[00186] The at least one light source is configured to direct light onto an object to be

imaged by the optical assembly 102. Specifically, the at least one light source is configured

to illuminate an object with light having desired spectral content. Light from the at least one

light source that is reflected or backscattered from the obj ect is then received by the lens

assembly 104 and captured by the plurality of photo-sensors in the optical assembly 102.

[00187] In various implementations, as discussed herein, the at least one light source is

configured to operate according to two or more modes of operation, where each mode of

operation results in the illumination of the obj ect with light having different spectral content.

For example, in a first mode of operation, the at least one light source emits light within a

spectral range of 500 nm to 600 nm (or any other appropriate spectral range), and, in a second

mode of operation, the at least one light source emits light within a spectral range of 600 nm

to 700 nm (or any other appropriate spectral range).

[00188] In various implementations, the light source includes a single broadband light

source, a plurality of broadband light sources, a single narrowband light source, a plurality 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 a

plurality of coherent light sources, a single incoherent light source, a plurality of incoherent

light sources, or a combination of one or more coherent and one or more incoherent light

sources.

[00189] In one implementation, where a light source is configured to emit light within

two or more spectral ranges, the light source includes two or more sets (e.g., each respective

set including one or more light sources configured to emit light of the same spectral band) of

light emitting devices (e.g., light emitting diodes), where each respective set is configured to

only emit light within one of the two or more spectral ranges.

[00190] In some embodiments, referring to FIG. IB, where a light source is configured

to emit light within two or more spectral ranges, the light source includes two or more sets of



light emitting devices (e.g., light emitting diodes), where each respective set is filtered by a

respective filter (e.g., a bandpass filter). As a specific example, referring to FIG. IB, light

source 106 is configured to emit light within a first spectral range and light source 107 is

configured to emit light within a second spectral range. In some embodiments, light source

106 comprises a first set of light emitting devices that are filtered with a first bandpass filter

corresponding to the first spectral range, and light source 107 comprises a second set of light

emitting devices filtered with a second bandpass filters corresponding to the second spectral.

In typical embodiments the first spectral range is different from, and non-overlapping, the

first second spectral range. In some embodiments the first spectral range is different from,

but overlapping, the second spectral range. In some embodiments the first spectral range is

the same as the second spectral range. In some embodiments, the first set of light emitting

devices consists of a first single light emitting diode (LED) and the second set of light

emitting devices consists of a second single light emitting diode. An example of a suitable

light emitting diode for use as the first single light emitting diode and the second single light

emitting diode in such embodiments is a LUMINUS CBT-140 Whtie LED (Luminus

Devices, Inc., Billerica, MA). In some embodiments, the first set of light emitting devices

consists of a first plurality of light emitting diode and the second set of light emitting devices

consists of a second plurality of light emitting diodes.

[00191] In some embodiments the light source 106 is not covered by a bandpass filter

and natively emits only the first spectral range. In some embodiments the second source 107

is not covered by a bandpass filter and natively emits only the second spectral range.

[00192] In some embodiments, the light source 106 emits at least 80 watts of

illuminating power and the second light source emits at least 80 watts of illuminating power.

In some embodiments, the light source independently 106 emits at least 80 watts, at least 85

watts, at least 90 watts, at least 95 watts, at least 100 watts, at least 105 watts, or at least 110

watts of illuminating power. In some embodiments, the light source 107 independently emits

at least 80 watts, at least 85 watts, at least 90 watts, at least 95 watts, at least 100 watts, at

least 105 watts, or at least 110 watts of illuminating power.

[00193] In some embodiments, the spectral imager 100 is not connected to a main

power supply (e.g., an electrical power grid) during illumination. In other words, in some

embodiments, the spectral imager is independently powered, e.g. by a battery, during at least



the illumination stages. In some embodiments, in order to achieve the amount of illuminating

power needed by light source 106 and/or light source 107 (e.g., more than 100 watts of

illuminating power in some embodiments), the light sources are in electrical communication

to the battery through a high performance capacity bank (not shown). In one such example,

the capacitor bank comprises a board mountable capacitor. In one such example, the

capacitor bank comprises a capacitor having a rating of at least 80 farads (F), a peak current

of at least 80 amperes (A), and is capable of delivering at least 0.7 watt-hours (Whr) of

energy during illumination. In one such example, the capacitor bank comprises a capacitor

having a rating of at least 90 F, a peak current of at least 85 A, and is capable of delivering at

least 0.8 Whr of energy during illumination. In one such example, the capacitor bank

comprises a capacitor having a rating of at least 95 F, a peak current of at least 90 A, and is

capable of delivering at least 0.9 Whr of energy during illumination. In one such example, the

capacitor bank comprises an RSC2R7107SR capacitor (IOXUS, Oneonta, New York), which

has a rating of 100 F, a peak current of 95 A, and is capable of delivering 0 .1 Whr of energy

during illumination.

[00194] In one example, the battery used to power the spectral imager, including the

capacitor bank, has a voltage of at least 6 volts and a capacity of at least 5000 mAH. In one

such example, the battery is manufactured by TENERGY (Fremont, California), is rated for

7.4 V, has a capacitance of 6600 mAH, and weighs 10.72 ounces.

[00195] In some embodiments, the capacitor bank comprises a single capacitor in

electrical communication with both the light source 106 and the light source 107, where the

single capacitor has a rating of at least 80 F, a peak current of at least 80 A, and is capable of

delivering at least 0.7 Whr of energy during illumination. In some embodiments, the

capacitor bank comprises a first capacitor in electrical communication with the light source

106 and a second capacitor in electrical communication with light source 107, where the first

capacitor and the second capacitor each have a rating of at least 80 F, a peak current of at

least 80 A, and are each capable of delivering at least 0.7 Whr of energy during illumination.

[00196] In one implementation, where a light source is configured to emit light within

two or more spectral ranges, in a first mode of operation, only the first set of light emitting

devices are used, and in a second mode of operation, only the second set of light emitting

devices are used. Here, it will be understood that the first set of light emitting devices is a



single first LED and the second set of light emitting devices is a single second LED in some

embodiments . The same or a similar arrangement of light emitting devices and bandpass

filters may be used in other light sources of the imaging device 100. Of course, additional

modes of operations (e.g., a third mode of operation, a fourth mode of operation, etc.) are also

possible by including additional sets of light emitting devices and/or additional bandpass

filters corresponding to additional spectral ranges.

[00197] In various implementations, as shown in FIG. 2B, the optical assembly 102

has two light sources, including light source 106 and light source 107. In various

implementations, both light sources are configured to emit light falling within two

substantially non-overlapping spectral ranges. For example, in a first mode of operation, both

light sources 106 and 107 emit light within a spectral range of 500 nm to 600 nm (or any

other appropriate spectral range), and in a second mode of operation both light sources 106

and 107 emit light within a spectral range of 600 nm to 700 nm (or any other appropriate

spectral range).

[00198] In some implementations where the hyperspectral imaging device includes

two light sources (e.g., light sources 106 and 107), each light source is configured to emit

light falling within only one of the two substantially non-overlapping spectral ranges. For

example, in a first mode of operation, light source 106 emits light within a first spectral range

(e.g., 500 nm to 600 nm, or any other appropriate spectral range), and in a second mode of

operation, light source 107 emits light within a second spectral range (e.g., 600 nm to 700

nm, or any other appropriate spectral range).

[00199] In some implementations where the hyperspectral imaging device includes

two light sources (e.g., light sources 106 and 107), each light source is configured to emit

light falling within a corresponding predetermined spectral range. For example, in a first

mode of operation, light source 106 emits light within a first spectral range (e.g., one that

encompasses 520 nm, 540 nm, 560 nm and 640 nm light), and in a second mode of operation,

light source 107 emits light within a second spectral range (e.g. one that encompasses 580

nm, 590 nm, 6 10 nm and 620 nm light).

[00200] In some embodiments the first and second modes of light operation apply to

the pair of light sources. In other words, while each respective light source only emits light



falling within one respective spectral range, the pair of light sources together operate

according to the first and the second modes of operation described above.

[00201] In various implementations, one or both of the two substantially non-

overlapping spectral ranges are non-contiguous spectral ranges. For example, a first light

source may emit light having wavelengths between 490 nm and 580 nm in a discontinuous

fashion (e.g., in spectral bands of 490-5 10 nm and 520-580 nm), and a second light source

may emit light having wavelengths between 575 nm and 640 in a continuous fashion (e.g., in

a single spectral band of 575-640 nm). In another example, a first light source may emit light

having wavelengths between 510 nm and 650 nm in a discontinuous fashion (e.g., in spectral

bands of 510-570 nm and 630-650 nm), and a second light source may emit light having

wavelengths between 570 nm and 630 in a continuous fashion (e.g., in a single spectral band

of 570-630 nm). In still another example, a light source 106 may emit light having

wavelengths between 515 nm and 645 nm in a discontinuous fashion (e.g., in spectral bands

of 515-565 nm and 635-645 nm), and light source 107 may emit light having wavelengths

between 575 nm and 625 in a continuous fashion (e.g., in a single spectral band of 575-625

nm).

[00202] In some implementations, light sources 106 and 107 are broadband light

sources (e.g., white LEDs) covered by corresponding first and second wavelength filters,

having substantially overlapping pass bands. In some implementations, light sources 106 and

107 are broadband light sources (e.g., white LEDs) covered by corresponding first and

second wavelength filters, having substantially non-overlapping pass bands. The pass bands

of filters used in such implementations are based on the identity of the spectral bands to be

imaged for creation of the hyperspectral data cube.

[00203] In one implementation, the spectral bands to be collected are separated into

two groups. The first group consisting of spectral bands with wavelengths below a

predetermined wavelength and the second group consisting of spectral bands with

wavelengths above a predetermined wavelength. For example, if images at eight spectral

bands are needed to create a particular hyperspectral data cube, the four spectral bands having

the shortest wavelengths make up the first group and the other four spectral bands make up

the second group. The first pass band is then selected such that the first filter allows light

having wavelengths corresponding to the first group, but blocks substantially all light having



wavelengths corresponding to the second group. Likewise the second pass band is selected

such that the second filter allows light having wavelengths corresponding to the second

group, but blocks substantially all light having wavelengths corresponding to the first group.

[00204] In another implementation, the spectral bands to be collected are separated

into two groups. The first group consists of a first subset of spectral bands and the second

group consists of a second subset of spectral bands. In this implementation, the division into

the two subsets is made in such a manner that, upon pairing a spectral band from the first

subset with a spectral band from the second subset, a minimum predetermined band

separation is guaranteed. For instance, in one embodiment the first subset comprises 520,

540, 560, and 640 whereas the second subset comprises 580, 590, 510 and 620. Moreover,

four pairs of wavelengths are formed, each pair comprising one band from the first subset and

one band from the second subset, where the minimum separation between the paired bands is

at least 50 nm. For example, in one embodiment the following pairs are formed: pair (i) 520

nm / 590 nm, pair (ii) 540 nm / 6 10 nm, pair (iii) 560 nm / 620 nm, and pair (iv) 580 nm / 640

nm. Advantageously, paired bands where the center of each band in the pair is at least 50 nm

apart allows facilitates the effectiveness of the dual bandpass filters used to cover the photo

sensors in some embodiments, because the two wavelengths ranges that each such bandpass

filter permits to pass through are far enough apart from each other to ensure filter

effectiveness. Accordingly, in some implementations, dual pass band filters, allowing

passage of one spectral band from the first group and one spectral band from the second

group, are placed in front of each photo-sensor, such that one image is captured at a spectral

band belonging to the first group (e.g., upon illumination of the object by light source 106),

and one image is captured at a spectral band belonging to the second group (e.g., upon

illumination of the object by light source 107).

[00205] In one implementation, where the hyperspectral data cube is used for

determining the oxyhemoglobin and deoxyhemoglobin content of a tissue, the first filter has a

pass band starting at between 430 and 510 nm and ending between 570 nm and 590 nm, and

the second filter has a pass band starting at between 570 nm and 580 nm and ending between

645 nm and 700 nm.

[00206] In a first implementation, the imaging device 100 is configured to collect a set

of images, where each image in the set of images is collected at a discrete spectral band, and



the set of images comprises images collected at any 4 or more, any 5 or more, any six or

more, any seven or more, or all of the set of discrete spectral bands having central

wavelengths {510±5 nm, 530±5 nm, 540±5 nm, 560±5 nm, 580±5 nm, 590±5 nm, 620±5 nm,

and 660±5 nm}, where each respective spectral band in the set has a full width at half

maximum of less than 15 nm, less than 10 nm, or 5 nm or less. In some embodiments of this

first implementation, a first bandpass filter, covering light source 106, has a first pass band

that permits wavelengths 500±5 - 550±5 nm and a second pass band that permits

wavelengths 650±5 - 670±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

550±5 nm - 630±5 nm while all other wavelengths are blocked. In other such embodiments

of this first implementation, a first bandpass filter, covering light source 106, has a first pass

band that permits wavelengths 505±5 - 545±5 nm and a second pass band that permits

wavelengths 655±5 - 665±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

555±5 nm - 625±5 nm while all other wavelengths are blocked.

[00207] In a second implementation, the imaging device 100 is configured to collect a

set of images, where each image in the set of images is collected at a discrete spectral band,

and the set of images comprises images collected at any four or more, any five or more, any

six or more, any seven or more, or all of the set of discrete spectral bands having central

wavelengths {520±5 nm, 540±5 nm, 560±5 nm, 580±5 nm, 590±5 nm, 610±5 nm, 620±5 nm,

and 640±5 nm} where each respective spectral band in the set has a full width at half

maximum of less than 15 nm, less than 10 nm, or 5 nm or less. In some embodiments of this

second implementation, a first bandpass filter, covering light source 106, has a first pass band

that permits wavelengths 510±5 - 570±5 nm and a second pass band that permits

wavelengths 630±5 - 650±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

570±5 nm - 630±5 nm, while all other wavelengths are blocked. In other such embodiments

of this second implementation, a first bandpass filter, covering light source 106, has a first

pass band that permits wavelengths 515±5 - 565±5 nm and a second pass band that permits

wavelengths 635±5 - 645±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

575±5 nm - 625±5 nm while all other wavelengths are blocked.



[00208] In a third implementation, the imaging device 100 is configured to collect a set

of images, where each image in the set of images is collected at a discrete spectral band, and

the set of images comprises images collected at any four or more, any five or more, any six or

more, any seven or more, or all of the set of discrete spectral bands having central

wavelengths {500±5 nm, 530±5 nm, 545±5 nm, 570±5 nm, 585±5 nm, 600±5 nm, 615±5 nm,

and 640±5 nm} where each respective spectral band in the set has a full width at half

maximum of less than 15 nm, less than 10 nm, or 5 nm or less. In some embodiments of this

third implementation, a first bandpass filter, covering light source 106, has a first pass band

that permits wavelengths 490±5 - 555±5 nm and a second pass band that permits

wavelengths 630±5 - 650±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

560±5 nm - 625±5 nm, while all other wavelengths are blocked. In other such embodiments

of this third implementation, a first bandpass filter, covering light source 106, has a first pass

band that permits wavelengths 495±5 - 550±5 nm and a second pass band that permits

wavelengths 635±5 - 645±5 nm while all other wavelengths are blocked, and a second

bandpass filter, covering light source 107, has a single pass band that permits wavelengths

565±5 nm - 620±5 nm while all other wavelengths are blocked.

[00209] In some implementations, light sources 106 and 107 are broadband light

sources (e.g., white LEDs). First light source 106 is covered by a short pass filter (e.g., a

filter allowing light having wavelengths below a cut-off wavelength to pass through while

blocking light having wavelengths above the cut-off wavelength) and second light source 107

is covered by a long pass filter (e.g., a filter allowing light having wavelengths above a cut-on

wavelength to pass through while blocking light having wavelengths below the cut-on

wavelenth). The cut-off and cut-on wavelengths of the short and long pass filters are

determined based on the set of spectral bands to be captured by the imaging system.

Generally, respective cut-off and cut-on wavelengths are selected such that they are longer

than the longest wavelength to be captured in a first set of images and shorter than the

shortest wavelength to be captured in a second set of images (e.g., where the first and second

set of images are combined to form a hyperspectral data set).

[00210] For example, referring to FIG. 2B and FIG. 3, in one implementation, photo

sensors 2 10 are each covered by a dual pass band filter 2 16 . Each dual pass band filter 216

allows light of first and second spectral bands to pass through to the respective photo-sensor



210. Cut-off and cut-on wavelengths for filters covering light sources 106 and 107 are

selected such that exactly one pass band from each filter 216 is below the cut-off wavelength

of the filter covering light source 106 and the other pass band from each filter 216 is above

the cut-on wavelength of the filter covering light source 107.

[00211] In one implementation, where the hyperspectral data cube is used for

determining the oxyhemoglobin and deoxyhemoglobin content of a tissue, the cut-off

wavelength of the short-pass filter covering light source 106 and the cut-on wavelength of the

long-pass filter covering light source 107 are between 565 nm and 585 nm.

[00212] In a first implementation, the hyperspectral imaging device is configured to

collect images at spectral bands having central wavelengths of 510±5 nm, 530±5 nm, 540±5

nm, 560±5 nm, 580±5 nm, 590±5 nm, 620±5 nm, and 660±5 nm, where each respective

spectral band has a full width at half maximum of less than 15 nm, and the cut-off

wavelength of a short-pass filter covering light source 106 and cut-on wavelength of a long-

pass filter covering light source 107 are each independently 570±5 nm.

[00213] In a second implementation, the hyperspectral imaging device is configured to

collect images at spectral bands having central wavelengths of 520±5 nm, 540±5 nm, 560±5

nm, 580±5 nm, 590±5 nm, 610±5 nm, 620±5 nm, and 640±5 nm, where each respective

spectral band has a full width at half maximum of less than 15 nm, and the cut-off

wavelength of a short-pass filter covering light source 106 and cut-on wavelength of a long-

pass filter covering light source 107 are each independently 585±5 nm.

In a third implementation, the hyperspectral imaging device is configured to collect images at

spectral bands having central wavelengths of 500±5 nm, 530±5 nm, 545±5 nm, 570±5 nm,

585±5 nm, 600±5 nm, 6 15±5 nm, and 640±5, where each respective spectral band has a full

width at half maximum of less than 15 nm, and the cut-off wavelength of a short-pass filter

covering light source 106 and cut-on wavelength of a long-pass filter covering light source

107 are each independently 577.5±5 nm.

[00214] In various implementations, the imaging device 100 includes three or more

light sources (e.g., 2, 3, 4, 5, 6, or more light sources). In such cases, any appropriate

assignments of spectral ranges (or any other desired characteristic) among the three or more

light sources may be used. For example, each light source can be configured to emit light

according to each mode of operation desired. Thus, for example, if four substantially non-



overlapping spectral ranges are required from four light sources, each light source may be

configured to emit light within each of the four spectral ranges. In other cases, each

respective light source may be configured to emit light within a different respective one of

the four spectral ranges. In yet other cases, two of the light sources may be configured to

emit light within each of two of the four spectral ranges, and the other two light sources may

be configured to emit light within each of the remaining two spectral ranges. Other

assignments of spectral ranges among the light sources are also contemplated.

[00215] With reference to FIG. 4, the optical assembly 102 also includes an optical

path assembly 204 that directs light received by the lens assembly 104 to a plurality of photo

sensors 210 (e.g., 2 10-1, ... 2 10-4) coupled to the first and the second circuit boards 206,

208. In particular, as described herein, the optical path assembly 204 includes a plurality of

beam splitters 212 (e.g., 212-1 ... 212-3) and a plurality of beam steering elements 214 (e.g.,

214-2, 214-4). The beam splitters 212 and the beam steering elements 214 are configured to

split the light received by the lens assembly 104 into a plurality of optical paths, and direct

those optical paths onto the plurality of photo-sensors 210 of the optical assembly 102.

[00216] Beam splitters of several different types may be used in the optical assembly

102 in various implementations. One type of beam splitter that is used in various

implementations is configured to divide a beam of light into two separate paths that each

have substantially the same spectral content. For example, approximately 50% of the light

incident on the beam splitter is transmitted in a first direction, while the remaining

approximately 50% is transmitted in a second direction (e.g., perpendicular to the first

direction). Other ratios of the light transmitted in the two directions may also be used in

various implementations. For ease of reference, this type of beam splitter is referred to herein

as a 50:50 beam splitter, and is distinguished from a dichroic beam splitter that divides a

beam of light into to two separate paths that each have a different spectral content. For

example, a dichroic beam splitter that receives light having a spectral range of 450-650 nm

(or more) may transmit light having a spectral range of 450-550 nm in a first direction, and

transmit light having a spectral range of 550-650 nm in a second direction (e.g.,

perpendicular to the first direction).

[00217] In addition, other ranges may be utilized, including but not limited to

discontinuous spectral sub-ranges. For example, a first spectral range includes a first spectral



sub-range of about 450-550 nm and a second spectral sub-range of about 6 15-650 nm, and

second, third and fourth spectral ranges may be about 550-61 5 nm, 585-650 nm and 450-585

nm, respectively. Alternatively, various beam splitters may be utilized to split light into a

first spectral range having a first spectral sub-range of about 450-530 nm and a second

spectral sub-range of about 600-650 nm, a second spectral range of about 530-600 nm, a third

spectral range having at least two discontinuous spectral sub-ranges including a third spectral

sub-range of about 570-600 nm and a fourth spectral sub-range of about 6 15-650 nm, a fourth

spectral range having at least two discontinuous spectral sub-ranges including a fifth spectral

sub-range of about 450-570 nm and a sixth spectral sub-range of about 600-615 nm, at least

two discontinuous spectral sub-ranges of a fifth spectral range including a seventh spectral

sub-range of about 585-595 nm and an eighth spectral sub-range of about 615-625 nm, and at

least two discontinuous spectral sub-ranges of a sixth spectral range including a ninth spectral

sub-range of about 515-525 nm and a tenth spectral sub-range of about 555-565 nm.

[00218] In various implementations, the beam splitters 212 are 50:50 beam splitters.

In various implementations, the beam splitters 212 are dichroic beam splitters (e.g., beam

splitters that divide a beam of light into separate paths that each have a different spectral

content). In various implementations, the beam splitters 212 include a combination of 50:50

beam splitters and dichroic beam splitters. Several specific examples of optical assemblies

102 employing beam splitters of various types are discussed herein.

[00219] The optical path assembly 204 is configured such that the image that is

provided to each of the photo-sensors (or, more particularly, the filters that cover the photo

sensors) is substantially identical (e.g., the same image is provided to each photo-sensor).

Because the photo-sensors 210 can all be operated simultaneously, the optical assembly 102

is able to capture a plurality of images of the same object at substantially the same time (thus

capturing multiple images that correspond to the same lighting conditions of the object).

Moreover, because each photo-sensor 210-n is covered by a bandpass filter 2 16-n having a

different passband, each photo-sensor 2 10-n captures a different spectral component of the

image. These multiple images, each representing a different spectral component, are then

assembled into a hyperspectral data cube for analysis.

[00220] In some embodiments, each photo-sensor 2 10-n is a pixel array. In some

embodiments each photo-sensor 210-n comprises 500,000 pixels, 1,000,000 pixels, 1, 100,000



pixels, 1,200,000 pixels or more than 1,300,000 pixels. In an exemplary embodiment a

photo-sensor in the plurality of photo-sensors is a ½-inch megapixel CMOS digital image

sensor such as the MT9M001C12STM monochrome sensor (Aptina Imaging Corporation,

San Jose, California).

[00221] FIG. 3 is an exploded schematic view of the optical assembly 102, in

accordance with various implementations. FIG. 3 further illustrates the arrangement of the

various components of the optical assembly. In particular, the optical assembly 102 includes

a first circuit board 206 and a second circuit board 208, where the first and second circuit

boards 206, 208 are substantially parallel to one another and are positioned on opposing sides

of the optical path assembly 204. In various implementations, the circuit boards 206, 208 are

rigid circuit boards.

[00222] Coupled to the first circuit board 206 are a first photo-sensor 210-1 and a third

photo-sensor 210-3. Coupled to the second circuit board 208 are a second photo-sensor 210-

2 and a fourth photo-sensor 210-4. In various implementations, the photo-sensors 210 are

coupled directly to their respective circuit boards (e.g., they are rigidly mounted to the circuit

board). In various implementations, in order to facilitate precise alignment of the photo

sensors 210 with respect to the optical path assembly 204, the photo-sensors 210 are flexibly

coupled to their respective circuit board. For example, in some cases, the photo-sensors 210

are mounted on a flexible circuit (e.g., including a flexible substrate composed of polyamide,

PEEK, polyester, or any other appropriate material). The flexible circuit is then

electronically coupled to the circuit board 206, 208. In various implementations, the photo

sensors 210 are mounted to rigid substrates that are, in turn, coupled to one of the circuit

boards 206, 208 via a flexible interconnect (e.g., a flexible board, flexible wire array, flexible

PCB, flexible flat cable, ribbon cable, etc.).

[00223] As noted above, the optical assembly 102 includes a plurality of bandpass

filters 216 (e.g., 216-1 ... 216-4). The bandpass filters 216 are positioned between the photo

sensors 210 and their respective optical outlets of the optical path assembly 204. Thus, the

bandpass filters 216 are configured to filter the light that is ultimately incident on the photo

sensors 210. In some embodiments, each bandpass filter 216 is a dual bandpass filter.

[00224] In various implementations, each bandpass filter 216 is configured to have a

different pass band. Accordingly, even though the optical path assembly 204 provides the



same image to each photo-sensor (or, more particularly, to the filters that cover the photo

sensors), each photo-sensor actually captures a different spectral component of the image.

For example, as discussed in greater detail herein, a first bandpass filter 2 16-1 may have a

passband centered around 520 nm, and a second bandpass filter 216-2 may have a passband

centered around 540 nm. Thus, when the imaging device 100 captures an exposure, the first

photo-sensor 2 10-1 (which is filtered by the first bandpass filter 216-1) will capture an image

representing the portion of the incoming light having a wavelength centered around 520 nm,

and the second photo-sensor 210-2 (which is filtered by the second bandpass filter 2 16-2) will

capture an image representing the portion of the incoming light having a wavelength around

540 nm. (As used herein, the term exposure refers to a single imaging operation that results

in the simultaneous or substantially simultaneous capture of multiple images on multiple

photo-sensors.) These images, along with the other images captured by the third and fourth

photo sensors 210-3, 2 10-4 (each capturing a different spectral band), are then assembled into

a hyperspectral data cube for further analysis.

[00225] In various implementations, at least a subset of the bandpass filters 216 are

configured to allow light corresponding to two (or more) discrete spectral bands to pass

through the filter. While such filters may be referred to herein as dual bandpass filters, this

term is meant to encompass bandpass filters that have two discrete passbands as well as those

that have more than two discrete passbands (e.g., triple-band bandpass filters, quadruple-band

bandpass filters, etc.). By using bandpass filters that have multiple passbands, each photo

sensor can be used to capture images representing several different spectral bands. For

example, the hyperspectral imaging device 100 will first illuminate an object with light

within a spectral range that corresponds to only one of the passbands of each of the bandpass

filters, and capture an exposure under the first lighting conditions. Subsequently, the

hyperspectral imaging device 100 will illuminate an object with light within a spectral range

that corresponds to a different one of the passbands on each of the bandpass filters, and then

capture an exposure under the second lighting conditions. Thus, because the first

illumination conditions do not include any spectral content that would be transmitted by the

second passband, the first exposure results in each photo-sensor capturing only a single

spectral component of the image. Conversely, because the second illumination conditions do

not include any spectral content that would be transmitted by the first passband, the second



exposure results in each photo-sensor capturing only a single spectral component of the

image.

[00226] As a more specific example, in various implementations, the bandpass filters

216-1 through 216-4 each include one passband falling within the range of 500-585 nm, and a

second passband falling within the range of 585-650 nm, as shown below in table (1):

[00227] In one implementation, the light source 106 has two modes of operation: in a

first mode of operation, the light source 106 emits light having wavelengths according to a

first set of spectral bands (e.g., below 585 nm, such as between 500 nm and 585 nm); in a

second mode of operation, the light source 106 emits light having wavelengths according to a

second set of spectral bands (e.g., above 585 nm, such as between 585 nm and 650 nm).

Thus, when the first exposure is captured using the first illumination mode, four images are

captured, where each image corresponds to a single spectral component of the incoming light.

Specifically, the image captured by the first sensor 210-1 will include substantially only that

portion of the incoming light falling within a first passband (e.g., centered around 520 nm),

the image captured by the second sensor 210-2 will include substantially only that portion of

the incoming light falling within a second passband (e.g., centered around 540 nm), and so

on. When the second exposure is captured using the second illumination mode, four

additional images are captured, where each image corresponds to a single spectral component

of the incoming light. Specifically, the image captured by the first sensor 210-1 will include

substantially only that portion of the incoming light falling within the other pass band

allowed by the dual band filter 216-1 (e.g., centered around 590 nm), the image captured by

the second sensor 210-2 will include substantially only that portion of the incoming light

falling within the other pass band allowed by dual band filter 216-2 (e.g., centered around

610 nm), and so on. The eight images resulting from the two exposures described above are

then assembled into a hyperspectral data cube for further analysis.



[00228] In another implementation, as illustrated in Figure 2B, the hyperspectral

imaging device has two light sources 106, 107, and each light source is configured to

illuminate an object with a different set of spectral bands. The hyperspectral imaging device

has two modes of operation: in a first mode of operation, light source 106 emits light having

wavelengths according to a first set of spectral bands. In a second mode of operation, light

source 107 emits light having wavelengths according to a second set of spectral bands. Thus,

when the first exposure is captured using the first illumination mode, four images are

captured, where each image corresponds to a single spectral component of the incoming light.

Specifically, the image captured by the first sensor 210-1 during the first mode of operation

will include substantially only that portion of the incoming light falling within a first

passband (e.g., centered around 520 nm), the image captured by the second sensor 2 10-2

during the first mode of operation will include substantially only that portion of the incoming

light falling within a second passband (e.g., centered around 540 nm), and so on. When the

second exposure is captured using the second illumination mode, four additional images are

captured, where each image corresponds to a single spectral component of the incoming light.

Specifically, the image captured by the first sensor 210-1 will include substantially only that

portion of the incoming light falling within the other pass band allowed by the dual band

filter 216-1 (e.g., centered around 590 nm), the image captured by the second sensor 2 10-2

will include substantially only that portion of the incoming light falling within the other pass

band allowed by dual band filter 2 16-2 (e.g., centered around 6 10 nm), and so on. The eight

images resulting from the two exposures described above are then assembled into a

hyperspectral data cube for further analysis. In typical embodiments, each such image is a

multi-pixel image. In some embodiments, this assembly involves combining each image in

the plurality of images, on a pixel by pixel basis, to form a composite image.

[00229] In the above examples, each filter 2 16-n has two passbands. However, in

various implementations, the filters do not all have the same number of passbands. For

example, if fewer spectral bands need to be captured, one or more of the filters 216-n may

have only one passband. Similarly, one or more of the filters 216-n may have additional

passbands. In the latter case, the light source 104 will have additional modes of operation,

where each mode of operation illuminates an object with light that falls within only 1 (or

none) of the passbands of each sensor.



[00230] FIG. 4 is an exploded schematic view of a portion of the optical assembly 102,

in accordance with various implementations, in which the optical paths formed by the optical

path assembly 204 are shown. The optical path assembly 204 channels light received by the

lens assembly 104 to the various photo-sensors 210 of the optical assembly 102.

[00231] Turning to FIG. 4, the optical assembly 102 includes a first beam splitter

212-1, a second beam splitter 212-2, and a third beam splitter 212-3. Each beam splitter is

configured to split the light received by the beam splitter into at least two optical paths. For

example, beam splitters for use in the optical path assembly 204 may split an incoming beam

into one output beam that is collinear to the input beam, and another output beam that is

perpendicular to the input beam.

[00232] Specifically, the first beam splitter 212-1 is in direct optical communication

with the lens assembly 104, and as shown in FIG. 10, splits the incoming light (represented

by arrow 400) into a first optical path 401 and a second optical path 402. The first optical

path 401 is substantially collinear with the light entering the first beam splitter 212-1, and

passes to the second beam splitter 212-2. The second optical path 402 is substantially

perpendicular to the light entering the first beam splitter 212-1, and passes to the third beam

splitter 212-3. In various implementations, the first beam splitter 212-1 is a 50:50 beam

splitter. In other implementations, the first beam splitter 212-1 is a dichroic beam splitter.

[00233] With continued reference to FIG. 10, the second beam splitter 212-2 is

adjacent to the first beam splitter 212-1 (and is in direct optical communication with the first

beam splitter 212-1), and splits the incoming light from the first beam splitter 212-1 into a

third optical path 403 and a fourth optical path 404. The third optical path 403 is

substantially collinear with the light entering the second beam splitter 212-2, and passes

through to the first beam steering element 214-1 (see FIG. 4). The fourth optical path is

substantially perpendicular to the light entering the second beam splitter 212-2, and passes

through to the second beam steering element 214-2. In various implementations, the second

beam splitter 212-2 is a 50:50 beam splitter. In other implementations, the second beam

splitter 212-2 is a dichroic beam splitter.

[00234] The beam steering elements 214 (e.g., 214-1 ... 214-4 shown in FIG. 4) are

configured to change the direction of the light that enters one face of the beam steering

element. Beam steering elements 214 are any appropriate optical device that changes the



direction of light. For example, in various implementations, the beam steering elements 214

are prisms (e.g., folding prisms, bending prisms, etc.). In various implementations, the beam

steering elements 214 are mirrors. In various implementations, the beam steering elements

214 are other appropriate optical devices or combinations of devices.

[00235] Returning to FIG. 4, the first beam steering element 214-1 is adjacent to and in

direct optical communication with the second beam splitter 212-2, and receives light from the

third optical path (e.g., the output of the second beam splitter 212-2 that is collinear with the

input to the second beam splitter 212-2). The first beam steering element 214-1 deflects the

light in a direction that is substantially perpendicular to the fourth optical path (and, in

various implementations, perpendicular to a plane defined by the optical paths of the beam

splitters 212, e.g., the x-y plane) and onto the first photo-sensor 210-1 coupled to the first

circuit board 206 (FIG. 3). The output of the first beam steering element 214-1 is represented

by arrow 411 (see FIG. 4).

[00236] The second beam steering element 214-2 is adjacent to and in direct optical

communication with the second beam splitter 212-2, and receives light from the fourth

optical path (e.g., the perpendicular output of the second beam splitter 212-2). The second

beam steering element 214-2 deflects the light in a direction that is substantially

perpendicular to the third optical path (and, in various implementations, perpendicular to a

plane defined by the optical paths of the beam splitters 212, e.g., the x-y plane) and onto the

second photo-sensor 210-2 coupled to the second circuit board 208 (FIG. 3). The output of

the second beam steering element 214-2 is represented by arrow 412 (see FIG. 4).

[00237] As noted above, the first beam splitter 212-1 passes light to the second beam

splitter 212-2 along a first optical path (as discussed above), and to the third beam splitter

212-3 along a second optical path.

[00238] With reference to FIG. 10, the third beam splitter 212-3 is adjacent to the first

beam splitter 212-1 (and is in direct optical communication with the first beam splitter 212-

1), and splits the incoming light from the first beam splitter 212-1 into a fifth optical path 405

and a sixth optical path 406. The fifth optical path 405 is substantially collinear with the light

entering the third beam splitter 212-3, and passes through to the third beam steering element

214-3 (see FIG. 4). The sixth optical path is substantially perpendicular to the light entering

the third beam splitter 212-3, and passes through to the fourth beam steering element 214-4.



In various implementations, the third beam splitter 212-3 is a 50:50 beam splitter. In other

implementations, the third beam splitter 212-3 is a dichroic beam splitter.

[00239] The third beam steering element 214-3 (see FIG. 4) is adjacent to and in direct

optical communication with the third beam splitter 212-3, and receives light from the fifth

optical path (e.g., the output of the third beam splitter 212-3 that is collinear with the input to

the third beam splitter 212-3). The third beam steering element 214-3 deflects the light in a

direction that is substantially perpendicular to the third optical path (and, in various

implementations, perpendicular to a plane defined by the optical paths of the beam splitters

212, e.g., the x-y plane) and onto the third photo-sensor 210-3 coupled to the first circuit

board 206 (FIG. 3). The output of the third beam steering element 214-3 is represented by

arrow 413 (see FIG. 4).

[00240] The fourth beam steering element 214-4 is adjacent to and in direct optical

communication with the third beam splitter 212-3, and receives light from the sixth optical

path (e.g., the perpendicular output of the third beam splitter 212-3). The fourth beam

steering element 214-4 deflects the light in a direction that is substantially perpendicular to

the sixth optical path (and, in various implementations, perpendicular to a plane defined by

the optical paths of the beam splitters 212, e.g., the x-y plane) and onto the fourth photo

sensor 210-4 coupled to the second circuit board 208 (FIG. 3). The output of the fourth beam

steering element 214-4 is represented by arrow 414 (see FIG. 4).

[00241] As shown in FIG. 4, the output paths of the first and third beam steering

elements 214-1, 214-3 are in opposite directions than the output paths of the second and

fourth beam steering elements 214-2, 214-4. Thus, the image captured by the lens assembly

104 is projected onto the photo-sensors mounted on the opposite sides of the image assembly

102. However, the beam steering elements 212 need not face these particular directions.

Rather, any of the beam steering elements 212 can be positioned to direct the output path of

each beam steering element 212 in any appropriate direction. For example, in various

implementations, all of the beam steering elements 212 direct light in the same direction. In

such cases, all of the photo-sensors may be mounted on a single circuit board (e.g., the first

circuit board 206 or the second circuit board 208, FIG. 3). Alternatively, in various

implementations, one or more of the beam steering elements 212 directs light substantially

perpendicular to the incoming light, but in substantially the same plane defined by the optical



paths of the beam splitters 212 (e.g., within the x-y plane). In yet other implementations, one

or more beam steering elements 214 are excluded from the imaging device, and the

corresponding photo-sensors 2 10 are positioned orthogonal to the plane defined by optical

paths 400-1 .to 400-6.

[00242] FIG. 5A is a top schematic view of the optical assembly 102 and the optical

path assembly 204 in accordance with various implementations, and FIG. 10 is a two-

dimensional schematic illustration of the optical paths within the optical path assembly 204.

Although illustrated with a single light source 106, this optical path assembly may also be

implemented using a second light source 107, as illustrated in FIG. 5C. Light from the lens

assembly 104 enters the first beam splitter 210-1, as indicated by arrow 400. The first beam

splitter 210-1 splits the incoming light (arrow 400) into a first optical path (arrow 401) that is

collinear to the incoming light (arrow 400). Light along the first optical path (arrow 401) is

passed through to the second beam splitter 210-2. The first beam splitter 2 10-1 also splits the

incoming light (arrow 400) into a second optical path (arrow 402) that is perpendicular to the

incoming light (arrow 400). Light along the second optical path (arrow 402) is passed

through to the third beam splitter 210-3.

[00243] Light entering the second beam splitter 2 10-2 (arrow 402) is further split into a

third optical path (arrow 403) that is collinear with the incoming light (arrow 400 and/or

arrow 402). Light along the third optical path (arrow 403) is passed to the first beam steering

element 214-1 (see, e.g., FIG. 4), which steers the light onto the first photo-sensor 210-1 . As

discussed above, in various implementations, the first beam steering element 214-1 deflects

the light in a direction that is perpendicular to the light entering the second beam splitter and

out of the plane defined by the beam splitters (e.g., in a positive z-direction, or out of the

page, as shown in FIG. 5).

[00244] Light entering the second beam splitter 2 10-2 (arrow 402) is further split into a

fourth optical path (arrow 404) that is perpendicular to the incoming light (arrow 400 and/or

arrow 402). Light along the fourth optical path (arrow 404) is passed to the second beam

steering element 214-2, which steers the light onto the second photo-sensor 2 10-2. As

discussed above, in various implementations, the second beam steering element 214-2

deflects the light in a direction that is perpendicular to the light entering the second beam



splitter and out of the plane defined by the beam splitters (e.g., in a negative z-direction, or

into the page, as shown in FIG. 5).

[00245] Light entering the third beam splitter 210-3 (arrow 402) is further split into a

fifth optical path (arrow 405) that is collinear with the light incoming into the third beam

splitter 210-3 (arrow 402). Light along the fifth optical path (arrow 405) is passed to the third

beam steering element 214-3 (see, e.g., FIG. 4), which steers the light onto the third photo

sensor 2 10-3. As discussed above, in various implementations, the third beam steering

element 214-3 deflects the light in a direction that is perpendicular to the light entering the

third beam splitter and out of the plane defined by the beam splitters (e.g., in a positive z-

direction, or out of the page, as shown in FIG. 5).

[00246] Light entering the third beam splitter 210-3 (arrow 402) is further split into a

sixth optical path (arrow 406) that is perpendicular to the light incoming into the third beam

splitter 210-3 (arrow 402). Light along the sixth optical path (arrow 406) is passed to the

fourth beam steering element 214-4, which steers the light onto the fourth photo-sensor 210-

4 . As discussed above, in various implementations, the fourth beam steering element 214-4

deflects the light in a direction that is perpendicular to the light entering the third beam

splitter and out of the plane defined by the beam splitters (e.g., in a negative z-direction, or

into the page, as shown in FIG. 5).

[00247] FIG. 5B is a top schematic view of the optical assembly 102 and the optical

path assembly 204 in accordance with various implementations, and FIG. 12 is a two-

dimensional schematic illustration of the optical paths within the optical path assembly 204.

Although illustrated with two light sources 106, 107, the optical path may also be

implemented with a single light source, configured to operate in one or more operating modes

(e.g., two operating modes as described herein).

[00248] Light from the lens assembly 104 enters the first beam splitter 220-1 , as

indicated by arrow 600. The first beam splitter 220-1 splits the incoming light (arrow 600)

into a first optical path (arrow 601) that is perpendicular to the incoming light (arrow 600)

and a second optical path (arrow 602) that is collinear to the incoming light (arrow 600).

Light along the first optical path (arrow 601) is passed to a beam steering element in similar

manner described above, which steers the light onto the third photo-sensor 2 10-3. As

discussed above, in various implementations, the steering element deflects the light in a



direction that is perpendicular to the first optical path (arrow 601) and out of the plane (e.g.,

in a positive z-direction, or out of the page) toward the third photo-sensor 2 10-3. Light along

the second optical path (arrow 602) is passed through to a second beam splitter 220-2.

[00249] The second beam splitter 220-2 splits the incoming light (arrow 602) into a

third optical path (arrow 603) that is perpendicular to the incoming light (arrow 602) and a

fourth optical path (arrow 604) that is collinear to the incoming light (arrow 602). Light

along the third optical path (arrow 603) is passed to another beam steering element in similar

manner described above, which steers the light onto the second photo-sensor 210-2. As

discussed above, in various implementations, the steering element deflects the light in a

direction that is perpendicular to the third optical path (arrow 603) and out of the plane (e.g.,

in a negative z-direction, or into the page) toward the second photo-sensor 2 10-2. Light

along the fourth optical path (arrow 604) is passed through to a third beam splitter 220-3.

[00250] The third beam splitter 220-3 splits the incoming light (arrow 604) into a fifth

optical path (arrow 605) that is perpendicular to the incoming light (arrow 604) and a sixth

optical path (arrow 606) that is collinear to the incoming light (arrow 604). Light along the

fifth optical path (arrow 605) is passed to another beam steering element, which steers the

light onto the fourth photo-sensor 210-4. As discussed above, in various implementations,

the steering element deflects the light in a direction that is perpendicular to the firth optical

path (arrow 605) and out of the plane (e.g., in a negative z-direction, or into the page) toward

the fourth photo-sensor 2 10-4. Light along the sixth optical path (arrow 606) is passed to

another beam steering element, which steers the light onto the first photo-sensor 2 10-1 . As

discussed above, in various implementations, the steering element deflects the light in a

direction that is perpendicular to the sixth optical path (arrow 606) and out of the plane (e.g.,

in a positive z-direction, or out of the page) toward the first photo-sensor 2 10-1 .

[00251] FIG. 6 is a front schematic view of the optical assembly 102, in accordance

with various implementations. For clarity, the lens assembly 104 and light source 106 are not

shown. The lines within the beam splitters 212 and the beam steering elements 214 further

depict the light paths described herein. For example, the line designated by arrow 404

illustrates how the beam steering element 214-2 deflects the light received from the beam

splitter 212-2 onto the photo-sensor 210-2. Further, the line designated by arrow 402

illustrates how the beam steering element 214-3 deflects the light received from the beam



splitter 212-3 onto the photo-sensor 210-3. Arrows 411-414 (corresponding to the optical

paths indicated in FIG. 4) further illustrate how the beam steering elements 214 direct light to

their respective photo-sensors 210.

[00252] In the instant application, the geometric terms such as parallel, perpendicular,

orthogonal, coplanar, collinear, etc., are understood to encompass orientations and/or

arrangements that substantially satisfy these geometric relationships. For example, when a

beam steering element deflects light perpendicularly, it is understood that the beam steering

element may deflect the light substantially perpendicularly. As a more specific example, in

some cases, light may be determined to be perpendicular (or substantially perpendicular)

when the light is deflected 90 +/- 1 degrees from its input path. Other deviations from exact

geometric relationships are also contemplated.

[00253] As noted above, the optical assembly 102 can use various combinations of

50:50 beam splitters and dichroic beam splitters. In a first example, the first beam splitter

212-1, the second beam splitter 212-2, and the third beam splitter 212-3 are all 50:50 beam

splitters. An example optical assembly 102 with this selection of beam splitters is illustrated

in FIG. 10.

[00254] In a second example, the first beam splitter 212-1 is a dichroic beam splitter,

and the second beam splitter 212-2 and the third beam splitter 212-3 are both 50:50 beam

splitters. An example optical assembly 102 with this selection of beam splitters is illustrated

in FIG. 11.

[00255] In a third example, the first beam splitter 212-1, the second beam splitter 212-

2, and the third beam splitter 212-3 are all dichroic beam splitters. An example optical

assembly 102 with this selection of beam splitters is illustrated in FIG. 12.

[00256] FIG. 7 is a cutaway view of an implementation of imaging device 100,

illustrating light paths 410 and 4 11, corresponding to light emitted from light source 106 and

illuminating the object being imaged, as well as light path 400, corresponding to light

backscattered from the object.

[00257] The use of polarized illumination is advantageous because it eliminates

surface reflection from the skin and helps to eliminate stray light reflection from off axis

imaging directions. Accordingly, in various implementations, polarized light is used to



illuminate the object being imaged. In various implementations, the light is polarized with

respect to a coordinate system relating to the plane of incidence formed by the propagation

direction of the light (e.g., the light emitted by light source 106) and a vector perpendicular to

the plane of the reflecting surface (e.g., the object being imaged). The component of the

electric field parallel to the plane of incidence is referred to as the p-component and the

component perpendicular to the plane is referred to as the s-component. Accordingly,

polarized light having an electric field along the plane of incidence is "p-polarized," while

polarized light having an electric field normal to the plane is "s-polarized."

[00258] Light can be polarized by placing a polarization filter in the path of the light.

The polarizer allows light having the same polarization (e.g., p-polarized or s-polarized) to

pass through, while reflecting light having the opposite polarization. Because the polarizer is

passively filtering the incident beam, 50% of non-polarized light is lost due to reflection off

the polarizing filter. In practice, therefore, a non-polarized light source must produce twice

the desired amount of polarized illuminating light, at twice the power consumption, to

account for this loss. Advantageously, in various implementations, the imaging device

recaptures and reverses the polarity light reflected off the polarization filter, using a

polarization rotator (e.g., a polarization rotation mirror). In various implementations, at least

95% of all of the light received by the polarizer from the at least one light source may be

illuminated onto the object.

[00259] Returning to FIG. 7, in one implementation, light emitted from light source

106 along optical path 410 is received by polarizer 700. The portion of the light having the

same polarization as polarizer 700 (e.g., s- or p-polarization) passes through polarizer 700

and is directed, through optical window 114, onto the surface of the object. The portion of

the light having the opposite polarization as polarizer 700 is reflected orthogonally along

optical path 4 11, directed to polarization rotator 702. Polarization rotator 700 reverses the

polarization of the light (e.g., reverses the polarization to match the polarization transmitted

through polarizer 700) and reflects the light, through optical window 114, onto the surface of

the object. Polarized light backscattered from the object, returning along optical path 400, is

captured by lens assembly 104 and is directed internal to optical assembly 102 as described

above.



[00260] In this fashion, accounting for incidental loss of light along the optical path,

substantially all the light emitted from light source 106 is projected onto the surface of the

object being imaged in a polarized manner. This eliminates the need for light source 106 to

produce twice the desired amount illuminating light, effectively reducing the power

consumption from illumination by 50%.

[00261] FIGS. 9A-9C are illustrations of framing guides projected onto the surface of

an object for focusing an image collected by an implementation of an imaging device 100.

[00262] As noted above, in various implementations, the lens assembly 104 has a fixed

focal distance. Thus, images captured by the imaging device 100 will only be in focus if the

imaging device 110 is maintained at an appropriate distance from the object to be imaged. In

various implementations, the lens assembly 104 has a depth of field of a certain range, such

that objects falling within that range will be suitably focused. For example, in various

implementations, the focus distance of the lens assembly 104 is 24 inches, and the depth of

field is 3 inches. Thus, objects falling anywhere from 2 1 to 27 inches away from the lens

assembly 104 will be suitably focused. These values are merely exemplary, and other focus

distances and depths of field are also contemplated.

[00263] Referring to FIG. 8A-8B, to facilitate accurate positioning of the imaging

device 100 with respect to the object to be imaged, the docking station 110 includes first and

second projectors 112 (e.g., 112-1, 112-2) configured to project light (e.g., light 901, 903 in

FIG. 8A and 8B, respectively) onto the object indicating when the imaging device 100 is

positioned at an appropriate distance from the object to acquire a focused image. In various

implementations, with reference to FIGS. 9A-9C, the first projector 112-1 and the second

projector 112-2 are configured to project a first portion 902-1 and a second portion 902-2 of a

shape 902 onto the object (FIGS. 9A-9C), respectively. The first portion of the shape 902-1

and the second portion of the shape 902-1 are configured to converge to form the shape 902

when the lens 104 is positioned at a predetermined distance from the object, the

predetermined distance corresponding to a focus distance of the lens.

[00264] In one implementation, the framing guides converge to form a closed rectangle

on the surface of the object when the lens of the imaging device 100 is positioned at

predetermined distance from the object corresponding to the focus distance of the lens (FIG.

9C). When the lens of the imaging device 100 is positioned at distance from the object that is



less than the predetermined distance, the framing guides remain separated (FIG. 9A). When

the lens of the imaging device 100 is positioned at distance from the object that is greater

than the predetermined distance, the framing guides cross each other (FIG. 9B).

[00265] In various implementations, the framing guides represent all or substantially

all the area of the object that will be captured by the imaging device 100. In various

implementations, at least all of the object that falls inside the framing guides will be captured

by the imaging device 100.

[00266] In various implementations, as illustrated in FIG. 8B, first projector 112-1 and

second projector 112-2 are each configured to project a spot onto the object (e.g., spots 904-1

and 904-2, illustrated in FIG. 9D), such that the spots converge (e.g., at spot 904 in FIG. 9E)

when the lens 104 is positioned at a predetermined distance from the object, the

predetermined distance corresponding to a focus distance of the lens. When the lens of the

imaging device 100 is positioned at distance from the object that is less than or greater than

the predetermined distance, the projected spots diverge from each other (FIG. 9D).

[00267] FIG. IB illustrates another imaging device 100, in accordance with various

implementations, similar to that shown in FIG. 1A but including an integrated body 101 that

resembles a digital single-lens reflex (DSLR) camera in that the body has a forward-facing

lens assembly 104, and a rearward facing display 122. The DSLR-type housing allows a user

to easily hold imaging device 100, aim it toward a patient and the region of interest (e.g., the

skin of the patient), and position the device at an appropriate distance from the patient. One

will appreciate that the implementation of FIG. IB, may incorporate the various features

described above and below in connection with the device of FIG. 1A.

[00268] In various implementations, and similar to the device described above, the

imaging device 100 illustrated in FIG. IB includes an optical assembly having light sources

106 and 107 for illuminating the surface of an object (e.g., the skin of a subject) and a lens

assembly 104 for collecting light reflected and/or back scattered from the object.

[00269] In various implementations, and also similar to the device described above, the

imaging device of FIG. IB includes first and second projectors 112-1 and 112-2 configured

to project light onto the object indicating when the imaging device 100 is positioned at an

appropriate distance from the object to acquire a focused image. As noted above, this may be

particularly useful where the lens assembly 104 has a fixed focal distance, such that the



image cannot be brought into focus by manipulation of the lens assembly. As shown in FIG.

IB, the projectors are mounted on a forward side of body 101.

[00270] In various implementations, the body 101 substantially encases and supports

the light sources 106 and 107 and the lens assembly 104 of the optical assembly, along with

the first and second projectors 112-1 and 112-2 and the display 122.

[00271] FIGS. 13 and 14 collectively illustrate another configuration for imaging

device 100, in accordance with various implementations, similar to that shown in FIG. IB but

including more detail regarding an embodiment of integrated body 101 and forward-facing

lens assembly 104, and a rearward facing display 122. The housing 101 allows a user to

easily hold imaging device 100, aim it toward a patient and the region of interest (e.g., the

skin of the patient), and position the device at an appropriate distance from the patient. One

will appreciate that the implementation of FIGS. 13 and 14 may incorporate the various

features described herein in connection with the device of FIG. 1A and IB.

[00272] In various implementations, and similar to the device described above, the

imaging device 100 illustrated in FIGS. 13 and 14 includes an optical assembly having light

sources 106 and 107 for illuminating the surface of an object (e.g., the skin of a subject) and a

lens assembly 104 for collecting light reflected and/or back scattered from the object.

[00273] In various implementations, and also similar to the device described in FIGS.

1A and IB, the imaging device of FIG. 13 includes first and second projectors 112-1 and

112-2 configured to project light onto the object indicating when the imaging device 100 is

positioned at an appropriate distance from the object to acquire a focused image. As noted

above, this may be particularly useful where the lens assembly 104 has a fixed focus distance,

such that the image cannot be brought into focus by manipulation of the lens assembly. As

shown in FIG. 13, the projectors are mounted on a forward side of body 101.

[00274] In various implementations, the body 101 substantially encases and supports

the light sources 106 and 107 and the lens assembly 104 of the optical assembly, along with

the first and second projectors 112-1 and 112-2. In various implementations, the imaging

device 101 of Figure 13 includes a live-view camera 103 and a remote thermometer 105.

[00275] Exemplary Optical Configurations



[00276] In one implementation, the imaging device 100 is configured to detect a set of

spectral bands suitable for determining the oxyhemoglobin and deoxyhemoglobin distribution

in a tissue. In a specific implementation, this is achieved by capturing images of the tissue of

interest at eight different spectral bands. The images are captured in two exposures of four

photo-sensors 210, each photo-sensor covered by a unique dual band pass filter 2 16 . In one

implementation, the imaging device 100 has a first light source 106 configured to illuminate

the tissue of interest with light including exactly four of the eight spectral bands, where each

dual band pass filter 216 has exactly one pass band matching a spectral band in the four

spectral bands emitted from light source 106. The imaging device has a second light source

107 configured to illuminate the tissue of interest with light including the other four spectral

bands of the set of eight spectral bands (e.g., but not the first four spectral bands), where each

dual band pass filter 216 has exactly one pass band matching a spectral band in the four

spectral bands emitted from light source 107.

[00277] In one implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 510±5 nm, 530±5 nm, 540±5 nm, 560±5 nm, 580±5 nm,

590±5 nm, 620±5 nm, and 660±5 nm, and each spectral band has a full width at half

maximum of less than 15 nm. In a related implementation, the set of eight spectral bands

includes spectral bands having central wavelengths of: 510±4 nm, 530±4 nm, 540±4 nm,

560±4 nm, 580±4 nm, 590±4 nm, 620±4 nm, and 660±4 nm, and each spectral band has a full

width at half maximum of less than 15 nm. In a related implementation, the set of eight

spectral bands includes spectral bands having central wavelengths of: 510±3 nm, 530±3 nm,

540±3 nm, 560±3 nm, 580±3 nm, 590±3 nm, 620±3 nm, and 660±3 nm, and each spectral

band has a full width at half maximum of less than 15 nm. In a related implementation, the

set of eight spectral bands includes spectral bands having central wavelengths of: 510±2 nm,

530±2 nm, 540±2 nm, 560±2 nm, 580±2 nm, 590±2 nm, 620±2 nm, and 660±2 nm, and each

spectral band has a full width at half maximum of less than 15 nm. In a related

implementation, the set of eight spectral bands includes spectral bands having central

wavelengths of: 510±1 nm, 530±1 nm, 540±1 nm, 560±1 nm, 580±1 nm, 590±1 nm, 620±1

nm, and 660±1 nm, and each spectral band has a full width at half maximum of less than 15

nm. In a related implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 510 nm, 530 nm, 540 nm, 560 nm, 580 nm, 590 nm, 620 nm,

and 660 nm, and each spectral band has a full width at half maximum of about 10 nm.



[00278] In one implementation, dual band filters having spectral pass bands centered

at: (i) 520±5 and 590±5, (ii) 540±5 and 610±5, (iii) 560±5 and 620±5, and (iv) 580±5 and

640±5 are placed in front of photo-sensors configured to detect this particular set of

wavelengths. In one implementation, the imaging device has a light source 106 configured to

illuminate a tissue of interest with light having wavelengths from 450-585 nm in a first

operation mode and light having wavelengths from 585-650 nm in a second operation mode.

In one implementation, the imaging device has a light source 106 configured to illuminate a

tissue of interest with light having wavelengths from 450-585 nm, and a second light source

107 configured to illuminate the tissue of interest with light having wavelengths from 585-

650 nm. In still another implementation, the imaging device has a light source 106

configured to illuminate a tissue of interest with light having wavelengths 520, 540, 560 and

640 but not wavelengths 580, 590, 610 and 620 and a second light source 107 configured to

illuminate the tissue of interest with light having wavelengths 580, 590, 610, and 620 but not

wavelengths 520, 540, 560 and 640.

[00279] In one implementation, dual band filters having spectral pass bands centered

at: (i) 520±5 and 560±5, (ii) 540±5 and 580±5, (iii) 590±5 and 620±5, and (iv) 610 and

640±5 are placed in front of photo-sensors configured to detect this particular set of

wavelengths. In one implementation, the imaging device has a light source 106 configured to

illuminate a tissue of interest with light having wavelengths from 450-550 nm and from 615-

650 nm in a first operation mode and light having wavelengths from 550-615 nm in a second

operation mode. In one implementation, the imaging device has a light source 106

configured to illuminate a tissue of interest with light having wavelengths from 450-550 nm

and from 615-650 nm, and a second light source 107 configured to illuminate the tissue of

interest with light having wavelengths from 585-650 nm.

[00280] In one implementation, dual band filters having spectral pass bands centered

at: (i) 520±5 and 560±5, (ii) 540±5 and 610±5, (iii) 590±5 and 620±5, and (iv) 580 and

640±5 are placed in front of photo-sensors configured to detect this particular set of

wavelengths. In one implementation, the imaging device has a light source 106 configured to

illuminate a tissue of interest with light having wavelengths from 450-530 nm and from 600-

650 nm in a first operation mode and light having wavelengths from 530-600 nm in a second

operation mode. In one implementation, the imaging device has a light source 106

configured to illuminate a tissue of interest with light having wavelengths from 450-530 nm



and from 600-650 nm, and a second light source 107 configured to illuminate the tissue of

interest with light having wavelengths from 530-600.

[00281] In one implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 520±5 nm, 540±5 nm, 560±5 nm, 580±5 nm, 590±5 nm,

610±5 nm, 620±5 nm, and 640±5 nm, and each spectral band has a full width at half

maximum of less than 15 nm. In a related implementation, the set of eight spectral bands

includes spectral bands having central wavelengths of: 520±4 nm, 540±4 nm, 560±4 nm,

580±4 nm, 590±4 nm, 610±4 nm, 620±4 nm, and 640±4 nm, and each spectral band has a full

width at half maximum of less than 15 nm. In a related implementation, the set of eight

spectral bands includes spectral bands having central wavelengths of: 520±3 nm, 540±3 nm,

560±3 nm, 580±3 nm, 590±3 nm, 610±3 nm, 620±3 nm, and 640±3 nm, and each spectral

band has a full width at half maximum of less than 15 nm. In a related implementation, the

set of eight spectral bands includes spectral bands having central wavelengths of: 520±2 nm,

540±2 nm, 560±2 nm, 580±2 nm, 590±2 nm, 610±2 nm, 620±2 nm, and 640±2 nm, and each

spectral band has a full width at half maximum of less than 15 nm. In a related

implementation, the set of eight spectral bands includes spectral bands having central

wavelengths of: 520±1 nm, 540±1 nm, 560±1 nm, 580±1 nm, 590±1 nm, 610±1 nm, 620±1

nm, and 640±1 nm, and each spectral band has a full width at half maximum of less than 15

nm. In a related implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 520 nm, 540 nm, 560 nm, 580 nm, 590 nm, 610 nm, 620 nm,

and 640 nm, and each spectral band has a full width at half maximum of about 10 nm.

[00282] In one implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 500±5 nm, 530±5 nm, 545±5 nm, 570±5 nm, 585±5 nm,

600±5 nm, 615±5 nm, and 640±5 nm, and each spectral band has a full width at half

maximum of less than 15 nm. In a related implementation, the set of eight spectral bands

includes spectral bands having central wavelengths of: 500±4 nm, 530±4 nm, 545±4 nm,

570±4 nm, 585±4 nm, 600±4 nm, 615±4 nm, and 640±4 nm, and each spectral band has a full

width at half maximum of less than 15 nm. In a related implementation, the set of eight

spectral bands includes spectral bands having central wavelengths of: 500±3 nm, 530±3 nm,

545±3 nm, 570±3 nm, 585±3 nm, 600±3 nm, 615±3 nm, and 640±3 nm, and each spectral

band has a full width at half maximum of less than 15 nm. In a related implementation, the

set of eight spectral bands includes spectral bands having central wavelengths of: 500±2 nm,



530±2 nm, 545±2 nm, 570±2 nm, 585±2 nm, 600±2 nm, 615±2 nm, and 640±2 nm, and each

spectral band has a full width at half maximum of less than 15 nm. In a related

implementation, the set of eight spectral bands includes spectral bands having central

wavelengths of: 500±1 nm, 530±1 nm, 545±1 nm, 570±1 nm, 585±1 nm, 600±1 nm, 615±1

nm, and 640±1 nm, and each spectral band has a full width at half maximum of less than 15

nm. In a related implementation, the set of eight spectral bands includes spectral bands

having central wavelengths of: 500 nm, 530 nm, 545 nm, 570 nm, 585 nm, 600 nm, 615 nm,

and 640 nm, and each spectral band has a full width at half maximum of about 10 nm.

[00283] In other implementations, the imaging devices described here are configured

for imaging more or less than eight spectral bands. For example, in some implementations,

the imaging device is configured for imaging 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17,

18, 19, 20, 21, 22, 23, 24, or more spectral bands. For example, imaging devices including 7

beam splitters and 8 photo-sensors can be configured according to the principles described

herein to capture 8 images simultaneously, 16 images in two exposures (e.g., by placing dual

band pass filters in from of each photosensor), and 24 images in three exposures (e.g., by

placing triple band pass filters in front of each photosensor). In fact, the number of spectral

band passes that can be imaged using the principles disclosed herein is only constrained by

any desired size of the imager, desired exposure times, and light sources employed. Of

course, one or more photo-sensors may not be used in any given exposure. For example, in a

imaging device employing four photo sensors and three beam splitters, seven images can be

captured in two exposures by not utilizing one of the photo-sensors in one of the exposures.

Thus, imaging devices employing any combination of light sources (e.g., 1, 2, 3, 4, or more),

beam splitters (e.g., 1, 2, 3, 4, 5, 6, 7, or more), and photo-sensors (e.g., 1, 2, 3, 4, 5, 6, 7, 8,

or more) are contemplated.

[00284] Optimization of Exposure Time

[00285] Many advantages of the imaging systems and methods described herein are

derived, at least in part, from the use of in-band illumination and detection across multiple

spectral bands. 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 data cubes.



[00286] 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 at 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.

[00287] In one embodiment, the imaging systems described herein advantageously

reduces the total amount of time required to collect a complete image series by determining

the specific exposure time needed to resolve each sub-image of the image series. Each image

in the image series is collected at a different spectral band and, because of this, the amount of

time needed to resolve each sub-image will vary as a function of wavelength. In some

embodiments, this variance is advantageously taken into account so that an image requiring

less time, because of their acquisition wavelengths or wavelength bands, are allotted shorter

exposure times whereas 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 images in the series of

images is only allocated an amount of time needed for full exposure, rather than a "one size

fits all" exposure time. This also reduces the power requirement of the imaging device,

because the illumination, which requires a large amount of power, is shortened. In a specific

embodiment, non-transitory instructions encoded by the imager in non-transient memory

determine the minimal exposure time required for image acquisition at each spectral band

acquired by the imaging system.

[00288] In some embodiments, the methods and systems described herein include

executable 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 a respective image, in the series of images of the tissue being collected. A

first baseline exposure time for a first image is different than a second baseline exposure time

of a second image in the plurality of images.

[00289] In one embodiment, a method is provided for acquiring an image series of a

tissue of a patient, including selecting a plurality of spectral bands for acquiring an image

series of a tissue, identifying minimum exposure times for resolving an image of the tissue at



each spectral band, identifying at least one factor affecting one of more minimum exposure

times, adjusting the minimum exposure times based on the identified factors, and acquiring a

series of images of the tissue using the adjusted minimum exposure times.

[00290] 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.

[00291] In some embodiments, the factor affecting the minimal exposure time is one or

more of illumination provided by a device used to acquire the image series, ambient light,

and concentration of melanin in the tissue.

[00292] Hyperspectral Imaging

[00293] Hyperspectral and multispectral imaging are related techniques in larger class

of spectroscopy commonly referred to as spectral imaging or spectral analysis. Typically,

hyperspectral imaging relates to the acquisition of a plurality of images, each image

representing a narrow spectral band collected over a continuous spectral range, for example,

5 or more (e.g., 5, 10, 15, 20, 25, 30, 40, 50, or more) spectral bands having a FWHM

bandwidth of 1 nm or more each (e.g., 1 nm, 2 nm, 3 nm, 4 nm, 5 nm, 10 nm, 20 nm or

more), covering a contiguous spectral range (e.g., from 400 nm to 800 nm). In contrast,

multispectral imaging relates to the acquisition of a plurality of images, each image

representing a narrow spectral band collected over a discontinuous spectral range.

[00294] For the purposes of the present disclosure, the terms "hyperspectral" and

"multispectral" are used interchangeably and refer to a plurality of images, each image

representing a narrow 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 1 and

100 nm, etc.), whether collected over a continuous or discontinuous spectral range. For

example, in various implementations, wavelengths 1-N of a hyperspectral data cube 1336-1

are contiguous wavelengths or spectral bands covering a contiguous spectral range (e.g., from

400 nm to 800 nm). In other implementations, wavelengths 1-N of a hyperspectral data cube

1336-1 are non-contiguous wavelengths or spectral bands covering a non-contiguous spectral

ranges (e.g., from 400 nm to 440 nm, from 500 nm to 540 nm, from 600 nm to 680 nm, and

from 900 to 950 nm).



[00295] As used herein, "narrow spectral range" refers 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, 5 nm, 4 nm, 3 nm, 2

nm, 1 nm, or less. In various implementations, wavelengths imaged by the methods and

devices disclosed herein are selected from one or more of the visible, near-infrared, short-

wavelength infrared, mid-wavelength infrared, long-wavelength infrared, and ultraviolet

(UV) spectrums.

[00296] By "broadband" it is meant light that includes component wavelengths over a

substantial portion of at least one band, for example, over at least 20%, or at least 30%, or at

least 40%, or at least 50%, or at least 60%, or at least 70%, or at least 80%, or at least 90%, or

at 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.

[00297] By "narrowband" it is meant light that includes components over only a

narrow spectral region, for example, less than 20%, or less than 15%, or less than 10%, or

less than 5%, or less than 2%, or less than 1%, or less than 0.5% of a single 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 a single band, but together may generate light that covers

a substantial portion of one or more bands, for example, may together constitute a broadband

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.



[00298] As used herein, the "spectral bandwidth" of a light source refers to the span of

component wavelengths having an intensity that is at least half of the maximum intensity,

otherwise known as "full width at half maximum" (FWHM) spectral bandwidth. Many light

emitting diodes (LEDs) emit radiation at more than a single discreet wavelength, and are thus

narrowband emitters. Accordingly, a narrowband light source can be described as having a

"characteristic wavelength" or "center wavelength," for example, the wavelength emitted

with the greatest intensity, as well as a characteristic spectral bandwidth, for example, the

span of wavelengths emitted with an intensity of at least half that of the characteristic

wavelength.

[00299] By "coherent light source" it is meant a light source that emits electromagnetic

radiation of a single wavelength in phase. Thus, a coherent light source is a type of

narrowband light source with a spectral bandwidth of less than 1 nm. Non-limiting examples

of coherent light sources include lasers and laser-type LEDs. Similarly, an incoherent light

source emits electromagnetic radiation having a spectral bandwidth of more than 1 nm and/or

is not in phase. In this regard, incoherent light can be either narrowband or broadband light,

depending on the spectral bandwidth of the light.

[00300] Examples of suitable broadband light sources 106 include, without limitation,

incandescent lights such as a halogen lamp, xenon lamp, a hydrargyrum medium-arc iodide

lamp, and a broadband light emitting diode (LED). In some embodiments, a standard or

custom filter is used to balance the light intensities at different wavelengths to raise the signal

level of certain wavelength or to select for a narrowband of wavelengths. Broadband

illumination of a subject is particularly useful when capturing a color image of the subj ect or

when focusing the hyperspectral/multispectral imaging system.

[00301] Examples of suitable narrowband, incoherent light sources 106 include,

without limitation, a narrow band light emitting diode (LED), a superluminescent diode

(SLD) (see, Redding, B . et al, "Speckle-free laser imaging", arVix: 1110.6860 (201 1),

the content of which is hereby incorporated herein by reference in its entirety for all

purposes), a random laser, and a broadband light source covered by a narrow 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



is less well suited for full-field imaging due to speckle artifacts that corrupt image formation

(see, Oliver, B.M., "Sparkling spots and random diffraction", Proc IEEE 51, 220-221 ( 1963)).

Hyperspectral Medical Imaging

[00302] Various implementations of the present disclosure provide for systems and

methods useful for hyperspectral/multispectral medical imaging (HSMI). HSMI relies upon

distinguishing the interactions that occur between light at different wavelengths and

components of the human body, especially components located in or just under the skin. For

example, it is well known that deoxyhemoglobin absorbs a greater amount of light at 700 nm

than does water, while water absorbs a much greater amount of light at 1200 nm, as

compared to deoxyhemoglobin. By measuring the absorbance of a two-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 a plurality of wavelengths of light reflected or backscattered off of the system.

[00303] The particular interactions between the various wavelengths of light measured

by hyperspectral/multispectral imaging and each individual component of the system (e.g.,

skin) produces hyperspectral/multispectral signature, when the data is constructed into a

hyperspectral/multispectral data cube. Specifically, different regions (e.g., different regions

of interest or ROI on a single subject or different ROIs from different subj ects) interact

differently with light depending on the presence of, e.g., a medical 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 all interact with various wavelengths of light differently

from one another. 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, a given 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.



[00304] 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 is the outer layer of skin. It has specialized cells called melanocytes that produce

melanin pigments. Light is primarily 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), 127-1 34 ( 1970), the content of which is incorporated herein

by reference in its entirety for all purposes.

[00305] The dermis has a dense collection of collagen fibers and blood vessels, and its

optical properties are very different from that of the epidermis. Absorption of light of a

bloodless dermis is negligible. 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.

[00306] 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

penetrates into the dermis or beyond (see, Capinera J.L., "Photodynamic Action in Pest

Control and Medicine", Encyclopedia of Entomology, 2nd Edition, Springer Science, 2008,

pp. 2850-2862, the content of which is hereby incorporated herein by reference in its entirety

for all purposes). For purposes of the present disclosure, when referring to "illuminating a

tissue," "reflecting light off of the surface," and the like, it is meant that radiation of a

suitable wavelength for detection is backscattered from a tissue 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 subj ect.

[00307] 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 at a



known 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 a lake.

[00308] Accordingly, different wavelengths of light may be used to examine different

depths of a subject's skin tissue. Generally, high frequency, short-wavelength visible light is

useful for investigating elements present in the epidermis, while lower frequency, long-

wavelength visible light is useful for investigating both the epidermis and dermis.

Furthermore, certain infra-red wavelengths are useful for investigating the epidermis, dermis,

and subcutaneous tissues.

[00309] In the visible and near-infrared (VNIR) spectral range and at 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 at the air-tissue interface is typically only around 4%-7% in the

250-3000 nanometer (nm) wavelength range. For further details, see Anderson, R.R. et al,

"The Optics of Human Skin", Journal of Investigative Dermatology, 77, pp. 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 incident light

after the stratum comeum layer, the steady state VNIR skin reflectance can be modeled as the

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.

[00310] Accordingly, the systems and methods described herein can be used to

diagnose and characterize a wide variety of medical conditions. In one embodiment, the

concentration of one or more skin or blood component is determined in order to evaluate a

medical condition in a patient. 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.

[00311] Non-limiting examples of conditions that can be evaluated by

hyperspectral/multispectral imaging include: tissue ischemia, ulcer formation, ulcer

progression, pressure ulcer formation, pressure ulcer progression, diabetic foot ulcer

formation, diabetic foot ulcer progression, venous stasis, venous ulcer disease, peripheral

artery disease, atherosclerosis, infection, shock, cardiac decompensation, respiratory

insufficiency, hypovolemia, the progression of diabetes, congestive heart failure, sepsis,

dehydration, hemorrhage, hemorrhagic shock, hypertension, cancer (e.g., detection,

diagnosis, or typing of tumors or skin lesions), retinal abnormalities (e.g., diabetic

retinopathy, macular degeneration, or corneal dystrophy), skin wounds, burn wounds,

exposure to a chemical or biological agent, and an inflammatory response.

[00312] In various embodiments, 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 a physician 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.

[00313] In various embodiments, the systems and methods described herein are used to

evaluate diabetic and pressure ulcers. Development of a diabetic foot ulcer is commonly a

result 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 in tissue ischemia and eventual death, and ultimately manifesting in the

form of an ulcer (Frykberg R.G. et al, "Role of neuropathy and high foot pressures in

diabetic foot ulceration", Diabetes Care, 21(10), 1998: 1714-1 7 19). Measurement of

oxyhemoglobin, deoxyhemoglobin, and/or oxygen saturation levels by

hyperspectral/multispectral imaging can provide medical information regarding, for example:



a likelihood of ulcer formation at an ROI, diagnosis of an ulcer, identification of boundaries

for an ulcer, progression or regression of ulcer formation, a prognosis 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 al, "Evaluation of diabetic foot ulcer healing with hyperspectral imaging of

oxyhemoglobin and deoxyhemoglobin", Diabetes Care. 2009 Nov; 32(11):2056-2061, the

contents of which are hereby incorporated herein by reference in their entireties for all

purposes.

[00314] 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). Various embodiments may

include differentiating different types of tissue from each other, for example, differentiating

bone from flesh, skin, and/or vasculature. Various embodiments may exclude the

characterization of vasculature.

[00315] In various 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 a resection, 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., "Assessment of

renal oxygenation during partial nephrectomy using hyperspectral imaging", J Urol. 2011

Aug; 186(2):400-4; Gibbs-Strauss S.L. et al, " Nerve-highlighting fluorescent contrast agents

for image-guided surgery", Mol Imaging. 2011 Apr; 10(2):91-101; and Panasyuk S.V. et al.,

"Medical hyperspectral imaging to facilitate residual tumor identification during surgery",

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.

[00316] For more information on the use of hyperspectral/multispectral imaging in

medical assessments, see, for example: Chin J.A. et al, J Vase Surg. 2011 Dec; 54(6): 1679-

88; Khaodhiar L . et al, Diabetes Care 2007;30:903-910; Zuzak K.J. et al, Anal Chem. 2002



May l;74(9):2021-8; Uhr J.W. et al, Transl Res. 2012 May; 159(5):366-75; Chin M.S. et al,

J Biomed Opt. 2012 Feb; 17(2):026010; LiuZ. et al, Sensors (Basel). 2012; 12(1): 162-74;

Zuzak K.J. et al, Anal Chem. 2011 Oct l;83(19):7424-30; Palmer G.M. et al, J Biomed Opt.

2010 Nov-Dec; 15(6):066021; Jafari-Saraf and Gordon, Ann Vase Surg. 2010 Aug;

24(6):741-6; Akbari H . et al, IEEE Trans Biomed Eng. 2010 Aug; 57(8):2011-7; Akbari H .

et al, Conf Proc IEEE Eng Med Biol Soc. 2009:1461-4; Akbari H . et al, Conf Proc IEEE

Eng Med Biol Soc. 2008:1238-41; Chang S.K. et al, Clin Cancer Res. 2008 Jul

l;14(13):4146-53; Siddiqi A.M. et al, Cancer. 2008 Feb 25;1 14(1): 13-21 ; LiuZ. et al., Appl

Opt. 2007 Dec 1;46(34): 8328-34; Zhi L . et al, Comput Med Imaging Graph. 2007 Dec;

31(8):672-8; Khaodhiar L . et al, Diabetes Care. 2007 Apr; 30(4):903-10; Ferris D.G et al, J

Low Genit Tract Dis. 2001 Apr; 5(2):65-72; Greenman R.L. et al, Lancet. 2005 Nov

12;366(9498):1711-7; Sorg B.S. et al, J Biomed Opt. 2005 Jul-Aug; 10(4):44004; Gillies R .

et al, and Diabetes Technol Ther. 2003;5(5):847-55, the contents of which are hereby

incorporated herein by reference in their entirety for all purposes.

[00317] Surgical Embodiments

[00318] The disclosed hyperspectral imaging device 100 is suitable for use in

acquiring hyperspectral imaging data and deconvolution of oxyHb and deoxyHb

contributions for surface oximetry and vascular health assessment. Turning to Figures 15

through 17, the disclosed hyperspectral imaging device 100 can also be used for the purpose

of vascular assessment and tissue health. In some embodiments, the disclosed hyperspectral

imaging device 100 has the ability to operate in the near infrared region, which is suitable for

surgical applications. As such, the disclosed hyperspectral imaging device 100 use, in

various embodiments, range from front-line wound care environments where extemal surface

imaging is done, dermal imaging with infrared, as well as surgical applications, including

endoscope and laparoscope. In Figures 15 through 17, the hyperspectral imaging device 100

is redesigned by removal of the display, removal of the main processor board, repackaging of

the imager by putting in a new printed circuit board on the back without the display that

interfaces with a computer that has a built-in LCD. The repackaged imager is then placed on

a surgical stand (articulating arm mechanism) with a large LCD monitor with built-in

computer. Int this way the hyperspectral imaging device 100 is optimized for surgical

applications. Advantageously, in some embodiments the redesigned hyperspectral imaging

device 100 does not require an injectable contrast agent to be used in surgical applications.



[00319] Hyperspectral Shock Detection Many times after an individual experiences a

physical trauma such as an injury in an automobile accident, they are at risk of going into

shock. When an individual goes into shock, the body will begin to shut off blood flow to the

extremities, beginning with the arms and legs. If a shock condition is not found and treated

quickly it can lead to serious problems, including the death of the individual. Many times,

the shock condition is detected by a physician or emergency responder physically observing

the patient to determine if they are becoming pale since the reduction in blood flow will result

in such a condition. However, it is often hard for the doctor to subjectively determine if the

patient looks pale, particularly if the individual is darker skinned. In other situations, the

patient's blood oxygen is monitored through the use of a pulse oximeter, usually placed on a

finger. Unfortunately, since this instrument is measuring the oxygenation of the blood in the

vessels, it often takes some time for the oxygen content to drop to the point that the shock

condition becomes evident. A more expedient method for determining the onset of shock is

surface tissue oximetry. Because the surface tissue will manifest a reduction in blood flow

and oxygen far more quickly, measuring oxygen at the surface of the skin will provide an

earlier indication of shock onset and provide emergency responders and physicians with more

time to respond to the situation before serious problems can occur.

[00320] Advantageously, the disclosed hyperspectral imaging device 100 provides a

suitable approach to shock detection whether in its existing disclosed embodiment or in a

simplified design that utilizes the same hyperspectral algorithms but within a more simplified

and rugged package. As summarized in Figure 18, there are three embodiments of the

hyperspectral imaging device 100 that are applicable to the field of shock detection.

[00321] Bedside camera. The first of these approaches is a simple modification of the

existing hand-held hyperspectral imaging camera 100 and is illustrated in Figure 19. In this

approach, a modified version of the hyperspectral imaging camera is affixed to the hospital

bed on an arm to allow easy positioning. In some embodiments, the hyperspectral imaging

camera is positioned so that its field of view is situated on one of the patient's extremities,

such as an arm or leg. In some embodiments, the hyperspectral imaging camera images the

patient at a pre-determined intervals. The resulting image is computed using a hyperspectral

algorithm, such as that disclosed in United States Patent No. 8,644,91 1, and United States

Patent Application No. 14/644,893, each of which is hereby incorporated by reference, to

determine the content of oxygenated and deoxygenated hemoglobin within the tissue. This is



used to calculate a saturation map of the images tissue. This map is then scanned and if the

map indicates that the tissue of the imaged extremity shows a reduction in oxygen saturation

below a specified threshold, an alarm is sounded to alert the medical staff. A device such as

this is the most similar to the existing design of the hyperspectral imaging camera 100

disclosed in Figures 1-14, but is best suited for a medical facility or a hospital.

[00322] In one embodiment, the imaging device, comprises an imaging component

(e.g., the modular imaging engine) attached to an arm and/or base structure, as illustrated in

Figures 15 and 16 . In some embodiments, the arm includes articulating joints to facilitate

positioning of the imaging component (e.g., relative to a patient on an operating table). In

some embodiments, the base structure is attachable to a bed or gurney, as illustrated in Figure

19 . In this fashion, the imaging component may be positioned over a patient in the bed or

gurney and acquire multiple hyperspectral images of the patient, or of a region of interest on

the patient, to monitor the patient over time.

[00323] In some embodiments, the device also includes a tablet, touchscreen, etc,

attached to the arm or base structure. The tablet or touchscreen may be used to control the

imaging component, view images (e.g., hyperspectral images) acquired by the imaging

component, and/or communicate with a remote device.

[00324] In some embodiments, the imaging component comprises a lens disposed

along an optical axis and configured to receive light, a plurality of photo-sensors, an optical

path assembly comprising a plurality of beam splitters in optical communication with the lens

and the plurality of photo-sensors, a plurality of multi-bandpass filters, wherein each

respective multi-bandpass filter in the plurality of multi-bandpass filters covers a

corresponding photo-sensor in the plurality of photo-sensors thereby selectively allowing a

different corresponding spectral band of light, from the light received by the lens and split by

the plurality of beam splitters, to pass through to the corresponding photo-sensor; wherein

each respective beam splitter in the plurality of beam splitters is configured to split the light

received by the lens into at least two optical paths, a first beam splitter in the plurality of

beam splitters is in direct optical communication with the lens and a second beam splitter in

the plurality of beam splitters is in indirect optical communication with the lens through the

first beam splitter, and the plurality of beam splitters collectively split light received by the

lens into a plurality of optical paths, wherein each respective optical path in the plurality of



optical paths is configured to direct light to a corresponding photo-sensor in the plurality of

photo-sensors through the respective multi-bandpass filter covering the respective photo

sensor. Variations and additional components, as described herein, may also be included in

the imaging component.

[00325] Cuff or Bracelet. Referring to Figure 20, in the second approach, a simplified

version of the disclosed technology for doing detailed tissue oximetry is employed within a

simple device to monitor a patient for shock conditions and provide physicians and

emergency responders with an early waming that could help save the life of the patient. This

embodiment is designed for field use by first responders and emergency personnel. In some

embodiments, the device has a Velcro cuff, similar to a blood pressure cuff that secures it to

an arm or leg of the patient.

[00326] In some embodiments, the device itself comprises a photodetector or small

camera sensor array surrounded by a number of filtered LEDs. In one such embodiment,

there are 8 LEDs that surround the sensor. In other embodiments more or fewer LEDs are

used (e.g., 3, 4, 5, 6, 7, 9, 10, 11, 12, 13, 14, 15, or more LEDs). While the device is held

against the patient's skin, each of the LEDs is sequentially turned on. The light emitted by

the LED is filtered to emit only the bandwidth of interest by the filter placed in front of it.

The illumination from the LED strikes the tissue at an angle to prevent directly reflected light

from being measured by the sensor. In some embodiments, the emitted light is cross

polarized with the detector so that reflected light is blocked, but using an angle for the light is

a preferred solution as it removes the expense and light reduction associated with the

polarizer.

[00327] In a specific implementation, the plurality of light sources (or filtered light

source) include at least three (e.g., 3, 4, 5, 6, 7, or 8) light sources (or filtered light sources)

that provide light having a central wavelength selected from 520±3 nm, 540±3 nm, 560±3

nm, 580±3 nm, 590±3 nm, 610±3 nm, 620±3 nm, and 660±3. In some embodiments, the

spectral bands having central wavelengths of 520±3 nm, 540±3 nm, 560±3 nm, 580±3 nm,

590±3 nm, 610±3 nm, and 620±3 nm have a full width at half maximum of less than 15 nm,

and the spectral band having the central wavelength of 660±3 nm has a full width at half

maximum of less than 20 nm.



[00328] In a specific implementation, the central wavelengths are selected from 520

nm, 540 nm, 560 nm, 580 nm, 590 nm, 6 10 nm, 620 nm, and 660, and the spectral bands

having central wavelengths of 520 nm, 540 nm, 560 nm, 580 nm, 590 nm, 6 10 nm, and 620

nm have a full width at half maximum of less than 15 nm, and the spectral band having the

central wavelength of 660 nm has a full width at half maximum of less than 20 nm.

[00329] Use of the term "about," for purposes of this particular set of spectral bands,

refers to a central wavelength that is no more than 5 nm from the recited wavelength. In

some implementations, each spectral band in the set has a central wavelength that is no more

than 4 nm from the recited wavelength. In some implementations, each spectral band in the

set has a central wavelength that is no more than 3 nm from the recited wavelength. In some

implementations, each spectral band in the set has a central wavelength that is no more than 2

nm from the recited wavelength. In some implementations, each spectral band in the set has

a central wavelength that is no more than 1 nm from the recited wavelength. In some

implementations, each spectral band in the set has the recited central wavelength.

[00330] In some implementations, each respective spectral band has a full width at half

maximum of less than 20 nm. In some implementations, each respective spectral band has a

full width at half maximum of less than 15 nm. In some implementations, each respective

spectral band has a full width at half maximum of less than 10 nm. In some implementations,

each respective spectral band has a full width at half maximum of less than 5 nm. In some

implementations, each respective spectral band has a full width at half maximum of less than

4 nm. In some implementations, each respective spectral band has a full width at half

maximum of less than 3 nm. In some implementations, each respective spectral band has a

full width at half maximum of less than 2 nm. In some implementations, each respective

spectral band has a full width at half maximum of no more than 1 nm.

[00331] As each of the (e.g., eight) illuminators is turned on, the sensor measures the

returning light to determine the reflectance of the tissue. Once all eight values are obtained,

an algorithm, such as one disclosed in United States Patent No. 8,644,91 1, United States

Patent Application No. 14/644,893, or United States Patent Application No. 14/776,681 is

used to determine the concentration of oxygenated and de-oxygenated hemoglobin present in

the tissue and a saturation score is determined. In some embodiments, a small

microcontroller circuit board mounted above the optical assembly performs the calculation



and monitor the results. In the case of the saturation dropping below a threshold level or a

sudden drop in tissue oxygenation level, an alarm is sounded to alert the emergency

personnel that the patient needs immediate attention.

[00332] In some such embodiments, this implementation is reduced in size so that it is

contained within a device similar to a bracelet that is then affixed around the patient's wrist

or ankle to perform a similar function.

[00333] In some embodiments, with reference to Figure 20, the imaging device 2000

includes a substrate 2002 having a first side 2001 and a second side 2003, the substrate

configured to be affixed to a subject 2018 in an orientation where the first side 2001 faces

towards a region of interest 2020 on the subject and the second side 2003 faces away from

the region of interest on the subject. In some embodiments, the region of interest is the skin

of the subject. In some embodiments, some or all imaging components of the device are

attached to one side of the substrate (e.g., LED lights attached to a band). In other

embodiments, some or all imaging components of the device are embedded or encased within

the substrate (e.g., the substrate may be a housing attached to a band 2016; e.g., the substrate

may be a textile into which the imaging components are embedded). In some embodiments,

the imaging components are contained within and/or affixed to a first substrate (e.g., a chip)

and the first substrate is affixed on a second substrate (e.g., a band, cuff, bandage, wrap, etc.)

which can be attached to the subject. In some embodiments, the imaging components

contained within and/or affixed to a first substrate (e.g., a chip), which is placed into a sleeve

of a second substrate (e.g., such that the imaging components may be reused by removing the

first substrate from the sleeve of the second substrate and placed into a second sleeve in a

new second substrate.

[00334] Imaging device 2000 also includes a plurality of light sources 2006 attached to

the substrate, the plurality of light sources oriented to emit light away from the first side of

the substrate. In some embodiments, the light sources are LED lights. In some

embodiments, the light sources are narrow band light sources (e.g., narrow band LEDs) that

do not require filtration. In some embodiments, passband filters 2008 are placed in front of

light sources 2006, to provide narrow band illumination of the subject.

[00335] Imaging device 2000 also includes an optical detector 2004 attached to the

substrate, the optical detector oriented to detect light incident on the first side of the substrate



(e.g., light emitted from light source 2006 after reflection/scattering off of region of interest

2020).

[00336] Imaging device 2000 also includes one or more processing units 201 0 in

electronic communication with the plurality of light sources and optical detector, a

communication module in electronic communication with the one or more processing units,

memory in electronic communication with the one or more processing units or within the one

or more processor units.

[00337] The memory stores one or more protocols executable by the one or more

processing unit. The one or more protocols include instructions for turning on and off

respective light sources 2006 in the plurality of light sources (e.g., sequentially turning on

and off the light sources 2006).

[00338] The one or more protocols also include instructions for acquiring a plurality of

images of the region of interest of the subj ect, wherein each image in the plurality of images

is acquired at a different spectral band in a plurality of spectral bands. E.g., the device

sequentially turns on each light source, captures an image at the spectral band emitted by the

light source, turns the light source off, and repeats the process until images have been

captured at each wavelength, as illustrated in steps 2002 and 2004 of method 2200, in Figure

22).

[00339] The one or more protocols also include instructions for determining 2206 a

tissue oxygenation parameter based on the plurality of images of the skin of the subject (e.g.,

the images acquired at each spectral band emitted by light sources 2006).

[00340] The one or more protocols also include instructions for communicating 2008

an indication of the tissue oxygenation parameter to an output element (e.g., indicator light

2012, alarm 2014, or a remote electronic device) via the communication module. In some

embodiments, the device first determines 2008 whether the tissue oxygenation parameter

satisfies a threshold and, if not, does not communicate the indication (e.g., where the subject

does not show signs of distress and/or poor tissue oxygenation). In some embodiments, the

device communicates an indication of the tissue oxygenation parameter, but distinguishes

between a good value and a bad value (e.g., the device shines green light for good values and

red light for bad values). In some embodiments, the output element comprises one or more

indicator light source 2012 attached to the substrate. In some embodiments, the output



element comprises an audible or tactile alarm 2014 attached to the substrate. In some

embodiments, the output element comprises a remote electronic device.

[00341] In some embodiments, the substrate 2002 is attached to a flexible band 2016

(e.g., a rubber, elastic, or plastic band). In some embodiments, the substrate 2002 is attached

to a detachable cuff 2016 (e.g., having velcro, a button, a zipper, or other means for attaching

the substrate to the subject). In some embodiments, the substrate (or extension attached

thereto) further comprises an adhesive (e.g., to stick to the subject like a band-aide).

[00342] In some embodiments, the instructions for communicating an indication of the

tissue oxygenation parameter to an output element via the communication module comprise

instructions to communicate a signal when the oxygenation parameter satisfies a threshold.

[00343] In some embodiments, the instructions for communicating an indication of the

tissue oxygenation parameter to an output element via the communication module comprise

instructions to communicate a first signal when the oxygenation parameter satisfies a

threshold and a second signal when the oxygenation parameter does not satisfy the threshold.

[00344] In some embodiments, the oxygenation parameter is a oxyhemoglobin level,

deoxyhemoglobin level, or an arithmetic combination thereof. T In some embodiments, the

arithmetic combination of a oxyhemoglobin level and a deoxyhemoglobin level is an oxygen

saturation level.

[00345] In some embodiments, the plurality of light sources is a plurality of LED light

sources. In some embodiments, the device also includes a plurality of passband filters, each

passband filter characterized by a different passband corresponding to a spectral band in a

plurality of spectral bands, wherein each light source in the plurality of light sources is

covered by a passband

[00346] In some embodiments, the device is battery operated (e.g., by a watch battery).

In some embodiments, the imaging device according to any one of claims 1-14, wherein the

device is disposable. In some embodiments, the imaging device is a single-use device (e.g.,

for continuous single use for an hour, day, week, or month).

[00347] Miniaturized cuff design. With reference to the third embodiment described

and Figure 18, and as illustrated in Figure 21, the third implementation is a miniaturization of

the second approach. In this case, the photo-detector, illuminators and filters are miniaturized



to fit within a small area, for example something near 1 inch square. This small package is

then be attached to the patient's body using an adhesive pad, similar to an EKG pad. In some

embodiments, a lead is connected to the device to provide power and return the signals from

the package. In this way, the miniaturized devices is attached to multiple body locations, for

example, both arm and legs. This allow doctors to monitor the surface tissue oxygenation at

multiple locations. This implementation has the extended benefit in performing patient

monitoring on multiple extremities over periods of time to assess circulation issues such as

peripheral arterial disease.

[00348] In some embodiments, with reference to Figure 21, the imaging system

includes a plurality of imaging components 2102, each imaging component in the plurality of

imaging components comprising a plurality of light sources 2008 and an optical detector

2004. The imaging system also includes one or more processing units 2 106 in electronic

communication with the plurality of imaging components, memory in electronic

communication with the one or more processing units or within the one or more processing

units. The memory storing one or more protocols executable by the one or more processing

unit, the one or more protocols including instructions for turning on and off respective light

sources in the plurality of light sources at each imaging component, acquiring a plurality of

images at each imaging component, wherein each image in the plurality of images is acquired

at a different spectral band in a plurality of spectral bands, and determining a tissue

oxygenation parameter based on the plurality of images acquired at each imaging component.

[00349] In some embodiments, each imaging component in the plurality of imaging

components is placed on a different are of a subject (e.g., onto different limbs of the subject).

This allows for simultaneous monitoring of multiple locations on the subjects body. In some

embodiments, the imaging components are each attached to a substrate facilitating attachment

to the subject (e.g., a band, cuff, or adhesive).

[00350] Exemplary Embodiments

[00351] Provided in this section are nonlimiting exemplary embodiments in

accordance with the present disclosure.

[00352] Embodiment 1. An imaging device, comprising a lens disposed along an

optical axis and configured to receive light that has been emitted from a light source and

backscattered by an object; a plurality of photo-sensors; a plurality of bandpass filters, each



respective bandpass filter covering a corresponding photo-sensor of the plurality of photo

sensors and configured to filter light received by the respective photo-sensor, wherein each

respective bandpass filter is configured to allow a different corresponding spectral band to

pass through the respective bandpass filter; and a plurality of beam splitters in optical

communication with the lens and the plurality of photo-sensors, wherein each respective

beam splitter in the plurality of beam splitters is configured to split the light received by the

lens into at least two optical paths, a first beam splitter in the plurality of beam splitters is in

direct optical communication with the lens and a second beam splitter in the plurality of beam

splitters is in indirect optical communication with the lens through the first beam splitter, and

the plurality of beam splitters collectively split the light received by the lens into a plurality

of optical paths, wherein each respective optical path in the plurality of optical paths is

configured to direct light to a corresponding photo-sensor in the plurality of photo-sensors

through the bandpass filter corresponding to the respective photo-sensor.

[00353] Embodiment 2 . The imaging device of embodiment 1, further comprising at

least one light source having at least a first operating mode and a second operating mode.

[00354] Embodiment 3 . The imaging device of embodiment 2, wherein, in the first

operating mode, the at least one light source emits light substantially within a first spectral

range and in the second operating mode, the at least one light source emits light substantially

within a second spectral range.

[00355] Embodiment 4 . The imaging device of embodiment 3, wherein each

respective bandpass filter in the plurality of bandpass filters is configured to allow light

corresponding to either of two discrete spectral bands to pass through the respective bandpass

filter.

[00356] Embodiment 5 . The imaging device of embodiment 4, wherein a first of the

two discrete spectral bands corresponds to a first spectral band that is represented in the first

spectral range and not in the second spectral range; and a second of the two discrete spectral

bands corresponds to a second spectral band that is represented in the second spectral range

and not in the first spectral range.

[00357] Embodiment 6 . The imaging device of any one of embodiments 3-5, wherein

the first spectral range is substantially non-overlapping with the second spectral range.



[00358] Embodiment 7 . The imaging device of any one of embodiments 3-6, wherein

the first spectral range is substantially contiguous with the second spectral range.

[00359] Embodiment 8 . The imaging device of embodiment 3, wherein the first

spectral range consists of 500 nm to 570 nm wavelength light, and the second spectral ranges

consists of 570 nm to 640 nm wavelength light.

[00360] Embodiment 9 . The imaging device of embodiment 1, wherein the at least

two optical paths from a respective beam splitter in the plurality of beam splitters are

substantially coplanar.

[00361] Embodiment 10. The imaging device of embodiment 1, further comprising a

plurality of beam steering elements, each respective beam steering element configured to

direct light in a respective optical path to a respective photo-sensor, of the plurality of photo

sensors, corresponding to the respective optical path.

[00362] Embodiment 11. The imaging device of embodiment 10, wherein at least one

of the plurality of beam steering elements is configured to direct light perpendicular to the

optical axis of the lens.

[00363] Embodiment 12. The imaging device of embodiment 10, wherein each one of

a first subset of the plurality of beam steering elements is configured to direct light in a first

direction that is perpendicular to the optical axis, and each one of a second subset of the

plurality of beam steering elements is configured to direct light in a second direction that is

perpendicular to the optical axis and opposite to the first direction.

[00364] Embodiment 13. The imaging device of any of any of embodiments 10-12,

wherein a sensing plane of each of the plurality of photo-sensors is substantially

perpendicular to the optical axis.

[00365] Embodiment 14. The imaging device of any one of embodiments 2-8, further

comprising a polarizer in optical communication with the at least one light source; and a

polarization rotator; wherein the polarizer is configured to: receive light from the at least one

light source; project a first portion of the light from the at least one light source onto the

object, wherein the first portion of the light is polarized in a first manner; and project a

second portion of the light from the at least one light source onto the polarization rotator,

wherein the second portion of the light is polarized in a second manner, other than the first



manner; and wherein the polarization rotator is configured to: rotate the polarization of the

second portion of the light from the second manner to the first manner; and project the second

portion of the light, polarized in the first manner, onto the object.

[00366] Embodiment 15 . The imaging device of embodiment 14, wherein the first

manner is p-polarization and the second manner is s-polarization.

[00367] Embodiment 16 . The imaging device of embodiment 14, wherein the first

manner is s-polarization and the second manner is p-polarization.

[00368] Embodiment 17 . The imaging device of any of embodiments 3-8, further

comprising a controller configured to capture a plurality of images from the plurality of

photo-sensors by performing a method including: using the at least one light source to

illuminate the object with light falling within the first spectral range; capturing a first set of

images with the plurality of photo-sensors, wherein the first set of images includes, for each

respective photo-sensor, an image corresponding to a first spectral band transmitted by the

respective bandpass filter, wherein the light falling within the first spectral range includes

light falling within the first spectral band of each bandpass filter; using the at least one light

source to illuminate the object with light falling within the second spectral range; and

capturing a second set of images with the plurality of photo-sensors, wherein the second set

of images includes, for each respective photo-sensor, an image corresponding to a second

spectral band transmitted by the respective bandpass filter, wherein the light falling within the

second spectral range includes light falling within the second spectral band of each bandpass

filter.

[00369] Embodiment 18 . The imaging device of any of embodiments 1-17, wherein

the lens has a fixed focus distance, the imaging device further comprising: a first projector

configured to project a first portion of a shape onto the object; and a second projector

configured to project a second portion of the shape onto the object; wherein the first portion

of the shape and the second portion of the shape are configured to converge to form the shape

when the lens is positioned at a predetermined distance from the object, the predetermined

distance corresponding to the focus distance of the lens.

[00370] Embodiment 19 . The imaging device of embodiment 18, wherein the shape

indicates a portion of the object that will be imaged by the plurality of photo-sensors when an

image is captured with the imaging device.



[00371] Embodiment 20. The imaging device of embodiment 19, wherein the shape is

selected from the group consisting of: a rectangle; a square; a circle; and an oval.

[00372] Embodiment 21. The imaging device of any of embodiments 18-20, wherein

the first portion of the shape is a first pair of lines forming a right angle, and the second

portion of the shape is a second pair of lines forming a right angle, wherein, the first portion

of the shape and the second portion of the shape are configured to form a rectangle on the

object when the imaging device is positioned at a predetermined distance from the object.

[00373] Embodiment 22. The imaging device of any of embodiments 1-21, wherein

each of the plurality of beam splitters exhibits a ratio of light transmission to light reflection

of about 50:50.

[00374] Embodiment 23. The imaging device of embodiment 22, wherein at least one

of the beam splitters in the plurality of beam splitters is a dichroic beam splitter.

[00375] Embodiment 24. The imaging device of embodiment 23, wherein at least the

first beam splitter is a dichroic beam splitter.

[00376] Embodiment 25. The imaging device of embodiment 1, further comprising: at

least one light source having at least a first operating mode and a second operating mode, and

wherein each of the plurality of beam splitters exhibits a ratio of light transmission to light

reflection of about 50:50, at least one of the beam splitters in the plurality of beam splitters is

a dichroic beam splitter, in the first operating mode, the at least one light source emits light

substantially within a first spectral range that includes at least two discontinuous spectral sub

ranges; and in the second operating mode, the at least one light source emits light

substantially within a second spectral range.

[00377] Embodiment 26. The imaging device of embodiment 25, wherein the first

beam splitter is configured to transmit light falling within a third spectral range and reflect

light falling within a fourth spectral range.

[00378] Embodiment 27. The imaging device of embodiment 26, wherein the plurality

of beam splitters includes the first beam splitter, the second beam splitter, and a third beam

splitter.



[00379] Embodiment 28. The imaging device of embodiment 27, wherein the light

falling within the third spectral range is transmitted toward the second beam splitter, and the

light falling within the fourth spectral range is reflected toward the third beam splitter.

[00380] Embodiment 29. The imaging device of embodiment 28, wherein the second

and the third beam splitters are wavelength-independent beam splitters.

[00381] Embodiment 30. The imaging device of any of embodiments 25-29, wherein

the at least two discontinuous spectral sub-ranges of the first spectral range include: a first

spectral sub-range of about 450-550 nm; and a second spectral sub-range of about 615-650

nm; and the second spectral range is about 550-615 nm.

[00382] Embodiment 31. The imaging device of any of embodiments 26-30, wherein

the third spectral range is about 585-650 nm; and the fourth spectral range is about 450-585

nm.

[00383] Embodiment 32. The imaging device of any one of embodiments 26-31,

wherein the third spectral range includes light falling within both the first and the second

spectral ranges; and the fourth spectral range includes light falling within both the first and

the second spectral ranges.

[00384] Embodiment 33. The imaging device of any one of embodiments 24-32,

wherein the first beam splitter is a plate dichroic beam splitter or a block dichroic beam

splitter.

[00385] Embodiment 34. The imaging device of embodiment 23, wherein the first

beam splitter, the second beam splitter, and the third beam splitter are dichroic beam splitters.

[00386] Embodiment 35. The imaging device of embodiment 34, wherein: in the first

operating mode, the at least one light source emits light substantially within a first spectral

range that includes at least two discontinuous spectral sub-ranges; and in the second

operating mode, the at least one light source emits light substantially within a second spectral

range.

[00387] Embodiment 36. The imaging device of embodiment 35, wherein the first

beam splitter is configured to transmit light falling within a third spectral range that includes

at least two discontinuous spectral sub-ranges and reflect light falling within a fourth spectral

range that includes at least two discontinuous spectral sub-ranges.



[00388] Embodiment 37. The imaging device of embodiment 36, wherein the plurality

of beam splitters includes the first beam splitter, the second beam splitter, and a third beam

splitter.

[00389] Embodiment 38. The imaging device of embodiment 37, wherein the light

falling within the third spectral range is transmitted toward the second beam splitter, and the

light falling within the fourth spectral range is reflected toward the third beam splitter.

[00390] Embodiment 39. The imaging device of embodiment 38, wherein the second

beam splitter is configured to reflect light falling within a fifth spectral range that includes at

least two discontinuous spectral sub-ranges and transmit light not falling within either of the

at least two discontinuous spectral sub-ranges of the fifth spectral sub-range.

[00391] Embodiment 40. The imaging device of embodiment 38 or embodiment 39,

wherein the third beam splitter is configured to reflect light falling within a sixth spectral

range that includes at least two discontinuous spectral sub-ranges and transmit light not

falling within either of the at least two discontinuous spectral sub-ranges of the sixth spectral

sub-range.

[00392] Embodiment 41. The imaging device of any of embodiments 35-40, wherein:

the at least two discontinuous spectral sub-ranges of the first spectral range include: a first

spectral sub-range of about 450-530 nm; and a second spectral sub-range of about 600-650

nm; and the second spectral range is about 530-600 nm.

[00393] Embodiment 42. The imaging device of any of embodiments 36-41, wherein:

the at least two discontinuous spectral sub-ranges of the third spectral range include: a third

spectral sub-range of about 570-600 nm; and a fourth spectral sub-range of about 615-650

nm; and the at least two discontinuous spectral sub-ranges of the fourth spectral range

include: a fifth spectral sub-range of about 450-570 nm; and a sixth spectral sub-range of

about 600-615 nm.

[00394] Embodiment 43. The imaging device of any of embodiments 39-42, wherein:

the at least two discontinuous spectral sub-ranges of the fifth spectral range include: a seventh

spectral sub-range of about 585-595 nm; and an eighth spectral sub-range of about 615-625

nm.



[00395] Embodiment 44. The imaging device of any of embodiments 40-43, wherein:

the at least two discontinuous spectral sub-ranges of the sixth spectral range include: a ninth

spectral sub-range of about 515-525 nm; and a tenth spectral sub-range of about 555-565 nm.

[00396] Embodiment 45. The imaging device of any of embodiments 34-44, wherein

the first beam splitter, the second beam splitter, and the third beam splitter are each either a

plate dichroic beam splitter or a block dichroic beam splitter.

[00397] Embodiment 46. The imaging device of any of embodiments 3-7, wherein the

at least one light source includes a first set of light emitting diodes (LEDs) and a second set

of LEDs; each LED of the first set of LEDs transmits light through a first bandpass filter of

the plurality of bandpass filters that is configured to block light falling outside the first

spectral range and transmit light falling within the first spectral range; and each LED of the

second set of LEDs transmits light through a second bandpass filter of the plurality of

bandpass filters that is configured to block light falling outside the second spectral range and

transmit light falling within the second spectral range.

[00398] Embodiment 47. The imaging device of embodiment 46, wherein the first set

of LEDs are in a first lighting assembly and the second LEDs are in a second lighting

assembly separate from the first lighting assembly.

[00399] Embodiment 48. The imaging device of embodiment 46, wherein the first set

of LEDs and the second set of LEDs are in a common lighting assembly.

[00400] Embodiment 49. An optical assembly for an imaging device, comprising: a

lens disposed along an optical axis; an optical path assembly configured to receive light from

the lens; a first circuit board positioned on a first side of the optical path assembly; and a

second circuit board positioned on a second side of the optical path assembly opposite to the

first side, wherein the second circuit board is substantially parallel with the first circuit board;

wherein the optical path assembly includes: a first beam splitter configured to split light

received from the lens into a first optical path and a second optical path, wherein the first

optical path is substantially collinear with the optical axis, and the second optical path is

substantially perpendicular to the optical axis; a second beam splitter configured split light

from the first optical path into a third optical path and a fourth optical path, wherein the third

optical path is substantially collinear with the first optical path, and the fourth optical path is

substantially perpendicular to the optical axis; a third beam splitter configured to split light



from the second optical path into a fifth optical path and a sixth optical path, wherein the fifth

optical path is substantially collinear with the second optical path, and the sixth optical path is

substantially perpendicular to the second optical path; a first beam steering element

configured to deflect light from the third optical path perpendicular to the third optical path

and onto a first photo-sensor coupled to the first circuit board; a second beam steering

element configured to deflect light from the fourth optical path perpendicular to the fourth

optical path and onto a second photo-sensor coupled to the second circuit board; a third beam

steering element configured to deflect light from the fifth optical path perpendicular to the

fifth optical path and onto a third photo-sensor coupled to the first circuit board; and a fourth

beam steering element configured to deflect light from the sixth optical path perpendicular to

the sixth optical path and onto a fourth photo-sensor coupled to the second circuit board.

[00401] Embodiment 50. The optical assembly of embodiment 49, further comprising

a plurality of bandpass filters, the plurality of bandpass filters comprising: a first bandpass

filter positioned in the third optical path between the first beam splitter and the first photo

sensor; a second bandpass filter positioned in the fourth optical path between the second

beam splitter and the second photo-sensor; a third bandpass filter positioned in the fifth

optical path between the third beam splitter and the third photo-sensor; and a fourth bandpass

filter positioned in the sixth optical path between the fourth beam splitter and the fourth

photo-sensor, wherein each respective bandpass filter in the plurality of bandpass filters is

configured to allow a different respective spectral band to pass through the respective

bandpass filter.

[00402] Embodiment 51. The optical assembly of embodiment 50, wherein at least

one respective bandpass filter in the plurality of bandpass filters is a dual bandpass filter.

[00403] Embodiment 52. The optical assembly of any one of embodiments 49-5 1,

further comprising a polarizing filter disposed along the optical axis.

[00404] Embodiment 53. The optical assembly of embodiment 52, wherein the

polarizing filter is adjacent to the lens and before the first beam splitter along the optical axis.

[00405] Embodiment 54. The optical assembly of any one of embodiments 49-53,

wherein the first beam steering element is a mirror or prism.



[00406] Embodiment 55. The optical assembly of any of embodiments 49-53, wherein

the first beam steering element is a folding prism.

[00407] Embodiment 56. The optical assembly of any one of embodiments 49-55,

wherein each respective beam splitter and each respective beam steering element is oriented

along substantially the same plane.

[00408] Embodiment 57. The optical assembly of any of embodiments 49-56, wherein

each respective photo-sensor is flexibly coupled to its corresponding circuit board.

[00409] Embodiment 58. The optical assembly of any one of embodiments 49-57,

wherein the first beam splitter, the second beam splitter, and the third beam splitter each

exhibits a ratio of light transmission to light reflection of about 50:50.

[00410] Embodiment 59. The optical assembly of any one of embodiments 49-57,

wherein at least the first beam splitter is a dichroic beam splitter.

[00411] Embodiment 60. The optical assembly of embodiment 59, wherein the first

beam splitter is configured to transmit light falling within a first spectral range and reflect

light falling within a second spectral range.

[00412] Embodiment 61. The optical assembly of embodiment 60, wherein the light

falling within the first spectral range is transmitted toward the second beam splitter, and the

light falling within the second spectral range is reflected toward the third beam splitter.

[00413] Embodiment 62. The optical assembly of embodiment 61, wherein the second

and the third beam splitters are wavelength-independent beam splitters.

[00414] Embodiment 63. The optical assembly of any one of embodiments 49-57,

wherein the first beam splitter, the second beam splitter, and the third beam splitter are

dichroic beam splitters.

[00415] Embodiment 64. The optical assembly of embodiment 63, wherein the first

beam splitter is configured to transmit light falling within a first spectral range that includes

at least two discontinuous spectral sub-ranges and reflect light falling within a second

spectral range that includes at least two discontinuous spectral sub-ranges.

[00416] Embodiment 65. The optical assembly of any one of embodiments 63-64,

wherein the second beam splitter is configured to reflect light falling within a third spectral



range that includes at least two discontinuous spectral sub-ranges and transmit light not

falling within either of the at least two discontinuous spectral sub-ranges of the third spectral

sub-range.

[00417] Embodiment 66. The optical assembly of any one of embodiments 63-65,

wherein the third beam splitter is configured to reflect light falling within a fourth spectral

range that includes at least two discontinuous spectral sub-ranges and transmit light not

falling within either of the at least two discontinuous spectral sub-ranges of the fourth

spectral sub-range.

[00418] Embodiment 67. A lighting assembly for an imaging device, comprising: at

least one light source; a polarizer in optical communication with the at least one light source;

and a polarization rotator; wherein the polarizer is configured to: receive light from the at

least one light source; project a first portion of the light from the at least one light source onto

an object, wherein the first portion of the light exhibits a first type of polarization; and project

a second portion of the light from the at least one light source onto the polarization rotator,

wherein the second portion of the light exhibits a second type of polarization; and wherein

the polarization rotator is configured to: rotate the polarization of the second portion of the

light from the second type of polarization to the first type of polarization; and project the light

of the first type of polarization onto the object.

[00419] Embodiment 68. The lighting assembly of embodiment 67, wherein the first

type of polarization is p-polarization and the second type of polarization is s-polarization.

[00420] Embodiment 69. The lighting assembly of embodiment 67, wherein the first

type of polarization is s-polarization and the second type of polarization is p-polarization.

[00421] Embodiment 70. The lighting assembly of any of embodiments 67-69,

wherein the at least one light source is one or more light emitting diode (LED).

[00422] Embodiment 71. The lighting assembly of any of embodiments 67-70,

wherein the at least one light source has two or more operating modes, each respective

operating mode in the two or more operation modes includes emission of a discrete spectral

range of light, wherein none of the respective spectral ranges of light corresponding to an

operating mode completely overlaps with any other respective spectral range of light

corresponding to a different operating mode.



[00423] Embodiment 72. The lighting assembly of any of embodiments 67-71 ,

wherein at least 95% of all of the light received by the polarizer from the at least one light

source is illuminated onto the obj ect.

[00424] Embodiment 73. A method for capturing a hyper-spectral/multispectral image

of an object, comprising: at an imaging system comprising: at least one light source; a lens

configured to receive light that has been emitted from the at least one light source and

backscattered by an object; a plurality of photo-sensors; and a plurality of bandpass filters,

each respective bandpass filter in the plurality of bandpass filters covering a respective photo

sensor of the plurality of photo sensors and configured to filter light received by the

respective photo-sensor, wherein each respective bandpass filter is configured to allow a

different respective spectral band to pass through the respective bandpass filter; illuminating

the object with the at least one light source according to a first mode of operation of the at

least one light source; capturing a first plurality of images, each of the first plurality of

images being captured by a respective one of the plurality of photo-sensors, wherein each

respective image of the first plurality of images includes light having a different respective

spectral band.

[00425] Embodiment 74. The method of embodiment 73, wherein each of the plurality

of bandpass filters is configured to allow light corresponding to either of two discrete spectral

bands to pass through the filter, the method further comprising: after capturing the first

plurality of images: illuminating the object with the at least one light source according to a

second mode of operation of the at least one light source; capturing a second plurality of

images, each of the second plurality of images being captured by a respective one of the

plurality of photo-sensors, wherein: each respective image of the second plurality of images

includes light having a different respective spectral band; and the spectral bands captured by

the second plurality of images are different than the spectral bands captured by the first

plurality of images.

[00426] Embodiment 75. The method of any of embodiments 73-74, wherein the at

least one light source comprises a plurality of light emitting diodes (LEDs).

[00427] Embodiment 76. The method of embodiment 75, wherein a first wavelength

optical filter is disposed along an illumination optical path between a first subset of LEDs in

the plurality of LEDs and the object; and a second wavelength optical filter is disposed along



an illumination optical path between a second subset of LEDs in the plurality of LEDs and

the obj ect, wherein the first wavelength optical filter and the second wavelength optical filter

are configured to allow light corresponding to different spectral bands to pass through the

respective filters.

[00428] Embodiment 77. The method of embodiment 76, wherein the plurality of

LEDs comprise white light-emitting LEDs.

[00429] Embodiment 78. The method of embodiment 75, wherein the plurality of

LEDs comprises a first subset of LEDs configured to emit light corresponding to a first

spectral band of light and a second subset of LEDs configured to emit light corresponding to

a second spectral band of light: illuminating the object with the at least one light source

according to a first mode of operation consisting of illuminating the object with light emitted

from the first subset of LEDs; and illuminating the obj ect with the at least one light source

according to a second mode of operation consisting of illuminating the object with light

emitted from the second subset of LEDs, wherein the wavelengths of the first spectral band of

light and the wavelengths of the second spectral band of light do not completely overlap.

[00430] Embodiment 79. An imaging device, comprising: at least one light source

having at least two operating modes; a lens disposed along an optical axis and configured to

receive light that has been emitted from the at least one light source and backscattered by an

object; a plurality of photo-sensors; a plurality of bandpass filters, each respective bandpass

filter covering a corresponding photo-sensor of the plurality of photo-sensors and configured

to filter light received by the corresponding photo-sensor, wherein each respective bandpass

filter is configured to allow a different respective spectral band to pass through the respective

bandpass filter; and one or more beam splitters in optical communication with the lens and

the plurality of photo-sensors, wherein each respective beam splitter is configured to split the

light received by the lens into a plurality of optical paths, each optical path configured to

direct light to a corresponding photo-sensor of the plurality of photo-sensors through the

bandpass filter corresponding to the corresponding photo-sensor.

[00431] It will also be understood that, although the terms "first," "second," etc. may

be used herein to describe various elements, these elements should not be limited by these

terms. These terms are only used to distinguish one element from another. For example, a

first contact could be termed a second contact, and, similarly, a second contact could be



termed a first contact, which changing the meaning of the description, so long as all

occurrences of the "first contact" are renamed consistently and all occurrences of the second

contact are renamed consistently. The first contact and the second contact are both contacts,

but they are not the same contact.

[00432] The terminology used herein is for the purpose of describing particular

embodiments only and is not intended to be limiting of the claims. As used in the description

of the embodiments and the appended claims, the singular forms "a", "an" and "the" are

intended to include the plural forms as well, unless the context clearly indicates otherwise. It

will also be understood that the term "and/or" as used herein refers to and encompasses any

and all possible combinations of one or more of the associated listed items. It will be further

understood that the terms "comprises" and/or "comprising," when used in this specification,

specify the presence of stated features, integers, steps, operations, elements, and/or

components, but do not preclude the presence or addition of one or more other features,

integers, steps, operations, elements, components, and/or groups thereof.

[00433] As used herein, the term "if may be construed to mean "when" or "upon" or

"in response to determining" or "in accordance with a determination" or "in response to

detecting," that a stated condition precedent is true, depending on the context. Similarly, the

phrase "if it is determined [that a stated condition precedent is true]" or "if [a stated condition

precedent is true]" or "when [a stated condition precedent is true]" may be construed to mean

"upon determining" or "in response to determining" or "in accordance with a determination"

or "upon detecting" or "in response to detecting" that the stated condition precedent is true,

depending on the context.

[00434] The foregoing description, for purpose of explanation, has been described with

reference to specific embodiments. However, the illustrative discussions above are not

intended to be exhaustive or to limit the invention to the precise forms disclosed. Many

modifications and variations are possible in view of the above teachings. The embodiments

were chosen and described in order to best explain the principles of the invention and its

practical applications, to thereby enable others skilled in the art to best utilize the invention

and various embodiments with various modifications as are suited to the particular use

contemplated.



WHAT IS CLAIMED IS:

1. An imaging device, comprising:

a substrate having a first side and a second side, the substrate configured to be affixed

to a subject in an orientation where the first side faces towards a region of interest on a

subject and the second side faces away from the region of interest on the subject;

a plurality of light sources attached to the substrate, the plurality of light sources

oriented to emit light away from the first side of the substrate;

an optical detector attached to the substrate, the optical detector oriented to detect

light incident on the first side of the substrate;

one or more processing units in electronic communication with the plurality of light

sources and optical detector;

a communication module in electronic communication with the one or more

processing units; and

memory in electronic communication with the one or more processing units or within

the one or more processor units, the memory storing one or more protocols executable by the

one or more processing unit, the one or more protocols including instructions for:

turning on and off respective light sources in the plurality of light sources;

acquiring a plurality of images of the region of interest of the subject, wherein

each image in the plurality of images is acquired at a different spectral band in a plurality of

spectral bands;

determining a tissue oxygenation parameter based on the plurality of images

of the skin of the subject; and

communicating an indication of the tissue oxygenation parameter to an output

element via the communication module.

2 . The imaging device of claim 1, wherein the output element comprises an indicator

light source attached to the substrate.

3 . The imaging device of claim 1 or 2, wherein the output element comprises an audible

or tactile alarm attached to the substrate.



4 . The imaging device according to any one of claims 1-3, wherein the output element

comprises a remote electronic device.

5 . The imaging device according to any one of claims 1-4, wherein the substrate is

attached to a flexible band.

6 . The imaging device according to any one of claims 1-4, wherein the substrate is

attached to a detachable cuff.

7 . The imaging device according to any one of claims 1-4, wherein the substrate further

comprises an adhesive.

8 . The imaging device according to any one of claims 1-8, wherein the instructions for

communicating an indication of the tissue oxygenation parameter to an output element via the

communication module comprise instructions to communicate a signal when the oxygenation

parameter satisfies a threshold.

9 . The imaging device according to any one of claims 1-8, wherein the instructions for

communicating an indication of the tissue oxygenation parameter to an output element via the

communication module comprise instructions to communicate a first signal when the

oxygenation parameter satisfies a threshold and a second signal when the oxygenation

parameter does not satisfy the threshold.

10. The imaging device according to any one of claims 1-9, wherein the oxygenation

parameter is a oxyhemoglobin level, deoxyhemoglobin level, or an arithmetic combination

thereof.

11. The imaging device of claim 10, wherein the arithmetic combination of a

oxyhemoglobin level and a deoxyhemoglobin level is an oxygen saturation level.

12. The imaging device according to any one of claims 1-11, wherein the plurality of light

sources is a plurality of LED light sources.

13. The imaging device according to any one of claims 1-12, further comprising a

plurality of passband filters, each passband filter characterized by a different passband



corresponding to a spectral band in a plurality of spectral bands, wherein each light source in

the plurality of light sources is covered by a passband

14. The imaging device according to any one of claims 1-1 3, wherein the device is battery

operated.

15 . The imaging device according to any one of claims 1-14, wherein the device is

disposable.

16 . An imaging system, comprising:

a plurality of imaging components, each imaging component in the plurality of

imaging components comprising:

a plurality of light sources; and

an optical detector;

one or more processing units in electronic communication with the plurality of

imaging components;

memory in electronic communication with the one or more processing units or within

the one or more processing units, the memory storing one or more protocols executable by

the one or more processing unit, the one or more protocols including instructions for:

turning on and off respective light sources in the plurality of light sources at

each imaging component;

acquiring a plurality of images at each imaging component, wherein each

image in the plurality of images is acquired at a different spectral band in a plurality of

spectral bands;

determining a tissue oxygenation parameter based on the plurality of images

acquired at each imaging component.

17 . The imaging system of claim 16, wherein each imaging component in the plurality of

imaging components is configured to be affixed to a subject.

18 . An imaging device, comprising:

an imaging component, the imaging component comprising:

a lens disposed along an optical axis and configured to receive light;

a plurality of photo-sensors;



an optical path assembly comprising a plurality of beam splitters in optical

communication with the lens and the plurality of photo-sensors;

a plurality of multi-bandpass filters, wherein each respective multi-bandpass

filter in the plurality of multi-bandpass filters covers a corresponding photo-sensor in

the plurality of photo-sensors thereby selectively allowing a different corresponding

spectral band of light, from the light received by the lens and split by the plurality of

beam splitters, to pass through to the corresponding photo-sensor; wherein

each respective beam splitter in the plurality of beam splitters is

configured to split the light received by the lens into at least two optical paths,

a first beam splitter in the plurality of beam splitters is in direct optical

communication with the lens and a second beam splitter in the plurality of beam splitters is in

indirect optical communication with the lens through the first beam splitter, and

the plurality of beam splitters collectively split light received by the

lens into a plurality of optical paths, wherein each respective optical path in the plurality of

optical paths is configured to direct light to a corresponding photo-sensor in the plurality of

photo-sensors through the respective multi-bandpass filter covering the respective photo

sensor;

an arm attached to the imaging component; and

a base structure attached to the arm, the base structure supporting the arm and

imaging component.

19 . The imaging device of claim 18, further comprising:

a tablet or touchscreen computer attached to the arm or base structure.

20. The imaging device of claim 18 or 19, wherein the base structure is configured for

attachment to a bed and/or gurney.



























































INTERNATIONAL SEARCH REPORT International application No.

PCT/US201 6/056921

Box No. II Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. I Claims Nos.:
because they relate to subject matter not required to be searched by this Authority, namely:

□ Claims Nos.:
because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

Claims Nos.: 4-15
because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. Ill Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

See Extra Sheet(s)

1. I I As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3 . □ As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

No required additional search fees were timely paid by the applicant. Consequently, this international search report
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

1-3, 16, 17

The additional search fees were accompanied by the applicant's protest and, where applicable, the

□ payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

No protest accompanied the payment of additional search fees.

Form PCT/ISA/2 10 (continuati

□
on of first sheet (2)) (January 2015)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2016/056921

A . CLASSIFICATION OF SUBJECT MATTER
IPC(8) - A61 B 5/1 455; A61 B 1/04; A61 B 1/06; A61 B 1/24; A61 B 5/02; A61 B 10/00; A61 B 17/068 (201 7.01 )

CPC - A61 B 5/1455; A61 B 1/24; A61 B 5/0059; A61 B 5/0088; A61 B 5/01 ; A61 B 5/083; A61 B 5/0833;
A61 B 5/14551 ; A61 B 5/1 459; A61 B 5/445; A61 B 5/4552; B60R 1/00; H04N 7/1 83 (201 7.01 )

According to International Patent Classification (IPC) or to both national classification and IPC

B . FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

See Search History document

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

USPC - 141/9; 348/1 18; 359/253; 422/68.1; 600/301; 600/322; 600/323; 600/364; 600/473 (keyword delimited)

Electronic data base consulted during the international search (name of data base and, where practicable, search terms used)

See Search History document

C . DOCUMENTS CONSIDERED T O B E RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

US 2015/0265150 A 1 (DA TY et al) 24 September 2015 (24.09.2015) entire document 16

1-3, 17

US 2004/01 11030 A 1 (ZEMAN) 10 June 2004 (10.06.2004) entire document 1-3, 17

US 201 1/0054388 A 1 (WELLS et al) 03 March 201 1 (03.03.201 1) entire document 3

US 2015/0271380 A 1 (DARTY et al) 24 September 2015 (24.09.2015) entire document 1-3, 16, 17

U S 2014/0293042 A 1 (MAGNA ELECTRONICS INC) 02 October 2014 (02.10.2014) entire 1-3, 16, 17

document

US 2007/0187559 A 1 (NEWKIRK et al) 16 August 2007 (16.08.2007) entire document 1-3, 16, 17

I Further documents are listed in the continuation of Box C . | | See patent family annex.

* Special categories of cited documents: "T" later document published after the international filing date or priority
"A" document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand

to be of particular relevance the principle or theory underlying the invention

"E" earlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

"L" document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

"O" document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

"P" document published prior to the international filing date but later than "&" document member of the same patent family

Date of the actual completion o f the international search Date of mailing of the international search report

26 January 2017 0 8 F E B 201?
Name and mailing address o f the ISA/US Authorized officer

Mail Stop PCT, Attn: ISA/US, Commissioner for Patents Blaine R . Copenheaver

P,0, Box 1450, Alexandria, V A 22313-1450

Facsimile No. 571-273-8300

Form PCT/ISA/2 10 (second sheet) (January 201 5)



INTERNATIONAL SEARCH REPORT International application No.

PCT/US2016/056921

Continued from Box No. Ill Observations where unity of invention is lacking

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1 . In order for all inventions to be examined, the appropriate additional examination fees must be paid.

Group I, claims 1-3, 16, 17, drawn to an imaging device and system.
Group II, claims 18-20, drawn to an imaging device.

The inventions listed as Groups l-ll do not relate to a single general inventive concept under PCT Rule 13.1 because, under PCT Rule
13.2, they lack the same or corresponding special technical features for the following reasons: the special technical feature of the Group
I invention: one or more processing units in electronic communication with the plurality of imaging components; memory in electronic
communication with the one or more processing units or within the one or more processing units, the memory storing one or more
protocols executable by the one or more processing unit, the one or more protocols including instructions for: turning on and off
respective light sources in the plurality of light sources at each imaging component; acquiring a plurality of images at each imaging
component, determining a tissue oxygenation parameter based on the plurality of images acquired at each imaging component as
claimed therein is not present in the invention of Group II. The special technical feature of the Group I I invention: a lens disposed along
an optical axis and configured to receive light; an optical path assembly comprising a plurality of beam splitters in optical communication
with the lens and the plurality of photo-sensors; a plurality of multi-bandpass filters, wherein each respective multi-bandpass filter in the
plurality of multi-bandpass filters covers a corresponding photo-sensor; from the light received by the lens and split by the plurality of
beam splitters, to pass through to the corresponding photo-sensor; wherein each respective beam splitter in the plurality of beam
splitters is configured to split the light received by the lens into at least two optical paths, a first beam splitter in the plurality of beam
splitters is in direct optical communication with the lens and a second beam splitter in the plurality of beam splitters is in indirect optical
communication with the lens through the first beam splitter, and the plurality of beam splitters collectively split light received by the lens
into a plurality of optical paths, wherein each respective optical path in the plurality of optical paths is configured to direct light to a
corresponding photo-sensor in the plurality of photo-sensors through the respective multi-bandpass filter covering the respective
photosensor; an arm attached to the imaging component; and a base structure attached to the arm, the base structure supporting the
arm and imaging component as claimed therein is not present in the invention of Group I.

Groups I and II lack unity of invention because even though the inventions of these groups require the technical feature of an imaging
component comprising a plurality of photosensors; detecting the plurality of images acquired at a different spectral band, this technical
feature is not a special technical feature as it does not make a contribution over the prior art. Specifically, US 2014/0293042 A 1
(MAGNA ELECTRONICS INC) 02 October 2014 (02.10.2014) teaches an imaging component comprising a plurality of photosensors;
detecting the plurality of images acquired at a different spectral band ([0018], [0025]; fig 4).

Since none of the special technical features of the Group I or II inventions are found in more than one of the inventions, unity of invention
is lacking.

Form PCT/ISA/2 10 (extra sheet) (January 201 5)


	abstract
	description
	claims
	drawings
	wo-search-report

